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Abstract

For centuries, astronomical instrumentation has continued to develop and improve. This has
led to the incredible precision seen in recent observations, with ever greater accuracy to come.
From their measurements, cosmologists have produced a complex model of the Universe.
This indicates that most of the energy in the Universe is in some “dark” form that does
not interact directly with the electromagnetic spectrum. One of the greatest challenges of
modern cosmology is the understanding of these dark components. In particular weak gravitational lensing has emerged as powerful tool for probing these parts of the cosmological model.
An area of observation which has undergone an accelerated improvement in recent years,
is radio astronomy. The radio regime therefore, is an exciting source of new discoveries and
further cosmological constraints. Several studies have shown that the lensing signal can be
detected at radio wavelengths2 , while others have demonstrated the significant impact of
combining the results from next-generation radio and optical telescopes3 . In order to fully
realise the potential of lensing and other measurements for cosmology, a comprehensive
understanding of the radio galaxy population is also required.
In this thesis, I consider the future of radio observations for precision cosmology and
the required developments in analysis techniques. I aim to contribute to this progress by
focusing specifically on: (i) Providing novel estimators for radio weak lensing measurements
and (ii) Studying the redshifts and statistics of galaxy populations in the radio, using optical spectroscopy. Both of these areas will soon be the subject of large next-generation
observations, in the form of the Square Kilometre Array (SKA4 ) continuum surveys; and a
joint experiment between a next-generation spectroscopy facility (WEAVE5 ) for the William
Herschel Telescope (WHT6 ) and the LOw Frequency ARray (LOFAR7 ).
2 Chang

et al. (2004); Patel et al. (2010)
et al. (2016); Camera et al. (2017); Harrison et al. (2016)
4 https://skatelescope.org/
5 http://www.ing.iac.es/weave/about.html
6 http://www.ing.iac.es/Astronomy/telescopes/wht/
7 http://www.lofar.org/
3 Bonaldi
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Chapter 1
Cosmology
For centuries the big cosmological questions of the origin, form and fate of the Universe
have inspired people to push the limits of technology and accepted knowledge. The desire
to accurately measure the transit of Venus in 1761, for example, led to an astounding international collaboration of scientists at a time of intense global conflict. Modern cosmology
is concerned with problems on a far larger scale than the size of the Solar System, and the
practice of international collaboration is just as important today as it was in the 18th Century.
With almost instantaneous communication around the world, a slew of ever more powerful instruments, and gravitational waves opening completely new window on the Universe,
the next decade looks to be the golden age of cosmology. These developments can only reach
their full potential if the analytic tools we use keep pace with the data. As such, this thesis
considers the future of radio observations, an area in which data quality has exploded in
recent years, for the future of cosmology. In the next six chapters I will examine some of the
most promising next generation science cases and attempt to contribute to their success in
the spirit of the transit chasers from over a quarter of a millennium ago. I begin by surveying
the current state of cosmology.
The modern consensus in cosmology has developed from the basis of the cosmological
principle. This removes the observer from any privileged position in the Universe, allowing
theoretical models to then be tested against data for inconsistencies with this ideal. Currently,
the most widely accepted model for the Universe is that of a flat (but perturbed) 4-dimensional
space-time where structure has formed from early over-densities, and the collapse of cold
dark matter (CDM). This, together with an accelerating expansion due to a cosmological
constant (Λ), can reproduce most features seen in recent astronomical observations. Thus,
despite the inclusion of two unidentified and unobserved components, and no explanation for
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the absence of a large “vacuum energy” expected from simple particle physics calculations,
ΛCDM remains the best theory of the Universe so far.
In this Chapter, I will discuss the theoretical and observational evidence for the ΛCDM
model, and how a universe of this kind can be measured and constrained. I will also consider
what implications this has for our Universe, and the various theories for the nature of dark
matter and dark energy. Finally, I include a description of the current probes that are being
used to constrain cosmological parameters.

1.1

Basis of Theoretical Cosmology

This section explores the theoretical underpinning of the current cosmological theory. I
investigate the fundamental principles that have led ΛCDM to become the concordance
model of cosmology, and the predictions and implications this has for our Universe.
From the very beginning we will assume the cosmological principle, along with General
Relativity, as the foundation from which to build our model. This principle demands that the
Universe obey two simple yet powerful properties, isotropy and homogeneity.
Isotropy: This claims that there is no preferred direction in the Universe. When averaging over large enough scales observations in any direction will be statistically concordant.
Homogeneity: This claims that there is no privileged location in the Universe. On large
enough scales one region is equivalent to another, and observers at any location all experience
the same global history.
These postulates have to some degree been confirmed through observations of the Cosmic
Microwave Background (CMB) and galaxy surveys (see section 1.4 for more details).

1.1.1

General Relativity

After it was proposed in 1686, Isaac Newton‘s theory of gravity was used to successfully
predict the movements of many celestial bodies and precisely explain the orbits of planets in
the Solar System for over two hundred years. However, in 1846 a French Astronomer, Urbain
Le Verrier, discovered that over the course of a century Mercury‘s orbit had drifted slightly
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compared with what would have been anticipated from Newton‘s theory. This inconsistency
remained unanswered until the early nineteenth century, when Albert Einstein developed
the theory of General Relativity (GR). This marked a significant step forward in humanity’s
understanding of the Universe, explaining that gravity actually results from the curvature of
time and space by mass rather than some mysterious force.
In the 4-dimensional manifold that GR uses to represent space-time, a metric tensor is
needed to describe the distance between two points since the geometry is no longer Euclidean.
Generically, an infinitesimal distance ds is described using the metric tensor gµν , assuming
the Einstein summation convention, as,
ds2 = gµν dxµ dxν

(1.1)

Where µ and ν are the four components describing one time (dx0 ) and three spatial
(dx1,2,3 ) coordinates.
The Einstein field equations illustrate and describe the interaction of matter and curvature
in GR. The equations consist of the Einstein tensor (Gµν , a description of geometry), Tµν the
stress-energy tensor containing information about matter and energy, and the metric tensor in
equation 1.1. They are conventionally written as (D’Inverno, 1992),

8πG µν
T + Λgµν
(1.2)
c4
The Λ in the second term of the field equations is called the “cosmological constant”. This
was introduced by Einstein to counter the contracting effect of gravity which contradicted his
preference of a steady state universe. Einstein removed this term when Hubble presented
evidence that the Universe is expanding (see section 1.2.1), famously referring to it as his
“biggest blunder”. However, Λ has been reintroduced into the concordance model as a
possible solution for the accelerated expansion rate seen in the recent Universe.
Gµν =

1.1.2

Friedmann–Lemaître–Robertson–Walker Cosmology

By taking only the most basic requirements of the cosmological principle, those of isotropy
and homogeneity, together with the Einstein Field equations, Robertson and Walker constructed a metric which can be used for testing against observational data in cosmology. In
order to satisfy isotropy we simply demand spherical symmetry. Using spherical coordinates
this means distance is independent of direction given by the angles θ and φ . Allowing the
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origin of the coordinates to be arbitrary and restricting curvature to a constant value ensures
homogeneity. This results in the following general metric as given by, e.g. D’Inverno (1992),


1
2
2 2
2
2
2
2
2
ds = −c dt + a (t)
dr + r (dθ + sin θ dφ )
(1.3)
1 − Kr2
K is the curvature of the Universe which recent measurements have found to be very close
to zero as discussed in 1.4. We call a model which conforms to this metric a “RobertsonWalker” (RW) space-time. A universe defined by an RW metric with K = 0 can be described
as having a flat or euclidean geometry.
By solving the Einstein equations (1.2) using the metric above, we can describe how
space-time and matter interact in an isotropic and homogeneous Universe. Firstly, we make
the simplifying assumption that all matter in the Universe can be described by a perfectly
homogeneous fluid with spatially uniform density (ρ(t)) and pressure (p(t)). This reduces
the stress-energy tensor to,



Tµν = 


ρ(t) 0
0
0
0
p(t) 0
0
0
0 p(t) 0
0
0
0 p(t)







(1.4)

The field equations can now be solved and result in Friedmann’s equation,
 2
ȧ
8πG
Λ
=
ρ + − Kc2 a−2
H =
a
3
3
2

(1.5)

and the acceleration equation,
 Λ
ä
4π
= − G ρ + 3pc−2 +
a
3
3

(1.6)

The fluid equation can then be obtained from the difference of the acceleration equation with
the time derivative of Friedmann’s equation,
ȧ
ρ̇ + 3 (p + ρ) = 0
a

(1.7)
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A model using a Robertson-Walker metric that also satisfies the relations derived by
Freidmann is called a Friedmann–Lemaître–Robertson–Walker (FRW) metric. Specifying
a relationship or an equation of state such that w = p/ρ = constant, we can show how the
evolution of the Universe is predicted by FRW models. If the Universe is flat, i.e. K = 0 in
equation 1.3, then density will evolve inversely with the expansion rate as,
ρ ∝ a−3(1+w)

1.2

(1.8)

Observational Cosmology

In this section I explore the way in which data has shaped our theories of the Universe and has
challenged and constrained our models for cosmology. I also consider how we can describe
and measure observations to further our understanding.

1.2.1

Hubble’s Law

The discovery by Hubble (1929) that galaxies are receding at a rate proportional to their
distance (v ∝ r), and thus that the Universe is expanding was perhaps the biggest milestone
in cosmology since the move from Newtonian physics to Relativity. Given that this velocity
is in the direction of galaxies i.e. v̂ = r̂ this relationship can alternatively be written as v = ȧa r.
This leads us to define the Hubble parameter (H) in Hubble’s Law (v = Hr) as,
ȧ
(1.9)
a
Thus, we see that the Hubble parameter is a direct measure of the expansion rate of the
Universe and a vital parameter with which to constrain cosmological models. From the
cosmological principle we will assume therefore that H is uniform over all space, however
the expansion rate may (and must in all but a Steady State Universe) vary over time. We call
the value of H today the Hubble constant (H0 ).
H=

The inverse of the Hubble constant (1/H0 ) is known as the Hubble time (tH ), this would
represent the age of the Universe (t0 ) if the expansion rate had been constant. Current
evidence suggests that the expansion of the Universe is accelerating, as such t0 is expected to
be less than tH .
Due to the limited accuracy of the observations and overwhelming proper motions of
the galaxies available to Hubble, measurements made in 1929 (Fig. 1.1) give a value of H0
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Fig. 1.1 Velocity-Distance relation for galaxies (then called “Extra-Galactic Nebulae”) from
the original Hubble (1929) paper. Full line from using galaxies individually (black dots),
dashed trend from binned groups (open circles).
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of around 530 km s−1 Mpc−1 . More recent studies have constrained the Hubble constant at
much lower values; H0 = 67.8 ± 0.9 km s−1 Mpc−1 using the CMB (Planck Collaboration
et al., 2016), 67.3 ± 1.0 km s−1 Mpc−1 from measurements of the Baryon Acoustic Oscillation (BAO) signal in galaxy surveys (Alam et al., 2016), 73.24 ± 1.74 km s−1 Mpc−1 using
−1
−1 given by time delays
type 1a supernova (Riess et al., 2016), and 71.9+2.4
−3 km s Mpc
from multiply imaged strong lensed quasar systems (Bonvin et al., 2017). Accounting for
the disparity between these observations remains the subject of much ongoing research and
controversy.

1.2.2

Cosmic Distance-Ladder Methods

Distances were first measured directly by astronomers via the parallax effect caused by
Earth’s relative change in position around the Sun. This method originally defined the parsec
(pc) unit of measurement, with 1pc set as the distance at which a parallax of 1 arc-second
was induced by the Earth’s orbit. Due to the small angle approximation, the tangential
relationship between parallax angle and distance in parsecs can be approximated as inversely
proportional above ∼ 1pc. Hence, even using the highest resolution telescopes currently
available, measurements of sources further away than a few hundred parsecs are unreliable
and a new approach is required.
Beyond the limit of the parallax method there is no direct way to measure distance.
Instead most methods rely on identifying standard candles, a group of sources which have
some known brightness. A distance can then be determined using an object’s luminosity and
applying an inverse square law for a given cosmology. In general, objects in the Universe
will have a distribution of brightnesses, even very similar stars will very with mass, age
and composition. As such, correlations between other observables such as size and colour
are used, along with physical assumptions to infer the intrinsic brightness. Objects within
the galaxy for example, can be fitted to their evolutionary path on the Hertzsprung–Russell
diagram (Webb, 1991).
Testing a luminosity relation on local sources, where it can be verified by a robust independent method, increases the number and variety of sources with a measurable distance.
This then allows the discovery of new correlations which are valid over a different range
of distances. For example, The period-luminosity relation of Cepheid variables (Leavitt,
1908) is one of the key techniques for measuring distance to nearby galaxies. There is a high
correlation between the brightness and pulsation period of Cepheid variables of the same
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type. This initial discovery, and the subsequent calibration of the Cepheid method, is relent
on the shorter range measures discussed above.
There are a multitude of different relations and correlations for the various scales in the
Universe. Collectively, these are known as cosmic distance ladder methods since each step is
dependent on measures at smaller scales. As such, a measure of larger distances will inherit
any uncertainty or bias from the methods on which is it based. This effect can be somewhat
reduced by combining the results from various independent distance ladders.
The work in this thesis primarily uses redshift as a distance measure, as such I will
now skip other methods. For more details on distance-ladder methods see Webb (1991), a
discussion of Type 1a Supernovae is also included in section 1.4.3.
Redshifts
Using distance ladder methods on a wide range of scales, the velocity-distance relation of
galaxies has been confirmed and constrained to much higher precision than presented first in
Hubble (1929). Due to the Doppler effect this recession velocity causes the wavelength of
a galaxy’s spectrum to be increased by ∆λ = λecHr , where r is the distance travelled by the
photon. This lengthening of the wavelength induces a shift toward the red end of the (visible)
spectrum, hence the effect is called red-shifting. The redshift distance (z) can then be used
as a proxy for cosmological distances. This is defined in the standard terminology (Liddle,
2015) as,
z=

λr − λe H
= r
λe
c

(1.10)

Since the rest wavelength of emitted galaxy radiation (λe ) is unknown, it must be estimated by identifying emission and absorption lines present in the galaxy’s spectrum. These
features are related to particular elements whose characteristic rest frequency can be identified through lab experiments. In practice, a catalogue of models representing different
astrophysical components is used to compare spectra and identify the most likely redshift.
For a more detailed description of spectral modelling and redshift identification the reader is
directed to Dawson et al. (2013).
As with all astronomical measurements, redshifts are subject to errors both in the data
and post-observation analysis. The difference in wavelength, and hence the inferred distance,
is not only dependent on a galaxy’s recession velocity due to the expansion rate. There is
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also a contribution from the peculiar velocity of the galaxy and (to a much smaller degree)
effects along the line of sight e.g. the Sachs-Wolfe effect. However, non-expansion related
red-shifting should not increase at the same rate as the expansion term. Thus, as distance
increases the contribution from the Hubble flow dominates.
We can also consider a measure of the scale factor at the time of emission ae as,
ae =

1.2.3

1
1+z

(1.11)

Distances in cosmology

The usual concept of distance, the idea that a straight line traces the shortest path between
two points, assumes a Euclidean (flat and static) geometry. This simple definition does not
properly describe distance on the surface of the Earth, let alone the curved and expanding
space-time of the Universe. As such, there are several ways a distance can be defined for
cosmic scales. Here, we describe four of the most common distances: proper, comoving,
luminosity, and angular diameter.

Proper Distance
This distance relates the separation of an object emitting a photon at time t1 to an observer at
t2 ; observationally redshifts can be used to express these times and so we define distances
as a function of z1 = z(a(t1 )) and z2 = z(a(t2 )). Proper distance (D p ) is the quantity most
closely related to our natural concept of a distance measure. It is given by the time taken for
a photon to travel from z1 to z2 (multiplied by c). A definition for proper distance can be
found by considering only the time-like part of the FRW metric, seen in eq. 1.3, such that,


1
dD p = −cdt = cda
aHa


(1.12)

Integrating this between z1 and z2 gives,
Z z2

D p (z1 , z2 ) = c

z1

1
dz
Hz (1 + z)

(1.13)
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Comoving Distance
The proper distance is not often used in cosmology since it is dependent on time and evolves
with the expansion rate. As such, a measure independent of expansion, called the comoving
distance (Dc ) is used. This is found by considering a null geodesic in FRW space-time,
setting ds = 0 in eq 1.3, in effect removing a factor of a from dD p . Thus,


1
dDc = −ca dt = cda 2
a Ha
−1


(1.14)

such that,
Dc (z1 , z2 ) = c

Z z2
1
z1

Hz

dz

(1.15)

Luminosity Distance
In a Euclidean space, or over short enough distances, the intensity of light can be seen to
decrease proportionally to the distance travelled i.e I ∝ r−2 . The Luminosity distance (Dl ) is
defined by assuming this holds for the Universe in general, and thus the flux ( f ) received by
an observer at distance Dl from a source with luminosity L would be,
L −2
D
4π l
L2
⇒Dl =
(4π f )2
f=

(1.16)
(1.17)

As a function of comoving distance however, the received flux would be less due to the effect
of expansion not included in this measure. The surface area of a sphere in an expanding
space would increase by a factor of a, decreasing the incidence of photons; the stretching
of space time would reduce their energy by a further factor of a. Hence flux measured as a
function of comoving distance would be proportional to (ar)−2 giving,
L
(aDc )−2
4π
L2
⇒Dc = a−1
(4π f )2
f=

(1.18)
(1.19)
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Thus, comoving and luminosity distances are related by,
Dl = a−1 Dc = (1 + z)Dc

(1.20)

Angular Diameter Distance
Another observable which is dependent on distance is the angle subtended by an object on
the sky. As with the luminosity distance we consider a static Euclidean space-time to make
an initial definition. An object with physical extent l with angular size θ would have an
angular diameter distance (DA ) of,
l
l
≃
(1.21)
sin θ
θ
for a small value of θ which is generally the case in cosmological observations. In an
expanding Universe the apparent angular size of an object will change in proportion with its
size relative to a circle at that distance i.e by a factor of a. As such we find, Dc = c/aθ and
all these distance measures are related by,
DA =

DA = aDc = a2 Dl

(1.22)

Redshift is often used by astronomers as a simple proxy for distance. However, it
is important to remember that there are other valid measures available and their various
relationship to the underlying cosmology.

1.2.4

Observational Parameters

In order to constrain or rule out a particular model of the Universe, it is common to express a
model using a few parameters. This is usually related to the expansion rate or composition of
the Universe that can be measured observationally. This allows us to determine which model
best fits the available data, or make conclusions about our Universe assuming one model in
particular (usually ΛCDM).
Hubble constant H0
We have already seen in section 1.2.1 that the Universe is expanding, and that this expansion
has not been constant over time. We describe the time dependent expansion with the Hubble
Parameter (H) and the value today as H0 the Hubble Constant. The Hubble Parameter tells
us the expansion history and scale of the Universe; it is therefore vitally important.
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H0 should be straight forward to measure since it is simply the ratio of distance and
recession velocity of galaxies. However, as we have seen, measuring distance in a nonEuclidean space is not trivial, and reliable redshifts can be difficult to obtain for faint,
distant galaxies and may be biased by other effects. The exact value of H0 is not agreed
upon to high precision; it (and other dependent quantities) is often given as a multiple of h
where H0 = 100hkm s−1 Mpc−1 . The Hubble Constant is measured in inverse time units of
km/ sec /Mpc ≡ 3.2 × 10−20 sec−1 related to the age of the Universe.
There is some tension in the values of H0 between probes of the local (SNe) and early
(CMB) Universe. This can be seen in table 1.1. Despite this, measurements give a broadly
consistent value constraining one of the fundamental parameters of cosmology to within a
few percent.
Density Ω
The density parameter is a useful way of analysing the evolution of density over time and its
relation to the curvature of the Universe. Considering Friedmann’s equation (1.5) again we
can express the density of the Universe as,

ρ=


1
3H 2 − Λ + 3Kc2 a−2
8πG

(1.23)

A universe with no cosmological constant and zero curvature therefore has a specific density.
This is called the critical density ρc .
ρc =

3H 2
8πG

(1.24)

Since the Universe is expanding ρc will also be a function of time, but we can use the
current value of H to find what the critical density should be today.
ρc (t0 ) = 1.88h2 10−26 kg m−3

(1.25)

This provides a reference by which to compare the density of our Universe. The density parameter is thus defined as the ratio of the measured density and the critical density,
Ω = ρ/ρc . Again we use the notation Ω0 to denote the present value of Ω.
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The density parameter is also a useful way of describing the ratio of the other components
of the Universe which we will cover in the next section. Defining an energy density parameter
for curvature,
Ωk = −

k
a2 H 2

(1.26)

which can be positive or negative, results in,
Ω + Ωk = 1

(1.27)

Density dispersion σ8
As the Universe has evolved, gravitational collapse has transformed the density field from
uniform with small (∼ 10−5 ) perturbations, to one with great contrasts. We define this
fluctuation as σ8 , the standard deviation of the over-density field smoothed on 8h−1 Mpc
scales.
Since the formation of structure depends on how matter interacts, the energy densities,
and the evolution of the Universe, σ8 is sensitive to many fundamental properties. As such it
is very useful for comparing the results of cosmological models to observations.

1.3

The ΛCDM Universe

This section gives a broad overview of the current consensus model of cosmology, ΛCDM. I
describe the main physical components of the model, recognising the gaps in our knowledge
and the best theories explaining them. I also look at some alternatives which could be tested.

1.3.1

Energy components

As shown in section 1.2.4, Ω gives the density of all energy (apart from curvature) in the
Universe. This density can be broadly split into relativistic energy, matter, dark energy, plus
a scalar field required for inflation. As seen in equation 1.27 the sum of all the energy density
values only differs from 1 by a quantity dependent on curvature. Hence, in a near flat universe
such as ours,

Ω = Ωr + Ωm + ΩΛ ≃ 1

(1.28)
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As the Universe expands the densities are all diluted at a rate dependent on their equation
of state (w) as,
(0)

Ωi (t) = a(−3(1+wi )) Ωi

(1.29)

Relativistic energy
The relativistic portion of the energy density comes from electromagnetism radiation ργ
and neutrinos which behave relativistically when their masses are low enough (ρν ). This
relativistic energy can be calculated using the evolution of pressure from equation 1.7. We
generally refer to this type of energy as radiation using the density parameter Ωr . The
pressure and density of radiation is related by p = ρ/3 giving an equation of state of w = 1/3.
From equation 1.29 we can see that Ωr dilutes very quickly with time as,
(0)

Ωr = a−4 Ωr

(1.30)

The factor of a−4 comes from the dilution in space as the Universe expands by a3 coupled
with a loss in energy due to redshifting (see section 1.2.2). Although radiation dominated in
the early Universe, the rapid dilution means that the contribution of CMB photons today is
(0)
ΩΛ ≃ 5 × 10−5 and is often neglected.
The density of relativistic particles is given by Amendola & Tsujikawa (2010) as,
7π 2 4
T
(1.31)
120 ν
where Ne f f is the number of effective neutrino species and Tν is their temperature. The
standard model of particle physics predicts three species of neutrino (electron νe , muon νµ ,
and tau ντ ). In ΛCDM models Ne f f is generally taken to be ∼ 3.04 (Mangano et al., 2002).
Some models do allow Ne f f to be a free parameter introducing a so called “dark radiation”
as a possible solution for the tension seen in measures of H0 .
ρν = Ne f f

Non-relativistic Matter
Non-relativistic matter was thought for a long time to be composed of only baryonic particles
in the form of gas, dust, stars and other things that interact with light. However, work by
Zwicky (1937) to estimate the masses of galaxy clusters found an inconstancy between
a value based on luminosity and a value derived from the distribution and movement of
internal galaxies. In particular, studies of the Coma cluster provided the first evidence for the
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Fig. 1.2 X-ray image from Chandra of the Bullet Cluster with green contours overlaid from
the weak-lensing κ reconstructions. Outer contour levels at κ = 0.16 and increasing in steps
of 0.07. Figure taken from Clowe et al. (2006).
existence of a type of matter which interacts with gravity, but not light “dark matter”.
This work was later confirmed by Rubin & Ford (1970) who provided much stronger
evidence for the presence of dark matter through the study of galaxy rotation velocities.
Ruben’s work demonstrated that dark matter must constitute a significant proportion of the
mass within galaxies, and be essential for their formation and stability. Thus, dark matter
was included in the standard cosmological model with Ωm separated into two parameters (Ωb
and ΩDM ) representing baryonic and dark matter respectively.
Dark matter has yet to be detected directly, but further evidence for its existence has been
discovered though the use of weak lensing (see Chapter 4). The most famous example of this
is from the observations of cluster 1E 0657-558 (the Bullet Cluster) by Clowe et al. (2006)
seen in Fig. 1.2. The collision of two large clusters separated the dark matter and baryons,
leading to a discordant profile between gravitational and thermal interaction.
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We now consider the various candidates which have been suggested for dark matter.
Observed Candidates:
• Massive Astrophysical Compact Halo Objects (MACHOs): One suggestion was that
dark matter consists of normal atomic matter “hidden” in very dense regions called
MACHOs that emit little or no light e.g. black holes or brown dwarf stars. However,
evidence from primordial nucleosynthesis (Larson et al., 2011) gives a density for
baryonic matter of only Ωb ≃ 0.045. This is much lower than the total matter density
of Ωm ≃ 0.3 measured using the CMB, BAO and SNe 1a, see table 1.1. Work by
Alcock et al. (2000) has further constrained the contribution of MACHOs to dark
matter through the detection of microlensing events. They find that, for a typical
model, MACHOs account for 20% of the dark matter in the Milky Way’s halo. A
95% confidence interval of 8 − 50% rules out a Galactic halo comprised entirely of
MACHOs.
• Massive neutrinos: Massive neutrinos only interact through gravity and the weak nuclear force. Neutrinos have been directly observed, making them an obvious candidate
for dark matter. However, the upper limits on neutrino masses mean that they have
velocities of almost the speed of light (ultra-relativistic), hence they are called Hot Dark
Matter (HDM). Simulations of the Universe using HDM do not form the structures
that we see from observation, on the correct time scales. This is due to the particles
streaming out from the smaller over-densities, preventing gravitational collapse. As
such HDM is unlikely to be a significant component of dark matter.
Theoretical particles:
• WIMPs (CDM): The most commonly accepted form for dark matter is weakly interacting massive particles (WIMP)s that unlike neutrinos are non-relativistic in the early
Universe (Arkani-Hamed et al., 2009). We refer to this type of WIMP as Cold Dark
Matter (CDM). CDM has been shown to collapse in simulations in a way which is
consistent with observations of present structure. Although it has not been detected,
CDM is the best fit to current data and as such is currently the favoured form of
dominating matter.
• Supersymmetry: It has been suggested that all ordinary atomic particles have a counterpart at much higher mass and energy (Liddle, 2015). In many theories the lightest of
these supersymmetric particles would be a zero charge WIMP, and may be detected by
the Large Hadron Colider (LHC) in the near future.
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• Axions: Finally, axions are another theoretical particle that interact weakly due to their
very small mass and couple to photons in the presence of magnetic fields. Axions
would have an energy in between WIMPs and massive neutrinos and are hence a
possible candidate for Warm Dark Matter (WDM), (Covi et al., 2001).
These types of non-relativistic matter have a negligible pressure giving an equation of
state of w = 0, hence the energy density of matter falls with the volume of the Universe.
(0)

Ωm = Ωb + ΩDM = a−3 Ωm

(1.32)

Dark Energy
In ΛCDM the remaining energy density and the “force” driving accelerated expansion in the
Universe is called dark energy, which may be a cosmological constant Λ. The constraints
placed on Ωm and Ωk combined with equation 1.27 mean that this component must have an
energy density of ΩΛ ≃ 0.7 today. This means around 70 percent of cosmic energy is unidentified in the standard model. In the next section we will consider some of the alternatives to
Λ for dark energy.
Assuming Λ is a constant, then the fluid equation (1.7) gives p = −ρ and an equation of
state of w = −1, hence the density parameter of dark energy in this model is,
(0)

ΩΛ = ΩΛ

(1.33)

and dark energy does not evolve with time. This means that although Λ dominates in the
recent Universe, at early times it would have been a much smaller component than matter
or radiation. We can consider a more general version of ΛCDM which features an evolving
dark energy component by not assuming w = −1 and fitting the observed evolution of dark
energy to,
(0)

ΩΛ = a−3(1+w0 ) ΩΛ

(1.34)

We call these models wΛCDM. Observations from the CMB combined with SNe Type
1a have measured the equation of state as w = −1.006 ± 0.045 (Planck Collaboration et al.,
2016) consistent with a constant Λ.
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Dark Energy Effect without a Cosmological Constant

There are many alternative theories to explain cosmic acceleration that don’t include an
arbitrary constant in the fundamental equations of gravity. These explanations range from an
additional particle field such as “quintessence”, to multi-dimensional braneworld models, to
abandoning the cosmological principle of homogeneity for certain scales altogether. Here we
take a broad look at three areas that could explain the nature of dark energy. For more details
on these theories, or Dark Energy in general, I refer the reader to Amendola & Tsujikawa
(2010).

Vacuum Energy
It has been long observed from particle physics laboratory experiments that empty space
produces a negative pressure due to quantum fluctuations, a so called vacuum energy. This
quantum field would produce the accelerated expansion attributed to dark energy, but at
a density ∼ 10121 times the observed value. Rather than solving the problem of cosmic
acceleration, vacuum energy introduces a second, much larger, one. However, if further
understanding of quantum interactions on large scales reduces the expected effect, or some
reasonable damping mechanism can be found, this could be a solution for Λ.

Modified Gravity
As earlier discussed, some models consider a more general form of Λ by not fixing its
equation of state. This can be extended further by modifying the Einstein tensor with some
general function. The aim is to replicate late time expansion without an explicit dark energy
component. For the most part modifications that still satisfy solar system constraints do not
produce pronounced effects and are therefore difficult to test observationally. However, tests
are currently under-way, for example, Burrage & Sakstein (2017).

Cosmic acceleration from voids
Finally, some cosmologists suggest that universal dark energy does not really exist at all
and is in fact an observational effect. This clearly breaks the cosmological principle but
would explain the variable and recent nature of dark energy. Also, there is no reason why
a strong local inhomogeneity could not still preserve isotropy. One way to simulate dark
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energy using an inhomogeneity is by way of a large spherical void, or many stacked voids,
in which our galaxy is at the centre. Garcia-Bellido & Haugbølle (2008) find that current
observational evidence cannot rule out such a structure, although it is difficult to account for
the entire effect of Λ in this way. There is currently no valid mechanism for the formation of
inhomogeneous structure on this scale, and models often rely on coincidence and degeneracy.
However, theories like void stacking that explain acceleration with no dark energy component
do pose an important question; is the smaller picture sometimes more important than the big
one?

1.4

Probes of Cosmology

A cosmological probe is any measure of the Universe that can be used to constrain the
cosmological parameters defining the ΛCDM model, or test a prediction of an alternative
model. The constraining power of a single probe is often weak when applied to many
parameters simultaneously. As such, a smaller number of them are sometimes fitted, making
a reasonable assumption for the remainder. For example, it is possible to fix Ωk and constrain
the parameter space of w − w0 . By combining multiple probes that are sensitive to different
parameters, we are able to form a complete picture of cosmology. We now discuss some of
the probes that have been important in developing the concordance model, and a few that
may be significant to the cosmological model of the future.
We summarise the latest constraints on cosmology from these various probes at the end
of the section in table 1.1.

1.4.1

Cosmic microwave radiation

In any direction observed from the Earth a small, almost perfectly uniform, signal can be seen,
the most recent measurement of which can be seen in Fig. 1.3. This microwave frequency
radiation is the oldest and furthest light detectable in the Universe and is known as the Cosmic
Microwave Background (CMB). The CMB is a crucial piece of evidence supporting not only
the hot Big Bang theory as the origin of the Universe, but also the cosmological principle as
the foundation of cosmology.
Alpher et al. (1948) first theorised that the early Universe, in a Big Bang model, would
have to be so hot that photons and baryons would be strongly coupled as a plasma thorough
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Fig. 1.3 CMB temperature fluctuations relative to ∼ 2.7 Kelvin as measured by Planck
Collaboration et al. (2016)
which light could only travel a short distance. As the Universe expanded and cooled to
around 3000K photons would not have enough energy to prevent atoms of neutral hydrogen
from forming. Over a relatively short period of time, the Universe turned from opaque to
transparent as light, unimpeded by ionised plasma, was able to free-stream to us in a process
known as decoupling. These photons all originate from the same time, and hence distance,
the inside of a sphere called the last scattering surface or CMB. The CMB has been further
cooled and red-shifted to the mm wavelength, 2.7K signal we observe today.
The CMB has been measured several times since its initial, Nobel prize winning, discovery by Penzias & Wilson (1965). The Cosmic Background Explorer (COBE; Smoot et al.
1991) was the first space based instrument designed to measure anisotropies in the CMB. Its
discovery that the temperature distribution of the CMB is almost uniform, with deviations
of around 10−5 , imply that the Universe was homogeneous, at the time of decoupling, over
distances too large to be causally connected. This so called horizon problem led Guth (1981)
to suggest that the uniformity seen by COBE could be caused by “Inflation”, an expansion of
the very early Universe by a factor of around 1030 .
Anisotropies in the CMB were measured more accurately by the Wilkinson Microwave
Anisotropy Probe (WMAP; Komatsu et al. 2011) and then most recently by the Planck
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Fig. 1.4 Planck Collaboration et al. (2016) CMB temperature power spectrum with 1σ error
bars. Red line shows best fit ΛCDM model spectrum to the data with residuals shown below.
experiment (Planck Collaboration et al., 2016). One method for analysing the CMB is to
measure the power spectrum, a two point statistic of the temperature fluctuations as a function
of angular distance ℓ. The power spectrum calculated from the most recent observations by
the Planck Collaboration et al. (2016) is reproduced in Fig. 1.4. By fitting a power spectrum
model based on a ΛCDM Universe to the data we are able to constrain the energy density
parameters and the Hubble parameter.
The position and relative heights of the small scale (ℓ>500) peaks seen in the power
spectrum are subject to the ratio of energy densities and, at ℓ > 1000, small scale physics
through which the peaks are damped by photon diffusion. Higher order measurements of
the temperature field can be used to probe a combination of h with Ωr , Ωm , Ωb , and ΩΛ as
described by Planck Collaboration et al. (2014).
The position of the first peak at ℓ ≃ 200 however, is directly related to the scale of the last
scattering surface i.e the inverse of the Hubble time H −1 at that redshift. We can calculate
the redshift of the CMB since we know its rest spectrum was that of a black-body at a
temperature that would allow decoupling to occur. Hence, we have an explicit indication of
the scale and thus curvature energy (Ωk ) and geometry of the Universe at the time of last
scattering. The results of the Planck Collaboration et al. (2016) observations show that the
curvature of the Universe is well within a percent of zero with |Ωk | < 0.005 explicitly ruling

22

Cosmology

out significantly non-flat geometries.
Photons from the CMB rarely interact with intervening matter along the line of sight, and
are as such mostly sensitive to physics at z≃ 1100. Despite this the weak interaction of the
CMB through the Sunyaev-Zeldovich effect (Sunyaev & Zeldovich, 1970) and the Integrated
Sachs-Wolfe effect (Sachs & Wolfe, 1967) provide a probe of the late Universe. Other
contaminations such as foreground emission from the local Universe and the dipole due to the
relative motion of the Solar System can be estimated and removed through multi-wavelength
data.

1.4.2

Baryon Acoustic Oscillations (BAO)

The CMB also has implications for structure in the present day Universe. Before recombination the Universe was a dense plasma and pressure waves were able to propagate. This
created over-densities of matter in spherical shells. When photons decoupled from atoms
these waves could no longer travel becoming “frozen” in the matter distribution of the early
Universe. These small over-densities were the seeds of structure formation, with stars and
galaxies more likely to form around them due to gravitational collapse. The scales on which
this structure forms is dependent on the energy density make-up of the Universe at the time
(Bond & Efstathiou, 1984; Holtzman, 1989; Peebles & Yu, 1970; Silk, 1968).
Today this signal can be measured by way of a two-point statistic of galaxies as a function
of their co-moving distance. In order to detect this BAO signal a high quality wide field
spectroscopic survey of 105 to 106 galaxies was needed. The SDSS Baryon Oscillation
Spectroscopic Survey (BOSS) was designed to meet this requirement. The measurement of
the BAO by Ross et al. (2017) is reproduced in Fig. 1.5, where a peak can clearly be seen at
a separation of ∼ 100h−1 Mpc. This means that any two galaxies are more likely to separated
by ∼ 100h−1 Mpc than by slightly less or more.
The BAO peak can also become damped and distorted on large scales by the non-linear
peculiar motions of galaxies (Angulo et al., 2008). In order to overcome this increased
uncertainty the linear BAO is reconstructed by removing as much bulk motion as possible;
for an analysis of this technique see Burden et al. (2014).
It has also been proposed that the BAO could be measured in the radio by mapping
neutral hydrogen gas, as traced by the 21cm line. Baryon acoustic oscillations In Neutral Gas
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Fig. 1.5 The galaxy correlation monopole as a function of co-moving separation (h−1 Mpc)
measured from BOSS DR12 in two redshift bins. Figure taken from Ross et al. (2017). Red
dashed line shows the MultiDark PATCHY mock realisation of the BAO by Kitaura et al.
(2016, 2014).
Observations (BINGO) is a planned intensity mapping survey that Dickinson (2014) suggest
could measure the acoustic scale to ∼ 2 percent precision. Although this is less accurate than
optical surveys have already achieved, the independent nature of the measurement would be
complementary to existing data reducing systematic bias from probing galaxies alone.

1.4.3

Type 1a Supernovae

There is no measure for distances along the line of sight, of over ∼kpc, that is independent of
physical processes. As such, the primary source of noise for a measurement on the Hubble
diagram is the distance estimation. If the galaxy brightness distribution was constant with
redshift, then the Euclidean normalised source count as a function of magnitude could be
used as a statistical proxy for the proper distance. However, there is too much variability in
the general galaxy populations for this to be feasible.
Type 1a Supernovae are all caused by a very similar physical process, that of either a white
dwarf star accreting gas from a companion, or the merger of two white dwarfs. A supernova
explosion occurs when the total mass of the stars involved reaches the Chandrasekhar limit
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of ∼ 1.4M⊙ (Chandrasekhar, 1931). The characteristic intrinsic luminosity of a Type 1a
shows some dispersion in the peak brightness.
However, it was shown these discrepancies could be standardised through the relationship
to the rate at which the light curve decays (Phillips, 1993), and the colour of the supernovae
(Riess et al., 1996; Tripp, 1997). In effect this creates “standard candles” which can be used
to measure the distance modulus, a quantity constructed from the observed magnitude and
accurately related to the luminosity distance. Type 1a Supernova also have high intrinsic
luminosities of over 109 times that of the sun often making them brighter than their galactic
host, making it possible to observe them out to very high redshifts.
Despite being referred to as standard candles, Type 1a are not perfect rulers for the
Universe. Firstly, the standardisation of a supernova requires multiple observations over
the lifetime of the explosion, preferably beginning before reaching peak brightness. We
never know exactly when a supernova will occur, so continuous scanning surveys combined
with rapid follow-up is necessary. Secondly, a redshift is still needed in order to construct
a distance modulus diagram and probe the parameters on which it depends. Redshifts are
usually obtained through high quality spectroscopic observations of the host galaxy which
are difficult at high redshift, time consuming and expensive. Using photometric redshifts
for the bulk of nearby classifications is a possible alternative, with Campbell et al. (2013)
demonstrating competitive statistical errors. Finally, work by Howell et al. (2006) showed
that some “overluminous” Type 1a supernovae cannot be calibrated by the accordant relation
used for standardisation.
The distance modulus diagram constructed from a collection of supernovae observations
complied by Suzuki et al. (2012) can be seen in Fig. 1.6. From this data multiple teams
(Garnavich et al., 1998; Perlmutter et al., 1998; Riess et al., 1998; Schmidt et al., 1998)
have concluded that the Universe is undergoing accelerated expansion. A model of this
diagram assuming a matter only universe is a poor fit to the data, underestimating the distance
modulus particularly at high redshift. This implies that the cosmological constant Λ is non
zero, with a best current estimate of ΩΛ = 0.729 ± 0.014.

1.4.4

Time delay strong lensing (TDSL)

Gravitation lensing is caused by the bending of light paths around massive objects on the
line of sight. Lensing causes images of distant galaxies (and the CMB) to change shape and
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Fig. 1.6 Distance modulus diagram from compilation of several supernovae surveys as seen
in Suzuki et al. (2012).
size. We discuss the background of lensing in more detail in chapter 4.
When a background galaxy is in the right position behind a massive object, like a galaxy
cluster, its image can form large arcs, Einstein rings, or multiple images as seen in Fig.
1.7. We call this type of distortion strong lensing. When a strong lens produces multiple
images of the source, the paths taken by the lensed light are different lengths, inducing a
time delay between the various images. If the multiply imaged source varies over time e.g.
a supernovae or a quasar with non-periodic variability, it can therefore be used to measure
the time delay effect, a quantity which is dependent on the cosmological properties of the
intervening Universe (Bonvin et al., 2017).
Since TDSL is a direct probe of the geometry of the Universe Suyu et al. (2013) find that
by using only two strong lenses they are able to constrain ΩΛ , Ωk , and w to levels comparable
to BAO. In particular, they find TDSL is sensitive to the Hubble constant, able to constrain
H0 to 5.7 percent for wCDM and 4 percent assuming w = −1 and Ωk ≥ 0. More recently
Bonvin et al. (2017) constrained H0 even further to ∼ 3.5 percent for ΛCDM, also showing
that TDSL can help break degeneracies faced by Planck and BAO in constraining more
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Fig. 1.7 Cutout from the Hubble Space Telescope (HST) of HE 0435-1223 a lens galaxy (G)
and a background quasar source lensed into four images (A to D). Figure taken from Wong
et al. (2017).
general models such as wCDM, NeffΛCDM and mνΛCDM.
The main obstacle facing improvements in TDSL measurement is simply the lack of
strongly lensed sources suitable for time delay analysis. There are only a few hundred high
quality strong lenses currently known, and although Collett (2015) predicts this to rise to
103.3 , 105 and 105.3 in DES, LSST and Euclid respectively, identifying them will still be a
challenge as they only account for around 10−6 of sources. Classifying lenses by way of
convolutional neural networks has been suggested as one solution by Jacobs et al. (2017),
however this technique currently only reaches completeness of ∼ 25 percent.

1.4.5

Weak Lensing

The effect of lensing near smaller gravitational potentials can also be a powerful probe of
cosmology. In this regime the distortion is not strong enough to produce multiple images
or large arcs from sources. The main effect of weak lensing is a slight change to galaxy
ellipticities. This cannot be measured directly but can be used to make a statistical inference
of cosmological parameters. Weak lensing will form a large part of the work in the second
half of this thesis, and as such I defer the details of this measure to chapter 4.

1.4.6

Gravitational waves

One of the key predictions of General Relativity is that gravitational interactions will propagate as a wave. Evidence for this was first discovered indirectly by Taylor et al. (1974)
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though observations of a binary pulsar. More recently a gravitational wave was directly
observed for the first time by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) (Abramovici et al., 1992) seen in Fig. 1.8. This detection not only helps confirm the
theory of General Relativity, but also extends our ability to probe the Universe beyond the
electromagnetic spectrum.
Gravitational wave observations are still in their infancy and have not yet had time to
contribute to constraints of cosmology. However, even at this early stage the high rates
of binary black hole mergers point to ignorance in our model of formation history. In the
future, measurements of the stochastic gravitational wave background along with follow-up
of individual events by traditional telescopes, will provide the most powerful constraints for
studies of the early Universe and cosmic inflation, (Maggiore, 2000).
Above, I have surveyed key cosmological probes which give evidence of dark matter and
dark energy. Current constraints on cosmological parameters are found in table 1.1. While
this progress is impressive, the next generation of surveys will be able to measure these
parameters with much more fidelity. In this thesis I seek to contribute to this progress.

1.5

Overview of this Thesis

In the next chapter I provide details about radio astronomy that will be essential for the later
work in this thesis. I begin by describing the various physical emission processes that produce
the observable EM field. I then consider radio instrumentation and the methods of collecting
and interpreting data. I show the relationship of the observed sky brightness distribution to
the radio “visibilities” and discuss the traditional method of inverting it. Finally, I give an
overview of radio galaxy population studies as a precursor to the work in chapter 3.
In chapter 3 I present the results of a spectroscopic observation of radio selected sources.
I led the team that originally conducted this work, and the chapter is based on the publication
it has produced, (Tarr et al. 2017a). This study formed a pilot for the WEAVE-LOFAR
survey commencing in 2018 (Smith et al., 2016).
Chapter 4 gives an overview of gravitation lensing. In particular, I discuss the theoretical
basis of weak lensing, building to the distortions that are expected from gravitational interactions in this regime. I consider radio observations as a future alternative to traditional optical
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Fig. 1.8 First directly detection of a gravitational-wave event (GW150914) caused by a binary
black hole merger. Observed by the LIGO detectors September 2014. Figure taken from
Abbott et al. (2016).
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lensing studies, and discuss the advantages and challenges this presents. I conclude with the
current predictions for SKA-cosmology from radio weak lensing. These demonstrate that
radio observations could significantly improve the systematics for next generation optical
experiments, if robust methods of analysis are developed.
Motivated by the promising results discussed in the previous chapter I then turn to
analysing the radio lensing signal in chapter 5. I present an analytical model of a radio
observation illustrating how a lensing signal distorts the data in the Fourier domain. I go on
to develop a method for extracting this signal called “FILM” that estimates lensing shear
directly from the radio visibilities. Using simulations based on the semi-analytical galaxy
models of Wilman et al. (2008) and the expected specification of an SKA1-mid survey, I test
the FILM method on different cases with various levels of realism. I find that given a high
quality data set this method is able to reproduce the initial shear signal with noise properties
related to the intrinsic shape dispersion as expected. The method is also found to be robust
against several other sources of noise that would be present in real data. Further work is
needed in the normalization of this measure and there are many other physical parameters
that could be included. However, this work demonstrates a proof of concept for direct radio
weak lensing estimators.
Finally, in chapter 6 I discuss some other projects I have conducted that are related to
the themes of this thesis and would benefit form further work in the future. I discuss the
imaging of wide-field low frequency observations from LOFAR, early analysis of ellipticity
measurements in the Boötes field and the potential of machine learning techniques for
radio-optical cross matching. I finish with a summary and conclusions of the thesis.
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1.5.1 Current constrains on ΛCDM parameters.
Table 1.1 contains the latest constrains on cosmological parameters from the various probes described above. They are all calculated
based on a flat wCDM model.
Ωm

w

H0 (km s−1 Mpc−1 )

σ8

Planck (2014)

0.314±0.02

-1.13+0.13
−0.1

67.4±1.4

0.834±0.027

SNe 1a

Betoule et al. (2014); Riess et al. (2016)

0.295±0.034

-

73.24±1.74

-

Weak Lensing

DES Collaboration et al. (2017)

0.264+0.032
−0.019

-1+0.04
−0.05

+1.5
65.6−2.6

0.807+0.062
−0.041

TDSL

Bonvin et al. (2017)

-

-1.79+0.94
−0.49

+4.4
79.1−4.2

-

Planck + BAO

Alam et al. (2016)

0.302±0.012

-1.05±0.06

68.8±1.4

-

Planck + TDSL

Bonvin et al. (2017)

0.3±0.02

-1.38+0.14
−0.16

79+9.3
−8.7

-

Planck + SNe 1a

Betoule et al. (2014)

0.307±0.017

-1.018±0.057

68.07±1.63

-

Probe

Reference

CMB

0.303±0.012 -1.027±0.055
68.5±1.27
Planck +BAO + SNe 1a Betoule et al. (2014)
Table 1.1 Latest constrains on cosmological parameters from the various probes described above. They are all calculated based on a
flat wCDM model.
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Chapter 2
Radio Astronomy
This chapter will provide the underlying principles governing radio astronomy and the
contribution it can make to the wider astronomy and cosmology fields. The vast majority
of current and next generation cosmological radio instruments are arrays; as such this
chapter also includes a description of interferometry and aperture synthesis which forms the
motivation for the technique developed in chapter 5.

2.1

The Radio Window

For most of the history of astronomy our knowledge of the Universe has entirely comprised
of what can be observed using visible light. In recent years the range of frequencies from
electromagnetic radiation available for study has grown to span almost the entire spectrum.
Today the ability for astronomers to further develop their understanding of the Universe
is limited only by how much can be collected and analysed. Most advances and further
constraints on cosmology have come from large sets of multi-frequency data where different
physical processes can be probed and related or removed. Indeed the next generation of
precision cosmology is even moving beyond the EM spectrum altogether, probing gravity
itself (Abbott et al., 2016).
Figure 2.1 shows the opacity of the Earth’s atmosphere over a range of EM wavelengths.
Although some non-optical frequencies, namely the near infra-red and ultraviolet, can be
observed using ground based telescopes, most require us to resort to expensive space based
instruments. However, in 1931 Karl Jansky identified radiation at a wavelength of 14.6m, a
previously un-probed frequency; in showing that the origin of this signal was galactic (Jansky
(1935)) he opened a new window on the Universe. This transparent gap from λ = 10−4 m to
10m along with technical advances in receivers during World War II allowed us to observe
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Fig. 2.1 Atmospheric opacity as a function of EM-radiation wavelength. (Image Credit:
NASA, http://www.ipac.caltech.edu/outreach/Edu/Windows/irwindows.html)
entirely new physical mechanisms without the limitation of having to escape the Earth’s
gravity.

2.2

Single aperture telescopes

We begin by considering basic radio telescopes that only have one receiver; these produce
a single instantaneous measurement of a patch sky. We will explore in later sections how
these have become the individual elements of modern arrays increasing the efficiency of
observation.
Antennas
We can consider a radio telescope as an antenna, a receiver (or transmitter) of a radio radiation
field. The properties that govern the effectiveness of a telescope are its sensitivity and angular
resolution. These qualities are dependent on the exact design and quality of the instrument
but are fundamentally constrained by the effective collecting area that intercepts radiation.
The simplest design for a radio antenna is a dipole that receives isotropically and would
therefore observe the whole sky simultaneously. In this case the power received (Pν ) over
some bandwidth (∆ν) is simply proportional to the total flux of the radiation field (Iν ), and
the response A0 .

Pν (θ , φ ) = A0 Iν (θ , φ )∆ν

(2.1)

where θ and φ define a spherical coordinate direction. Although a wide field of view
can be useful, (see for example science cases cited by Lonsdale (2007) for the Murchison
Widefield Array, MWA) the directional sensitivity can be increased by concentrating power
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in a particular direction. If an antenna instead has a reception pattern given by the collecting
area A(θ , φ ) (in m2 ) with a maximum response of A0 , then the power received becomes,
Pν (θ , φ ) = Aν (θ , φ )Iν (θ , φ )∆ν

(2.2)

The response pattern induced through the collecting area is known as the primary beam;
the beam solid angle (ΩA ) can then be used as a measure of a telescope’s field of view. This
is given by Burke & Graham-Smith (2010) as,
Z

ΩA =

4π

A(θ , φ )
dθ dφ
A0

(2.3)

Due to the conservation of energy the peak reception and field of view are fundamentally
linked by A0 ∝ Ω−1
A , hence as collecting area and sensitivity improves the beam solid angle
must decrease.
In order to have a consistent measure for the brightness of an object, the received power
is normalised by collecting area (m2 ), unit of bandwidth (Hz), and steradian of sky. The total
flux of a source is then given by integrating over the solid angle subtended, and hence is
in units of W m−2 Hz−1 . Due to the typically low fluxes of radio sources the Jansky (Jy) is
conventionally used as the unit of flux density, defined as,
1Jy = 10−26 W m−2 Hz−1

(2.4)

Parabolic dishes
Typically the collecting area of a radio antenna is increased by providing a reflecting surface
that concentrates the radiation at a single antenna. Designs for different systems of radio
reflecting dish can be seen in Fig. 2.2. Each of these systems is based on a parabolic surface
with various feed mechanisms; they all generate different reception and noise patterns, so
the best choice can vary with science case. For example, the C-BASS telescopes (Pearson &
C-BASS Collaboration, 2016) are designed to measure and remove the foreground emission
from the CMB polarization data. Since these measurements are highly sensitive to angular
distortions, C-BASS uses a prime focus reflector supported by radio transparent foam. This
results in a lower overall sensitivity but a circularly symmetric beam response.
At long wavelengths secondary reflectors need to be very large, as such a prime focus
system is generally used when a large frequency range is required. An exception to this is
Arecibo which requires a secondary dish as the primary is spherical rather than parabolic.
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Despite this, Cassegrain reflectors are generally more popular since they allow for a larger
feed with easier access, faster frequency band switching, and in the case of offset systems, an
unblocked aperture providing an almost circularly response and low side-lobes. Some other
reflecting designs have been developed that use only portions of the parabolic surface, either
to minimise noise like the Holmdel Horn Antenna, or maximize angular resolution e.g. the
RATAN-600. However, from now on we will consider instruments based on dishes or dipoles.
The sensitivity of a dish can be increased by making the surface area larger; this is
adequately described by the proxy of the diameter of dish D. As we have seen, with
increasing diameter and surface area the field of view of an antenna shrinks. Since a single
dish only produces one measurement, a larger diameter leads to smaller pixels. The best
theoretical angular resolution for a dish of diameter D is limited by diffraction as 1.22 × λ /D,
where λ is the central observing wavelength. The units used here are radians for resolution
and meters for diameter and wavelength.

2.3

Interferometry

In the previous section we found that by increasing the collecting area of a telescope (D
in the case of a dish) both the sensitivity and angular resolution could be increased. We
also saw that this increase is related to the observing wavelength, which is much longer for
radio than most of the rest of the spectrum. For example, the Hubble Space Telescope (HST)
has a primary mirror with D = 2.4m; observing in visible light this gives HST a resolution
of ∼ 0.05′′ . To achieve the same detail with at metre wavelengths would require a dish
thousands of kilometres wide.
Clearly building a parabolic reflector on these scales would not just be expensive but
impractical to the point of impossibility to construct. As such, astronomers have combined
the signal from multiple dishes or antennas into arrays to simulate a larger instrument. This
technique is called interferometry and we now consider the processes involved in generating
an image from multiple observations and the problems therein.

2.3.1

Spacial coherence of a radiation field

The fundamental principle of interferometry is that two measurements of a propagating field
(radio waves in this case) taken at different locations will not necessarily contain the same

2.3 Interferometry
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Fig. 2.2 Various systems of reflector for radio telescopes: (a) Prime focus, (b) Cassegrain, (c)
Off-axis Cassegrain, (d) Naysmith, (e) Beam waveguide, (f) Offset Cassegrain. CREDIT:
NRAO
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information. The degree to which the field varies between these points can be described
using the spatial coherence function V , which in turn is related to the source of the field itself.
The coherence is simply measured by the correlation between a function and its complex
conjugate i.e.
V (a, b) = ⟨ f (a), f ∗ (b)⟩

(2.5)

For a physical field the parameters that the function f depends upon tend to be space and
time. The mutual coherence function is a correlation taken with different values for both
these parameters; if only time is varied then it is called the autocorrelation; spatial coherence
is given by comparing two locations at the same time.
Consider a luminous astrophysical signal at some large distance producing the radiation
field E. Since structure along the line of sight cannot be disentangled, the only observable
quantity of E is its surface brightness distribution. This can be thought of as a projection of
E onto some celestial sphere at distance R which shall be denoted by E (R). If there is no
further contribution to the radiation field within this sphere, then its propagation is given by
Huygens’ principle (Taylor et al., 1999) as simply,
Z

Eν (r) =

Eν (R) 2πi|R−r|ν/c
e
dΩ
|R − r|

(2.6)

where dΩ is an element of surface area on the sky. This defines the electric field received
by an antenna at position r. Taking the spatial coherence of this signal from two points r1
and r2 gives,

Vν (r1 , r2 ) = ⟨E(r1 ), E ∗ (r2 )⟩
Z

Vν (r1 , r2 ) =

|R|2 ⟨Eν2 (R)⟩ 2πi|R−r1 |ν/c −2πi|R−r2 |ν/c
e
e
dΩ
|R − r1 ||R − r2 |

(2.7)
(2.8)

We can write this autocorrelation in terms of the observed intensity I(ŝ), where ŝ is the
unit vector R/|R|. The coherence function can also be simplified by making the assumption
that,
r
≃ 0,
R
which is in general true for astrophysical observations. This results in,
|r| << |R| ⇒

(2.9)
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Fig. 2.3 The (u,v,w) coordinate system. CREDIT: Burke & Graham-Smith (2010)

Vν (r1 , r2 ) ≃

Z

Iν (ŝ)e−2πiŝ|r1 −r2 |ν/c dΩ

(2.10)

Notice that the measurement V is only a function of direction (ŝ) and separation rather
than exact location of antennas (|r1 − r2 |). We call the vector between two antennas a baseline
(b = |r1 − r2 |); an interferometer will give one data point per baseline which is referred
to as a visibility. The visibilities produced by an interferometer are not exactly the spatial
coherence function required since they are also dependent on the properties of the particular
instrument, as we will discuss later in this chapter. We can find the theoretical resolution
limit of an interferometer by using its maximum baseline bmax as a proxy for the “diameter”
of an equivalent dish i.e.
θmax =

2.3.2

λ
bmax

(2.11)

The (u,v,w) coordinate system

A special coordinate system called (u,v,w) is used in interferometry in order to describe
baseline positions and pointing direction relative to the geometry and motion of the Earth.
This system uses three components based on a projection of Cartesian coordinates and can
be seen in Fig 2.3. The w coordinate is defined in some reference direction (ŝ0 ) for the
observation, usually toward a particular source or the centre of the observing field. The (u,v)
plane can then be constructed as being normal to w and pointing east and north respectively.
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The baseline vector normalized by wavelength (b/λ ) can now be fully described as a combination of u,v, and w. The pointing position on the sky (ŝ) can be projected onto the plane of
the sky with positions l and m in this space. Since ŝ is a unit vector this dictates its w position
√
to be n = 1 − l 2 − m2 , thus l 2 + m2 + n2 = 1. The direction ŝ is also sometimes defined as
a set of three angles (θ , γ, β ) away from the (u,v,w) axes; these are related to (l,m,n) by cosine.

n = cos θ

(2.12)

l = cos γ

(2.13)

m = cos β

(2.14)

In this coordinate system the spatial coherence function in equation 2.10 becomes,

Z

Vν (u, v, w) =
≡

Z

Iν (l, m, n)e−2πi(ul+vm+wn) dldmdn

(2.15)

√
I (l, m)
2
2
√ ν
e−2πi[ul+vm+w( 1−l −m −1)] dldm
1 − l 2 − m2

(2.16)

The frequency term in the exponential has been absorbed into the coordinate system here
since we defined baseline positions normalised by λ .

2.3.3

Fourier inversions of spatial coherence

In order to retrieve the sky brightness distribution from the spatial coherence function equation 2.16 must be inverted. To begin we examine two special cases that, whilst simplifying
the equations, do not have an inversion procedure greatly different from real interferometric
radio arrays. First we suppose that antennas all lie in a coplanar array such that baselines
have no w component to their position, and second that the reception pattern is only sensitive
to a small region around ŝ0 .
Since the separation of antennas in a radio array is often small compared to distances
over which the earth curves, the w component of baselines will be neglected here. By setting
w ≃ 0 in equation 2.16 we obtain,
Vν (u, v, w ≃ 0) =

Z

I (l, m)
√ ν
e−2π(ul+vm) dldm
1 − l 2 − m2

(2.17)
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This is clearly a Fourier transform and hence can be easily inverted to give the intensity
of the sky in direction (l,m).
1 − l 2 − m2

− 21

Z

Iν (ŝ) =

Vν (u, v)e2π(ul+vm) dudv

(2.18)

The assumption that w = 0 does not hold in the case of Very Long Baseline Interferometry
(VLBI), where Earth curvature is not negligible. Also, depending on the location and the
direction of an observation even a coplanar array can shift into the w coordinate through
rotation of the Earth. However, it has been shown that the general relationship between I and
V is a still Fourier transform (Taylor et al., 1999). There is little difference between the two
and three dimensional relationships other than the calculation being more time consuming.
As such, in chapter 5 I only use a two dimensional transform. This would require generalising
before an application on real data.
The second special case we consider is that of an observation restricted to a small region
of sky. This case is more useful for modern observations where long integrations mean the
array is rarely in a plane; we will also see how the result can be generalised for wide-fields.
To define a small region of observation we restrict the pointing direction (ŝ) to be at most a
distance of σ away from ŝ0 , where ŝ0 and σ are perpendicular to first order (ŝ0 · σ ≃ 0). Thus
the (u,v,w) coordinate system is such that ŝ0 = (0, 0, 1) and σ = (l, m, 0) and equation 2.16
becomes,
Vν (u, v, w) = e−2πiw

Z

Iν (l, m)e−2π(ul+vm) dldm

(2.19)

The exponential term involving phase can be absorbed into the LHS of the equation. This
gives an expression for V relative to ŝ0 that is independent of w,
Z

−2πiw

Vν (u, v) ≡ e

Vν (u, v, w) =

Iν (l, m)e−2π(ul+vm) dldm

(2.20)

Since the w component of ŝ causes a phase change in the relative visibility, we call ŝ0 the
phase tracking centre. Again we obtain a Fourier transform for the form of V giving a direct
inversion of,
Z

Iν (ŝ) =

Vν (u, v)e2π(ul+vm) dudv

(2.21)

with a known phase dependence on θ . The additive phase difference for a baseline b
pointing ∆θ away from the phase centre is given by 2πλ b cos θ ∆θ . For observations with a
small fov the difference is calculated from the phase tracking centre and removed from the
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Fig. 2.4 A basic interferometer made from only two receiving elements
separated by baseline b, pointing in direction ŝ.
ω ≡ 2πν CREDIT:
cv.nrao.edu/course/astr534/Interferometers1.html
observation. For wide-field observations however, this would cause excessive smearing at
large ∆θ so the imaging must be repeated in different directions with a new delay.

2.3.4

Two element interferometer

In this section I consider the simplest interferometer, one with only two elements, and hence
one baseline, that produces a single visibility measurement. This is useful for understanding
the process involved in combining measurements from array elements. At the end of this
section I show that this simple array also results in equation 2.20. As the number of receivers
(Nant ) increase the instrument becomes much more complicated since the baselines (Nb ) grow
as the square of the number of receivers,
1
Nb = Nant (Nant − 1)
(2.22)
2
The set-up of an interferometer with two elements can be seen in Fig. 2.4; they are
separated by a baseline b and pointing toward a compact source in direction (ŝ). A monochromatic radio signal arrives at antenna 1 after a delay of τg from antenna 2; this delay is caused
by the extra distance travelled by the radiation and hence has the form,
τg =

b · ŝ
c

(2.23)
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We can also induce a delay on the signal from antenna 2 (τ0 ) to compensate for this,
although for now we will consider the case where τ0 = 0. The voltage from antenna 1
therefore will simply have a phase shift induced by the delay, and the outputs can be
described as,

v2 = v cos(2πνt)

(2.24)

v1 = v cos[2πν(t − τg )]

(2.25)

The amplitudes from the two antennas are multiplied together by the correlator and
then averaged in time such that the high frequency terms are cancelled out; this gives the
cross-correlation output R as,
1
(2.26)
R(τ)⟨v1 , v2 ⟩ = v2 cos(2πντg )
2
The amplitude of the correlation is proportional to the flux of the source multiplied by the
reception pattern as we saw in section 2.2. This pattern is given by combining the effective
√
collecting area of the two receivers, A = A1 A2 . As the Earth rotates and the telescope
tracks the source, the direction of observation (ŝ) changes. This causes the projected baseline
length (and thus τg ) to change and produces quasi-sinusoidal waves in the correlator output
called fringes which can be described by the fringe phase Φ,
2πb cos θ
(2.27)
λ
If the projected baseline b sin θ is on the order of several λ or more, then Φ will be very
sensitive to θ making the fringe phase an accurate measure of compact source position.
Φ=

We can generalise the response of the correlator from a point-like source to a sky
brightness I(ŝ) by treating the response from a region dR which is smaller than the resolution
of the telescope as a point source and integrating over the field of view. This gives a response
of,
Z

Rc =

A(ŝ)I(ŝ) cos(2πb · ŝ/λ )dΩ

(2.28)

This is called the cosine response Rc and is only sensitive to the symmetric part of
a particular brightness distribution. To probe the anti-symmetric part we need the sine
correlation Rs . This is found by introducing a time delay to one antenna that produces a
phase change of π/2 radians.
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Z

Rs =

I(ŝ)I(ŝ) sin(2πb · ŝ/λ )dΩ

(2.29)

Combined, the two correlations give the complex visibility V that is related to the spatial
correlation function we saw earlier. These visibilities are defined as,
q
−1
V (ŝ) = R2c + R2s e−i tan (Rs /Rc )

(2.30)

Thus, substituting in the expressions for Rc,s from , the form for a visibility of an arbitrary
sky brightness then becomes,
Z

Vν =

Aν Iν (ŝ)e−2πib·ŝ/λ dΩ

(2.31)

In reality radio sources and antennas are not monochromatic and work within a fixed
frequency range called the bandwidth. The observation is an integral over this range and this
causes the amplitude of V to be damped by a sinc function of the time delay and bandwidth.
We can compensate for this at the phase centre by setting the delay on antenna 1 to be τ0 = τg .
Since the error has only been corrected in the direction of ŝ0 it will still be present in other
directions. This defines a usable field of view in which the difference is small. This is the
same relationship we encountered in equation 2.20,

Z

Vν (u, v) = s

Aν Iν (l, m)e−2π(ul+vm) dldm

(2.32)

We can rewrite the last visibility equation using (u,v,w) coordinates to recover the
expression in equation 2.20 and hence the same inversion properties. Hence, the two element
interferometer returns a spatial coherence function normalised by the response pattern (A)
which is dependent on the combination of the individual collecting area.

2.3.5

Interferometry at other wavelengths

Although used almost exclusively for radio astronomy, the first interferometer proposed by
Michelson was designed to compare phases of optical light. There is no theoretical reason
why information from instruments working at shorter wavelengths could not be combined in
the same way. Practically however it is challenging. The much higher frequency of visible
light for example would requires extremely high temporal resolution in order to correctly
manipulate the phases. This is not only technically difficult to achieve but also would involve
vast amount of data storage. However, by creating the required time delays using additional
optical cable and combining the received beams directly, some interferometry has been
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performed at infra-red wavelengths.
The usable field of view effect discussed above is amplified several orders of magnitude
at high frequencies. These observations are therefore most useful for small scale studies
e.g. the physical processes or astrometric positions of single stars. One such experiment is
GRAVITY, an infra-red beam combining instrument on the (Very Large Telescope) VLT; for
details see Eisenhauer et al. (2011). The goals of GRAVITY include testing general relativity
by looking for deviations in the orbit of stars in the strong field around super massive black
holes (SMBHs).

2.4

Aperture synthesis

We have seen how the distribution of brightness on the sky can be sampled using the correlation between two antennas giving a complex visibility. The location of the visibility in
√
(u,v,w) coordinate space is (l,m, 1 − l 2 − m2 ) defined by the projected baseline. Additionally, we have seen that the relationship between visibilities and the true sky brightness is a
Fourier transform (within certain limits). A single baseline however only defines one point in
visibility space1 . Using multiple baselines, or combining the same baseline with different
projections allows us to produce a more complete data set. This technique is called aperture
synthesis.
There are two ways in which aperture synthesis is performed, either by adding additional
antennas, thus creating more interferometric pairs, or by allowing the rotation of the Earth
to naturally change the projected baseline positions. Another method would be to manually
move antennas to different separations. This has been done by combining various VLA
configurations for example, but it would be impractical during an observation.
Increasing the number of receivers in an array to N creates N(N-1)/2 interferometric
pairs. A large enough number of elements can produce an instantaneous uv coverage that
is sufficient to reconstruct the sky at some level. A brief observation like this is referred to
as a “snapshot” and the corresponding uv sample defines the characteristic response of the
array. The classic “Y” layout of the VLA along with its snapshot uv coverage can be seen in
Fig. 2.5, the six points of the star shape given by the longest baselines whilst the many short
spacings fill the centre.
1 Two

actually, since the visibilities will have Hermitian symmetry, but only one unique point
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(a) CREDIT: Google Earth

(b) CREDIT: National Radio Astronomy Observatory, vla.nrao.edu

Fig. 2.5 Left: the VLA seen from above showing the classic “Y” shaped array design. Right:
Typical UV coverage of the VLA during a snapshot observation.
If the instantaneous sampling of the array is not sufficient then the rotation of the Earth
can be used to fill more of the uv plane. Many short integrations are taken over a long period
of time, calibrated for time variable effects, and then added to the same coordinate space as
though they were measured coincidently. New arrays are now often designed such that they
fill the UV plane as efficiently as possible for minimum rotation, shortening the required
observation time.

2.4.1

Effect of discrete uv sampling

Despite the techniques used to measure as much of the uv plane as possible; the desire to
have long baselines that provide high angular resolution makes a continuously sampled uv
space practically impossible. As such the spatial coherence function V is sampled only at
discrete locations, which can be described by the sampling function S(u, v). This changes
our visibility equation 2.20 to be,
Z

S(u, v)Vν (u, v) =

IνD (l, m)e−2π(ul+vm) dldm

(2.33)

The modified intensity IνD is called the dirty image and is related to the true sky intensity
and the synthesised “dirty” beam or PSF BD ,
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BD (l, m) =

Z

B(l, m)S(u, v)e2πi(ul+vm) dudv

(2.34)

through convolution,
IνD = BD ∗ Aν Iν

(2.35)

To reconstruct the true sky brightness from the sampled visibilities we need to deconvolve
the PSF from the dirty image. Since the PSF of a radio interferometer is dependent only on
the sampling function, which can be measured from baseline positions, it is theoretically
known and deterministic.

2.4.2

Producing an image

There are many steps involved in creating an image from a set of array visibilities. These
steps are complex, time consuming and highly non-linear. The problems in creating reliable
images of high fidelity form part of the motivation for the work in chapter 5. I also look in
more detail at creating and using images from LOFAR survey data in section 6. As such
I give I a brief overview of some of the main steps below. However, since the majority of
the work in this thesis is concerned with visibilities rather then images, I refer the reader to
Taylor et al. (1999) for further details.
Gridding and weighting
When data is first taken with an interferometric array, it is not in a uniform pixel-like grid
pattern. Rather, it is defined at non-uniform spacings, as seen in figure 2.5(b). In order to
create an image, multiple Fourier transforms and convolutions need to be performed. In
addition, for arrays with many elements, there will be redundantly over sampled regions of
the uv plane, this creates large data volumes. As such this raw data is mapped onto an evenly
spaced array to reduce the file size and increase computational efficiency. Unless the data is
first convolved with a gridding kernel, this process in Fourier space can produce unwanted
effects in the image. There are several gridding kernels that can be chosen with different
levels of complexity. A typical kernel is a sinc function with the grid width defining the
distance between first null points.
Once the data is successfully convolved it can be added to the grid. For grid pixels that
contain multiple baselines a sum is taken and there are a few different ways that this can be

46

Radio Astronomy

weighted. The most extreme methods are natural and uniform weighting. Natural weighting
simply gives a constant weight to all visibilities, effectively down-weighting the signal from
noisy measurements. This provides maximum point source sensitivity, but a poor beam shape
and large side-lobes. Uniform weighting weights the data by the inverse number density of
the sampling function. Basically, this means grid points are the average of the visibilities
within the grid width. Uniform weighting can result in a much lower side-lobe contribution,
but at the cost of higher noise. The weighting that is chosen is often somewhere between
these two examples. Robust weighting, developed by Briggs (1995), provides an optimal
trade-off for most cases.
So, just to get the data into a manageable form, two complex operations have had to
be applied. Both of these use parameters that are decided by the observer and there is no
consensus on the best option for either.
Calibration
Now that the data is in a vectorised format we can begin to calibration to reduce effects
such as the distortion from the ionosphere. Radio Frequency Interference (RFI) from ground
sources is also removed at this stage, using programmes such as AOflagger (Offringa et al.,
2012) to identify unlikely spikes in amplitude. Calibration in radio works in much the same
way as Adaptive Optics (AO) for optical instruments, although here radio does have an
advantage. Alongside the main observation a well known compact object is also observed
at intervals to measure changes in amplitude and phase, corresponding to brightness and
position. In AO the calibration is performed during the observation and any time sensitive
variation is lost. Conversely, for radio observations the calibrator data is stored for the
corrections to be calculated and applied later. This means the calibration can be performed
in a much more precise way, for example, applying solutions that vary with direction or
removing particularly poor parts of the data. In fact for telescopes such as LOFAR, which is
pointed through software rather than mechanically, calibrator sources can be observed at the
same time as the main field for the whole observation. On the other hand, this does create
another complex operation for the observer.
In chapter 6 I discuss the challenges of calibration in more detail, especially for wide field
instruments. I also look at some novel solutions such as facet calibration (Williams et al.,
2016). It should be noted that all of these techniques require multiple Fourier transforms and
convolutions to calculate the corrections.
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Deconvolution and imaging
Finally, the data is gridded and corrected and we are able to make an image. Because the
visibilities were sparsely sampled, the relationship between the dirty and true image cannot
be solved using a linear deconvolution and so a non-linear approach is needed. If we Fourier
invert the gridded visibilities now we will obtain the dirty image, which is the true image
convolved with the PSF or dirty beam as in equation 2.35. To reconstruct a likely sky
brightness from the dirty image the degrees of freedom need to be reduced by incorporating
a priori information. There are many different methods for performing this operation. One
of these is called CLEAN, which has been the basis of the deconvolution technique used in
almost all observations for the last 30 years. CLEAN is an iterative process which makes
the assumption that the image can be represented as a sum of point sources in an otherwise
empty FOV. The original CLEAN algorithm, developed by Högbom (1974), is shown below:
1. In the dirty image identify the position and strength of the peak in terms of absolute
intensity;
2. Save this peak, multiplied by a user defined damping factor γ ≤ 1, as point source, to a
model. The point sources in this model are called the CLEAN components;
3. Subtract this CLEAN component, multiplied by a model of dirty beam, from the dirty
image at the position of the peak;
4. Loop back to step (1) until the dirty image contains no peak above some user-specified
level. The remainder of the dirty image is then termed the residuals;
5. Convolve the point source model with an idealised “CLEAN” beam. This is often an
elliptical Gaussian fitted to match the primary response of the antenna elements;
6. The final CLEAN image is then the sum of the model in step (5) and the residuals from
step (4).
Clearly this method is highly non-linear and user specific. Despite being widely used
in some form for over three decades, the theory behind CLEAN and its possible distorting
effects is still poorly understood. Reviews of CLEAN by Schwarz (1978); Wakker & Schwarz
(1988) have shown the outcomes in various situations and identify that for certain parameters
it can produce a unique solution. There have been many additions and improvements to the
basic CLEAN algorithm since it was first created. However, for some science cases, even
subtle unknown distortions would be enough to overwhelm the signal.
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More recently there have been methods developed which handle deconvolution more
robustly such as the Maximum Entropy Method (MEM), Compressed Sensing and UVMULTIFIT Cornwell et al. (1999); Garsden et al. (2015); Martí-Vidal et al. (2014). However, their
use is not as widespread as CLEAN due to their relative youth.
Finally, it is important to note that for all these deconvolution methods the image produced
is not a unique representation of the data. A radio image can only ever be a model of the
visibilities, no matter how carefully it is performed. So, if one creates a model of a certain
feature from a radio image, say a shear map, this is actually a model of a model of the data.
Thus, radio observations need to be analysed carefully.

2.5

Radio galaxies

In this final section we consider the processes which lead to radio emission from galaxies;
further details can be found in Condon (1992); Rohlfs & Wilson (2000). We also examine the
population of extra-galactic radio sources in preparation for the work in chapter 3. Mainly
we discuss the results of the s-cubed simulation by Wilman et al. (2008).
There are broadly two types of radio emission in the Universe, broadband continuum
emission and line emission from transitions in atomic states. While the sharp and strong
features of emission lines are useful for studying the dynamics of stellar environments, or
galactic gas clouds, the work in this thesis is based on the radio continuum and we consider
continuum-related processes only from now on.
The majority of emission at radio wavelengths is from synchrotron radiation caused by
the acceleration of electrons to relativistic speeds in the presence of a magnetic field. Another
important mechanism that causes radio waves is free-free or “bremsstrahlung” emission from
regions of HII gas. At high frequencies thermal (IR) radiation from dust and stars begins to
dominate the signal and the atmosphere also becomes less transparent as seen in Fig. 2.1.
The spectrum of the radio galaxy M82 is shown in Fig. 2.6, along with the contribution
from these emission processes. At very long wavelengths most radiation is obscured by
the Hydrogen gas in the galaxy. At frequencies above 100MHz the synchrotron component
can be seen to follow a power law decreasing with frequency. Free-free emission begins to
dominate above ∼ 30GHz as it has a shallower spectral index. It continues to be the main
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Fig. 2.6 The radio/FIR spectrum of M82 as seen in Condon (1992). The solid line is the
sum of the other three components, synchrotron radiation (dot-dash line), free-free emission
(dashed line), and a thermal component from dust (dotted line).
source radiation up until the IR regime.

2.5.1

Synchrotron radiation

This type of emission process was discovered from the construction of the first electron
synchrotrons, hence the name. It was found that charged particles moving at relativistic
speeds through a magnetic potential would lose energy as radiation. Since magnetic fields
and charged particles (mostly electrons) are abundant in the Universe we expect to see this
radiation from galaxies. The power and lifetime of synchrotron radiation in a particular
galaxy is dependent on the magnetic field strength and relative electron velocities which can
be predicted from lab based results.
An electron with energy E GeV, moving at angle θ to a magnetic field of strength B µG
will emit mostly around a critical frequency given by,
νc (GHz) ≃ 1.6 × 10−2 B sin θ E 2

(2.36)
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Typical magnetic field strength in spiral galaxies is ∼ 5µG; this gives a synchrotron
emission frequency of νc ∼ 0.1E 2 GHz. So for these electrons to produce a signal in the
accessible frequency range (0.1-10GHz) they must have energies of around 1-10GeV. The
rate of energy emission in GeV s−1 is given by Larmor’s relativistic formula as,
Ė(GeV s−1 ) = −3.8 × 10−18 (BE sin θ )2

(2.37)

Clearly even for strong fields, and electron energies of hundreds of GeV this is a very
slow loss rate and synchrotron field lifetimes will be very long. By assuming an isotropic
velocity dispersion for θ Condon (1992) calculates this as,
E
τs (yr) = ≃ 1.06 × 109
Ė

q
(B sin θ )−3 νc−1

(2.38)

In the case of νc = 1.5GHz, and B = 5µG this gives an estimate for τs of ∼ 108 years.
The power spectrum of synchrotron radiation as seen in Fig. 2.6 follows a power law where
the gradient is given by a spectral index p. This allows us to study the underlying distribution
of electron power in the Universe. The power from a single electron at frequency ν is given
by Rohlfs & Wilson (2000) as,
√ 3
Z
3e B sin θ ν ∞
P(ν) =
K (ν ′ )dν ′
me c2
νc ν/νc 5/3

(2.39)

The integral of the Bessel function K is simply a uniform square over the range [ν/νc , ∞)
and thus, assuming isotropy for θ , is directly dependent on the energy distribution. We
observe the quantity N · P(ν) from both radiation and cosmic rays to be a power law. Since
the received number of particles (N) should be independent of energy this implies a power
law energy distribution. We describe a galaxy’s synchrotron radiation distribution using its
spectral index p as,
1

I(ν) ≃ ν 2 (1 − p)

(2.40)

The main physical processes that cause synchrotron radiation are the large amounts of
energy released by supernovae from stars with mass > 8M⊙ , and the accretion of matter onto
a super-massive black hole (AGN). The second of these causes radio jets and lobes often
at large distance from the galaxy itself; these are referred to as Fanaroff-Riley (FR) type or
“classical” radio galaxies.
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2.5.2

Free-free emission

As electrons pass through an area of ionized gas, electrostatic interactions between the two
cause an acceleration of the electron which produces a photon at a radio wavelength. The
low energy of a radio wave, compared to the large kinetic energy of an electron, means that
the deviation to the electron’s path is small. This path deviation can be approximated by a
small perpendicular acceleration from which Rohlfs & Wilson (2000) define the total emitted
energy as,
W=

πZ 2 e6
4c3 m2e p3 v

(2.41)

where Z is the charge of the ion particle in elementary charge units, p is the minimum
distance between the two particles called the impact parameter, and v is the velocity of the
electron. During the “collision” time (τ = p/v) a photon is produced in a single pulse with
an almost uniform power spectrum over a range of ν. There is a cut-off frequency νg above
which there is very little emission, as seen in Fig. 2.6. Rohlfs & Wilson (2000) calculate this
cut-off to be,
νg (Hz) =

3πν
1
=
2πτ
32p

(2.42)

Free-free radiation from a single electron-ion interaction will depend on the dynamics,
ratios and temperature of the two components. Emission from a whole region of a galaxy can
be described as an average for that region, and is given by the free-free emission coefficient,
4Z 2 e6 N
ε(ν) =
3c3 m2e

r

2me
ln p̄
πkT

(2.43)

where N is found by multiplying the number densities of electrons and ions, T is the
electron temperature and p̄ is the mean of the minimum and maximum impact parameter.
To generate free-free emission electrons must pass within a small distance of a charged
particle e.g. dense HII regions. Hydrogen in a galaxy is efficiently ionized in the presence of
massive young stars; this makes free-free emission a good proxy for the rate of star-formation.

2.5.3

Radio galaxy populations

The population of extragalactic radio sources can broadly be split into two groups, defined by
their main emission mechanism; active galactic nuclei (AGN) and lower power star-forming
galaxies. The number counts for both these populations and the relationship to flux den-
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sity has been well documented for bright sources (≥ 103 µJy) in the GHz regime. There
is good agreement between various radio surveys (Bondi et al., 2003; Ciliegi et al., 1999;
Prandoni et al., 2001; White et al., 1997) that the differential source counts normalised by
S2.5 (Jy1.5 sr−1 ) fit a power law with an exponent of ≈ 2.7 at S = 100 − 200µJy rising with
flux before reaching a peak at 1Jy. This radio bright GHz sample is well studied, because
not only are they easier to detect in the radio, there is also a rapid drop off in the brightness
of the optical counterpart for µJy and low frequency populations (Waddington et al., 2001).
This decreases the completeness of any follow-up spectroscopic survey needed to separate
the source types.
The population of radio sources with 103 µJy flux and below has been simulated using
extrapolated radio luminosity functions by Wilman et al. (2008); this can be seen in Fig 2.7.
This work suggests that source counts should continue to decrease with flux, driven by a fall
in AGN sources but slowed by an increase in star-forming galaxies which then dominate the
population. The dominance of star-forming galaxies is predicted at around S1.4 = 100µJy, evidence for which can be seen in Simpson et al. (2006) although the flattening described there
is more severe than expected. There is also a large variation between other surveys at low
fluxes such as Seymour et al. (2004) and Hopkins et al. (2003) which deviate by a factor of 2
at 200µJy. For the most part the GHz population is well understood with good agreement between the models and data; low frequency low flux sources however are less well constrained.
The increase in star-forming galaxies described above is also expected to occur at longer
(metre) wavelengths, however the change in dominant source type is projected at an order
of magnitude higher flux (∼ 103 µJy) and number density. Hence, it should be much easier
to measure the source count curve. However, due to the reciprocal relation of frequency
and resolution many small sources are below the limit of low frequency surveys. A Giant
Metre-wave Radio Telescope (GMRT) survey by Sirothia et al. (2009) shows a clear flattening of the source counts below a thousand µJy at 325MHz, as expected from the Wilman
et al. (2008) model. More recently a Low Frequency Array (LOFAR) survey at 150MHz by
Williams et al. (2016) showed this flattening trend at a few thousand µJy.
The conformity seen in these surveys to the model suggests that star-forming galaxies do
indeed play a significant role in the µJy source population. This is supported by Fomalont
et al. (2002) who suggest that the steep spectral index of radio galaxies below 100µJy indicate a very low proportion of AGN. However, using a combination of multi-wavelength,
morphological and spectral data Padovani et al. (2007) show that spectroscopic follow up
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Fig. 2.7 Radio galaxy source counts at four different frequencies as modelled by Wilman
et al. (2008).

54

Radio Astronomy

can be biased toward a higher proportion of star-forming galaxies if the spectrograph is
limited to magnitudes brighter than B=22 as early studies were (Benn et al., 1993). Indeed,
Padovani et al. (2007) find that a minority (20-45 percent) of their sources below 103 µJy
were star-forming.
Clearly, there is still significant work required to fully understand the population of µJy
radio sources, especially at metre wavelengths. Such information is important for a range
of astrophysical and cosmological studies. For example, the evolution of radio-quiet AGN,
and their host galaxy, can constrain models of AGN feedback (Best et al., 2005), whilst the
insensitivity of radio waves to dust obscuration assists studies of star-formation in distant
galaxies (De Young, 1989). For cosmology, quantifying the radio source population will
be critical for interpreting studies of the angular clustering of radio galaxies on large scales
(Blake et al., 2004), and gravitational lensing measurements with the next generation of radio
surveys (Harrison et al., 2016).
An next-generation survey that will provide some of this information is WEAVE-LOFAR,
(Smith et al., 2016). This will be a spectroscopic follow-up of ∼ 106 radio selected objects
from LOFAR. Using ancillary time on SDSS I led a pilot programme to investigate the
efficiency and accuracy of the standard BOSS pipeline for a radio population. This work is
presented in the following chapter.

Chapter 3
Spectra of Faint Radio Sources in the
ELAIS-N1 Field
The work described in this chapter has been conducted in collaboration with Robert C.
Nichol, David J. Bacon, J. Sabater, N. Maddox, A. Kapinska, K. McAlpine, P.N. Best, A. R.
Taylor and is based on Tarr et al. (2017a, in prep).
The radio source population has an impact on the radio cosmic shear correlation (Harrison
et al., 2016) and studies of the angular galaxy clustering on large scales (Blake et al., 2004).
Quantifying this population and hence its impact on such measures is essential for precision
radio cosmology. The WEAVE-LOFAR experiment (Smith et al., 2016) aims to improve our
understanding of radio galaxies using a spectroscopic survey of ∼106 radio selected sources
from LOFAR surveys. I led a team that was responsible for a pilot programme of this survey
using current LOFAR and new BOSS data.
In this chapter, I report on the spectroscopic observations, presented in Tarr et al. (2017a),
of a population of faint radio sources in the ELAIS-N1 field. These targets were selected from
three, complementary radio samples spanning 150MHz-5GHz. In section 3.1, I describe
these radio data including some of the first wide-field radio survey observations by the
LOFAR telescope (Montes 2017 in prep), and deeper data (over a smaller area) from the
upgraded Karl G. Jansky Very Large Array (JVLA) and GMRT. In section 3.2, I discuss
the targeting and subsequent wide-field spectroscopic observations of thousands of radio
sources.
In order to fully characterise the faint MHz radio population, a high resolution low
frequency instrument which can integrate down to a 100µJy noise limit, coupled with an
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efficient high throughput spectrograph is required. This is the design of the WEAVE-LOFAR
survey (Smith et al., 2016) which aims to observe over 106 spectra of low-frequency selected
radio sources with a high success rate. This chapter is a trial which aims to inform the
targeting, cross matching and expected efficiency of the WEAVE-LOFAR survey by way of
an ancillary programme in the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson
et al. 2013), part of the Sloan Digital Sky Survey (SDSS-III; Eisenstein et al. 2011).
In section 3.3, I provide details of the joint catalogue of sources which is publicly available as part of Tarr et al. (2017a) on which this chapter is based. Section 3.4 presents
results of the spectroscopic follow-up and its success rate. A visual analysis of the spectra is
provided in section 3.5 allowing us to consider the accuracy of the BOSS redshift pipeline.
In section 3.6 I discuss the population of radio sources observed here combining the best
data from visual inspection and the BOSS pipeline. Conclusions are given in section 3.7.
This was a collaborative effort and as such I was not directly involved in all aspects of
the analysis. I did not carry out any of the observations used in this chapter radio, optical
or spectral. I was also not responsible for the radio data reduction and imaging. However,
I was part of the LOFAR “Blank Fields” working group which discussed the best analysis methods for each field, including ELAIS-N1. The matching of LOFAR sources with
SDSS counterparts for targeting was carried out jointly by A. Kapinska and me. These
radio-optical pairs were not preserved in spectroscopic results, and some sources could be
found in multiple radio surveys. I was responsible for re-matching the spectra back to all
radio objects for the final catalogue. I performed all analysis presented past section 3.3, with
the exception of the visual redshift identifications, which as stated are the work of N. Maddox.

3.1

Radio Observations

In this section I report the radio observations used for this work. In particular I describe the
calibration and source detection for the LOFAR observations which form the motivation for
this study.

3.1.1

The ELAIS-N1 Field

The European Large Area ISO Survey - North 1 (ELAIS-N1) field is located at RA 16h14m00s
and Dec +54:30:00 in an area of the galactic halo that contains no bright radio sources (>2Jy).
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This provides low foreground obscuration of distant galaxies as needed to study galaxy populations over a range of redshifts. The field also possesses significant multi-frequency data as
summarised in Table 3.1 and has been the focus of numerous studies of galaxy evolution and
formation e.g. Arnalte-Mur et al. (2014); Franceschini et al. (2005); Garn et al. (2009); Kim
et al. (2014); Manners et al. (2003); Pascual et al. (2001). The ELAIS-N1 field is also one of
the most promising areas for the first detection of a signal from the Epoch of Reionization
(EOR) from LOFAR observations (Vrbanec et al., 2015). Therefore, the ELAIS-N1 field
was an obvious location for one of the first LOFAR galaxy surveys (see below) and is ideal
for characterising the galaxy population in preparation for the next generation of wide-field
radio surveys.
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Instrument/ facility
Survey
Wavelength coverage Area deg2
References
Westerbork
WENSS
92 and 49 cm
570.0
Rengelink et al. (1997)
Herschel
HerMEs
100-500 µm
41.0
Oliver et al. (2012)
SIRTF
SWIRE
3.6-160 µm
8.7
Lonsdale et al. (2003)
Spitzer
SERVS
3.6 and 4.5 µm
2.0
Mauduit et al. (2012)
UKIRT
UKIDSS-DXS 1.17-1.33 and 2.03-2.38 µm
8.75
Lawrence et al. (2007)
Hyper Suprime-Cam
HSC-Deep
0.4-1.0 µm
7.2
Miyazaki et al. (2012)
SDSS
DR9 + BOSS
3000-10600 Å
14,555
Ahn et al. (2012)
GALEX
All sky survey
0.135-0.28 µm
20.0 Bianchi & GALEX Team (1999)
Chandra
EDXS
0.15-2.48 nm
0.2
Manners et al. (2003)
Table 3.1 Surveys of the ELAIS-N1 field showing a wealth of high quality data across multiple frequency bands.

Frequency

Bandwidth

Pointing centre
Area
RMS noise Resolution
No. 5σ
2
−1
α, δ (Deg)
(deg ) (µJy beam )
detections
LOFAR
150MHz
75MHz
243.5, 54.5
28
333
12"
800
FIRST
1365/1435MHz
21MHz
243.5, 54.5
28
145
5”
2617
GMRT Garn
610MHz
32MHz
242.75, 55.0
9
40/70
6”x5”
2500
GMRT Taylor
612MHz
32MHz 242.625, 54.5833
1.2
10.3 6.1”x5.1”
2800
JVLA
5GHz
2GHz 242.625, 54.5833
0.13
1.05
2.5”
483
Table 3.2 Proprieties of ELAIS-N1 radio observations used in this work.
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The LOw Frequency ARray (LOFAR) is a next-generation, software-driven, international
radio interferometer operating in the frequency range of 10-240MHz, where there has been
little previous investigation. LOFAR consists of a core of 18 antenna stations in the Netherlands with long-baseline stations spread across Europe to provide the unique combination of
a large instantaneous field-of-view (FOV), excellent angular resolution, and relatively high
sensitivity. LOFAR also utilizes a novel phased array design in which signals are combined
from many interferometric dipole antennas. Each of the dipoles in the LOFAR stations has a
multi-directional response thus providing coverage of the whole sky. The telescope has no
moving parts and therefore “points" to an object in the sky using digital delay between the
stations, rather than moving a telescope dish as in a traditional radio observatory. Such software allows LOFAR to rapidly switch between targets and simultaneously observe multiple
areas of the sky, which is particularly useful for monitoring calibration sources to correct for
any time-dependent effects. LOFAR is also a key SKA-low pathfinder facility particularly
for the EOR and cosmic magnetism working groups (Beck, 2007; Jarvis, 2007; Pritchard
et al., 2015). The reader is referred to van Haarlem et al. (2013) for further details of the
LOFAR instrument, and its major hardware and software components.
LOFAR observations began in December 2012 and the telescope is now collecting data
on a number of Key Science Projects (KSPs) including a range of surveys of the northern
sky (Rottgering, 2010). The LOFAR Tier-1 survey is the widest such survey covering the
whole visible sky above LOFAR using both low-band (LBA; 15-65MHz) and high-band
(HBA; 110-180 MHz) observations. The highest frequency band will reach an rms of 70µJy.
There are also smaller area surveys with high quality multi-wavelength data: the Tier-2
"deep" survey which will reach 15µJy over 550 degrees2 in its HBA band, and the Tier-3
"ultra-deep" survey, 5 fields observed using only the HBA covering 83 degrees2 down to an
rms of 7µJy at 150MHz.
ELAIS-N1 was selected to be part of the first cycle of LOFAR operations (cycle 0
February to November 2013) and was a major priority for many of the LOFAR KSPs. The observations were centred on RA = 16h 11m 00m , and DEC = 55◦ 57′ 00′′ and received 120 hours
of integration in the HBA data (115 to 190 MHz) reaching an rms depth of S150MHz ∼333µJy,
over a field of view of ∼ 9deg2 , with an angular resolution of 12 arcsec.
The main ELAIS-N1 target field was observed simultaneously with 6 flanking fields
including one centred on the compact radio source 87GB 160333.2+573543, for initial
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calibration. The first dataset used is an eight hour observation, with the frequency coverage
distributed evenly between the seven fields. After cleaning radio-frequency interference (RFI)
from the data using the AOflagger (Offringa et al., 2012), the solutions from the calibrator
field (containing 87GB) were transferred to the main ELAIS-N1 field. These solutions were
based on a model of 87GB from data in several radio catalogues that characterize its flux,
spectral index slope and curvature (Becker et al., 1991; Cohen et al., 2007; Condon et al.,
1998; Douglas et al., 1996; Gregory & Condon, 1991; Hales et al., 1995; Rengelink et al.,
1997). The LOFAR Black Board Selfcal (BBS) system (Pandey et al., 2009) was used to
calculate and apply the calibration with AWimager (Tasse et al., 2013) used to produce an
initial image. This was performed at seven different frequencies each with a bandwidth of
∼ 11MHz giving seven initial images. The distance between the main ELAIS-N1 field and
the calibrator field is 2.6 degrees.
Sources extracted from these initial images were cross matched across frequency providing a high quality sky model for the main EN1 field including spectral index for some
objects. This model was used to calibrate a second eight hour observation where more of the
frequency coverage was used on the main field. This approach gives a better signal-noise
ratio (SNR) than a standard one step calibration method.
It is important to note that due to the large field of view, relatively long baselines, and
low frequency, there are direction dependent effects produced by the ionosphere (Intema
et al., 2009) that cannot be corrected with the direction independent approach described
before. The main effects on the catalogue are an increase on the background noise level
from a theoretical level of ∼ 120µJy to ∼ 333µJy, and small shifts on the position of the
sources which were estimated to be of the order of a couple of arc-seconds. There are also
some inaccuracies in the flux level expected from the discrepancy between the real and
the direction-independent solutions applied to each source. However, at the time that the
catalogue was produced (March 2014), the newly developed, and more accurate, direction
dependent calibration strategies were still being investigated (Tasse, 2014; van Weeren et al.,
2016). Hence, the best calibration strategy available at the time was used.
A catalogue of sources was created using two detection tools, Python Blob Detection
and Source Measurement (PyBDSM) which was developed for LOFAR images (Mohan &
Rafferty, 2015), and BLOBCAT which was designed for the analysis of large survey data at
radio frequencies in general (Hales et al., 2012). Both algorithms assign Gaussian islands
of pixels to represent sources and link any islands which are likely to be part of the same
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Fig. 3.1 LOFAR ELAIS-N1 cut-out centred at α = 245◦ 11m30s, δ = +54◦ : 50′ : 30′′
showing a multiple component source and a mismatch between the PyBDSM and BLOBCAT
detections. Green circles are PyBDSM islands, red square is from BLOBCAT.
extended structure, using noise maps to set detection limits for faint objects.
Using a 5σ threshold PyBDSM detected ∼ 800 sources; lowering this to 3σ resulted in
an additional ∼ 400. Fainter sources which fell below the 3σ threshold were examined by
eye, 387 of which were accepted resulting in a total of 1631 objects identified using PyBDSM.
Conversely, BLOBCAT identified 942 unique source. This mismatch mainly occurs where
BLOBCAT assigns only one island to multiple PyBDSM detections. This indicates that
there are multiple source near each other, or an object has multiple components of emission.
These mismatches in the source catalogues were used as one method for identifying multiple
component objects. An example of this can be seen in Fig. 3.1.

3.1.3

VLA

In addition, we use sources from the FIRST catalogue and recent observations from the
JVLA. First sources were chosen only in the area cover by the LOFAR EN1 field adding
objects that may have been missed at low frequencies. The JVLA data is much deeper and
concentrated in a small patch in the centre of ELAIS.
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FIRST
Faint Images of the Radio Sky at Twenty Centimetres (FIRST; Becker et al. 1995) is a
∼ 10, 000 deg2 survey of the north Galactic cap. It was conducted with the Very Large Array
(VLA) in two narrow bands at 1365 and 1435 MHz from 1995 to 2010 and then a single
frequency band centred on 1335 MHz in 2011. These maps have a typical rms noise of
150µJy, a resolution of 5”, and sub-arcsecond positional accuracy.
The survey area of FIRST was chosen to coincide with the footprint of SDSS in order to
encourage cross wavelength projects. Ivezić et al. (2002) used SDSS, sensitive at the time to
a magnitude of 22.2 in r-band, to find optical counterparts to the FIRST sources. They were
able to identify a match, defined by positional association within 1.5′′ , for 30 percent of the
FIRST catalogue.
JVLA
Due to upgraded receivers and a new correlator system the JVLA features 10 fold improvement in point source continuum sensitivity over the VLA. The JVLA observed 0.13 sq.
degrees of the ELAIS-N1 field centred at α = 16h 10m 30s , δ = +54◦ 35′ 00′′ in 2012 and
2013. Observations were performed over 60 hours in 10 pointings using the “hybrid” B and
C configurations at 5GHz. The final image was calibrated using radio sources 3C286 and
J1624+5652 reaching an rms noise of 1.05µJy/beam, angular resolution of 2.5” and sub
arc-second positional accuracy (Taylor et al., 2014).

3.1.4

Giant Metre-wave Radio Telescope

The Giant Metre-wave Radio Telescope (GMRT) operates in six frequency bands centred
around 50, 153, 233, 325, 610 and 1420 MHz. It has a similar configuration, resolution and
sensitivity to the JVLA with approximately three times the collecting area. Radio frequency
interference (RFI) can be an issue for GMRT observations particularly in the higher frequency
bands, but on average data quality is competitive with that of the JVLA.
In 2011 to 2013 Taylor et al. (2014) observed 1.2 sq. degrees of ELAIS-N1 centred on the
same area as the JVLA field above. This observation was covered by a mosaic of 7 pointings
each integrated for 30 hours at 612MHz with 32MHz bandwidth. The radio source 3C286
was again used for calibrating this data resulting in an rms noise of 10.3µJy/beam, with 6.1”
x 5.1” angular resolution.
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This field was also observed using the GMRT in 2003 for 25 hours (centred at α =
16h 11m 00s , δ = 55◦ 00′ 00′′ ). A total of 9 sq. degrees were observed at 610MHz using a
mosaic of 4 deep and 15 shallow pointings. The final image has a resolution of 6′′ × 5′′ and
reaches an rms noise of 40µJy/beam in the deep areas, falling to 70µJy/beam elsewhere. For
more details please see Garn et al. (2007, 2008).

3.2

Optical and spectroscopic observations

In this section I describe the optical observations used for creating a target list for subsequent
spectroscopy. I discuss cross-matching of radio sources to known optical objects. In particular,
I described the matching of multiple component radio objects which, in extreme cases, could
be separated from their counterpart by several arc-minutes. This is a problem I investigate
further in chapter 6. I give an overview of the spectrograph observation and data reduction
performed by the BOSS team, describing the final target distribution and processing methods.
Finally, I present details of the resultant catalogue and an analysis of the efficiency of the
observation.

3.2.1

SDSS and BOSS

The Sloan Digital Sky Survey (SDSS; Gunn et al. 2006) uses a 2.5m telescope with a multiband CCD camera and two spectrographs operating between wavelengths of 3800 − 6100 and
5900 − 9100 angstroms. SDSS imaging covers a 3000 − 10600 angstrom range in 5 filters
(u,g,r,i,z). There have so far been three complete phases in the development of SDSS; the first
of these, SDSS-I (2000-2005) contains optical imaging over 8000 square degrees, and spectra
from selected galaxies within that footprint. The combination of SDSS-I with the second
phase of operations (SDSS-II, 2005-2008) forms the SDSS legacy survey expanding the
original observations to cover 8,400 square degrees. This includes over 108 individual objects
and more than 106 spectra. The data from the SDSS legacy survey is publicly available in
the seventh Data Release of SDSS (DR7; Abazajian et al. 2009).
SDSS-III (2008-2014) has built on the legacy of the prior phases using a major instrumentation upgrade to conduct four simultaneous surveys; this has delivered data products for
a wide range of complementary science goals. The SDSS Baryon Oscillation Spectroscopic
Survey (BOSS) (Dawson et al., 2013) is the largest of the four surveys in SDSS-III. BOSS
was primarily designed to undertake large scale redshift surveys in order to accurately constrain cosmic distances using the BAO method, details of which can be found in Weinberg
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et al. (2013). Using a plug plate and optical fibre design the BOSS instrument is able to take
1000 spectra in a single observation. It uses two double spectrographs with blue and red
cameras covering a total wavelength range of 3600 − 10400 angstroms.
Over its 5 year survey lifetime BOSS has observed 1.5 million luminous galaxies up to
z = 0.7 and 150,000 quasars in a range of 2.15 ≤ z ≤ 3.5; this clearly has impact for many
science cases beyond the BAO KSP. In order to benefit as wide a range of goals as possible,
and maximise the efficiency of observations, around 12 percent of all targets were given to
ancillary projects which had aims not covered by the main survey targets. Ancillary programs
were scheduled either in parallel with the core survey targets or as dedicated observations
after the main survey was complete. I facilitated the application for a follow-up survey of
new LOFAR data using this ancillary time on BOSS. This application was successful and
resulted in the project being awarded four hours of dedicated observing time, which we chose
to split over four plates giving 4000 potential spectra.
The efficiency of the BOSS spectrographs rapidly falls away at magnitudes fainter than
r = 22 − 23. This is shown in Fig. 3.2 from Alam et al. (2015) which shows the r-band
magnitude distribution of successful (ZWARNING=0) BOSS redshifts in the most recent
data release. As such I use a flux limit of rmodel = 22.4 on our main target list and also
include a small number of objects up to r ≤ 23 at a lower priority in the hope of probing the
fainter radio-optical population and filling remaining fibres.

3.2.2

SDSS DR9 matching and target selection

The Ninth SDSS Data Release (DR9) Ahn et al. (2012) was the latest photometric catalogue
available from SDSS-III at the time of the radio observations. DR9 is a catalogue of approximately 109 objects over an area of 14, 555 square degrees and includes improved astrometry
over the previous data release. In order to provide targets for the spectroscopic follow up,
radio sources must be matched to known photometric objects in the Sloan database. The next
sections detail my method for achieving this.
Approximately 300 of the few thousand radio sources in the observations were identified
as multiple component (MC) sources. These are objects with extended emission, or where
complex structure can be seen, as described below. The remaining objects, which make the
majority of the sample were categorised as single component sources. For these, the optical
and radio emission is expected to originate from the same, or nearby, area of the galaxy.
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Fig. 3.2 SDSS r-band magnitude distribution of successful BOSS redshifts in the DR12
catalogue.
Hence, any variation in observed position should be small, and mostly due to astrometric
error. Conversely, radio emission from MC sources may be up to several arc-minutes from the
optical counterpart. In addition to being more difficult to match, MC objects are less likely
to have any observed optical counterpart, since they are often faint at optical frequencies. K.
McAlpine identified 176 such MC sources in the FIRST data, and I found 112 in LOFAR. Of
the 2947 matched objects in the final catalogue, only 93 are MC sources.

Single Sources
A single source radio catalogue from each instrument was matched to the nearest neighbour
DR9 optical sources within a radius of twice the typical seeing for SDSS (2”). These matches
were then assigned a rank “Gold”, “Silver” or “Bronze” based on their SDSS photometric
magnitude. A target was labelled Gold if it was the closest match to that radio source and
was brighter than rmodel = 22.4 (2529 sources). Silver sources are all other matches within 2”
but also brighter than r_model=22.4 (272 sources). Finally, Bronze targets are the nearest
neighbour match, but with 22.4 < rmodel < 23.0 (260 sources). Some radio source duplicates
existed in this target set due to combining catalogues with different positional errors. These
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were removed on the basis of positional coincidence (< 3′′ ) keeping only one for the final
target list. I performed this matching for the LOFAR data with the remainder split among the
team by instrument.

Multiple Sources
SDSS matches to 155 MC radio sources (from the 288 originally detected) were identified.
However, only 93 of these were finally observed due to the tiling efficiency.
To select good MC candidates from the LOFAR data I used two methods. Firstly, I
identified all components found by PyBDSM that were assigned the same intensity island
number. This can be seen in Fig. 3.1 where four PyBDSM detections have been grouped
into two sources i237 and i242. Secondly, I used the mismatches between the two catalogues mentioned above. In particular, I identified instances where PyBDSM found multiple
component sources within 30 arc-seconds of a single BLOBCAT match, or where there
was no unique source found by BLOBCAT within 15 arc-seconds of a PyBDSM match. I
then classified each source by eye, comparing cut-outs from LOFAR, FIRST and SDSS, to
create a catalogue of likely multiple component radio sources. Finally, I double-checked the
LOFAR map by eye for obvious large-scale radio galaxies that were likely to be missed by
the aforementioned methods. Two such cases were found: one is centred at RA 243◦ 28m15s
and Declination +54 : 15 : 35 reproduced in Fig. 3.3; the other is located at RA 239◦ 19m58s
Declination +54◦ : 41′ : 11′′ and has already been spectroscopically observed.
LOFAR MC sources were first matched to DR9 photometric sources within 1 arc-minute.
Another team member and I then independently identified the most likely optical candidate.
This was done though a combination of over-plotting SDSS positions on the LOFAR map and
comparing to cut-outs from SDSS. Only when both agreed on the optical source responsible
for the radio emission was the target accepted.
In addition a magnitude cut of r f iber2mag = 22.4 was implemented; any targets fainter
than this were also rejected. This cut is slightly different from the rmodel used above and
underestimates the brightness particularly at low fluxes. This means some faint sources with
rmodel < 22.4 will have been scattered out of our selection by this effect. However, given
the small size of this sub-sample, and that the purpose of the flux cut was to maximise the
quality of spectra in order to obtain a redshift, the effect is likely to be negligible. In total we
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Fig. 3.3 LOFAR ELAIS-N1 cut-out centred at α 243◦ 28m15s, δ +56◦ : 15′ : 35′′ showing a
large scale (∼ 10′ ) Fanaroff and Riley (FR) radio source.
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selected 103 targets as matches to MC LOFAR sources, and rejected 9.

Misidentification contamination
There are physical and instrumental variations between observations performed at different
frequencies. As such, any match between two catalogues can never be exact. Most objects in
this work were paired based on separation distance. This means that some matches may have
been made to a random source which was coincidently close. The combination of several
radio surveys at different frequencies, with various angular resolution, depth and positional
accuracy makes a robust estimate of false matches difficult. However, by comparing our
approach to other multi-waveband studies we see that the number of incorrectly paired
objects is likely small.
McMahon et al. (2002) matched FIRST sources to a National Geographic SocietyPalomar Observatory Sky Survey (POSS) catalogue using a nearest neighbour method. They
estimate the number of false matches to a radio source using a random uniform distribution.
Within the 2” limit imposed by our matching technique they estimate that 94.5% of the
associations are physical.
A similar contamination rate from closest matches between SDSS and FIRST is found
by Ivezić et al. (2002) (8% within 3”). However, Best et al. (2005) find that by limited their
sample to sources detected above 5mJy in the National Radio Astronomy Observatories
(NRAO) VLA Sky Survey (NVSS), this contamination falls to less than 1%. Many, although
not all, of the selected targets in this work were associated with sources in multiple radio
surveys. This suggests a low rate of misidentification to single source objects.
The characteristics of the LOFAR observations are unlike the other surveys in this sample.
Therefore, these object pairs may affected by coincidental optical sources in a different way.
Optical matches were made to LOFAR sources in the XMM and Boötes fields by Tasse
et al. (2008); Williams et al. (2018) respectively. Their results are not directly comparable to
this work since they use a likelihood ratio to identify pairs (Sutherland & Saunders, 1992).
However, evaluating this likelihood for a 2” separation results in a high probability (∼ 90%)
of association for all but the faintest objects. Furthermore, both these studies include several
pairs separated by more than 10” which are matched with a probability of over 0.7. This
suggests that our 2” limit coupled with the necessary magnitude cut gives this sample a low
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Fig. 3.4 Locations of target sources for BOSS observations. Green circles show SDSS
matches to radio targets which were observed, red crosses show location of matches where
a fibre could not be placed due to limited tiling efficiency or proximity to another source.
Black dashed ellipses show plate coverage. Plate numbers 7562-7565 are shown left, right,
down, up respectively.
completeness rather than a high false match rate.
All multiple components matches were performed by hand rather than using separation.
The automated cross-matching of multiple component galaxies is a challenging problem.
Complex Bayesian fitting methods such as developed by Fan et al. (2015) can outperform
humans in some cases, but fall short in others. Hence, there may be some mismatches to
these sources. This will make little difference to the overall analysis however since only 34
of the returned redshifts are associated with a multiple component object.
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BOSS Observations

Due to the combination of wide LOFAR and FIRST surveys with the deeper JVLA and
GMRT data, our target list did not feature uniform sky coverage, with the central area including a high surface density. The restriction on fibre placement (not within 2" of each other),
and the desire to observe as many of the LOFAR sources, and hence cover as much sky area
as possible, meant that our fibre efficiency was low and only 2194 of 2948 targets could be
observed. Fig 3.4 shows the on sky distribution of these targets. Some BOSS LRGs were
included in order to not waste the remaining fibres.

3.2.4

Data reduction

The BOSS spectra we originally processed using the main BOSS pipeline, namely the idlspec2d routines, details of which can be found in Dawson et al. (2016). Redshifts and source
types were obtained by finding the best fit to the spectra from a set of templates covering the
full parameter space expected, given the frequency range of the instrument, and the physical
properties of the survey objects (Bolton et al., 2012).
Due to the large number of sources near the centre of the field (Fig. 3.4), two of the
four plates (7563 and 7564) lacked sufficient sky fibers and failed processing in v5_7_1
of the data pipeline. The sky subtraction criteria was then altered, reducing the flexibility
of the sky model in order to force the data reduction. This resulted in the sky subtraction
being worse than a typical BOSS plate, particularly at the red end of the spectrum. The new
analysis with the sky model change is labelled v5_7_2 in the catalogue. Fig. 3.5 shows the
redshift distributions for plates reduced with different versions of the pipeline. The overall
distribution is similar but with v5_7_2 skewed toward a lower redshift, indicating that more
distant and hence redder/fainter sources, were more susceptible to decreased S/N.

3.3

Catalogue

The final catalogue is included electronically with the publication Tarr et al. (2017a); I
include a sample of the first nine rows in appendix C. The catalogue consists of data drawn
from four sources pertaining to the different stages of analysis. I include all 2948 radio
sources which were matched to an optical object in DR9 along with selected information
from DR9 regrading that object. For the 2194 radio sources that were finally targeted I
include the spectroscopic observations; these can also be found in the most recent SDSS data
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Fig. 3.5 Normalised redshift distribution for objects with Zwarning=0 only. Black solid bars
show redshifts from plates reduced using v5_7_1 sky subtraction (7562 and 7565) compared
to the re-reduced plates in green. Overall 40.8 percent of spectra reduced using v5_7_1
resulted in a good redshift compared to 57 percent of those reduced with v5_7_2.
release. Finally, I append a visual analysis of the spectra from plates 7562 and 7563 that was
conducted by N. Maddox as described in section 3.5.
The following is a description of the important columns for each of the sections above.
Matched radio sources:
SURVEY: A string variable describing which survey the source was detected in.
SURVEY_CODE: Same information as SURVEY, however this is given as an integer, LOFAR=1, FIRST=2 GMRT_garn=3, GMRT_Taylor=4, JVLA=5.
MCLASS: Set to “M” for multiple component radio sources and “S” for single component
as deccribed in section 3.2.2
MULTID: Set to same number for assciated sources, set to -99 otherwise.
SAMPLECODE: Quality of match gold, silver, bronze as described in section 3.2.2.
RA_RADIO,DEC_RADIO: Centroid position of radio galaxy emission (or component for
multiple type sources)
RADIO_FLUX: Flux in Jy for LOFAR and FIRST sources.
DR9 optical match:
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dr9OBJID: Unique identifier for SDSS
modelMag_(u,g,r,i,z): DR9 model magnitude in the five SDSS filters
RA_SDSS,DEC_SDSS: Optical position.
BOSS spectroscopic results:
PLATE: BOSS Plate number 7562-7565
FIBERID: Number of fibre on plate
CLASS: BOSS defined classification from model fit described in section 3.2.4 referred to as
CLASSBOSS in section 3.5 either GALAXY, QSO or STAR.
SOURCETYPE: Radio survey identifier, same as SURVEY but for inclusion in main SDSS
data release.
z: Best fit redshift, zBOSS in section 3.5.
RCHI2: Reduced chi-squared value of zBOSS to best fit template.
ZWARNING: Quality flag as described in section 3.4.
SN_MEDIAN_ALL: Median S/N of all five SDSS filter bands, used throughout this work,
and referred to as S/N.
Visual analysis:
TYPE: Visual object classification referred to in section 3.5 as CLASSVis , either “g” absorption line galaxy, “e” emission line galaxy, “q” QSO, “s” STAR or “?” unknown.
LINE: Name of line used to identified redshift.
LINEWL: Wavelength of LINE
RESTWL: Rest wavelength of LINE
REDSHIFT: Visual redshift where possible, 0 when no redshift could be determined, referred
to as zVis in section 3.5.
CONFIDENCE: Confidence in REDSHIFT, 1 high confidence, 2 less confident, 3 no confidence or redshift could not be determined.

3.4

Redshift efficiency

A redshift was defined as “good” when its spectrum was assigned no warning flag by the
BOSS spectroscopic pipeline i.e. where ZWARNING=0 in the catalogue. For a description of
the ZWARNING flag see Adelman-McCarthy et al. (2008). Table (3.3) shows a breakdown
of the quality of observations by target type and radio instrument according to the BOSS
pipeline. In addition to the number of good redshifts, I also show objects labelled with a
ZWARNING of 4 as “poor”; all other spectra are referred to as “bad”. Poor fit spectra have a
statistically high deviation from the best fit model, but often have high S/N. Galaxies flagged
with any other number (bad) usually have multiple issues and are generally unreliable. The
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percentage of targets with no quality flag for a typical BOSS survey sample is generally
high. Ross et al. (2012) find that 98.2 percent of their high redshift (z>0.42) targets have a
ZWARNING of zero rising to 99.6 percent at lower redshifts. This is consistent with the 168
additional LRG targets that were included with this observation, 166 (98.8 percent) of which
had no quality flags.
Of the 2175 targets selected for their association with a radio source, 1731 (79.6 percent)
were labelled by BOSS as good, lower than for the majority of BOSS observations. Objects
classed as a galaxy by the BOSS pipeline had a greater proportion of good redshifts with 87.7
percent labelled as ZWARNING=0 compared to only 46 percent for QSOs. However, the true
difference in efficiency may be less than this as (shown in section 3.5.4) galaxies are more
likely to be mislabelled (as a QSO) than vice versa, especially those with ZWARNING>0.
Since the key difference between this sample, and the majority of BOSS targets, is the
radio selection criteria, it would be reasonable to suggest that the low efficiency seen is
dependent on the flux of the radio counterpart. However, Fig. 3.6 shows that the percentage
of good redshifts is consistent with approximately 85 percent across the radio flux range
observed. There is a slight drop for bright objects (Total flux>0.5Jy) but this is most likely
variation due to low numbers in this flux bin (6 objects). This may be a selection effect due
to the criterion of rmodel < 23 imposed on the target list. This results in few sources with
large radio to r-band flux ratios being observed.
Fig. 3.7 shows efficiency against optical brightness; there is a high proportion of good
redshifts up to 20th magnitude in r-band where the success rate drops as expected. Only 55
percent of spectra with modelMagr > 21 have a ZWARNING of zero, dropping to 36 percent
above 22. This is lower, but consistent, with the success rate of objects in the ELAIS-N1
region in DR12 at 65.9 percent and 39.8 percent efficiency respectively (Fig. 3.2).
This reduced success can also be seen as a function of S/N as in Fig. 3.8, where the
rate decreases to 50 percent at S/N≈ 1. Finally Fig. 3.9 compares the redshift histograms
for good spectra against those with a warning label (in red). It would not be informative to
plot the success rate as a function of redshift since by definition these “failed” redshifts are
uncertain. However, this figure does show that a large proportion of spectra fitted by the
BOSS pipeline to a high redshift (z>1) template are found to be problematic. I now consider
the quality and accuracy of these fits across the redshift range in more detail in the next
section.
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Fig. 3.6 Percentage of “good” (ZWARNING=0) redshifts from LOFAR selected sources in a
given 151MHz flux bin. Vertical error bars show 68 percent confidence interval from Poisson
noise as defined by Gehrels (1986). Horizontal error bars indicate bin size. Dashed line at 85
percent.

Fig. 3.7 Percentage of “good” (ZWARNING=0) redshifts from all radio selected sources in a
given r-band model magnitude bin. Vertical error bars show 68 percent confidence interval
from Poisson noise (Gehrels, 1986). Horizontal error bars indicate bin size. Dashed line
shows fitted to data points.
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Fig. 3.8 Percentage of ‘good’ (ZWARNING=0) redshifts from all radio selected sources in a
logarithmic S/N bin. Vertical error bars show 68 percent confidence interval from Poisson
noise (Gehrels, 1986). Horizontal error bars indicate bin size. Dashed line shows fitted to
data points.

Fig. 3.9 Redshift distribution for all radio selected objects in two redshift ranges. Black
solid line shows all spectra with ZWARNING=0. Red dot-dash line shows number count
with ZWARNING>0. Black dashed line in left plot corresponds to y-axis limit of high-z
distribution.
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Source type
Targets Good Good Galaxy Good QSO Poor Poor Galaxy Poor QSO Bad Star
LOFAR
411
336
263
33
71
32
30
4
49
FIRST
325
273
224
39
46
25
20
6
11
GMRT
1400 1102
951
104 281
125
135
17
68
JVLA
58
36
29
3
22
9
12
0
5
All RADIO
2194 1731
1467
179 420
191
197
27 133
LRG
168
166
164
1
2
2
0
0
1
SPECTROPHOTO_STD
80
79
1
79
SKY
1558
- 1558
Total
4000 1992
1631
180 422
193
197 1586 213
Table 3.3 LOFAR-BOSS success rates by instrument and target type. A ‘good’ redshift is defined as any observation with a
ZWARNING of 0. Spectra with ZWARNING of 4 have “More than 5 percent of points above 5σ from synthetic spectrum”, however
a reliable redshift can often be obtained where there is sufficient S/N (Bolton et al. (2012)), and are shown here as “poor”. Any
observation where ZWARNING is not exactly 0 or 4 is defined as ‘bad’. Note that total columns include a contribution from stars.
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Menzel et al. (2016) found that using an X-ray selected sample, dissimilar to a typical
BOSS selection, resulted in a reduction of the reliability of the redshift fitting algorithm. In
particular, errors in redshift and object type were caused by confusion between emission
lines, and blending with a neighbour source. From previous surveys, and semi-empirical
models, it is expected that this radio selected sample will contain a higher proportion of
quasars than the LRG population for which the BOSS pipeline was developed, potentially
causing similar issues. The redshift success rates in section (3.4), given by the automatic
fitter, show an efficiency for these observations of approximately 80 percent, lower than the
spectroscopic success seen in DR10 in general (Pâris et al., 2014).
The BOSS pipeline, or systems based on it, will be used for future spectroscopic follow-up
of atypical BOSS objects i.e. WEAVE-LOFAR (Smith et al., 2016). As such, it is important
that the performance of the pipeline with this population is investigated. N. Maddox visually
inspected half of the spectra (two full plates 7562 and 7563), where possible assigning a
visual redshift and type. Since the observations also include standard BOSS LRGs and stars
I compare these observations and identify characteristics that correlate with poor accuracy.
Additionally, I use the visual analysis to identify the best data from all these observations
and combine them to present a preliminary analysis of the radio population selected.
In this work, N. Maddox used code based on RUNZ (Colless et al., 2001) to extract the
redshifts from our spectra by visually identifying individual spectral features and calculating
the shift required to its rest wavelength. Each visually inspected spectrum in the catalogue
includes the spectral future and wavelength used to identify its redshift and class. For a
sample of the data and examples of features identified through visual inspection, Fig. 3.10
shows four of the inspected sample.
In total 1239 (50.7 percent) of non-sky fibers were visually inspected, of which 1090(50.1
percent) were of radio counterpart targets. For this section the redshift and source classification (CLASS column in catalogue) given by the BOSS pipeline are referred to as zBOSS and
ClassBOSS , whereas the new redshift and class from the visual analysis are zVis and ClassVis .
The visual redshifts were assigned a confidence value (zcon f ) from 1 to 3. Objects with a
confidence of 1 indicate the spectra had clear features and zVis can be trusted, confidence 2
objects are less clear, often with low S/N, but the observer still thought their identification
was correct. Spectra given a confidence of 3 had no emission lines or no obvious spectral
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Fig. 3.10 Four of the spectra used for visual redshift inspection showing the spectral feature
identified. Top to bottom: 1. Matching class, large discrepancy in redshift; 2. galaxy
mistaken by BOSS as QSO, redshift underestimated; 3/4. Visual inspection agrees with
BOSS pipeline.
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Fig. 3.11 Comparison of visual confidence (top) and BOSS warning label (bottom) of all
target spectra in logarithmic S/N bins.
features, and the observer could not produce a reliable redshift (these are assigned zVis =0).
Regardless of the confidence in the visual redshift, ClassVis , “g” (absorption line galaxy),
“e” (emission line galaxy), “q” (QSO) and “s” (STAR) can in general be trusted since these
are easier to identify than redshifts; cases where the class of an object was ambiguous were
labelled “?”. However, objects identified as an emission line galaxy may contain some narrow
line QSO’s since these spectra can look similar.

3.5.1

Comparison of visual analysis vs the BOSS pipeline

Fig. 3.11 shows the proportion of high confidence objects increasing with S/N; this trend
is comparable to the change in the number of spectra with a ZWARNING of 0. The higher
proportion of ZWARNING=0 than zcon f = 1 spectra at low S/N (0.5 ≤ S/N ≤ 3) suggests
that the template fitting method outperforms emission line identification for noisy data,
however it could also indicate that BOSS is over-fitting some spectra.
The overall differences between the two methods for both redshift and class can be seen
in Fig. 3.13 and 3.14. I started by identifying a threshold to indicate when an error in the
BOSS pipeline probably occurred for those objects with a confident visual ID (zcon f <3).
The threshold for identifying a BOSS error was chosen to be an absolute discrepancy in the
redshifts (∆z = |zBOSS − zVis |) of at least 0.005. This boundary was chosen such that the 7th to

80

Spectra of Faint Radio Sources

Fig. 3.12 Proportion of objects where the observer had confidence in the visual redshift
for each ZWARNING category. Light grey (bottom) indicates a high confidence (zcon f =1),
darker grey for lower confidence (zcon f =2).
93rd percentile of ∆z for all zcon f <3 objects lie within this range. Hence, the set ∆z ≤ 0.005
is considered to be dominated by noise in the visual analysis and unlikely to be an actual
error on zBOSS .
Redshift discrepancies
Fig. 3.12 shows the relative percentages of spectra with ∆z>0.005 for the three ZWARNING
categories. For comparison 143 non-radio selected targets (Boss LRGs and STDs) were also
visually checked; only two (1.4 percent) of these have a ∆z greater than 0.005 (0.013 and
0.014). The standard deviation of ∆z for Boss LRGs and STDs is σ = 0.002, so in general
the visual analysis is robust. As expected the proportion of errors on zBOSS increases for
ZWARNING̸= 0. In fact for these cases an error was found with zBOSS over 50 percent of the
time when it was possible to discern visual redshift. There are also a small number of cases
(6.2 percent) for which an object with ZWARNING=0 also had an error. In section 3.5.2 I
investigate the causes of errors on “good” BOSS redshifts and attempt to identify parameters
which indicate the highest proportion of redshifts which could be improved through further
analysis.

Class discrepancies
I also looked at how the class of objects changed between the two methods. Fig. 3.14
shows the percentage of objects in each ZWARNING category where ClassVis matches,
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or is different from ClassBOSS and where the visual class was ambiguous. As with Fig.
3.13 there is only a small number of objects (29, 3.5 percent) where a “good” spectrum is
given a different class. There are also 42 “good” objects (5 percent) where a ClassVis was
not identified. This indicates a noisy spectrum that BOSS was still able to find a model
with a good fit to. The proportion of objects with the same class drops drastically however
when ZWARNING>0 to only 59 percent of objects where a visual class could be identified.
Additionally, the majority of spectra (64 percent) with ZWARNING>0 could not be classified
visually anyway. In section (3.5.4) I consider the objects where a difference in class was
found in more detail. I then attempt to identify conditions which indicate a higher likelihood
of an incorrect class, particularly where further analysis could lead to an improvement.

3.5.2

Redshift error for ZWARNING=0

We next look at spectra where an error in the BOSS fitting algorithm most likely occurred
i.e. the difference between zBOSS and zVis was >0.005. Considering the “high quality” group
with ZWARNING=0 and zcon f <3, which should have a low number of discordant redshifts,
we find there are 49 objects (6 percent of this group) with ∆z > 0.005. Although this is not
a large percentage it is significantly higher than the 1.4 percent of LRGs with ∆z>0.005
indicating that the BOSS pipeline is less reliable than average for a radio selected sample,
even considering the highest quality targets.
However splitting the high quality sample by ClassBOSS I find that the majority of objects
with ∆z > 0.005 were identified as QSOs, with only 18 (2.7 percent) of the high quality
(BOSS) galaxies reaching this threshold. The overall deviation in redshift for these galaxies
is also small, with a maximum of ∆z = 0.79. Thus, for spectra identified as galaxies, the
pipeline performed with comparable success to typical BOSS observations. Marginal gains
in accuracy were far outweighed by the effort of visual inspection.

QSOs
I found that for spectra identified by BOSS as a QSO with no warning label, a ∆z of more
than 0.005 was present 28 percent of the time (when a visual redshift could be identified).
Accuracy for QSOs is important for many cosmological and astrophysical science cases,
and the lower number densities of these objects increases the impact any bias will have. As
such, it seems prudent to re-analyse all QSO spectra regardless of the quality of the fit as has
been previously done with BOSS survey data (Pâris et al., 2017). However, as spectroscopic
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Fig. 3.13 Difference in redshift between zBOSS and zVis for spectra with zcon f of 1 or 2 vs
zBOSS . Colour indicates BOSS warning label with ZWARNING=0 spectra in green and
red otherwise. Objects marked with “+” have a visual confidence of 2 indicating a larger
potential error. Black dashed lines show ∆z = 0.005 threshold used for identifying a likely
error on zBOSS .
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Fig. 3.14 Difference in type classification between identification from BOSS and by eye as a
proportion of their ZWARNING category. Light grey shows spectra given the same class
by BOSS and visual inspection, objects given a different class shown in dark grey, a visual
classification was not possible (ClassVis =’?’) for the remaining spectra.
survey speed increases with the next generation of instruments, this may not be practical and,
as shown in Figs. 3.13 and 3.14, large improvements can only be made in a small percentage
of cases.
Examining the distribution of QSOs where ∆z was large, I attempted to identify regions
that contain the highest proportion of errors identifiable through visual inspection. Fig. 3.15
shows the percentage of BOSS QSOs with a ZWARNING of 0 where a visual redshift could
be identified (zcon f <3) as a function of S/N, r-band magnitude and redshift. The shaded
regions indicate the proportion of objects with ∆z>0.005.
As expected fainter objects, those at a low S/N and distant galaxies are harder to visually
identify. However, this was where there is also the greatest improvement from visual
inspection. From considering these spectra the following points are clear about redshifts for
QSOs given no warning label from BOSS.
• Below a S/N of 1 few redshifts could be identified with visual inspection; any QSOs at
this S/N level should not be trusted but visual inspection is unlikely to help.
• At a S/N level of over 5 the pipeline rarely produces an incorrect redshift; there is little
point in re-analysing these.
• QSOs with a model magnitude brighter than 19 in r-band were also accurate.
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Fig. 3.15 Success rate distribution of visual identification (zcon f <3) for radio selected spectra
labelled as QSO and ZWARNING=0 by BOSS. Shaded region indicates a probable redshift
error (∆z>0.005).
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• Faint QSOs with modelMag_r >20 often had redshift errors; at the limit of the instrument modelMag_r >22 visual accuracy also drops.
• At low redshifts (zBOSS <1) identifications from BOSS are generally correct.
I calculated ranges for each of these parameters such that they included 75 percent of
all spectra with ∆z>0.005 but contained the least number of ZWARNING=0 QSOs overall,
maximizing the proportion of improved redshifts. These ranges were zBOSS >1.53, modelMag_r>20.4, and 1.12<S/N<6.6. Clearly these are very specific to this dataset, but similar
ranges could be used in future surveys to identify observations that may benefit from further
inspection.
For example, ZWARNING=0 QSO spectra with 1 < S/N < 5, modelMagr > 20, and
zBOSS > 1.5 includes only 20 percent of that category but over 60 percent of them were
improved by visual inspection.

3.5.3

Redshift error for ZWARNING=4

As previously mentioned, spectra with a ZWARNING greater than zero have a much higher
proportion of redshifts with a ∆z > 0.005 as seen in Fig. 3.13. However the lower total
number of these objects and the decreased confidence (Fig. 3.12) result in only 62 with a
confident altered redshift.
Spectra with a ZWARNING not equal to 0 or 4 often have multiple problems beyond
a simple poor fit and can in general not be trusted. Even though it was possible to assign
a redshift to some of these by eye (33 percent), most were low confidence and almost all
differed significantly from BOSS. As such it is not worth re-analysing them and they should
be rejected.
Therefore, I now only consider objects with ZWARNING=4. There are 90 such objects
(37 percent) where a visual redshift was possible, and of these 59 (66 percent) resulted in an
improved redshift. Again there is a higher proportion of QSOs, with ∆z>0.005, than galaxies
(see table 3.4). However, unlike galaxies with ZWARNING=0, redshifts where there was no
confidence in the visual ID cannot be trusted due to the poor fit.
Fig. 3.16 shows the percentage of ZWARNING= 4 spectra where there was confidence
in the visual redshift as a function of log S/N for galaxies and QSOs. For QSOs there is no
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ClassBOSS
Galaxy QSO STAR
zcon f = 3 (No visual redshift)
71
76
9
∆z ≤ 0.005
22
5
4
∆z > 0.005
19
39
1
Minimum percent with error
17% 33%
7%
Maximum percent with error
46% 89%
20%
Table 3.4 Spectra given ZWARNING= 4 (many outliers) split by ClassBOSS and confident
(zcon f < 3) redshift difference. Bottom line shows upper and lower bounds for proportion of
those objects with a probable redshift error. i.e the most extreme cases where BOSS redshifts
with no visual confirmation are either all correct or incorrect respectively.

S/N limit above which the BOSS redshift is reliable. However, the rate of redshifts obtained
from visual analysis does increase over a S/N of 1. BOSS galaxies with a S/N>2 seem to be
reliable, and around 40 percent of those with S/N > 0.5 were identifiable by eye. Here the
visual analysis again reaches its limit at low S/N. There was no confidence in any spectra
with a S/N less than 0.4.
There is also a similar trend for QSOs in magnitude as S/N with a smaller proportion of
objects given a confident redshift at low brightnesses. To a lesser extent, this same decrease
occurs in the quality of visual analysis with magnitude for galaxies. Although the BOSS
galaxy redshifts are more accurate than QSOs in general, there is not a brightness limit above
which both methods agree completely, or even where the proportion of differences is low.
However, the difference in redshift is small (∆z < 0.1) for bright galaxies (modelMagr < 21)
where a visual ID was possible. These are most likely the same objects with a high S/N.
To maximise the quantity of redshifts and minimise additional analysis and error for
ZWARNING = 4 spectra, these data suggest the following. All galaxies above S/N of 2
can be used with no additional inspection, around 40 percent of those above S/N=0.5 and
brighter than modelmagr = 22 will be obtainable by visual analysis, but otherwise are not
worth pursuing unless the dataset is small. QSO redshifts in this category are rarely correct
and should either all be re-analysed or all rejected. The same S/N and magnitude cuts may
be helpful in reducing workload but include the majority of the sample anyway.
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Fig. 3.16 S/N percentage distribution of ZWARNING=4 spectra where a visual redshift was
possible (zcon f <3), split by ClassBOSS . Shaded region indicate where ∆z > 0.005. Note low
numbers at very large and small S/N; only one QSO and galaxy above S/N=2.75, only 4
QSO and 2 galaxies below S/N=0.33.

3.5.4

Classification error

Fig. 3.17 shows a comparison between the class assigned by BOSS and visually, where an
ID was possible (ClassVis ̸=’?’). Overall BOSS galaxy classifications were correct with only
a small number of disagreements. Stars were also assigned the same class visually in almost
all cases, although 5 galaxies seem to have been misclassified by BOSS as stars. This seems
to be due to many models with a similar reduced χ 2 value confusing the BOSS pipeline.
QSO identifications are much worse with around half of BOSS QSOs visually classed as
galaxies (where a visual ID was possible).
For BOSS galaxies with a ZWARNING of zero the pipeline does a good job (see Table
3.4). Only 5 (less than 1 percent) of the visually inspected galaxies were mislabelled as
QSOs. Although some were not possible to classify by eye, mainly due to poor S/N resulting
in a lack of clear single spectral features, the good model fit and low false positive rate
otherwise suggests these are trustworthy. ZWARNING=4 BOSS galaxies are less consistent;
although there is a similarly low rate identified as QSOs there is a much higher percentage
of objects with no visual class at all. These are less likely to be correct since the model fit
is worse. However, the proportion of these galaxies which disagree with the visual class,
or where a visual class was not possible, is lower when the chi-squared value is close to 1
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Fig. 3.17 Number counts of spectra where a visual class was possible for each BOSS type
separated into visual class category. See Table 3.5 for a more detailed breakdown.
(RCHI2DIFF<0.15) hence these IDs are more likely to be accurate.
Although the BOSS QSO group does contain many objects identified as galaxies by eye,
most (92 percent) objects identified as a QSO visually were labelled correctly. The majority
2 difference of greater
of visually identified QSOs which were incorrectly labelled have a χred
than 0.2. Only 67 percent of BOSS labelled QSOs, with a ZWARNING of 0, are confirmed
to be QSOs by visual inspection. There is a connection between the percentage of objects
classed differently by the two approaches with both S/N and brightness. 52 percent of “good”
QSOs with a S/N<2 are classed differently by eye whereas this is only 17 percent for those
with S/N>2. There is also an increase in class discrepancy for fainter BOSS QSOs. Those
with modelMag_r>20 were classed visually as an emission line galaxy 30 percent of the time.
This decreased to 15 percent for those with a model magnitude brighter than 20 in r-band.
Most BOSS QSOs with ZWARNING=4 are unidentifiable by eye meaning they are unlikely to have been correctly identified given the clear emission lines usually present and the
poor model fits. Only 7.5 percent of ZWARNING=4 BOSS QSOs are confirmed by eye; even
just considering objects where a visual ID was possible only 21 percent of these classes agree.
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BOSS Galaxies
BOSS QSOs
Visual class
ZWARN=0 ZWARN̸=0 ZWARN=0 ZWARN̸=0 Total
Emission line galaxy
435
26
20
18
500
Absorption line galaxy
222
14
0
17
255
Low confidence galaxy
6
2
0
1
9
QSO
5
1
55
11
72
Unidentified
36
75
6
82
208
Total Inspected
704
118
81
129 1090
Table 3.5 Comparison of class identification from BOSS and visual inspection for radio
targets.

3.6

Population

I now present a normalised source count as described by Burke & Graham-Smith (2010).
I also show the redshift distribution split by object type using the best redshift and class
information available given the analysis above. I then compare these to the simulations in
Wilman et al. (2008).

Fig. 3.18 Differential number count of sources normalised by area against log redshift. Points
show this work, lines drawn from s-cubed down to 10−2 Jy at 151MHz. Solid points and line
shows QSO/AGN objects, dashed line/ open points show star-forming galaxies.
For the following section redshifts are taken from the visual analysis where available
(zcon f < 3). Otherwise I use the BOSS redshift for BOSS galaxies with ZWARNING=0
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Fig. 3.19 Euclidean-normalised differential source counts for LOFAR 151MHz observation
only (points) from 10mJy to 3Jy. Lines for comparison from s-cubed. Solid points and line
are QSO/AGN objects, dashed line/ open points show star-forming galaxies.
or ZWARNING=4 and a S/N>2. For BOSS QSOs with no visual redshift, zBOSS is used
up to z = 2 if ZWARNING=0; for those with a redshift greater than 2, I also impose
that |χ 2 − 1| < 0.2 since more than 75 percent of incorrectly identified QSOs were above
this threshold. For source classification, I again use ClassVis where possible, reverting to
ClassBOSS otherwise.
For comparison, I also show the same distributions drawn from the s-cubed simulations
down to S0.151 = 10mJy. The s-cubed model by Wilman et al. (2008) has been shown to
follow the radio population found in other surveys closely at these fluxes and wavelengths.
As such deviation should be due to a combination of radio survey incompleteness, crossmatching or targeting failure and spectroscopic error.
Fig. 3.18 shows the differential number count of sources as a function of redshift separated by AGN and SF galaxy. For SF galaxies within a redshift range of 0.2 to 2 this work
matches the expected number density from Wilman. This is unsurprising since these objects
are easy to cross match and the spectroscopic accuracy was very high. At high redshift (z>2)
there are many less SF galaxies than expected due to reaching the limits of both radio instruments and the BOSS spectrograph. The low redshift SF galaxies are also under-represented
in our data by almost an order of magnitude. This may partly be due to these large foreground
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galaxies being resolved out of the LOFAR data or otherwise not being registered by PyBDSM.
For AGN/QSOs there is a good overall agreement in the flat trend of dN/dz although at a
reduced factor of about 2 orders of magnitudes. Since this change is independent of redshift
it is probably due to a low cross-matching rate and the poor quality of QSO spectra.
The trend in Euclidean-normalised differential source counts is shown in figure 3.19. For
AGN we see the broad trend of our data matches that of the Wilman model down to ∼50mJy;
again the AGN display the lower overall count seen in figure 3.18. Surprisingly however, for
SF sources we see an over-representation compared to the Wilman model for fluxes greater
than 10mJy. This may be caused by the variance of our sample in this particular field, but
will make an interesting issue to study for WEAVE-LOFAR.
A key caveat to the populations presented in this section is that the decomposition by
class may not be accurate. Work by Hine & Longair (1979) shows a strong anti-correlation
between the luminosity of radio AGN and the fraction with a strong emission line. Thus, it is
not expected that the majority of radio AGN will have a strong QSO feature, particularly at
these low fluxes. More recently, Kauffmann et al. (2003) find that 8% of the objects classified
as galaxies by the SDSS pipeline, are in-fact broad emission line Type 1 AGN. This may,
for example, explain the excess number of galaxies seen in figure 3.19. An interesting next
step would be to classify these objects using the BPT diagram method developed by Baldwin
et al. (1981).

3.7

Conclusions

In this chapter, I have reported on the spectroscopic observations, of a population of faint radio sources in the ELAIS-N1 field. I have presented a catalogue of the matched radio-optical
sources from four catalogues and the subsequent spectral observations. The overall success
(ZWARNING=0) rate for the spectroscopic follow up was ∼ 80 percent although this was
much higher (> 95 percent) for bright objects (r_mag< 21). There seems to be no general
correlation between the percentage of successful observations and magnitude (except for
very faint objects), radio flux or redshift.
In order to test the accuracy of the BOSS pipeline on this atypical sample half the spectra
were analysed by eye. Using a single spectral feature, this analysis produced a confident
visual redshift and class for 1026 objects. We find a large discrepancy between the BOSS
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and visual identifications, especially for objects identified by BOSS as a QSO and those with
a poor fit to the model spectra.
Sources classified as a Galaxies with a ZWARN=0 were generally reliable both in redshift
and class, i.e. there was no significant deviation between the BOSS pipeline and visual
inspection. However, QSOs with ZWARN=0 were classified as galaxies by eye around
50 percent of the time, and there is a significant difference in redshift in 30 percent cases.
The redshift accuracy for these objects is worse at low magnitudes (magr > 20) and high
redshift (z>1.5-2). There is also a trend with S/N but it is hard to quantify because of the low
confidence in visual redshifts at low S/N.
Objects classed as a ZWARN=4 Galaxy by BOSS were generally confirmed to be such
by eye, but where a visual redshift was possible it differed from BOSS around 50 percent of
the time; this mostly occurred at low S/N (<1). For QSOs (ZWARN=4) however, the success
is much worse. Only 35 percent could be given a class at all by eye and less than 10 percent
of the sample were finally confirmed to be correct. For the objects where a visual redshift
could be obtained the vast majority (approximately 90 percent) were different for the two
methods. There is no S/N, magnitude or redshift cut above which this improved significantly.
The population sampled in this work reflects the expected distributions seen in simulations and other large radio surveys. The efficiency of selecting and observing QSO sources
was in general very low. Any future survey would need to improve this as they are an
important sub-sample for many science cases including galaxy formation and evolution. Star
forming galaxies were under-represented at low flux-densities but the increased sensitivity of
recent LOFAR observations and future instruments will improve this. There is also a dip in
SF number counts at low redshifts, perhaps due to LOFAR resolving out large low redshift
objects.
This project is a good experience step towards the WEAVE-LOFAR survey and other
next generation multi-wavelength projects. It has identified areas in which the current fitting
technique fails to robustly analyse this data and hence, requires further improvement.

Chapter 4
Gravitational Lensing
Most of the discoveries and knowledge we have developed about objects in the Universe
has come from the direct study of the electromagnetic energy they emit. As we have seen in
chapters 2 and 3, astronomers have expanded beyond visible light, collecting and combining
information from the entire spectrum. However, some things cannot be measured using light
at all. It is not possible, for example, to reliably determine the masses of stars or galaxies
since the relationship between mass and the stars’ radiation is degenerate with many other
parameters such as distance, age and metallicity. It is possible to derive these properties
using Spectral Energy Distribution (SED) fitting, but the process is dependent on multiple
theoretical templates and population models as seen in Capozzi et al. (2016); Maraston
(2005). Additionally, there are components that cannot be directly observed with light at all
such as black holes, dark matter and dark energy.
As discussed in 1.3.1, galaxy mass can also be measured through observation of rotation
curves (Rubin & Ford, 1970). For galaxies which are supported by pressure rather than
rotation the velocity dispersion of the galaxy may be used instead (Gebhardt et al., 2000).
Although internal galactic dynamics are not a direct probes of mass, they are independent of
the stellar composition and thus require far fewer physical assumptions. In order to measure
these dynamics a spectroscopic observation is needed at a number of points to create a
spectral map of the galaxy. This requirement limits the measurement of stellar kinematics
to galaxies which are large and bright. For example, the Mapping Nearby Galaxies at APO
(MaNGA) survey (Bundy et al., 2015) selects galaxies larger than ∼ 10′′ which are brighter
than ∼ 23 AB mag arcsec−2 near their outskirts (∼ 2 effective radii).
The path that light travels however is dependent on space-time which is in turn related to
local mass and energy as described by General Relativity. In practice, we observe the effect

94

Gravitational Lensing

of massive objects as a bending of nearby light rays, a process called gravitational lensing.
Lensing allows us to infer the distribution of mass and energy in the Universe completely
independent of astrophysical processes.
There are three main regimes of lensing, strong, weak, and micro. Strong lensing is an
effect seen in extreme environments such as around super-clusters; it distorts background
galaxies into large arcs, rings or multiple images. We have seen in section 1.4.4 how strong
lensing has been used to measure cosmological parameters in addition to the mass distribution
of the lens. The magnification effect of strong lensing has also been exploited to reconstruct
images of distant galaxies at much higher resolution (Jones et al., 2010).
Whilst strong lensing occurs on large scales creating optical distortions of galaxies around
clusters, microlensing operates at the other end of the scale. When a bright transient passes
behind a massive compact foreground object the source is magnified, seen as an increase
in brightness. This technique allows the study of extremely faint objects, such as planets
or dwarf stars, as well as the nature of dark matter on small scales (Bennett et al., 2017;
Fedorova et al., 2016).
In this thesis I will focus on the weak lensing regime. This occupies the middle ground in
terms of the potential that creates it, and where the distorting effect is mostly linear. Unlike
strong and microlensing which require suitable alignment of a source and foreground lens,
weak lensing probes the general distribution of matter in the Universe allowing study of large
scales. This makes weak lensing a powerful and independent probe of large scale structure
and fundamental cosmological parameters.
In this chapter I will review the theory of weak lensing and show the mathematical
relationship between mass and distortions to light paths. I will then consider the observable
effects of weak lensing and the various approaches that have been used to exploit this. Finally,
I will discuss the advantages and challenges that are presented by a new generation of radio
telescopes and specifically the predicted impact of the SKA for weak lensing cosmology.

4.1

The Path of Light and Refraction

In order to study the effect of lensing on a light ray, it is common to model its path in
three parts, a schematic of which is shown in figure 4.1. First a light ray is emitted from a
source and travels through flat space-time toward a lens. As the light approaches the lens
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Fig. 4.1 Propagation path of a light ray travelling from a source at A to an observer at B
separated by a distance of Ds . The darker path shows the deviation induced by a refractive
index between points A and B. This model is useful for describing the effect of a lens on the
line of sight.
object it is defected by the curved space-time induced by the mass of the lens. Finally,
the light leaves the region of the lens and travels to the observer through unperturbed flat
space. For cases where the peculiar velocity and gravitational potential of the lens are
non-relativistic (v << c, Φ << c,), the space-time near the lens can be considered to be flat
plus the Newtonian potential from the mass distribution of the source, i.e,




1
1
2
2
(4.1)
ds = 1 + 2 Φ dt − 1 − 2 φ dx2
c
c
For the vast majority of astrophysical scenarios, particularly in the weak lensing regime,
these conditions hold.
As I will show later in this chapter the bending induced by the lens’ gravitational potential
can be accurately described as refraction. As such I now discuss the properties of light when
travelling through a variable refractive index. For a light ray unencumbered by any space-time
curvature the time taken to travel between two points is simply the separation distance l
divided by c. Introducing a constant refractive index (n) across the entire intervening medium
will reduce the speed of light by a factor of that index giving the travel time as t = nl/c. To
extend this to describe a variable index we turn to Fermat’s Principle of optics,
“the optical length of the path followed by light between two fixed points, A and
B, is an extremum. The optical length is defined as the physical length multiplied
by the refractive index of the material”.
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This implies, as we have already seen, that through a constant refractive index light will
travel in a straight line. However, it also reveals that there is an optical length for any index,
defined by n × l, over which the speed of light will be c. Hence, we can write the time taken
for a light ray to travel between points A and B through a general refractive index n(x) as,
1
t=
c

4.1.1

Z B

n(x)dl

(4.2)

A

Geometric Time Delay

Let’s return to our model of a simple lens in figure 4.1 in which a light ray from A is refracted
to B from a point Dds away from A and a distance d from the line of sight between A and B.
We can calculate the total travel time of this light using simple Pythagorean geometry as,
q
q
1
2
2
Dds + d + D2s + d 2
t=
(4.3)
c
Multiplying by c provides the optical path length, which we can approximate as,
ct ≃ Dds + Dd +

d2
d2
+
2Dds 2Dd

(4.4)

Using Ds = Dds + Dd and d = Dd tan α we find,


D2d tan2 α Dd + Dds
ct ≃ Ds +
2
Dds Dd
2
tan αDd Ds
ct ≃ Ds +
2Dds

(4.5)
(4.6)

From this is we can clearly see there is an extra distance due to the bent path when
compared to the shortest path between the two points. This gives a time delay such that the
longer deviated path takes less additional time than passing through the refractive medium
would incur,
∆t =

Dd Ds tan2 α
2cDds

(4.7)

Note that this expression increases with the ratio of Dd and Dds , so for a given bend
angle the lens must be stronger if it is closer to the source and thus weaker when nearer the
observer. This is very similar to the type of relationship between source and lens that we
expect in a gravitation context.
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Returning to equation 4.2, which describes path length in a general one dimensional
diffraction field n(x), this can be written more generally as a function of three dimensions,
Z

ct =

n(x)(∇2 x)1/2 dl

(4.8)

where,
∂x2 ∂y2 ∂z2
+
+
≡ ẋ2 + ẏ2 + ż2
(4.9)
∂l
∂l
∂l
Integrating by parts we can find the difference in time due to a variation of δ x along the
path, where δ xi = 0 at A and B, to be,
∇2 x =

"

#
∂ n(∇2 x)1/2
cδt =
δ xi +
δ ẋi
∂ xi
∂ ẋi
A
"
#
"
#B
Z B
∂ n(∇2 x)1/2 d ∂ n(∇2 x)1/2
∂ n(∇2 x)1/2
cδt =
δ xi
−
dl +
δ ẋi
∂ xi
dl
∂ ẋi
∂ ẋi
A
Z B
∂ n(∇2 x)1/2

(4.10)

(4.11)

A

Using Fermat’s principle the time between two points must not change and therefore δt = 0
and δ xi can be ignored. Since we defined δ xi to be zero at A and B the second term is also
zero. This results in Euler’s equations for the path of light rays,
∂ n(∇2 x)1/2 d ∂ n(∇2 x)( 1/2)
−
=0
∂ xi
dl
∂ ẋi

(4.12)

The unit vector (t) defined by ∂∂xli will point in the direction of the light ray as it travels
through the refractive medium. This vector can be seen as the arrows normal to the light ray
in figure 4.2. Substituting this vector into Euler’s equations we can reach the expression,
dt ∇n − t(t · ∇n)
=
(4.13)
dl
n
Since t(t · ∇n) is the component of ∇n parallel to t, this shows that dt/dl, the change in
light path direction, is just the gradient of n perpendicular to t (∇⊥ n). For the total deflection
angle (α) we can integrate dt/dl along the light path as shown in figure 4.2. This gives,
dt
∇⊥ n
α=
dl =
dl
(4.14)
dl
n
Hence, the total bend angle of a lensed light path is dependent only on the refractive
index field through which it travels. In the next section I will show how the bend can also be
Z

Z
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Fig. 4.2 The net bend angle α is equal to the sum of bend angles along its path or, if these
angles are small, the difference between the direction of emission and observation.
expressed as a function of gravitational potential. This will demonstrate how astrophysical
lensing is similar to diffraction in lab optics.

4.1.2

Relationship to General Relativity

Since gµν defines the curvature of a particular manifold, it also provides the geodesics
that light will travel along when moving through it (Cheng, 2005). A description of the
metric near a light ray moving through a potential well, with strength Φ(x), can be found
for the case where gµν describes only slight curvature. Additionally, it is assumed that the
masses involved and reference frame are stationary, and gravitational potential has the usual
Newtonian definition Φ = −GM/d. Then,




Φ 2 2
Φ
2
ds = 1 + 2 c dt − 1 − 2 dl 2
(4.15)
c
c
Since light rays trace null geodesics i.e. ds2 = 0, this can be simplified to,
ct ≃


2Φ
1 − 2 dl
c

Z 

(4.16)

If the light is travelling in a flat space, but through a medium with refractive index n(l)
dependent on position, using Fermat’s principle (Weinstock, 2012) the path length of this
light between two points will be,
Z

ct =

ndl.

(4.17)

Hence, it can be seen that a manifold, with curvature due to a varying potential Φ, can be
well approximated as a refractive medium with index n = 1 − 2Φ
. Since Newtonian potential
c2
is negative for an over-density, this quantity will be equal or greater than zero. Thus we get
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the expected result that light travels slower through a potential well. Using this result we can
rewrite equation 4.14, for bend angle though a refractive index, in terms of the potential,
2
∇⊥ Φdl
(4.18)
c2
Thus the bend angle is related to the perpendicular gradient of the gravitational potential.
Z

α=

4.2
4.2.1

Z

∇⊥ ndl =

The Effects of Lensing
Bend Angle

There are many effects which can be observed as a result of lensing. The most obvious of
these is the delay in time for the light signal. If the space between a source and an observer
was flat, then the time taken for light to reach the observer from a distance D would be simply
D/c, but for a non-zero potential we have,

Z 
1 D
2Φ
t=
1 − 2 dl
c 0
c
Z D
Z
1
2 D
=
dl − 2
Φdl
c 0
c 0
Z
D 2 D
= + 3
−Φdl
c c 0

(4.19)
(4.20)
(4.21)

Since Φ is negative for an over-dense region, there is clearly a time delay from traversing
a curved path. This delay can be measured if a source with high variability lies behind a
strong lens (Tyson et al., 1998).
Another directly apparent effect is the bend angle. For any change in the direction of the
beam due to varying Φ, we assign a bend angle α. The sum of all bend angles along the line
of sight is the net bend angle ⃗α (Fig. 4.2); this is a function of the integrated potential only.
The bend angle causes light to be detected in a different direction from the one we would
otherwise see, so the source would appear to shift position if the lens were removed. With no
lensing effects the observer (B) would see the source (A) at an angle β . However, the lensing
effect changes the source’s position by α, and is now observed at an angle of θ . This gives
the lens equation,
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⃗θ = ⃗β + ⃗α .

4.2.2

(4.22)

The Jacobian of Lensing

Consider a source which is not point like but has extended structure, for example, a distant
galaxy. Since all the emission does not originate from the same position, α will not necessarily
be the same for each photon, since it depends on the profile of the potential field. This
mapping from source to image plane can be described by a transformation matrix A which
transforms unlensed to lensed co-ordinates,
∂β
(4.23)
∂θ
Combining this with the lens equation, we find that A can be written in terms of three
effects, κ the convergence, γ1 and γ2 which are shear terms.
A =

A =

1 − κ − γ1
−γ2
−γ2
1 − κ + γ1

!
(4.24)

The convergence (κ) isotropically focuses the light rays producing a larger image. Since
all light rays can be traced back to the source plane, lensing conserves the surface brightness
of a source with the total flux proportional to the solid angle subtended by it. Figure 4.3
shows the effect of κ on a circularly symmetric objects in the first row. It is also possible
for κ to be negative producing a de-lensing effect which reduces the apparent size of galaxies.
The shear γ1 and γ2 are anisotropic mappings that distort the shape of objects through a
stretch, thus changing their ellipticity. Closer to massive lenses there are higher order effects
that can produce the arcs and rings seen in the strong regime. However, in weak lensing these
effects are too small to reliably detect, so I do not consider them here.

4.2.3

Inferring lens or source information

There are two main sources of information that a lensing survey can provide. Firstly, as we
have seen, the distortion to background galaxy shapes is directly related to the environment
along the line of sight. Hence, it is a key measure of lens mass profiles, the general matter
distribution and the geometry of the Universe. On the other hand the magnifying effects
of massive foreground objects can greatly improve the resolution of objects in the early
Universe if the distorting effects can be removed. However, this is a problem. Here we have
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Fig. 4.3 The three second order effects of gravitational lensing.
two unknowns that we would like to explore but only one set of information, the lensed
galaxies. We need to know the unlensed shape of objects in order to measure the distortion,
or we need to understand the intervening geometry to infer the original shape.
In practice the method for solving this problem varies by the requirements of the project
and utilizing other data. For example mass profile models of lens sources can be built based
on their astrophysical properties and simulations. Studies of weak lensing generally rely on
the stochastic nature of galaxy ellipticities based on studies of the foreground population.
I will cover these methods in more detail in the next section. Despite these solutions, the
uncertainty in source shape remains the largest source of noise for all lensing projects.
However, developments in radio astronomy could provide a new way measure and mitigate
this error. This is a potential I explore at the end of this chapter.

4.3

Weak Lensing

In this thesis I will focus on the weak lensing regime where κ, γ < 0.1 i.e the change in a
galaxies size or ellipticity is at most 10%. In this regime we can define a “reduced shear” as
γ̃ = γ/(1 − κ); in this case the lensing Jacobian becomes,
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A = (1 − κ)

1 − γ̃1 −γ̃2
−γ̃2 1 + γ̃1

!
(4.25)

Here κ is only affecting the size of the source. This change cannot be measured directly
since it is degenerate with the unlensed size. It is also difficult to construct statistical
constraints since sizes vary greatly and are dependent on distance. Changes in shape arise
only from the γ̃ terms since higher order effects would be negligible in a weak lensing regime.
I will use the reduced shear from now on, dropping the tilde.

4.3.1

Measuring ellipticity

In order to extract the components of shear from an image, sources are first identified and
their ellipticity measured. However, since these images will be corrupted by several types
of noise and resolution limit of the telescope, we require a robust method of making shape
measurements.
The traditional technique, still used in various forms, makes use of galaxies’ quadrupole
moments. If a galaxy has intensity I(θθ ), where θ = (θi , θ j ), then a simple expression of the
quadrupole moments is given by Kaiser et al. (1995) as,
R

Qi j =

W (θθ )I(θθ )(θi − θ̄i )(θ j − θ¯j )d 2 θ
R
W (θθ )I(θθ )d 2 θ

(4.26)

The weighting function W (θθ ) is used to improve the shape measurements by downweighting pixels that are expected to be dominated by noise. Typical weighting functions are
usually circularly symmetric to avoid introducing additional ellipticity such as a Gaussian
or Sinc function. The size of the image will be proportional to the trace Tr(Q) = ∑2i=1 Qii
with the off-diagonal elements sensitive to ellipticity. Hence, if the image is of a galaxy
with perfect circular symmetry then the quadrupole will take the form Q = 12 Tr(Q)δi j . The
components of ellipticity are then measured as,
e1 =

Q11 − Q22
2Q12
, e2 =
Q11 + Q22
Q11 + Q22

(4.27)

This process is not perfect; it also requires precise modelling of the PSF and non-elliptical
galaxy morphologies. Over the history of optical lensing there have been many improvements
made to the quadrupole moment measurement through further understanding of observational systematics and bias. An alternative method first suggested by Refregier (2003) is
to decompose galaxies into orthogonal basis functions called shapelets. The coefficients of
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these shapelets can then be summed in different ways to measure the power of various shapes.
Most modern cosmological surveys use a likelihood-based method for estimating the
shapes of sources, such as that described by Miller et al. (2013), since they require a higher
precision than a quadrupole moment can provide. The latest DES results even use two such
Bayesian approaches, im3shape and ngmix (Sheldon, 2015; Zuntz et al., 2013) to check
for consistency. These methods provide a rigorous statistical method for maximising the
potential power of a dataset whilst making a priori assumptions explicit. They also have the
advantage that uninformative parameters can be properly marginalised over, and can provide
a robust measure of noise.

4.3.2

Estimating shear

As discussed in section 4.2.3 the unlensed morphology of an individual galaxy i.e. its intrinsic
ellipticity in the source plane (εint ) is unknown. As such, the contribution due to lensing
cannot be measured. However, the principle of cosmological isotropy tells us that on large
enough scales, there should be no preferred direction in the Universe. Hence, the orientation
of galaxies should be random in the source plane1 . This gives the average of ellipticity of a
large sample in the source plane as zero, whereas a small region in the image plane will have
a residual signal due to shear. The process of averaging galaxies and the sources of noise
which contaminate this measure can be seen in figure 4.4 from the GRavitational lEnsing
Accuracy Testing 2008 (GREAT08) Galaxy Challenge (Bridle et al., 2009). The source plane
shape of a galaxy as defined by Q can be written in terms of the observed Q and shear by
applying the inverse of the lensing matrix A .
Qs = A −1 Q

(4.28)

Writing ellipticity and shear in their complex forms (ε, γ) and applying the above
transform Seitz & Schneider (1995) find the following relationship between source and
image ellipticity,
εs =

ε − 2γ + γ 2 ε∗
1 − 2Re(γε) + |γ|2

(4.29)

Where * denotes a complex conjugate and we expect ⟨εs ⟩ ≃ 0. Evaluating this expression
to first order Seitz & Schneider (1995) find that,
1 In

fact there are some deviations from this assumption in the real Universe, which I discuss in section 4,
but for now let’s assume it holds.
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Fig. 4.4 Process of stacking galaxies to reduce εint CREDIT: The GREAT08 challenge (Bridle
et al., 2009)

⟨εs ⟩ = ⟨ε⟩ − 2γ + γ⟨|ε|2 ⟩ ≃ 0

(4.30)

providing the shear estimator,
γi ≃

ei
2 − σε2

(4.31)

The term σε2 is the variance of ellipticity in the source plane. The noise of gamma is
√
therefore dependent on σε and will reduce proportionally with the sample size N as 1/ N.
One could make a shear map by dividing the observation into small regions and applying
the shear estimator in each one. The signal to noise of this method is highly dependent on
the shear pixel size chosen. Small regions with low source counts will have higher noise.
However, on large scales the signal from shear will vary with the expected value tending to
zero. As such, a key requirement in lensing surveys is a high density of resolved sources.

4.4

Cosmic shear and mass maps

So far I have described the effect of light rays being distorted in the presence of a single
compact object in a lens plane. Measurements that are relevant to cosmology however require
knowledge of how the propagation of light is effected by the large scale structure of the
Universe. By comparing the measurements of the matter distribution on these scales with
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statistics such as the galaxy density two point correlation function we are able to constrain
the relationship between mass, energy and structure formation. These are vital components
of the cosmological model.
In this section I will present the lensing potential as a probe for a general inhomogeneous
Universe. Using this expression, and assuming the weak field regime, I will derive the
equations linking this potential, and hence mass, with the lensing effects described previously.
Finally, I give the transforms that can be used to construct mass maps from these shear
statistics.
Returning to the equation for bend angle in a Newtonian potential (eq. 4.18, γ and κ
are known to have the following relationships to φ , the 2D projection of the gravitational
potential (commonly called the lensing potential),
1
1
γ1 = (∂12 − ∂22 )φ , γ2 = ∂1 ∂2 φ , κ = (∂12 + ∂22 )φ
2
2
The Fourier Transforms of these relationships are,

1
1
γ̂1 = (u2 − v2 )φ̂ , γ̂2 = uvφ̂ , κ̂ = (u2 + v2 )φ
2
2
|u|2 γ̂1
|u|2 γ̂2
⇒ κ̂ = 2
=
u − v2
2uv

(4.32)

(4.33)
(4.34)

Making a linear combination of these two identities and minimising ⟨κ̂⟩2 Kaiser et al.
(1995) obtains a best estimator of κ̂ to be,

1  2
(u1 − u22 )γ̂1 + 2u21 u22 γ̂2
(4.35)
2
u
Hence, we can make pixel images of our shear estimates, Fourier transform, apply equation 4.35 above, and then invert back from the Fourier domain to obtain projected density
maps.
κ̂ =

4.5

Shear Correlation Functions

In order to use the shear and convergence to constrain cosmology we need to examine
the statistical properties on various scales, i.e. its power spectrum (Pκ ). This can then be
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compared to what we would expect given a certain cosmological model. The power spectrum
of convergence can be calculated from a two point statistic of the field combined with a filter function. I now only consider the shear correlation function, which is used in section 6.1.2.
The shear components I have derived in equation 4.32, γ1 and γ2 are defined in a Cartesian
coordinate system. However, for a correlation between two galaxies we wish to measure their
γ components relative to each other, i.e, in a rotated frame such that for objects separated at
an angle φ from the x-axis,
γ1r = γ1 cos 2φ + γ2 sin 2φ

(4.36)

γ2r = γ2 cos 2φ − γ1 sin 2φ

(4.37)

and,

The galaxies shears are rotated as 2φ rather than just φ since γ is a spin-2 quantity. Now
we can calculate the pairwise correlation Cii for these particular galaxies of which there are
three representing the autocorrelation for both shear components and the cross-correlation
between them. For galaxies “a” and “b” separated by a distance l, these would be,

r
r
Cii (l) = γia
× γib

(4.38)

r
Ci j (l) = γia
× γ rjb

(4.39)
(4.40)

The statistic for the whole field is then the average of all pairs within bins of ∆l. Due to
the symmetry of the cross-correlation we should find that Ci j = C ji . The cross-correlation
should also be zero, making it a test of residual systematics in the data. Using these functions
we can also define the ξ correlation which is related to the convergence power spectrum (Pκ )
by Kaiser (1992) as,
1
ξ± = C11 ±C22 =
2π

4.6

Z ∞
0

ℓPκ (ℓ)J0,4 (ℓl)dℓ

(4.41)

Optical Observation Challenges

There are many complex and precise operations that must be performed on an optical observation to produce useful cosmological results. I have provided details of some of these in the
previous sections although there are many alternative methods with their own advantages and
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problems. In this section I aim to give a broad overview of the challenges in optical lensing
studies and thus provide motivation for extending them to other wavelengths as described in
the following sections.
Cosmic shear is a statistical measurement due to the random intrinsic ellipticity that is
impossible to isolate and measure for a single galaxy. We know that the noise contained in
√
any local estimator of shear will be proportional to 1/ N. Hence, it is vital that surveys are
deep with high resolving power in order to observe small, faint objects and maximise the
number densities. Since the precise shape of sources are required, they must be observed
with high fidelity. However, at the limit of an instrument’s power many objects are smaller
than the PSF or the typical seeing creating large distortions in their shapes. Thus, while
small, faint sources may reduce noise from the ellipticity dispersion they must be analysed
carefully to ensure they do not introduce a bias. In addition to being deep a lensing survey
must also be wide if it is to be useful for cosmology and constrain cosmic structure formation
and evolution.
It is not just galaxies at the flux limit of a telescope that can be distorted. For ground
based telescopes the atmosphere smears images and can mimic a lensing signal. The optics
of the telescope itself also contribute to this convolution effect called the PSF. One method
for removing this distortion is to measure stars in the FOV that should be point sources and
use their ellipticity to calibrate the galaxy shapes. This process can be seen in figure 4.4.
The next challenge before shapes can be measured is to identify and extract sources
to be processed. This seems like a straight forward task and is relatively easy for humans
given high S/N images. The vast numbers of objects in a large deep survey, often in excess
of 106 , make working by hand impractical and the process must be automated. There are
many effective source extraction programs available, for example, SExtractor (Bertin &
Arnouts, 1996). However, none are perfect and missed galaxies will reduce the signal to
noise, particularly if there is a bias against certain ellipticities or shapes. Additionally, if
distorted stars or other point sources are identified as extended objects the signal could be
systematically biased.
Measures of ellipticity, such as Q or Bayesian fitting methods, use weighting schemes or
models that assume an elliptical galaxy profile. For the majority of cases this assumption
is accurate and they are an efficient measure of ε. However, there is a small but significant
proportion of galaxies that have unusual morphologies. For these cases, it was unclear if the
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elliptical model is optimal. This was a key motivation of the GREAT10 challenge (Kitching
et al., 2012), which found that greater accuracy could be achieved though careful shape modelling. This information is included in the analysis of current surveys, such as DES, though
a calibration of the shear response to the actual galaxy image (DES Collaboration et al., 2017).
Finally, all the work I have presented so far has been based on the assumption that due
to the isotropy of the Universe galaxies will be randomly orientated before they are lensed.
This assumption is broken when objects in a particular region become preferentially aligned
or anti-aligned; we call this intrinsic alignment. These alignments can skew the lensing
correlation function in two main ways. Firstly, the formation of galaxies and their resultant
orientation is influenced by the gravitational environment they inhabit. If a group of galaxies
form in a nearby region of space, within a large scale gravitational field, there will be a
higher probability of alignment. This effect is called the Intrinsic-Intrinsic correlation (II)
and produces an excess in the lensing power spectrum on small scales. By excluding nearby
pairs in the lensing analysis this contamination can be essentially negated at the cost of a
smaller data set. Using a distance measure such as redshift can be beneficial in identifying
true pairs in three dimensional space, and minimises the loss of data (Heymans & Heavens,
2003).
The second source of contamination is called Gravitational-Intrinsic correlation (GI) and
is more difficult to remove. Foreground objects are preferentially aligned with their local
potential. However, this potential is the cause of the lensing shear on the source galaxy,
resulting in the systematic anti-alignment of foreground and background objects, GI. Sophisticated nulling techniques have been developed by Joachimi & Schneider (2008) that can
construct measures of cosmic shear free from intrinsic alignment. Alternatively, DES Collaboration et al. (2017) models this effect and incorporates it into the cosmic shear fitting method.
If left untreated GI will produce an underestimation in the power spectrum from cosmic shear.
From this brief overview it is clear that there are several important and sensitive components in the measurement of the cosmic shear signal. Some of these problems are still
sub-dominant to the measurement error of current instruments. However, this will not be the
case for the next generation of large scale surveys for which statistical errors are expected to
drop by an order of magnitude. The methods used by the lensing community must improve
and new techniques be considered if we are to overcome these inherent issues and realise the
full potential of future instruments.
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Recent results from optical weak lensing

The latest cosmological results using optical weak lensing are from the Dark Energy Survey
(DES). DES uses 26 × 106 source galaxies and 6.5 × 105 LRGs to calculate and combine
three two-point functions of shear-shear, galaxy-galaxy and shear-galaxy. From this it has
measured the ξ correlation function, and hence convergence power spectrum, finding a
residual systemic of ∼10−4 , figure 4.5. From this, and in combination with Planck DES has
+2.3
been able to constrain a wCDM cosmological model finding Ωm = 0.23+0.023
−0.015 , H0 = 78.5−3.7
km s−1 Mpc−1 and the dark energy equation of state to be w = −1.34+0.08
−0.15 , as seen in figure
4.6.

Fig. 4.5 The cosmic shear correlation functions ξ+ (top panel) and ξ− (bottom panel) in DES
Y1 in four source redshift bins. CREDIT: DES Collaboration et al. (2017)
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Fig. 4.6 wCDM constraints from the three combined probes in DES Y1 and Planck. Note
the strong degeneracy between h and w from Planck data. The lowest values of w are
associated with very large values of h, which would be excluded if other data sets were
included. CREDIT: DES Collaboration et al. (2017)
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Radio Weak Lensing

Until recently weak lensing analysis has only been conducted using observations at optical
and IR wavelengths since they provide the deep, high fidelity images that are required.
We have seen how these observations face many challenges due to the limited information
available. In recent years the sensitivity and resolution of radio telescopes has greatly
increased, with next generation instruments expected to be comparable to their optical-IR
counterparts. There are several possible advantages of conducting weak lensing at long
wavelengths presenting it as an intriguing alternative. Even if traditional methods cannot
be beaten by this new source of data, it is still a new probe of lensing with the potential to
reduce errors and unknown systematics.

4.7.1

Advantages of weak lensing at radio wavelengths

One of the main sources of noise, aside from ε in an optical lensing survey is the PSF of the
instrument. This effect is generally reduced by modelling the distortion and including this in
the ellipticity measurement. For radio instruments however, the PSF is defined by the array
configuration and antenna response. In principle this is precisely known, highly deterministic
for any telescope. We have seen how these PSFs can also be extremely complex. This
makes them lengthy to calculate especially for those that vary significantly with frequency.
I have also described the difficult and non-linear process in the PSF deconvolution (sec
2.4.2). However, given sufficient computing resources and a robust deconvolution method,
we may be able to remove the PSF from radio observations more thoroughly than at shorter
wavelengths.
All telescopes, at any frequency, have a diffraction limited maximum resolution given by
λ /D. For traditional optical instruments D, the diameter is limited by the ability to physically
construct and minutely manipulate large reflectors. For an interferometer, where the signal is
combined from multiple receivers, the only restriction is the size of the Earth, or in some
cases more, (Hirabayashi et al., 1998). This provides the ability to create radio instruments
that have sub-arc-second resolution, and a wide FOV.
As I have discussed in the previous section εint and IA are a serious cause of noise and
systematic in the lensing signal. There are current solutions to these problems but radio
observations present another opportunity for constraining the true intrinsic ellipticity. In
addition to an intensity map, a radio observation can also produce polarisation information.
Brown & Battye (2011) shows that this is correlated with the intrinsic position angle of the
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Fig. 4.7 Reconstructions of the lensing and IA auto and cross-power spectra reproduced
from Whittaker et al. (2015). In each panel the red curve shows the model power spectra.
The black points show the reconstructed power spectra including the intrinsic position angle
information from polarization. The blue points show the reconstructions using the standard
estimator, as a comparison. From these reconstructions we clearly see that the residual bias
has been reduced when including radio polarization.
galaxy. Since polarisation is unaffected by lensing this can be used to reduce noise from
shape dispersion and intrinsic alignment. A study by Whittaker et al. (2015) demonstrate that
using radio polarization information can significantly reduce bias in the reconstructed power
spectra, figure 4.7. In addition Morales (2006) find that HI rotational velocity maps could be
an alternative and competitive weak lensing tool completely avoiding ellipticity noise.
There is potential to reduce systemic noise on optical weak lensing using radio surveys
even without polarisation or HI velocity maps since radio wavelengths sample a different
population. The redshift distribution of sources, at a certain flux limit, tends to skew higher
in radio than optical, figure 4.8. This means we can constrain density fluctuations over a
greater range of redshift than with optical alone. Also, Harrison et al. (2016); Patel et al.
(2010) have showed that there is a dispersion between the intrinsic ellipticities of galaxies
in these different wavebands. Thus a cross-correlation would reduce the overall noise from
intrinsic ellipticity.
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Fig. 4.8 Redshift distribution of sources per square degree. CREDIT: Camera et al. (2017)
Redshift is another key piece of information that can be used to better measure the lensing
power spectrum, especially for constraining parameters like the dark energy equation of state.
Also, Kitching et al. (2014) have shown specifically that cosmic shear in three dimensions
is a sensitive probe of the equation of state. Providing spectra or photometric redshifts for
the 109 galaxies that next generation instruments such as LSST plan on observing would be
extremely expensive. A large 21cm line survey, using SKA2 for example could provide the
redshifts required.
As previously stated, low frequency radio telescopes like LOFAR have the capacity to
observe wide-field data, from very distant sources, at high resolution. The drawbacks of
this ability come in the form of a complex imaging process and vast quantities of data, as
discussed in section 2.4. It has been shown however, that weak lensing from radio data is
viable, (Chang et al., 2004; Patel et al., 2014). Furthermore, due to the lack of correlation
between galaxy morphology in radio and optical frequencies (Patel et al., 2010), a combination of the data could result in a much improved signal. This previous work of weak lensing
measurements from radio data is further discussed in section 4.7.3.
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Challenges of radio weak lensing

Before the full potential of all these advantages can be realised however, there are some
challenges which need to be solved.
Firstly, as discussed in section 2.4, the imaging and deconvolution process involved in
making radio images is complex, time consuming, highly non-linear and subject to parameters that can drastically alter image shapes. Recall that a radio image is a model of the
data, and it is not always a good one. As such, new bespoke imaging or lensing estimators
are required in order to utilise this data. Additionally, these methods must be highly efficient since an observation with the SKA1-mid is expected to produce data volumes of ∼ 1TB.
Secondly, the number densities produced by current generation radio telescopes of
∼ 0.1arcmin−2 are much less than optical lensing surveys. This will need to increase by at
lease one if not two orders of magnitude to be competitive with next-gen optical experiments.
Models such as Wilman et al. (2008) and more recently Bonaldi et al. (2016) indicate that the
source counts for disk-like galaxies should plateau at fluxes of ∼ 10−5 and the SKA should
achieve the required improvements. However, little is known about the radio population at
these extremely low fluxes and it remains to be seen what the true increase will be.
Finally, I have discussed how complex morphologies in optical surveys have required
careful fitting methods to achieve the best results. The structures seen at radio wavelengths
can be even more unusual with ∼ 1 percent of objects displaying multiple lobe or jet
components. However, models suggest that at lower flux densities star forming disk galaxies
will dominate reducing the relative number of these complex objects.

4.7.3

Previous Radio Weak Lensing Approaches and Results

The first attempt to detect a weak lensing signal at radio wavelengths was presented in Chang
et al. (2004), using the VLA’s FIRST survey covering 8000 deg2 . Due to the relativity low resolution and number density of sources in the FIRST survey this work considered the lensing
signal on large (1◦ − 4◦ ) scales. In order to avoid the complexity and non-linearity introduced
by traditional deconvolution and imaging techniques, Chang et al. (2004) estimated source
shapes from the visibility data. This method relies on the shapelet approach (Refregier, 2003;
Refregier & Bacon, 2003) in which an arbitrary surface brightness profile is linearly decomposed into an orthonormal basis set. Hermite polynomials are a useful choice of shapelet for
measuring shape since they represent distorted circular Gaussians. Additionally, the Fourier
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transform of these basis functions results only in a scaling and are thus convenient to model
in the u, v plane. Chang & Refregier (2002) modelled a VLA observation of these shapelets
and fit them to simulated data using a χ 2 minimisation. They found that the recovered shapes
from this method were in good agreement with the simulation, and that reconstructed images
from FIRST data compared well with those created using CLEAN. From this method of
shape measurement Chang et al. (2004) detected an E-mode signal at the 3σ level and no
significant B-mode. The initial signal recovered from the FIRST data contained several
sources of systematic error, primarily from the anisotropic beam shape of the VLA due to
discrete u, v sampling. Despite contributing a smaller effect, all other systematics such as
w-projection, averaging, and source confusion had to be carefully controlled in order to
prevent them dominating the ∼ 1% weak lensing signal. As these effects are correlated in
a complex way they could not be easily removed analyticity. Instead the systematic shear
signal was modelled as a function of observational and source parameters and subtracted
from the result.
The approach of shape analysis using shapelets was repeated by Patel et al. (2010) using CLEANed images from new deeper VLA data, and a high resolution survey from the
Multi-Element Radio-Linked Interferometer Network (MERLIN). This resulted in a much
higher number of resolved radio sources over a 70 arcmin2 region. They also applied the
shapelet technique to optical HST data in the region, and used the same shear estimator
on both sets. Comparing these two measurements they find a good agreement between the
shear estimation distribution from optical and radio. This indicates that the two sources
provide similar noise properties in this sample. In addition, the correlation between the shape
of matched radio and optical sources was also measured. They found no apparent strong
correlation with the Pearson coefficient of < 0.1. This result suggests that a radio-optical
cross correlation could help to reduce the shape dispersion noise in shear measurements.
This finding does somewhat contradict the results of Battye & Browne (2009) who show that
majority of optical-radio pairs in the FIRST/SDSS surveys, are aligned along their major axis.
However, these two studies are not directly comparable since one has much higher resolution
and the other a larger sample. As such, this discrepancy could be due to a selection effect or
statistical uncertainly. Thus, more work is needed to characterise this relationship.
The estimation of shape using the shapelet method on CLEAN images was further tested
by Patel et al. (2014) on simulated eMERLIN (data). They found the original ellipticities
could be robustly reproduced, finding no additive bias and multiplicative bias of 10%.

116

Gravitational Lensing

More recently Rivi et al. (2016a,b) presented a Bayesian method for fitting ellipticity
in the visibility domain called RadioLensFit. This approach uses galaxy models which are
defined by an exponential profile distorted by the ellipticity variables e1 and e2 . It is similar
to the shapelet method discussed by Chang & Refregier (2002), since interferometric models
are also fitted to the data using a χ 2 method. However, by marginalising over parameters such
as brightness and position RadioLensFit produces a likelihood function of ellipticity directly,
rather than having to infer them from the shapelet coefficients. Shear can then estimated
in the usual way with the variance of the likelihood informing the weighting scheme. For
simulated postage stamps of SKA1-MID visibilities RadioLensFit was found to have a biases
which would satisfy the requirements of a 5000deg2 SKA1 survey. This technique does rely
on the ability to produce visibilities of single galaxies which is currently a complex and
non-linear process. As such, further work on source extraction techniques is needed.

4.7.4

SKA Weak Lensing Cosmology

The SKA represents a step change in the power of radio telescopes and looks set to be
a premier next generation cosmology tool, competing optical experiments. As we have
discussed there are several synergies with optical weak lensing that can improve the measurements. Camera et al. (2017) has shown that by combining optical and radio surveys
many systematics in the power spectrum, calibration errors or intrinsic alignment bias can
be removed. Figure 4.9 shows this result for the power spectrum systematics. Clearly, SKA
cross correlation can provide fantastic improvements for weak lensing cosmology.
In this chapter I have introduced weak lensing as a powerful tool for cosmology. I have
also considered the potential of radio weak lensing as a complement to optical studies. I will
now attempt to construct a new measurement method for radio weak lensing, which will be
of use for current SKA pathfinders and beyond.

4.7 Radio Weak Lensing
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Fig. 4.9 Marginal joint 1σ error contours in the w0 − wa parameter plane for stage III and
stage IIII cosmic shear surveys. Black cross indicates the ΛCDM fiducial values for dark
energy parameters, namely, w0 = −1, wa = 0. Dashed, dot–dashed and dotted contours refer
to the residual systematic power spectrum with σ 2 sys =10−7 , 10−6 , 5 × 10−5 respectively.
All contours but those for the cross-correlation are biased. CREDIT: Camera et al. (2017)

Chapter 5
Estimating Lensing Shear from Radio
Visibilities
The work described in this chapter has been conducted in collaboration with David J. Bacon
and is based on Tarr et al. 2017b (in prep).
As we have seen in the previous chapter, radio astronomy can provide a powerful new
probe of the gravitational lensing signal, with the SKA set to become a premier cosmology
instrument. Previous work has demonstrated that it is possible to detect a shear signal using
radio data. Generally these methods measure the ellipticities of individual radio sources,
either from the image plane or isolated visibilities, and apply the traditional lensing statistics.
In this chapter I investigate the effect of a general lensing field on radio data and hence the
possibility of estimating shear statistics directly from the visibilities.
From this analysis I develop a bespoke radio lensing estimator called Fourier Inspection
of Lensing Modes (FILM). In section 5.1 I describe the methodology behind FILM and
present the two modes in which FILM can operate, pixel reconstruction or Fourier component
estimation. In order to test this method I use simulated radio observations based on semianalytic models1 . I then present results for various scenarios in section 5.3. Finally section
5.4 provides conclusions and a discussion of the areas in which more work is required.
1 For

details see section 5.2.
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Fig. 5.1 The main steps in producing usable cosmological output from a radio lensing survey
with the alternative method “FILM” shown in red.

5.1

My approach: Direct estimation of shear

As seen in section 4.7, when a radio observation contains multiple sources individual galaxies
must be isolated before shape measurement can take place. This separation is most easily
achieved in the image plane but can also be done through a process such as peeling (Noordam,
2004) where self-calibrations on individual sources can remove most contamination from
other objects in the FOV. Figure 5.1 shows the main steps involved in these approaches
to radio lensing. As previously discussed the multiple models, transforms and non-linear
processes in these methods may make them lengthy and sub-optimal.
The alternative I consider here is a direct estimation of the shear signal from all observed
galaxies simultaneously. I have investigated two modes in which a lensing signal could be
produced, represented in figure 5.1 by the red arrows. The amplitudes of lensing on different
Fourier scales are used to construct the correlation function as described in section 4.5 and
are hence very valuable. These are measured by FILM working in Fourier estimation mode.
The alternative mode of operation is pixel reconstruction. This aims to produce a map of the
aggregated ellipticity signal in some small region of image space that can analysed using
standard lensing statistics.

5.1.1

Analytical model of a radio observation

To begin let us consider an analytical model of an idealized radio observation. This will reveal
the relationship between a generic shear field γ(x) and distortions in the subsequent radio
visibilities. I will then use this to form the basis of the estimator in section 5.1.2. In order to
maintain the simplicity of the model, and allow insight, I have made some approximations
in its construction. To ensure the model is still representative I make a comparison with a
numerical simulation finding a negligible difference of the order γ 2 .

5.1 My approach: Direct estimation of shear
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Sky brightness model
The “true” sky brightness distribution to be observed is a combination of emission of all
objects in the FOV. As such, I first define a general source of arbitrary shape and size and
sum n such objects for a field of multiple galaxies. Since point sources and diffuse emission
provide no lensing signal I do not include them at this stage. However, this emission will be
a source of noise in our data and I consider this effect on the estimator later in the process.
Most radio objects can be estimated as an elliptical object or, in the case of multiple
component sources, the sum of elliptical components with various profiles. Thus a single
galaxy or component in the centre of the source plane with an unlensed emission profile
f can be described as f (xs ), where x and xs represent image and source plane coordinates
respectively. As this source is lensed into the image plane it will undergo a coordinate
transformation as described by equation 4.25 changing its ellipticity. For our purposes we
are free to assume this object is circularly symmetric in the source plane since the intrinsic
ellipticity is degenerate with the effect of shear. In other words, instead of modelling shape in
the usual way (εobs = ⟨γ, εint ⟩), I take εint = 0 which makes γ equal to εobs with some random
error. The result of this is that the brightness distribution of a galaxy in the source plane can
now be described as a function of one variable, the distance from its centre (|xs |).
The shift in position of a galaxy due to weak lensing is small and unmeasurable; as such
I ignore this effect and objects are assigned a position in the image plane after the shear
field has been applied. This is done using a position vector coordinate transform. Hence, an
unlensed galaxy at position p with profile f will have a brightness distribution in the image
plane of,
I(x) = f (|xs − p|)
(5.1)
and an observation containing n such galaxies would be,
n

I(x) =

∑ fg(|xs − pg|).

(5.2)

g=1

Adding shear
So far all galaxies in this model are unlensed i.e. x ≡ xs . In order to include the lensing effect
I define the functions γ1T (x) and γ2T (x) to be the true shear field across the image plane. These
are combined with random noise ε1,2 to imitate intrinsic ellipticity. The final transformation
field in complex notation (γ = γ1 + iγ2 ) is then,
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γ T (x) + ε
1 + γ T ∗ (x)ε

γ(x) =

(5.3)

In the weak lensing regime where |γγ | < 0.1 the shear over an individual galaxy can be
assumed to be constant. As such I set the value of shear for a particular object (γg ) to be
that of the lensing field at the object’s centroid and εg to be drawn at random such that |ε| is
normally distributed. Hence,
γ T (pg ) + εg
γg = γ(pg ) =
1 + γ T ∗ (pg )εg

(5.4)

This means that every object in the model is lensed and therefore it initially contains no
foreground sources. However, due to its additive form, an unlensed galaxy can be added
to the model by superimposing another with γ T = 0. The source plane objects can now be
lensed using a coordinate transform of the standard lensing Jacobian, x = A xs where,
1 − γ1 −γ2
−γ2 1 + γ1

A (γ) =

!
(5.5)

Thus, the total sky brightness becomes,
n

I(x, γ) =

∑ fg(|Agxs − pg|)

(5.6)

g=1

Considering the case of a single source (n = 1) at the image centre (pg = 0). A Taylor
expansion of I around γ = 0 shows that this can be decomposed into circular and non-circular
components.
I(xim , γ ) ≃ I(x, 0) + Iγ1 (x, 0)γ1 + Iγ2 (x, 0)γ2 + O(γ 2 )

(5.7)

where Iγ denotes partial differentiation by γ.



∂f
I(xim , γ ) = f (|x|) + γ1
+ γ2
∂ γ2 γ =0
γ =0




∂ f ∂ |A x|
∂ f ∂ |A x|
I(xim , γ ) = f (|x|) + γ1
+ γ2
∂ |A x| ∂ γ1 γ =0
∂ |A x| ∂ γ2 γ =0
∂f
∂ γ1





(5.8)
(5.9)
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This gives, (see appendix D for details)
y2 − x2
−2xy
I(xim , γ ) = f (|x|) + γ1 f ′ (|x|)
+ γ2 f ′ (|x|)
|x|
|x|
 2

(y − x2 )γ1 − 2xyγ2
I(xim , γ ) = f (|x|) + f ′ (|x|)
|x|

(5.10)
(5.11)

This equation is now a function of |x| which is simpler if expressed in polar coordinates.
Using the following transforms,
x = r cos θ

(5.12)

y = r sin θ

(5.13)

⇒ |x| = r

(5.14)

we obtain,
(γ1 r2 (cos2 θ − sin2 θ )) + 2r2 γ2 cos θ sin θ
⇒ I(r, θ ) ≃ f (r) − f (r)
r
′



I(r, θ ) = f (r) − f ′ (r)r(γ1 cos 2θ + γ2 sin 2θ )


(5.15)
(5.16)

Notice that the error on equation 5.7 and thus 5.16 is of order γ 2 , which could be neglected
if γ was dependent on weak lensing only. The inclusion of εint into this term means that this
is not a valid assumption. However, the contribution from internal ellipticity is considered
a source of noise which should be statistically removed. As such, it is not precisely clear
how an estimator built from this approximation will be effected. It is likely that the estimator
will be biased or have higher noise properties due to shape dispersion. Thus, there may be
improvements which could be made by using a different model at this point.
Equation 5.16 describes a single lensed source in the image plane. It would be trivial to
generalise this to n sources at position p; as has been shown previously using a coordinate
shift and summation. Since the Fourier equivalent of these operations are well known
however, I will first model the observation with this simple case and then generalise in
Fourier space.
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Radio Observation Transform
There are several parts to an interferometric radio observation that can affect the raw data;
these are discussed in more detail in chapter 2. Firstly the response of individual antennas
defines the reception pattern (B), next the correlation between elements produces data
representing a Fourier transform of the received sky; this data is sparsely sampled by the
function (S) defined by the array geometry. Finally there is observational noise such as
antenna temperature, ionospheric disturbance and RFI (N). Given the sky brightness I, these
effects produce the visibility set,
Z

V (u, v) = N(u, v)S(u, v)

I(l, m)
e−2πi(ul+vm) dldm
B√
2
2
1−l −m

(5.17)

Usually these raw visibilities would be gridded, weighted and averaged to reduce data
volume and improve computational efficiency. I will not consider these operations now as I
am working with an analytical form of the data, but I later discuss the gridding process and
the impact it may have on this method. I also absorb B and the w-projection terms into the
sky model and disregard the telescope noise properties for this section since they should be
stochastic and not systematically alter any shear signal. This gives a visibility model of a
single source at the phase centre of,

V (u, v) ≃S(u, v)Flm {I(r, θ )}

(5.18)

where Flm represents a Fourier transform with respect to the telescope coordinates l and m.
Substituting in I, the model of sky brightness distribution from equation (5.16), this becomes,
S−1 (u, v)V (u, v) ≃Flm { f (r) − f ′ (r)r(γ1 cos 2θ + γ2 sin 2θ )}
S−1V =Flm { f (r)} − Flm { f ′ (r)r(γ1 cos 2θ + γ2 sin 2θ )}

(5.19)
(5.20)

Since the sky model is in polar coordinates we can express the visibilities in the Fourier
equivalent, ρ and φ . The proper transforms in polar coordinates are given by Baddour (2009)
resulting in,
−1

S V ≃2πH0 { f (r); 2πρ} −

Z

f ′ (r)r2 (γ1 cos 2θ + γ2 sin 2θ )e−2πirρ cos θ −φ dθ dr

(5.21)
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Where H0 is a Hankel transform of order 0 defined in general as,
Hν { f (r); k} =

Z ∞

f (r)Jν (kr)rdr

0

(5.22)

and Jν is a Bessel function which is commonly represented in integral form as,
1
Jν (x) =
2π

Z π

ei(ντ−x sin τ) dτ

(5.23)

−π

Since the function f is only dependent on r we can separate this from the integral over θ ,
S−1V ≃2πH0 −

Z

f ′ (r)r2

Z π
−π

(γ1 cos 2θ + γ2 sin 2θ )e−2πirρ cos θ −φ drdθ

(5.24)

Evaluating the remaining expression over θ then results in a function of φ and a second order
Bessel integral.
V
≃H0 + (γ1 cos 2φ + γ2 sin 2φ )
2πS

Z

f ′ (r)r2 J2 (2πρr)dr

(5.25)

Notice that the only part of the model now dependent on γ is the φ term preceding this
integral which provides the main source of lensing distortion in the radio visibilities. I will
now refer to this term as the lensing “kernel” defined by, K(φ ) = (γ1 cos(2φ ) + γ2 sin(2φ )).
Concentrating on the remaining integral and applying a by parts method yields,

Z

∞ Z

d  2
f (r)r J2 (2πρr)dr = f (r)r J2 (2πρr) 0 − f (r)
r J2 (2πρr) dr
dr
Z
Z


d
f ′ r2 J2 dr = − f (r)
r2 J2 (2πρr) dr
dr
′

2



2

(5.26)
(5.27)

By applying a standard recurrence relation for Bessel functions, as given by Watson
(1995),

d  ±ν
r Jν (kr) = ±kr±ν Jν∓1 (kr)
(5.28)
dr
(with ν = 2 and k = 2πρ) the derivatives in the expression can be removed leaving,
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Z

f ′ (r)r2 J2 (2πρr)dr = −2πρ
Z

f ′ r2 J2 dr = ρ

Z

Z

f (r)r2 J1 (2πρr)dr


f (r)r −2πrρ −0 J1 (2πrρ) dr

(5.29)
(5.30)

Using the recurrence relation again but this time in the opposite direction and with ν = 0,
k = 2πr and r = ρ gives,
Z
Z

′ 2

f r J2 dr = ρ

Z

d
f r J2 dr = ρ
dρ
′ 2

f (r)r


d  −0
ρ J0 (2πrρ) dr
dρ

(5.31)

Z

f (r)J0 (2πrρ)rdr

(5.32)

This is just a Hankel transform of order 0 from equation 5.22, and thus the polar Fourier
transform of f (r), thus,
d
H0
dρ
Z
d
f ′ (r)r2 J2 (2πρr)dr = ρ F { f (r)}
dρ
Z

f ′ (r)r2 J2 (2πρr)dr = ρ

(5.33)
(5.34)

Substituting this back into the current visibility model in equation 5.25 gives the concise
function,
V
dH0
= H0 + ρK
2πS
dρ

(5.35)

d
V
= F { f } + ρK [F { f }]
S
dρ

(5.36)

or,

So, from this we can see that the distortion due to galaxy ellipticity in the visibility
domain can be simply expressed as the function ρK(γ, φ ), multiplied by the radial derivative
of the circular Fourier profile. This make sense intuitively since in physical space it translates
to a convolution between the circular profile and lensing kernel.
Now this expression must be generalised to represent n objects at arbitrary positions.
As in the earlier section a position can be represented as a coordinated change which in
the Fourier is well known to be a phase shift. So, a galaxy with position (rg , θg ) can be
represented in our model by,
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Vg (ρ, φ ) = Vcentred e−2πiρrg cos(φ −θg )
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(5.37)

An exception to this is the beam response which was absorbed into the galaxy profile.
By assigning position in this way the beam shape is also re-centred on that galaxy’s position. However, if the change in response pattern over the size of a galaxy is small, then
it can be considered to be constant for that object. In this case we simply need to recall
later that a flux of a galaxy’s model should be weighted by the beam response in that direction.
Adding multiple galaxies to the model is done, as before, using a sum over the individual
intensity. Since integration, and hence the Fourier transform, is distributive over addition this
sum can be applied over the model in Fourier space. Thus our final model for an arbitrary
number of lensed galaxies in the FOV of a radio telescope becomes,

n 
V
d
= ∑ F { fg } + ρKg
[F { fg }] e−2πiρrg cos(φ −θg )
S g=1
dρ

(5.38)

Testing against numerical simulation
In order to characterize the error in our model due to the approximations made, I now
compare this analytical expression to its numerical counterpart. In order to construct this
I chose the galaxy profiles to be all Gaussian; this is not very realistic but is sufficient for
the current purposes of studying the model. I generated 1000 galaxies over an area of 10x10
arc-minutes giving a high source number density of 10arcmin−2 . For each object 6 random
numbers are required to satisfy the following parameters,
• Position (pg = (pxg , pyg )): Given in arc-seconds as two uniformly distributed random
numbers in the range (−600, 600),
• Size (σg ): Also provided in arc-seconds and drawn from the range [1, 5]
• Peak flux (mg ): Since sensitivity is unimportant for this test, flux is a unit-less value
drawn from a uniform distribution in the range [1, 10]
• Shape (γg = (γ1g , γ2g )): Since this test is not attempting to identify shear these parameters relate to ellipticity and are drawn from a normal distribution with γ̄ = 0 and
σγ = 0.3.
Returning to the original model of sky brightness distribution this gives an expression
which can be numerically evaluated,
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n

I(x) =

2

∑ mge|Agx−pg| /σg

(5.39)

g=1

n

I(x) =

∑ mge

x(1 − γ1g ) − γ2g y − pxg
y(1 + γ1g ) − γ2g x − pyg

g=1
n

I(x) =

2

2

/σg

(5.40)
2

∑ mge((x−γ1gx−γ2gy−pxg) +(y+γ1gy−γ2gx−pyg) )/σg

(5.41)

g=1

The numerical visibilities Vnum are then calculated using a Fast Fourier Transform (FFT)
and the observation formula,
V = 2πF {B × I}

(5.42)
2

2

For this case a Gaussian is used for the beam response B = e−(x +y )/150 so that toward
the edge of the field B ≃ 0.5. The sampling function S is ignored since I am not applying a
gridding function and the effect would be the same for V and Vnum .
Substituting the Gaussian galaxy profile into the visibility model in equation 5.38 and
adjusting the received flux using Bg = B(pg ) gives,
n


i
d h
−r2 /σg
−r2 /σg
F {Bg mg e
V = ∑ F {Bg mg e
} + ρKg
} e−2πiρrg cos(φ −θg )
dρ
g=1

(5.43)

Where the polar coordinates are related to Cartesian in the standard manner,
p

x2 + y2
y
tan θ =
x
p
2
ρ = u + v2
v
tan φ =
u
r=

(5.44)
(5.45)
(5.46)
(5.47)
(5.48)

Since Bg and mg are constants for a particular g they can be removed from the Fourier
transforms,
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n


i
d h
−r2 /σg
−r2 /σg
F {e
} e−2πiρrg cos(φ −θg )
V = ∑ Bg mg F {e
} + ρKg
dρ
g=1

(5.49)

The remaining transform is now of a simple Gaussian which is well known to be another
Gaussian scaled with σ ,
n


i
d h
−π 2 σg ρ 2
−π 2 σg ρ 2
V = ∑ Bg mg 2πσg e
+ ρKg
2πσg e
e−2πiρrg cos(φ −θg )
dρ
g=1


n
d h −π 2 σg ρ 2 i −2πiρrg cos(φ −θg )
−π 2 σg ρ 2
e
V = ∑ 2πσg Bg mg e
e
+ ρKg
dρ
g=1
n

V=

2

∑ 2πσgBgmge−π σgρ

2

e−2πiρrg cos(φ −θg ) 1 − π 2 σg ρ 2 Kg



(5.50)
(5.51)
(5.52)

g=1

This function can now also be evaluated numerically for discrete values of x, y, u and
v. I used a grid of 3.6 × 107 points providing a resultant pixel size of 0.1” in observation
space, and hence a maximum Fourier scale of 5arcsec−1 . Taking the absolute difference
between the numerical and analytical models, I find ∼99 percent of pixels have a fractional
error of less than 10−2 of any pixel within 5′′ . This error typically peaks at ∼1 percent of a
nearby source’s flux. This is expected given a O(γ 2 ) approximation and is unlikely to cause
a serious difference in the lensing signal.

5.1.2

Constructing the Estimators

In this section my aim is to study the visibility model V and attempt to analytically extract
quantities relating to γ. This extraction will then be used to define an operation ⟨V ⟩ whose
product will be directly proportional to either γ̂ T or γ̄ T . These are the Fourier amplitudes of
the true shear signal and the average over some region respectively.
In the following section I will use some contractions of the key elements in the visibility
model to keep the discussion concise and simple. First, the Fourier transform of f (r), the
circular component of an object’s profile will be defined as E(ρ). Second, I will use P(ρ, φ )
to refer to the additional phase from a source’s position pg so that, Pg = e−2πiρrg cos(φ −θg ) .
Throughout this section I will continue to make contractions of expressions to keep them
manageable. As such, I provide a list of these at the end of this section in table 5.1 for easy
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reference. These contractions reduce the current form of the model in equation 5.52 to,

n

V = S ∑ Eg Pg + ρKg Pg
g=1

dEg
dρ

(5.53)

I start by considering the case of Fourier amplitudes estimation. The function γ can be
expressed in terms of its Fourier components (γ̂(l)) through the transform relationship,
Z ∞

γ(x) =

−∞

γ̂(l)e−2πix·l dl

(5.54)

γ̂(l)e−2πipg ·l dl

(5.55)

For an individual galaxy g this becomes,
Z ∞

γ(pg ) =

−∞

Notice that the inversion of this expression would no longer be a integral but a sum
over g since pg is not a continuous quantity. Hence this relation is not exact but represents
the best measurement of γ̂ that can be made with a given galaxy distribution. Substituting
this approximation into a single Kg Pg term in 5.53 and restricting ourselves to only the γ1
component, i.e γ2 = 0 we are left with,
Z

Kg Pg =

γ̂1 (l)e−2πipg ·l dl cos 2φ e−2πirg ρ cos(φ −θg )

(5.56)

Converting P to Cartesian coordinates for a time,
Z

Kg Pg = cos 2φ
Z

Kg Pg = cos 2φ

γ̂1 (l)e−2πipg ·l e−2πipg ·u dl

(5.57)

γ̂1 (l)e−2πi(pg ·l+pg ·u) dl

(5.58)

Multiplying this by the complex conjugate of the position term (Pg∗ ) and the Fourier phase
function e2πipg ·lt which I will now refer to as γt , then we find,
Kg Pg∗ γtg

Z

= cos 2φ

Kg Pg∗ γtg = cos 2φ

Z

Kg Pg∗ γtg = cos 2φ

Z

γ̂1 (l)e−2πi(pg ·l+pg ·u) dle2πi(pg ·lt +pg ·u)

(5.59)

γ̂1 (l)e−2πi(pg ·l+pg ·u−pg ·lt −pg ·u) dl

(5.60)

γ̂1 (l)e−2πipg ·(l−lt ) dl

(5.61)
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The term e−2πipg ·(l−lt ) is a delta function so the integral will give the value of γ̂ at the “test”
scale lt .
Kg Pg∗ γtg = cos 2φ γ̂(lt )

(5.62)

However, this is only for the case where there is a single galaxy; returning to the full sum
of n galaxies these individual terms cannot be separated out. Multiplying instead by the sum
of Pg∗ γtg yields a slightly different answer,
n

n

n Z

g=1
n

j=1
n

g, j
n Z

g=1

j=1

g, j

∑ KgPg ∑ Pj∗γt j = cos 2φ ∑

γ̂(l)e−2πi(pg ·l−p j ·lt ) dl

(5.63)

∑ KgPg ∑ Pj∗γt j = cos 2φ ∑

γ̂(l)e−2πipg ·(l−lt ) e−2πi∆pg j lt dl

(5.64)

Again this is a delta function and hence γ̂(lt ) is recovered when ∆pg j = 0. For g ̸= j
however we see more complex behaviour. For galaxy pairs that are separated by a distance
approximating a multiple of the scale length lt then e−2πi∆pg j ·lt ≃ 1 and it has little effect. For
other pairs this term is less than 1 and damps the signal since these galaxies are not sensitive
to that scale. This operation therefore produces a result that is proportional to γ̂(lt ) for each
galaxy pair but weighted by dg j (lt ) = e−2πi∆pg j lt .

n

n

n

g=1

j=1

g, j

∑ KgPg ∑ Pj∗γt j ∝ ∑ dg j cos 2φ γ̂(lt )

(5.65)

Returning to the full case model in equation 5.53 and applying this process to the second
term results in,
n

n

g, j

g, j

∑ ρKgPgEg′ Pj∗γt j = ρ (cos 2φ γ̂1 + sin 2φ γ̂2) ∑ dg j Eg′

(5.66)

Which is a simple multiplicative relationship between γ̂, galaxy profiles and the components of the kernel that I will now refer to as K1 = cos 2φ and K2 = sin 2φ . If the quantity
∑ Eg Pg can be calculated or measured then the left hand side of this equation can be written
in terms of V as,
!
V − S ∑ Eg Pg
g

∑ Pj∗γt j = (γ̂1K1 + γ̂2K2) Sρ ∑ dg j Eg′
j

g, j

(5.67)
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Now the different γ terms need to be separated from each other and the dependence of the
function on other variables such as ρ and φ removed. One way to collapse this function so
that it is only dependent on lt would be to integrate over ρ and φ . However, this would cause
both the kernel components to average to zero and leave no shear signal to detect. Rather, if
it is first multiplied by one of the lensing kernels that term will be positive and the integral
will be a multiple of γ̂.
!

Z

V − S ∑ Eg Pg
g

∑ Pj∗γt j
j

K1
K2

!

Z

dρdφ =

γ̂1 K21 + γ̂2 K1×2
γ̂2 K22 + γ̂1 K1×2

!
Sρ ∑ dg j Eg′ dρdφ
g, j

(5.68)
Considering just the first of these (the multiple by K1 ),
as F(ρ) since
it is some arbitrary function of ρ and assuming a perfect sampling function (S = 1) gives,
writing ρ ∑g, j dg j Eg′

Z
Z

γ̂1 K21 + γ̂2 K1×2

Z



K21 dφ F(ρ)dρ + γ̂2

F(ρ)dA = γ̂1
 Z

2
γ̂1 K1 + γ̂2 K1×2 F(ρ)dA = γ̂1

π

−π

Z

γ̂1 K21 + γ̂2 K1×2



cos2 2φ dφ + γ̂2

Z

K1×2 dφ F(ρ)dρ
(5.69)
Z
sin 4φ dφ
F(ρ)dρ
−π 2
(5.70)

Z π
1

Z

F(ρ)dA = π γ̂1

F(ρ)dρ ∝ γ̂1

(5.71)

Unfortunately, for an interferometer we cannot assume such a simple form for the
sampling function, but we do know its exact form from the baseline positions. Therefore
Rπ
we can devise a weighting scheme that will give −π
w(ρ, φ )S sin(4φ )dφ = 0 as required by
matching the distribution of S sin(4φ ) with sin(4φ ). This gives,

Z
Z
Z

Z Z

γ̂1 K21 + γ̂2 K1×2 F(ρ)dA = γ̂1


γ̂1 K21 + γ̂2 K1×2 F(ρ)dA = γ̂1
γ̂1 K21 + γ̂2 K1×2



π

−π
Z Z π

1
F(ρ)dA = γ̂1
2

−π

wS cos2 2φ dφ F(ρ)dρ

(5.72)

1
wS(cos 4φ + 1)dφ F(ρ)dρ
2

(5.73)

Z Z π

wS cos 4φ + wSdφ F(ρ)dρ

(5.74)

−π

R

Since cos is simply a shift of sin and wS sin 4φ = 0 then,
Z

γ̂1 K21 + γ̂2 K1×2



1
F(ρ)dA = γ̂1
2

Z Z

wSFdφ dρ ∝ γ̂1

(5.75)
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5.1 My approach: Direct estimation of shear

The only part of the term multiplying γ̂ that cannot be calculated exactly using the array
configuration and galaxy positions is Eg′ . It will be possible to estimate this from the data or
calibrate the result. So, the final FILM estimator for Fourier estimation mode is given by
⟨V |lt ⟩ as the operation,

⟨V |lt ⟩ =

Z Z

!
V − S ∑ Eg Pg
g

⟨V |lt ⟩ =

γ̂1 (lt )
γ̂2 (lt )

K1
K2

!

∑ Pj∗γt j dρdφ

(5.76)

j

! Z Z
1
w(ρ, φ )S(ρ, φ )dφ ∑ dg j Eg′ (ρ)ρdρ
2
g, j

(5.77)

In broad terms FILM, in Fourier estimation mode, creates a model of the data distortion
due to a coherent lensing field on the scale lt and sums the product of data and model. For
observations which have a large shear signal on scales of lt the model and data will agree,
effectively squaring the data and producing a high output. Where model and data are less
similar the product will be more random hence estimating a lower signal.
This method does require the source positions of galaxies in order to calculate the P and
dg j terms; statistics of the brightness distribution and size of objects could improve accuracy.
As such, the method is not entirely separate of an imaging or cataloguing process. However,
the information required is much less sensitive than shape to imaging and deconvolution
methods, and these parameters would not require high fidelity to extract.

5.1.3

Pixel reconstruction mode

The second FILM mode that I investigate is more similar to a classic shear estimator in
optical lensing. The aim of this pixel reconstruction mode is to produce an estimate of
average shear for a pre-defined set of sub-regions (pixels) in the FOV.
Firstly, let the sources contained within the area of a single pixel be defined as a subset of
all sources j ∈ g. Returning to the full estimator in equation 5.76 we know that,

⟨V |lt ⟩i =

Z Z

!
V − S ∑ Eg Pg Ki ∑ Pj∗ γt j dρdφ
g

(5.78)

j

Consider the case of lt = 0, this gives γt = e2πipg ·0 = 1 and hence the estimator then
becomes,
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⟨V |0⟩i =

!

Z Z

V − S ∑ Eg Pg wKi ∑ Pj∗ dρdφ
g

⟨V |0⟩i =

Z Z

(5.79)

j

wSρ ∑ Eg′ Pg Pj∗ γig K2i dρdφ

(5.80)

gj

The PP∗ term becomes the distance function dg j from earlier but this time as a function
of Fourier coordinates dg j = e−2πi∆pg j ·u giving,

⟨V |0⟩i = ∑ γig

Z Z

wSρdg j E′g Ki2 dρdφ

(5.81)

gj

For each galaxy pair the integral acts as a weight on γig . Since the only terms that affect the
value of the integral for different pairs of galaxies are E ′ and dg j we can express this as,
⟨V |0⟩i = ∑ W ( fg (r), ∆pg j )γig

(5.82)

gj

We know that dg j = 1 at ρ = 0. For nearby source pairs, where ∆pg j is small, dg j will
decrease slowly with ρ making the weight W smaller overall. As ∆pg j increases, dg j will
oscillate rapidly with ρ causing the integral to average to zero for pair separations of more
than a few galaxy radii. Hence, the weight W will be zero unless 0 ≤ ∆pg j . 5′′ in which
almost all cases g = j giving,
⟨V |0⟩i = ∑ W ( f j (r))γi j

(5.83)

j

Thus, dividing ⟨V |0⟩ by the number of galaxies in subset j, and using a suitable weighting
scheme, we obtain the average shear signal in the pixel that defined j.

5.2

Simulations

In this section we provide details of the simulations created in order to test the FILM estimator. Our aim was to create a set of semi-realistic observations including the majority of
problems a real radio lensing survey would face. We also wished to keep the simulations
simple enough to fully understand, easy and fast to manage, and be of comparable quality to
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Parameter
Definition
Description
′
Eg ( f (x))
2πH{ fg (x), 2πx }
Fourier transform of galaxy profile fg
Pg (pg , x)
e−2πipg ·x
Fourier phase from galaxy position pg
Kg (x)
γ1g cos 2x + γ2g sin 2x
Kernel of lensing for galaxy g
Ki (x) i=1,2
(cos 2x, sin 2x)
Separate kernels of shear for γi
2πip
·x
g
γt (x)
e
Fourier mode testing function
dg j (x)
e2πi∆pg ·x
Fourier phase separation function
F(x)
x ∑g j dg j E ′ (x)
Temporary reference for simplicity
R
w(x)
w(x)S(x) sin 4xdx = 0 Weighting function to reduce sampling effect.
Table 5.1 Reference table of the various expression contractions used in this chapter for
convenience.

next-generation instruments capable of detecting a weak lensing signal.

5.2.1

True Sky Model

We begin with the analytical expression, from which FILM is derived, of a field of sources in
equation 5.6. This is a simple sum over n sources centred at position pg with a shear assigned
according to each source’s centroid.
The galaxy population is drawn from a random patch of the s-cubed catalogue detailed in
Wilman et al. (2008). This catalogue defines 4 types of radio component, cores, hot-spots,
lobes and disks which are combined in various ways to create different radio structures. For
these simulations we select all components (unless stated otherwise), within some distance of
a randomly selected point (skycen ), down to a flux limit of 1µJy. This limit gives an average
source density of ∼ 10arcmin−1 . For each component we create a model as described below
and add it to a sky model at its position offset (pg ) from skycen .
Cores and Hot-spots:
Components labelled as cores and hot-spots can be modelled as point sources. As such the
1.4GHz total flux is added to the pixel closest to pg . Since we are not considering the change
in flux or number density due to lensing, no shear is included in their model.
Disks:
At the low flux limits (∼ µJy) needed to reach a high number density of sources, star-forming
and starburst galaxies form an increasing proportion of the radio population (Simpson et al.
(2006); Wilman et al. (2008)). We model these objects using an exponential profile (sersic
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with n=1) with amplitude (m) drawn from the 1.4GHz peak flux, and size (σ ) given by the
average of the major and minor axes. This is then given shape and shear as described in
section 5.1.1 using the lensing Jacobian (A ).
√
σg

Ig = mg · e−Ag (|x|)/

(5.84)
1
2 +(y+γ y−γ x)2 /σ ) 2
g
1g
2g

Ig = mg · e−((x−γ1g x−γ2g y)

(5.85)

This is then shifted to the correct position and added to the sky model using the co-ordinate
transform,
x → xg = x − pg
(5.86)
For simulations that include intrinsic ellipticity ε this is added to the shear as described
in section 5.1.1, using a Gaussian distribution with σε = 0.3.
Lobes:
A sersic profile can also be used as a simple model for the lobe components which make up
galaxies with a FR type morphology. As such we add these components in the same way as
disks, with the exception of intrinsic ellipticity. Since lobes of the same galaxy are radiated
from a central core they tend to be aligned with each other and have a similar ellipticity
(Saripalli, 2012). For a pair of lobe components we assign the same intrinsic ellipticity using
a position angle that orients each lobe towards the centroid of the other. The magnitude of ε
is still drawn from the same σε = 0.3 Gaussian distribution used for disks. This model is a
little extreme as most FR type galaxies will not be this intrinsically aligned, but it does serve
as an interesting test case.
For some tests included in the results section we omit most component types including
only disk galaxies; we do consider the impact of these other sources in section 5.3.3.

5.2.2

Lensing signal

We choose a "thin-sheet" approximation to the shear field, i.e. the lensing potential is considered to be at some fixed point from the observer (z = dl ). Hence, all objects with z < dl
are unlensed and thus referred to as "foreground sources". Galaxies at a distance greater
than z = dl are all lensed by γ(x) at their position regardless of redshift. This approach does
disregard the change to lensing potential over redshift, and also neglects its correlation to
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foregrounds and large scale structure. Most reconstructions shown in the results section are
not from a realisation that includes foreground sources with the exception of those in section
5.3.3. In general dl was chosen to be at z = 0.2 since a typical radio survey will include
galaxies up-to z ∼ 1.
FILM is designed to reconstruct Fourier modes of lensing shear. As such, we generate
the γ maps used in equation 5.85 from the Fourier domain. This was done in one of two
ways; single-mode and multi-mode. Single-mode shear fields are created by Fourier inverting
a single pixel representing a delta function. This results in an oscillating shear pattern on
some chosen scale. This case is not very realistic but is useful for illustration. Figure 5.5
shows an example of a γ1 map in observation space generated using the single-mode method.
Multi-mode shear maps represent a more realistic signal. Amplitudes for scales representing
one arc-minute or larger are generated from a normal distribution with Hermitian symmetry. Scales less than an arc-minute are set to zero. In physical space this corresponds to a
randomly fluctuating real valued γ map with features on arc-minute scales and larger. This
is then normalised such that in real space σγ = 0.1 ln22 ≃ 0.35, i.e γ < 0.1 for 99.5% of the
sample.

5.2.3

Simulated observation

The gridded visibilities for an observation of the above simulations are created using a Fourier
Transform. The sky model itself is generated on a grid, and we are therefore able to employ
an FFT to minimize the complexity of this step. In order to replicate the effects that the
gridding would have on real visibilities, we simulate the sky model to higher resolution and
larger fov than needed for the specified observation. The exact choices for the simulation
and motivation are described below.

Beam Response
The antenna response pattern or beam B(r) is modelled as a Gaussian weighted sinc function
of the offset from pointing centre. We include scale factors such that the FWHM of the
primary beam defines the field of view (FOV). This beam model is a simplified version of
the response given by a dish with an unblocked aperture, for example, the offset Gregorian
used by meerKAT (Booth et al., 2009), and eventually SKA-mid. The beam model B(r) is
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Fig. 5.2 Beam model for simulated instrument. Black dashed line shows the fov at primary
beam FWHM.
defined as,

2

r
−( 4FOV
)

B(r) = e



0.6r
· sinc
FOV


(5.87)

A plot of this model can be seen in figure 5.2. Notice that the response beyond the second
side lobe is less than ∼ 1% of that at the pointing centre and thus has a negligible effect. As
such we ignore this region by only simulating the sky model to 5 times the required FOV.
Multiplying the sky model by B results in the received intensity,
√
σg

I = B(|x|) ∑ mg · e−Ag (|xg |)/

(5.88)

g

A Fourier transform of I calculated using an FFT will give a set of gridded visibilities
oversampled by a factor of 5,
V (u, v) = FFT {I(x, y)}

(5.89)
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Fig. 5.3 UV coverage density. Blue histogram is simulated SKA-mid baseline count as a
function of UVdistance normalised by area and the centre bin count. Orange line shows
logarithmic baseline weighting used for the simulation.
UV Coverage and Antenna Noise
For most cases the signal is reduced in the Fourier domain to replicate the sparse coverage of
arrays using SKA1 mid at 1.4GHz as a model. The longest baselines of the SKA1-mid are
expected to be 150km (Garrett et al., 2010); at 1.4GHz this is equivalent to ∼ 0.3′′ resolution.
I simulate the initial sky model at 0.25′′ giving measurable visibilities up to 180km.
Reduction of the data quality due to UV coverage is simulated in one of three ways.
Firstly, an annulus function (uvA) giving no baselines at |u| < 0.02km or |u| > 50km and
full coverage elsewhere. This region corresponds to the area covered by 90 percent of
baselines in a 30 minute SKA1-mid observation and reduces the overall resolution but does
not produce an anisotropic PSF. Secondly, a weighting of noise on long baselines in line
with the fall in baseline density for SKA-mid (uvR). The baseline density is modelled as
−4 2
−2
102 × 10 |u| −7 × 10 |u| , with baselines at |u| < 0.02km or |u| > 180km again removed. A
comparison of the fall in density for a 30 minute SKA1-mid track with this weighting is
√
shown in Figure 5.3. Noise is then added to gridded visibilities scaled by 1/ uvR. This
affects small scales most hence reducing fidelity, but again does not produce an ellipticity
distorting PSF.
Finally, I use a simulated SKA coverage, as seen in figure 5.4 (provided by P. Patel
from the SKA group at Manchester). For simulations with no telescope noise this is simply
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Fig. 5.4 Simulated UV coverage track for SKA1-mid pointing to zenith. 30 minute observation at 1.4GHz with integration over 15 seconds. Total of 7 × 106 interferometric
pairs.
implemented as a weighting of one for pixels containing at least one baseline point and
zero otherwise. When observational noise is included the noise is weighted by √1N for a
pixel containing N > 0 UV points. This is similar to using a uniform weighting scheme as
described in chapter 2 which gives the best resolution at the cost of point source sensitivity.
Antenna noise, when included, is Gaussian and normalised such that the rms in real space is
approximately 2 × 10−7 Jy, i.e the faintest included sources will have a peak flux 5σ above
the noise.
Finally, the data must be regridded down from the 5× oversampling that was used to
incorporate the beam sidelobes. Since this is an exact multiple of the required gridding, I am
able to use a fast convolution algorithm, rather than the slow direct convolution that would be
needed for raw data. I use a sinc function as the gridding kernel, described in section 2.4.2,
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convolve with the data and average over every 5 pixels.
Summary:

• Sources: All simulations contain lensed disk like galaxies with exponential profiles at a
distance of z > 0.2. Some additional tests also include: point sources, such as hot-spots
and cores; large-scale galaxies comprised of two lobes; and unlensed foreground
sources at z < 0.2, which all contribute noise to the signal. The parameters of all these
objects, position, size and peak flux at 1.4GHz, are extracted from four square degrees
of the Wilman et al. (2008) model including components down to threshold 1µJy.
• Source density: The exclusion of sources with peak flux < µJy or z > 0.2 provides an
average source density of ∼ 10arcmin−1 .
• Lensing signal: For most cases γ̂ T is generated as a randomly fluctuating field with
a variance of σγ T ≃ 0.03 on arc-minute scales. An exception to this is the first case
shown which is defined by a delta function in Fourier space resulting in the sinusoidal
pattern for γ T seen in figure 5.5.
• Ellipticity noise: Normally distributed random quantity with variance σε = (0, 0.1, 0.3),
added to γgT on an individual galaxy basis using the expression in equation 5.3 giving
γg .
• Resolution: Model provides measurable visibilities generated up to Fourier scales
equivalent to 0.25′′ at 1.4GHz. This just exceeds the capabilities of SKA1-mid. The
resolution is then affected by the chosen sampling function.
• Beam response: The sinc reception pattern shown in figure 5.2 is applied to all
simulations.
• Sampling: Two sampling functions are used for the main results: an annulus function (uvA) which removes all baselines outside |u| ∈ (0.02, 50)km; and a parabolic,
logarithmic weighting uvR, also zero for |u| ∈
/ (0.02, 180)km. The effect of sampling
function based on an SKA simulated track is also considered in section 5.3.3.
• Instrumental Noise: Antenna noise is generated from a normal distribution in Fourier
space and normalised such that the rms of the difference of the sky map in observation
space is ≃ 2 × 10−7 Jy.
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Results

In this section I show the results from applying FILM to simulations as described previously
with a variety of lensing signals, noise levels and intrinsic shape distributions. For each case
we show the correlation between the true shear field (γin ) and the FILM estimation (γout ), and
the variance of the difference (σδ2γ ). In addition to results based on the basic simulations I
also discuss how decreased positional accuracy, a realistic UV-coverage and the inclusion of
a non-disk-like foreground population affect the measurement. The results described in this
section are summarised in table 5.2.
As seen in equation 5.75 the result of the FILM estimator is not directly the γ or γ̂ field.
Rather, FILM provides a result which is proportional to the desired measures of shear and
a further nationalisation must be applied. The form of this normalisation can also be seen
in equation 5.77. It is a complex function of the source characteristics (size, brightness and
distribution), the total number of uv visibilities, and the residuals of the weighted sampling
function (wS). It may be possible to characterize this normalisation using only the visibility
data, otherwise a source extraction technique will be needed. Further work is required in
exploring the form of this normalisation in order to produce reliable results. As such, I have
used the best possible linear fit for the results shown in the following section. This means
that although these results are a good representation of the noise from the current estimator,
they are in no way indicative of the bias.

5.3.1

Fourier Estimation (FE) mode

Single Fourier mode shear field:
When operating in FE mode, FILM estimates the amplitude of specified Fourier scales. As
such an interesting first test is to consider an unrealistic shear field described by a single
Fourier scale, i.e, a delta function. The estimation that FILM provides near this scale will
describe the “leakage” from strong amplitudes. As such, the first lensing signal reconstruction
we show is of a δ function in Fourier space at
ℓ=
for γb1 , and
ℓ=

!
0.005
arcsec−1
0.005

(5.90)

!
−0.005
arcsec−1
0.005

(5.91)
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Fig. 5.5 Slice of the γ1 signal map for the single Fourier mode case at a declination offset of
zero.

for γb2 .
These amplitudes represent a sinusoidal fluctuation in the shear signal on scales of ∼ 1.5
arc-minutes. In real space this shear field is a uniform diagonal wave, the amplitude map
of which can be seen in figure 5.5 for γ1 . For this example I have used the uvA sampling
function, temporarily increasing the maximum baseline cut-off to 150km. The simulation
used includes no intrinsic ellipticity, no telescope noise and no foreground or point source
objects.
FILM reconstruction was performed on scales up to ℓ = 10−2 arcsec−1 with a step-size of
ℓ pix = 10−3 . This sampling is equivalent to measuring scales from 50arcsecs up to 8arcmins.
Since this case contains no signal other than at ℓ = 0.005 it is important that the reconstruction grid includes this point. However, this prior knowledge will not be necessary for
typical reconstructions where γ̂ is smoother. Figure 5.6 shows this reconstruction and the difference map with γ̂ T ; a clear peak can be seen at the true Fourier mode location with SNR≈ 5.
A Fourier transform of the result in figure 5.6 provides a low resolution estimate of
the true shear field. For this case, where no telescope or shape noise was included in the
simulation, the correlation between the mean of γin over the reconstructed pixels and γout has
a Pearson value of r2 = 0.89.The distribution of the estimated shear error δ γ = γin − γout can
be seen in Figure 5.7 with a variance of σδ2γ = 3.6 × 10−4 .
So far we have considered a simulation where the shape of galaxies is due only to cosmic
shear and are circular otherwise. We now include a random intrinsic ellipticity field as
described in section 5.2 with variance σε = 0.3. As expected this increases the noise of the
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Fig. 5.6 Left: FILM estimate of single mode |γ̂1 | signal normalised by peak amplitude. Right:
Residual of |γ̂1in − γ̂1out | with the same normalisation.

Fig. 5.7 Histogram shows the distribution of the difference between true and reconstructed
shear (δ γ = γin − γout ), for a simulation with no noise. The variance of the distribution is
σδ2γ = 3.6 × 10−4 . Red lines show minimum and maximum values of γin .
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Fig. 5.8 Histogram shows distribution of difference between true and reconstructed shear
(γin − γout ), for a simulation with ellipticity noise of σε = 0.3. The variance of the distribution
is σδ2γ = 2 × 10−3 . Red lines show minimum and maximum values of γin .

final reconstruction, with the correlation coefficient between γin and γout pixels reducing to
r2 = 0.41. Again the distribution of errors is shown in figure 5.8; here we can see that the
error variance increases by a factor of five, with σδ2γ = 2 × 10−3 .
This reconstruction was performed using a high resolution of 50” and we can reduce the
Gaussian shape noise on small scales by smoothing. Using a top-hat filter we down-weight
scales smaller than 1’. This improves the correlation coefficient to r2 = 0.58 and the variance
of the residuals to σδ2γ = 1.4 × 10−3 .
The results above show that this method can identify a single large scale shear mode
present in radio visibilities with a realistic background source population even on a small
field. I now test FILM on shear fields which are more realistic.

Multi-mode shear field
The results in this section are based on different simulations increasing in complexity and
noise and include the random Gaussian lensing signals described in section 5.2.2 with
σγ =0, 0.1 and 0.3. For each case I show the correlation between the “true” shear field, and
the best normalization to the FILM estimate. This correlation is shown for both Fourier
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Fig. 5.9 Correlation of γin vs γout for a simulation with: σε = 0, uvA sampling and no
telescope noise. Right panel shows Fourier amplitudes (γ̂) with the real part in blue and
imaginary in green: Pearson value r2 = 0.72, Variance σδ2γ = 0.02. Left panel shows real
space shear (γ) from a Fourier inversion of the right. Pearson value r2 = 0.59, Variance
σδ2γ = 0.001. Red line is γin = γout .
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Fig. 5.10 Correlation of γin vs γout for a simulation with: σε = 0.3, uvA sampling and no
telescope noise. Right panel shows Fourier amplitudes (γ̂) with the real part in blue and
imaginary in green: Pearson value r2 = 0.31, Variance σδ2γ = 0.01. Left panel shows real
space shear (γ) from a Fourier inversion of the right. Pearson value r2 = 0.21, Variance
σδ2γ = 0.008. Red line is γin = γout .
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Fig. 5.11 Correlation of γin vs γout for a simulation with: σε = 0, uvR sampling and telescope
noise of rms=2 × 10−7 . Right panel shows Fourier amplitudes (γ̂) with the real part in blue
and imaginary in green: Pearson value r2 = 0.75, Variance σδ2γ = 0.015. Left panel shows
real space shear (γ) from a Fourier inversion of the right. Pearson value r2 = 0.56, Variance
σδ2γ = 0.001. Red line is γin = γout .
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Fig. 5.12 Correlation of γin vs γout for a simulation with: σε = 0.3, uvR sampling and
telescope noise of rms=2 × 10−7 Jy. Right panel shows Fourier amplitudes (γ̂) with the real
part in blue and imaginary in green: Pearson value r2 = 0.32, Variance σδ2γ = 0.22. Left panel
shows real space shear (γ) from a Fourier inversion of the right. Pearson value r2 = 0.19,
Variance σδ2γ = 0.009. Red line is γin = γout .
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amplitudes and their transformed real space counterparts. I state the Pearson r2 value for
each case and variance of the difference between the true and normalised FILM estimate, σδ2γ .
Starting with the most basic case, Figure 5.9 shows the result from a simulation including
no intrinsic ellipticity or telescope noise and using the uvA sampling. There is an excellent
agreement between the true and estimated values with a Pearson value of r2 = 0.72 and
residual variance of σδ2γ = 0.02 in Fourier space. Note that in Fourier space γ̂ is normalised
to the range [-1,1], so this is a small residual. The agreement of the inversion is less clear
with a larger error variance. This may in part be due to the small scale (50”) to which it is
generated. By using a more aggressive smoothing this error could be reduced, although this
data is limited by the small (20 arc-minute) size of the simulation.
Increasing the intrinsic ellipticity noise to the typical value of σε = 0.3 gives the result
in 5.10. Some correlation can be seen in Fourier space but this is overwhelmed by scatter
due to shape noise. By increasing the smoothing scale to 100′′ however, we can improve the
result finding r2 = 0.63 and σδ2γ = 0.097.
I also performed an estimate using an intermediate ellipticity scatter of σε = 0.1 this
resulted in r2 = 0.61 and δ γ = 0.055 in Fourier space. Hence the error due to intrinsic ellipticities is simply increasing as expected with shape dispersion. It can therefore be reduced
using the usual approaches of smoothing and careful weighting.
For the next cases I move onto simulations that include telescope noise and use the uvR
sampling scheme. This produces higher noise for visibilities in regions with lower baseline
density. There is still a clear correlation of r2 = 0.75 in figure 5.11 based on a simulation
with σε = 0. This increases when σε = 0.3 as shown in figure 5.12 but by no more than in the
simulation with no instrument noise. Again I was able to reduce this by smoothing on 100′′
scales giving a result of r2 = 0.64 and σδ2γ = 0.21. Hence this type of random instrumental
noise on the level expected for SKA1-mid would not cause significant problems for this
method.

5.3.2

Pixel Reconstruction (PR) mode

In this section we test the performance of the alternative FILM mode that reconstructs a shear
map on an individual pixel basis. For this we use a Gaussian lensing signal as in the previous
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Fig. 5.13 True γin shear field top, FILM reconstruction from simulation with: σε = 0,uvA

sampling and no telescope noise, bottom. Vector lines show position angle PA= 12 arctan γγ21 ,
q
colour map indicates |γ| = γ12 + γ22 .
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Fig. 5.14 Correlation of γin vs γout for FILM in PR mode using a simulation with: σε = 0.3,
uvR sampling and telescope noise of of rms=2 × 10−7 Jy. Pearson value r2 = 0.26, Variance
σδ2γ = 0.006. Red line is γin = γout .
section and show correlations for different simulations with increased noise.
Starting again with the most basic simulation containing no telescope or shape noise, a
clear correlation can be seen between the true shear map and the FILM reconstruction in
figure 5.13. These two maps have a correlation value of r2 = 0.76. This is comparable to
the value seen for this case using FE mode in Fourier space, but it performs better than a
reconstruction of the inversion of FE mode estimate. This may be due to variations in number
density which are accounted for in PR mode but not FE. Hence there is some improvement
that can be made to FE mode by using the source distribution, for example, convolving with
inverse galaxy density.
Returning to a more realistic case, figure 5.14 shows the result of applying PR mode
FILM to simulations using, σε = 0.3, uvR sampling and including telescope noise. This
results in a correlation of r2 = 0.26 with an error variance of σδ2γ = 0.006. Although this
correlation is worse than the equivalent case in FE mode, it again performs better than the
FE mode inversion. Again by using a more aggressive smoothing of 100′′ , I improve this to
r2 = 0.62 and σδ2γ =1.7 × 10−4 .
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5.3.3

Future considerations

In this section I discuss the next steps for FILM. I consider some of the further sources of
noise which would be present in a real survey, and would potentially effect this estimator in
particular. Additionally, I reflect the some of the gaps between FILM and current techniques,
discussing the feasibility of developing FILM to into a competitive method.
Normalisation and bias correction
As discussed, most array configurations are not circularly symmetric. This isotropy would
cause a severe distortion to the shear measurement if not corrected. In 5.1.2 I described a
possible weighting scheme for the visibilities in order to reduce this effect in FILM. These
weights were designed such that,
Z

w(ρ, φ )S(ρ, φ ) sin 4φ dρdφ = 0

(5.92)

and the distribution of S sin 4φ was a close as possible to sin 4φ . This process seeks not
to perform a traditional deconvolution of the PSF from the whole data set, but rather correct
its effect on the shear signal only. This should result in an additional, but deterministic,
multiplicative bias of the form,
Z

m=

wSE ′ dρdφ .

(5.93)

This correction along with the discrete nature of the calculation means that a further
normalisation of the result from FILM is required. Using the uv coverage seen in figure 5.4
as the sampling function I am still working to produce a weighting that gives a consistent
and robust result. This is mainly due to the complex interplay between the sampling function
and the gridding process.
The removal of bias is a process which will be vital for any future lensing surveys.
Without the correct normalisation it will be impossible to characteristic and calibrate the bias
of FILM. Furthermore, if the bias is still dependent on the brightness and position distribution
of sources after this normalisation then calibration may still not be possible. Therefore, the
investigation of the normalisation is the key next step in developing FILM.
Positional errors
Since FILM relies heavily on using well measured positions of source galaxies one may be
concerned about the effect of astrometric error. Current positional errors in surveys such as
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LOFAR can be as high as a few arc-seconds which would be enough to destabilise the dg j
term in equation 5.76 severely impacting any signal. However, there are several reasons why
this should not be a problem in future.
Firstly, while current LOFAR images have a resolution of ∼10′′ , this looks set to fall
in the future to sub-arc-seconds with positional errors to match. Secondly, even if source
positions in images are not reliable due to the non-linear imaging processes, radio provides
other methods for measuring exquisite positions through fringe fitting, Cohen & Shaffer
(1971). Finally, it is possible to use high precision optical positions for many compact
radio objects. This has the added potential of using source positions which are below the
sensitivity of the radio telescope. The shear signal from these sources would not be usable in
a traditional individual ellipticity approach, but here any signal will be already combined in
the Fourier domain contributing to the estimation.
Large Un-lensed foreground sources and multi-component morphologies
So far the simulations used have only contained lensed disk galaxies at a distance of z > 0.2.
A real survey however would contain foreground sources which are typically brighter and
larger than more distant objects. The visibility data would also include point sources, such
as stars and hot-spots, the lobes of FR type galaxies which have a large intrinsic alignment
signal, and other diffuse sources that are not a useful source of shear signal. All these
additional objects will add noise to the estimator.
We are currently working to test the impact of foreground objects. The simple approach
to this is to supply only the positions of the lensed background galaxies for use in the ‘j’
subset of the FILM operation. A more advanced method would be to model and attempt to
remove these sources from the data first. Alternatively, we can restrict ourselves to the PR
mode where we can explicitly mask out regions near bright sources.

3D lensing
Most future weak lensing studies will attempt to constrain cosmic shear in three dimensions
i.e. including distance along the line of sight. This will allow weak lensing experiments
to be more sensitive probes of dark energy, and the equation of state. There are two main
methods to extending lensing measurements into a third dimension. One approach is to
split the galaxy sample into tomographic “slices” based on their redshift (Hildebrandt et al.,
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2017). Since there is a linear relationship between source distance and the distribution of the
lensing signal, each slice will probe a different redshift range. The auto and cross-correlation
between these slices can then be measured and used to constrain different models. A more
advanced approach is to reconstruct the full 3D power spectra using spherical harmonics as
presented by Kitching et al. (2014).
Uncertainties in redshift measurements, and the insufficient cosmological volumes currently surveyed, mean that 3D cosmic shear is not yet competitive with other probes (Kilbinger, 2015). However, the next generation of instrumentation will provide the required
data quality. The inclusion of some redshift information will therefore be essential for any
competitive technique.
A tomographic approach may also be possible with FILM. As mentioned in the previous
section subsets of galaxies can be probed by the estimator by only providing the position
information of those sources. Selecting several subsets of galaxies in different redshift slices
should return the desired cosmic shear estimates dependent on distance. As with foreground
removal this would need to be tested and is likely to require modifications to the estimator.
It may also be possible to construct a FILM-like estimator for full 3D estimation. However,
this would require a complete recalculation of the initial model in three dimensions. It
would also introduce at least two new parameters increasing the already high computational
workload.

5.4

Conclusions

Radio weak lensing can provide the cosmology community with a new and complementary
source of information if we are able to successfully extract the signal. In this chapter I have
considered the form of the lensing shear signal in radio data and developed a novel method
for modelling and measuring it.
I have demonstrated that given a high quality observation set, it is possible to estimate
both a map of shear and its Fourier transform directly from the visibilities. I have also shown
that for a wide survey the error on this measure can be reduced using larger smoothing scale.
This is much the same for traditional optical lensing.
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I have identified areas that may affect the performance of FILM on a real radio weak
lensing survey and discussed the impact each of them. FILM is unlikely to suffer in future
due to source position error, and in fact the inclusion of sub-noise sources may even improve
the signal. Countering the effects of an anisotropic PSF and foreground sources is possible,
but requires further investigation. The most important next step in developing FILM is to
characterise the normalisation of the shear estimates. This will allow the noise and bias of
FILM to be properly measured and compared to other methods.
FILM is a simple and efficient method which proves that shear analysis can, in principal,
be performed on an entire radio observation. There are many ways in which improvements
could be made to the FILM estimator, such as the inclusion of source morphology, redshifts
or position distribution information. However, this work has formed a proof of concept for
direct visibility lensing measurements.
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5.4.1

Summary table of results
Simulation
UVcov N σε

Fourier mode result
Pixel mode result
2
2
σ (γ̂in − γ̂out )
r
σ 2 (γin − γout )
r2
50′′
0.02
0.74
6.7 × 10−4
0.76
′′
−5
0
100
0.04
0.86
2.8 × 10
0.9
′′
−5
150
0.04
0.88
1.2 × 10
0.92
50′′
0.05
0.61
0.001
0.63
′′
−5
uvA
× 0.1
100
0.08
0.81
2.6 × 10
0.85
′′
−5
150
0.002
0.86
1.7 × 10
0.82
50′′
0.1
0.31
0.006
0.26
′′
−4
0.3
100
0.097
0.63
1.3 × 10
0.72
′′
−5
150
0.095
0.71
5.4 × 10
0.73
′′
50
0.015
0.75
0.001
0.59
′′
−5
0
100
0.018
0.9
2.6 × 10
0.88
150′′
0.02
0.93
1.2 × 10−5
0.86
′′
50
0.036
0.63
0.001
0.59
′′
−5
uvR
X 0.1
100
0.04
0.84
3.8 × 10
0.86
150′′
0.04
0.88
2.3 × 10−5
0.84
′′
50
0.22
0.32
0.006
0.26
′′
−4
0.3
100
0.21
0.64
1.8 × 10
0.62
150′′
0.25
0.67
10−4
0.56
Table 5.2 Summary of FILM results. UV coverage schemes described in 5.2.3. Noise defined
such that Irms = 2 × 10−7 Jy. FE mode statistics calculated in Fourier space. For reference γ̂in
is normalized to [−1, 1], and γin is typically in the range (0.1, 0.1). All of these results use
simulations of 320 square arc-minutes (∼0.1 square degrees).
Smoothing

Chapter 6
Further Analysis Techniques and
Conclusions
In this thesis we have seen that the sensitivity, resolution and speed of radio telescopes has
improved exponentially over recent years. This trend looks to continue in the future with ever
larger and more advanced instrumentation planned, most notably the SKA. The dramatic
increase in data volume and quality has begun to outstrip the analytic techniques available
to us. Without new efficient methods of analysis we risk losing valuable discoveries in the
future. The principal aim of this thesis was to investigate the techniques that would benefit
emerging radio astronomy/cosmology science aims.
I have so far presented two projects motivated by ambitious next generation survey
plans. Firstly, a pilot study for the upcoming WEAVE-LOFAR programme (Smith et al.,
2016) aiming to spectroscopically follow-up more than 106 low-frequency selected radio
sources. This survey will produce a data set with a broad set of primary science cases
whilst leaving enormous legacy value. My work has used current LOFAR data together
with ancillary BOSS observations in order to maximise the efficiency of this future programme. Secondly, the development of a new radio weak lensing estimator. It has been
shown previously that detection of a weak lensing signal at radio wavelengths is possible
(Cheng, 2005; Patel et al., 2010). More recently Harrison et al. (2016) has demonstrated that
next generation instruments will be competitive and highly complementary to optical and IR
surveys. Indeed, if current projections of resolution and sensitivity are correct then perhaps
both regimes will be considered equally important in the future. However, this is highly
dependent on our ability to extract the lensing signal from the large sets of complex radio data.
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Further Analysis Techniques and Conclusions

Further Work

In addition to this work I have also undertaken several further projects that are relevant to
this thesis. In this section I will give a brief overview of this additional work and discuss
further research that is required in these areas to benefit radio cosmology. I will then provide
an overview of the thesis with the conclusions of my work in the context of radio cosmology,
finishing with a final summary.

6.1.1

Imaging of Wide Field LOFAR Data

Fig. 6.1 The effect of ionosphere on various types of radio configuration: 1. Short baselines,
narrow FOV, 2. Long baselines, narrow FOV, 3. Short baselines, wide FOV, 4. Long
baselines, wide FOV. Reproduced from Intema et al. (2009).
As I have discussed in section 2.4.2, creating science quality images from radio data is a
long complex process with multiple non-linear steps and subjective options. One element
that can cause serious problems is the distorting effect of the ionosphere. This was mentioned previously in reference to optical lensing where the effect is removed through AO and
point source calibration. At longer wavelengths atmospheric diffraction can be even more
pronounced but is generally counteracted using a similar calibration technique. This works
well for arrays with short baselines and a narrow FOV, as seen in panel 1 of figure 6.1, since
the effect is uniform for all antennas and directions. Other array configurations, such as those
with a large FOV or long maximum baselines, will require separate calibration for distant
elements or directions. We call this direction dependent calibration.

6.1 Further Work
Fig. 6.2 Key stages and software programmes in the imaging pipeline when under construction. Main process steps shown in top row.
Green shows components that were working and fully automated, yellow highlights steps where there remained bugs in the automatic
process and red indicates a broken step.
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Procedures such as direction dependent calibration or self-calibration are extremely time
consuming and the way in which they are applied is often based on examining an initial
low resolution image. Even this step can be resource intensive, especially for the very large
observations currently being produced by LOFAR. As part of the LOFAR “Blank Fields”
working group in the Surveys KSP I investigated implementing an automatic pipeline on
SCIAMA at Portsmouth that would quickly create a simple first image to help this process
and provide computational relief.
Figure 6.2 shows a schematic of the various scripts and programmes combined into the
pipeline that would produce an image from a radio measurement set (MS). The main process
steps are shown in the first row with optional steps below. The operations are as follows:
MSoverview: This is an application within the Common Astronomy Software Applications package (CASA), (McMullin et al., 2007)) that produces a report on the MS and checks
for errors or corrupted data. The pipeline reads the output of MSoverview checking for a
text string that confirms the data are “fully regular” before proceeding. If this string is not
detected the output of MSoverview is returned instead.
AOflagger: A tool developed by Offringa et al. (2012) to remove RFI present in the data
set based on unlikely peaks in the received amplitudes over frequency and time. After making
the MS set writeable the pipeline implements AOflagger using default settings. Based on
other studies this should remove ∼ 95percent of RFI from a typical observation.
CASAplotms (optional): This CASA application is typically used interactively to create
plots of the data that can be used to identify bad baselines or RFI. If used this option will
provide plots of amplitude vs time, amplitude vs frequency and visibility phase vs time along
with the final image.
NDPPP (optional): The “New Default Preprocessing Pipeline” can perform many operations on the MS set to prepare it for imaging. In this pipeline the main process which is
used is averaging. It is possible to continue without averaging the data but this makes the
imaging process extremely long. If this option is used then NDPPP is run using a parset
which averages the MS in frequency to one channel, but not in time.
Another key operation that can be performed using NDPPP is demixing. This involves
subtracting the contribution of a strong nearby source that may bleed into the rest of the
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image. As this pipeline is only producing an initial image this step is not used. At the time of
creating this pipeline the AOflagger was incorporated into NDPPP. As such, these steps can
now be combined which would be faster and less resource intensive compared to executing
the steps separately.
Global Sky Model (GSM): Once the data has been averaged and flagged it is ready for
phase calibration. In order to perform this calibration a model of known compact objects is
required to compare the phases against. This is obtained by querying the GSM that contains
objects from the VLSS, NVSS, and WENSS survey catalogues.
Calibration: The program BlackBoard Selfcal (BBS) is used for the initial phase calibration attempting to minimize the difference between the observed MS and the GSM
model. BBS is then run on the data, first solving for the difference with the GSM model and
then correcting the data. A direction independent solution is found here since dependent
calibration is very lengthy.
Parmdbplot (optional): This script, if enabled, creates additional plots of the data in
phase and amplitude vs time after calibration so that the solutions can be inspected. These
should be smooth if the calibration was successful.
AWimager:At this point the phase solutions should have been successfully applied and an
image can be made. AWimager is a bespoke imaging tool in CASA for LOFAR that performs
both w-projection and A-projection. The pipeline runs the imaging process at 30” resolution
with 6000 iterations and using a briggs weighting scheme with robust=0 (Briggs, 1995). This
should result in a low resolution image that isn’t over fitted to noise. Since no amplitude
calibration was performed the fluxes will be incorrect, but it will provide quick insight into
any issues such as bright sources near the edge of the FOV.
CASA viewer: Finally the CASAviewer program is used to created fits files of the image
and deconvolution residuals.
Self calibration steps (advance): In order to produce a higher quality image the user may
specify a number of iterations of self calibration. This is performed using the catalogue tool
PyBDSM (Mohan & Rafferty, 2015) and the SAGECAL algorithm described in Kazemi
et al. (2011). Using the initial low resolution image a model is made from the output of
PyBDSM. SAGECAL then solves and corrects the data based on this model and a new higher
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Fig. 6.3 Image of the XMM field from a single sub-band LOFAR observation produced using
this pipeline. The fluxes in this image are unreliable since only phase calibration has been
performed. The field covers 35 square degrees.
resolution image can be made. This process is prone to extrapolating error if not used with
careful masking techniques and hence is notoriously difficult to automate. It is included in
the pipeline as an experimental feature.
I worked to build this pipeline, deciding on the parameters and the calibration strategy
used. I then tested the pipeline producing images of several different observations. Figure
6.3 shows an image of the XMM field produced using this pipeline. There is a large amount
of noise (rms = 0.07mJybeam−1 ) due to the bright objects, as seen in figure 6.4. Solutions
for this include peeling and direction dependent calibration Pandey et al. (2009).
Recent observation such as those of the Boötes field have used a new calibration technique
called facet calibration developed by Williams et al. (2016). In this method the FOV is broken
into regions called facets that are defined using a Voronoi tessellation of calibrator sources in
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Fig. 6.4 Log histogram of the XMM image from 6.3. Only a smaller proportion of the pixels
are above the noise threshold of 0.07mJybeam−1 .
the fields. Each facet is then subtracted and solved independently. This means each source in
the field is calibrated using the nearest possible calibrator source. Applying this technique to
150MHz LOFAR data, Williams et al. (2016) have produced a 19 square degree image of
the Boötes field at an order of magnitude higher resolution and sensitivity than previously
achieved in this waveband. The high quality of this data serves as motivation for the work in
the following section.

6.1.2

Ellipticity Measurements in the Boötes Field

As I have discussed at length there is great potential in radio observations for the future of
lensing cosmology. Although there are few examples of a shear signal detection in radio
in the GHz regime, current surveys do not generally have the sensitivity and resolution
required to make a reliable measurement, particularity at low frequencies. Despite this,
there is still some useful information to be obtained from studying ellipticity in recent radio
observations. The true cosmic signal in measured correlations is likely to be smaller than the
noise properties. This means a non-zero detection is a measure of the systematics and bias
of the observation. This will be in part due to instrumental effects or errors in the imaging
process, and also a measure of intrinsic alignment. If IA contamination is different in the
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Fig. 6.5 Two-dimensional histogram of resolved sources in the Boötes field in 20 arc-minute
bins.
radio population compared to optical, this may afford a strong motivation for measuring
lensing at both frequencies as we may be able to isolate the cosmic signal.
The LOFAR HBA Boötes field image covers a wide area of 19 square degrees near
the northern galactic pole, making it mostly free of foreground contamination. The image
was created using the latest calibration and imaging techniques providing a resolution of
5.6′′ × 7.4′′ and a noise limit of ∼ 0.1Jy beam−1 . This far exceeds any other survey at this
frequency. In total 5652 sources were detected and catalogued in the field, giving a density of
0.083arcmin−2 . I present an initial look at the ellipticity statistics of this data and show a clear
non-zero measurement in the auto-correlation. At small scales, where the cross-correlation is
also non-zero, this suggests a shape bias most likely due to artefacts around bright objects
in the LOFAR image. On scales larger than an arc-minute however, the cross-correlation is
very small and indicates that this may be a measurable IA signal.
Of the sources detected in the Boötes field there are 3, 999 that are resolved after deconvolution from the LOFAR beam and hence suitable for shape measurement. Ellipticity and
position angle were measured using PyBDSM (Mohan & Rafferty, 2015). The reader is
refered to the observation paper, Williams et al. (2016), for further details. The sources have
a mean absolute ellipticity of ε̄ = 0.36, with a variance of σε2 = 0.04. Figure 6.5 shows the
distribution of source density across the FOV. This peaks in the centre of the image at around
0.1arcmin−2 dropping to ∼ 0.01arcmin−2 toward the edge.
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Fig. 6.6 Ellipticity averaged
q over 20 arc-minute pixels. Vectors show average orientation,
colour map indicates ε̄ =

ε̄12 + ε̄22 .

The average ellipticity across the field is shown in figures 6.6 and 6.7. From even these
simple plots it is clear there are large scale residual systematics across the image. These
averages don’t vary much with either RA or DEC suggesting there could be some distortion
across the image from an incomplete deconvolution. Also, notice that near the edges of the
FOV the lower number densities result in a larger variation in the average ellipticity. This
may result in large scales (∼ 5◦ ) being extremely noisy so I limit correlation calculations to
smaller scales from now on.
The number of pairs at a certain separation will define the noise level for that scale.
Figure 6.8 shows a count of these pairs for the relevant scales in the Boötes image. On all
scales above an arc-minute there are over 103 pairs for bins of this size, which will provide a
precise measure of the correlation function.
The galaxy-galaxy lensing statistics, ⟨ε1r ⟩ and ⟨ε2r ⟩, as described in section 4.5, are measures of the E-mode and B-mode lensing patterns when applied to source-background galaxy
pairs. Since there should be no detectable B-mode, this acts as a measure of the systematics in
any E-mode signal. As discussed, the noise properties of this data mean any true weak lensing
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orange. Error-bars calculated as σγ2i / n.
signal is unmeasurable, but the power of E/B-mode like systematics can be characterised.
Since a lensing signal is not expected around all galaxies the ⟨ε1r ⟩ and ⟨ε2r ⟩ statistics for every
galaxy pair should average to zero. However, figure 6.9 shows a clear response at scales
smaller than an arc-minute demonstrating a large lensing systematic. On these scales the
B-mode signal is very similar to E-mode, supporting the theory that these systematics could
be driven by ringing, or other imaging artefacts, around sources. On larger scales however,
both these statistics drop to around 10−2 , a level at which any intrinsic alignment signal may
be measured. It is therefore interesting to find that there is no appreciable alignment signal in
this sample.
The auto-correlation Cii , and cross-correlation Ci j of these statistics, as described in
section 4.5 can help to determine the level of systematic noise in the data, and ultimately
measure the cosmic signal. These correlations can be seen in figure 6.10. Unfortunately
the autocorrelations are much higher than the 10−4 signal expected dues to the large scale
systematics seen in the average ellipticity, and thus cannot be used to constrain cosmic shear.
The cross-correlation however, shows that parity of ellipticity in the field is consistent with
zero on scales over an arc-minute.
The ξ± correlation functions can be seen in figure 6.11. Again for ξ+ we see that the
large scale E-mode contamination completely dominates the expected 10−4 signal. However,
ξ− shows amplitudes of ∼10−3 to 10−4 on scales from 1′ to 10′ and above. This is still
an order of magnitude above the results from DES Y1 data seen in figure 4.5. However, it
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Fig. 6.8 log-log histogram of the number of galaxy pairs in the Boötes field at scales from 10”
to 5◦ .
suggests that using a more rigorous ellipticity fitting method on this data we may detect the
cosmic shear signal from this statistic.
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Fig. 6.11 Top: The ξ+ correlation function√of shear. Bottom: The absolute ξ− correlation
shown in Log-log. Error-bars indicate σε2 / N.
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6.1.3

Radio-Optical Cross matching using Machine Learning

The work described in this section was conducted in collaboration with X. Morice-Atkinson
and M. Withers as part of the ICG machine learning working group.
As discussed in section 3 cross matching radio and optical galaxies can provide a wealth
of benefit to many science cases but is non-trivial and very time consuming. This is true even
for simple single component objects due to the variation in brightness across the spectrum.
The problem of matching radio sources with complex multi-component morphologies is
even greater. I wanted to explore the possibility of using machine learning methods to cross
match multi wavelength data, since they are ideally suited to this sort of classification task.
My role in this group was to manage the project overall and provide astrophysical details of
multi-band cross-matching.
We first considered the case of radio objects with single component morphologies where
the sources of matching error are the lack of an observable counterpart, different source
densities creating multiple false matches and astrometric error. Work by Nisbet (2016)
has demonstrated that multi-band likelihoods, first developed by Sutherland & Saunders
(1992), can make an efficient radio-optical matching technique. Hence, we considered a
machine learning approach for constructing a similar method, using position and magnitude
information.
A random forest is ideal for this problem of finding relationships between parameters, or
“features”, and a classification (Breiman, 2001). A random forest works by creating multiple
decision trees which each split the data using the available data features ( fi ), e.g. f3 < 0->
f7 > 10-> f0 etc. The aim of these decisions is to minimise the “entropy” or disorder after
each step. Thus, at the end of each decision tree the data should be categorised by a random
set of the features. Combining all these trees and adding some non-linearity so that model is
not over-fitted creates a random forest.
The first step in creating this model was to identify the data features on which the decision
trees would be based. These need to be sensitive to the matching categorisation we wished to
make. As mention above, the ratios of flux between objects and their position separation can
be used as estimators of the match probability. So, for each optical object within 10′′ of the
radio sources centroid, we chose the following as features,
• f0 : The separation between the two objects;
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• f1−10 : The ratio of the radio source’s flux at 1.4GHz with the optical object’s magnitude
for the five SDSS colours (u,g,r,i,z), and 5 infra-red SWIRE bands (3.6, 4.5, 5.8, 8,
24)µm;
• f11−20 : The ratio of the radio source’s flux at 5GHz with the optical magnitude for the
SDSS colours and IR SWIRE bands.
For the training set the feature f21 represented the match solution for that optical source,
either 1 or 0. This answer could also be set to a probability which would then give a more
nuanced solution, with the option of cutting matches below some threshold.
In order to develop and train this random forest we created a simulation of matches. We
based this simulation on data from the Australia Telescope Large Area Survey (ATLAS)
Norris et al. (2006). ATLAS is a 3.7 square degree observation near the Chandra Deep Field
South and contains 726 radio sources. It is largely coincident with the infra-red Spitzer
Wide-Area Extragalactic (SWIRE) Survey (Lonsdale et al., 2003), and Norris et al. (2006)
present matches to 682 SWIRE sources. In addition, this area is covered by SDSS photometry.
The simulation of features was then created in the following way,
1. Generate random 1.4GHz and 5GHz fluxes for the radio source drawn from a distribution in Norris et al. (2006);
2. Generate the separation and magnitudes of the matching counterpart with:
- Position separation given by a Gaussian offset with a variance of 2′′ ; the typical
seeing in SDSS;
- Magnitudes randomly generated from a brightness distribution fitted to objects
associated with all radio objects that have a flux within a mJy of the radio source
at 1.4GHz;
- If a magnitude falls below some observing threshold remove it for that band;
3. Calculate the number of additional candidates from a Poisson distribution with a mean
of λ = 2. This provides a source ratio typically expected from current generation
instruments;
4. For each additional source draw position separation from a (0′ , 10′ ) uniform distribution;
5. For each additional source draw magnitudes from SDSS and SWIRE distributions.
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6. Calculate radio:optical and radio:IR flux ratios
We used 105 radio source counterparts to train the initial random forest model. Testing on
a simulation of 106 objects a nearest neighbour match only identified the correct counterpart
∼65 percent of the time. Conversely, the machine learning method achieved a successful
cross-match rate of over 80 percent. Clearly there is much work to do before this method
could be applied to real data. However, it could aid in eliminating the bulk of cases where a
match is clear.
Matching objects with complex morphologies is much more challenging. One approach
for these cases considered by the group was the use of a Convolutional neural network (CNN).
The method would use cut-outs of the radio intensity maps along with models of potential
nearby matches in each relevant band. The input for an n×n image in this model would
then be an n×n×m data cube with the m dimension representing the various radio, optical
and IR wavebands. The solutions for training could then be provided by an n×n heat map
representing the probability of the counterpart location. This sort of product is often referred
to as “attention maps” since they are used more generally to locate items in an image. I refer
the reader to Chollet et al. (2015) for further details.
As a result of this working group a new PhD project in cosmological machine learning
methods has begun.

6.2

Summary and conclusions

Radio instrumentation is clearly advancing quickly and has much to offer the future of
astronomy and cosmology. Radio observations have the potential to enhance almost every
science case in modern astronomy but only if research keeps pace with the technological
developments. There has been a dramatic increase in the global radio astronomy community
in recent years as institutions seek to exploit this new and exciting regime. This thesis has
aimed to build on this research and explore new techniques that will maximise the future
success of radio cosmology.
In chapter 1 I outlined the big picture of cosmology providing context and background
for the rest of the work. Starting with a general metric for the Universe I presented the
theoretical underpinning that defines the current model of cosmology. I described problems
with this model where it cannot fully explain modern observations and some of the theoretical
solutions. I also outlined the various parameters that are used to describe the Universe and
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constrain cosmology. Finally, I presented the probes of these parameters that have contributed
to the current model and detailed the latest constraints.
In chapter 2 I gave an overview of radio astronomy and instrumentation. I showed how
the transparency of the atmosphere to the radio wave band, along with the ability to combine
an array of antennas is making radio observations ever more sophisticated and valuable. I
discussed the Fourier relationship between interferometric radio data and sky brightness that
forms an important part of my work in chapter 5. I provided the typical processes that are
undertaken in order to produce radio images, mainly gridding, weighting and deconvolution,
illustrating some of their undesirable effects. I concluded by reviewing the astrophysical
mechanisms of radio galaxies and discussing studies of their population that are significant
for the work presented in chapter 3.
Having demonstrated the theory of radio astronomy and its enormous potential benefit I
then considered ambitious future projects and presented some early work in preparation for
them. One such project is WEAVE-LOFAR that forms the motivation for the work in chapter
3. In this chapter, I presented the data collected from five radio surveys and the subsequent
spectrograph follow-up.
Firstly, I discussed the procedure of cross-matching radio and optical galaxies and the
challenge presented by complex radio morphologies. For the large percentage of compact
radio objects, mostly star-forming galaxies, a simple matching technique based on separation
distance is sufficient. There may be a small false positive rate when using this method, but it
has been shown by McAlpine et al. (2012) that this can be reduced using multi-band likelihood matching. In the case of complex multi-component objects, which form approximately
one percent of the population, we performed the cross-matching by eye by comparing optical
cut-outs with radio contours to identify the most likely counterpart. Even though only a
few hundred candidates were considered this approach was extremely time consuming and
produced multiple conflicts between matches from different team members. This presents a
significant problem for a survey on the scale on WEAVE-LOFAR particularly for science
cases where these unusual sources are important. The current solution for this matching
problem is an internal galaxy zoo style programme similar to the hand matching performed
in this work but with a greater efficiency and number of participants. Clearly there is much
work to be done in combining data from different waveband catalogues not just between radio
and optical. One potential alternative is to use simulations coupled with machine learning
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methods as discussed above in section 6.1.3.
Chapter 3 also contains an analysis of the quality and efficiency of the spectrograph observations. Overall, the spectroscopic reduction was reliable for objects identified as galaxies.
However, for the unusually large number of QSOs in this sample the efficiency was only ∼50
percent and there were multiple problems with the BOSS classifications. For future surveys
that will also be radio selected such as WEAVE-LOFAR the fitting procedures need to be
improved for these objects. The population of this sample follows the broad trend expected
from semi-analytic models such as Wilman et al. (2008) except for the star-forming sources
at fluxes above 20mJy. For this sub-sample Wilman et al. (2008) seems to underestimate
the normalised number counts found. This may indicate an odd feature of this area and will
make an interesting study for WEAVE-LOFAR.
In chapter 4 I formulated gravitational lensing using Fermat’s Principle and the parallels
between light geodesics and refraction. I described the observables with which weak lensing
can be measured, in particular shear (γ), and their relationship to the matter distribution of
the Universe. I then considered the challenges present in optical lensing studies and proposed
the alternative of radio. I discussed the various benefits and challenges of a radio approach
to lensing and argued that most problems are due to the relative infancy of radio astronomy
whilst its inherent advantages could make this an invaluable source of data. Concluding this
chapter, I highlighted work that demonstrates the plausibility of using radio surveys for weak
lensing and the potential impact of next generation instruments on cosmology.
Having detailed the potential of the radio waveband for cosmology, and the dependence of
this on improved imaging or shear measurement techniques, I turned to the technical details
of radio data and its relationship with shear. I begin chapter 5 by developing a mathematical
model of a generalised radio observation in Fourier space. This formalism demonstrated
that the circular and non-circular contributions from galaxy shapes is separable in radio data.
Furthermore, the distortion of data due to ellipticity was shown to be a function of position
and galaxy profile that could be modelled. From this analysis I developed the “F.I.L.M”
estimator in section 5.1.2.
In order to test FILM I created a radio simulation based on the semi-empirical models of
Wilman et al. (2008). I describe the simulation and subsequent analysis and testing pipeline
software in section 5.2. For a basic high quality simulation I found that I could reconstruct
with this accuracy thus demonstrating that in principle it is possible to measure this signal
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directly in this way.
I then tested my method against simulations of increasing noise and realism. Increases in
the noise from shape dispersion produce a signal with lower S/N as expected; with larger
areas and more aggressive smoothing this effects can be reduced. I also tests the effect of
isotropic and anisotropic sampling and noise functions. I find little degradation in the signal
from the circular cases but there remains a problem with the SKA-like sampled data. We are
still working on the optimal weighting to remove this effect. The contamination of the result
from astrometric error and foreground sources was not significant. However, this could still
be improved using better galaxy models and combining with optical catalogue positions.
In this chapter I presented three other projects related to the future of radio cosmology.
First, I demonstrated some of the challenges in creating an automatic imaging pipeline for
wide-field low-frequency radio data. I then look at one of the most advanced science quality
images recently produced by LOFAR. I show that this image has large scale systematics
remaining in the ellipticity information, but that these are at a level such that a detection of
the IA signal and possible cosmic shear from ξ− could be made. This is very promising for
the next iteration of LOFAR observations. Finally, I discuss the potential of new machine
learning techniques to help match the future wealth of multi data. This matching is imperative
if the next generation of instruments are to reach their full potential.
In this thesis I have taken a broad look at the rapidly advancing field of radio astronomy
and considered its potential impact on cosmology. I have looked specifically at the accuracy
of current spectroscopic fitting methods for the upcoming LOFAR-WEAVE survey. I have
also developed a novel lensing shear estimator which acts as a proof of concept for direct
radio lensing measurements. Going forward the FILM method needs to be refined with a
more sophisticated approach to removing the PSF contamination. I have also shown that
the most recent images from LOFAR are near to producing useful cosmological results, an
exciting milestone in the history of radio cosmology. This thesis has presented techniques
and methods that will be essential to the next-generation potential of cosmology with radio
data.
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M., Perea, J., Pović, M., Prada, F., & Quintana, J. M. (2014). The ALHAMBRA survey:
evolution of galaxy clustering since z∼1. MNRAS, 441, 1783–1801.
Baddour, N. (2009). Operational and convolution properties of two dimensional fourier
transforms in polar coordinates. 26, 1767–1777.
Baldwin, J. A., Phillips, M., & Terlevich, R. (1981). Classification parameters for the
emission-line spectra of extragalactic objects. Publications of the Astronomical Society of
the Pacific, 93, 5–19.
Battye, R. A. & Browne, I. W. A. (2009). Radio and optical orientations of galaxies. MNRAS,
399, 1888–1900.
Beck, R. (2007). Measurements of Cosmic Magnetism with LOFAR and SKA. Advances in
Radio Science, 5, 399–405.
Becker, R. H., White, R. L., & Edwards, A. L. (1991). A new catalog of 53,522 4.85 GHz
sources. ApJS, 75, 1–229.
Becker, R. H., White, R. L., & Helfand, D. J. (1995). The FIRST Survey: Faint Images of
the Radio Sky at Twenty Centimeters. ApJ, 450, 559.
Benn, C. R., Rowan-Robinson, M., McMahon, R. G., Broadhurst, T. J., & Lawrence, A.
(1993). Spectroscopy of faint radio sources - The nature of the sub-mJy radio-source
population. MNRAS, 263, 98–122.
Bennett, D. P., Udalski, A., Han, C., Bond, I. A., Beaulieu, J.-P., Skowron, J., Gaudi, B. S.,
Koshimoto, N., Abe, F., Asakura, Y., Barry, R. K., Bhattacharya, A., Donachie, M., Evans,
P., Fukui, A., Hirao, Y., Itow, Y., Li, M. C. A., Ling, C. H., Masuda, K., Matsubara,
Y., Muraki, Y., Nagakane, M., Ohnishi, K., Oyokawa, H., Ranc, C., Rattenbury, N. J.,
Rosenthal, M. K., Saito, T., Sharan, A., Sullivan, D. J., Sumi, T., Suzuki, D., Tristram, P. J.,
Yonehara, A., Szymanski, M. K., Poleski, R., Soszynski, I., Ulaczyk, K., Wyrzykowski,
L., DePoy, D., Gould, A., Pogge, R. W., Yee, J. C., Albrow, M. D., Bachelet, E., Batista,
V., Bowens-Rubin, R., Brillant, S., Caldwell, J. A. R., Cole, A., Coutures, C., Dieters,
S., Dominis Prester, D., Donatowicz, J., Fouque, P., Horne, K., Hundertmark, M., Kains,
N., Kane, S. R., Marquette, J.-B., Menzies, J., Pollard, K. R., Ranc, C., Sahu, K. C.,
Wambsganss, J., Williams, A., & Zub, M. (2017). The First Planetary Microlensing Event
with Two Microlensed Source Stars. ArXiv e-prints.
Bertin, E. & Arnouts, S. (1996). SExtractor: Software for source extraction. A&AS, 117,
393–404.
Best, P. N., Kauffmann, G., Heckman, T. M., Brinchmann, J., Charlot, S., Ivezić, Ž., & White,
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Appendix C
Catalogue sample
Below is a sample of the first 9 of 4,754 rows in the final catalogue created and used in chapter 3.
PLATE FIBERID
OBJID
RA_SDSS DEC_SDSS OBJTYPE
CLASS
7562
1 (4679, 301, 1, 79, 325)
242.672
54.176 NA
GALAXY
7562
2 (4679, 301, 1, 79, 309)
242.716
54.231 NA
GALAXY
7562
3 (4011, 301, 2, 75, 495)
242.892
54.215 NA
GALAXY
7562
4 (4679, 301, 1, 79, 336)
242.617
54.150 NA
GALAXY
7562
5 (4679, 301, 1, 80, 360)
242.853
54.230 NA
QSO
7562
6 (4679, 301, 1, 80, 218)
242.824
54.143 NA
GALAXY
7562
7 (4679, 301, 1, 80, 1439)
242.700
54.167 NA
QSO
7562
8 (4011, 301, 2, 74, 933)
242.913
54.250 NA
GALAXY
7562
9 (4679, 301, 1, 79, 1203)
242.622
54.168 NA
QSO
...

SUBCLASS
STARBURST
STARFORMING
STARFORMING

SPEC2_R
66.7091
66.7091
66.7091
66.7091
66.7091
66.7091
66.7091
66.7091
66.7091

SPEC2_I
44.5842
44.5842
44.5842
44.5842
44.5842
44.5842
44.5842
44.5842
44.5842

Z_ERR
1.4499E-5
8.4446E-6
5.5908E-5
2.8540E-5
7.2118E-4
2.9196E-5
7.8872E-4
6.7622E-5
0.0239

RCHI2
3.0208
2.0018
1.9839
2.1935
2.2127
1.8625
1.9859
1.9478
1.8975
...

ZWARNING
0
0
0
0
0
0
4
0
4

SPEC1_G
21.4178
21.4178
21.4178
21.4178
21.4178
21.4178
21.4178
21.4178
21.4178

SN_MEDIAN
(3.4489, 12.6289, 16.5377, 18.7260, 14.3221)
(5.0193, 23.5378, 32.9386, 37.9620, 32.7787)
(0.2176, 1.6329, 3.2364, 4.1682, 3.8285)
(0.7692, 4.0730, 8.7305, 13.2010, 11.8439)
(1.7680, 5.8288, 4.9705, 4.7239, 3.8205)
(1.2374, 6.0577, 7.9359, 9.7762, 7.8775)
(0.2329, 0.5009, 0.6744, 1.3584, 1.3289)
(0.2866, 1.2882, 1.8085, 3.2942, 3.0127)
(0.3159, 0.6514, 1.2550, 2.5504, 2.5131)
...

SPEC1_R
69.7417
69.7417
69.7417
69.7417
69.7417
69.7417
69.7417
69.7417
69.7417

SPEC1_I
54.1831
54.1831
54.1831
54.1831
54.1831
54.1831
54.1831
54.1831
54.1831

SN_MEDIAN_ALL
15.6977
29.7295
2.7280
7.7951
4.9461
7.2340
0.7485
1.8194
1.2711
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SPEC2_G
22.8466
22.8466
22.8466
22.8466
22.8466
22.8466
22.8466
22.8466
22.8466

Z
0.2273
0.0634
0.2935
0.2668
2.2177
0.0631
6.5447
0.6819
0.8921
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SOURCETYPE
ELAIS_N1_GMRT_GARN
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR
ELAIS_N1_GMRT_TAYLOR

THROUGHPUT
22496
9263
282246
13481
587
10733
11839
11546
19556

SPECOBJID
8514055484490839040
8514055759368745984
8514056034246652928
8514056309124559872
8514056584002466816
8514056858880373760
8514057133758280704
8514057408636187648
8514057683514094592

ANCILLARY_TARGET2
1152921504606846976
2305843009213693952
2305843009213693952
2305843009213693952
2305843009213693952
2305843009213693952
2305843009213693952
2305843009213693952
0

RUN
4679
4679
4011
4679
4679
4679
4679
4011
4011

RERUN
301
301
301
301
301
301
301
301
301

MAG
(21.0157, 20.1602, 19.5411, 19.1608, 19.0283)
(20.7307, 19.2033, 18.4434, 18.0221, 17.7052)
(23.87, 23.0909, 21.9004, 21.6587, 21.2116)
(23.5467, 21.8594, 20.684, 19.9961, 19.5377)
(21.774, 21.488, 21.4103, 21.4432, 20.9497)
(22.665, 21.5083, 20.7331, 20.5374, 20.3089)
(24.3571, 24.3739, 23.7874, 22.9613, 22.1575)
(23.3142, 23.7815, 22.6532, 21.967, 21.3537)
(24.0226, 24.453, 23.3662, 22.1882, 21.9048)
...
CAMCOL
1
1
2
1
1
1
1
2
2

FIELD
79
79
75
79
80
80
80
74
74
...

ID
325
309
495
336
360
218
1439
933
265

survey
GMRT
Taylor_gmrt
Taylor_gmrt
Taylor_gmrt
Taylor_gmrt
Taylor_gmrt
Taylor_gmrt
Taylor_gmrt

XFOCAL
289.82307
295.0358
317.85234
282.96523
312.60659
309.63221
293.4808
320.15422
283.50415

survey_code
3
4
4
4
4
4
4
4

YFOCAL
-66.063391
-53.789525
-56.573507
-71.874449
-53.526114
-72.468989
-67.776261
-48.750214
-67.81215

Mclass
S
S
S
S
S
S
S
S

Multid
-99
-99
-99
-99
-99
-99
-99
-99
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flags

flags_u
2252075094278160
2252074968584208
20406935945879569
2322168969068817
158604955123712
211106643738897
18014398652121345
47287796229996817

samplecode
gold
gold
gold
gold
gold
silver
bronze
gold

flags_g
2252074960060432
2252074960060432
2269667146203152
158604955123728
275146375168
142639377
9007199397380353
2251800224727312

RA_radio
242.67162
242.7159
242.89306
242.61712
242.85279
242.82409
242.69992
242.91243
...

DEC_radio
54.17553
54.231
54.2148
54.1497
54.2295
54.1428
54.1672
54.2504

flags_r
6755674587430928
6755674587566096
6755674587529232
6755674587566608
4503874773745664
76561193967321104
9007199397380353
51791670861103120
...

dr9_OBJID
1237665569290780997
1237665569290780981
1237662700789236207
1237665569290781008
1237665569290846568
1237665569290846426
1237665569290847647
1237662700789171109

flags_i
2252074968584208
2252074960060432
2252074960027664
2252074960060432
275146375168
134250513
49539871324274688
2252074960060432

size
1.8275
2.3337
2.6855
1.6207
1.1725
0.7518
1.9959
0.0

210

surveyid
GMRTEN1_J161041.1+541031
2138
2552
1893
2456
2397
2112
2599

flags_z
2252075094278160
2252074960191504
2252074960060432
275280592912
275280592896
134381585
140737622738177
2252075094410512
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modelMag_u
20.7838
18.5484
24.6106
23.1526
22.1290
24.6194
22.2642
23.4206
22.6165
modelMagErr_u
0.0445
0.0304
0.6700
0.8195
0.0828
0.6168
2.0318
0.5011
0.9377

modelMag_g
19.7741
17.4635
21.1864
20.8080
21.0500
23.1390
21.2158
22.0993
20.1437

modelMagErr_g
0.0110
0.0055
0.1023
0.0377
0.0273
0.5547
0.4974
0.1778
0.4195

modelMag_r
18.8391
16.9340
20.0083
19.0173
19.4816
22.1111
21.0504
20.5135
18.4251
modelMagErr_r
0.0084
0.0042
0.0507
0.0184
0.0299
0.0848
0.3883
0.1032
0.1690

modelMag_i
18.3426
16.5128
19.4684
18.3923
18.9500
20.9980
20.6872
19.5972
17.5761
...

modelMag_z
18.1467
16.3467
18.8051
17.9312
18.4921
20.3281
20.2063
19.2640
17.1635

modelMagErr_i
0.0083
0.0042
0.0669
0.0148
0.0376
0.3466
0.1761
0.0817
0.0951
...

Rband_flux
1.0577E-4
6.1148E-4
3.6031E-5
8.9759E-5
5.8525E-5
5.1946E-6
1.3798E-5
2.2626E-5
1.5486E-4

modelMagErr_z
0.0219
0.0083
0.1533
0.0331
0.0977
0.4834
0.3707
0.1810
0.3247

Radio_flux
0.0013
0.0020
0.0033
0.0019
0.0023
0.0307
nan
0.0030
7.6854E-4

fracDeV_u
0.9
0.7
1.0
0.0
1.0
1.0
0.0
1.0
1.0

fracDeV_g
0.9
0.9
0.0
0.0
1.0
1.0
0.0
1.0
1.0
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fracDeV_i
0.866
1.0
0.0
0.04
0.0
1.0
0.578
0.0
0.935

fracDeV_z
0.846
1.0
0.0
0.459
1.0
1.0
1.0
0.154
1.0

fieldID
1237665569290780672
1237665569290780672
1237662700789235712
1237665569290780672
1237665569290846208
1237665569290846208
1237665569290846208
1237662700789170176
1237665569290780672

Type
e
e
e
e
q
g
?
?
?

Line
Hbeta
Halpha
OIII
Halpha
CIV
CaHK
Unknown
Unknown
Unknown

Linewl
5964.135
6989.057
9322.39
8319.275
4971.923
4186.877
5266.316
7119.898
5866.004

Restwl
4862.68
6564.61
5008.2
6564.61
1549.06
3934.78
0.0
0.0
0.0

Redshift
0.2265
0.0647
0.8614
0.2673
2.2096
0.0641
0.0
0.0
0.0

Confidence
1
1
3
1
1
2
3
3
3
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fracDeV_r
0.924
0.993
0.0
0.916
1.0
0.0
0.0
0.0
1.0
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Appendix D
Taylor Expansion of Lensing model
This appendix contains the derivation of the Taylor expansion of Lensing Jacobian that was
required in section 5.1.1.

D.1

First order terms

Starting with equation 5.16 that describes the initial sky model, we need to find the partial
derivatives of I w.r.t γ1 and γ2 , where,
I(x, γ) = fg (|Ag x|)
and A is given by,
A (γ) =

1 − γ1 −γ2
−γ2 1 + γ1

!

.
Considering the interior function we have,

1

A = |A x| =((x − γ1 x − γ2 x)2 + (y + γ1 y − γ2 x)2 ) 2
1
Aγ1 = (−2x(x − γ1 x − γ2 y) + 2y(y + γ1 y − γ2 x))
2
((x − γ1 x − γ2 x)2 + (y + γ1 y − γ2 x)2 )−1/2
1
Aγ2 = (−2y(x − γ1 x − γ2 y) − 2x(y + γ1 y − γ2 x))
2
((x − γ1 x − γ2 x)2 + (y + γ1 y − γ2 x)2 )−1/2 .

(D.1)
(D.2)

(D.3)
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Providing,
y2 − x2
Aγ1 (γ = 0) =
|x|
−2xy
Aγ2 (γ = 0) =
|x|

(D.4)
(D.5)

Hence, we can now use this result, substituting into equation 5.7 in section 5.1.1.

D.2

Second Order Terms

Extending the first order terms above to second order is also interesting. I define the second
order terms of the Taylor expansion as I2 where,
1
I2 = (γ12 Iγ1 γ1 (γ = 0) + 2γ1 γ2 Iγ1 γ2 (γ = 0) + γ22 Iγ2 γ2 (γ = 0))
2
.
This gives,

Iγi γ j

 
∂2 f
∂
∂f
=
=
∂ γi ∂ γ j ∂ γ j ∂ γi


∂ f ∂A
∂
=
∂ γ j ∂ A ∂ γi
=

∂ f′ ∂A
∂ 2A
+ f′
∂ γ j ∂ γi
∂ γi ∂ γ j

2
∂ f′ ∂A ∂A
′ ∂ A
=
+f
∂ A ∂ γ j ∂ γi
∂ γi ∂ γ j

= f ′′

∂A ∂A
∂ 2A
+ f′
∂ γ j ∂ γi
∂ γi ∂ γ j

(D.6)
(D.7)
(D.8)
(D.9)
(D.10)

Hence
Iγ1 γ1 = f ′′ A2γ1 + f ′ Aγ1 γ1

(D.11)

Iγ2 γ2 = f ′′ A2γ2 + f ′ Aγ2 γ2

(D.12)

Iγ1 γ2 = f ′′ Aγ1 Aγ2 + f ′ Aγ1 γ2

(D.13)

D.2 Second Order Terms
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From Appendix D.1,

Aγ1 =(−x2 + y2 + γ1 x2 + γ1 y2 )A−1

(D.14)

Aγ2 =(−2xy + γ2 y2 + γ2 x2 )A−1

(D.15)

Which gives
Aγ1 γ1 =(x2 + y2 )A−1 − (−x2 + y2 + γ1 x2 + γ1 y2 )2 A−3

(D.16)

Aγ2 γ2 =(x2 + y2 )A−1 − (−2xy + γ2 x2 + γ2 y2 )2 A−3

(D.17)

Aγ1 γ2 =(−x2 + y2 + γ1 x2 + γ1 y2 )(2xy − γ2 x2 − γ2 y2 )A−3

(D.18)

x2 + y2 (−x2 + y2 )2
(−x2 + y2 )2
−
=
|x|
−
|x|
|x|3
|x|3
x2 + y2 (−2xy)2
(2xy)2
Aγ2 γ2 (γ = 0) =
−
= |x| −
|x|
|x|3
|x|3
−(−x2 + y2 )(−2xy) 2(−x2 + y2 )xy
=
Aγ1 γ2 (γ = 0) =
|x|3
|x|3

Aγ1 γ1 (γ = 0) =

(D.19)
(D.20)
(D.21)

Converting to polar coordinates,
Aγ1 (γ = 0) = − r cos 2θ

(D.22)

Aγ2 (γ = 0) = − r sin 2θ

(D.23)

Aγ1 γ1 (γ = 0) =r sin2 2θ

(D.24)

Aγ2 γ2 (γ = 0) =r cos2 2θ
1
Aγ1 γ2 (γ = 0) = − r sin 4θ
2

(D.25)
(D.26)

which gives
Iγ1 γ1 = f ′′ r2 cos2 2θ + f ′ r sin2 2θ

(D.27)

Iγ2 γ2 = f ′′ r2 sin2 2θ + f ′ r cos2 2θ
1
Iγ1 γ2 = f ′′ r2 cos 2θ sin 2θ − f ′ r sin 4θ
2

(D.28)
(D.29)

216

Taylor Expansion of Lensing model

Hence,

1 ′′ 2 2 2
f r γ1 cos 2θ + 2γ1 γ2 cos 2θ sin 2θ + γ22 sin2 2θ
2

+ f ′ r γ12 sin2 2θ − 2γ1 γ2 sin 2θ cos 2θ + γ22 cos2 2θ

1
= f ′′ r2 (γ1 cos 2θ + γ2 sin 2θ )2 + f ′ r(γ1 sin 2θ − γ2 cos 2θ )2
2

I2 =

(D.30)
(D.31)
(D.32)

So we see a repetition of the same lensing kernel K with higher order derivatives of the
source profile. This is fascinating and reveals that a similar approach to FILM could be used
to detect these distortions, given the requite data quality.

