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Abstract

The Galactic Arecibo L-band Feed Array Continuum Transit Survey (GALFACTS) is being

carried out using the Arecibo Observatory Radio Telescope. The project aims to study the

polarization of the radio sky in the frequency range of 1225-1525 MHz. The GALFACTS data

should inform our understanding of the magnetic universe. Being the �rst of its kind spectro-

polarimetric survey using the Arecibo Telescope means that there are signi�cant challenges

when it comes to processing the data. A new GALFACTS Data Processing pipeline is being

developed by the team beginning from scratch. This work describes the working of the

pipeline in detail. Pipeline development forms a major part of this thesis.

Apart from this the goal of this project is to look at the Circular Polarization (CP)

properties of compact GALFACTS sources. The existing data on CP is sparse and it is still

an open question as to the nature of mechanisms generating the CP that has been observed.

Considerable work has been done as a part of this thesis to extract the very weak CP signal

from the GALFACTS data. Again this required development of new techniques that are

described in this thesis. Finally we take a look at the CP properties of the GALFACTS

sources. We examine circular polarization in 7503 sources and detect CP signals in 283.

This is the largest sample of circular polarization detects to date. We �nd no correlation

with either linear polarization or with total power spectral index.
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Chapter 1

Introduction

1.1 Thesis motivation

Our universe contains billions of galaxies. Many of the galaxies host Active Galactic Nuclei

(AGNs) which are very luminous regions at their centre. AGNs are believed to be a result of

a supermassive black-hole accreting matter. This is a very violent phenomena which releases

a vast amount of energy and resulting of jets of matter moving at relativistic speeds in the

opposite direction. AGNs are numerous in the early universe and it is likely that all galaxies

at some phase of their evolution host one. Our understanding of the cause and origin of

these jets, their composition and conditions is limited. Understanding the properties of the

jets and the supermassive black-holes is an avenue of research that can signi�cantly further

our understanding of the Universe and its evolution.

It is thought that AGN jets are controlled by magnetic �elds. Measuring magnetic

�eld properties from astronomical observations of AGNs can help constrain the theoretical

models. A direct consequence of the presence of magnetic �elds is that they impart a degree

of polarization to the radio radiation that is emitted by a source. As we will describe later,

the polarization state of the electromagnetic waves can be broken down into the linear and

circular components. The Linear Polarization (LP) can be in
uenced by the intervening

medium and the magnetic �elds between the source and the observer. Therefore, while

they can tell us a lot about the interstellar medium of the host galaxy as well as our own

galaxy through which the radiation has to pass before being observed by us on the earth,

we lose information about the conditions of the supermassive black-hole that is the source of

the radiation. Circular Polarization (CP) is not in
uenced by the intervening medium and

therefore, can serve as a direct probe of the magnetic �elds and composition of the region
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in the vicinity of the emitting black-hole. CP may also help us distinguish whether the

composition of jets is electron-proton or electron-positron.

There are considerable challenges to measuring the CP signal. This is because typical

CP signal tends to be of the order of less than 0.5 percent of total radiation (Saikia & Salter

[1988]). So far very few measurements of CP exist in radio astronomy and it remains a

considerable technical challenge. So far observations exist only for �200 sources.

Design of a telescope also imposes limitations on its suitability for carrying out CP mea-

surements. Most telescopes use circularly polarized feed-horns which makes them unsuitable

for high precision CP studies. The Arecibo Telescope has a feed available that uses linear

probes, which are more suitable for measuring CP. Circular feeds results in Stokes V being

e�ected by gain variations between the two polarization channels, which vary with time and

are di�cult to calibrate to the required precisions. For linearly polarized feeds, Stokes V is

largely independent of gain variations and the instrumental contribution is dominated by the

leakage between the channels which is generally stable over the course of an observation and

measurable. The GALFACTS survey which will be described in chapter 2 is using these feeds

to observe all the sky visible from Arecibo. Arecibo is the largest single dish telescope in the

world and it is sensitive to faint signals from the sky. As a result of this the GALFACTS

survey provides an excellent opportunity to carry out CP studies of the data. We have the

right instrument in terms of the feed design, it is also the most sensitive instrument in the

world. And further, we are carrying out a survey of a large area of the sky which will allow

us to systematically study CP for a large number of sources (potentially a several thousand).

This presents the possibility to signi�cantly increase our knowledge of CP of extragalactic

radio sources by a large number.
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1.2 Polarization and Stokes Parameters

Polarization of electromagnetic waves is the property that describes the time varying ampli-

tude and direction of the electric �eld vector ~E. It is possible to measure the polarization

of the radiation from a source using a radio telescope. One way to do this is to use two

orthogonal dipoles within the feed horn, allowing one to measure both of the orthogonal

components of the electromagnetic �eld vector. The Stokes parameters are a convenient

way to represent the polarization state of an electromagnetic wave. The following is the

derivation of Stokes parameters (Kraus [1986]).

The electric �eld vector of a monochromatic plane wave can be represented using two

orthogonal components as

Ex = E1 cos(kz � !t) (1.1)

Ey = E2 cos(kz � !t+ �) (1.2)

Here k = 2�=� is the wavenumber, ! = 2�� is the angular frequency of the wave, � is

the wavelength, � is the frequency and � = �x � �y is the phase di�erence between the two

components. E1 and E2 are the maximum amplitudes of the wave in the x and y directions,

respectively. To simplify let kz � !t = �. Therefore

Ex
E1

= cos(kz � !t) = cos(�) (1.3)

Ey
E2

= cos(kz � !t+ �) = cos(�)cos(�)� sin(�)sin(�) (1.4)

Eliminating � terms one gets

�
Ex
E1

�2

+
�
Ey
E2

�2

� 2
Ex
E1

Ey
E2
cos(�) = sin2(�) (1.5)

3



Equation 1.5 has the form of the equation for an ellipse. Therefore in the most general

case we have elliptically polarized light. There are many special cases. If Ey = 0, one gets

linearly polarized light in the x̂ direction, while for Ex = 0 one gets linearly polarized light

in the ŷ direction. Also � = 0 and E1 = E2 give rise to linearly polarized light at an angle

45� to the x̂ axis.

Figure 1.1: The polarization ellipse, showing the tilt angle w.r.t the coordinate system axes
� and  , which represents the relationship between the major and minor axes of the ellipse.
(Adapted from �gure 4� 5 in Kraus [1986].)

As shown in Figure 1.2 the ellipse can be characterized by two angles � and  . The angle

 is the tilt of the semi major axis of the ellipse and cot(�) gives the ratio of semi major

axis and the semi minor axis.
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In the new coordinate system with primed axes we can rede�ne the E �elds as

Ex = E 0xcos( )� E 0ysin( ) (1.6)

Ey = E 0xsin( )� E 0ycos( ) (1.7)

The Stokes parameters (Stokes [1852]) are given by

I = E2
1 + E2

2 (1.8)

Q = E2
1 � E

2
2 (1.9)

U = (E2
1 � E

2
2)tan(2 ) (1.10)

V = (E2
1 � E

2
2)tan(2�)sec(2 ) (1.11)

Another form for the Stokes parameters in terms of the observables Ex; Ey; � is given by

I = E2
x + E2

y (1.12)

Q = E2
x � E

2
y (1.13)

U = 2ExEycos(�) (1.14)

V = 2ExEysin(�) (1.15)
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Figure 1.2: The various degenerate states for Stokes parameters. Note that all the other
quantities (i.e. Q, U or V) not mentioned have values equal to zero.

The Stokes parameters completely specify the state of polarization of a wave. Stokes I

corresponds to the total observed intensity, while Q and U give information about the linearly

polarized component of the wave. Stokes V speci�es the circularly polarized component of

the wave. Figure 1.2 shows some of the degenerate states.

For a monochromatic wave, the following equality holds

I2 = Q2 + U2 + V 2 (1.16)

In general for non monochromatic waves:

I2 � Q2 + U2 + V 2 (1.17)
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The polarized intensity is given in terms of Stokes parameters by

P =
p
Q2 + U2 + V 2 (1.18)

Therefore, the expression for percentage polarization is given by

%P =
p
Q2 + U2 + V 2

I
� 100 (1.19)

Another representation that is convenient for visualization was given by Poincar�e [1892].

One can imagine a sphere of radius I. If we now consider the angle 2 as representing a

longitude on this sphere and the angle 2� as representing the latitude, then the cartesian

coordinates of a point on this sphere can be given as:

X = Icos(2�)(2 ),

Y = Icos(2�)sin(2 ),

Z = Isin(2 )
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Figure 1.3: The Polarization vector depicted on a Poincar�e Sphere. The angles 2 and 2�
from the polarization ellipse are the latitude and the longitude on the sphere.
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Figure 1.4: The various pure polarization states depicted on the Poincar�e Sphere. The north
and the south pole (z axis) represent Righthand and Lefthand circular polarization. Points
on the x and y axis correspond to pure Q and U states.

9



These can be shown to be equivalent to the Stokes parameters Q;U & V (Rohlfs &

Wilson [2012]). Figure 1.3 illustrates this with the corresponding angles of the polarization

ellipse now representing the latitude and longitude on the Poincar�e Sphere. The points on

the equator of this sphere represent a pure linearly polarized wave. The points on the poles

represent a pure circularly polarized wave with the north pole being right handed circular

polarization and the south pole being left handed circular polarization. Points anywhere

else on the sphere correspond to an elliptically polarized wave. The x,y and z axes can be

equivalently thought of as the Q, U and V axes with the coordinates directly giving us the

values for these quantities. This is shown in Figure 1.4

As can be seen from the description above, the Stokes Parameters provide a very conve-

nient way to quantify the polarization state of electromagnetic radiation. They can be very

conveniently derived from addition and subtraction of measured correlations of the voltages

measured by a radio telescope.

1.3 Astrophysical Signi�cance of Polarization

Thermal blackbody radiation is a fundamental process by which any object with a temper-

ature greater than 0 K emits radiation. Naturally when the �rst radio observations were

made this was thought to be the process responsible. Grote Reber in the 1940’s tried to

replicate Carl Jansky’s observations. He found that the radiation became stronger at longer

wavelengths. This was opposite to what was expected if the radiation was of thermal ori-

gin. Alfv�en et al [1950] suggested that this radiation was interstellar in nature and the

mechanism was likely the synchrotron mechanism which was explained earlier by Elder et

al. [1947]. Shklovsky [1950] further re�ned the theory and suggested that this radiation

could be polarized in nature. Oort and Walraven [1956] con�rmed the polarized nature of

radiation from the Crab Nebula and their results seemed to agree with what Shlovsky had

predicted. Burbidge [1957] suggested that the observations of the Jet of M87 Galaxy could
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also be explained by the synchrotron mechanism. Thus it was �rmly established that the

synchrotron radiation is the dominant mechanism by which radiation observed in the radio

part of the spectrum is generated (Pacholczyk [1970]). The contribution from thermal radi-

ation is much smaller. Ekers [2014] gives a more detailed history of these discoveries. The

following section describes the basic theory of the synchrotron emission mechanism.

Charged particles emit radiation when accelerated. This acceleration can be brought

about by the presence of another particle in the vicinity as in case of plasma. This type of

radiation is called Thermal Bremsstrahlung radiation. If however the acceleration is brought

on by the magnetic �elds it is called the magnetic bremsstrahlung radiation. Magnetic

bremsstrahlung can be further classi�ed into two cases.

The non relativisitic case: If the accelerated particle is not travelling at relativistic

speeds then this radiation is called cyclotron radiation. Consider a charged particle q in a

magnetic �eld ~B having a velocity ~v. The Lorentz Force on this electron due to the magnetic

�eld is given by

~F = q � (~v � ~B) (1.20)

Here vk, the component of the velocity parallel to the magnetic �eld, does not change.

The particle therefore traces a helical path as it moves. This is shown in Figure 1.5. In

an inertial frame moving with the velocity vk the particle orbits in a circle. The angular

frequency ! of the particle can be calculated by equating the centripetal force required with

the Lorentz force due to the magnetic �eld. This gives us:

m!2r = q � (~v � ~B) (1.21)

Here m is the mass of the particle and r is the radius of the orbit. Solving out the
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Figure 1.5: An electron orbiting a magnetic �eld ~B. The force experienced by the electron
is perpendicular to the magnetic �eld and is proportional to the component of its velocity
~vsin(�). � is referred to as the pitch angle of the electron. The component of the velocity
~vsin� does not change and as a result the electron traces a helical path along the magnetic
�eld

equation gives:

! =
qBsin�
m

(1.22)

Here � is the pitch angle of the particle with respect to the Magnetic Field. Therefore

the energy is radiated at a frequency given by:

�c =
qBsin�

2m�
(1.23)
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Figure 1.6: The �gure at top shows the dipole-like radiation pattern from a non-relativistic
electron emitting cyclotron radiation. The dashed line is the path of the electron. The same
electron at relativistic speeds emits synchrotron radiation that is preferentially beamed in
the direction of motion
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If however the charged particles are moving at relativistic speeds the radiation is called

synchrotron radiation. The situation becomes a little more complicated. Let 
 be the Lorentz

factor
v
c

. In this case the gyro frequency becomes (Rybicki & Lightman [1985]).

�s =
qBsin�
2

2m�
(1.24)

Relativistic motion introduces e�ects that cause radiation to be beamed along the di-

rection of motion of the particle. Relativistic time dilation causes a di�erence between the

clocks of the source and the observer. This leads to an increase in the luminosity of the

radiation for the observer. Frequency shifting due to relativistic doppler e�ect can also lead

to a change in the luminosity for the observer. And �nally because of the bulk motion of

the source the radiation appears beamed towards the direction of motion (an e�ect arising

purely due to the frame of reference di�erence, akin to falling rain drops coming towards one

if one is walking and there is no wind present). Because of relativistic e�ects the radiation

is now strongly focused in the direction of the motion of the particle.This is shown in Figure

1.6 The angle of beaming � (this is the angle of a cone along the direction of motion which

contains the radiated 
ux) is a function of 
 and is given by (Carroll [2007]) as:

sin � �
1



(1.25)

Therefore the faster the particle the more narrowly collimated is the beam of radiation.

The plane of the ellipse of polarization of the radiation is perpendicular to the direction of

the magnetic �eld (Westfold [1959]). For an ensemble of particles with a single energy 


in a unidirectional magnetic �eld the polarization can be up to 70% (Rybicki & Lightman

[1985]). Therefore, the smaller degree of linear polarization observed in astrophysical sources

indicated the presence of in-homogenous magnetic �eld. In real astrophysical sources the

charged particles are primarily electrons and their distribution of their energies follows a

power law (Rohlfs & Wilson [2012]). For an ensemble of such particles with a power law
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coe�cient � the corresponding spectrum of synchrotron radiation is also a power law given

by (Tucker [1975]):

� =
�� 1

2
(1.26)

1.4 Radio Galaxies

Observations over time have established that most of the astronomical sources observed in

the radio part of the electromagnetic spectrum are extragalactic sources Ekers [2014]. These

are in fact Active Galactic Nucleus (AGN). An Active Galactic Nuclei refers to the central

region of the host galaxy. It contains a supermassive black-hole that accretes matter. Most

of this matter comes from an accretion disk surrounding the black hole. As the matter

falls into the black hole it emits strongly and this radiation is observed in the Ultraviolet

and X-ray part of the spectrum (Antonucci [1993]). An AGN is also characterized by the

presence of relativistic jets (Figure 1.8). Some of the �rst radio sources that were resolved,

showed the presence of two lobes (Figure 1.7). These lobes form at the shock front of the

relativistic jet. The origin and composition of the jets are still a hotly debated topis in

the astronomical community. They are hypothesized to be electrically neutral, but it is not

known if the dominant particle population is electron-positron pairs or electron-proton pairs.

Beyond the jet and the accretion disk (in the direction perpendicular to the jet direction) is

a dusty torus that might obscure some radiation when viewed at certain orientations.

Based on early observations these radio sources were classi�ed according to their observa-

tional properties. The two broad classes were called Radio Loud Galaxies and Radio Quiet

Galaxies. They following section gives a further description.
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Figure 1.7: 3C175 is a classic double lobed radio galaxy. Image courtesy of NRAO/AUI.
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Figure 1.8: The currently accepted model of a radio galaxy.
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1.4.1 Radio Loud AGN

These are radio galaxies where the 
ux observed in the radio part of the spectrum is much

higher then what is observed in the optical region. These sources are dominated by radio

lobes (Antonucci [1993]). The jets play a prominent role in understanding the emission

coming from such a source. Roughly 20% of the observed sources fall into this category

(Urry & Padovani [1995]). These sources are further classi�ed as follows:

Type 1: These sources are characterized by broad emission lines in the optical spectrum.

Based on radio luminosities there are three further subtypes. The Broad Line Radio Galaxies

(BLRG) which have broad spectral lines in their emission arising from high velocity clouds

close to the black hole. Quasars which have higher luminosities than the BLRGs can be

characterized by a steep spectrum (
ux falls with increasing frequency following a power

law.) and are called Steep Spectrum Radio Quasars (SSRQ). The third type of Quasars

have a 
at spectrum where the 
ux doesn’t drop signi�cantly with an increase in frequency

and are called Flat Spectrum Radio Quasars (FSRQ). So together the BLRGs, SSRQs and

FSRQs are the three types of Type I Radio Loud AGNs.

Type 2: These sources have narrow emission lines in the optical spectrum. Based on the

radio properties they are sub-classi�ed further. The lower luminosity FR type I (Fanarao�

& Riley [1974]). These have symmetric radio jets and the intensity of radiation falls further

along the jet. The FR type II radio galaxies have very well de�ned radio lobes with prominent

hot spots. These hot spots are created by the jet shock front hitting the intergalactic medium

(Scheuer [1982]).

Type 0: The remaining AGNs which have no usual optical spectral line characteristics have

been classi�ed as type 0 (Urry & Padovani [1995]). One prominent type of object in this

category is the BL Lacertae (BL Lac). BL Lacs don’t have any strong emission lines.
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1.4.2 Radio Quiet AGN

In the Radio Quiet AGNs the Jet and the lobes don’t play any prominent role in the emission.

The observed 
uxes are lower than what is observed in the optical spectrum. These can again

be sub-classi�ed based on their optical characteristics.

Type 1: These radio quiet galaxies with broad line features are usually Seyfert 1 galaxies

(Seyfert [1943]) or the more distant radio quiet quasars (QSO).

Type 2: This type contains the Seyfert 2 galaxies as well as Infra Red Quasars etc

Type 0: Again any remaining Radio Quiet AGNs are classi�ed as unusual or type 0. Broad

Absorption Line quasars are one example (Antonucci [1993]).

It has been hypothesized that the various sub types of the Radio Loud and Radio Quiet

AGNs arise due to their orientation e�ects. There is fundamentally just once type of object.

E�ects such as obscuration by the dusty torus, relativistic beaming and Doppler boosting

of radiation all become the dominant e�ects at certain orientations and therefore lead to

di�erent observed properties. The paper by Urry & Padovani [1995] talks about this uni�ed

model for the Radio loud AGNs in detail and should be consulted for more information.

Antonucci [1993] talks about the uni�ed models for both Radio loud and Radio quiet AGNs

Radio jets are the prominent energetic phenomena taking place inside a Radio Loud

AGN. Since these jets provide a rich source of ejected relativistic plasma in the presence

of magnetic �elds the synchrotron process is the dominant mechanism for the radiation

that is observed in the radio regime. Measuring the radiation is a very good source for

understanding the Magnetic �elds in Astronomical sources. It can inform us about the

Magnetic Field strengths and Topology. It helps us estimate the 
ux carried by AGN jets

and possibly even Jet composition (Wardle et al [1998]).
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1.5 Circular Polarization

There are multiple ways in which circular polarization can physically arise. We explain these

in the following sections.

1.5.1 Cyclotron Emission

As explained earlier, cyclotron radiation is emitted by non relativistic electrons. Based on

the viewing angle to the orbit of an electron the radiation can be either completely linearly

polarized (edge on viewing angle) or completely circularly polarized (face on viewing case).

Emission is concentrated around integral multiples of cyclotron frequency �c. The power

received as a function of the viewing angle is proportional to sin(�). This implies that for a

face-on viewing angle where the degree of CP would have been 100% and the power drops

to zero at a viewing angle perpendicular to the direction of motion.

1.5.2 Synchrotron Emission

Synchrotron radiation is signi�cantly linearly polarized; however even in case of isotropic

distribution of pitch angles of electrons in the radiating source there is still a small degree

of circular polarization (Legg & Westfold [1968]) given by:

mc =
cot�

3

� �
3�c

��1
2 �

cot�



(1.27)

where �c =
eBsin�
m

is the electron gryofrequency

This implies that degree of circular polarization mc

mc /
�Bsin�

�

��1
2 (1.28)

Thus measurement of degree of circular polarization in principle could allow for direct

measurement of the magnetic �eld strength ~B (Roberts & Komesaro� [1965]).

We know from the nature of the magnetic �elds of astrophysical sources that they are

highly tangled and in-homogenous. This signi�cantly suppresses the intrinsically generated
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circular polarization since radiation generated from di�erent parts of the source will tend

to cancel out. This means that any inherent cyclotron emission from the source can easily

be dominated by the emission generated from the Synchrotron Process. Based on these

considerations, intrinsic CP is not considered to be the source of the observed CP signal for

most astrophysical sources.

1.5.3 Faraday Conversion

Sazonov [1969] and Pacholchyzk & Swihart [1970] proposed a mechanism by which the

magneto-ionic medium of the source (the magneto-ionic medium is primarily charged elec-

trons and protons close to the black hole, there is a non zero magnetic �eld present ) could

covert linear polarization into circular polarization. This e�ect could dominate the intrinsic

circular polarization of the source. This e�ect is usually referred to as Faraday conversion or

circular repolarization (Pacholchyzk [1973]). Kennett & Melrose [1998] describe this e�ect

as akin to that of a quarter-wave plate where the incoming linearly polarized (LP) radiation

is converted to circularly polarized radiation. According to Melrose & McPhedran [1991] the

transfer equation for Stokes Parameters for generalized Faraday rotation is given as:

d
ds

2

66666664

I

Q

U

V

3

77777775

=

2

66666664

0 0 0 0

0 0 ��V �U

0 �V 0 ��Q

0 ��U �Q 0

3

77777775

�

2

66666664

I

Q

U

V

3

77777775

(1.29)

The various factors are given as:

�Q = ��k
T 2 � 1
T 2 + 1

cos( ),

�U = ��k
T 2 � 1
T 2 + 1

sin( ),

�V = ��k
2T

T 2 + 1
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Here s denotes the distance along the path. T is the axial ratio of the polarization

ellipse, �k is the di�erence in wave numbers of the two orthogonal modes.  is the angle

that parameterizes the ratio of the major axis of the ellipse to the minor axis as described

earlier in the Section 1.1. One can visualize this in terms of the Poincar�e Sphere. In general

the elliptically polarized modes of a medium can be depicted as a diagonal passing through

the Poincar�e Sphere. This is shown in Figure 1.5.3. The e�ect of the medium on a polarized

radiation vector in then to rotate it around a constant latitude relative to this diagonal. The

amount of rotation depends on the path length through the medium. Thus it can be clearly

seen based on the previous description of the Poincar�e sphere that there can be a conversion

between linear and circular polarizations when propagating through the medium

According to Sazonov [1969] this e�ect can arise in the presence of cold relativistic

plasma and an admixture of highly relativistic particles. In a plasma consisting purely of

cold electrons, the diagonal lies along the Stokes V axis on the Poincar�e sphere. Therefore

there is no conversion between circular and linear polarizations just a rotation of the Linear

signal between Q and U. This e�ect is basically Faraday rotation (as opposed to generalized

faraday rotation we are talking about). In case the plasma contains only highly relativistic

particles, the natural modes of the medium are purely linear meaning the diagonal now makes

an angle of 90� with the Stokes V axis. This situation leads to the maximum conversion of

the linear signal to the circular. In reality the situation is more likely to be a cold plasma

with a small mixture of highly relativistic particles. The natural modes of the material then

become elliptically polarized and a small degree of linear Polarization can be converted into

circular which can be explain what we see in the observational data.

1.5.4 Varying magnetic �eld

According to Hodge [1982] another important condition that can lead to observed circular

polarization is if the magnetic �eld along the line of sight to the source is varying. This e�ect

arises when the direction of the magnetic �eld in the plasma is not uniform. This is usually
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Figure 1.9: The natural modes of the medium can be elliptically polarized as shown by
the diagonal passing through the Poincar�e Sphere. Propagating through this medium the
Polarization vector ~P gets rotated around a constant latitude w.r.t the diagonal as shown
by the circle.

the case with most astrophysical sources and hence this e�ect becomes an important one to

consider. This e�ect requires no Faraday rotation.

One distinguishing feature between the intrinsic CP and one generated by Faraday con-

version is the di�erence in the spectral index of the observed radiation. Pacholczyk [1973]

suggests that for the Faraday conversion case the degree of circular polarization can be pro-

portional to ��1. Melrose [1971] also found that the onset of self absorption in a source

causes the sign of circular polarization to be reversed. Jones and O’Dell [1977a] demon-

strated the same to be true in case of a homogenous source, where the circular polarization
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is generated by Faraday conversion. They also analyzed the in-homogenous case (Jones &

O’Dell [1977b]) and found that the sign 
ip may not happen based on the total absorption

depth at the boundary. In the case of a purely relativistic plasma, Melrose [1977] gives the

spectral dependence to be proportional to ��3

1.5.5 Scintillation

Macquart & Melrose [2000] have suggested another mechanism in which scintillation can

produce circular polarization. If we imagine unpolarized radiation in circular basis as being

composed of a left hand and right hand circularly polarized wave then any di�erential bending

in one of the two components can lead to a locally observed net CP signal. This situation

can arise in regions with in-homogenous electron density and magnetic �eld. This model

can also explain some of the short timescale variability seen in Sgr A� and some other AGNs

(Macquart & Melrose [2000] ). However, the average CP observed over a given time should

go down to zero. Also one expects to see sign changed in the CP signal which have not been

observed. These facts lead to some di�culties in accepting this as the preferred mechanism

for CP generation.

1.6 Observations of CP

One of the �rst measurements of circular polarization for a radio source were made by

Roberts & Komesaro� [1965]. They used the Parkes telescope in Australia to study Jupiter

at multiple wavelengths. They incorporated observations of circular polarization at 31 cm

wavelength into their program. They found the degree of circular polarization mc < 1:0%.

Seaquist [1969] carried out another set of observations of Jupiter at 9.26 cm using the Algo-

nquin Radio Observatory in Canada. He used the measurements to con�ne the strength of

Jupiter’s magnetic �eld at B > 0:04G using the observed mc.

The �rst attempt to measure the circular polarization of extragalactic sources was also
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undertaken by Seaquist [1973]. He observed 29 compact radio sources at 3240 MHz. He

was able to constrain the upper limit of Circular Polarization for these sources at 1%. He

also suggested there may be the possibility that two of the sources in the survey have real

circular polarization beyond the systematics for the observations. Gilbert & Conway [1970]

used the Jodrell Bank telescope to measure the circular polarization of 22 quasars at 610

MHz. Based on systematics they concluded that most of these sources should have circular

polarization of < 0:5%. They also reported there to be no correlation between the measured

degree of Circular and Linear polarization. We will now discuss the possible mechanism that

produce observed CP in astrophysical sources.

Conway et al [1971] conducted follow-up observations of 13 of the Quasars using the

Westerbork Synthesis Telescope in Germany. They did not observe the expected ��0:5 be-

haviour of circular polarization expected from generation intrinsic to the source as discussed

earlier. They noted however that 
at spectrum sources are more likely to exhibit measurable

circular polarization.

Roberts et al. [1972] presented evidence for variability of circular polarization with their

observations of 37 sources using the Parkes telescope at 1390 MHz and 5000 MHz. They also

failed to establish any clear relationship between the spectral index and known theoretical

models. Seaquist [1972] with his follow-up observations con�rmed variability. Roberts et

al [1975] observed 66 sources at multiple frequencies using Parkes. They detected circular

polarization from 11 sources. The highest circular polarization was found to be mc � 0:5%.

Weiler & Wilson [1977] and Wieler & de Pater [1980] carried out an extensive program

using the Westerbork Synthesis Telescope to detect circular polarization. They con�rmed

the correlation between the 
at-spectrum sources and high degrees of circular polarization

(previously found by Gilbert & Conway [1970]). They also claimed the �rst unambiguous

sign 
ip of CP for the source CTA 21.

All observations of CP so far were made with single dishes and short baseline interfer-
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ometers. None of the sources were resolved. Weiler & Raimond [1977] used the Westerbork

telescope to resolve out the components of 3C 33 and 3C 61.1. They obtained a resolution

of 3000 at 1420 MHz and found mc < 0:5% on all the source components.

With regards to the spectral index of the CP there has been great debate. Roberts

et al [1972] and again Roberts et al [1975] suggest positive spectral indices at frequencies

below turnover ( turnover frequency is de�ned at the frequency where spectral index of the

observed emission changes. At low frequencies there is self absorption of radiation within the

source and this inverts the relationship between observed 
ux and frequency. ) . Conway

et al [1971], Seaquist et al [1973] and Ryle et al [1981] have all claimed a drop in circular

polarization below the turnover frequency.

There is not much known about the time variability of Circular Polarization apart from

the fact that it exists. Most of the previously mentioned observations have reported this.

Komesaro� et al [1984] reported that the fractional variability in circular polarization is

higher than that observed in total intensity or Linear Polarization. They point out however

that such a variability predicts a 10G �eld for the compact source components which are an

order of magnitude higher than the what is known from the Very Long Baseline Interferom-

etry (VLBI) measurements. Weiler & De Pater [1983] also observed variability from their

meta analysis of all the CP observations in literature until that point.

With regards to the emission mechanism Faraday conversion seems to be the preferred

one although not quite �rmly established. The problem arises �rstly because the magnitude

of the observed signal is very small and con�rmed detections for a few sources have generally

been at the 2� 3� level. Also the fact that the in-homogenous structure of the source with

di�erent components makes it hard to interpret the signal. Observations of the spectral

index have been proposed as a way to determine the favoured mechanism.

Homan & Wardle [1999] observed 13 AGNs with the VLBA at 15 GHz. This was the

�rst \survey" of a number of sources since Komesaro� et al [1984]. They found statistically
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signi�cant CP signal in the radio jets of four sources. mc was found to be up to 1% locally.

They observed core outbursts in 3C273 and 3C279. The CP was found to associate with

these outburst components. The sign of the CP was also found to be consistent during the

various epochs of the observations for the same source.

Using the Australia Telescope Compact Array (ATCA) and the Very Large Array (VLA)

Rayner et al. [2000] observed 31 sources. They found that BL Lac objects show higher

circular polarization than quasars, and quasars higher than galaxies. The found there to be

no correlation between the Linear and Circular Polarization. It was also con�rmed that 
at

spectrum sources have a higher degree of CP. The fact that signi�cant CP is observed for

blazars suggest that the origin of the CP is within the compact component of the AGN.

Bower et al. [2002] carried out a survey of 11 selected low luminosity AGN sources using

the VLA at 8.4 GHz. Their observations point to the trend that Low Luminosity AGNs

(LLAGNs) have a smaller degree of circular polarization than the powerful AGNs.

A source of particular interest has been Sagittarius A�. This is understood to be the

location of the supermassive black hole of our Milky Way galaxy (Lynden-Bell & Rees [1971]).

Bower el al [2002] detected a CP signal at 4.8 and 8.4 GHz using the VLA. They found mc

=-0.36%. They also found that the CP exceeded the LP by almost a factor of 2. Bower et

al [2002] con�rmed this. Sault & Macquart [1999] con�rmed the same using the ATCA. The

complete understanding of the mechanisms that lead to these observations in Sgr A� still

evade us, but CP has de�nitely opened up a new window for us to probe the universe.

Wardle et al. (1998) have used the circular polarization data to try to resolve the long

standing questions of whether AGN jets consist of electron-positron plasma or electron-

proton plasma. Based on observations of 3C 279 they argue that the CP observed in the

source is produced by Faraday Conversion. For this to be possible the particle energy

distribution should extend to low 
, and this is possible in case of an electron positron jet

based on total energy considerations. They claim therefore that jets in 3C 279 are composed
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primarily of electron positron pairs.

Homan & Lister [2006] have carried out VLBA measurements of 133 AGNs at 15 GHz

(MOJAVE Project). They found about 15% of the sources in their sample to have strong

circular polarization (> 0:3%). They were able to resolve out cores of the AGNs and reported

the CP to decrease away from the core.

Vitrishchak & Gabuzda [2007] also carried out observations of 29 AGNs with the VLBA

at 15 GHz. They found the sign of CP to be constant over several epochs and conclude that

the most likely mechanism of CP generation is Faraday conversion. Vitrishchak et al [2008]

have carried out observations of another 41 AGNs using VLBI at 15, 22 and 43 GHz. There

were some common sources between their set and the sets observed by the MOJAVE project.

Their CP values were in agreement with the MOJAVE Project. Subsequently, Vitrishchak et

al [2010] conducted a meta analysis of the their data as well as the data from the MOJAVE

project. They found that BL Lac objects have lower CP compared to Quasars. They suggest

that this might mean that there is a fundamental di�erence in the composition of Jets from

these two objects. Lower CP might mean an electron-positron jet while a higher CP might

mean an electron-proton jet where both intrinsic and Faraday conversion are possible, giving

rise to a higher degree of CP.

O’Sullivan et al [2013] observed the source PKS B2126?158 with the ATCA over the

frequency range of 1-10 GHz. This is a strong CP source and they were for the �rst time

able to obtain high quality spectra for CP over a wide frequency range. Their observations

strongly suggest Faraday conversion as the mechanism for generating CP.

CP is also observed in Pulsars. As recently as 2013 Shannon & Johnston [2013] have

claimed the discovery of a magnetar (slowly rotating pulsar) orbiting Sagittarius A�. The

fractional degree of circular polarization for this source was found to be close to 100%. In

general average CP in pulsars is < 10% (Han et al [1998]) but the fractional polarization

in single pulses can be much higher. Their are also swings in the handedness of CP for
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pulsars (Cordes et al [1978]). Karastergiou & Johnston[2004] provide a good review of CP

in pulsars.

In summary therefore we still know very little about CP from extragalactic sources. Most

early observations of CP consisted of a small number of objects (mostly 10 or so). There

were very few detections and the measured CP signal showed variation between di�erent

epoch of observations. It is only with the observations of Rayner et al [2000] that we begin

to have some robust measurements. They had a selected sample of 31 sources and they found

detections for 17 sources. They wanted to speci�cally include BL Lac objects in their sample

because these are thought to have higher degree of CP signal. The recent measurements from

the MOJAVE project (Homan & Lister [2006]) have provided us with a set of 133 sources for

which VLBA observations have carried out. The sources were selected to be brighter than

1.5 Jy. Among other properties they also measure the CP. Vitrishchak [2007] and [2008] has

also carried out CP measurements of 41 sources. Some of these sources are common to the

MOJAVE project and there observations agree with each other. So in total we have now

CP measurements from about 200 sources. Rayner et al [2000] based on their sample of 31

sources claim that 
at spectrum sources have higher degree of CP. Their sample had 8 BL

Lac sources. Therefore the results are limited by the small sample size. They also report

no correlation between CP and LP. The MOJAVE sample shows no correlation between CP

and optical source type, LP, and redshift. They found that BL Lac objects and Quasars

have smaller mc=ml ratio. They also found that most the CP signal was associated with the

jet cores. Measurements by Vitrishchak also indicate that BL Lac objects have lower CP in

agreement with the MOJAVE results. The VLBA observations probe at very high angular

resolution compared to the previous studies. They allow measurement of the structure of

the AGN jet on parsec scales. They often show circular polarization structure with some

regions positive and some negative indicative of helical magnetic �eld structures in the jet

cores. In lower resolution observations the net circular polarization might be much reduced
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as the positive and negative signals would cancel out. So it is di�cult to directly compare

statistics of detection from VLBI and low resolutions studies

Vitrishchak [2007] suggest BL Lac have lower CP in contrast to Rayner et al. [2000]

which indicated that BL Lac are more polarized (albeit in a small and very biased sample).

Results to date are thus intriguing but do not provide a clear picture. GALFACTS promises

to provide a comprehensive study of several thousand radio sources from a large areas survey

free from any a priori selection bias and limited largely by the precision to which we can

calibrate the polarization leakage parameters of the Arecibo feed and receiver systems. This

completes the literature review of Circular polarization. The next chapter will talk about

GALFACTS and the data processing.
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Chapter 2

The GALFACTS Survey

2.1 Overview

The Galactic Arecibo L-band Feed Array Continuum Transit Survey (GALFACTS) is a

spectro-polarimetric survey of the sky. It is being conducted using the Arecibo Observatory’s

(AO) 305-m William E. Gordon Telescope situated in Arecibo, Puerto Rico. It is the largest

single dish, �lled aperture telescope in the world. This allows the observations of the sky to

be made at high sensitivity with arc-minute-size angular resolution.

The major objective of GALFACTS is to produce images of the polarized emission from

the Galaxy as well as a large number of extragalactic sources. GALFACTS will be a major

observational step up from the existing single dish, L-band (1-2 GHz by de�nition) continuum

surveys. The images of the polarized sky produced by GALFACTS are not expected to be

superseded until the Square Kilometre Array (SKA) becomes operational. The observational

parameters for the survey are listed in the Table 2.1.

Tsys 27 K for the central beam
Frequency range 1275 - 1575 MHz
Declination Range �1:0� - 37:6�
Number of frequency channels 8192
Spectral resolution 42 kHz
Beam width HPBW 3.4� at 1420 MHz
Integration time 0.2 seconds
Sky coverage 12734 sq. degrees
Observation time 1512 hours

Table 2.1: Key observational parameters for GALFACTS.
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Some of the key science objectives of the survey are:

� Understanding the galactic magnetic �eld

� Mapping the magneto-ionic medium (the charged interstellar medium in the

presence of the magnetic �eld that exists throughout out galaxy) and its prop-

erties

� Investigating the galactic continuum radiation

� Exploring the galactic foreground for the Planck mission

� Measuring the polarization properties and Faraday rotation of compact sources.

Figure 2.1: The Arecibo Observatory radio telescope. The 305-m primary re
ecting surface
is suspended on cable in a large depression in the topography of Puerto Rico (image courtesy
Arecibo Observatory).
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Figure 2.2: The Gregorian dome hosts the secondary and tertiary re
ecting surfaces. It
is moved along the track depicted to change the pointing direction of the telescope (image
courtesy Arecibo Observatory).

2.2 The Telescope

The Arecibo Observatory’s William E. Gordon Telescope situated in Arecibo, Puerto Rico

is the largest single dish telescope in the world. It was commissioned in 1963. It has a �xed

dish design with the dish surface anchored in the natural bowl formation of the terrain. The

primary re
ecting surface of the telescope is spherical in shape with a diameter of 305 m

(Figure 2.1). This focuses the incoming radiation to a line (A parabola focuses the radiation

to a point while a circle focuses it onto a line). A Gregorian dome commissioned in 1997 is

suspended 150 m overhead, housing secondary and tertiary re
ectors, which further focus the

radiation to a point. Therefore, in e�ect, the combination of the spherical re
ecting surface

and the Gregorian dome make the situation optically equivalent to that of a parabolic dish.
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Because of the �xed nature of the dish, the pointing is performed in azimuth and zenith

angle by moving the Gregorian dome along rails attached to the suspended \azimuth arm"

with movement in azimuth being achieved by rotation of the azimuth arm in the horizontal

plane about a central bearing (see Figure 2.2). The zenith limit is de�ned by the extent of

the rails to about 19�. One implication of this is that the telescope can observe only about

32% of the total sky, all of which will be mapped during GALFACTS.

2.2.1 The Aperture Illumination pattern and the Point Spread Function

Radio telescopes are used to observe the radio wavelength part of the electromagnetic spec-

trum. They generally consist of an antenna, ampli�ers and recording equipment. A radio

antenna is essentially a transducer which converts electromagnetic energy to electrical en-

ergy. Most often the antenna is a parabolic re
ector type antenna which focuses the incoming

plane wave to a single point called the focus. A feed horn at the focus then converts the

electromagnetic wave into an electrical signal which is fed to an ampli�er. The signal is then

recorded in some kind of storage device after it has been ampli�ed and detected.

The directional response of an antenna to incoming radiation is called the antenna power

pattern (Kraus [1986]). This is a measure of the power response of the telescope to plane

wave radiation as a function of the direction of the incidence of the wave. The shape of

the antenna power pattern is determined by the geometry of the feed horn and the dish. It

usually consists of a number of maxima called lobes. The lobe with the largest maximum

(generally the central lobe) is called the main lobe. The smaller lobes are called the side

lobes. The pointing direction of an antenna is generally the direction of peak of the main

lobe. Since plane waves are produced by a point source at in�nity, the antenna power pattern

is also called the \point spread function" (this being the more generic term for any optical

system). Figure 2.3 shows an example of an antenna power pattern for a parabolic single

dish telescope.

The point spread function (PSF) is de�ned as the response of an imaging system (in
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Figure 2.3: An antenna power pattern typical for a single dish radio telescope.

this case a telescope) to a point source (a source whose angular extent is much less than

that of the main beam) (Kraus [1986]). This is the response one would get on scanning the

telescope through an isolated point source in the sky and is denoted by P (�; �). More often

the normalized power pattern is used.

Pn(�; �) =
1

Pmax
P (�; �) (2.1)

From the theory of optics (Goodman [1996]) one knows that the PSF is derived as:

P (sin(�); sin(�)) =
1

�2A2
apd2 jFTfE(

x
�
;
y
�

)gj2 (2.2)

where

� is the wavelength of incoming radiation

Aap is the e�ective area of the aperture

d is the distance from the aperture plane to the image plane

FT is the Fourier transform operator de�ned for a function f(x) as f(y) =
R1
�1 f(x)e�2�ixy dx
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E(x; y) is the electric �eld distribution sampled over the aperture (also called the aperture

illumination function, since it is equivalent to illumination produced by the �eld in trans-

mission mode.).

This equation is a direct consequence of the di�raction integral be (which de�nes the

behaviour of light passing through a narrow opening). It can be approximated for small

angles as:

P (�; �) �=
�2

Aap
jFTfE(

x
�
;
y
�

)gj2 (2.3)

The aperture illumination function can be calculated using theoretical considerations

involving the feed geometry. Therefore, in the ideal case it is possible to construct the PSF

from a knowledge of aperture illumination function.

The angular resolution of a telescope is called the \Half Power Beam Width" (HPBW)

mostly referred to just as the beamwidth. This is the angle between the two points on the

main lobe of the power pattern where the power drops to half of the value at the peak.

In case of the Arecibo Radio Telescope the diameter of the dish surface is 305m. The

actual aperture illumination pattern has a diameter only about 220m. As the Gregorian dome

is moved around for pointing, this aperture illumination pattern also moves over the dish

surface picking up radiation from di�erent directions in the sky thus achieving the desired

pointing on the sky. The primary beam resolution of the telescope at L-band frequencies

therefore ends up being 3:40. Towards the end of the Zenith angle range of the Gregorian

dome the aperture illumination pattern spills over the surface of the dish and the feeds pick up

some ground radiation. This leads to an increase in the system temperature for observations

towards the end of the zenith angle range. A ground screen has been installed around the

dish surface to mitigate some of the e�ects of this spillover. This has consequences for the

data processing of GALFACTS which will be discussed in the next chapter.

In 2004, the telescope was equipped with a new seven beam, focal plane array named
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Figure 2.4: The Arecibo L-Band Feed Array (ALFA). The seven feed horns are clearly visible
in the image.

the Arecibo L-Band Feed Array (ALFA) for observations in the L-Band (Figure 2.4). ALFA

makes it possible to observe the sky seven times faster than with a \single pixel" L-Band

receiver. This also means that the data processing is considerably more complicated be-

cause of di�erences in the parameters of the seven beams. These beams are arranged in a

hexagonal pattern around a single central beam. Therefore, only one of the beams is on the

\optical axis". The six outer beams su�er from coma e�ects, creating a strong side lobe and

lower main beam gain compared to the central beam. This makes matters complicated for

calibration and data processing and various techniques have been developed by us to deal

with these e�ects in the GALFACTS Data processing pipeline (Discussed in Chapter 3).

Each of the seven feed horns of the ALFA is equipped with two orthogonal dipoles (called X

and Y). Signals from the two dipoles allow construction of the full polarization state of the

incoming signal and to create maps of Stokes I, Q, U,and V from the data.
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2.2.2 The Mock Spectrometer

The receiver chain also contains a �bre optic transmission system between the telescope and

the control room and digital back end signal processors. The back end of the system is a

new spectrometer (called the Mock spectrometer) which was commissioned in 2008. The

Mock Spectrometer consists of 14 Field Programmable Gate Array (FPGA) spectrometer

boxes covering the 7 ALFA pixels. The 14 boxes consist of 7 primary boxes (Mock 1), which

set the Local Oscillator (LO) frequency, and 7 secondary boxes (Mock 2), which have the

same LOs as the corresponding primary box but can be set up separately. Each box has two

172 MHz frequency bands, designed so that together they provide good spectral coverage

over the whole 300 MHz bandwidth of ALFA for each individual box.The spectrometer

Fourier transforms the time varying signal from the receiver to give the spectral variation

(frequency response) of the signal over the received bandwidth. In case of GALFACTS the

two 172 MHz bands are centred at 1300 MHz and 1450 MHz respectively. This provides

the complete coverage of the intended frequency range 1225-1525 MHz for GALFACTS. The

number of independent spectral channels output is 4096 per band giving a total of 8192

channels over the whole frequency range with some overlap between the two observation

bands. The four polarization products are digitized and written to disk at 16-bit resolution.

The raw data coming out of the Mock is sampled at 1ms. This data is then averaged down

to a lower time resolution during the Phase 1 processing immediately after the completion

of the observations at Arecibo. This is process is explained in more detail in the chapter 3.

2.3 Observation Strategy

2.3.1 The Main Survey Fields

The observations for GALFACTS are divided into three regions. A southern portion of the

sky �0:8� < � < 17:2� (� refers to declination), to be observed on the southern meridian,

a northern portion with 19:8� < � < 37:8�, to be observed on the northern meridian, and
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a zenith strip covering 16:3� < � < 20:3�. These regions all overlap so as to allow the

stitching together of the images from the three regions into a single map. In total, the

coverage is 12,734 square degrees of sky (�0:8� < � < 37:8�). The division into these regions

is necessitated by the limitation of movement of the Gregorian dome along the azimuth

arm. The Gregorian can only be moved from close to the Zenith to the extreme point on

the azimuth arm. This only covers half of the observable track along the meridian. The

azimuth arm needs to be rotated 180 degrees to cover the other half of the track. This takes

considerable time, during an observation session only one of either the north or south zenith

region is observed.
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Figure 2.5: GALFACTS Main run �elds projected in Galactic coordinates on the Bonn 1420 MHz Continuum survey image.
(Image courtesy Dr Russ Taylor)
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These three regions are further subdivided into four six-hour Right Ascension (RA) in-

tervals to facilitate taking the observations at night. The observations need to be carried out

at night because during the day radiation from the Sun can be picked up by the side-lobes

of the beams. Since the Sun is the strongest source in the sky and the side-lobes respond

di�erentially to the two polarizations this can contaminate the polarization signal data and

make it hard to recover the polarization information. The ionosphere of the earth is also

more active during the day and it can also introduce position angle rotation e�ects into

the polarization measurements. Figure 2.5 shows the various regions overlaid on top of the

Bonn sky survey map (Reich et al. [1984]). Table 2.2 lists the nomenclature used for the

�eld regions as well as the RA range for the corresponding observations. Each �eld was

observed during an observation run of approximately a month consisting of 6.25 hours each

night.

For the northern and southern regions, the technique of \nodding scans" is used. The

azimuth arm is rotated to align with the meridian, ALFA rotated to a position angle of 0�,

and the ALFA is scanned up and down along the meridian at a rate of 1:54�/sidereal minute

by moving the Gregorian Dome. The azimuth arm is set to 0� for the North Fields and 180�

for the South Fields.

This leads to a zig-zag geometry for the scans as shown in Figure 2.6 and 2.7. The

resulting scan tracks for each ALFA beam are parallel with a separation of 1:510 in Right

Ascension (RA). It requires 29 such scans of 18� length in zenith angle (i.e. declination) to

uniformly cover the region with at a seperation of 1:51�. The Arecibo beam width of 3:4�

is Nyquist sampled (meaning that according to the Nyquist-Shannon sampling theorem we

can recover all the possible information about the sky at this resolution).
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Figure 2.6: Nodding scan pattern for the main GALFACTS observations. The �gure also
shows the standard beam numbering convention.
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Figure 2.7: The feed geometry of ALFA when observing north of Zenith at an ALFA angle
of 0�
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The Gregorian dome cannot scan completely to the zenith causing a gap between the

North and South regions. For the Zenith region observations, the technique involves using

\azimuth wags". The azimuth arm is �rst set to 90�. The azimuth arm is then wagged up

and down at a rate of 1:54� per minute to cover the declination range of the observation

area. As the Sky moves past the telescope the e�ect is to create a zig-zag geometry for scans

in RA,DEC similar to the north and south �elds.

2.3.2 The Calibrator Sources

The GALFACTS observations were run over a period of 5 years. This introduced a possibility

of change in telescope beam properties over time that have implications for the production

of maps from data taken at various points in time. Rotating the azimuth arm also means

that the beam patterns for the same beams are di�erent for the three di�erent regions of

observations. We also need to track the various beam properties like the absolute beam

gain, the point spread function, the polarization leakage, etc over time. A plan was put into

place to observe bright sources as calibrators, (selected from the NVSS catalog Condon et

al. [1998]) simultaneously when observing any of the main �elds. This allows us to track

any changes in the beam parameters over time. The following criteria were established for

selecting these sources:

� The source needs to be bright, I > 400mJy. This lets us achieve good signal to

noise ratio when measuring the side-lobes and second side-lobes for the beam.

� There should be no other source within 80 of it in the NVSS catalog. This

ensures no contamination of the beam shape due to the presence of any nearby

sources.

� These sources should be spread over the declination range of the corresponding

Main Field being observed. This allows us to measure the beam properties as

a function of declination.
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� A signi�cant fraction of the sources need to have almost negligible level of

polarization. This lets us measure the Stokes I leakage into the Stokes Q,U

and V signals.

Usually about 8-9 such sources were selected as calibrators associated with each of the

main �elds. To map the beam patterns for all seven ALFA beams the sources were observed

with complete sampling in every individual telescope beam. This allows us to make images of

these sources by only using data from any one of the seven ALFA beams. So the observations

of these source were made 7 times over compared to the normal mode of observations for

the main �elds by moving the ALFA by 1.5’ in RA every successive day. The observation

methodology was otherwise similar to that of the main survey �elds, involving nodding scans

along the meridian. These observations typically require a 2 hour RA range for 10 days. An

extra day was budgeted to deal with any telescope/data quality problems encountered during

the observations. Table 2.3 lists all the seventy two calibrator sources that were observed,

their corresponding Main survey �elds as well as their properties extracted from the NVSS

catalog.

2.3.3 Quick-Look Analysis

We needed to be able to track the data quality immediately after each day’s observation. This

was done to respond to any problems with the telescope, spectrometer or any deterioration

from Radio Frequency Interference (RFI) during a particular day’s observation. The presence

of any of these issues would require the re-observation of whole or part of the track. Every

observation run had 2-3 extra days budgeted for this purpose. Quick response is necessary

otherwise any make-up observations will be delayed by at least a year when the same part

of sky would again be visible at night from the telescope. For this purpose we (Je� Dever

and myself.) developed a number of programs to do a \quick-look" analysis following every

day’s observations. These routines calculate the following basic quantities from the data:
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1. Pointing: The pointing information for all the data points observed during a

day is extracted and plotted. This lets us look at any obvious deviations from

the intended pointing of tracks due to telescope problems.

2. Band Average: The band averaged time series plot lets us determine the

noise level in the data versus time and reveals any broadband RFI related

spikes in the data.

3. Time Average: The time averaged band shape lets us see if the band is

behaving properly and ensures that there are no major deviations from the

expected band shape. Narrow band RFI spikes are also visible.

4. Band averaged Calibration noise diode signal (cal): The band average

cal signal over a day is calculated by taking the di�erence of the calON and

calOFF data points. This lets us look at the level and stability of the noise

diode cal signal.

5. Preliminary RFI Occupancy: The preliminary RFI occupancy plots (these

re
ect which times and frequency have RFI present) are created using a simple

algorithm where the �rst di�erences in the data that are certain sigma away

for the mean (usually set to about 5�) are 
agged as possible RFI. This gives

us a general overview of the RFI in the data for a particular day of observation.

Figures 2.8 - 2.12 show an example set of these Quick look plots. These are generated and

archived after every day of observation. These let us decide whether we need to re-observe

whole or part of a given track if there were problems in the data quality.
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Figure 2.8: Quick look pointing plot. The top plot shows an observation with the correct
pointing. The bottom plot shows a day where problems with the telescope motor lead to
incorrect pointing in the sky for part of the observation.
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Figure 2.9: Quicklook plot showing band averaged time series. RFI problems are clearly
visible in the bottom plot.
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Figure 2.10: Quick look time average plot showing the various band shapes. RFI is worse in
the bottom plot.
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Figure 2.11: Quick look plot showing the band averaged noise diode signal. One of the
polarization from this beam had a dropout in the latter half of the observation as can be
seen in the bottom plot.
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Figure 2.12: Quick look plot showing the RFI occupancy level in the observations. The x
axis is the frequency and the y axis is the timestamp for the observed data.The RFI is much
higher in the bottom plot.
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RA (J2000) DEC (J2000) Stokes I (mJy) Polarized Intensity (mJy) Polarization Position

Angle (Degrees)

Field

02h 06m 56:65s +33� 010 27:7" 808.03 0.38 81:7 N1

02h 17m 1:84s +28� 040 58:2" 1023.49 11.31 88:6 N1

02h 26m 10:34s +34� 210 30:4" 2894.36 7.39 62:8 N1

02h 38m 12:44s +27� 250 27:1" 636.92 6.63 11:4 N1

02h 50m 56:59s +21� 210 20:0" 819.40 0.90 77:9 N1

03h 11m 35:17s +30� 430 20:9" 965.63 4.68 52:6 N1

03h 30m 34:79s +36� 390 41:2" 579.14 0.70 �79:2 N1

03h 40m 8:54s +32� 090 1:3" 1611.58 34.31 �71:1 N1

03h 52m 33:43s +22� 200 20:1" 576.56 18.09 35:2 N1

09h 57m 28:32s +16� 060 53:7" 628.17 51.62 14:6 S1

10h 09m 55:50s +14� 010 54:1" 994.59 14.56 �82:6 S1

10h 26m 31:96s +06� 270 32:7" 851.50 12.48 �48:3 S1

10h 41m 39:01s +02� 420 33:0" 2710.11 11.04 19:4 S1

10h 54m 26:03s +03� 140 47:4" 613.20 3.89 64:5 S1

11h 06m 31:77s �00� 520 51:5" 1065.63 16.83 45:3 S1

11h 23m 9:10s +05� 300 20:3" 1721.14 70.37 13:4 S1

Table 2.2: List of Calibrator sources
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RA (J2000) DEC (J2000) Stokes I (mJy) Polarized Intensity (mJy) Polarization Position

Angle (Degrees)

Field

11h 35m 13:04s �00� 210 19:4" 1267.82 2.92 39:2 S1

15h 59m 54:25s +16� 180 38:4" 987.12 16.75 19:1 S2

16h 16m 11:76s +13� 030 31:7" 925.26 20.22 82:2 S2

16h 31m 45:29s +11� 560 3:3" 1733.67 37.95 �54:3 S2

16h 45m 42:47s +02� 110 45:2" 1976.22 70.27 16:2 S2

16h 55m 27:96s +03� 560 8:5" 612.41 5.77 12:1 S2

17h 10m 35:36s +00� 370 2:0" 1344.14 1.14 87:2 S2

17h 22m 14:09s +04� 430 16:8" 765.50 17.05 �18:6 S2

17h 33m 32:59s +08� 040 36:9" 510.66 0.98 57:8 S2

05h 08m 26:54s +29� 170 46:4" 600.52 1.78 �43:4 N2

05h 17m 40:81s +23� 510 10:2" 971.98 0.19 41:2 N2

05h 29m 10:17s +25� 000 51:6" 1134.55 1.88 �27:6 N2

05h 41m 30:80s +30� 460 14:4" 336.05 1.14 �38:1 N2

05h 53m 21:59s +31� 170 51:0" 1158.08 46.40 71:7 N2

06h 10m 57:16s +36� 340 31:6" 424.76 15.35 �75:3 N2

06h 26m 10:99s +33� 390 24:3" 306.48 17.13 42:3 N2

Table 2.2: List of Calibrator sources
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RA (J2000) DEC (J2000) Stokes I (mJy) Polarized Intensity (mJy) Polarization Position

Angle (Degrees)

Field

06h 37m 44:53s +30� 290 0:3" 719.24 6.66 �16:6 N2

06h 47m 54:05s +32� 360 18:7" 357.81 27.31 44:4 N2

10h 55m 8:64s +28� 370 40:0" 448.06 2.43 36:9 N3

11h 07m 26:87s +36� 160 11:5" 609.24 6.72 47:4 N3

11h 26m 23:65s +33� 450 27:1" 1376.80 1.46 �56:9 N3

11h 35m 5:88s +37� 080 40:9" 638.65 -0.21 0:0 N3

11h 56m 18:74s +31� 280 5:0" 2978.33 3.68 81:9 N3

12h 07m 31:81s +35� 030 5:2" 490.26 18.81 �61:3 N3

12h 24m 54:62s +21� 220 47:2" 2094.41 44.55 �77:2 N3

12h 34m 25:67s +24� 310 44:1" 530.04 8.71 11:1 N3

12h 43m 41:17s +31� 240 17:7" 498.45 29.65 �67:6 N3

16h 44m 59:06s +25� 360 29:8" 725.81 0.52 �40:1 N4

17h 00m 40:23s +28� 320 0:7" 552.08 51.83 �50:9 N4

17h 19m 8:94s +22� 450 6:3" 1574.86 7.85 �25:1 N4

17h 36m 31:92s +32� 040 10:1" 491.83 2.21 20:6 N4

18h 11m 32:09s +37� 130 33:5" 816.54 4.24 45:0 N4

Table 2.2: List of Calibrator sources
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RA (J2000) DEC (J2000) Stokes I (mJy) Polarized Intensity (mJy) Polarization Position

Angle (Degrees)

Field

18h 20m 42:18s +35� 400 38:9" 1116.93 37.72 �61:2 N4

18h 37m 46:98s +32� 370 19:8" 560.32 6.52 27:9 N4

21h 53m 24:74s +05� 360 18:7" 1187.20 59.54 42:0 S3

22h 03m 58:31s �00� 210 48:1" 603.13 1.45 �14:3 S3

22h 12m 37:97s +01� 520 51:7" 2809.84 6.22 �50:0 S3

22h 32m 26:89s +03� 110 15:2" 450.07 7.42 60:9 S3

22h 46m 11:17s +06� 330 27:7" 364.60 0.38 8:9 S3

22h 54m 54:09s +02� 250 20:7" 493.64 30.64 �20:5 S3

23h 12m 28:15s +09� 190 28:6" 2488.80 27.64 31:1 S3

23h 26m 16:64s +11� 450 7:7" 311.29 20.51 �19:0 S3

23h 40m 33:24s +13� 330 0:5" 1829.08 1.69 32:8 S3

03h 39m 6:00s +07� 290 5:2" 386.14 22.38 71:6 S4

03h 40m 53:73s +07� 350 25:4" 1014.03 3.87 �18:3 S4

03h 51m 54:60s +06� 270 55:3" 874.67 4.17 83:2 S4

04h 09m 40:98s +01� 240 47:3" 674.99 2.58 �23:1 S4

04h 23m 51:50s +00� 310 6:7" 1689.84 31.10 71:7 S4

Table 2.2: List of Calibrator sources
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RA (J2000) DEC (J2000) Stokes I (mJy) Polarized Intensity (mJy) Polarization Position

Angle (Degrees)

Field

04h 35m 48:20s +03� 320 31:9" 458.10 4.74 68:4 S4

04h 44m 39:08s +05� 460 13:3" 791.98 0.16 38:7 S4

04h 56m 15:50s +14� 130 30:4" 487.22 5.89 �78:9 S4

05h 06m 51:31s +16� 460 28:2" 645.19 1.08 77:3 S4

05h 20m 49:13s +14� 090 47:9" 555.90 13.45 �48:1 S4

Table 2.2: List of Calibrator sources
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2.4 Status of the Observations

As of December 2014 the primary survey observations are complete. The only remaining

observations are for re-observing any bad data that was encountered during data processing.

The table 2.3 describes the status of observation of all the �elds. An up-to-date copy of this

list is kept on the project website.

Note that for six of the GALFACTS North and South runs the ALFA angle was set to

60� instead of 0�. This is was done because for these observations ALFA beam 6 had failed.

By rotating ALFA we were able to out the track for beam 6 on the one end of the seven

beam tracks. This allowed us to continue observing in the six track mode by moving ALFA

over by six tracks instead of the usual seven.
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Field Start RA Stop RA Start DEC Stop DEC ALFA Angle Observation Dates Notes
N1 01h 12m 07h 11m 19� 420 37� 200 0� Nov - Dec 2008 29 track observation run.

ALFA angle 0�
N2 07h 00m 13h 10m 19� 420 37� 200 60� Jan - Mar 2013 Beam 6 bad. 34 track ob-

servation run. ALFA an-
gle 60�

N3 13h 00m 19h 10m 19� 420 37� 200 60� May - Jun 2012 Beam 6 bad. 34 track ob-
servation run. ALFA an-
gle 60�

N4 19h 00m 01h 20m 19� 420 37� 200 60� Jul - Nov 2012 Beam 6 bad. 34 track ob-
servation run. ALFA an-
gle 60�

S1 03h 15m 09h 40m �01� 050 17� 070 0� Nov - Jan 2010 29 track observation run.
ALFA angle 0�

S2 09h 30m 15h 40m �01� 050 17� 070 60� Mar - May 2011 Beam 6 bad. 34 track ob-
servation run. ALFA an-
gle 60�

S3 15h 30m 21h 40m �01� 050 17� 070 60� Jun - Jul 2011 Beam 6 bad. 34 track ob-
servation run. ALFA an-
gle 60�

S4 21h 30m 03h 25m �01� 050 17� 070 60� Oct - Dec 2011 Beam 6 bad. 34 track ob-
servation run. ALFA an-
gle 60�

Z1 00h 00m 05h 50m 16� 400 20� 000 0� Oct 2013 6 track observation run.
ALFA angle 0�

Z2 05h 38m 11h 40m 16� 400 20� 000 0� Jan 2013 6 track observation run.
ALFA angle 0�

Z3 11h 30m 18h 00m 16� 400 20� 000 0� May - Jun 2013 6 track observation run.
ALFA angle 0�

Z4 18h 00m 00h 10m 16� 400 20� 000 0� Aug 2013 6 track observation run.
ALFA angle 0�

Table 2.3: Observation Status
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Chapter 3

GALFACTS Calibration and Imaging

3.1 The Data Reduction Pipeline

3.1.1 Overview of the GALFACTS Data processing pipeline

The GALFACTS data reduction pipeline converts the raw data streams from the spectrom-

eter to Stokes I, Q, U and V images. Figure 3.1 shows the complete GALFACTS data

reduction pipeline. The GALFACTS data processing pipeline is a collection of programs

that produce the primary data products of the survey for the scienti�c end user. These

primary data products are sets of Stokes I,Q,U,V cubes in the Flexible Image Transport

System (FITS) format. These are intended data products on which further data analysis

and processing can be performed by the scienti�c end user based on their research goals. The

data processing pipeline for GALFACTS consists of 3 sets of programs called CAL, MAP

and CORR. The division of the routines into these three programs follows naturally from

the data processing steps involved. This will become more evident to the reader as these are

described in more detail.

3.1.2 Data Acquisition and Phase 1 Processing

The raw data streams (there are 8 streams per ALFA beam) from the Mock spectrometer are

acquired at a sampling rate of 1 ms and at a frequency resolution of 42 KHz at the observatory

(the total frequency range is divided into two bands). Superimposed on this is a low intensity

square-wave switched calibration signal (noise diode temperature assumed to be 1 K) with

an on-o� cycle of 40 ms (20 ms on, 20 ms o�). The collection of data at this frequency

and time resolution produces 9 TB of data per 6 hour observing run. Immediately after the

observation these data are compressed into two streams. A High-Time-Low-Spectral (HTLS)

59



resolution dataset where the number of channels is averaged down to 128 channels per band

and a Low-Time-High-Spectral resolution where the data are averaged over 0.2 s (0.1 s per

on and o� phase respectively) for cal-on and cal-o�. These operations are performed at

Arecibo using a program written by Phil Perillat. This LTHS dataset forms the primary

input data for the GALFACTS project. These data are shipped to University of Calgary at

the end of observations for each �eld for further spectro-polarimetric imaging.

3.2 CAL

The �rst program of the data processing pipeline is called CAL. The main purpose of this

program is to perform calibration of the frequency dependent receiver gain, apply the noise

diode signal and convert the data to units of Kelvin. This program also removes the Radio

Frequency Interference (RFI) from the data. As a �nal step the raw correlation spectra

are converted into Stokes parameters and written onto the disk for further processing. All

the processing done in this program involves running algorithms on the daily time series

data from each beam independently. This makes it convenient to group all the routines into

one program. This lets us run parallel jobs on a computer cluster where the parallelization

is achieved by running individual CAL jobs for each observation track (data from a given

beam on a given day). The following section details the process behind the receiver gain

calibration. The description of the individual algorithms in the code comes later.

3.2.1 RFI Detection and Excision

Radio Frequency Interference (RFI) refers to any spurious human-made signal that is picked

up by the telescope aside from the intended sky signal. There are many sources that can

cause RFI. Airport and military radars, satellite transmissions, radio transmitters etc are

all sources of RFI. Even home appliances and elements of the power grid can produce an

RFI signal. Only very narrow ranges of frequency are protected by regulation from human
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made transmission. Generally this means that almost all Radio Astronomy observations

su�er from RFI contamination. The vicinity of the Arecibo Observatory has several known

sources of RFI. The sta� at the Arecibo Observatory coordinate with the radar operators to

ensure that RFI is minimized during observations. For GALFACTS there are known sources

of RFI in the L-band that e�ect our data. The following sections describe the di�erent types

of RFI and the algorithms we have developed to remove it from the data.

Frequency domain RFI

Frequency Domain RFI is any RFI caused by some extraneous human-made source transmit-

ting at a speci�c set of narrow-band frequencies, which fall within the band of observations

for GALFACTS. Examples of these sources would include mobile phone transmissions, civil

or military radars, global positioning system satellites. In this case, a spike is seen across a

range of channels when looking at a spectrum as shown in Figure 3.2. The algorithm used to

remove this kind of RFI starts by assuming that the distribution of di�erences in data values

along adjacent frequency channels is a normal distribution resulting from Gaussian noise.

For each time sample the average and standard deviation are calculated on these di�erences

and then, based on a speci�able criterion, all data points that deviate from the mean by a

given �� sigma limit are rejected. This process is then repeated iteratively until no more

points are 
agged. Below is the algorithm:

1. As de�ned in Chapter 2, there are eight time quantities measured per time

per frequency channel. To simplify notation let them be denoted by Ti(t; n)

where i 2 (XXon; Y Yon; XYon; Y Xon; XXoff ; Y Yoff ; XYoff ; Y Xoff ) refers to

the eight measured quantities, t refers to time, n refers to the frequency chan-

nel. Each of these data points have corresponding RFI 
ags Fi(t; n) which are

initially all set to FALSE.

2. Repeat the following steps for every time data point t 2 (0; T )
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3. Calculate the di�erence between adjacent frequency channels n; n+ 1.

�i(t; n) = Ti(t; n+ 1)� Ti(t; n)

4. Set the outlier 
ag Foutlier = FALSE

5. Calculate mean h�i(t)i and standard deviation �i(t) on the di�erences for all

points for which the RFI 
ag Fi(t; n) = FALSE

h�i(t)i =
1

N � 1

N�1X

n=1

�i(t; n)

�i(t) =

vuut 1
N � 1

N�1X

n=1

�
�i(t; n)� h�i(t)i

�2

6. Test to see if every �i(t; n) is within �� standard deviations of the mean. If not

then the data point is contaminated with RFI and we mark the corresponding


ags for the two points that were used for calculating the di�erence as TRUE

The outlier found 
ag is also set to TRUE

if j�i(t; n)� h�i(t)ij > �f�i(t) then

Fi(t; n) = TRUE,Fi(t; n+ 1) = TRUE, Foutlier = TRUE

7. If an outlier was found (Foutlier = TRUE) in the previous pass through all

the frequency data points then reset the outlier 
ag and repeat steps 3 ... 6.

If no outlier was found in the previous step then we have removed RFI from

this time data point and this process is to be repeated for the next time data

point.

These rejected data points are lost data and can potentially lead to holes in the map

when the RFI problem is severe. Figure 3.2 shows the result of application of this algorithm

for the corresponding data in the �gure.
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Note regarding the neutral Hydrogen spectral line: The spectral line correspond-

ing to atomic neutral hydrogen (called the HI line ) falls within the L-band and has a peak

frequency of 1420.4 MHz. Figure 3.2 illustrates this. The frequency domain RFI algorithm

will also pick out this line as RFI. To remedy this situation we omit a frequency range of

about 1 MHz (24 channels) centred at the HI frequency while running the algorithm de-

scribed above. Points from these channels are skipped over during all the calculations and

the RFI 
ags for these channels are set to FALSE. Due to international agreements in place

the frequency around the HI line is protected from human transmission and this should

guarantee that there is no RFI present in those channels to begin with.

Time domain RFI rejection

The second major type of RFI contaminating the data has a broadband nature. In this case

for a given time signal the data values across all frequency channels are a�ected. This can

clearly be seen in band average time series data as shown in Figure 3.3. One way this can

happen is when a powerful radar pulse causes saturation of the receiver electronics. This

leads to large values in the data across all channels which can be seen in the band average

signal. Lajas Puerto Rico has an aerostat radar that is used for tracking drug smuggling. It

is one of the main sources of broadband RFI that we see in the GALFACTS data.

A similar change in band averaged data values will also occur when scanning across a

celestial radio source. To distinguish between the two, the algorithm primarily relies on

calculating the second order derivatives along time and rejecting data points for which the

rate of change is too high. The time variation in the data caused by a celestial source is

Gaussian in nature as the source travels through the telescope beam. An RFI spike exhibits

a much higher rate of change. However, some of the brightest sources on the sky can produce

a rate of change in the time series that is comparable to the RFI spikes and hence can be

confused with RFI. To deal with this possibility a list of bright sources in the �eld is compiled

from the NVSS catalog. Any data that is 
agged within a certain radius of a source (this
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radius is set to three beam widths) is considered a false 
ag and this data is not marked as

RFI. This strategy successfully eliminates most of the RFI-corrupted data. The time domain

RFI rejection algorithm is:

1. For a given beam track calculate the band averaged time series for channels

n 2 (1; N)

hTi(n)i =
1
N

NX

n=1

Ti(t; n)

Each of these data points have corresponding RFI 
ags Fi(t) which are initially

all set to FALSE.

2. Calculate the second di�erence between the time series points n� 1; n; n+ 1.

�00i (t) = hTi(n+ 1)i � 2hTi(n)i+ hTi(n� 1)i

3. Set outlier 
ag Foutlier = FALSE

4. Calculate mean h�00i i and standard deviation �i on the second di�erences for

all points for which the RFI 
ag Fi(t) = FALSE

h�00i i =
1

T � 2

T�2X

t=1

�00i (t)

�i =

vuut 1
T � 2

T�2X

t=1

�
�00i (t)� h�

00
i i
�2

5. Test to see if every di�erence �i
n is within �t standard deviations of the mean.

If not then the data point is contaminated with RFI and we mark the corre-

sponding 
ags for the three points that were used for calculating the di�erence

as TRUE
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if j�00i (t)� h�00i ij > �t�i then

Fi(t� 1) = TRUE,Fi(t) = TRUE

Fi(t+ 1) = TRUE, Foutlier = TRUE

6. If an outlier was found Foutlier = TRUE in the previous pass through all

the band averaged data points then reset the outlier 
ag and repeat steps 3

. . . 6. If no outlier was found in the previous step then we have removed RFI

contaminated data.

7. Step through the bright source list. Any points marked as having RFI within

r beam radii (r is also speci�ed in the exclusion list �le) of a bright source are

reset to not having RFI (If there is RFI present at the same time it will pass

through).

Figure 3.3 shows the result of application of this algorithm.

3.2.2 Notes on the accuracy of the algorithms and pre 
agging

We have gone through many versions of these algorithms over the course of the pipeline

development. The algorithms now perform well at picking out most of the RFI signal. Some

low-level RFI still gets through to the output. To mitigate this usually we do a preliminary

run of the data processing pipeline and then inspect the output cubes visually. Any bad

channels or bad regions in the map are noted. The CAL program is provisioned to a be able

to read a list of known bad data. The format for this description is very 
exible allowing one

to de�ne ranges of data based on timestamp, RA and DEC or frequency. This bad data �le

is read as a �rst step in the CAL program and any data falling within the ranges de�ned

in this �le is marked as bad and not used. These data are also then removed and do not go

into the output of CAL. So a combination of automated algorithms and manual look at the

data lets us remove most of the RFI or bad data. Some low-level RFI may still be present.
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3.2.3 Calibration for Receiver Gain

Telescope receiver gain is prone to variations over time due to temperature and humidity,

amongst many other conditions. There is also the case of the signal path lengths for X and

Y polarizations not being equal. The signal path length here refers to the length of physical

cabling between the feed and the receiver as well as any equivalent e�ects introduced by the

electronic circuitry. Any di�erence in the signal path lengths between the probes measuring

the sky signal in X and Y directions leads to phase angle di�erence in the calculated cor-

relations. This is equivalent to a transfer of signal between the Stokes U and V (equations

1.14 and 1.15).

To measure the complex receiver gain the noise diode is injected into the receiver chain

(as close to the probes as possible with respect to the whole receiver chain) during the

observations. The duration and frequency of this injected signal depends on considerations

of sensitivity and some prior knowledge of the time scale of gain variations. This signal is

kept small in strength so as to avoid loss in sensitivity of the observations (being a noise

signal this signal lowers the signal to noise of the observations and therefore reduces the

sensitivity). For the GALFACTS observations, the strength of this signal is 1 K and hence

the total increase in antenna temperature due to this is only 0.5 K, the duty cycle for injection

of the calibration signal being 50%. The following is a mathematical description of the gain

calibration using the cal signal (taken from Taylor [2004]).

If Ecal is the known calibration signal injected into both the X and Y feeds, then the

power injected is Tcal / E2
cal. Let the gains of the signal paths be denoted by Gx(�), Gy(�)

and �x(�), �y(�) denote the phases of the signals. The ampli�ed cal signal is then given by

Acal(�) = EcalGx(�) expi�x (�) î + EcalGy(�) expi�y (�) ĵ (3.1)

We can simplify this by taking �x(�) = 0 and �y(�) = ��(�). Applying the formulas for
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Stokes parameters derived in previous chapter we get

Ical(�) = Axx + Ayy =
�
Gx(�)2 + Gy(�)2�Tcal

Qcal(�) = Axx � Ayy =
�
Gx(�)2 � Gy(�)2�Tcal

Ucal(�) = Axy + Ayx = 2Gx(�)Gy(�)Tcalcos(�(�))

Vcal(�) = i (Axy � Ayx) = 2Gx(�)Gy(�)Tcalsin(�(�))

(3.2)

We have assumed Tcalx = Tcaly = Tcal The gains and the phase can now be easily calcu-

lated by algebraically manipulating the above set of equations. We get

Gx(�)2 =
Axx(�)
Tcal

Gy(�)2 =
Ayy(�)
Tcal

�(�) = arctan
�
Av(�)
Au(�)

�
(3.3)

We can now use a matrix M to derive the calibrated Stokes parameters S (corrected for

receiver gain) from the raw Stokes parameters S 0 using the matrix equation

S = S 0M (3.4)

The elements of the matrix are given as

M =

2

66666664

(g2
x +g2

y )
2

(g2
x�g2

y )
2 0 0

(g2
x�g2

y )
2

(g2
x +g2

y )
2 0 0

0 0 2gxgycos� �2gxgysin�

0 0 2gxgysin� 2gxgycos�

3

77777775

(3.5)

Here gx = 1
Gx

and gy = 1
Gy

.

3.2.4 Conversion into Stokes parameters

The �rst step to deriving this signal involves calculation of the raw cal signal (T ical(n; t)) as

follows:
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T ical(n; t) = T icalon(n; t)� T icaloff (n; t) (3.6)

This signal then needs to be smoothed in both time and frequency to reduce noise. We

band average the time series to get higher signal to noise ratio for the smoothing process.

During the development process for the pipeline it was discovered that the total power of

the cal signal varies over a time of few minutes. Therefore, to deal with this problem the

algorithm calculates a boxcar smoothed signal over a time window. The rolling time window

is set to about 600 time steps as this comes to about 120 seconds which is about the same as

the timescale of the variations. Similarly the time averaged band shape is smoothed using

a boxcar window of 20 channels. These two signals are then multiplied to get back the

smoothed cal signal for each time step and each channel (n; t). Figure 3.4 shows the results

of application of these algorithms.

After having calculated the smoothed Cal signal, we can now proceed to calculate the

Stokes parameters. The following is the algorithm:

1. The signal after removing the smoothed noise diode signal is calculated as

(here i 2 (XX; Y Y;XY; Y X)):

T i(t; n) = T icaloff (t; n) + T icaloff (t; n)� eT ical(t; n)

2. Calculate the Stokes parameters Ical; Qcal; Ucal; Vcal for the cal signal:

Ical(t; n) = T xxcal(t; n) + T yycal(t; n)

Qcal(t; n) = T xxcal(t; n)� T yycal(t; n)

Ucal(t; n) = T xycal(t; n) + T yxcal(t; n)

Vcal(t; n) = T xycal(t; n)� T yxcal(t; n)

(3.7)
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3. Calculate the observed Stokes parameters are I 0; Q0; U 0; V 0:

I 0(t; n) = T xx(t; n) + T yy(t; n)

Q0(t; n) = T xx(t; n)� T yy(t; n)

U 0(t; n) = T xy(t; n) + T yx(t; n)

V 0(t; n) = T xy(t; n)� T yx(t; n)

(3.8)

4. The phase angle � is calculated and smoothed over the frequency channels

�(t; n) =
T xycal(t; n) + T yxcal(t; n)
T xycal(t; n)� T yxcal(t; n)

5. The gains Gx; Gy are calculated

Gx(t; n) =
r

1
T xxcal(t; n)

Gy(t; n) =
r

1
T yycal(t; n)

6. The observed Stokes parameters are calibrated using the gains and phase:

I(t; n) =
(Gx(t; n)2 +Gy(t; n)2)

4
I 0(t; n) +

(Gx(t; n)2 �Gy(t; n)2)
4

Q0(t; n)

Q(t; n) =
(Gx(t; n)2 �Gy(t; n)2)

4
I 0(t; n) +

(Gx(t; n)2 +Gy(t; n)2)
4

Q0(t; n)

U(t; n) = Gx(t; n)Gy(t; n)
�
cos(�(t; n))U 0(t; n) + sin(�(t; n))V 0(t; n)

�

V (t; n) = Gx(t; n)Gy(t; n)
�
cos(�(t; n))V 0(t; n)� sin(�(t; n))U 0(t; n)

�

7. The Stokes values are written to disk. Any point for which the RFI 
ag is set

to TRUE is written to disk with NaN’s instead

Figure 3.5 show the phase angle o�sets between the X and Y signal path derived during

the calculation of Stokes parameters. This completes the description of the CAL module.

Up to this point we have calculated the Stokes parameters from the raw auto and cross

correlation spectra that were output by the Mock spectrometer.
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3.3 MAP

MAP is the second module in the GALFACTS data processing pipeline. The blue boxes in

Figure 3.1 comprise the steps in this program. It takes the output of CAL and generates a

set of FITS cubes as output. Five such FITS cubes are produced corresponding to the four

Stokes (I,Q,U,V) parameters and a �fth "weight" cube that records the relative amount of

telescope integration time that went into each pixel of the four Stokes cubes. The weight

cube serves as a useful aid to estimate the expected noise in each pixel in the cube. Each cube

itself consists of an image of the sky in equatorial Cartesian coordinates for each observed

frequency channel. The details are described for the individual algorithms later. MAP reads

in all the tracks for a given frequency channel of data and combines them into a pixel grid

to produce images of the sky. This allows for the natural parallelization of the processing

stage by running a di�erent instance of MAP per frequency channel. A simple program is

used at the end to combine all these image planes into a cube of data. What follows is a

description of the various algorithms used in MAP and an illustration of the e�ect they have

on the data.

3.3.1 Removal of frequency dependent Stokes U and V leakage

A phase error between the response of the X and Y probes results in a leakage of Stokes I

into U and V. The Stokes U and V total power data have spectral shapes that scale w.r.t the

Stokes I total power values (Heiles [2001] section 3.4). This is shown in Figure 3.6. These

spectral shapes are di�erent for di�erent beams. We can represent the Stokes U and V time

series with the following equation:

U(t; �; n) = Usky(t; �; n) + I(t; �; n)�u(n)

V (t; �; n) = Vsky(t; �; n) + I(t; �; n)�v(n)
(3.9)

Here Usky(t; �; n); Vsky(t; �; n) is the real sky signal of astrophysical origin. �u(n); �v(n)
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are the constants of proportionality that represent the leakage of the total power Stokes I

signal Ip;jtot (t; �; n) into the Stokes U, and V signal. These factors vary with frequency channel

n. We need to be able to determine these factors to correct the data. To the �rst order we

know that the average stokes U and V signal from the sky is zero. Stokes U and V values

of astrophysical origin tend to be distributed around a mean of zero. We can average the

quantities in the above equation w.r.t time t as follows:

hU(�; n)i = hUsky(�; n)i+ hI(�; n)i�u(n)

hV (�; n)i = hVsky(�; n)i+ hI(�; n)i�v(n)
(3.10)

Every given track of observation covers an RA range of about 6 hours of sky. We as-

sume that we are sampling a large enough area of sky so that approximately hUsky(�; n)i =

0; hVsky(�; n)i = 0 is valid. Using this and rearranging the last equation lets us calculate the

proportionality factors as:

�u(n) =
hU(�; n)i
hI(�; n)i

�v(n) =
hV(�; n)i
hI(�; n)i

(3.11)

The following algorithm is implemented in the pipeline code:

1. Read in a given track (p; j) of observations. For channel n 2 (0; N) in the

given track perform the following steps.

2. Calculate the ratios between the Stokes Up;j(t; n); V p;j(t:n) and Stokes Ip;j(t; n)

for every time t 2 (0; T )

�p;ju (t; n) =
Up;j(t; n)
Ip;j(t; n)

�p;jv (t; n) =
V p;j(t; n)
Ip;j(t; n)

3. Calculate the averages to determine the leakage factors:
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�p;ju (n) =
1
T

TX

t=1

�p;ju (t; n)

�p;ju (n) =
1
T

TX

t=1

�p;jv (t; n)

4. Using these factors correct the Stokes U:V time series

Up;j
c (t; n) = Up;j(t; n)� Ip;j(t; n)�p;ju (n)

V p;j
c (t; n) = V p;j(t; n)� Ip;j(t; n)�p;jv (n)

The results are shown in Figure 3.7 These are the corrected spectra for a single time data

point.

3.3.2 Removal of declination dependent background

GALFACTS Observations consist of daily scans on the sky along the meridian. This gives

us seven tracks for each day, one per beam. We can write the time series for a given track

output by CAL as:

Sp;j(�; �; �) = Ssky(�; �; �) + Sp;jsys(�; �; �) (3.12)

Here S refers to a Stokes parameter, p refers to a day of observation, j refers to one

of the seven beams. Therefore, the combination (p; j) uniquely identi�es each track on the

sky. All of these quantities are measured for a given pointing in the sky (�; �). There

is also the frequency dimension (�) to the data. The total recorded output of CAL for a

Stokes parameter is the sum of Ssky, the brightness temperature of the sky and the system

temperature Ssys. The system temperature is a sum of the following quantities:

1. The noise power generated within the electronics. This is called the receiver

temperature. The receiver is generally kept in a very stable environments and

any temporal variations are small.
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2. The radiation from the atmosphere. At L-band frequencies this value is � 3K.

3. The spillover radiation and thermal radiation from lossy components of the

dish or structure that block the aperture is picked up by the feed. There is a

large variation at Arecibo for this. The magnitude of the variation is � 8K

over the range of the zenith angles for the telescope. This also varies with

the ambient temperature. There is also a di�erence in this variation from

one beam to another depending on the orientation of the feed when scanning.

The outer beams see more spillover. Since we are observing at the meridian,

there is a straightforward relationship between the zenith angle z and the

declination �. For the northern survey �elds � = z � 18:34� (18:34� is the

latitude at which the telescope is located). Similarly for the southern �elds

the relationship becomes � = 18:34�� z. Hence we can write any zenith angle

dependency in the data equivalently as a declination angle dependency.

The �rst two quantities mentioned above can have some daily variations. The third

quantity mentioned above has a strong dependence on the beam. Hence we refer to the

system temperature as a function of day p and beam j denoted by the super script in

Sp;jsys(�; �; �). Since the observations for given day are monotonically increasing in Right

Ascension �, we can use time t as a proxy for �. This helps us conveniently refer to the data

as a time series. Frequency � is proxied by the channel number n. Therefore we can rewrite

the above equation as:

Sp;j(t; �; n) = Ssky(t; �; n) + Sp;jsys(t; �; n) (3.13)

In all the algorithms used in MAP the �ts are performed with respect to the three

quantities t; �; and n. These variables suit the description of the algorithms better. Whenever

we are dealing with band averaged quantities the channel number n dependence will be

dropped from the equations.
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Figure 3.1: Flowchart showing an overview of the GALFACTS data reduction pipeline. The
yellow boxes form the CAL module. The blue boxes comprise the MAP module and the red
boxes form the CORR module. The Grey Box at the end indicates the �nal data products
that comprise the public release.
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Figure 3.2: Example of frequency domain RFI rejection. The RFI spike at 1385 MHz in
the top image is partly removed in the bottom image after having processed through the
frequency domain RFI rejection algorithm. Th HI line at 1420 MHz is preserved in both the
�gures.
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Figure 3.3: Example of time-domain RFI rejection. The RFI spike at � = 89� in the top
image is removed in the bottom image after having been processed through the time-domain
RFI rejection algorithm.
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Figure 3.4: Raw vs Smoothed Cal signal. The top image is the band averaged time series
for the Cal signal. The smooth signal tracks the gain variations in Cal. The bottom image
shows the Raw vs Smoothed signal along the frequency axis. These are slices of the data
along the two di�erent axes.
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Figure 3.5: The phase o�set between the X and Y signal paths as a function of frequency
derived for all seven ALFA beams. (This is for �eld S1)
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Figure 3.6: The U and V total power as a fraction of total Stokes I power derived for a single
day of observations.
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Figure 3.7: The correction factors derived in the previous �gure are applied here to a single
time series data point. The improvements in the spectral shape can be seen clearly.
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Figure 3.8: Raw Stokes I image showing the output data produced by CAL program. The increase in Tsys is clearly seen in the
image at lower declinations.
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Figure 3.9: Stokes I image after removing the declination dependent background.
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If we make a Stokes I map of the output of CAL it looks like Figure 3.8. The declination

dependence in the Ssys is clearly visible in this image. To correct for this we perform a

polynomial �t per day per beam to the data w.r.t declination �. To avoid the e�ects of strong

sources we use an outlier rejection scheme similar to the RFI rejection. This polynomial �t

is then subtracted from the data. This is done on a per channel basis. The following are the

details of the algorithm:

1. For every day p and every beam j 2 (1; 7) read in the time series Sp;j(t; �; n)

for channel n.

2. Perform a Chebyshev polynomial �t P p;j(�; n) on this time series. This �t is

a function of declination � only.

3. Set the outlier found 
ag Foutlier = FALSE

4. Calculate the di�erence between the Polynomial �t values and the actual time

series data:

�p;j(t; n) = Sp;j(t; �; n)� P p;j(�; n)

5. Calculate mean h�p;ji and standard deviation �p;j on these di�erence values.

h�p;ji =
1
T

TX

t=1

�p;j(t)

�p;j =

vuut 1
T

TX

t=1

�
�p;j(t)� h�p;ji

�2

6. Test to see if every di�erence �p;j(t) is within �s standard deviations of the

mean. If not then the data point has data from a real astrophysical source.

We only intend to subtract out the background. We should therefore drop this

point from the time series while performing the polynomial �t. If we �nd any
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such point in this iteration we set the outlier 
ag to TRUE

if j�p;j(t)� h�p;jij > �s�p;j then

Foutlier = TRUE

7. Repeat steps 2 . . . 6 until no more outliers are found.

8. The �t P p;j(�; n) found now is the best approximation to the background. We

subtract this �t from time series to recover the corrected time series Sc(t; �; n)

Sc(t; n) = Sp;j(t; �; n)� P p;j(�; n)

9. Repeat for every channel n 2 (1; N)

We need to use the polynomial with the least order that can faithfully reproduce the

background variation with respect to the declination. Too high an order can lead to over

�tting the data. By the hit trial procedure we have found the order 16 works best. It

models the curvature of the variation properly and the �r has no in
ection points which

could be a sign of over �tting (We know that the variation is monotonically increasing with

declination). �s = 2:5 does a good job of removing the on-source data points from the time

series while performing the �t. Figure 3.9 shows the result of background removal on the

data. The improvement in the data can be seen clearly as the large scale variations with

declination are now removed. The side e�ect of this approach is that it may remove some

of the large scale di�use astrophysical emission from the data. This �tting is performed on

the per channel data and the resulting �t values are used to subtract the background from

individual frequency channels. Figure 3.10 is a plot of the polynomials that were derived

from a given track. Both the North and South cases are shown.

As mentioned above, the spillover e�ect causes the feeds to pick up ground radiation.

This is dependent on ambient temperature. Since the GALFACTS observations are carried
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out at night as the observations progress the ground cools down and this leads to an e�ect

that is observed in Right Ascension as well. The system temperature is higher for data

earlier in the observing run. To remove this e�ect perform a linear �t for background signal

in RA and remove it from the data. The description of this is exactly the same as declination

dependent background removal. The e�ect of both these corrections is that it leaves us with

a dataset that has an average background level that is zero.

3.3.3 Basket Weaving

Every observed track in a given GALFACTS �eld intersects with every other track. Ideally

the value for the four Stokes parameters should match up between any two given tracks at

their intersection point. This follows from the fact that the intersection point refers to the

same area of sky observed by the two di�erent tracks. In reality this is not true as there are

small di�erences in the data values between the two time series at the intersection point. If

we were to make a map of the sky these di�erences would show up as stripes that run along

the observation tracks. This is illustrated in Figure 3.9. To correct for this we have modi�ed

the well known technique called \basket weaving" (Salter et al. [1970]).

The declination dependent background removal gets rid of most of the background signal

Sp;jsys(t; �; n) in equation 3.11. There are small residuals left after the process and we can

represent the signal for day p beam j as:

Sp;j(t; �; n) = Ssky(t; �; n) + Sp;jres(t; �; n) (3.14)

The goal here is to determine and remove the residual Sp;jres(t; �; n). Striping is caused by

the dependency of Sp;jres(t; �; n) on p and j. We solve this problem as follows. We calculate

the di�erence between the signal at the crossing point tc for tracks p; j and q; k for the time
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series for channel n. This is given as:

�p;q
j;k(tc) = Ssky(tc; �) + Sp;jres(tc; �)� Ssky(tc; �)� S

q;k
res(tc; �) (3.15)

Here p 6= q and j 6= k.

This can be simpli�ed as:

�p;q
j;k(tc) = Sp;jres(tc; �)� S

q;k
res(tc; �) (3.16)

We proceed to �t a polynomial using t as the dependent variable to all the �p;q
j;k(tc)

for crossing points between the track p; j and all the other tracks. We then subtract the

polynomial from time series data for track p; j. We then iteratively proceed to the next track

and perform the same steps until all the tracks have been corrected. The e�ect of doing this

is to make the quantity
P

[�p;q
j;k(tc)]2 converge towards zero with each successive iteration.

The iterations are stopped when the fraction change in
P

[�p;q
j;k(tc)]2 over successive iterations

drops below a desired �. This minimizes the di�erence at the various crossing points and the

striping in the map.

The following are the various steps of this iterative algorithm:

1. Find the intersection tc between track p; j and all tracks q; k.

2. Perform a quadratic interpolation of the individual time series passing through

a crossing point tc for channel n. This has to be done because most of the

time the exact location of the crossing point will not correspond to that of an

observed data point.

3. Calculate the di�erences at all crossing points �p;q
j;k(tc).

4. Fit a polynomial P p;j(t) to the di�erence values for track (p; j).

5. Subtract the polynomial P p;j(t) times a loop gain �l from the time series for

track (p; j). The loop gain �l < 1:0 ensures smooth convergence of
P

[�p;q
j;k(tc)]2
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6. Repeat steps 3 . . . 5 for all tracks. Compute the aggregate
P

[�p;q
j;k(tc)]2.

7. Steps 2 . . . 6 form one iteration of the \Day weaving" stage of the basket

weaving. This is so called because we are using complete tracks at this point.

Repeat these iterations until di�erence between
P

[�p;q
j;k(tc)]2 for successive

iterations drops below �.

8. We now move on to the \Scan weave" stage of the basket weaving. Now instead

of �tting polynomials to whole tracks, we �t polynomials to the individual

segments of a track. This removes the striping locally and further improves

the image. The steps for this process are the same as steps 2 . . . 6. We stop

when the fractional change
P

[�p;q
j;k(tc)]2 for successive iterations drops below

�. � was typically set to 0:000001 and loopgain was set to 0:7

9. Repeat steps 1 . . . 8 for every channel n.
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Figure 3.10: The Declination dependent Tsys variation for all seven ALFA beams. These are
derived for both North (top) and South (bottom) Fields

88



Figure 3.11: Stokes I image after the Day weaving stage of basket weaving. There is a signi�cant reduction in striping.
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Figure 3.12: The �nal Stokes I image after the Scan weaving stage of basket weaving.
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Figures 3.11 and 3.12 show the e�ect of the day weaving and scan weaving stage of the

basketweaving algorithm on the data. The improvements in the data quality are signi�cant.

3.3.4 Correction for Stokes bandpass and residual leakage

The Stokes I bandpass needs to be corrected to re
ect the true spectral index from the sky

signal. Also we need to precisely calibrate the Stokes Q,U and V to remove any residual

Stokes I leakage. To accomplish this we produce spectral cubes for the calibrator sources

corresponding to the observation �eld. These cubes are completely sampled in a given

beam giving us 7 sets of the Stokes Cubes for each source. This data has all the processing

algorithms described until this point applied to it. Our aim is now to determine the correction

factors to recover the Stokes I spectra. Since we have selected these calibrator sources to

serve this purpose we know a-priori from the literature the expected values for these sources.

To get the correct spectral index �t, we start by collecting all the known values for a given

source from the literature across the whole radio spectrum. Some common sources of this

information are the NVSS, the GB6 and the GB87 surveys. We then perform least-squares

spectral �ts to the catalogued 
ux-densities of sources. A Kuehr type (Kuehr et al. [1981])

spectral function is used for �tting each spectrum. (Note that this analysis was carried out

by Dr Chris Salter who is a member of the GALFACTS consortium)

If S(�) = log10(S[Jy]) and � = log10(�[MHz], then the function �tted is;

S(�) = c0 + c1 � � + c2e�� (3.17)

Using the best �t we then derive the normalized correction factor �I(n) from the given

calibrator sources data as follows:

Let SI(n) be the Stokes I 
ux at frequency for channel n derived from the peak pixel

location in the calibrator cube. We know from the spectral �t the true 
ux value for source
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to be StrueI (n) The correction factor is then given by:

�I(n) =
StrueI (n)
SI(n)

(3.18)

These correction factors are then normalized so that their average value is 1 over the

GALFACTS band.

In the most general form the leakage between the various Stokes parameters can be

represented by the following set of equations:

Io = I �mII +Q �mQI + U �mUI + V �mV I

Qo = I �mIQ +Q �mQQ + U �mUQ + V �mV Q

Uo = I �mIU +Q �mQU + U �mUU + V �mV U

Vo = I �mIV +Q �mQV + U �mUV + V �mV V

(3.19)

In these equations I;Q; U; V are the true Stokes and the Io; Qo; Uo; Vo are the observed

Stokes. Calibration consists of solving for the matrix elements:

0

BBBBBBB@

mII mQI mUI mV I

mIQ mQQ mUQ mV Q

mIU mQU mUU mV U

mIV mQV mUV mV V

1

CCCCCCCA

Note that each element is a function of frequency.

For an unpolarized source we have Q = U = V = 0, so we can easily solve for the

elements of �rst column of the matrix,

mII =
Io
I
; mIQ =

Qo

I
; mIU =

Uo
I
; mIV =

Vo
I
: (3.20)

Here mII is the bandpass calibration for total intensity, and the remainder are the leakage

from Stokes I into the polarized signals.

Since most of our calibrator sources are unpolarized we can perform these corrections

using the calibrator source data. Note that these measurements use peak response of the
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calibrator to measure the leakage response to a point source. Hence these values are strictly

correct for compact sources only. These values are stored in a table and written to disk.

While processing the main �elds these are read from disk and applied to the data.

Figures 3.13 and 3.14 show the derived correction factors.

3.3.5 Position angle correction

The polarization position angle is de�ned as:

� =
1
2

arctan
�U
Q

�
(3.21)

At the current stage of GALFACTS processing the Stokes Q and U are de�ned with

respect to the feed orientation. The standard convention in Radio Astronomy is to de�ne

the position angle with respect to the direction of the north celestial pole. We therefore

need to correct our data to re
ect this. Since we scan up and down the meridian, the

feeds do not rotate. This means that there is a single value of the correction for all the

data. To determine this correction we conducted observations of polarized source 3C286.

These observations were conducted in the calibrator observation mode, giving us data with

complete spatial sampling in all the ALFA beams. We know the true position angle �t

for this source from the literature. We compute the apparent Position Angle �a from the

calibrator data cube using the equation given below .

�a = arctan
�
U
Q

�
(3.22)

The correction is then given as:

�c = �t � �a (3.23)

For GALFACTS we have determined that there is no dependence to �c with respect

to frequency. We therefore just need a single correction for all frequencies. The following
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Figure 3.13: Top image shows the spectral index corrections derived from calibrator observa-
tions for all seven ALFA beams.The bottom image shows the Stokes Q leakage as a function
of frequency
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Figure 3.14: Top image shows the residual spectral Stokes U leakage corrections derived
from calibrator observations for all seven ALFA beams.The bottom image shows the Stokes
V leakage as a function of frequency
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equations are used to correct the Stokes Q and U time series:

Qt = Qcos(2�c)� Usin(2�c)

Ut = Qsin(2�c) + Ucos(2�c)
(3.24)

�c was determined to be 45� which con�rms to the ALFA design where the probes are at

45� to the meridian.

3.3.6 Gridding

The time series data that has been processed so far is a collection of pointing values (�; �)

on the sky that do not fall on a regular grid. To generate an image we need to grid this data

on to a set of image pixels. This process is called gridding and is the last step in the MAP

program. Gridding basically involves convolving the time series data with a gridding kernel

to determine the values for each of the pixels. This gridding function is a 2 dimensional

circular Gaussian wide enough to be able to interpolate the data on to the pixel grid but not

too wide as to signi�cantly reduce the resolution of the data (convolution e�ectively results

in loss of resolution). The following algorithm accomplishes this:

1. Set up an array to hold the pixel values from a given frequency channel n.

The dimensions of the array x; y are determined by the size of the observed

�eld and the pixel resolution of the intended map. The pixel resolution for the

GALFACTS maps is usually set to 10.

2. For every data point in the processed time series for track p; j Sp;j(�; �) de-

termine the pixels that fall within a radius �. � is usually set to 3 beam

widths.

3. Compute the contribution of the data value Sp;j(�; �) for the pixel (x; y) that

falls within the radius � by multiplying with a gridding kernel Gk(�; �)

S(x; y) = Sp;j(�; �; n)Gk(x� �; y � �)
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4. We also keep track of the Weight function W (x; y) for each pixel. This is just

the value of the gridding kernel centred at (�; �) computed at pixel (x; y

W (x; y) = Gk(x� �; y � �)

5. Repeat steps 2 . . . 4 process for all tracks (p; j)

6. Rescale the pixel values with the weight function to produce the �nal map.

S(x; y) =
S(x; y)
W (x; y)

7. Repeat steps 1 . . . 6 for every channel n to produce a FITS cube.
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Figure 3.15: The initial vs �nal Stokes Q image after having been processed through MAP.
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Figure 3.16: The initial vs �nal Stokes U image after having been processed through MAP.
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Figure 3.17: The initial vs �nal Stokes V image after having been processed through MAP.
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Figure 3.18: The Weight image derived from the data during the gridding process. Missing tracks are visible in white. The
dark track is a day with make-up observations
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Figures 3.15, 3.16 and 3.17 show the e�ect of the MAP processing on the Stokes Q,U

and V data. Figure 3.18 illustrates a weight image that is output as a part of the processing

3.3.7 Reconstructing Stokes I zero level.

The images produced up until this point have an average background level of zero. This is

because the declination and right ascension dependent background removal gets rid of the

background signal. Astrophysically this is not correct since we know that the sky background

has a signal of about 3K plus di�use Galactic emission. We need to apply a correction to

put this signal back into the maps. For this purpose we use the Stockert Survey data (Reich

[1977]). This is an absolutely calibrated survey of the sky conducted using the Stockert

telescope at 1420 MHz. For the purpose of comparing the GALFACTS data to Stockert we

generate a GALFACTS map centred at 1420 MHz by averaging the frequency data from

1400-1410 MHz and 1430-1440 MHz. We do not use the GALFACTS data around 1420

MHz since it contains the HI spectral line. We then smooth the Stockert image and the

GALFACTS image both to 2 degree resolution (Stockert has observations at 35 resolution).

The data are averaged over declination and the average di�erence as a function of RA is �t

by a second order polynomial. The polynomial �t is done to avoid the the e�ects of striping

in the Stockert image. This process basically corrects for any smooth gradient di�erence on

scales of 10s of degrees between Stockert and GALFACTS. As seen in Figure 3.3.7 the typical

di�erences between Stockert and GALFACTS are a few tens of milliKelvin. Stripping in the

Stockert which is typically of scale of a degree or so does not propagate into GALFACTS.

This �t is then used to add the average background signal back to the GALFACTS Data

(Note that this step was carried out by Russ Taylor).
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Figure 3.19: The average di�erence along RA for the GALFACTS and Stockert Data. The
line represents the quadratic �t that is added to the GALFACTS data.

3.4 Chapter Summary

The GALFACTS data are collected at the Arecibo Observatory and after some initial pro-

cessing, shipped to Calgary. Phase 2 processing is done in Calgary, where RFI rejection,

gain calibration, o�set correction and bandpass correction are applied to the data. The data

is then basket-weaved and gridded to images. There is further processing of the stokes V

data. All these steps are described in the next chapter
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Chapter 4

High Precision polarimetry

The output cubes generated by the MAP program su�er from two signi�cant artifacts. They

have near side lobe patterns around the point sources from the side lobes of the seven ALFA

beams. The shape of these depend on the locations of the seven beams on the sky relative

the source location as the telescope scans through the source. The other artifact occurs in

the Stokes Q,U & V images and comes from the beam pattern of the leakage of the Stokes I

signal into the Stokes Q,U & V. Although the MAP program corrects for leakage from the

peak response in I, the o� axis response shows up as a \leakage pattern" in the maps for

these Stokes parameters. The outer six ALFA beams su�er from signi�cantly higher degrees

of this. To have images suitable for performing high precision polarimetry we need to remove

these artifacts.

In principle there can be leakage from each of the Stokes parameters into the other three

(See equation 3.18). However, the Stokes I leakage tends to be the biggest contributor. In

this chapter I will discuss removing the leakage due to some of the other Stokes parameters

as well. The program module that accomplishes the task of removing these artifacts is called

CORR.

4.1 Multi-beam CLEAN

The CLEAN algorithm used for removing the total intensity near sidelobes in the GAL-

FACTS data is adapted from the general idea presented by H�ogbom [1974]. A major di�er-

ence between the H�ogbom CLEAN and the multi-beam CLEAN is that the H�ogbom CLEAN

runs entirely in the image plane, while in the case of multi-beam CLEAN one needs to cycle

between the time domain and the image. This is done because the time domain points have
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data from just a single beam, while the pixels in the image have contributions to each data

point from multiple beams, as explained in Chapter 3, due to the gridding procedure. Not

only does the weighted contribution vary but also these time domain data points belong to

di�erent beams, each having a di�erent PSF. This leads to a map with complicated side-lobe

artifacts around compact sources with each one of these artifacts being unique depending on

the way tracks from various beams scanned through the source. Deconvolving these side lobe

artifacts is therefore a major challenge, and it requires the implementation of a new CLEAN

algorithm for images created by multi-beam feeds. The image itself is primarily used for

locating the peak intensity levels for CLEAN components. All source response subtraction

is performed in the time domain data.

The leakage removal in Stokes Q, U and V runs simultaneously with the multi-beam

CLEAN. The \leakage pattern" arises due to the fact that the two dipoles in the feed horn

may not be exactly perpendicular, or due to the ellipticity of the beam (beam squash). This

causes some of the signal in Stokes I to be transferred into Q, U and V (Heiles [2001]). This

is called the Stokes I leakage. This tends to give rise to a butter
y-like pattern in Q , U and

V around the beam centre instead of all data values being zero for an unpolarized source.

To measure the leakage patterns, observations of an unpolarized calibrator source are used.

Since the calibration source is unpolarized, any response in Q, U and V is due to the leakage

from Stokes I. During the multi-beam CLEAN process, these values are subtracted from the

Q, U and V time series based on the Stokes I \CLEAN" components. Figure 4.1 shows some

examples of source side-lobe and leakage patterns.

4.1.1 Beam models from the calibrator source observations

As mentioned above we need beam models from the calibrator source observations for the

multi-beam CLEAN and Stokes I leakage removal. For this purpose we take the individ-

ual beam observations of calibrator sources and combine the data from various calibrators

weighting the data according to the Signal to Noise Ratio(SNR) (i.e. a brighter source is
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Figure 4.1: The top �gure shows the side lobe patterns in Stokes I for a few of the bright
sources. Each pattern is unique based on the way the seven ALFA beams scanned past
the source. The bottom �gure shows the Stokes V leakage for the corresponding sources.In
Stokes V most of the signal is leakage and this is what is seen here.
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Figure 4.2: Beam 0 Stokes I,Q,U,V values as a fraction of peak I

given a higher weight than a fainter source). We then divide by total intensity to measure

the leakage pattern as a fraction of I. Since these sources were selected to be isolated, there

is no contaminating source in the vicinity. Also since the observations are conducted as

small 0.5 by 0.5 degree regions around the source the declination dependent background

removal process described in the previous chapter removes any di�use sky background for

these sources.

A least-squares two-dimensional bivariate spline is then used for interpolating this data

to calculate a beam model at very high sampling. This table of values is then used as

the beam model for any calculations that involve its use. The �tting algorithm is the one
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Figure 4.3: Beam 1 Stokes I,Q,U,V values as a fraction of peak I
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Figure 4.4: Beam 2 Stokes I,Q,U,V values as a fraction of peak I.
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Figure 4.5: Beam 3 Stokes I,Q,U,V values as a fraction of peak I.
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Figure 4.6: Beam 4 Stokes I,Q,U,V values as a fraction of peak I.
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Figure 4.7: Beam 5 Stokes I,Q,U,V values as a fraction of peak I.
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Figure 4.8: Beam 6 Stokes I,Q,U,V values as a fraction of peak I.
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Beam Gain Ratio
0 1:00� 0:02
1 0:80� 0:02
2 0:75� 0:02
3 0:74� 0:02
4 0:71� 0:02
5 0:91� 0:02
6 0:84� 0:02

Table 4.1: Relative Beam Gain Ratios derived from the S1 Calibrator source data.

provided with the numpy package (www.numpy.org). Figures 4.2 - 4.8 show the beam and

leakage models derived from these calibrator source data for the S1 Fieldhow (The �gures

show the spline �t models). These beam models also account for the di�erence in the peak

gain ratios for the outer ALFA beams. These ratios are derived from the individual beam

maps by dividing the values for beam n with beam 0. All the calibrator sources from a given

GALFACTS �eld are then averaged to derive the �nal number. Figures Figures 4.9- 4.11

show the beam ratios for the S1 �eld . Table 4.1 lists these ratios.

4.1.2 Corrections to the telescope pointing model

As will be clear from the description of the Multi-beam CLEAN algorithm later, the whole

process relies on positioning the beam models accurately with respect to the source location

to align the model response for appropriate subtraction from the time series data. Even small

errors in the pointing model of the telescope can lead to wrong corrections being applied

to the data. To test for the accuracy of the pointing model, the calibrator source images

were used. We have a set of 72 calibrator sources for GALFACTS with completely sampled

maps in each ALFA beam for these sources. We can run source �nding programs on these

images to determine the location of the peak. If the pointing model is accurate then the

peak determined from all the beam maps should be the same within the 5" r.m.s. pointing

error.
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Figure 4.9: Top �gure is the Beam ratio for ALFA beam 1 w.r.t beam 0, bottom is for beam
2. The line represents the average.
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Figure 4.10: Top �gure is the Beam ratio for ALFA beam 3 w.r.t beam 0, bottom is for
beam 4. The line represents the average.
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Figure 4.11: Top �gure is the Beam ratio for ALFA beam 5 w.r.t beam 0, bottom is for
beam 6. The line represents the average.
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Running the analysis reveals otherwise. There are systematic pointing errors for the

outer beams w.r.t. to beam 0 which are high as 30" and vary with the zenith angle. Figures

4.12- 4.14 , show the errors in the declination calculated for each beam n w.r.t. beam 0

as a function of the source zenith angle (these images are for �eld with 60� rotation angle,

0� rotation angle �elds have the same trend if the beams are substituted appropriately to

account for the rotation).

To remove these errors, �ts were performed to the error data. Linear �ts were used for

beams 0,1,2,5,6. While for beams 3 and 4, which see the maximum spillover from the edge

of the dish, there seems to be a quadratic trend past zenith angle 14� degrees. For these two

beams a linear �t was performed for zenith angle 0� � 14� and a quadratic �t was used for

Zenith angle 14 and above.

Similarly Figures 4.15- 4.17 show the errors in RA as a function of Zenith angle. In this

case there does not seem to be a trend with respect to declination. These �ts are used to

correct the pointing for the main GALFACTS time-series data for accurately subtracting

the beam models.

Another factor that needs to be looked into is the e�ect of sampling on the accuracy of

the peak 
ux density determination for the source. To do this a set of positions from the

time series data around a source was used. A point source with amplitude 1 and convolved

with beam-width 3.40 (similar to the ALFA beamwidths) was used to simulate 
ux values

for the time series. This is then a simulated observation of a source with a known position.

These data were then gridded into an image following the usual process for the GALFACTS

pipeline. The source position and amplitude were then determined from this image. Knowing

the actual simulated source position allows us to determine the errors in the source position

derived from the simulated image. These errors are then inherently a limitation imposed by

the sampling process and represent the limits to which the GALFACTS derived positions are

accurate. Simulations were run by moving the simulated source by 1" every time with respect

118



Figure 4.12: Top �gure is the declination errors for ALFA beam 1 w.r.t beam 0, bottom is
for beam 2. The line represents the �t.
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Figure 4.13: Top �gure is the declination errors for ALFA beam 3 w.r.t beam 0, bottom is
for beam 4. The line represents the �t.
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Figure 4.14: Top �gure is the declination errors for ALFA beam 5 w.r.t beam 0, bottom is
for beam 6. The line represents the �t.
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Figure 4.15: Top �gure is the right ascension errors for ALFA beam 1 w.r.t beam 0, bottom
is for beam 2. The line represents the �t.
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Figure 4.16: Top �gure is the right ascension errors for ALFA beam 3 w.r.t beam 0, bottom
is for beam 4. The line represents the �t.
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Figure 4.17: Top �gure is the right ascension errors for ALFA beam 5 w.r.t beam 0, bottom
is for beam 6 The line represents the �t.
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to the sampled positions. An area of +/-20 was �lled in both RA and DEC. The position

errors were calculated each time. Figure 4.18 show the surfaces representing the errors in

RA and DEC when the source was seeded at a given location. The sampled positions for

the time series are overlaid. These errors are within +/-5" for RA and +/-1" for DEC. Both

of these numbers are within the pointing model errors for the telescope and therefore the

sampling process has a negligible e�ect on the accuracy of the positions derived from the

GALFACTS data. The errors in DEC are much smaller than the ones in the RA because

we are sampling every 0.2 while scanning in Zenith angle. These leads to a much higher

sampling along the DEC direction.

The analysis described above was done for the case with a complete set of sampled

values. However on account of missing tracks in the data and RFI removal we may not have

a complete sample available to us for a source. To test for the e�ect of missing samples

another set of simulations was run with two tracks removed from the time series. This time

the errors are much higher (Figure 4.19) and make high precision polarimetry impossible for

Stokes V. Therefore, as a result of these simulations, it was decided to not consider sources

with under-sampled datasets for Stokes V correction. The way this criterion is imposed is

to have a lower cuto� from the weight map for the source position. Any source for which

the weight map has values lower than this cuto� will not be considered for Stokes V analysis

(a cuto� of 14.0 was used in practice since a complete sampling leads to weights of 14.0 or

more).

4.1.3 Accurate determination of the Stokes I peak 
ux

The accuracy of the Mulit-beam CLEAN and the corresponding leakage correction relies

heavily on the accurate determination of Stokes I peak 
ux. Since what is subtracted from

the time-domain data is multiplied by this number, any errors will propagate in the data for

the corrections being applied. Running a source �nding algorithm is one way to determine

this. There are many such source-�nding packages available (Westerlund et al. [2012]). One
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Figure 4.18: The top �gure shows the RA errors for given seed position of a source w.r.t the
red time-series samples. The errors are the di�erence between the known seed position and
the simulated image position. The bottom �gure shows the results for errors in DEC
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Figure 4.19: RA and DEC errors are much larger in case of under-sampled data set with
missing tracks.
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Figure 4.20: Beam 5 Stokes I,Q,U,V models.

of the key problems faced while using the results of a source �nder that has been run on

a GALFACTS output FITS image is that we need to use these values for subtraction from

the time-domain data. As explained in the previous chapter a gridding kernel is used for

the purpose of generating a regular pixel grid from the time domain data. This process is

essentially a convolution of the time domain data with the gridding kernel. An e�ect of this

would be to broaden the source in the FITS image while lowering its peak value. While using

these Stokes I peak 
ux values we need to be able to estimate this reduction in the peak value

and correct it. This corrected number is then appropriate for CLEANing the time domain

data. Also all the outer ALFA beams have lower gain values compared to the central beam.

This means for example that if beam 1 is scanned through the source peak the 
ux values in

the time series will be smaller than if beam 0 were to have been scanned through the same

source. This beam-dependent e�ect on the recorded 
ux values needs to be corrected for as

well. It is known that the outer ALFA beams have a gain that can be up to 20% lower than

the central beam gain (Table 4.1). Furthermore any missing data points removed during the

RFI rejection process can reduce the e�ective sampling for a given source. This will also

lead to lower peak value being estimated from the FITS images.
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A further challenge arrises from the fact that GALFACTS is a total-power continuum

survey. Some source regions also have di�use background emission especially in the Galactic

plane. We need to estimate this background accurately to estimate the true source peak 
ux.

The various source �nding algorithms have varying degree of success in dealing with this

problem. All these aforementioned problems render it impractical to use any of the standard

source �nding packages available in the community. An approach speci�cally tailored to the

GALFACTS data is needed.

We have written a set of routines that produce a list of Stokes I peak 
ux values to be

used as input to the CORR program. Arecibo pointing accuracy is 5" r.m.s. Therefore, if we

create a GALFACTS image from the data output of the MAP program at 5" pixel resolution,

then using the pixel with the highest value in the map for a source should su�ce. This avoids

having to use Gaussian �tting which then has to further account for the background levels

to do a proper �t to the data. We start with a list of sources selected from the NVSS

catalogue to be used for seeding the process. We then search for a peak value within a half

beam-width radius in the high-pixel-density image generated from the MAP program. This

accounts for any changes in the source positions between the observation epochs. The half

beam width for GALFACTS is about 3.40. The pixel coordinates thus recovered are treated

as the location of the source peak and the 
ux value is recorded. Now we have to recover

the background 
ux value that this pixel includes. For this purpose we divide the region

around the source into four quadrants (Figure 4.20). We then use a search radius on the

master list to search for any source present within a certain distance of that source. If so

then the presence of such a source can contaminate the background determination. We mark

the corresponding quadrant where such a source exists as bad. After doing this for all the

four quadrants we select sources that have at-least two good quadrants to look for points

to be used for the background determination. Any sources with less than two quadrants

available for background detection are removed from the list. We need to further develop
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techniques to deal with these sources in the future. For the good sources in the list we then

use the average value of pixels located at a certain radius from the source peak. The radius is

con�gurable but is usually set to about 2 beam widths to avoid any sidelobe contamination

from the data. Subtracting the background from the peak pixel value gives us the true source


ux in the image domain.

RA (deg) DEC (deg) Map I (K) Ratio Time I (K)
66.098 14.705 4.011 0.72 5.559
66.137 7.261 1.745 0.65 2.676
66.153 10.362 0.814 0.55 1.457
66.159 8.629 1.110 0.75 1.475
66.173 1.563 1.804 0.66 2.735
66.195 0.602 4.979 0.66 7.486
66.198 3.868 0.822 0.64 1.290
66.224 1.099 0.847 0.65 1.296
66.240 8.088 1.724 0.62 2.792
66.324 12.539 2.290 0.65 3.536
66.333 10.972 1.144 0.68 1.691
66.340 4.468 0.843 0.74 1.146
66.391 15.051 0.988 0.62 1.598
66.403 8.538 7.383 0.59 12.523

Table 4.2: Positions and 
ux values determined for a few sources from the S1 region. The
Map column has the source 
ux in the image domain. The Time column has the corrected

ux values to be used for CLEAN. These are derived by dividing the Map column by the
Ratio column.

We now need to transform this image domain 
ux value to a corresponding time domain

value to deal with the sampling e�ects described previously. Another routine accomplishes

this by taking the image domain source 
ux list as its input. We now go through each source

in the list and select all the time domain data points within a certain radius of the calculated

peak. This radius is again con�gurable but is usually set to about 2 - 3 beam widths since

the source response drops o� quickly and any points further away do not contribute any 
ux.

We now imagine a 1K 
ux source sitting at the peak location. We then use the time domain

positions around this source to determine the e�ect of sampling, individual beam gain and
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the gridding kernel on this 
ux value. To do so we assign each time domain point a 
ux

value from the appropriate beam model as it would have scanned the source. We use the

interpolated beam models we have derived from the observed calibrator sources described

previously. This gives us a simulated time series that would correspond to a hypothetical 1

K source had it been observed by the telescope with the appropriate beam sampling. Now

we carry out the regular gridding process described in the previous chapter just for the

pixel at the peak location. The pixel value calculated thus represents the reduction in the

observed 
ux in the image domain as described above. This number e�ectively gives us a

ratio with which to scale the source 
ux values derived from the image domain. The output

is therefore appropriate 
ux values to be used for the multi-beam CLEAN and the leakage

removal process. Table 4.2 lists the ratios derived for a few example sources.

4.2 Multi-beam Clean and Stokes I leakage removal

We proceed with the Mullti-beam CLEAN and leakage removal after having corrected the

pointing errors and the determination of true Stokes I 
ux appropriate for the time series

data. The following is the step by step description of the algorithm:

1. Read in the corrected Stokes I 
ux values to be used as CLEAN components.

The coordinates for a given CLEAN component will be referred to as �c; �c

and the 
ux value by Ic. The individual beam models will be referred to by

M I
j and the leakage patterns as LQj ; LUj &LVj .

2. For each CLEAN component perform the following steps.

3. Find all time domain points for a track p; j within a give radius of the CLEAN

component �c; �c.

4. Given the position of �; � with respect to the time domain data points, cal-

culate from M I
j (� � �c; � � �c), the response from the beam j appropriate to
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Figure 4.21: This �gure shows the process of CLEANing time domain data points. The red
cross is the location of the peak intensity on the map. The overlaid black dots are the time
domain data points for a particular beam. The green circle is the CLEAN radius. All the
time domain points within this circle are CLEANed.

that data point (Figure 4.21). The beam response for the source is therefore

calculated as

Ibr(�; �) = IcMj(�� �c; � � �c) (4.1)

Similarly calculate the appropriate leakage response from the appropriate leak-

age patterns as:

Qlr(�; �) = IcLQj (�� �c; � � �c)

Ulr(�; �) = IcLUj (�� �c; � � �c)

Vlr(�; �) = IcLVj (�� �c; � � �c)

(4.2)

5. Subtract the beam response from the time domain data point to give residual

time domain data. i.e.

Ires(�; �) = I(�; �)� Ibr(�; �) (4.3)
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Similarly subtract the leakage response for the stokes Q,U & V

Qres(�; �) = Q(�; �)�Qlr(�; �)

Ures(�; �) = U(�; �)� Ulr(�; �)

Vres(�; �) = V (�; �)� Vlr(�; �)

(4.4)

6. Add CLEAN (Gaussian) beams to the residual time domain data appropri-

ate for each position (�; �) with the peak amplitudes equal to the Ic. The

CLEAN beams being two-dimensional Gaussian functions G with half-power

beam width equal to the HPBW equal of the Arecibo beam. Therefore;

Iclean(�; �) = Ires(�; �) +
X

0<j<n

IjcG(�� �c; � � �c) (4.5)

7. Construct images from the CLEAN time domain data by gridding, which yields

the �nal CLEANed map. The corresponding maps created from Stokes Q,U

& V residual data are the leakage corrected maps.
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Figure 4.22: The top image is the dirty image, that in the center is the CLEAN image and
the bottom one is the NVSS image. It can be seen that sidelobes around bright sources are
removed. The bright source to the right has two faint sources masked in its sidelobes; these
have been recovered in the CLEAN image.
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Figure 4.23: Another comparison of dirty, CLEAN and NVSS images.
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Figures 4.22 to 4.24 are sets of images illustrating the CLEAN process. The e�ectiveness

of the algorithm can be clearly seen.

4.3 Further processing of the Stokes V data

As mentioned at the beginning of this chapter, each of the Stokes parameters in principle

contributes leakage to the other Stokes parameters. Stokes I leakage is the major contribution

and has been removed in the previous step. Since the astronomical Stokes V signal is very

small < 0:5% the leakage of Stokes Q and U signal into Stokes V signal also becomes very

important. The following algorithm removes these leakage signals.

1. For every day p and every beam j 2 (1; 7) read in the band averaged time

series from the previous step Qp;j
res(t) and V p;j

res (t).

2. Perform a linear least squares �t P p;j(Q) on these time series treating the

Stokes V time series as the independent variable. This �t is a function of

Stokes Q value Qres only.

3. Calculate the corrected Stokes V time series by taking the di�erence between

the polynomial �t values and the actual time series data:

V p;j
corr(t) = V p;j

res (t)� P p;j(Q)

4. Repeat step 1... 3 this time performing a �t between the Stokes U & V time

series data.

Figure 4.25 shows the results of this correction on the image. The removal of the di�use

background leakage signal is clearly visible.

Figure 4.26 shows the before and after results of leakage correction for a single source in

Stokes V. This source is a positive Stokes V detection. Figure 4.27 shows a section of map
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where multiple sources have been corrected for leakage e�ects. The circles represent sources

with positive detections. Green circles represent a positive value of Stokes V and red circles

represent a negative Stokes V signal. A number of sources which were processed and which

did not result in positive detections are also visible in the image. This image illustrates the

e�ectiveness of the leakage removal process (Note: as described earlier not all sources in this

image are corrected for leakage, that is why some sources still have the leakage patterns that

are the same in the top and bottom image).
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Figure 4.24: The �gure shows a cross section through the dirty and CLEAN images at a
constant declination. The source to the right has a sidelobe comparable to the source on
the left; this sidelobe is removed very e�ectively by the CLEANing process. The rest of the
map structure is well preserved.
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Figure 4.25: The initial stokes V image (top). The bottom image has the Stokes Q and U
leakage removed.
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Figure 4.26: Uncorrected (top) vs corrected (bottom) Stokes V for a source. This source is
a positive Stokes V detection.
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Figure 4.27: Uncorrected (top) vs corrected (bottom) Stokes V for multiple sources. The
circles represent signi�cant Stokes V detections
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4.4 Accuracy of the Stokes V leakage removal process

Beam Residual Stokes V (%)
0 0.012
1 0.079
2 0.060
3 0.095
4 0.046
5 0.080
6 0.019

Table 4.3: Residual percentage errors after the Stokes V leakage correction for the various
beams.

Since the astrophysical Stokes V signal is very small we need to be able to perform the

leakage removal from the Stokes V signal very accurately. Further we need some way to

determine the accuracy of this process to estimate error ranges for the derived Stokes V

values for various sources.

The Stokes V signal is small and can have either a positive or a negative value. We can

therefore assume that on average this signal should add up to zero for a large ensemble of

sources. This claim can only be made about the Stokes V and not for the Stokes Q and U

signal. Further we don’t have to worry about any Faraday rotation e�ects which alter the

Stokes Q and U signals and can bias a locally selected sample of sources due to large scale

magnetic �eld structure of our local Galactic neighbourhood. Therefore, for Stokes V signals

the bigger the sampling area the better the likelihood of the Stokes V signal averaging out

to zero. We can use this idea to �rst create an aggregate leakage pattern in Stokes V for

each of the seven ALFA beams. We can do this during the leakage removal step in the

program CORR. Whenever we remove leakage from a time domain data point, we can �rst

save the Stokes V value normalized to its Stokes I CLEAN component Ic. We also store

the relative position of the data point ��;�� w.r.t the CLEAN component position �c; �c.

Doing this produces a table for each of the seven beams. This can be �t with a 2 dimensional
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spline function to give us the leakage pattern akin to what we get from calibrator source

measurements. Any real excess signal should cancel out in both the positive and negative

direction in e�ect only increasing the chi-squared value for the �t. Figures 4.28 - 4.34

show the result. On the top left is the beam model determined from the calibrator source

observations and in center is the beam model generated from aggregating the data points

around the CLEAN components. The data match up well enough that either of the two

can be used interchangeably as a beam model. We can do the same kind of aggregation

process with the residuals after removing the leakage. The bottom image in these Figures

show the residuals. Table 4.3 shows the percentage residual errors in Stokes V close to the

beam centre. The worse case result is for beam 4 at 0:095%. Therefore, we can claim that

maximum error in our Stokes V value for a given source is less than this value. Note that

this process is carried out for each individual GALFACTS �eld. Therefore, we get di�erent

residual levels for the seven ALFA beams for the di�erent GALFACTS �elds

The other factor that leads to an error in the Stokes V signal is the receiver thermal

noise. We can determine this by calculating the r.m.s pixel value for the background pixels

in the Stokes V map. This number can be used to determine an absolute cuto� level for n�

source detections in Stokes V. We can combine the two errors in the data to select for sources

with believable Stokes V signal. We can �rst select a source with more than a 2� detection

in the Stokes V image. For this source we can then determine the Stokes V percentage

mc by dividing the Stokes V pixel value by the corresponding pixel value in Stokes I. Note

that since we are dealing with the image plane, we take ratios of the two numbers both

derived from the image plane. We do not use the Stokes I 
ux values appropriate for the

time domain data. Finally if the absolute value of jmcj � 0:095%, then we can claim to

have detected a real astrophysical signal from the source. The next chapter will talk in more

detail about this and we shall present the results derived for a few GALFACTS �elds as well

as the astrophysical interpretation of the results.
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Figure 4.28: Beam 0 Stokes V beam model (top). Stokes V aggregate model (middle). Stokes
V residuals (bottom).
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Figure 4.29: Beam 1 Stokes V model, aggregate model and residuals.
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Figure 4.30: Beam 2 Stokes V model, aggregate model and residuals.
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Figure 4.31: Beam 3 Stokes V model, aggregate model and residuals.
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Figure 4.32: Beam 4 Stokes V model, aggregate model and residuals.
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Figure 4.33: Beam 5 Stokes V model, aggregate model and residuals.
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Figure 4.34: Beam 6 Stokes V model, aggregate model and residuals.
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Chapter 5

Stokes V detections for GALFACTS

We have processed four GALFACTS �elds S1, S2, N3 and N4 for the Stokes V circular

polarization analysis. This chapter presents the results for these four �elds.

5.1 Accuracy of the Stokes V leakage removal process.

As described in Chapter 4 the accuracy of the Stokes V leakage removal can be quanti�ed by

looking at the combined residuals for all the CLEAN components for a given GALFACTS

�eld. We can look at the residuals from each GALFACTS �eld individually, which gives us

the lower limit on the detectable Stokes V signal for that �eld. Table 5.1 lists the percentage

residuals for each beam for each GALFACTS �eld that has been processed so far. The

accuracy of the process is limited by the worst residuals from the seven ALFA beams in a

given �eld. This is because the GALFACTS images are formed by combining the data from

all seven beams and we can only be certain that the leakage removal process is as good as

it is for the worst beam. Those numbers are highlighted in the table and are taken as the

threshold for the lower limit on Stokes V detectability for a given �eld.

The other factor that is relevant for a positive detection is the Signal-to-Noise Ratio

(SNR) for a given source in the Stokes V map. The noise in the Stokes V map can be

calculated by taking RMS value of Stokes V in the vicinity of the source. NVSS catalogue

positions are used to mask out any pixels that contain sources with 
ux more than 10 mJy.

An area of 2 beam-widths is masked around the position of such a source. Then an area of

80 by 80 pixels around a corrected source is then used to calculate the RMS. Masked pixels

are ignored for the calculation of RMS.
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Residual Stokes V (%)
Beam S1 S2 N3 N4

0 0.012 0.021 0.042 0.031
1 0.016 0.022 0.019 0.017
2 0.088 0.086 0.011 0.038
3 0.099 0.110 0.089 0.069
4 0.073 0.064 0.026 0.059
5 0.096 0.086 0.073 0.089
6 0.036 - 0.104 0.085

Table 5.1: Residual percentage errors after the Stokes V leakage correction for the various
beams and �elds.

5.2 Positive Detections.

To have a positive Stokes V detection in the GALFACTS Stokes V map we use the two criteria

mentioned before. Firstly the SNR in Stokes V is calculated for a CLEAN component. A

criterion of having a Stokes V signal that is above three times the SNR is used for a positive

detection. Then the % Stokes V (mc) is calculated for that CLEAN component. If this value

is above the worst residual for the given �eld then we consider this as a positive detection

in Stokes V. Therefore, the application of these two criteria, meeting a SNR threshold and

the percentage threshold gives us list of positive Stokes V detection from the GALFACTS

maps. Table 5.2 gives us the number of positive detections for each �eld.

Field # Clean Components # Positive Detections
S1 1803 84
S2 2000 73
N3 1761 53
N4 1939 73

Total 7503 283

Table 5.2: Number of positive Stokes V detections for various GALFACTS �elds.
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5.3 List of positive GALFACTS Stokes V detections.

Table 5.4 lists all the sources with Stokes V detections from the four GALFACTS �elds.

The non detections also serve as a useful dataset for future observations by placing an upper

limit on the Stokes V 
ux for those sources. Since we do not �nd Stokes V signal for these

sources above a given threshold, this list gives us an upper limit on the Stokes Flux level

and CP percentage. We plan on making this list available to the consortium members.
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

59.75 14.61 14.777 0.044 0.30 0.00656 6.8 0.5 -1.1

60.28 0.61 15.473 -0.029 -0.19 0.00488 6.0 0.1 -0.7

60.55 5.69 6.842 -0.018 -0.26 0.00434 4.1 2.3 -1.0

61.25 16.18 12.236 0.028 0.23 0.00455 6.2 -0.0 -0.8

65.97 0.52 18.012 0.028 0.16 0.00475 5.9 1.8 -0.8

68.07 2.67 4.361 -0.013 -0.30 0.00396 3.4 1.5 -1.2

69.69 13.22 6.601 -0.010 -0.15 0.00331 3.1 0.3 -1.1

70.66 -0.29 27.828 -0.036 -0.13 0.00631 5.7 0.6

71.05 10.72 8.070 0.015 0.19 0.00342 4.4 6.0 -0.6

75.84 2.05 25.063 0.042 0.17 0.00508 8.2 0.1 -0.2

76.20 12.75 5.411 -0.017 -0.32 0.00442 3.9 1.4 -0.9

76.35 4.99 10.055 0.015 0.14 0.00408 3.6 3.0 -0.0

76.90 3.13 11.373 0.015 0.13 0.00414 3.6 3.2 -0.6

77.36 10.20 6.842 0.021 0.31 0.00386 5.4 2.0 -0.1

79.19 10.97 12.557 0.035 0.28 0.00348 10.1 1.0 -0.5

79.46 6.80 9.831 0.018 0.19 0.00442 4.2 2.8 -0.0

Table 5.3: Stokes V Detections

154



RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

79.87 14.48 9.468 0.019 0.21 0.00461 4.2 6.1 -1.0

81.10 7.83 8.912 -0.025 -0.28 0.00435 5.7 8.8 -0.8

82.24 15.32 13.570 0.018 0.13 0.00517 3.5 4.3 -0.9

82.87 6.51 35.904 -0.096 -0.27 0.00638 15.0 1.8 -1.1

83.16 7.55 23.781 0.059 0.25 0.00695 8.4 0.4 -0.0

83.26 4.10 22.298 -0.037 -0.16 0.00463 7.9 2.3 -0.7

83.65 5.06 7.353 -0.022 -0.30 0.00474 4.6 5.8 -1.0

85.34 13.38 9.854 0.020 0.20 0.00537 3.8 0.1 -0.7

87.83 16.62 26.991 0.039 0.14 0.00604 6.4 0.5 -0.7

88.20 13.41 3.574 0.010 0.29 0.00328 3.2 0.1 -0.8

88.89 12.54 17.939 0.031 0.17 0.00520 5.9 0.1 -1.1

91.07 1.29 4.117 0.015 0.36 0.00420 3.5 0.1 -1.2

93.40 -0.14 5.999 0.016 0.27 0.00476 3.3 0.1

95.42 14.54 26.529 0.082 0.31 0.00766 10.8 0.3 -1.0

96.44 14.67 29.697 0.033 0.11 0.00552 5.9 0.2 -0.8

96.62 2.53 5.413 0.022 0.41 0.00555 3.9 4.2 -1.1

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

97.05 1.16 9.931 0.033 0.33 0.00467 7.0 2.8 -1.0

98.31 8.22 12.675 -0.026 -0.21 0.00763 3.4 2.1 -1.0

101.40 14.01 4.169 -0.015 -0.36 0.00388 3.9 2.0 -1.0

101.92 9.08 2.944 0.016 0.54 0.00421 3.8 -0.1 -1.2

104.83 8.23 9.667 0.019 0.20 0.00396 4.9 0.5 -0.2

108.85 3.19 7.418 0.014 0.19 0.00380 3.6 0.1 -0.9

110.35 4.11 3.311 0.013 0.40 0.00304 4.4 0.9 0.1

112.03 14.63 24.687 0.060 0.24 0.00811 7.4 1.9 -1.0

112.13 12.17 12.737 -0.019 -0.15 0.00346 5.5 2.9 -1.0

112.84 12.35 4.711 -0.012 -0.26 0.00343 3.6 1.0 -0.7

113.43 5.76 6.859 -0.014 -0.21 0.00315 4.6 2.5 -1.2

114.43 7.59 5.761 -0.019 -0.32 0.00394 4.7 2.0 -1.1

114.83 1.62 16.756 0.018 0.11 0.00382 4.7 5.6 0.1

115.67 5.12 7.968 -0.019 -0.24 0.00310 6.2 2.7 -0.8

116.37 12.16 9.226 0.031 0.34 0.00365 8.6 0.1 -1.2

118.57 3.74 3.733 0.010 0.26 0.00307 3.2 2.3 -0.7

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

118.59 7.65 5.358 0.013 0.24 0.00324 4.0 0.4 -1.1

119.11 13.43 4.542 0.010 0.23 0.00302 3.4 3.1 -0.5

119.43 2.85 7.694 0.013 0.17 0.00346 3.8 2.2 -0.7

119.54 11.62 8.762 -0.029 -0.33 0.00358 8.1 1.7 -0.6

120.00 2.38 6.301 -0.018 -0.29 0.00312 5.8 1.1 -0.9

120.39 14.25 29.246 -0.045 -0.15 0.00591 7.7 0.1 -1.1

122.00 4.54 5.939 -0.011 -0.19 0.00362 3.1 1.3 -0.5

122.19 5.85 5.811 -0.013 -0.22 0.00324 3.9 1.2 -0.7

122.77 4.34 9.424 0.016 0.17 0.00310 5.1 0.1 -1.0

122.86 1.78 6.093 -0.016 -0.26 0.00316 4.9 1.9 0.7

123.62 0.79 3.894 0.012 0.32 0.00315 3.9 1.1 -1.0

124.67 7.70 4.435 -0.012 -0.27 0.00364 3.3 0.1 -0.6

125.19 9.79 9.570 -0.021 -0.22 0.00346 6.1 0.1 -1.2

125.24 12.84 4.359 0.013 0.31 0.00312 4.3 1.8 -0.9

125.64 16.81 8.435 0.018 0.21 0.00369 4.8 3.8 -1.3

125.72 2.45 2.074 -0.014 -0.68 0.00296 4.8 7.3 -1.3

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

126.46 3.16 10.447 -0.022 -0.21 0.00348 6.3 5.2 0.2

128.76 14.20 14.327 -0.016 -0.11 0.00406 3.9 3.0 -1.3

129.95 3.33 7.683 -0.013 -0.17 0.00295 4.4 2.1 -0.0

130.21 13.21 33.075 0.056 0.17 0.00701 8.0 1.9 -0.8

130.75 7.37 8.791 0.011 0.13 0.00324 3.4 8.8 -1.3

130.98 15.80 8.490 -0.015 -0.17 0.00372 4.0 3.1 -1.4

132.03 9.65 7.723 -0.027 -0.35 0.00364 7.4 6.4 -0.9

132.71 15.37 6.691 0.040 0.60 0.00437 9.2 11.1 -1.0

133.29 13.88 28.693 0.053 0.19 0.00540 9.9 0.6 -1.3

133.45 6.92 10.080 0.016 0.16 0.00361 4.4 2.1 -0.5

133.66 14.10 26.280 -0.034 -0.13 0.00525 6.6 2.3 -0.9

133.90 3.20 6.051 0.019 0.31 0.00361 5.2 1.4 -0.7

136.52 11.06 9.678 -0.010 -0.10 0.00322 3.1 3.2 -1.1

136.55 8.75 7.139 -0.010 -0.14 0.00306 3.2 1.9 -1.1

136.83 4.61 3.575 0.009 0.26 0.00290 3.2 0.2 -0.8

138.96 0.12 4.609 -0.017 -0.37 0.00363 4.7 4.5 -0.7

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

142.77 14.24 2.807 0.010 0.35 0.00311 3.2 0.9 -0.2

143.77 8.70 12.583 0.012 0.10 0.00314 4.0 1.5 -0.9

144.13 4.37 10.811 0.030 0.27 0.00372 8.0 0.1 -1.7

146.68 4.32 6.481 -0.012 -0.19 0.00378 3.2 -0.0 -1.1

146.80 5.70 9.036 -0.014 -0.16 0.00359 4.0 0.7 -1.1

153.57 10.85 10.759 -0.013 -0.12 0.00379 3.3 1.6 -0.9

155.14 3.85 7.727 -0.027 -0.35 0.00600 4.5 0.8 -1.0

155.46 8.14 6.640 0.019 0.28 0.00410 4.6 0.2 -0.7

156.63 6.46 8.987 0.012 0.13 0.00322 3.6 1.5 -1.0

164.62 1.57 35.628 -0.032 -0.09 0.01046 3.1 1.7 0.0

166.15 11.06 8.482 0.020 0.24 0.00372 5.4 2.8 -0.9

167.54 4.29 7.712 0.022 0.28 0.00314 6.9 2.6 -1.3

169.08 5.73 3.628 0.014 0.39 0.00308 4.6 0.2 -0.8

170.33 -0.23 6.269 -0.013 -0.20 0.00413 3.0 1.1

173.27 0.26 3.832 0.013 0.33 0.00415 3.1 7.5 -0.6

173.64 3.96 5.508 -0.013 -0.24 0.00320 4.2 3.6 -1.0

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

174.38 1.27 10.713 0.021 0.19 0.00411 5.0 0.2 -0.9

176.23 -0.53 9.178 0.015 0.17 0.00424 3.6 3.6

176.53 10.55 2.608 -0.009 -0.35 0.00283 3.2 5.8 -1.0

178.26 11.12 9.703 -0.019 -0.20 0.00313 6.2 3.0 -1.2

180.84 4.24 12.899 0.022 0.17 0.00343 6.4 0.2 -0.5

181.02 5.79 5.319 -0.011 -0.20 0.00299 3.6 -0.0 -0.9

181.58 4.10 18.063 -0.016 -0.09 0.00454 3.5 1.6 -0.9

185.05 2.06 6.886 0.010 0.15 0.00323 3.1 1.8 -0.3

185.12 9.47 12.570 -0.016 -0.13 0.00377 4.4 2.5 -1.3

185.59 4.22 7.713 0.012 0.15 0.00377 3.1 0.7 0.5

186.22 3.51 6.965 0.010 0.14 0.00315 3.2 0.7 0.5

186.73 4.48 7.598 0.018 0.24 0.00337 5.3 11.1 -1.0

187.39 16.03 4.863 0.016 0.33 0.00353 4.6 -0.0 -0.6

190.66 9.68 6.402 0.011 0.17 0.00324 3.3 4.2 -0.6

191.84 9.05 4.266 0.014 0.33 0.00329 4.2 0.0 -1.1

192.02 8.38 1.229 -0.009 -0.77 0.00296 3.2 0.7 -0.4

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

192.20 9.27 8.419 0.012 0.15 0.00385 3.2 0.2 -1.4

192.75 11.07 3.409 0.010 0.29 0.00319 3.1 0.3 -1.3

193.10 3.26 9.790 -0.018 -0.19 0.00465 3.9 7.1 -0.6

193.66 11.68 9.496 -0.030 -0.31 0.00882 3.4 1.8 -0.2

194.02 2.34 7.292 0.022 0.30 0.00487 4.5 2.3 -1.1

196.58 11.22 4.456 0.018 0.40 0.00344 5.2 0.7 -0.5

197.46 -0.21 14.926 -0.034 -0.23 0.00412 8.3 1.7

197.78 14.30 8.483 -0.016 -0.19 0.00404 4.0 0.1 -0.6

198.82 2.37 5.362 0.011 0.21 0.00353 3.2 1.9 -1.0

200.33 11.11 26.575 -0.038 -0.14 0.00649 5.9 3.0 -0.8

201.99 5.25 5.157 0.016 0.30 0.00316 4.9 0.2 -0.9

204.04 16.56 5.292 0.017 0.33 0.00449 3.9 0.9 -1.0

205.68 5.08 20.207 -0.067 -0.33 0.00359 18.6 5.5 -0.5

205.71 1.97 11.920 -0.015 -0.12 0.00376 3.9 0.4 -0.9

206.89 12.29 61.122 -0.119 -0.20 0.01394 8.6 0.2 -0.5

209.43 13.38 4.580 -0.013 -0.28 0.00345 3.7 1.4 -1.2

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

209.86 2.00 8.701 -0.016 -0.19 0.00368 4.4 5.5 0.1

210.69 16.00 10.028 0.017 0.17 0.00569 3.0 6.0 -0.6

211.25 4.26 11.270 0.037 0.33 0.00392 9.6 0.0 -0.1

211.83 9.31 5.297 0.010 0.19 0.00312 3.2 0.1 -0.7

212.53 2.05 7.535 0.014 0.18 0.00397 3.4 0.6 -0.5

214.00 13.34 14.445 -0.019 -0.13 0.00417 4.6 0.1 -0.4

214.79 6.48 66.868 -0.160 -0.24 0.00736 21.7 0.3 -1.0

215.88 12.00 11.451 -0.027 -0.24 0.00364 7.5 3.4 -0.5

216.46 14.42 6.018 0.013 0.21 0.00320 4.0 3.2 0.3

221.32 9.98 27.598 0.021 0.09 0.00449 4.7 1.3 -0.6

222.17 0.30 17.720 -0.013 -0.09 0.00399 3.3 0.7 -0.7

223.17 6.46 3.486 -0.011 -0.31 0.00305 3.6 0.2 -0.5

223.48 9.57 7.446 0.012 0.16 0.00323 3.7 2.5 -0.7

226.10 10.50 13.612 -0.028 -0.21 0.00514 5.5 2.9 0.4

226.89 10.03 1.318 -0.013 -1.02 0.00425 3.2 1.1 -1.3

227.87 10.03 7.459 -0.012 -0.17 0.00371 3.4 2.0 -1.0

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

228.57 15.70 3.247 -0.013 -0.40 0.00427 3.0 0.7 -1.4

229.19 7.02 60.217 0.056 0.09 0.00975 5.8 0.2 -1.4

231.45 3.14 21.813 0.026 0.12 0.00533 4.8 0.1 -0.8

233.31 13.54 14.218 -0.028 -0.20 0.00546 5.2 3.2 -0.9

233.49 6.88 2.921 -0.013 -0.43 0.00399 3.1 0.3 -0.7

233.59 13.82 9.328 -0.019 -0.21 0.00550 3.5 0.3 -0.7

234.15 8.97 2.975 -0.012 -0.41 0.00400 3.0 1.9 -1.0

234.39 13.75 20.691 -0.022 -0.11 0.00537 4.1 3.8 -0.9

234.57 0.32 6.220 -0.020 -0.32 0.00558 3.6 0.6 0.0

196.37 31.39 1.675 0.010 0.58 0.00298 3.2 0.5 -0.7

199.09 19.78 5.721 -0.013 -0.22 0.00363 3.5 0.7 -0.5

199.15 25.14 3.577 0.009 0.25 0.00282 3.2 8.7 -0.9

199.58 22.87 6.787 0.009 0.13 0.00274 3.3 1.5 -1.0

203.88 27.29 9.597 -0.027 -0.28 0.00304 8.8 9.4 -1.1

208.11 20.24 4.113 0.010 0.24 0.00263 3.8 0.2 -1.0

210.97 25.06 1.737 -0.008 -0.46 0.00214 3.7 4.6 -1.4

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

212.66 36.79 10.667 -0.016 -0.15 0.00407 4.0 -0.0 -0.8

215.39 34.27 2.185 0.006 0.28 0.00207 3.0 1.5 -1.0

216.06 27.43 5.572 0.009 0.17 0.00296 3.2 1.1 -1.4

218.89 30.21 1.934 -0.007 -0.36 0.00205 3.4 0.6 -0.1

218.90 23.74 7.099 -0.009 -0.13 0.00245 3.7 7.9 -1.3

218.93 27.06 33.167 -0.167 -0.50 0.00599 27.9 0.2 -3.5

219.54 28.36 9.146 0.010 0.11 0.00319 3.1 0.6 -1.2

220.67 30.71 6.249 0.018 0.29 0.00264 6.8 0.0 -0.8

223.31 22.19 1.590 -0.007 -0.41 0.00182 3.6 1.1 -0.9

226.53 37.51 9.220 -0.023 -0.25 0.00382 6.0 1.0 0.1

227.83 34.66 5.592 0.009 0.16 0.00269 3.3 0.2 -0.6

228.40 23.64 17.970 -0.015 -0.09 0.00420 3.7 0.3 -0.7

230.02 20.27 30.345 0.041 0.14 0.00810 5.1 0.1 -1.0

230.54 31.74 5.758 0.008 0.15 0.00270 3.1 0.3 -0.5

233.21 22.69 2.851 -0.009 -0.32 0.00269 3.4 -0.1 -1.3

237.29 30.79 12.073 0.033 0.27 0.00401 8.1 0.1 -1.1

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

238.95 24.10 5.007 -0.014 -0.27 0.00418 3.3 4.5 -1.4

242.30 26.69 54.735 0.090 0.17 0.01015 8.9 0.1 -0.9

244.16 26.78 16.521 0.028 0.17 0.00441 6.3 0.1 -0.8

244.81 22.80 7.299 0.013 0.18 0.00278 4.6 0.9 -0.6

245.84 34.62 3.280 0.011 0.32 0.00234 4.5 0.3 -1.3

246.89 20.01 3.097 -0.011 -0.37 0.00287 3.9 4.5 -1.4

250.18 26.21 4.269 0.008 0.19 0.00262 3.1 6.6 -1.0

251.60 28.20 2.632 0.012 0.45 0.00269 4.4 3.4 -0.9

253.84 32.71 1.940 -0.007 -0.36 0.00211 3.3 1.9 -1.0

257.83 30.32 11.093 0.010 0.09 0.00313 3.1 0.0 -0.9

258.35 28.22 11.842 0.016 0.13 0.00241 6.6 0.0 -1.1

258.54 19.82 8.418 0.013 0.15 0.00344 3.6 0.7 -1.2

258.95 30.46 4.507 0.008 0.18 0.00232 3.4 0.3 -1.2

259.86 31.48 4.093 0.013 0.32 0.00324 4.0 0.4 -0.8

262.84 21.08 6.518 0.015 0.23 0.00324 4.7 9.4 -1.0

263.21 20.64 11.113 -0.011 -0.10 0.00324 3.5 0.2 -1.3

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

264.13 32.07 5.546 0.009 0.16 0.00272 3.3 0.4 -0.9

265.25 31.09 8.788 0.018 0.21 0.00295 6.2 0.4 -1.2

265.35 26.62 2.473 0.006 0.24 0.00199 3.0 0.3 -1.2

265.99 27.88 9.488 0.012 0.13 0.00250 5.0 5.8 -0.9

268.31 27.01 11.417 0.015 0.13 0.00270 5.6 0.5 -1.3

275.56 37.43 3.138 0.012 0.37 0.00280 4.1 2.9 -0.8

275.69 29.53 7.224 -0.019 -0.27 0.00305 6.3 1.8 -1.2

278.20 28.56 18.852 -0.035 -0.19 0.00660 5.4 1.7 -0.5

278.58 31.61 22.943 0.038 0.16 0.00419 9.0 0.7 -0.6

278.87 27.53 4.289 -0.009 -0.21 0.00286 3.1 0.4 -1.4

282.09 32.32 6.383 0.012 0.18 0.00322 3.6 0.6 0.1

287.68 23.10 13.650 -0.015 -0.11 0.00494 3.1 0.1 -0.8

290.26 30.78 6.948 -0.017 -0.24 0.00475 3.5 0.2 -0.9

290.85 30.71 5.896 0.017 0.28 0.00496 3.4 3.8 -1.0

292.78 31.38 4.853 0.016 0.33 0.00461 3.5 0.1 -0.4

294.12 36.71 11.645 0.023 0.20 0.00537 4.4 0.8 -0.6

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

295.91 32.65 1.905 -0.019 -1.02 0.00612 3.2 1.2 -1.0

297.02 35.94 5.572 -0.019 -0.35 0.00470 4.1 0.2 -0.7

300.57 21.10 6.696 0.012 0.17 0.00365 3.1 1.4 -1.2

300.80 21.18 6.605 -0.017 -0.26 0.00358 4.9 0.2 -1.1

303.29 22.02 2.011 -0.009 -0.46 0.00282 3.3 0.5 -0.1

303.60 23.58 146.714 0.136 0.09 0.02210 6.1 0.1 -1.2

303.73 26.52 12.923 0.024 0.19 0.00596 4.0 0.1 -1.2

306.23 30.60 3.547 0.023 0.65 0.00762 3.0 0.3 -1.1

308.21 25.87 20.901 -0.017 -0.09 0.00367 4.1 1.0 -1.0

308.90 29.39 10.239 0.013 0.13 0.00415 3.1 0.8 -1.0

309.39 32.06 14.449 0.041 0.28 0.00536 7.6 5.6 -1.0

311.95 23.41 9.935 0.014 0.15 0.00281 5.1 0.9 -0.8

313.21 36.59 54.081 -0.102 -0.19 0.01151 8.9 0.1 -0.5

314.97 30.04 5.088 0.021 0.41 0.00329 6.3 0.9 -0.9

315.49 28.58 19.692 0.023 0.12 0.00493 4.8 1.9 -1.0

318.73 28.55 4.897 0.015 0.32 0.00280 5.5 0.9 0.4

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

318.87 29.56 9.938 -0.010 -0.10 0.00261 3.9 1.3 0.2

319.07 23.57 4.716 0.008 0.16 0.00244 3.1 2.2 -0.9

319.26 24.99 16.657 0.024 0.15 0.00346 7.1 1.1 -1.0

320.03 25.84 3.590 0.009 0.25 0.00238 3.7 1.9 -1.4

322.09 34.24 1.760 0.008 0.47 0.00246 3.4 2.4 -0.9

322.27 29.12 3.068 0.010 0.33 0.00240 4.2 6.4 -1.1

323.16 32.76 6.360 0.008 0.12 0.00242 3.2 2.6 -1.0

324.85 31.34 2.829 -0.011 -0.37 0.00323 3.3 4.1 -1.1

324.93 21.19 15.435 -0.026 -0.17 0.00395 6.5 0.0 -0.9

325.67 24.81 5.176 -0.009 -0.18 0.00224 4.2 2.2 -1.2

327.64 25.06 2.822 0.013 0.45 0.00297 4.2 2.9 -1.1

331.95 25.69 6.755 0.015 0.22 0.00218 6.9 1.1 -0.9

332.49 33.24 6.659 0.013 0.20 0.00335 3.9 2.0 -1.0

334.01 21.27 4.814 0.007 0.16 0.00242 3.1 1.0 -1.1

335.56 28.56 3.430 -0.008 -0.23 0.00233 3.4 1.1 -1.3

336.07 34.82 7.298 0.013 0.18 0.00343 3.8 0.4 -1.1

Table 5.3: Stokes V Detections

168



RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

336.40 21.30 24.101 0.022 0.09 0.00432 5.1 7.6 -0.7

337.39 26.34 6.879 0.012 0.17 0.00269 4.4 3.5 -1.3

338.41 36.02 11.968 0.016 0.13 0.00462 3.4 1.5 -0.9

339.09 28.48 15.111 -0.014 -0.09 0.00368 3.8 0.7 0.1

339.12 20.55 9.454 -0.018 -0.19 0.00320 5.7 4.3 -0.8

339.88 30.99 2.123 0.009 0.41 0.00237 3.7 6.4 -1.1

343.54 24.76 20.526 0.034 0.17 0.00479 7.2 0.1 -0.7

348.30 27.77 3.527 0.009 0.26 0.00282 3.2 0.2 -0.8

348.47 27.95 4.941 -0.012 -0.25 0.00295 4.2 0.2 -0.7

350.37 23.78 18.380 -0.016 -0.09 0.00353 3.2 1.3 -1.2

351.98 27.27 17.066 -0.024 -0.14 0.00333 7.1 0.0 -1.1

352.05 29.62 15.331 0.021 0.14 0.00327 6.6 1.6 -1.0

356.95 22.01 5.182 0.009 0.16 0.00223 3.8 -0.0 -1.1

357.13 31.81 2.366 -0.007 -0.31 0.00211 3.5 0.1 -1.0

357.76 30.33 5.424 0.010 0.18 0.00301 3.3 4.3 -0.9

358.08 33.07 8.364 0.014 0.16 0.00373 3.7 11.1 -1.1

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

1.10 26.63 4.668 0.008 0.17 0.00215 3.7 1.7 -0.8

1.87 22.07 9.982 0.011 0.11 0.00302 3.8 2.5 -1.1

2.52 30.76 3.857 0.007 0.18 0.00214 3.2 2.6 -0.9

2.66 26.33 4.619 -0.012 -0.25 0.00259 4.5 0.1 -0.6

3.44 34.70 15.354 0.024 0.16 0.00466 5.1 5.8 -0.9

3.78 32.27 19.861 0.053 0.26 0.00385 13.7 6.0 -0.8

4.92 26.05 7.685 -0.018 -0.23 0.00227 7.9 3.8 -0.4

5.90 21.94 5.394 0.011 0.20 0.00235 4.6 2.7 -1.0

7.31 34.94 21.117 -0.018 -0.09 0.00569 3.2 0.5 -0.5

7.62 28.56 6.196 0.013 0.22 0.00431 3.1 0.0 -1.1

7.94 21.90 7.745 -0.022 -0.28 0.00260 8.5 0.5 -1.0

8.57 21.45 3.927 0.007 0.19 0.00235 3.2 0.2 -0.4

8.67 27.91 12.721 0.011 0.09 0.00285 3.2 3.5 -0.6

10.23 33.17 37.212 0.044 0.12 0.00734 6.0 0.2 -1.0

10.32 25.84 7.426 -0.008 -0.10 0.00233 3.3 1.9 -1.6

10.66 30.10 4.105 0.010 0.25 0.00236 4.3 0.1 -1.0

Table 5.3: Stokes V Detections
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RA DEC Stokes I Stokes V mc � SNR ml �

(J2000) (J2000) (Kelvin) (Kelvin) % (Kelvin) %

14.52 31.35 6.387 0.015 0.23 0.00321 4.5 2.1 -1.1

15.71 25.87 12.430 0.017 0.13 0.00251 6.6 1.0 -1.2

15.71 25.87 12.430 0.017 0.13 0.00251 6.6 1.0 -1.2

Table 5.3: Stokes V Detections
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5.4 Kelvin to Jansky Gain determination.

We can compare the 
ux values for the sources CLEANed in GALFACTS to their counter-

parts from the NRAO VLA Sky Survey (NVSS). We can then perform a �t to this data that

gives use the GALFACTS K/Jy gain conversion factor. We perform this analysis individu-

ally for each GALFACTS �eld. Figures 5.1 - 5.2 show the plots for the GALFACTS vs NVSS


ux values as well as the corresponding �ts. The slope of the plot gives us the conversion

factor to convert the GALFACTS data from Kelvin to Jansky. The �t values are listed in

the caption of the corresponding �gures.

5.5 Observations on the properties of detected Stokes V sources.

We have looked at some basic properties of the detected Stokes V sources. Based on the

literature review there is no correlation between the degree of Linear vs Circular Polarization.

We used the NVSS LP values for the GALFACTS sources for carrying out this analysis.

The compact source LP data from the GALFACTS project needs further processing to be

scienti�cally useful. Figure 5.3 shows the plot for the LP vs CP for the 283 GALFACTS

detections. The average value formc for the whole ensemble of 7503 sources is�0:03%�0:002.

This is a measure of the systematics down to which we can claim a Stokes V detection.

However, I still use the conservative approach of the maximum residual for the seven beams

as the detection crtieria. We can carry out an analysis for any trend between LP and CP.

We can divide the sources into high and low CP categories (less than or greater than 0:3%)

as well as high and low LP (greater than or less than 2%). Taking the ratio of number

of sources in each category and looking at the ratios suggests that there is no correlation

between CP and LP (Table 5.4). This seems to con�rm the observations of Rayner et al.

[2000] .

The other reported trend for CP is that sources with 
at spectrum have higher degree

of CP than sources with steep spectrum (Rayner et al. [2000]). We used the GB6 Data
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Figure 5.1: NVSS vs GALFACTS 
uxes. The top �gure shows the 
uxes for �eld S1. The
�t has a slope of 11:28� 0:04 K/Jy. The bottom �gure shows the plot for S2. The �t has a
slope of 10:96� 0:03 K/Jy.
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Figure 5.2: NVSS vs GALFACTS 
uxes. The top �gure shows the 
uxes for �eld N3. The
�t has a slope of 10:65� 0:06 K/Jy. The bottom �gure shows the plot for N4. The �t has a
slope of 10:75� 0:03 K/Jy.
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Figure 5.3: Linear Polarization vs Circular Polarization

to derive spectral indices for the GALFACTS sources. The GB6 observations are made at

5GHz. A particularly useful aspect of this data set is that it is also single-dish telescope data

and at 5GHz the beam size for the Green Bank Telescope is very similar to the GALFACTS

beam. The GB6 observations cover the whole sky above declination zero. This gives us

spectral indices for most of the GALFACTS sources. Only 5 of the 283 GALFACTS Stokes

V detections were below declination zero. Figure 5.4 shows the plot for CP vs Spectral Index

for the GALFACTS data. Here again we can look for trends between high and low spectral

index (greater or lower than � = �0:5) and high or low CP (Table 5.5). We do not see

any con�rmation of the reported trend between 
at spectra and higher CP. The previously

reported trend is from very limited sample sizes and may su�er from selection e�ects. The

GALFACTS sample of 283 sources is bigger than any previously reported dataset.
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Figure 5.4: Spectral Index vs Circular Polarization

We can also look at the source counts for detected CP sources i.e number of detected

sources for a given CP percentage. Figure 5.5 depicts a histogram of these source counts.

The trend appears to be that there is a higher number of sources with lower degree of

circular polarization. This dataset is not complete in the sense that we have only selected

NVSS sources above 100 mJy that are isolated from other sources. So we cannot make any

further comments on the true nature of CP source counts for astrophysical sources. That

will require determining the CP values for all the sources in the GALFACTS �eld and needs

further work.
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CP � 0.3% CP � 0.3%
LP � 2% 72 21
LP � 2% 141 49

Ratio 0:51� 0:10 0:43� 0:15

Table 5.4: Relationship between LP and CP.

CP � 0.3% CP � 0.3%
� � -0.5 34 14
� � -0.5 179 56

Ratio 0:19� 0:05 0:25� 0:10

Table 5.5: Relationship between Spectral Index and CP.

5.6 Comparison to previously known Stokes V values from the

literature.

A literature search was performed to look for previously known Stokes V values that fall

within the processed GALFACTS �elds. A total of 32 such sources were found from six

di�erent references [41,43,44,74,96,103]. Most of these detections are for frequencies other

than the L-band. Reference [41] and [44] contain VLBA measurements at 15 GHz. Reference

[43] has VLBA measurements at 5 GHz. Reference [74] contains measurements using the

Parkes telescope at 0.63,1.4, 5.0 and 8.9 GHz. Reference [96] has VLBI measurements at 15-

43 GHz. Finally reference [103] has measurements with the Westerbork Synthesis telescope

at 610 MHz.

Table 5.6 contains a list the previous measurements for these 32 sources as well as GAL-

FACTS measurements, shown in boldface.
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Figure 5.5: Source counts for CP data.
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IAU Name Alias Stokes V mc SNR Ref

0430 + 052 3C120 0:013� 0:06 [74]

0430 + 052 3C120 0:170� 0:053 [74]

0430 + 052 3C120 +1:92� 1:10(mJy=bm) < 0:29 [41]

0430 + 052 3C120 < 0:3 [44]

0430 + 052 3C120 < 0:2 [44]

0430 + 052 3C120 < 0:3 [44]

0430 + 052 3C120 < 0:2 [44]

0430 + 052 3C120 < 0:2 [44]

0430 + 052 3C120 �2:80� 0:47(mJy=bm) < 0:099 5.89

0440� 00 NRAO190 �0:223� 0:15 [74]

0440� 00 NRAO190 0:220� 0:19 [74]

0440� 00 NRAO190 �5:1� 0:47mJy=bm) �0:207� 0:019 10.73

0446 + 112 �2:30� 1:85(mJy=bm) < 0:20 [41]

0446 + 112 �0:61� 0:47mJy=bm) < 0:099 1.28

0518 + 16 3C138 �0:009� 0:06 [74]

0518 + 16 3C138 �0:017� 0:035 [74]

0518 + 16 3C138 �6:30� 0:47mJy=bm) < 0:099 13.2

0528 + 134 PKS +0:044(Jy) 0.5 [44]

0528 + 134 PKS +0:107(Jy) 1.2 [44]

0528 + 134 PKS +0:040(Jy) 0.5 [44]

0528 + 134 PKS +0:045(Jy) 0.6 [44]

0528 + 134 PKS +0:047(Jy) 0.6 [44]

0528 + 134 PKS +0:95� 2:37(mJy=bm) < 0:18 [41]

0528 + 134 PKS < 0:099

Table 5.6: GALFACTS CP values for known sources in

literature.
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IAU Name Alias Stokes V mc SNR Ref

0529 + 075 �2:17� 2:46(mJy=bm) < 0:71 [41]

0529 + 075 8:08� 0:47(mJy=bm) 0:38� 0:023 17.0

0736 + 017 9:50� 3:35mJy 0:406� 0:143 [103]

0736 + 017 +6:66� 1:41(mJy=bm) +0:45� 0:09 [41]

0736 + 017 3:37� 0:47mJy=bm) +0:23� 0:099 7.1

0742 + 103 �0:31� 0:96(mJy=bm) < 0:33 [41]

0742 + 103 0:94� 0:47(mJy=bm) < 0:099 1.98

0743� 006 PKS �6:82� 0:70(mJy=bm) �0:46� 0:047 9.7 [44]

0743� 006 PKS �3:58� 0:47(mJy=bm) �0:43� 0:099 7.5

0748 + 126 +2:69� 1:66(mJy=bm) < 0:24 [41]

0748 + 126 5:01� 0:47(mJy=bm) 0:22� 0:099 10.5

0754 + 100 �2:46� 1:36(mJy=bm) < 0:28 [41]

0754 + 100 < 0:20 [96]

0754 + 100 1:03� 0:47(mJy=bm) < 0:115 2.2

0808 + 019 +0:43� 0:92(mJy=bm) < 0:41 [41]

0808 + 019 < 0:26 [96]

0808 + 019 �2:1� 0:47(mJy=bm) �0:38� 0:099 4.4

0823 + 033 +0:20� 1:23(mJy=bm) < 0:26 [41]

0823 + 033 +0:20� 0:09 [96]

0823 + 033 �2:80� 0:47(mJy=bm) �0:30� 0:099 5.8

0829 + 046 +0:60� 1:69(mJy=bm) < 0:80 [41]

0829 + 046 < 0:22 [96]

0829 + 046 2:33� 0:47(mJy=bm) 0:23� 0:099 4.9

0855 + 143 PKS < 1:0 [43]

Table 5.6: GALFACTS CP values for known sources in

literature.
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IAU Name Alias Stokes V mc SNR Ref

0855 + 143 PKS �3:95� 0:47(mJy=bm) �0:16� 0:095 8.3

0906 + 015 PKS < 0:43 [43]

0906 + 015 4C +01.24 �0:23� 1:80(mJy=bm) < 0:19 [41]

0906 + 015 4C +01.24 0:70� 0:47(mJy=bm) < 0:095 1.4

1038 + 064 �1:97� 1:06(mJy=bm) < 0:29 [41]

1038 + 064 �2:1� 0:47(mJy=bm) �0:17� 0:04 4.2

1005 + 077 5� 3mJy +0:064� 0:063 [103]

1005 + 077 4:76� 0:51(mJy=bm) < 0:11 9.5

1055 + 018 4C +01.28 +10:10�+2:82(mJy=bm) 0:32� 0:09 [41]

1055 + 018 PKS +1:25� 0:72(mJy=bm) < 0:13 [43]

1055 + 018 0:164� 0:1 [74]

1055 + 018 +0:52� 0:10 5.0 [96]

1055 + 018 +0:29� 0:17 1.7 [96]

1055 + 018 +0:122� 0:087 [103]

1055 + 018 �2:89� 0:51(mJy=bm) < 0:11 5.82

1219 + 044 +1:72� 1:12(mJy=bm) < 0:31 [41]

1219 + 044 1:68� 0:51(mJy=bm) 0:238� 0:071 3.38

1226 + 023 3C273 �40:28� 8:07(mJy=bm) �0:45� 0:09 5.0 [41]

1226 + 023 3C273 �74� 15(mJy) �0:6 5.0 [44]

1226 + 023 3C273 �72� 17(mJy) �0:5 5.0 [44]

1226 + 023 3C273 +0:054� 0:040 [74]

1226 + 023 3C273 �0:006� 0:015 [74]

1226 + 023 �22� 8mJy �0:046� 0:017 [103]

1226 + 023 �63:7� 0:51(mJy=bm) �0:249� 0:002 128.4

Table 5.6: GALFACTS CP values for known sources in

literature.
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IAU Name Alias Stokes V mc SNR Ref

1307 + 121 �1:89� 1:10(mJy=bm) < 0:34 [41]

1307 + 121 < 0:24 [96]

1307 + 121 < 0:11

1413 + 135 OQ122 �0:82� 0:45(mJy=bm) < 0:18 [43]

1413 + 135 < 0:28 [96]

1413 + 135 �2:91� 0:51(mJy=bm) �0:221� 0:03 5.9

1502 + 106 �1:54� 1:40(mJy=bm) < 0:20 [41]

1502 + 106 OR103 < 0:12 [43]

1502 + 106 �2:58� 0:51(mJy=bm) �0:22� 0:04 5.2

1308 + 326 +2:30� 1:99(mJy=bm) < 0:21 [41]

1308 + 326 < 0:1 [44]

1308 + 326 1:3� 0:32(mJy=bm) < 0:104 3.8

1324 + 224 +1:10� 0:96(mJy=bm) < 0:37 [41]

1324 + 224 2:24� 0:32(mJy=bm) �0:15� 0:02

1404 + 286 OQ208 < 0:10 [43]

1404 + 286 < 0:10

1751 + 288 +1:62� 1:75(mJy=bm) < 0:19 [41]

1751 + 288 1:45� 0:32(mJy=bm) 0:22� 0:05 4.2

2021 + 317 4C +31.56 �0:04� 0:85(mJy=bm) < 0:43 [41]

2021 + 317 1:4� 0:38(mJy=bm) < 0:089 3.66

2121 + 24 3C433 0:077� 0:06 [74]

2121 + 24 < 0:089

2201 + 315 4C +31.63 +0:74� 2:18(mJy=bm) < 0:20 [41]

2201 + 315 < 0:089

Table 5.6: GALFACTS CP values for known sources in

literature.
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IAU Name Alias Stokes V mc SNR Ref

2234 + 282 �0:71� 0:40(mJy=bm) < 0:14 [43]

2234 + 282 �2:16� 0:32(mJy=bm) �0:15� 0:03 5.5

Table 5.6: GALFACTS CP values for known sources in

literature.
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Finally we can try to look at the spectral index of CP for any sources with previously

known CP measurements at a di�erent frequency. As mentioned previously most of these

observations are VLBI measurements where the source components have been resolved out.

Only references [74] (observations with Parkes) and [103] (observations with the Westerbork

synthesis radio telescope) have arcminute-scale resolution with beam sizes similar to GAL-

FACTS and unresolved sources. Furthermore of the sources in these two reference there were

signi�cant detections of only one source in GALFACTS. The other sources either have too

low a CP percentage or a low 
ux value that was below 3 times the SNR for GALFACTS.

We show below plots for source 736+017 which is a Quasar. Figure 5.6 shows the total power

spectra for this source. We get a spectral index of � = �0:5 � 0:2 between measurements

at 610 MHz and 1446 MHz (GALFACTS). Figure 5.7 shows the CP spectral index for the

same source. We get a spectral index � = �1:2� 0:3. This is consistent with a case of CP

generation through Faraday conversion in cold plasma. With further processing of all the

GALFACTS data we hope to increase the number of sources where we can carry out this

analysis.
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Figure 5.6: Total Intensity vs Frequency
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Figure 5.7: Circular Polarization vs Frequency
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Chapter 6

Summary and Conclusions

Observations for the GALFACTS project have been going on since December 2008 and

the main observing runs were completed in late 2013. Over this period about 2000 hours

of observations and 70 TB of data have been accumulated.. The observations are mostly

complete with some makeup observations coming up over the next year to acquire some

missing data due to various problems during the previous observations. We have been

actively developing the GALFACTS Data Processing pipeline to get the data science ready

for the GALFACTS consortium. Some early science projects have commenced with the latest

version of the processed GALFACTS images. The analysis of circular polarization properties

of compact sources is one of them which forms a part of this thesis.

Over the course of my Ph.D., I have worked on most aspects of the pipeline development,

as a primary developer of new algorithms and also as maintainer of the pipeline code which

has involved debugging and bug-�xing the code written by other people on the team. Many

di�erent algorithms have been tried on the data and not all of them have made it to the

current version of the pipeline and hence are not described in this thesis.

I have made a systematic search for polarization among 7503 sources stronger than 100

mJy in four of the GALFACTS survey �elds. By processing the data, I was able to reduce the

residual Stokes V calibration errors to less than 0.1%. I detected 283 sources with circular

polarization at 1.4 GHz from 0.1 percent and above. This is a detection rate of 3.8%. This

is the largest sample of sources with Stokes V detections so far.

For 32 sources there are CP observations at other wavelengths. We have looked at the

CP spectrum for source 736+017 which is a Quasar. We get a CP spectral index of �1:22 for

this source which suggests that the dominant mechanism for CP generation for this source
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is Faraday conversion in cold plasma with an admixture of relativistic electrons.

I searched for correlation between CP and LP. I did not �nd any correlation between

degree of CP and LP. This is consistent with the results of Rayner et al. [2000] . With regards

to the relationship between spectral index and CP we again do not �nd any correlation.

Previous work has suggested that 
at spectrum sources tend to have high degrees of CP.

The average spectral index of sources detected in CP is not signi�cantly di�erent from the

non-detections (-0.88 vs -0.90) in GALFACTS data.

6.1 Future Work.

There needs to be further work on the pipeline to get the �nal science data release. The

leakage correction for Stokes Q and U with all the Mueller matrix components for compact

sources needs to be incorporated into the pipeline. This is more challenging than correcting

Stokes V since in Stokes Q and U we also have the di�use polarized background emission. We

need to separate out the background from the compact source signal to remove the leakage

precisely.

The GALFACTS images currently su�er from signi�cant striping over the Galactic plane

signal. This is because the di�use signal �lls the telescope beam and the e�ective beam gain

is di�erent from the e�ective gain for a compact source. We need to apply the appropriate

corrections for the di�use signal and the compact source signal separately. Final GALFACTS

data release will feature two datasets, one optimized for di�use emission and one for compact

sources.

The spectra for faint compact sources are currently not ideal and the variations over

frequency are signi�cant enough to dominate any real trends. This makes it impossible at

this point to determine rotation measures for these sources. We need to improve the various

calibration algorithms to get rid of second order e�ects that can be signi�cant for faint

sources.
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We also need to develop techniques to stitch together the various GALFACTS �elds.

The observations included some overlap between the various �elds to allow for combining

the data. We have not worked out precisely how this will be done. Another issue is combining

the band 0 and band 1 data. Again there is overlap between frequency ranges of the two

bands but algorithms need to be developed to combine them. The �nal GALFACTS release

is envisioned to have combined data from all the �elds and frequency bands.

6.2 Circular Polarization

We have taken an initial look at the circular polarization data from four GALFACTS �elds.

It is a rich dataset and it already exceeds the source sample size of any analysis of circular

polarization done before. We have looked at some trends in terms of the relationship be-

tween circular polarization and spectral index as well as the relationship between circular

polarization and linear polarization.

There are several ways to improve the work. The sources that were processed for this

work were selected from the NVSS catalogue. They were then further �ltered to be isolated

so that we can easily determine the true source 
ux after subtracting out the background.

A more ideal scenario will be to process all the sources in a given GALFACTS �eld to have

a complete sample. This will allow a systematic study to fainter 
ux levels. Currently the

r.m.s. noise is determined from an artifact-free part of the map and this is used to determine

the signal-to-noise level for thresholding positive detections. An improved algorithm will be

the one where the noise level is determined by looking at the local background for every

individual source.

GALFACTS band 1 data is yet to be processed and incorporating that data will bring

down the noise in our images. This would lead to an increase in the number of positive

detections. We intend to publish a catalogue of all the Stokes V detections as well as non-

detections. This will serve as a useful aid for selecting sources for future research on circular
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polarization. A non-detection essentially places an upper limit on the Stokes V signal from

a given source.

In terms of analysis of the CP data it would be useful to classify detected sources in

terms of the various AGN types described in Chapter 1. We can then look at whether the

di�erent types of sources have di�erent CP properties.

Another avenue for research is to do a search of the Stokes V images to locate any

faint high CP compact sources. This study was restricted to sources greater than 100mJy.

Another interesting direction will be to search for faint sources with high CP. We expect a

few of these to be present in the data. As mentioned in Chapter 1 magnetars, pulsars and


are stars can exhibit high CP. There may also be potential of serendipitous discoveries of

hitherto unknown high CP sources and exotic objects. We can try to look at the spectra for

a few of the brightest GALFACTS sources. For some of these objects we should in principle

have enough signal to noise to get a spectral signal. Data processing will be quite challenging

and signi�cant work will need to be done to achieve this.

Finally, I can conclude by saying that we have demonstrated that it is possible to success-

fully extract the circular polarization signal from the GALFACTS dataset. The multi-beam

nature of the observations had made this task extremely challenging. We are very optimistic

that the �nal GALFACTS data release will contain a very high quality Stokes V dataset

which will not be exceeded in quality or quantity for some time and will be a signi�cant step

in understanding CP for radio sources.

Circular Polarization of radio sources presents an exciting �eld of research that is in its

infancy primarily due to the challenges in extracting the weak Stokes V signal. It has the

potential to inform us on some of the open questions in astronomy such as the nature and

composition of AGN jets. Finelli and Galaverni [2009] have done theoretical modelling that

suggests that studying the CP for a large number of high redshift radio sources can serve

as a probe of dark matter. GALFACTS is the beginning of a systematic study of CP in the
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radio domain. The future of circular polarization research certainly looks exciting !
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