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Abstract

The low frequency regime (less that 300 MHz) of radio astronomy, while been its birthplace, has been
neglected in the past several decades due to the challenges of calibration. External galaxies have hardly
been observed at these frequencies with several exceptions. Such observations always suffered from
poor angular resolution and therefore accurate flux measurements were nearly impossible. In addition
virtually no research in polarization has been performed at these frequencies due to various physical and
instrumental depolarization processes. Observing external galaxies at low frequencies would enable us
to study the propagation of low energy electrons and in turn weak magnetic fields.

Thankfully, a revival in low frequency radio astronomy is now in full force with interferometers such
as the GMRT being constructed. This is especially so with the construction of the Low Frequency Array
(LOFAR) which officially opened in 2012. This thesis took place during the commissioning phase of
LOFAR and therefore contains many technical commissioning tasks mainly addressing the calibration
of LOFAR data which were essential for the wider community. This includes developing software to
interpolate gain solutions in frequency, enabling more bandwidth on the observational target and thus
increasing sensitivity.

This thesis presents the first arcsecond observations of nearby galaxies at low frequencies with LO-
FAR. We mapped the face-on interacting galaxy M51 and the edge-on galaxy NGC891 to study the
propagation of low energy cosmic ray electrons especially in the extended disk and halo. We also
employ the novel method of RM synthesis to search for linear polarization in these galaxies and their
surrounding fields for polarized background sources.

In M51 we observe no break in the integrated spectrum but there are signs of thermal absorption in
center of the galaxy. We observe a radial break of the radio continuum emission beyond M51°s star
forming disk, demonstrating that detecting the extended disk in radio contiuum will still be difficult
even at low frequencies.

We have created a program to model the cosmic ray electron distribution for M51 and we find that a
diffusion coefficent of approximately 7.5 x 10?® cm? s~! is needed to describe the radial spectral index
of M51. From these models we can also determine the thermal fraction in the center of M51 and spiral
arms at 151 MHz. We also see that the magnetic field in the outer disk obtained from observations are
underestimated due to assumptions made using equipartition. Through this observation and model we
conclude that diffusion is the dominate process in the cosmic ray electron propagation in M51. The
observed frequency dependence of radial scalelengths and the radio-infrared correlation of M51 both
confirm our diffusion model.

In M51 and NGC891, no diffuse linear polarization was detected showing that detecting diffuse po-
larization in star forming galaxies at low frequencies will be impossible at current sensitivities. In the
M51 field, we detect six polarized extragalactic sources, resulting in a polarization detection for every
2.9 square degrees, making previous plans of using RM grids of background polarized sources to probe
the weak magnetic fields of nearby galaxies quite unrealistic.
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We confirm the spectral break in NGC891 seen in previous studies and we observe significant signs of
thermal absorption within the disk of NGC891. We argue that increased thermal absorption by classical
HII regions due to the path length and hence inclination causes the flatting of the integrated spectral
index at low frequencies. Also it is found that a low temperature ionized gas component as proposed
by Israel & Mahoney (1990) is not needed to explain the thermal absorption. We detect the supernova
SN1986]J at 146 MHz with a peak flux of 8.8 mJy. We observe significant outflows in the halo via the
spectral index map and also observe a new feature not seen in higher frequencies, possibly created via
increased star formation in the disk. We see that the bulk velocity of the galactic wind speed is relatively
constant for only one half of the galaxy making NGC891 different from NGC253.

New observations of the nearly face on galaxy NGC628 were also taken with the Effelsberg 100m
telescope and the Jansky Very Large Array in order to detect rotation measure gradients signifying
outflows from the disk to the halo of the galaxy. Preliminary results do detect such RM gradients and
reversals.

Finally this thesis also contains work done on the calibration and processing of the MSSS (Multi
Frequency Snapshot Survey) survey for which linear polarization was detected, thus opening up the first
low frequency polarization survey of the entire northern sky.

v
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CHAPTER 1

The science of low frequency radio astronomy

1.1 Introduction

Magnetic fields are ubiquitous in the Universe and are an essential part in understanding it. They have
been studied extensively at all scales, from solar to galaxy cluster magnetic fields. But many questions
still exist such as the origin and amplification of magnetic fields. The role of magnetic fields is probably
crucial to explain galactic evolution. The absence of these fields strongly inhibit star formation as it is
essential to transport angular momentum outwards during cloud collapse.

While magnetic fields cannot have dynamical significance on large scales, they can play their role on
smaller, local scales, especially in star-forming regions.

Another very important role of magnetic fields is the cosmic ray propagation and their containment
within galaxies. Low frequency observations (< 200 MHz) are essential to detect the radio emission
in galactic gaseous features at the distance of tens of kpc from the star-forming disk, like the extended
gaseous halos and disks. Using these observations, it would be possible to learn more about the nature
of the magnetic field and cosmic ray propagation at the furthest reaches of galaxies. This is the scientific
motivation of this thesis.

In this chapter, the history and motivation of low frequency radio astronomy will be presented. The
important physical emission and absorption processes will be presented and explained. What is known
about nearby galaxies at low frequencies will be shown. Finally, the polarization properties of galaxies
at low frequencies and methods to detect polarization will be discussed.

1.2 A brief history of low frequency radio astronomy

The beginnings of low frequency radio astronomy date back to the 1930s when Bell Labs tasked Karl
Jansky to investigate the source of radio frequency interference (RFI) disrupting early transatlantic wire-
less communication. With his broad-side array tuned to a frequency of approximately 20 MHz, he found
that this 'RFI’ was actually extraterrestrial in origin. For the next ten years, Grote Weber continued this
work alone experimenting at various frequencies such as 160 MHz where he observed non thermal emis-
sion from the Milky Way. Thanks to an injection of innovated technology from the Second World War
(such as radar), radio astronomy really started to take off. Large synthesized telescopes like the Cam-
bridge interferometer which discovered pulsars and produced the 2C & 3C catalogues, were the first to
use the then new technique of aperture synthesis and could produce 16 independent beams separated in
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declination.

150 MHz

Parkes 64-m

Figure 1.1: An all sky image at a frequency of 150 MHz observed with the Parkes telescope with the northern sky
observed by the Cambridge radio interferometer. From Landecker & Wielebinski, 1970 [1].

However, due to the need of higher angular resolution along with the problems of Radio Frequency
Interference (RFI) and the difficulties of calibration due to the turbulent ionosphere, most large radio
telescopes were built for higher frequencies (above 1 GHz) especially after the discovery of the HI line
at 1.4 GHz. Naturally due to these demands, parabolic dishes led the way in radio astronomy at cm, mm
and sub-mm wavelengths.

However, several telescopes were built in Clark Lake which defied this trend, most well known is the
TPT telescope (Erickson et al. 1982)[2] operating at 57.5 MHz. Even though it was an pioneering instru-
ment in its time, the TPT was dismantled in the early 1990s. Following the TPT, NRAO implemented
the 74 MHz system at the VLA in the early 1990s (Kassim et al. 2007) [3]. It was seen early on with
a 8-antenna system that self-calibration could remove ionospheric effects on baselines < 35km. The 74
MHz system at the VLA became a real pathfinder and showed that low frequency radio astronomy is
not only possible but can produce interesting scientific data.

The VLA Low-Frequency Sky Survey (VLSS) (Cohen et al. 2007) [4] showed that it is possible to
create low frequency sky survey at a reasonable resolution (80’") and rms noise (median rms noise level
being at 0.1 Jy beam™! at a frequency of 74 MHz. With a source count of 70,000 sources, this survey is
invaluable for the calibration of LOFAR as will be seen in future chapters. Even more recently, the VLSS
data has been re-reduced (VLSSr) (Lane et al. 2012) [5] with improved RFI mitigation techniques and
calibration algorithms, thereby increasing the source count by 35 %. However, due to the uv-coverage
used for these surveys, extended objects like galaxies, are not fully detected.

The Giant Meterwave Radio Telescope (GMRT) near Pune, India has also enabled astronomers to
observe at MHz frequencies since the 1990’s, with several receivers at 153, 233, 327, 610 and 1420
MHz.

This brings us to the present, where low frequency astronomy is finally achieving the resolution and
low noise of GHz observations.
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Figure 1.2: Comparing source morphology of 3C353 (top) and 3C129 (bottom) at 74 and 327.5 MHz with the
VLA. From Kassim et al. (2007) [3].

1.3 Motivation for observing at low frequencies

In astronomical terms, observing at low frequencies has several advantages. The low frequency radio
radiation coming from our own Galaxy or external galaxies is primarily from synchrotron emission
produced by cosmic ray electrons gyrating around the magnetic field lines. There is only a small con-
tribution from thermal emission. The power-law nature with a negative spectral index means that the
intensity of synchrotron emission increases at lower frequencies, enhancing our ability to trace the com-
ponent of the total field in the sky plane. To illustrate this point, in present day telescopes operating
at frequencies from 1-10 GHz, synchrotron emission from electrons can be detected in a 5 uG mag-
netic field in external galaxies. The minimum detectable field strength varies with v(@/(@*3) (where o
is the synchrotron spectral index @ = 0.8) and assuming everything else is equal, one would expect at
frequencies ten times lower, to be able to detect magnetic fields two times weaker.

Synchrotron emission at these low frequencies emit from aging, low-energy electrons which suffer
less from energy losses and therefore can propagate further from their site of origin into regions of lower
magnetic field strength. The observable extent of radio emitters is limited by the diffusion speed if the
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cosmic ray electrons (CREs) away from the sources of origin (i.e supernovas) and by the extent of the
magnetic field. Therefore, one would expect to detect emission from the outer disk or haloes of galaxies
and therefore weak magnetic fields, which would otherwise be invisible at higher frequencies. Galaxies
are expected to be much larger than their optical sizes when observed at low radio frequencies.

An important technical advantage of low frequency radio astronomy is the fact that at long wave-
lengths A, the large field of view Q covered by an antenna of diameter d is:

Pl
Q~ (6_1)2 (1.1)

Taking for example the 74 MHz VLA Low-frequency Sky Survey (VLSS) (Kassim et al. 2003)
[6], the primary beamwidth of the 25 m VLA antennas are ~ 0.2 rad FWHM, and only 523 partially
overlapping fields are needed to cover the 9.4 sr of the sky north of declination of —30 degrees in
comparison to the 1400 MHz NVSS survey (Condon et al. 1998) [7], needed 2 X 10° fields to cover the
sky above —40 degrees in declination.

Finally, low frequencies also enhances our ability to detect the magnetic field component along the
line of sight due to the wavelength squared dependency of Faraday rotation.

In the following sections, we shall explore the wide range of astrophysics which can be explored at
the low frequencies that LOFAR will open up to us.

1.3.1 Epoch of Reionization

One of the central tasks of the new generation of low frequency arrays such as LOFAR and the MWA
(Murchison Widefield Array) (Tingay et al. 2013) [8] is the search for the highly redshifted (6 <z < 12)
neutral hydrogen emission from the Epoch of Reionization aka EoR. EoR is the period of when the first
stars formed and initially the intergalactic medium is mostly neutral except in regions surrounding the
first objects. But as the reionization progressed, an evolving patch work of neutral and ionized hydrogen
formed. After a sufficient number of UV-radiation emitting objects formed, the temperature and ionized
fraction of the gas in the Universe increased rapidly until eventually the ionized regions permeate to fill
the whole Universe. Prior to EoR, the formation and evolution of the structure was dominated by dark
matter alone, while baryonic matter played a marginal role (Zaroubi et al. 2012) [9].

However, many details need to be clarified, for example what controlled the formation of the first
objects and how much ionizing radiation they produced or how the ionization bubbles expanded into the
intergalactic medium and what did they ionize first?

LOFAR'’s frequency range will be able to observe a wide range of redshifts from z = 11.4 (115 MHz)
to z = 6 (200 MHz). LOFAR EoR Key Science Project will observe a number of fields including the
region around 3C196 and the North Celestial Pole with minimal Galactic foreground emission for a total
of several thousands of hours.

1.3.2 Pulsars

Most studies of pulsars have been performed at the frequency range of 300 - 2000 MHz, where most
pulsars are intrinsically brightest in this frequency. The main reasons are the dispersion and scattering
from the interstellar medium, the effective background sky temperature and the ionosphere (Stappers et
al. 2011) [10]. Above 2000 MHz pulsars are dim and hard to observe.

Observing pulsars at low frequencies is where propagation effects in the pulsar magnetosphere are
expected to be the largest. Also LOFAR would be very sensitive to milli second pulsars (MSPs) and
as they are generally much older than other neutron stars and have more time to leave their birthplace
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First Stars and Reionization Era

.———— The Big Bang/Inflation
Time since the
Big Bang (years) Universe filled with
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Figure 1.3: Diagram showing the timeline of the Universe, showing the Epoch of Reionization’s place in cosmic
history. Courtesy of WMAP Science Team (NASA).

in Galactic plane. In addition these MSPs will be much brighter with the flux density of some MSPs
remaining steep down to 30 MHz (Kuzmin & Losovsky, 2001)[11], (Kramer et al. 1999) [12].

Pulsars can also be of vital importance in detecting and mapping out the magnetic field of the Milky
Way (Noutsos 2012) [13]. Polarization has been observed for hundreds of pulsars which have been used
to determine large scale features of the Galactic magnetic field. With the newly detected pulsars from
LOFAR, it is hoped that the number of polarized pulsars used to chart the Galactic magnetic field will
double. As many of the newly detected pulsars are expected to be located away from the Galactic plane,
there will be a chance to probe the magnetic fields of these relatively unexplored regions such as the
Galactic halo.

1.3.3 Radio recombination lines

Radio Recombination lines (RRLs) originate from different ionized elements in the ISM. RRLs are often
weak but have an advantage over other tracers of ionized gas in that extinction due to dust and contam-
ination from other sources are negligible. High frequency observations mainly detect hydrogen RRL
emission, however fainter carbon RRLs dominate at frequencies of < 300 MHz. There has been very
few surveys to observe hydrogen and carbon RRLs and the poor angular resolution not only prevents
the location of the line emitting gas to be found but also makes it more difficult to detect RRLs due to
beam dilution.

Thankfully, now due to LOFAR’s high spectral and angular resolution, carbon RRLs have been de-
tected at frequencies from 40-50 MHz. This is the first time that spectra have been extracted from the
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brightest hotspot in Cassiopeia-A at frequencies lower that 330 MHz (Asgekar et al. 2013) [14].

1.3.4 Transients

Incoherent synchrotron emission arises from the acceleration of relativistic electrons in a magnetic field,
in the context of transients this includes all types of jets, nova and supernova explosions. These events
tend to evolve slowly and especially at low frequencies where the optical depth is higher (Fender et
al. 2011) [15]. With LOFAR, one would not expect to see variability on time scales shorter than 1-10
seconds. Coherent synchrotron emitters such as pulsars and masers on the other hand have much higher
brightness temperature which means the variability time scales are much shorter.

Transient searches will benefit from low frequency observations especially with LOFAR due to its
wide field of view, omni-directional antennae, high speed data transport and computing power.

Other transient phenomena that LOFAR could detect may be associated with black hole emissions,
flares,radio bursts from exoplanets or even SETI signals.

1.4 Synchrotron emission

Synchrotron radiation is the main diagnostic tool to trace the extent and morphology of magnetic fields
in the ISM. Relativistic electrons gyrating in a magnetic field emit synchrotron radiation in the radio
regime. The following sections follow closely Longair (2010) [16] and the lecture notes of Prof. Uli
Klein. !

We shall first consider the case of a single particle (of mass m, energy E = ymc?, and charge e)
moving with velocity 7 in a uniform magnetic field of strength B . The equation of motion is

d -
E(ymﬁ’) = e(UX B) (1.2)

U can be projected into components 3 which is parallel to B and #, which is perpendicular to B. The
pitch angle a of the particle’s trajectory is given by

ana = 2! (1.3)
|9 |
This is the angle between the vectors # and B. 1t is found that
4 _ (1.4)
dr '
and
dlﬂ e -
— =—(W.xB 1.5
7 ym(vL ) (1.5)

The particle”s trajectory forms a spiral or a helix which is centered on the magnetic field line with
a radius a and at a constant pitch angle «, due to the ¥ X B force, with a constant orbital velocity
v, =| U |. The angular frequency of the particle in its orbit w, is known as the angular cyclotron or
angular gyrofrequency and is given by

! These notes are available at http://www.astro.uni-bonn.de/ uklein/teaching/B_Fields/MagneticFields.pdf
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Wy = ﬁ (1.6)
Ymo

From equation 1.5 we see that the electron is accelerating in its trajectory and since the electron is
accelerating, it will radiate.

Now the electron will be accelerated to relativistic speeds and it is found that one important feature of
the radiation of relativistic particles is the fact that it is beamed in the direction of motion of the particle.
The relativistic motion causes the normal sin® dipole radiation pattern that is emitted in the rest frame
of the particle to be a strongly Lorentz-transformed beamed pattern in the observer’s frame. The way
this pattern transforms is governed by the following abberation formula:

o sin ¢’
sin¢g = y—(l t foosd) (1.7)
_cos¢’+p
COS¢ = W (18)

where a prime (v) indicates the particle’s rest frame. If we consider the angle ¢" = 7, where there
is zero power emitted and so in the lab frame we have sin¢ = 1/y. Therefore all the forward power is
radiated in a beam of 2/y

The emission can be expressed in terms of components in two polarizations: perpendicular and par-
allel to the projected direction of the magnetic field. Longair (2010) [16] gives a complete derivation of
these two components, but here I will just give the final result.

L(w) = %:m“m ) + G()] (1.9)
() = %m ) - G (1.10)
where
F(x):xfong(Z)dZ (1.11)
Gx) = xKg(x) (1.12)

where K 1 and K 2 are modified Bessel functions of order % 3 and 2 . Finally x = 2wa/3cy>.

In derlvmg the total emissivity of a single electron by synchrotron radiation we must add these two
polarization expressions and divide by the period of the electron in orbit namely in time T, = v;' =
2nym/eB.

We finally get the emission spectrum for a single electron by synchrotron radiation.

I (w)+Ij(w)  V3e’Bsina
T, © 8n2eqem

Jw) =

F(x) (1.13)

Now we would like to look at the emission from a population of electrons which is much more
interesting from an astronomical point of view. Such a population has a distribution of energies and
pitch angles. The energy distribution is described by a power law distribution of energies, N(E)dE =
K(E%)‘PdE ,where N(E)dE is the number of electrons per unit volume in the energy interval E to E + dE.
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k is determined by the total number of relativistic electrons per cm?® per energy interval and by the
electron range over which the distribution is valid.

As before, Longair (2010) [16] shows the derivation of the total emission of such a population where
he assumed the power-law distribution of electrons energies applies to electrons with a fixed pitch angle
a. The total emissivity is

J(w) oc kBP+D2y=(p=D/2 (1.14)

From this equation it is evident that the spectral index of the synchrotron emission of these electrons
is @ = (p — 1)/2. Therefore, the above equation can written in terms of spectral index rather than the
electron spectrum index as

J(w) « kB0 (1.15)

1.5 Free-free emission

Electrons and ions interact with each other through their electric charge in an ionized gas such as a HII
region. This process cause the electrons to emit photons. The energy of a single photon emitted during
this interaction is the difference of the kinetic energy of the electron before and after the interaction, (i.e.,
hv = E’ — E) according to the principle of energy conservation. The spectral index of this emission at
short wavelengths where the Wien approximation can be used is typically @ = —0.1, with the brightness
temperature dropping off at v=>!. At long wavelengths, the intensity exhibits the slope of the Rayleigh-
Jeans law @ = 2 with the observed brightness temperature equal to the physical temperature. Compared
to the much steeper synchrotron spectrum of @ = —0.7, the contribution of free-free emission to the
overall emission is more or less negligible compared to shorter wavelengths. Thermal free-free radiation
is unpolarized as the trajectories of the electrons are randomly oriented.

1.6 Loss processes

It is natural that radiating particles such as electrons and positrons would lose their energies through their
interaction with matter, magnetic and radiation fields and other processes. These include synchrotron
losses, inverse Compton losses, adiabatic losses, ionization losses and bremsstrahlung losses.

1.6.1 Synchrotron losses

Synchrotron losses occurs as the electrons lose energy emitting synchrotron radiation. The total energy
loss rate by synchrotron radiation is given by:
dE 4
= (5 Dsynen = §O'TcyzUmag = 6.6 x 10*y*B%eVs™! (1.16)

where o is the Thompson cross section and B is the magnetic field strength in Tesla. Synchrotron
losses steepens the energy spectrum by Ap = 1.
1.6.2 Inverse Compton losses

Inverse Compton losses arises from the reverse of normal Compton scattering such that if a free electron
has a sufficiently high kinetic energy, mc? > hv, the electron can impart it’s energy when it impacts a
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photon. In galaxies these photons can be boosted from the far infrared to the X-ray or even y regime. All
these losses have different timescales, 7, which is the time where the particles lost half of their energy
and determine the lifetimes of the CREs which can be seen in Heesen et al. (2009) [17].

dE 4
= (e = 307¢Y Uraa (1.17)
where U4 is the energy density of a radiation field.
Synchrotron and inverse Compton losses can combined into a single expression as they are in the

same form:

dE_ 4
- (E) = gO-TC'yz(Urad + Umag) (118)

Due to this, inverse Compton losses also steepen the energy spectrum by Ap = 1. It is important to note
that energy density of the radiation field from the Cosmic Microwave Background (CMB) is:

BZ
CMB (1.19)
8

Urad ~

where Beyg = 3.25uG(1 + 2)2.

1.6.3 Adiabatic losses

Adiabatic losses are due to the loss of internal energy of ultra relativistic gas via expansion. This energy
loss can be calculated by:

dE 1
—(=)ad = (V- 0)E 1.20
(57 )ad = 3(V - 0) (1.20)
Anytime the particles exert pressure which does work, adiabatic losses become important, for example
the escape of particles from supernova remnants.

1.6.4 lonization losses

Ionization losses occur when a cosmic ray particle collides with a neutral particle, imparting it’s energy
to the neutral particle and thus ionizing it. As hydrogen is the most abundant element in the Universe
we find that:

dE
~ ()i =764 10" N@iny + 19.8)eVs™! (1.21)

where y = (1-v?/c?)™1/2 is the Lorentz factor of the electron and N is the number density of hydrogen
atoms in particles per meter cubed. Usually ionization losses can be neglected for the typical conditions
of the interstellar medium. But ionization losses can become important in the nuclear regions of starburst
galaxies. Thompson et al. (2006) [18] shows that ionization as well as bremsstrahlung losses can flatten
the nonthermal spectra of starburst galaxies in the presence of rapid cooling.

1.6.5 Bremsstrahlung losses

Bremsstrahlung is electromagnetic radiation produced by the deceleration of a charged particle when
deflected by another charged particle. Due to this, the traveling particle loses kinetic energy which is
converted into a photon. Bremsstrahlung losses can be calculated from the formula:
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dE
= (5 Dorems = 7.0 x 1073 N(iny + 0.36)s™"! (1.22)

1.7 Absorption processes

As according to the principle of detailed balance, to every emission process there is a corresponding
absorption process. As result of this we have synchrotron self absorption and free-free absorption.

In star forming regions, low-frequency radio emission can be reduced by thermal absorption or even
by synchrotron self-absorption in galactic nuclei. Regions of much lower thermal electron density, away
from the galactic disks and active nuclei, maintain their steep emission spectrum and should become
much more prominent at low frequencies.

1.7.1 Synchrotron self absorption

At low enough frequencies the brightness temperature of a source of synchrotron radiation may approach
the kinetic temperature of the radiating electrons. When this happens, self-absorption effects can become
important since thermodynamically the radiating electrons cannot result in a brightness temperature
greater than their kinetic temperature. The maximum brightness temperature of a synchrotron source is
limited by synchrotron self-absorption to:

B
Ty & 3 X 102K (—)1/2 -172 1.23
nax (GHZ) ( IOO,uG) (1.23)

from Begelman, Blandford & Rees (1984)[19]
Lacki (2013) [20] shows that the maximum cutoff frequency of ~ 20 MHz for synchrotron self-
absorption in Arp 220 like starbursts and therefore not important at observable frequencies from earth.

1.7.2 Free-free absorption

Free-free absorption occurs when a photon is absorbed by a free electron in the presence of an ion which
increases the electron energy and moves it into a higher energy orbit.
Free-free absorption in the case of an ionized foreground screen is given by:

1) = Io(v—vo)“e—“” (1.24)

where [ is the measured flux in Jy, Iy is the flux without any free-free absorption in Jy and 7 is the optical
depth which is expressed by:

7=3.01x 10 2EMv>T, g, (1.25)

where T, is the thermal electron temperature in multiples of 10* K, EM and gry are the emission
measure and Gaunt factor respectively and can be described as:

S0
EM = f n2ds (1.26)

0
grr =125+ Iz 11y (1.27)

where 7, is the electron density in particles per cm™>, where Z is the charge number of the ionized atom.

10
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In case of free absorption inside the source:
10) = lo(o (1 = ™) (1.28)

Free-free absorption becomes very important along lines of sight through dense H II regions and thus
free-free absorption can flatten the low frequency radio spectrum of starbursts such as M82 [21, Klein
et al., 1988]. Free-free absorption was seen by Adebahr et al. (2013)[22], where the emission of the
core of M82 showed that free-free absorption is lowering the flux of the starburst region at wavelengths
from 1.4 GHz and lower, whereas the halo shows no sign of this.

It’s effect is easily recognizable at low frequencies in HII regions surrounding supernova remnants as
can be seen in figure 1.4.
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Figure 1.4: Contour map of M82 at 408 MHz observed with MERLIN. Resolution is 0.57x0.54"" . Thermal absorp-
tion by a HII region is seen as a cavity ~ 100 pc across centered on the youngest and brightest supernova remnant
41.95+57.5. (From Wills et al. (1997) [23])

The Razin effect

Another process that can cut off the radio spectrum at low frequencies other than free-free absorption &
synchrotron self absorption is the Razin effect. At low energies, the index of refraction of plasma sup-
presses the beaming of synchrotron radiation and causes it to fall off exponentially (Rybicki & Lightman
1979)[24]. From Schlickeiser (2002) [25], the frequency where this Razin effect becomes important is

Ne B
—)(
Icm 100uG

The Razin effect is not important in spiral and starburst galaxies.

vg = 185kHz( )~ (1.29)

1.8 Galaxies at low frequencies

Low frequency radio emission traces low energy cosmic ray electrons that suffer less from energy losses
and can propagate further away from their sources into regions with weak magnetic fields, therefore low
frequency observations should also be able to probe these weak magnetic fields.

In star-forming regions, low frequency radio emission can be reduced by thermal absorption or even
disappear by synchrotron self-absorption in galactic nuclei. Regions such as the halo and the extended

11
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Figure 1.5: Images of NGC891 and M51 at 57.5 MHz observed with the TPT Clark Lake Telescope. From Israel
& Mahoney (1990) [26].

disk which possess lower thermal electron density, away from the galaxy disks and active nuclei, main-
tain their steep spectrum and therefore become prominent at low frequencies, so that emission from
weak magnetic fields should be observable.

Israel & Mahoney (1990) [26] used the Clark Lake Radio Observatory TPT array at a frequency
of 57.5 MHz to produce a survey of 133 galaxies for which 68 galaxies were detected. NGC891 &
M51 observed in this survey can be seen in figure 1.5. The observed 57.5 MHz integrated fluxes were
systematically lower that the integrated fluxes extrapolated from 1.4 GHz. They also observed that this
decrease correlates with the axial ratio of the observed galaxies and is smallest for edge-on galaxies.
I&M interpreted this as increasing free-free absorption of nonthermal emission in galaxy disks with
increasing tilt and proposed that it is caused by a smoothly distributed diffuse ionized gas component
with a very low electron temperature 7, ~ SOK. However, there is no clear observational evidence for
the presence of such gas in our own Galaxy. In addition, Israel et al. (1992) [27] observe a relatively
flat spectral index below 500 MHz (@ = -0.2) in the galaxy M33. Again, they explain this flat spectral
index to be caused by free-free absorption of nonthermal emission by a cool ionized gas.

Hummel (1991) [28] reanalyzed the I&M 1990 data and while observed a change in spectral index
with frequency, he did not see that the amount changed significantly on the inclination of the galaxies.
Therefore this is still a matter for debate and will be answered in the near future with LOFAR.

The mean equipartition total magnetic field strength in spiral galaxies is on average 9 + 3 uG. But
the total magnetic field can be seen to be stronger within the spiral arms where the increased turbulence
from star formation causes it to have a strength of 20 uG. The interarm region is filled with regular
fields forming long filaments of polarized intensity such as IC342 (Krause et al. 1989) [29] or so called
magnetic spiral arms like in NGC6946 (Beck & Hoernes, 1996) [30].

There is observational evidence that the magnetic field extends well beyond the star-forming region
but the problem is that the synchrotron emission is weak due to the lack of cosmic-ray electrons far from
the star-forming regions in the inner disk. Faraday rotation measures of polarized background sources
behind the spiral galaxy M31 showed that the regular magnetic field of this galaxy extends to at least
25 kpc radius which is twice the extent of the optical disk without significant decrease in magnetic field
strength (Han et al. 1998) [31]. For some galaxies we can see the polarized spiral pattern extends far
from the optical disk as can be seen in figure 1.6.

Edge-on galaxies possess radio halos which can usually comprises of two exponential components,
a thin disk component (~ 300 pc) and a thick disk component of about 1.8 kpc (Krause, 2011) [33].

12
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Figure 1.6: The galaxy NGC4254 at 1.4 GHz with total radio emission shown in contours and the background
color image shows the polarized intensity. The cyan ellipse indicates D,s. From Heald et al. 2009 [32]

There is a wide variety of observational evidence that points to a connection between the supernova
rate per unit area and the strength of the radio continuum, X-ray and Ha halo emission (Dahlem et al.
1995) [34], (Rossa & Dettmar, 2003) [35]. Low frequency measurements of edge on galaxies show that
the z-extent of the radio halo changes with frequency and that the rate of change becomes smaller at
lower frequencies (Hummel & Dettmar, 1990) [36]. They observed that the spectral index steepens with
increasing height which indicates energy losses of the cosmic ray electrons originating in the disk and
propagating into the halo.

In all of the edge-on spiral galaxies studied up to now, the large scale ordered fields in the disks lie
plane-parallel along the disk of the galaxy and in the halo they have a X-shaped morphology. This is
what is expected from observations of face-on galaxies and their magnetic field amplification by the
action of a mean-field aQ (Beck et al. 1996) [37]. The large-scale magnetic field pattern seems not to
depend on the star formation rate (Krause 2009) [38].

1.8.1 The FIR-radio correlation

The radio continuum and far-infrared (FIR) luminosities for a wide morphological class of galaxies are
tightly correlated over five orders of magnitude (de Jong et al. 1985) [40], (Condon, 1992) [41]. From
spatially resolved studies of normal and irregular galaxies it is seen that the correlation holds even at
scales of tens to hundreds of parsecs (Beck & Golla, 1998) [42], (Tabatabaei et al. 2007a) [43]. It
is through star formation that connects these two regimes (Harwit & Pacini, 1975) [44]. The radio
continuum arises due to synchrotron emission from relativistic electrons originating from supernova
remnants. The FIR emission arises from re-radiation by dust heated due to ultra violet (UV) photons
emitted by massive, short lived stars. Since the mean free path of a dust-heating photon is smaller than
the diffusion length of a CR electron, a radio image of a galaxy appears as a smoothed version of a FIR
image and the retrieval of CRE scale lengths can provide important information on star formation and
radiation intensity (Murphy et al. 2006) [45] and on CREs propagation (Tabatabaei et al. 2013)[46].

While the cause of the correlation is well understood, the tightness over several magnitudes still
remains puzzling. This correlation can be used to give a rough estimate for the strength of the radiation
fields and thus the connection between star formation and magnetic fields.

13
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Figure 1.7: Total radio emission (shown in contours) and apparent B-vectors of NGC5775 at 4.8 GHz observed
with the VLA overlayed on a He image. From Tiillmann et al. 2000 [39]

1.9 Polarization at low frequencies

Synchrotron emission from a plasma in a uniform magnetic field is naturally intrinsically highly polar-
ized and depends on electron spectrum index as follows:

B p+1
- p+17/3

With a typical value for p = 2.5, the degree of polarization is to be about 72%. This is independent of
frequency and viewing angle but assumes that the directions of the velocity vectors of the electrons are
isotropically distributed in a magnetized plasma (Le Roux, 1961) [47]. The polarization of synchrotron
emission on its own can contain much information on the ordered magnetic field of the astrophysical
object in question, for example, the interarm regions of NGC6946 that show polarization in the form of
’magnetic arms’.

Maps produced in radio polarimetry are usually attributed to the Stokes parameters, namely [,Q,U,V.

(1.30)

The total polarized intensity is found from:

Lot = VU + Q> + V2 (1.31)

Normally we are dealing with linear polarization and therefore, V = 0, giving us:

Lot = VU? + Q? (1.32)

The degree of linear polarization is thus:

772 2
NUT+ O (1.33)

Plin = I
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However, this only gives us information on the magnetic field on the plane of the sky (B.). But, due
to birefringence of the magneto-ionic medium, the polarization angle of linearly polarized radiation that
propagates through this plasma rotates as a function of frequency. This can give us information on the
magnetic field in the line of sight, traditionally through the use of the rotation measure, defined as:

ox
RM = 2~ 1.34
P (1.34)
where y is the polarization angle and is:
1 U
X = Etan_la (1.35)

However, as one will see, there are many complications when trying to detect polarizations at low
frequencies such as:

e Beam depolarization: This occurs when the magnetic field is tangled on scales smaller that the
resolution of the observation. The polarization with different polarization angles cancel each other
out and therefore the original polarized signal depolarizes itself inside the beam. The only way to
prevent this is to have better resolution on the target which isn’t trivial at low frequencies.

e Bandwidth depolarization: This effect occurs when, depending on the RM of the source, the signal
depolarizes itself within a frequency band. While the noise level is decreased proportionally to the
square root of the bandwidth in terms of frequency, the polarized signal reduces proportionally to
the sinc of the bandwidth in terms of wavelength squared. To combat this, the total bandwidth is
divided into narrow channels of bandwidth. However, the signal to noise of one channel is much
lower than the total bandwidth.

o Galactic foreground: At low frequencies, the Milky Way can dominate the polarized emission
especially at low and intermediate galactic latitudes. This can make it difficult to distinguish the
polarization properties of extra galactic sources.

o Internal/External Faraday dispersion: This effect occurs when the polarized emission is depolar-
ized by the various amounts of Faraday rotation in the line of sight within the beam, either in an
emitting region (internal) or outside the emitting region (external). An example of external Fara-
day dispersion would be the effect of the galactic foreground on a background polarized signal in
that it can contribute in rotating the polarization angle of the signal and hence could depolarize
the object of interest.

Quantifying depolarization effects between different frequencies can be done through the following
equation from Beck (2007) [48]:

P]] Vi

DP(vi,v;) = A X (=) (1.36)

V2

where @, is the synchrotron spectral index and v & v, are the respective frequencies.
At low frequencies, depolarization is dominated by internal Faraday dispersion. From Burn (1966)
[49]:
DPyy = L2 4P5) (1.37)
S
with
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S =205, (1.38)
where the term ogy describes the dispersion of the medium in rad m~2. In a simplified model of a
magneto-ionic medium it can be written as (Arshakian & Beck 2011) [50]:

L
Ty = (0.817, Burpd)? f— (1.39)

) Ld
f

where n, = (n.)/f is the thermal electron density in cm™ within the turbulent cells of size d in pc,
(n.) is the average electron density in the volume along the pathlength traced by the telescope beam in
pc, f is the filling factor of the cells, {By,,») is the strength of the turbulent magnetic field in 4G and L is
the pathlength along the line of sight through the Faraday-active emlttlng layer. The term in the brackets
describes the rotation measure of a single turbulent cell, Whlle L term gives the number of cells along
the line of sight.

Another major source of difficulty in polarization is the ionosphere which will be dealt with in the
next chapter.

As shown in equation 1.34, the traditional method of finding the rotation measure and therefore B
is found by plotting the polarization angle as a function of A% and then performing a least squares fit.
However, if only a few data points are available, then multiple RM solutions are as good as each other.
This is known as the nr ambiguity problem (see Rand & Lyne 1994, [51] figure 1).

To remedy the problem of bandwidth polarization and nw ambiguities, RM synthesis, a technique to
analyze and interpret polarization data has been developed.

O = (0.81¢ne ) Brur)) (1.40)

1.9.1 RM synthesis

The RM synthesis technique was first used by Burn (1966) [49] on the Crab Nebula, but was rarely used
after as it required accurate polarization data at many frequency channels over a wide bandwidth which
was impractical in those days. Now with the advent of multi-channel receivers, this technique can be
fully utilized. From Burn (1966) [49], we take the definition of Faraday depth (¢) of a source as:

here
¢(r) =0.81 f n.Bdr radm ™2 (1.41)
there

where n, is the electron density in cm =3, B is the magnetic field in 4Gauss and r is an infinitesimal path
length in parsecs. It is important to note here that the Faraday depth and rotation measure are equivalent
to each other if and only if there exists just a background source with a dispersive Faraday Screen (often
called a Burn’s slab) in the foreground along the line of the sight. If a magnetized, emitting plasma
exists in the line sight, then the RM is no longer valid. Therefore, Faraday Depth is a general definition
with the RM an exceptional case of it. RM synthesis avoids bandwidth depolarization by averaging the
complex polarization. The Faraday dispersion function is related to the complex polarization vector:

N
F(@) = F(®) * R§) = K ) wiPie 0~ (1.42)
i=1

The RM Spread Function (RMSF) is defined as:
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N
R@) =K Z w;e 29 =15) (1.43)
i=1

N
K= w)! (1.44)
i=1

where * denotes convolution, w; is the weight of the ith data point. The RMSF represents the response
of the instrument, due to the discrete separation of the bandwidth into separate channels.

After performing RM synthesis, confusion with RMSF sidelobes can make the interpretation and
locating the correct Faraday depth of a source difficult. Fortunately, a deconvolution routine know as
RM clean (Heald 2009) [32] can improve the situation in that it performs a routine quite similar to one
used in aperture synthesis radio telescope images but with a major difference being that this convolution
is performed in 1-D (Faraday depth). The full description of the algorithm can be seen in Heald (2009)
[32].

The usual method of applying RM-Synthesis to interferometric data involves the following steps:

o (Calibrate the visibility data as usual

o Create images of the deconvolved Q and U images at each frequency channel. The weighting
and tapering of the calibrated data must be in a way so that the resolution of the images are
approximately equal in frequency. Each image must have the same pixel dimensions and size.

o These images are then stacked and RM synthesis is then performed pixel by pixel.

o A further ¢-space deconvolution is performed namely RM-Clean

Using RM synthesis, shortcomings are easily noticeable. The first being that when creating the im-
ages, one needs to taper the visibility data so that the higher frequency images have the same resolution
as those of lower frequencies which means a loss of resolution. Also this weighting and tapering can not
be performed perfectly and variations in the polarized intensity arising from different resolutions would
produce a shift in the Faraday depth of the emission and lead to systematic errors. Secondly, artifacts
in the images caused by normal clean deconvolution will be further amplified during RM clean, further
reducing image fidelity. Finally, incomplete A% coverage can be a serious problem in order to interpret
radio polarization data for extended sources like galaxies (Frick et al. 2011 [52]). Beck et al. (2012)
[53], show that in order to reliably recognize magnetic field structures in spiral galaxies, one requires
the analysis of data cubes observed over a wide and continuous frequency range with the SKA being
close to fulfilling this need.

Bell and Ensslin (2011) [54] developed a new method called Faraday synthesis which addressed some
of these shortcomings. With this approach, one reconstructs the Faraday spectrum directly from the
visibility data. With Faraday Synthesis, the deconvolution is performed in one step using the entirety of
the broadband data. In comparison, with RM-Synthesis, each frequency channel must be deconvolved
individually. Faraday and RM synthesis are equivalent if deconvolution is not required. It was found
from comparing both methods applied to mock data that Faraday synthesis had a 20% less noise, 30%
better resolution and the strongest artifact was about half as bright compared to RM-Synthesis. However,
Faraday synthesis has not been performed on real interferometric data.

RM synthesis has been performed on galaxies observed as part of the Westerbork SINGS survey
(Braun et al. 2010) [55], where through RM synthesis the authors were able to detect faint secondary
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polarized components in three relatively face on spiral galaxies. This supports the model that the po-
larized intensity observed at GHz frequencies from nearby galaxy disk is dominated by a region of
emissivity located above the mid plane closer to the observer. This polarized emission would only suf-
fer a Faraday rotation of a few tens of rad m? within the halo. These faint secondary components would
be located from the far side of the mid plane and would undergo much more severe Faraday rotation and
Faraday dispersive effects.

1.10 Outline of this thesis

In this thesis, I will present the first results of observations from LOFAR high band antenna (HBA)
of nearby spiral galaxies. Chapter 2 will contain an overview of LOFAR, explaining the difficulties
imposed on the observer at low frequencies as well as the tools created to combat these difficulties. A
short introduction on the processing of LOFAR and the challenges this imposes on the observer. In
this chapter, commissioning results which benefited the LOFAR community obtained during this thesis
will be shown. Most notably, the development and testing of a procedure to transfer and interpolate
the complex gains obtained from calibrators to target sources. Chapter 3 will present the results of a
Cycle 0 LOFAR HBA observation on the face-on spiral galaxy M51 where the extended disk beyond
10 kpc will be studied. Chapter 4 will present the modelling of the cosmic ray distribution of M51 by
solving the diffusion loss differential equation through approximation methods. Chapter 5 will show the
results of a LOFAR HBA commissioning observation on the edge spiral galaxy NGC891 and explore
the physical properties of the halo at low frequencies. Chapter 6 will detail observations of the nearly
face on spiral galaxy NGC628 with the Effelsberg 100 meter radio telescope and the JVLA at GHz
frequencies. Interesting preliminary results from the implementation of RM Synthesis will be shown.
Chapter 7 will detail the work done during this thesis on the Multi-frequency Snapshot Sky Survey
(MSSS) including the detection of nearby galaxies as well as polarization from the Galactic foreground
opening up the exciting possibility of a MSSS polarization survey. Chapter 8 will summarize the main
findings of this thesis and future prospects.
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CHAPTER 2

Radio Interferometry with the Low Frequency
Array

In this chapter we will explore the principals of interferometry in particular the problems that affect low
frequency interferometry. The newly constructed low frequency telescope LOFAR will be introduced
to the reader. Additional in this chapter, the hardware and software of LOFAR will be explained and
several commissioning results will be presented.

2.1 A short introduction to Radio Interferometry

While the first radio telescopes were simple single dish antennas, they had one inherent weakness,
namely it’s relative low angular resolution which degrades even further at lower frequencies as the
angular resolution of a single dish telescope is proportional to /D where A is the observing wavelength
and D is the dish diameter. Interferometers are apparatuses that consist of two or more antennas whose
signals are combined in a correlator. This correlator output simulates a single dish radio telescopes
but with a diameter equal to the distance of the maximum separation between any of antenna pairs
(separation between antennas is called the baseline). This enables far better angular resolution.

Here I will discuss the fundamental principals of radio interferometry using the Radio Interferometry
Measurement Equation (RIME) formalism created by Hamaker et al. (1996) [56], Sault et al. (1996)
[57] and redeveloped by Smirnov (2011a,b) [58] [59]. Section 2.1.1 follows both these papers closely.

2.1.1 The RIME formalism

Firstly, we consider a quasi-monochromatic signal from a single point source. A signal is emitted from
a fixed point in a orthogonal xyz coordinate system, with z being the direction of propagation. This
signal can be represented as:
e
e= ( X) (2.1)
€y

The single most important fundamental assumption for the RIME is linearity. Therefore all transfor-
mations along the signal path are linear with respect to e. All linear transformations can be seen e’ = Je
where J is a 2 X 2 complex matrix called the Jones matrix. Multiple effects along the signal propaga-
tion correspond to repeated matrix multiplications which form a Jones chain. The order of terms in a
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2 Radio Interferometry with the Low Frequency Array

Jones chain corresponds to the physical order in which the effect occurs in the signal path. As matrix
multiplication is not commutative it is very important that the order of the Jones chain is in the right
order.

When the signal hits the antennas’ reciever, it is then converted into a complex voltage. v, and vp
represents two polarizations. This is represented by:

Vg
v= (Uh) =Je 2.2)

Equation 2.2 shows the linear relationship between the voltage vector v as measured by the antenna
feeds and the original signal vector e at some arbitrarily distant point with J being the product of all
propagation effects along the the signal path including electronic effects of the antenna and atmospheric
effects.

Two spatially separated antennas p and g measure two independent voltage vectors vp,v,. These
are fed into a correlator producing the following 4 pairwise correlations which are arranged into the
visibility matrix (or coherency matrix) V p,:

(Vpalga)  (Vpalyy,)

_ H
(VpbUga) (UprZhJ = 200 (2.3)

Vg :2(

where H represents the conjugate transpose operation, otherwise known as the Hermitian operator.
Combining equations 2.2 & 2.3 and assuming that J, and J,; are constant over the averaging interval:

2.4)

Vg = 200 pe(d )"y = 20 plee™J!) = 20 e JY = 27, (“)‘ei) WZ)) I

(e er) (eye;)
The last bracketed quantities are related to the Stokes Parameters (Hamaker & Bregman 1996) [56]:
2((exej‘c) (exe;)) 3 ( I+0 U+ iV) _pB 2.5)

(eyer) (eye;) “\U-iv I1-0

B is defined as the brightness matrix. This gives us the RIME of a single point source:

Vpg=JpBJY (2.6)

Equation 2.6 holds in any coordinate system. J, and J g corresponds to the various effects that are
applied to the original source brightness. Equation 2.6 can be written in the *onion’ form of the RIME:
Vg = I pn((d p2(J  BIIDT ). )T L, .7

In this case n # m for the outer indices as the two signal paths can be completely dissimilar to each
other. Each propagation effect can be described by a different Jones matrix. For example:

Phase Delay given by a scalar matrix, K-Jones

Faraday rotation in the Earth’s ionosphere given by a rotation matrix, F-Jones

A possible rotation over a parallactic angle of the feed system with respect to the incident field,
P-Jones

Deviations of the actual feed from the ideal, D-Jones. If the feed is ideal then D is an identity
matrix.
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2.1 A short introduction to Radio Interferometry

e The complex receiver gains given by a diagonal matrix, G-Jones

There is one fundamental effect that needs to be addressed namely the phase delay associated between
voltages v, and v,. The phase difference is due to the geometric path length difference from source to
antennas p and g. If we consider antenna p located at coordinates u,, = (up,v,,w)), the phase difference
at point u, relative to a generic u = 0 for a signal arriving from direction s, is given by:

Kkp = 27 (upl + vpm + wy(n — 1)) (2.8)

where I,m,n = V1 — [2 — m? are the direction cosines of s and A is the signal wavelength. Defining
u in terms of wavelength allows us to omit A~! term. The phase delay matrix can now be described as:

Kp = e Kp = p2miluplupm+wy(n=1) (2.9)

If we insert this into the RIME for a single point source (equation 2.6), we get:

Ve = K,BK! (2.10)

This visibility matrix is known as the source coherency and is written as X, and is the visibility that
would be measured by a corruption-free interferometer. However, there is no such thing as a corruption-
free interferometer and in reality there are several *corrupting’ effects along the signal path given by G
as:

Vg = GpXp,GY (2.11)

Let us now place N point sources in the sky. Each source contributes to the measured visibility matrix
Vg by linear addition. The signal propagation for each source s to each antenna p is different as it
passes through different regions of the ionosphere. Thus, each path can be described by its own Jones
matrix J,. Equation 2.6 becomes:

Vg = Z JSPBSJZ (2.12)

Some elements in the Jones chain may be the same for all sources such as electronic gain. We can
collapse the Jones chain into a product of three Jones matrices

Jsp = GoEz K, (2.13)
Here G, is the source-independent term of the Jones chain, Ky, is the phase term and Ej), is the
source dependent term. We can rewrite equation 2.12:

Vg = GP(Z E.,K,B.K! ET)G! (2.14)
N

G, describes the directional independent effects (DIEs) and Ej, the direction dependent effects
(DDEs)

In the more general case, the sky is not a sum of discrete sources, but a continuous, brightness distri-
bution B(c), where o is a unit direction vector. Jones matrices are now in the form J,(o). Integrating
equation 2.6 over a unit sphere:

Voe= | Jp@B@) I (0)de (2.15)
4
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If we perform a sine projection of the sphere onto a plane (/,m) tangential at the field center, we
obtain:

dld
Vi = fl f T OBOJI O (2.16)
where n = V1 - 2 — m2.

Finally, we decompose the Jones matrix J, into its components and putting together the K terms we
get:

1. . ‘
Vg = Gp( f f —EpBE;’e—2m<"wl+”wm+wfw<"—1>>dldm)G5 (2.17)
Im n

This is actually a more general formulation of the famous van Cittert-Zernike theorem. This states that
the spatial autocorrelation function of the electromagnetic field is the Fourier transform of the brightness
distribution.

This form of the RIME is implemented by the LOFAR calibration software. It is flexible as it can
incorporate many different effects, and in particular the direction-dependent effects that are extremely
important at low frequencies.

2.2 The difficulties of low frequency radio interferometry

In this section, the main problems of performing astronomy at low frequencies (< 300MHz) will be
explored. Long wavelength observations have in the past been hindered by low angular resolution, low
bandwidth, high noise temperature, strong confusion by sources in the field of view. Only recently, due
to advances in technology and computing has this relatively unexplored region of the electromagnetic
spectrum been open to the scientific community through the MWA, LWA and LOFAR.

2.2.1 The problem of the ionosphere

The greatest and most fundamental issue that has prevented low frequency radio astronomy from pro-
ducing significant scientific results in recent decades is the corrupting influence of the earth’s ionosphere
on the measurement of the visibility phase on baselines longer than a few kilometers.

The ionosphere is a shell of electrons and ionized atoms and molecules that covers the earth at an
altitude of about 50km to 1000km. It is a dynamic, inhomogeneous medium with electron densities
varying as a function of position and time. The state of ionization is mostly caused by the Sun through
photo-ionization. The free electron column density along the LOS through the ionosphere is generally
referred to as the total electron content or TEC. The TEC unit is 10 m~2.

The refraction and propagation delay are caused by a varying refractive index n of the ionospheric
plasma (Intema et al. 2009) [60]:

2
n=1--2 (2.18)
with v being the observing frequency and v, the plasma frequency which is given by:

e Ne

(2.19)

v, = —
P 2n\ em

The total propagation delay, integrated along the line of sight, causes a phase rotation of:
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P = —2—? f (n—1)dl (2.20)
with ¢ being the speed of light in a vacuum.

Most variations observed however, are not caused by a differential variation through a smooth iono-
sphere, but due to varying horizontal gradients produced by traveling ionospheric waves (A Traveling
Ionospheric Disturbance, TID). A medium-scale TID is observed at heights between 200 and 400 km,
have a wavelength between 250 and 400 km and have a near horizontal velocity of 300 to 700 km per
hour. Most crucially, these TIDs can cause TEC variations of 1-5 %. Due to these TEC variations in
time, antenna position and viewing direction, visibility phases are distorted by time varying differential
ionospheric phase rotations. These distorted visibility phases can lead to severe problems such as an in-
stantaneous spatial phase gradient over the array in the direction of the source which causes an apparent
position change in the image plane but causes no source deformation. However, source deformation can
occur if the spatial phase behavior deviates from a gradient. What is worse is that this deformation can
lead to greater residual sidelobes after deconvolution.

It is important to discuss the four different regimes discussed by Lonsdale (2005)[61] for instanta-
neous ionospheric phase calibration as it is essential to understand in terms of low frequency interfer-
ometry. A diagram illustrating the four regimes is presented on figure 2.1.

In the first regime (top left in figure 2.1), the projected size of the field of view V of each array element
is small, much smaller than the scale size of ionospheric phase fluctuations S as well as the array size
A. Here we do not have directional dependent effects and phase only self calibration on short enough
timescales is sufficient to remove the ionospheric phase errors from the visibilities.

In the second regime (top right in figure 2.1), the array size A is much larger than the size of iono-
spheric phase fluctuations S and therefore the ionospheric phases are different for each array element.
Fortunately, the station FoV is narrow so that it is possible to assign a single unknown ionospheric phase
to each individual antenna. Thus, the regime reduces to that of the first regime and the same calibration
solution applies.

In the third regime,(bottom left in figure 2.1), the station FoV is greater than the size of ionospheric
phase fluctuations. The phase and gain of the station FoV is thus direction dependent but the array is
compact and thus see the same ionosphere. It is then possible to make a coherent image but sources may
have shifted positions.

Finally in the fourth regime,(bottom right in figure 2.1), is the most general case with a large array
with a wide FoV (LOFAR is this case). Each station beam sees a multitude of sources and each station is
distorted by different ionospheric gains and phases. This causes source position shifts and source shape
deformations that both vary in time and viewing direction.

For unresolved sources, Cotton 2004 defines the Strehl Ratio as the ratio of observed peak over the
true peak flux. In the case of Gaussian random phase errors, the Strehl Ratio is related to the rms phase
error o4 by

o2

R= exp[—%’] 2.21)

A larger peak flux is equivalent to a smaller rms phase error. This is due to the fact that phase errors
cause scattering of source power into sidelobes.

Due to the problems discussed that are caused by the ionosphere, radio interferometers observing at
low frequencies were limited by short baselines (<5km), which severally reduces angular resolution.
This led to a huge obstacle in the manifestation of confusion which would severely degrade the sen-
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Figure 2.1: Diagrams showing each seperate regimes for instantaneous ionospheric phase calibration from Lons-
dale (2005) [61]. From Wijnholds et al. (2010)[62].

sitivity of an interferometer. Confusion in radio astronomy is manifested in three different ways and
all these three effects are roughly proportional to the square of the angular resolution. Therefore, if an
interferometer has it’s angular resolution decreased by a factor of 10, the sensitivity of the interferom-
eter would decrease by 100. Further integration beyond this would not lower the rms noise. This is
demonstrated on figure 2.2. The impact of this put low frequency radio astronomy in the backwater for
several decades.

The ionosphere can also affect the polarization of an observation due to time variable Faraday rotation.
Quantitatively, the angle variation is

AD =2.6x10717y72 f neBy dl = RMy ™ [rad] (2.22)
LoS

where v [Hz] is the frequency, n, [cm™3] is the electron density,B) [u G] is the magnetic field in the
line of sight, RM is the rotation measure and dl [m] is the path length along the line of sight (LoS). In
the RIME formalism, in a linear-coordinate polarization basis, the Faraday rotation is simply a rotation
matrix:

_ _[cosB  —sinf )
F = RotB = (sin,B cosp ) Boxv f;os neB) dl (2.23)

This effect can be corrected for and will be presented in 2.9.2.
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Figure 2.2: Two images showing the effect of how reduced resolution will impact the sensitivity of a LOFAR
observation.

2.2.2 Absolute Flux Scale and the Need for Calibrators

Another difficulty imposed onto low frequency radio astronomy is the lack of a broadband flux scale
which is essential for calibration of low frequency interferometers such as LOFAR and the SKA-low.
The problem is especially acute in that the widely used Baars radio flux density scale (Baars et al.
1977)[63] is incomplete below 300MHz. The Baars’ scale is based on absolute flux measurements of
Cassiopeia A over a wide range of epochs and frequencies. The principal reason for using Cas-A is
that many absolute flux measurements exist due to being the brightest radio source in the sky. However,
as Rees (1989) [64] points out, the flux of Cas-A is decreasing with time and that this decrease also
depends on frequency. Another low frequency absolute flux scale of Roger, Bridle and Costain (1973)
[65] exists. This scale is based on observations of 225 sources with the Dominion Radio Astrophysical
Observatory’s 10-MHz and 22-MHz arrays between 1965 and 1973. This scale is accepted as the best
low-frequency flux scale available. However, having more than one absolute flux scale isn’t helpful
and makes quantitatively combining and comparing data from various telescopes and surveys difficult.
Therefore when comparing source fluxes it is essential that each catalog used is scaled to the same
flux scale. The scale factors from various catalogs to convert to the RBC scale can be found in Scaife
and Heald (2012) [66]. In addition, any comparison with higher frequency measurements, the higher
frequency measurements needs to rescaled to the RBC scale. Fortunately, at frequencies > 300 MHz,
the RBC scale is in agreement with the KPW scale (Kellermann et al, 1969)[67] and the conversion
factors from the Baars et al. (1977)[63], table 7 can be used.

With regards to what calibrators to be used, Cas-A and Cygnus-A, while the brightest sources in
sky have extremely detailed morphologies. This would make calibration of an interferometer array
with arcsecond resolution difficult without a very detailed skymodel. Therefore, the calibrators need
to not only dominate the visibility function but also be compact compared to the angular resolution of
the interferometer. With LOFAR in mind, Scaife & Heald (2012) [66] created an initial list of bright
compact sources from the 3C and revised 3C catalogue with the criteria that the sources:

e have positions above 30° declination.
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e have a flux density at 178 MHz greater than 20 Jy.

e have an angular diameter less than 20 arcseconds.

Six sources were found to fit this criteria and are detailed in table 2.1 below.

Table 2.1: Calibration Source Sample taken from Scaife & Heald (2012)

Source  RA (J2000) Dec (J2000) Si3c (Jy) A8 (arcsec)
3C48 01"37741.3° +33°0935” 50+ 11 <1
3C147 05"42M36.1°  +49°51'07” 63+ 12 <12
3C196 08"13™M36.0° +48°13'03” 66 + 20 <12
3C286 13731™08.3° +30°3033" 21 <3
3C295 14117205 +52°12’107 74+ 15 <12
3C380 18729731.8% +48°44’46” 70 + 10 <20

More detailed models of these calibrators at higher resolutions are currently being worked upon by
the LOFAR community for better calibration on the longest baselines. How to observe and use these
calibrators to calibrate LOFAR data will be detailed in section 2.7.2.

2.3 Background to LOFAR

LOFAR, the Low Frequency Array,(van Haarlem et al. 2013) [68] is a new and innovative low frequency
radio telescope designed and constructed by ASTRON. Its construction was motivated by the scientific
aims described in the previous chapter and was originally intended to surpass the power of previous
interferometers in it’s frequency range by 2-3 orders of magnitude, providing a square kilometer of
collecting area at 15 MHz, milliJansky sensitivity and arcsecond resolution.

However, due to funding constraints, the original collaboration was split into three ongoing projects,
namely LOFAR, the Long Wavelength Array (LWA) (Ellingson et al. 2013) [69] and the International
Murchison Widefield Array (MWA) (Lonsdale et al. 2009) [70].

As LOFAR is such a flexible but complicated instrument this chapter will only cover aspects applica-
ble to interferometric imaging. For a complete coverage of LOFAR, please refer to van Haarlem et al.
(2013).

2.4 Broad overview to the LOFAR system

LOFAR (van Haarlem et al. 2013) [68] currently consists of a total of 40 LOFAR stations located in
the Netherlands with an additional 8 international stations located in various European countries. The
amount of international stations is set to increase with additional countries opting to join. The majority
of the stations are located in the LOFAR core near the town of Exloo which is a densely sampled, 2-
km area (which can be seen in figure 2.3) which ensures excellent uv-coverage for detecting extended
emission.

The LOFAR core is located where relatively low levels of RFI are present. LOFAR is capable of
operating at frequencies from 10-240 MHz and has two types of antennas to detect radio waves from
this radio range. The first is the LBA (Low-Band Antenna) which operate from the ionospheric cutoff
near 10 MHz up to about 90 MHz due to the FM band. As this FM band is extremely strong RFI,
filters are in place which limit bandwidth from 30-88MHz. This filter can be deselected by the user.
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2.4 Broad overview to the LOFAR system

The LBA element is sensitive to two orthogonal linear polarizations. One LBA antenna can be seen in
figure 2.4. The simple design of the LBAs make it sensitive to the entire visible sky. The HBA (High-
band antenna) covers the frequency range from 110-250 MHz. This is split in the receiver into three
parts namely HBA-low (110-190 MHz), HBA-mid (170-230 MHz) and HBA high (210 - 250 MHz).
The observations presented in this thesis are from HBA-low only. At these frequencies the sky noise
is not dominating unlike the LBAs and therefore the HBAs have a very different design in order to
increase the sensitivity. HBAs are gathered together into ’tiles’ of 16 antenna elements which include
initial analogue amplification and the first stage of analog beam forming. A ’tile beam’ is formed when
combining the signals for each of these 16 elements in phase for a given direction in the sky. The HBAs
are controlled by the Monitoring and Control system (MAC).

Figure 2.3: An overhead view of the LOFAR superterp.

The analogue data signals from the HBA tiles and LBA antennas are then transported via coaxial
cables to the electronics cabinet which is located at the edge of every LOFAR station. The signals first
reach the receiver unit (RCU) where they are filtered, amplified and then digitized. Once digitized,
further processing is done by the remote station processing (RSP) boards. These RSP boards first
separate the input signals from the RCU into 512 sub-bands via a polyphase filter (PPF). The sub-bands
can have a bandwidth of 156 or 200 kHz depending on whether the 160 or 200 MHz sampling clock was
selected. For HBA low and LBA, which are the bands used in this thesis, the sampling clock is always
200 MHz. Usually, the sample values are stored using 16 bit integer representations, which allows 244
sub-bands to be available for a total bandwidth of 48 MHz per polarization. But recently a 8 bit integer
representations can be utilized which allows the user to have up to 488 sub-bands for a total bandwidth
of 96 MHz per polarization. Tests showed that strong RFI that can saturate the 8 bit mode is extremely
rare.

Once the sub-bands have been created, the next main processing step is the digital phase rotation
based beam former. The beam former sums all the signals from selected RCUs after first multiplying
them by a set of complex weights which take into account the phase rotation produced by geometrical
and other delays. These weights are calculated in the local control unit (LCU). The beam forming is
performed independently per sub-band and the resulting beam for each sub-band is called a beamlet.
Theoretically, the user could point the same number of simultaneous beams on the sky as sub-bands
available, for example, at 16 bit mode, the user would be able to point 244 independent beamlets on the
sky. However, at the moment the independent directions per station is currently limited at eight by the
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b) HBA tile
(a) LBA dipole ®)

Figure 2.4: Figures showing both types of LOFAR antennas.

system control software.
After the beam-forming step the data is then transferred to the correlator at the Central Processing
(CEP) facility in Groningen.

2.5 LOFAR at station level

One can think of a LOFAR station as one of the dishes of a traditional radio interferometer. They provide
collecting area and raw sensitivity as well as pointing and tracking capabilities. However, the antennas in
a LOFAR station which form a phased array, do not physically move but use beam forming techniques
to point and track targets in the sky. What is important is not only do LOFAR stations contain the
necessary antennas, electronics etc, but also significant local computing resources as well. This allows
for station level beam forming to allow for rapid pointing of the telescope as well as performing multiple
observations at once. Each separate LOFAR station can be used as a single dish radio telescope.

LOFAR stations can be grouped into three categories, namely, core, remote and international; cor-
responding to their distance from the center of the array. For example, the stations CSO01HBAO &
CSO01HBAL1 are the two ears of HBA core station number 001 whereas RSS09HBA is a HBA remote
station number 509. More importantly, each of these categories of stations have a different antenna
configuration. Core and remote stations in the Netherlands have 96 LBA and 48 HBA antennas and a
total of 48 digital receiver units (RCUs). It is also worth mentioning that the layout between the HBA
tiles in core and remote stations differ in that, for remote stations, all HBA tiles are contained in a sin-
gle field whereas in the core stations, the HBA tiles are contained in two sub stations of 24 tiles each.
International HBA stations consists of a single HBA field of 96 tiles. For LBA, the antenna fields are
about the same for all types of station. However the core and remote LBA stations only use half of the
antennas. The station layouts for the different stations can be seen in figure 2.6.

2.6 LOFAR Radio Environment

Even though the superterp is located in the mostly rural area of Drenthe, households can still exist within
1km and even closer for some stations. Therefore, contamination of the celestial signal of interest by
radio-frequency interference (RFI) has always been a major concern for LOFAR. During the hardware
planning phase of LOFAR, these concerns played a big part in the hardware design. This included
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Figure 2.5: A map showing the layout of the majority of the stations in the LOFAR core with the superterp in the
center (source: OpenStreetMap).

Core Station Remote Station International Station

Figure 2.6: Layout diagram of the different LOFAR stations.

placing shielded cabinets around the electronics on site to prevent self-interference; applying steep
analogue filters to suppress the FM bands and frequencies below 10 MHz; and applying strong digital
sub-band filters to localize and confine RFI in frequency. The distribution of RFI in frequency can be
seen in figure 2.7.

RFI tests were performed by Offringa (2012) [71] using surveys from 24 hour LBA & HBA observa-
tions. It was found that the HBA survey had a higher RFI occupancy of 3.18 % than the LBA survey
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Figure 2.7: The RFI distribution in most frequencies observable with LOFAR. While at most frequencies, RFI
is only at a few percent there are exceptions. Notably below 30 MHz which is plagued by RFI sources such as
air traffic and short wave radio broadcasting. In addition, the effect of the FM band can be seen in the higher
frequencies of the LBA frequencies. Image from the LOFAR Imaging cookbook and André Offringa.

of 1.77 % after correcting for the changing sky temperature. However, it was also seen that almost all
stations have less than 2.5% RFI occupancy with exceptions of CS101HBAO and CS401HBAO with 3.9
% and 7.5 % which would suggest a local RFI source such as sparking electric fence or a lawn mower
near the two stations.

Another important result from these surveys is that no significant relation was found between the
hour of the day and the RFI occupancy due to less activity at night. This was found for LBA and HBA
data. Overall, the LOFAR data loss due to RFI is low, which is surprising in that LOFAR is built in
a populated area and operates at low frequencies. This is due to the fact that many interfering sources
contaminate a narrow frequency and are of short duration. LOFAR’s high time and frequency resolution
can minimize the data loss due to these sources of RFI. Also the hardware design as stated above also
matters as well as the sophisticated software used for the flagging process which will be discussed in
the next chapter.

2.7 Processing LOFAR data

Processing LOFAR is a big challenge due to the vast amount of data been produced as a result of high
resolution multi channel receivers. This has been the case for WSRT for the past number of years and
now recently with the wideband receivers of the JVLA. So like these new instruments, LOFAR also
investigates data handling management. For a normal HBA Dual 6 hour observation with 244 subbands
with 64 channels at a 1 second visibility averaging, you would have a dataset of 25.7 Terabytes.
Obviously with this huge amount of data, automated routines need to be implemented as manual edit-
ing and reduction would take months if not years. The full processing flow chart can seen in figure 2.8.

The final correlated data ready for reduction is in the form of a Measurement Set (MS)!.

! http://casa.nrao.edu/docs/UserMan/UserMansu82.html
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Figure 2.8: A flow chart showing the order of LOFAR data reduction and the main software used. From van
Haarlem et al. 2013 [68].

2.7.1 Preprocessing LOFAR data

The first steps of LOFAR data reduction is termed preprocessing which has 3 main steps, namely in
order:

e Flagging for Radio Frequency Interference (RFI).
e Subtraction of the brightest sources via demixing.

e Averaging or compression of data in frequency and time.

These data reduction steps can be implemented via the program called NDPPP (New Default Pre-
Processing Pipeline). This routine can perform the above steps and much more including combining
subbands into a single MS or add core stations to form a superstation, which is essential for VLBI work.

Flagging of residual RFI

As mentioned before, frequencies covered by LOFAR are considerably affected by RFI and therefore
an efficient and automated method to edit the data of RFI is essential to obtain high quality images.
While there are numerous possible techniques to remove RFI, almost every observation needs to be
post-processed due to RFI effects.

The AOflagger (Offringa et al. 2012) [72] which can be called via NDPPP or run independently
was originally written for the Epoch of Reionization key science project but has since been optimized
to be accurate for any observation. The AOflagger (Offringa et al. 2012) [72] uses a SumThreshold
method which detects series of samples with higher values than expected to detect RFI. An example of
the flagging results that AOflagger can produce is shown in figure 2.9.

For a more detailed explanation of the flagging detection and editing alogrithm, more information can
found in Offringa et al. (2010)[73], (2012)[72]).

For the best results, this flagging routine must be performed on the raw dataset, however, this leads to
long processing times. Usually for LOFAR data, the default settings are sufficient. Such results can be
seen in figure 2.9
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Figure 2.9: Flagging results on LOFAR data from a subband around 156MHz using AOFlagger. Left shows a
time-frequency plot with amplitude as greyscale before flagging and right shows after flagging which are shown
by the yellow pixels. From Offringa et al. (2010b)[73].

Demixing

One of the more challenging problems of processing LOFAR data is the contamination of very bright
sources dominating the low frequency sky. This contamination is due to the strong sidelobes of the
LOFAR station. These sources include Cassiopeia A, Cygnus A, Virgo A , Taurus A and Hercules A,
which are known as the A-Team sources in the LOFAR community. The Sun can also pose problems to
LOFAR data.

The process to remove these A-Team sources that is used in LOFAR is known as demixing (Van
der Tol, 2007) [74] which consists of solving for the directional dependent gains towards the A-Team
source/s which are problematic. Then the A-Team source can be then subtracted from the data but a
very accurate model is required. This can be performed using NDPPP and can be invoked through the
demixer step. Previously, a major problem was that demixing would not work sufficiently when the
distance of the A-Team source to the observed field was less than 21 degrees at 60 MHz, but this has
now being solved.

Usually when demixing, one would have to demix all subbands for all times ranges, however, the
A-Team signal is highly time and frequency dependent. Due to this, high time and frequency resolution
are needed to prevent smearing which makes this technique computationally expensive. In addition as
the A-Team signal is highly time and frequency dependent, this breaks the basic calibration rule that
sufficient S/N is required for solving throughout the whole observation. Fortunately, a *smart” demixing
algorithm is now being tested and will only demix when a A-Team source is detected in the sidelobes
through simulations.

It is found that for LBA observations, demixing is always necessary as the observations are usually
strongly affected by A-Team sources especially on the short baselines. In addition, it is often found that
the A-Team signal dominates completely over the source signal.

For HBA, usually some A-Team flux is present but is usually more intermittent. This can be due to
one or more of the A-Team sources passing through one of the sidelobes or worse still, the grating lobes.

Figure 2.10 shows the XX & YY phases for two example short baselines suffering from A-Team
contamination.
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Figure 2.10: An example of two baselines suffering from A-Team contamination in the last hour of the observation.

Averaging of data

Averaging the data in time and frequency is important to minimize processing time to a more manage-
able duration especially with regards to calibration. But the user needs to take in account several factors
when compressing. Firstly, averaging too much in time can produce time averaging smearing. While
this isn’t a huge concern when one is interested in the region around the phase center when using 20km
baselines, it does become important when one is interested in the entire field at 5" resolution (which
is possible using all Dutch baselines) as this effect gets worse with increasing frequency and baseline
length.

Secondly averaging too much in frequency can produce bandwidth smearing. The effect of bandwidth
smearing on the final image radially smears sources located far from the phase center. In addition it also
reduces the maximum RM that can be detected using RM Synthesis as this depends on the width of the
channel. In effect, this is the same as bandwidth depolarization.

Averaging can be done again via NDPPP.

2.7.2 Calibration

Blackboard Selfcal (BBS) (Pandey et al. 2009) [75] is the main software that is designed for the calibra-
tion and simulation of LOFAR data. What is important to know about BBS is that it makes extensive use
of the RIME formalism developed by Hamaker et al (1996) [56] and explained in section 2.1.1 in order
to model and solve for the many complex effects explained before. The RIME provides a complete
model of a generic interferometer. Each linear physical effect that transforms or changes the E-field
vector in any way before correlation can be described by linear transformations, namely a 2 X 2 Jones
matrix.

Most Jones matrices in BBS are general in nature, such as complex gain or Faraday rotation. The
beam model is LOFAR specific, for example the array factor or dipole model. BBS requires an ob-
servation, a source catalogue i.e a skymodel and a configuration file known as a parset. Optionally,
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model calibration parameters such as gain amplitudes obtained from an external calibrator contained in
an instrument table can also be used to calibrate an observation with BBS.

The parset file is important as it specifies the operations that need to be performed on the observation.
The bbs-controller process instructs the bbs-reducer process to load a chunk of time into memory and
then performs all operations listed in the parset file on this chunk. BBS can also be very useful in
simulating visibilities given a skymodel and the time of the observation. This allows the observer
to check if a A-Team source would effect one’s observation and enable them to select demixing for
preprocessing. After the processed chunk is then written to disk, the next chunk is loaded and this
process continues until the entire observation has been processed.

Calibration via gain solutions transfer

Usually in interferometry an external calibrator is used to solve certain elements of the RIME. These
solved values can be then transferred to the target source. However, with normal radio interferometry
such as the VLA this would mean slewing from target to calibrator and back to the target wasting
precious time. As LOFAR can observe many parts of the sky at once due to it’s beam-forming abilities,
it can bypass this problem and give the observer far more freedom. With LBA, a calibrator source can
be observed always simultaneously as the LBA dipoles are able to ’see’ the entire sky. HBA on the
other hand, a calibrator source can be observed simultaneously only if the calibrator and target source
are within 10°, which is the FWHM of the tile beam.

For calibration of LOFAR HBA data, two main approaches are used:

1. If the target and calibrator sources are within 10°, the total bandwidth is divided equally between
them. The drawback is of course the observer loses half of their bandwidth. The gain solutions
found from the calibrator for one subband which are contained in an instrument table are then
transferred to the target subband at the same frequency. This is illustrated in Figure 2.11.

2. If the target and calibrator sources are more than 10°, then the calibrator has to observed inter-
mittently in blocks of 2 minutes between target observation blocks during the observation. The
disadvantage of this method is that it creates many MS files (one MS for each block for each
subband) which make calibration more tedious.

CALIBRATOR TARGET

SUBBAND 1 SUBBAND 1
SUBBAND 2 SUBBAND 2
SUBBAND 3 SUBBAND 3
SUBBAND 4 SUBBAND 4

Figure 2.11: Illustration showing the concept of transferring gain solutions from calibrator to target subbands.

First commissioning tests using the first method explained above are presented in 2.8.1 on page 35
and improvements to it are shown in 2.8.2.
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2.8 Commissioning results

During the course of this thesis, several commissioning tasks important to the LOFAR Magnetism Key
Science Project were worked upon. It is important to remember that these tasks were performed when
the understanding of LOFAR was low. Looking back on these tasks it is now easy in some cases to
see what was the problem was but hindsight is a wonderful thing. In this section I will detail the
commissioning tasks and testing I performed which benefited the LOFAR community and MKSP.

2.8.1 Comparison between selfcal and transfer of gains

The first observations of M51 took place in 2011, when much of the array and software were very much
still incomplete. More importantly, the understanding of the system and methods to calibrate LOFAR
data were still very much in it’s infancy. This observation, along with NGC4631 were observed to test
if the gain solutions obtained from a nearby external calibrator (in M51’s case, 3C295) could be applied
to the target source (Transfer of Gain Solutions Method—-TGS method). These objects were chosen
largely because the external calibrator was less than 10 degrees and therefore within the LOFAR HBA
tile beam.

First attempts to self calibrate this M51 data were performed for a single subband of 200 kHz band-
width at 139 MHz was to use a simple skymodel from the WENSS survey, namely a Gaussian source at
the the location of M51. A normal self calibration was applied with BBS with the beam correction not
applied. A reasonable but insufficient image was produced (see figure 2.12), as some kind of strange
extended feature can be seen in the South East of the galaxy which is not seen at higher frequencies.
This is due to two point sources which are located there and therefore this method has failed.

13"30M45°

JZ2000 Right Ascensian

Figure 2.12: First attempt of creating an image of M51 using a skymodel from the WENSS survey for self cali-
bration. The contours represent the LOFAR image starting at three times the rms noise. The background image is
an optical image from the Digital Sloan Survey.

Efforts then moved on to do a self-calibration from a GMRT image at a frequency of 325 MHz
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supplied by Andrew Fletcher. Attempts to extract the clean components in order to create a skymodel
from the image failed. Creating a sky model through shaplets was then attempted. A point source model
was first created which would be added to the extended flux later on. This point source model now had
to be subtracted from the original image. However when subtracting, too much of the extended emission
was subtracted by the shaplet software. This approach of creating a sky model was then abandoned.

Finally the source finding software PyBDSM? was used to create a skymodel, the best results were
obtained with a threshold of 30

From this skymodel an image was created (See figure 2.13). However, one can see again the very
clear structure in the South-East due to 2 point sources. Due to this, the two most prominent sources
from this region were left out from the skymodel to see the effects. What was seen was that the structure
still appeared, but it did decrease in intensity, especially at the location where the sources were located.
This suggested at the time that this structure was not entirely due to the skymodel. Since then, this
structure has not been seen again in any other subbands using the TGS (Transfer of Gains Solutions)
Method.

Figure 2.13: An image of M51 using a GMRT skymodel for self calibration.

When performing the TGS (Transfer of Gains Solutions) method, 3C295 was calibrated with a simple
point source skymodel and from this, the electronic gain amplitudes and phases are determined. These
gain solutions were then transferred to M51 with BBS. During the transfer, BBS corrects for beam
effects. When comparing the complex gains for both XX and Y'Y correlations, the TGS method gives a
much clearer determination of the gain solutions than the self-cal method does.

Point sources were also compared between both methods, in many cases as can be seen in figure 2.14,
no point sources could be seen at all in the self-cal image. Point sources look much more like point
sources in TGS method as well as having a better local dynamic range. This is not a surprising as the
self cal skymodel used was created from the M51 region only.

Therefore from this task we have learned that:

1. Using a selfcal model of just the galaxy leads to poor results, due to there being alot of extra flux
in the field, that is not in the model.

2. Transfer of Gain Solutions Method has been found to work and produces better results than just
self calibrating on the target only.

2 http://www.lofar.org/wiki/doku.php?id=public:user_software:pybdsm
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[ Transfer of Gains ! o | Selfcal with M51

Figure 2.14: Comparison of a single point source from calibration methods. Left:TGS method, Right:Self cali-
bration on M51 model.

2.8.2 Second M51 commissioning observation: interpolation of gain solutions

Motivation

With the 2011 M51 observation it was seen that transferring the gain solutions found from an external
calibrator improved image fidelity and dynamic range. However, there was a major drawback in this
method in that when using 16 bit mode (8 bit mode was not available at the time) the bandwidth had
to be split into two, therefore only leaving 24 MHz of bandwidth remaining on the target. Increasing
this bandwidth on the target would not only help in reducing the noise of the final image, it would also
result in better A% coverage for RM synthesis. Therefore, a new M51 commissioning observation took
place to develop a method of interpolating gain solutions in frequency in order to reduce the number of
subbands used on the calibrator. This is illustrated in the diagram 2.15.

CALIBRATOR TARGET
@—» SUBBAND 1

> |SUBBAND 2

INTERPOLATION > |SUBBAND 3
IN FREQUENCY > |SUBBAND 4
> |SUBBAND 5

SUBBAND 2 SUBBAND 6

Figure 2.15: A diagram illustrating the benefits of interpolating the gain solutions in time.

Details of observation and initial calibration

The observation took place on April 16-17th 2012 for a duration of 6 hours during the night with a
configuration of 54 high band antenna (HBA) stations. This configuration consisted of 23 core HBA
stations with split HBA fields (thus acting as 46 stations in the correlator) and 9 HBA remote stations.
No international stations were used in this observation. Dual Beam mode was utilized for this ob-
servation with one beam targeting M51 (o = 13%29"52.7%, 6 = +47.11.43) and one beam targeting
3C295(a = 14"11720.5%, 6 = +52.12.10) for the purposes of flux calibration. As 3C295 was within 10
degrees from the target and within the HBA tile beam, both calibrator and target could be observed si-
multaneously. 36 MHz were used to observe the target and 9.4 MHz were used to observe the calibrator
for the purpose of flux and initial phase calibration. The target subbands were set up in groups or blocks
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of 20 adjacent subbands seperated evenly along the entire frequency range. The observational setup is
shown in table 2.2.

Table 2.2: Parameters of the M51 commissioning LOFAR observation

Start Date (UTC) 16-Apr-2012/20:30:15.0
End Date (UTC) 17-Apr-2012/02:29:46.7
Frequency Range 120-180.6 MHz
Total Bandwidth on Target 36 MHz
Total Bandwidth on Calibrator 9.4 MHz

Flagged Data versus Frequency

Percentage of Data Flagged
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Figure 2.16: This plot shows the total amount of data flagged as a percentage against frequency with the red bars
showing the frequency coverage. Note that the last 10 sub-bands at frequencies approximately above 180MHz
which were flagged are not included in this plot.

For RFI detection, the AOFlagger pipeline (Offringa, 2010) [73] was performed on the raw data, with
the greatest frequency and time resolution. The RFI detection algorithm was executed on all linear
correlations which is most accurate. It was seen at frequencies greater than 180MHz were heavily
affected by DAB 5 (Digital Audio Broadcast) RFI and 10 subbands were discarded. The total amount
of data flagged in frequency can be seen in figure 2.16.

The removal of Cas A and Cyg A contamination was performed on both the calibrator and target data.
Improvements was immediately apparent in the visibilities’ phases.

At the time of observation, the limited timing synchronization between the station’s RSP boards
(which had jumps of 5 nanoseconds) caused the performance of several stations to be not optimal.
This caused decorrelation of signals which resulted in beam shape deformation, mispointing and loss
of sensitivity which worsened towards 100 MHz. This problem was only identified in early 2012 and
required the installation of so called SyncOptic boards to correct this, which took place in October 2012.
While this observation suffered from this problem and limited the achievable dynamic range and image
fidelity, alot could be learned from it. We shall see in later chapters what a positive difference to the data
quality these SyncOptic boards made.
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The stations suffering from this *5ns problem’ were identified by the low signal to noise ratio in vis-
ibilities shown in figure 2.17 and low gain solutions obtained from calibrating on the calibrator 3C295.
The affected stations were then flagged.

S/N Ratio of LOFAR Stations against frequency

=—a CSO01HBAO 4
== CSO02HBA1

CSOO07THBAO
=—a CSO07THBA1
== CS017HBAO

CSO21HBAO
== CSO30HBAL1
=—=a CS302HBAO
CS026HBA1

S/N Ratio
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0 115 120
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Figure 2.17: Several sub-bands are plotted here for several stations with frequency against S/N. All stations suf-
fering from the ’Sns problem’ are plotted along with 2 stations that were not affected. The difference in the S/N
ratio is very noticeable.

The data was then compressed in frequency to 6 channels per SB and 15 secs sampling time. This
flagging and compression was performed using the New Default Pre-Processing Pipeline (NDPPP).

The calibrator subbands of 3C295 were calibrated using a skymodel from Scaife & Heald (2012) [66]
using Black Board Selfcal (BBS) software (Pandey et al. 2009)[75].

Developing and testing gain interpolation

After all the calibrator subbands were calibrated and all preprocessing performed on the M51 target
subands, development of the interpolation software could now begin which was done in PYTHON?.

The calibrator gain solutions are contained in an instrument table which is a parmdb database and can
be accessed via pyparmdb, a PYTHON class which is created to read LOFAR instrument tables. The
gain solutions read from the instrument tables are in complex form and therefore have to be converted
into amplitude and phase. As absolute phase is a meaningless quantity, a reference station needs to
be chosen, usually a superterp station that wasn’t suffering from this ’5ns problem’ so that it can be
subtracted from the other station’s phases.

When this is done, the frequency information of the target subband is found using PYRAP*.

A correct interpolation in phase is impossible unless the phases are unwrapped to avoid any 27 jumps
which is shown in Figure 2.18. In order to perform this unwrapping properly, calibrator subbands have
to be spaced densely in frequency to avoid errors in unwrapping. In HBA, this is not so much of a
problem, but in LBA, wrapping occurs much more in frequency and therefore more calibrator subbands
are needed to unwrap properly.

3 http://www.python.org/
4 https://code.google.com/p/pyrap/

39



2 Radio Interferometry with the Low Frequency Array

Also residual RFI can cause higher gains than usual and should be avoided. Therefore before the
interpolation, any outlier gain amplitude solutions caused by RFI were found using a MAD (Median
Absolute Deviation) threshold chosen by the user and the median gain value was assigned instead.
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Figure 2.18: Testing of unwrapping phase solutions on a limited amount of frequency coverage. Left shows gain
phases before unwrapping and right shows after unwrapping.

The full frequency coverage of the gain solutions for both amplitude and phase for one timestep and
for the superterp stations can be seen in Figure 2.19. While the phases change quite linearly and should
not be difficult to interpolate, the amplitude could be more difficult. This gain bandpass mirrors the HBA
sensitivity profile in frequency. There are two main inflexions, that can be seen at 130 MHz & 150 MHz.
Therefore, during observations, the calibrator should be observed more densely at these frequencies in
order for interpolation to be more successful.
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Figure 2.19: The gain solutions (top:amplitude bottom:phase) for the full calibrator frequency coverage of this
observation for one timestep and for the superterp stations only.
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The gain amplitude solutions for the parallel correlations (XX & YY) found were then interpolated
in frequency. 2nd & 3rd order polynomials, direct and spline interpolation were tested to see which
predicted the actual gain amplitude. This was done by interpolating between approximately 26 calibrator
subbands and the interpolation solution was compared to another calibrator subband that was not used
in the interpolation. It was found that direct interpolation worked best, giving an maximum error of 1-2
% throughout the observation. This test can be seen for two stations at one timestep in figure 2.20. What
is also interesting about figure 2.20 is the difference between the two stations. The gains solutions in
the station on the right plot are much lower than the station on the left. Secondly, the shape of the gain
bandpass is very different. This suggests a major problem with this station, probably due to the ’5ns
problem’ and should be flagged. Therefore plotting the gain amplitudes in frequency for a station is a
good way to see if a station is misbehaving.
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Figure 2.20: The different methods that were tested to see what method worked best for interpolation. Note the
difference in shape of the gain bandpass between the stations, indicating a problem with the station on the right.

Once the interpolated values are found for the frequency desired they are written into a text file which
is processed into an instrumental table with the parmdb tool. This table is then used to calibrate the
target source for the subband at the desired frequency via BBS.

An overall summary of the gain interpolation code is as follows:

1. Read in calibrator instrument tables and target measurement set(s)
e We use pyparmdb for the instrument tables and pyrap for the measurement set(s).

e Read gain values, frequencies, and times from calibrator instrument tables.

e Read target frequencies from target measurement set(s) or frequency list.

2. Open output instrument table(s)

e We write to an instrument table by writing to a text file, that can then be piped into the
parmdb program.

3. Write default values to the output instrument table(s).

4. Apply first filter:

e Flag gain values that have REAL=1 AND IMAG=0 (or AMP=1 AND PHASE=0) by mask-
ing. These values correspond to flagged data.
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5. Convert real & imaginary to amplitude & phase

6. Apply second filter:
e Flag values with amplitude > threshold*MAD (Median Absolute Deviation)
e MAD runs along the frequency axis (do this for every time-step separately)

e Flag both amplitude & phase.

7. Reference phases to reference station:
o final phase = phase — reference station phase

o If a value of the reference station is flagged, then flag this time & frequency step for all
stations

8. unwrap phases:

e Perform unwrapping so that the phases ’line up’ so that no 27 jumps occur

9. Interpolate gain values to target frequencies
e Linear interpolation between the nearest neighbors in frequency

o Interpolate amplitude & phases separately
10. Convert interpolated amplitude & gain to real & imaginary if requested

11. Write interpolated gain values to instrument table via parmdb

We can see in figure 2.21 the accuracy of this method for the XX correlation of station CSO07HBAO1
for the entire observation. The top two plots compares the actual gains (blue) and interpolated gains
(green) for both amplitude and phases. For the gain phases we can see the difference in the bottom plot
in figure 2.21. Here we see difference for most of the observation + 1 ~ 3 degrees except for the end of
the observation. Here it seems that the interpolation method fails and this is believed to be due to the
influence of the A-Team sources even though it has been demixed from the data.

This method was used for one target M51 subband with both amplitude and phase interpolated from
the calibrator 3C295. Animage was made and can be seen in figure 2.22. This image came out extremely
well with all sources matching the NVSS catalog (showed with green circles). We also see new sources
not included in the NVSS survey. This is the first time interpolating the instrumental gains has been
done with LOFAR data and this method is now being used by various Key Science Projects for LOFAR.

This method was also tested for interpolating the XY and YX amplitudes but it was seen that the
amplitudes are too noisy and interpolation is impossible. Making images using this method produced
even greater instrumental polarization and therefore this was abandoned.

The target subands were then combined in frequency and copied using NDPPP into blocks of 20
subbands (4 MHz bandwidth) for a better signal to noise ratio. These blocks of 20 subbands were then
phase calibrated using a global sky model. This global skymodel consists of positions of sources from
the NVSSS catalogue with fluxes obtained from a power spectral fitting with data from the NVSS (1.4
GHz), WENSS (325 MHz) and VLSS (74 MHz) surveys. M51 itself is describe as a simple Gaussian
source.

After this initial calibration, each subband was checked by eye and any RFI or bad solutions resulting
from the calibration were flagged.
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Figure 2.21: Top plots compares the actual gains (blue) and interpolated gains (green) for one LOFAR station.

The bottom plot shows the difference between actual and interpolated gain phases in degrees.

2.8.3 Tests on Directional Dependent Calibration with BBS

The classical calibration algorithm used in radio interferometry associates a single direction-independent
complex gain term with each antenna of the interferometer. This method of calibration has been ex-
tremely successful but only for relatively narrow fields. Now with the next generation of radio interfer-
ometers beginning science operations, the limitations of self-calibration are becoming apparent. With
LOFAR, direction-dependent effects (DDEs) that vary across the field of view (FoV) as well as between

antennas become significant enough to produce dynamic range limiting calibration artifacts.

In this commissioning task, we explain what is the most effective way of peeling with BBS and the
effect this has on the extended emission of M51. The idea of peeling is to subtract strong off-axis sources
together with their gains. A peeling strategy needs to be devise and the following method was found to

be most effective:

1. Choose which sources are to be peeled. Usually the rule of thumb is not to peel more than 5
sources with BBS as the computation time increases drastically beyond this. Of course this may
not be a sufficient amount of sources to peel depending on your field.

2. Subtract all other sources contained in the skymodel from the uv data.

3. Solve for the directional dependent gain solutions in the direction of these sources to be peeled
for the XX and YY correlation.
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Figure 2.22: First test image of the M51 field using interpolated gains and phases from the calibrator 3C295. The
sidelobes coming from outside the image is actually 3C295 which is located 10 degrees from the phase center.

Subtract these sources from the field after applying the gain solutions obtained from step 4.

Add the remaining sources to the uv data.

SANEEE AR

Solve and apply a directional independent calibration using these remaining sources.
7. Write out the results to corrected uv-data column.

8. Finally add the subtracted sources back into the corrected uv-data column.

This method of peeling produces positive results but much depends on the quality of the skymodel
used. Near M51 a decrease of 20% in noise is seen using this method. While this is not a huge difference,
the appearance of the field does improve dramatically with peeling and many more sources are visible
just by eye.

What is also seen is that the flux of M51 has been significantly reduced. The approximate integrated
flux of M51 before peeling is approximately 5 Jy at this frequency whereas after peeling it is 2.9Jy, a
40% reduction in flux. This effect is also seen in MSSS (Multi-frequency Snapshot Sky Survey) with
1C342 in chapter 7.3. This of course is not acceptable in order to measure accurate flux densities and
therefore had to be investigated.

First of all is seen that when solving for a directional independent calibration decreasing the time cell
size by 5 times improved the situation marginally. Overall flux in M51 increases but it is still 35% lower
than the prepeeled flux.

The residual maps between unpeeled and peeling state are shown on figure 2.24

Trying a second time but with a different approach on just concentrating in improving the skymodel
used in calibration. Instead of using a normal skymodel generated from the NVSS (Condon et al. 1998)
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[7], WENSS (Rengelink et al. 1997) [76] & VLSS (Kassim et al. 2003) [6] surveys, a skymodel was
generated from the clean components of the initially calibrated data. Only normal Clark clean was used.
AWimager was used to get these clean components with the number of clean iterations set to 2000 in
order that the relative fluxes were correct as the primary beam is implemented. The threshold of the
cleaning was set at the default value. This method actually resulted in better peeling for the brightest
sources in field compared to using the gsm skymodel, where artifacts still occurred. This can be seen in
figure 2.23

Figure 2.23: Comparison of peeling using different skymodels. Left: peeling with a GSM skymodel. Right:
peeling with a skymodel extracted from AWimager clean components.

It was also found that using the skymodel taken directly from the clean components, the total flux
of M51 is now only approximately 20% below what it was before peeling. Also it can be seen in the
residual image in figure 2.24 which shows that the difference between the unpeeled image and the gsm
skymodel peeled image occurs throughout most of the target. The original skymodel for M51 was only
a Gaussian located at the central region. However, the difference between the unpeeled image and the
AWimager clean component skymodel peeled image in figure 2.24 is mainly located in the central region
and where the companion galaxy is. However there is still low level residuals appearing over most of
the target. It seems that the reduction of flux of M51 is primarily due to the skymodel being used.

As a final test, a combination of CASApy and AWimager was used to obtain the clean components.
First, CASA was used to clean M51 only, using multi-scale (Cornwell 2000) [77] clean making sure no
residuals of M51 remained.

Using this hybrid skymodel for peeling, the measured total flux of MS51 in this case is seen to be only
2% lower than the unpeeled map. In the residual map the only difference that can be seen is the central
region. This confirms that when using a very detailed skymodel of the extended emission, one can retain
nearly all the unpeeled flux. It is observed that there is about on average, a 30% decrease in the noise
around M51. Artifacts around the peeled sources are removed like that shown in figure 2.23.

In recap, these tests show that the more accurate and detailed skymodel is essential for efficient di-
rectional dependent calibration with BBS. This is especially true for extended emission as with so many
parameters present, flux that is not described adequately in the model can be subtracted via this method.
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Figure 2.24: Flux difference (residual) M51 images from before and after peeling. Top image shows the greatest
difference and for which only a gsm skymodel was used. Bottom left shows the same but for a skymodel taken
from clean component from a normal clark clean and finally bottom right is for a skymodel taken from clean
components from multi scale clean

Therefore, multi-scale clean is essential to create a good clean component model for the skymodel used
in directional dependent calibration if extended emission is present in the field.

2.8.4 Final images of the M51 commissioning dataset

Once directional dependent self calibration was performed on all 8 frequency blocks of sub-bands, each
block was then imaged. Images were made with the same imaging parameters and uv-distance for each
frequency block with CASA in order to utilize multi-scale clean (Cornwell 2000) [77]. While AWimager
would be preferable to use, utilizing a-projection (Bhatnagar et al. 2008) [78] and the primary beam
correction, it did not have multi-scale clean as a feature at this time. Each frequency block image was
smoothed to 20 arcsec and then all 8 images were averaged in the image plane using an inverse variance
weighting scheme. Inverse-variance weighting is a method of aggregating two or more random variable
to minimize the variance of the sum. Given a sequence of observations y; with independent variances
O'l.z, the inverse variance weighted sum is given by:

Siyilo?
2illo ,2

Several point sources were compared to the Point Spread Function (PSF) to investigate if any point
sources were broadened due to phase errors caused by the ionosphere but no significant broadening

could be seen. In addition, the astrometry of these source were also checked before any averaging took
place. The final image of M51 can be seen in figure 2.25.

7= (2.24)
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Figure 2.25: Final image of M51 at a central frequency 151MHz with a bandwidth of 34MHz. Resolution is 20"
and rms noise is approximately 1 mJy/beam. Uniform weighting was used.

From this image, we can see compared to the previous observation, a great improvement. Here
we were able to achieve 20" resolution and a noise of 1 mJy/beam using uniform weighting. While
this is still far (22 times) from the thermal noise (40 uJ/beam), it is a step in the right direction. We
see familiar point source which have been observed in previous observations. The central region and
companion (NGC5195) can be observed but the spiral arms while observable are smeared. It should
be noted that SN 2011dh (discovered on 01 June 2011 by the Palomar Transient Factory project (PTF))
(Silverman et al. 2011) [79]; (Arcavi et al. 2011)[80] was not detected with this observation. This gives
an upper limit of the SNe flux at 150MHz at day 320 of approximately 8.9 mJy +0.4

At first it was thought that this was similar to what was seen in Basu et al. (2012)[81], where they
observed several galaxies including NGC6946 with the GMRT at 333 MHz. There the spiral arm and
interarm region become indiscernible due to the low energy CREs diffusing further out than compared
to higher frequencies. This would give the arms a smeared appearence. However, there is a danger
that this smearing of the spiral arms could be instrumental due to poor phase calibration of the longer
baselines. As we will see in Chapter 3 for M51, the overall data quality of this observation was still not
sufficient enough to observe the extended disk of M51 mainly due to the 5ns delay in the RSP boards.

2.8.5 Polarization results from the M51 commissioning dataset

RM synthesis was performed on this dataset in order to detect polarization in M51, extra-galactic back-
ground sources and the Galactic foreground. First, correction of the ionospheric Faraday rotation was
performed using the RMwriter (Mevius et al. in prep) which will be discussed further in section 2.9.2.
The average RM correction was approximately 1 rad m™2. All Q & U maps of all channels of the 170

47
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subbands were imaged via CASA with 2’ resolution in order to detect the Galactic foreground polarized
emission. RM Synthesis was performed using software written by Mike Bell for LOFAR MKSP pur-
poses. The resulting RMSF is presented in figure 2.26. The Faraday depth resolution is approximately
1 rad m~2. RM clean was then performed on the resulting Q & U cubes using a RM clean code from
George Heald.

Unfortunately, no polarization could be detected in M51. With 2’ resolution this was not surprising
as it would be expected that severe Faraday depolarization would play a part. In addition, GieBiibel
et al. (2013) [82] offered pessimistic predictions for LOFAR observations based on WSRT 333 MHz
observations. Also the instrumental polarization is very severe for M51, and this makes identification of
real polarized emission difficult.

Rotation Measure Transfer Function
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Response

°

4

0450 =50 50 100

Faraday De|°)th rad/m~2

Figure 2.26: The RMSF of this observation using 170 subbands. The Faraday depth resolution is approximately
1 rad m™2.

Whilst M51 is undetectable, we are still able to observe several interesting foreground structures as
well as extra-galactic detections.

2.8.6 The Galactic foreground around the region of M51

LOFAR will make the investigation of the distribution of small clumps of thermal electrons and their
relation to weak magnetic fields possible, due to its high Faraday depth resolution and Field of View
(FOV) making it an ideal instrument to study the Galactic foreground. M51 is located at a high Galactic
latitude of 68.5 degrees. At high Galactic latitudes, polarization angle and RM variations are expected
to be low, making observations at long wavelengths essential in order to trace them.

De Bruyn et al. (2006) [83] observed the region centered at RA = 13"14™, Dec = +45° at 315-388
MHz where they discovered wide-spread polarized Faraday thin emission. However, their Faraday depth
resolution was only 12 rad m~2. LOFAR is to improve this by a factor of 12.
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The result of RM Synthesis showed several interesting discrete features. The main component of
the foreground can be seen as a wide-spread Faraday screen at approximately ¢ = +2 rad m~2 shown
in figure 2.27. The Faraday spectra in figure 2.28, shows that the polarized emission first appears at
¢ = -10 rad m~2 and continuing approximately to ¢ = +10 rad m~2. This would suggest a magnetic
field reversal in this direction. The large-scale diffuse polarized emission at low ¢ is very similar to the
features seen in previous WSRT studies at 333 MHz (De Bruyn & Brentjens, 2005) [84].

Declination (12000)

FE=
Richt. Ascension (12000}

Figure 2.27: A slice in the Faraday cube showing the main Galactic foreground structure at ¢ = +2 rad m2.

An expanding bubble like structure which is shown in figure 2.29 is centered at RA = 1327", Dec =
47°53’_ This feature expands from ¢ = 3.5 rad m~2 to 8 rad m~? with a maximum diameter of 3.75° at ¢
=7 rad m~2. We see that the PI emission is greatest at the highest Faraday depth is located at the edges
of this bubble. This would seem to indicate that we are seeing a shell surrounding a density depletion
rather than a filled sphere. It is observed that polarized emission is stronger at around ¢ = 7 rad m~>
where the maximum polarized flux of 3.5 mJy/beam is detected. These kinds of expanding structures
are also seen in the Fan Region (Iacobelli et al. 2013) [85] where the distance could be approximately
estimated using a reference source (usually a pulsar) and the equation:

_ ¢oss

dn =
P OREF

Dgerlpc] (2.25)

where ¢ops is the measured Faraday depth of the bubble structure, and ¢ggr the reference value of
Faraday depth (or rotation measure) corresponding to the line of sight total which is a distance of Dggr.

However, after checking the ATNF catalogue (Manchester et al. 2005) [86] this region of the sky has
no pulsars with the closest being 19 degrees away which is not too surprising given the Galactic latitude.

The Galactic foreground around M51 with Cycle 0 data with LOFAR will be studied further by Van
Eck et al, in prep.

2.8.7 Extra-galactic polarization detections

In this field, two unresolved extra-galactic sources have been detected. The first is a 4C source, namely
4C +47.38 which is clearly detected at ¢ = +23 rad m? with a peak flux of 2.3 mJy. However, there
is significant amounts of polarized emission along this line of sight at around ¢ = 0 rad m~2, mostly
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Figure 2.28: Four Faraday Spectra at representative locations. The location where the Faraday spectra was ex-
tracted is shown in the upper left of each plot.

instrumental or foreground in nature. Therefore, it is difficult to say at this time if there are multiple
Faraday components present.

The second source is J133923+464008, which is detected at ¢ = +20.5 rad m? with a peak flux of 4.8
mly. A slice of the Faraday cube at the location of this source can be seen in figure 2.31. The Faraday
spectra for both sources is shown in figure 2.30.

These extra-galactic detections will be addressed in greater detail in the following chapter.

2.9 Additional commissioning tests

2.9.1 Testing of subbands near HBA-low filters

As part of the observation on M51 several subbands were allocated for commissioning purposes to the
very extremities of the HBA bandpass, namely 110-115 MHz and 185-190 MHz regions. As the HBA
filters are starting to have an effect at these frequencies, it is important to test whether or not these
subbands at these frequencies can be used. Using these subbands can potentially increase our A% space
for RM synthesis, producing a narrower RMSF and hence increasing our Faraday resolution.

The amplitude gain solutions from all the calibrator 3C295 subbands were taken and plotted against
frequency as seen in figure 2.32. It can be seen that after 165 MHz the gain decreases slowly up to
175 MHz and then falls sharply as the upper filter starts to take affect. As expected, the gain amplitude
below 120 MHz decreases quite rapidly as well. It was seen that RFI above 180 MHz is especially bad
and poses a problem to many stations.

The filter sub-bands at 110 MHz and 190 MHz for M51 were calibrated using normal direct amplitude
gain transfer (no interpolation) and phase selfcal on the skymodel of the region. These two sub-bands
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Figure 2.29: 3 slices (¢ = 4.5,5.0,5.5 rad m~2) of the Faraday cube showing the expansion of a foreground bubble
like structure

were imaged and compared to a subband at 157.4 MHz which had undergone the same calibration
routine. The local noise around M51 was found as well as finding the brightest pixel of M51 to calculate
the signal to noise which is plotted for the 4 subbands tested in figure 2.35. The image quality overall
for 110 MHz is quite poor, M51 itself is extremely distorted along with other point sources and the S/N
is quite low compared to the subband at 157.4 MHz but surprisingly at 190 MHz, the image quality is
quite good. A closeup of M51 can be seen in figure 2.33 and figure 2.34 for 190 MHz and 110 MHz,
respectively.

Another lower band filter subband was checked at 114 MHz and showed an improvement in image

51



2 Radio Interferometry with the Low Frequency Array

RA:13" 39" DEC:46° 41

0.004

0.003

0.002

0.001

|P| [Jy beam? rmtf!]

°
o
8
I
s

RA:13" 41" DEC:46°57'

°
o
8
N
&

0.0020

0.0015

0.0010

0.0005

|P| [Jy beam? rmtf!

0
¢ [rad m—2]

Figure 2.30: The Faraday spectra of both extra-galactic point sources. Top: J133923+464008 Bottom: 4C +47.38
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Figure 2.31: The unresolved extra-galactic source (J133923+464008) detected in the Faraday cube at ¢ = 20.5
rad m~2.

quality as well as signal to noise. Observing close to the 190 MHz filter should be okay, however one
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Figure 2.32: Mean gain amplitude solutions (top panel) and the standard deviation(bottom panel) for each cali-
brator subband for station CSO11HBA1, XX correlation.

Figure 2.33: Closeup of M51 at 190MHz.

needs to mindful of RFI due to T-DAB.

Therefore the result of this small but interesting commissioning task shows that:

1. Observing down to 110 MHz is definitely not advisable due to poor image quality but the situation
does improve rapidly with increasing frequency.

2. Observing up to 190 MHz seems to be okay, however, RFI can be extremely bad. Therefore the
observer can observe the 180-190 MHz range of LOFAR HBA, but at their own risk due to RFL.
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Figure 2.34: Closeup of M51 at 110MHz (left) & 114MHz (right).
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Figure 2.35: Signal to Noise ratio of M51 for the 4 subbands inspected.

2.9.2 Testing ionospheric RM correction on PSRJ0218+4232

Research in low frequency radio polarimetry is a relatively new area of research but again difficulties
exist due to the ionosphere. The observed polarization angle for an astronomical source can be rotated
significantly by the ionosphere, especially at low frequencies.

Calibration for this ionospheric Faraday rotation depends on the free electron content which varies
with the time of day, season, level of solar activity and line of sight. Brentjens (2008)[87] and Pizzo
et al. (2011)[88] show that ionospheric Faraday rotation usually changes on timescales shorter than a
typical observation.

Sotomayor-Beltran et al (2013)[89] presented a code that calculates the ionospheric Faraday rotation
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for a specific epoch, geographic location, and line-of-sight. In the calculations, Sotomayor-Beltran et
al (2013)[89] assumed that the ionosphere is a spherical shell surrounding the Earth. The ionospheric
Faraday depth is calculated at the ionospheric piercing point (IPP). The ionospheric Faraday depth is:

bion = 2.6 X 107" TEC 0sBros rad m™> (2.26)

where TEC s is the total electron content (TEC) at the geographic coordinates of the IPP and By is
the geomagnetic field intensity at the IPP. The TEC; g is defined as:

'mqm:fmmxfz (2.27)

However, this code doesn’t output the ionospheric Faraday rotation correction in a format which is
usable for LOFAR.

The program RM Writer (M.Mevius et al, in prep) which has been adapted from Sotomayor-Beltran et
al. (2013)[89] for calibration of LOFAR data was used and is now the usual software that is being used
for LOFAR polarization ionospheric calibration. The self calibrated data of NGC891 observed with
LOFAR HBA (see chapter 5) was used to check the polarization properties of the millisecond pulsar
PSRJ0218+4232 (Navarro et al. 1995) [90]. This pulsar has a RM of -61 rad m~2 and a polarization
fraction of approximately 50%. Therefore it is an ideal calibrator for polarization.

In order to check that this RMwriter software performs correctly, RM synthesis was performed on a
small region around PSRJ0218+4232 without any ionospheric Faraday correction. Only approximately
80 channels were used, therefore resulting in a broader RMSF than LOFAR is capable of but for the
purpose of this commission test, this is sufficient. After this the data was copied and the ionospheric
Faraday rotation correction for our line of sight was found using vertical TEC values from the center for
Orbit Determination in Europe (CODE). The time resolution of CODE measurements is every 2 hours.
This correction values were then applied to the data via BBS. Here the pointing direction via a skymodel
needs to be specified for BBS. The results from both uncalibrated data and calibrated are compared in
figures 2.36 & 2.37.

From this commissioning test it is evident that the ionospheric Faraday correction produced three
positive changes to the data.

1. The Faraday depth has shifted from -59 rad m~2 in the uncorrected data to -61 rad m~2 in the
corrected data which is the catalogue value. This shows that the RMwriter does correctly calibrate
for the ionospheric Faraday correction.

2. Spurious polarization was seen at + 60 rad m~2 in the corrected data but this disappears in the
corrected data.

3. Finally we see the polarized flux increase in corrected data by approximately 3%.

These results show two things, firstly correction for ionospheric Faraday rotation correction is essen-
tial if one wants to study polarization at low frequencies. Secondly, this test shows that for the direction
the pulsar was located in, the RMwriter software works. However, it is important that this software is
tested for different pulsars distributed in the sky. MSSS (Multifrequency Snapshot Sky Survey) (Heald
et al, in prep) will allow us to do this and first tests on polarization using the RMwriter software have
been successful (see chapter 7).
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Figure 2.36: Faraday spectra of the pulsar PSRJ0218+4232 before and after ionospheric Faraday correction.

2.10 Conclusions and future work

Commissioning of LOFAR is still an ongoing project with participation from people and institutes
around the world. With regards to software, much more work needs to be performed especially with
regards to the AWimager which badly needs multiscale cleaning implemented. Much more work needs
to done on polarization calibration. While much has been done to address the ionospheric Faraday
rotations on the polarized signal, very little has been done to address the problem of polarization leakage.
While usually this is located at a Faraday depth of zero, correction of the ionosphere will shift this by the
average Faraday depth correction performed, making it harder to identify real polarization. In addition,
the sidelobes from instrumental polarization leakage can make interpretation of Faraday spectra more
difficult. This makes the use of RM clean essential. The observation of NGC891 with the polarized
pulsar should be a good starting point to investigate how to solve and correct for the polarization leakage.
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Figure 2.37: The Faraday spectra for a set declination, Faraday depth is the y-axis and Right Ascension on the
x-axis. The left image is before ionospheric Faraday correction and the right image is after. The source at ¢ = 0

rad m~

2 is the instrumental polarization from a point source at the same declination.
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CHAPTER 3

Observation of M51 at Low Radio Frequencies

3.1 Introduction

Messier 51 or NGC5194, aptly named the *Whirlpool Galaxy’ is one of the most widely studied galaxies
as it is one of the most striking examples of a classical grand-design spiral galaxy. Spiral galaxies can
exhibit a wide range of morphologies, from flocculent to grand-design and is important to note that
these different morphologies can be due to small-scale gravitational instabilities in the stars and/or gas,
or due to larger scale perturbations caused by global density waves, tidal interactions or bars. In the case
of M51 itself, it has a companion galaxy NGC5195 for which many galactic interactions studies have
been performed. For example Dobbs et al. (2010) [91] used hydrodynamical models to simulate the
tidal induced spiral structure. In these studies the authors were able to replicate several features seen in
observations such as the HI tidal tail as well as kinks and bifurcations in the spiral arms, thus showing
that the internal structure of M51 is deceptively complicated. The physical parameters of M51 used in
this chapter can be seen in Table 3.1.

M51 was also the first external galaxy where polarized radio emission was first detected by Mathew-
son et al. (1972) [92]. Polarized emission is present throughout most of the disc of M51, especially in
the locations of the inner spiral arms coinciding with CO emission as seen by Fletcher et al. (2011) [93].
Horellou et al. (1992) [94] found that at wavelengths of 1.66 and 1.46 GHz, the distribution of polarized
emission is strongly affected by Faraday depolarization, that the polarized emission being detected at
these wavelengths is actually emerging from an upper layer of the disk and that the galaxy may not be
transparent to polarized emission at decimeter wavelengths.

Heald et al. (2009) [32] observed polarization at approximately 1.4 GHz again throughout the whole
disk, however it was seen that there were large variations with a 5% polarization fraction detected in
the optical disk and 25-30% beyond the outer arms. Braun et al. (2010) [55] performed RM Synthesis
on M51, detecting a main Faraday component at +13 rad m~2, with two weaker secondary components
near -180 and +200 rad m2.

Fletcher et al. (2011) [93] were able to identify two different regular magnetic field patterns. A regular
field with a combination of m = 0 + 2 azimuthal modes was found in the disk. In the halo, however, a
regular field with m = 1 azimuthal mode was found. The origin of this regular field in unknown.

However, considering how extensively M51 has being studied both observationally and theoretically,
very few observations have being performed on M51 at frequencies below 500 MHz, primarily due
to the difficulties of observing at low radio frequencies. Segalovitz (1977) [95] observed M51 with
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the WSRT at 610 MHz as well as 1.4 GHz. But with a resolution of approximately 1’ for the 610
MHz observation, few details of the inner galaxy could be observed. An extended component could be
seen but this extended no further than the 1.4 GHz observation. Using both observations, Segalovitz
(1977) [95] computed a spectral index map which was compared with analytical models of the cosmic
ray diffusion equation. Two sets of parameters produced models which were fitted to the observations,
namely: (a) a constant magnetic field and diffusion coefficient with leakage of electrons out of the
galactic magnetic field in the z-direction or (b) no leakage but a magnetic field which is proportional
to 1/r'/? and a diffusion coefficient which is proportional to 1/r where r is the galactocentric distance.
However, the step-like source function used in the analytical solutions is now outdated and unrealistic.

M51 was also observed at low frequencies as part of a survey of 133 spiral galaxies performed by
Israel & Mahoney (1990) [26] using the Clarke Lake Telescope at 57.5 MHz. M51 was seen to have
11+ 1.5 Jy in flux. However, with a resolution of 7, results are not very accurate. Overall in this survey
it was seen that the measured flux in nearly all the galaxy observed was lower than expected through
extrapolating from higher frequencies. In addition, they found that more highly inclined galaxies had
lower fluxes than moderate inclined galaxies. I&M explained this flatten of the radio spectrum through
free-free absorption especially due it’s dependence on inclination. 1&M explained that such an effect
could be explained by the existence of a clumpy medium of well mixed non thermally emitting and
thermally absorbing gas with a small filling factor and an electron temperature of 500 to 1000 Kelvin.
To complicate things further, Hummel (1991) [28] reanalyzed the same data and while he does see a
spectral index flattening, the magnitude of the flattening does not depend on the inclination of the galaxy.
This discrepancy is one of the main issues that needs to be addressed with low frequency observations
especially with the upcoming Multi frequency Snapshot Sky Survey (MSSS) Heald et al (2014).

Observing at lower frequencies enables us to observe synchrotron emission from the oldest and
lowest-energy electrons which are the least affected by energy losses and therefore can propagate further
away from their site of origin. One would expect to see a huge radio disk around M51. Little is known
about conditions in the ISM of the outer disk (R > R»5). Thornley et al. (2006) [96] using IR, UV, Ha
and HI found that star formation in the outer disk of M51 is about an order of magnitude less efficient
that at smaller radii. Braine & Herpin (2004) [97] observed carbon monoxide (CO) in the outer disk of
NGC4414 at regions of high HI column density regions. At these regions, Bigiel et al, (2010)[98] found
that despite widespread star formation the outer disk star formation is extremely inefficient, i.e the gas
depletion time is very low and which increases with radius. It could be the case in that turbulence caused
by magneto-rotation instability [99, Sellwood & Balbus 1999] could be stronger than turbulence caused
by star formation in the outer regions of the galaxy thereby increasing the turbulent energy density and
scale length (Beck 2007) [48].

It is hoped with these low frequency observations that the extended disk can be observed in radio
continuum and thus revealing weak magnetic fields.

Table 3.1: Physical parameters of NGC5194

Morphology SAbc
Position of the nucleus @(2000) = 1329525709
6(2000) = +47°11’42.59”

Position angle of major axis -10° (0° is North)
Inclination -20° (0° is face on)
Distance 7.6 Mpc
Optical Radius (R»5) 3.9’ (8.5 kpe)
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3.2 Observation and preprocessing data reduction

In this paper, we shall outline the results from the first LOFAR ! observations of a nearby galaxy,
namely M51. In section 3.2, we will describe the observational setup along with the data reduction
process. In section 3.3, we will present the LOFAR HBA 151 MHz map of M51 and investigate the
radial profile of LOFAR emission while comparing to higher frequencies. In section 3.4, we will present
and discuss the spectral index and total magnetic field strength maps derived from the LOFAR 151 MHz
and VLA 1.4 GHz map from Fletcher et al. (2011) [93]. Section 3.5, the cosmic ray propagation in M51
will be discussed. In section 3.6, we shall present results from the wavelet analysis on the 151 MHz
along with 1.4 GHz and Far Infrared maps. In section 3.7, we shall also present results from performing
rotation measure synthesis on this region and the analysis of detected background sources in the field.
Finally, conclusions and prospects for future work will be presented in section 3.8.

3.2 Observation and preprocessing data reduction

The observation took place on the night of April 22-23rd 2013 for a duration of 8 hours with a config-
uration of 61 high-band antenna (HBA) stations. This configuration consisted of 24 core HBA stations
(counting the two HBA ’ears’ for core HBA stations makes this 48) and 13 HBA remote stations.
No international stations were used in this observation. Dual beam mode was utilized for this ob-
servation with one beam targeting M51 (o = 1329525, 6 = +47°11’43"”) and one beam targeting
3C295(a = 14"11™20°, 6 = +52°12/10") for the purposes of flux calibration. As 3C295 was within
10 degrees from the target and within the HBA tile beam, both calibrator and target could be observed
simultaneously. In addition, 8-bit sampling mode was used in order to observe with an instantaneous
bandwidth of 96 MHz. This total bandwidth is split into 488 subbands each with bandwidth of 0.18
MHz. Due to the dual-beam mode observation, the subbands had to be split evenly between calibrator
(244 subbands) and target (244 subbands). The target subbands were split into 8 blocks of approximately
30 subbands. LOFAR has the ability to observe up to 180 MHz but DAB 5 (Digital Audio Broadcast)
RFI is very strong above 175 MHz [71, Offringa et al. 2013] and therefore was avoided. Details of the
observation can be seen in table 3.2.

Table 3.2: Parameters of the M51 LOFAR observation

Start Date (UTC) 22-Apr-2013/20:08:07.0
End Date (UTC) 23-Apr-2013/04:04:04.7
Frequency Range 115.9-175.8 MHz
Total Bandwidth on Target 48.8 MHz
Total Bandwidth on Calibrator 48.8 MHz

The majority of the data reduction of this data was performed with the LOFAR pipeline. A full
description of this pipeline can be seen in (van Haarlem et al. 2013) [68] & (Heald et al. 2010) [100].

For RFI detection, the AOFlagger pipeline (Offringa et al. 2012) [72] was performed on the raw data,
with the greatest frequency and time resolution resulting in superior RFI detection and flagging. The
algorithm was executed on all linear correlations which is most accurate. The visibility data was checked
to see if any contamination from the A-Team (Cas-A, Cygnus-A, Virgo-A, etc.) entered the sidelobes.
It was seen not to be the case and therefore *demixing’ (van der Tol, 2007) [74] was not applied. The

1 [68, van Haarlem et al. 2013]
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3 Observation of M51 at Low Radio Frequencies

data was then compressed in frequency to 8 channels per SB and 14 secs sampling time. These flagging
and compression operations were performed using the New Default Pre-Processing Pipeline (NDPPP).

3.2.1 Initial calibration

The calibrator subbands of 3C295 were calibrated using a skymodel from Scaife & Heald (2012) [66]
using Black Board Selfcal (BBS) software (Pandey et al. 2009) [75]. It must be noted that the flux scale
is that of Roger et al. (1973)[65] (hereafter RBC). This scale is used to avoid the suggested issues (Rees
1990) [64] with the secular decrease in the flux density of Cas A at low frequencies existing in the Baars
etal. (1977) [63] scale. From Scaife & Heald (2012) this sky model was a spectral model of the form:

logS =log Ag + A logv + Az log? v + ... (3.1

was used. The model was applied in linear frequency space, ie

N
Syl = Ao l_l 10 log'[v/150MHz] (3.2)
i=1
in order to retain Gaussian noise characteristics. Both determination of the optimal order (N) of poly-
nomial model and maximum likelihood parameter estimation were performed using a Markov Chain
Monte Carlo (MCMC) implementation. The gain amplitude solutions found from the calibrator sub-
bands were then directly transferred to the target M51 subbands. The target subands were then combined
in frequency and copied using NDPPP into blocks of approximately 30 subbands (6 MHz bandwidth)
for a better signal to noise ratio.These blocks of 30 subbands were then phase calibrated using a global
sky model. This global sky model consists of positions of sources from the NVSS catalogue (Condon
et al. 1998) [7] with fluxes obtained from a power spectral fitting with data from the NVSS, WENSS
(Rengelink et al. 1997) [76] and VLSS (Cohen et al. 2007) [4] surveys. M51 itself is described as a
simple Gaussian source in this sky model.
After this initial calibration, each block of subbands was checked by eye for any RFI and any bad
solutions resulting from the calibration were flagged.

3.2.2 Self calibration

Once the initial direction-independent calibration had been completed, a new sky model was created
in the following way. First of all, a point source model was created from the clean components using
AW-imager (Tasse et al. 2013) [101] which is part of the LOFAR software. This software utilizes the
A-projection algorithm (Bhatnagar et al. 2008) [78] to image wide fields of view (due to direction-
dependent effects resulting from beam and ionospheric effects) and therefore is necessary to extract
accurate fluxes for sources far away from the phase center. Next, a second image was created using
CASA ? and utilizing it is multiscale clean (Cornwell 2008) [77] and w-projection (Cornwell et al.
2005) [102] tasks solely for creating a detailed model for M51 itself. This could not be done with
AWimager due to the nonavailability of multiscale clean at the time of reduction. This feature will
be added to the AWimager in the near future. As M51 is very small compared to size of the primary
beam and at the phase centre of our observation, errors due the primary beam correction are small. A
uv coverage of 12 klambda was used to create these self calibrated sky models. This corresponds to
20-25 arcsec resolution at uniform weighting. These two sky models are then combined so that it can be

2 http://casa.nrao.edu/
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3.3 Final M51 total power image

used to perform a direction-independent self calibration step solving only for the phases of the parallel
correlations.

This whole process was performed on each of the 8 blocks of 30 subbands.

At these low frequencies, calibration for ionospheric Faraday rotation is essential in order to study
polarization accurately. Therefore, this rotation must be corrected for. Values of the RM correction were
obtained using the method from Sotomayot-Beltran et al. (2013)[89]. Measurements of the vertical total
electron content (VTEC) were obtained from the Center for Orbit Determination in Europe (CODE). The
time resolution of CODE measurements is every 2 hours. In addition, the Earth’s magnetic field was
calculated using the eleventh generation of the International Geomagnetic Reference Field IGRF11;
[103]). The calculated RM correction for the entire observation can be seen in Figure 3.1.
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Figure 3.1: Calculated RM ionospheric correction applied for the duration of the observation.

3.3 Final M51 total power image

Images were made with the same imaging parameters and uv-distance (16 k1) for each of the 8 subband
blocks with CASA in order to utilize multi-scale clean with w-projection. Several point sources were
compared to the Point Spread Function (PSF) to investigate if the point sources were broadened due to
phase errors caused by the ionosphere but no significant broadening could be seen. Also astrometry of
these point sources were checked with catalogue values but no major deviations could be seen.

Each frequency block image was smoothed to 20" and then all 9 images were averaged in the image
plane using an inverse variance weighting scheme. The final image of M51 at 15" resolution with
uniform weighting can be seen in Figure 3.3, whilst figure 3.5, shows M51 at 20" resolution with a
robust weighting scheme of -0.5 which shows the extended disk well.

The noise in quiet regions close to the edges of the FOV is found to be approximately 150 pJy/beam.
Closer to M51 the noise is found to be between 200-300 uJy/beam.

At 151 MHz, the grand design spiral arms of M51 still can be clearly seen. The arm and interarm
contrast is highly visible in M51 at these low frequencies and comparable at first glance to higher
frequencies (Fletcher et al. 2011) [93]. This is in stark contrast to the galaxies observed by Basu et
al. 2012 [81] at 333 MHz with the GMRT where the spiral arms and inter arm regions were often
indiscernible from each other. According to Fletcher et al. (2011) [93], this is primarily caused by the
low energy cosmic ray electrons (CREs) diffusing from star forming regions in the spiral arms without
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Figure 3.2: Widefield image of the region around M51. Note that calibration errors still occur around bright
sources. Directional dependent calibration is essential to remove these types of errors.
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Figure 3.3: Image of M51 at a central frequency 151 MHz with a bandwidth of 48.8 MHz. Resolution is 20" at

a robust weighting of -0.5. The rms noise is approximately 300 pJy/beam. The contours start at 3 times the rms
noise and increases at levels of 1.5.

losing much energy compared to higher energy electrons seen at higher frequencies. This may enable
the lower energy electrons to diffuse further and thus filling up the inter arm region.

CREs diffusion from the spiral arms into the interarm region can be seen in the 151 MHz image,
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3.3 Final M51 total power image

Table 3.3: Integrated Fluxes for M51 from literature rescaled to the RBC scale

v (GHz) Flux Density (Jy) Ref
22.8 0.147 + 0.0155 Klein et al. (1984)
14.7 0.19665 + 0.0207 Klein et al. (1984)
10.7 0.241 £ 0.0143  Klein & Emerson (1981)
8.46 0.308 + 0.1026 Dumas et al. (2011)

4.86 0.604 + 0.201 Fletcher et al. (2011)
2.604 0.771 = 0.049 Klein et al. (1984)
1.49 1.36 +£ 0.097 Fletcher et al. (2011)
0.61 2.629 = 0.062 Segalovitz (1977)
0.408 3.53+0.1 Gioia & Gregorini (1980)
0.15 8.1 +£0.55 this work

especially when compared to images at higher frequencies. One can see especially in the northern
region that the interarm region is becoming squeezed as the CREs diffuse into the interarm region.
However, it is not as severe compared to the galaxies observerd by Fletcher et al. (2011) [93].

The region between the companion and the northern arm of NGC5194 is very distinct at 151 MHz.
It is much brighter compared to the 8.4, 4.9 GHz maps from Dumas et al. (2011) [104] making it
consistent with synchrotron emission that is enhanced by the ongoing interaction.

It should be noted that SN 2011dh (discovered on 01 June 2011 by the Palomar Transient Factory
project (PTF)) (Silverman et al. 2011 [79]; Arcavi et al. 2011 [80]) was not detected with this obser-
vation. This gives an upper limit of the SNe flux at 150 MHz at day 691 of approximately 11.3 +0.7
mlJy/beam.

3.3.1 Integrated radio continuum spectrum

To calculate the integrated flux for M51 we fitted concentric rings whilst taken into account the inclina-
tion and major axis of the galaxy. We obtain an integrated flux measurement of 8.1 + 0.55 Jy out to a
radius of 16 kpc. The star forming region (R < 10 kpc) contains 6.98 Jy of flux and the extended disk
(R > 10 kpc) contains approximately 1.1 Jy of flux.

We use other measurements from higher frequencies to compute the spectral index of M51 as shown
in table 3.3. As we have used the RBC flux scale for scaling our LOFAR data, measurements at other
frequencies must be rescaled. Fortunately, at frequencies > 300MHz, the RBC scale is in agreement
KPW scale Kellermann et al. (1969) [67] and therefore we can use the conversion factors from the
Baars scale, Baars et al. (1977) [63], table 7. We use integrated fluxes from Klein et al. (1984) [105],
Klein & Emerson (1981) [106], Dumas et al. (2011) [104], Fletcher et al. (2011) [93], Segalovitz (1977)
[95] and Gioia & Gregorini (1980) [107].

Comparing this to previous flux measurements, the LOFAR flux agrees very well with other lower
frequency data. As a further check, the integrated flux of the star forming region of M51 found here
was compared to the integrated flux found in the MSSS survey (Heald et al. in prep) and was found to
be very close to the flux of the star forming region as MSSS wouldn’t have the sensitivity to detect the
extended disk of M51. The 4 and 8 GHz fluxes shown have significant errors due to addition of single
dish data to interferometry data (see Fletcher et al. 2011 [93]). We fit a power law in the form of S o v*
with a spectral index of @ = -0.81 + 0.02, shown in figure 3.4. There is no indication of any flattening
of the spectrum for M51 up to 151 MHz.
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Figure 3.4: The integrated flux of M51 with a power law fit.

3.3.2 The extended disk of M51

Figure 3.5 shows M51 at 20" resolution with a robust weighting scheme of -0.5 which shows the full
extent of the disk of M51.
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Figure 3.5: Image of M51 at 20" resolution with a robust weighting of -0.5. Here the extended disk is seen more
clearly. Contour levels are at 4,8,16,32 x 150 pJy/beam.

The extended disk is detected as far out as 16 kpc away from the galactic center. We observe that the
disk is not increasing uniformly with radius as we see a further extension of the disk to the northwest
possible due to an outflow caused by the interaction with the companion.

The total extent of disk emission is insufficient as a measure of how far the disk extends out to as we
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3.3 Final M51 total power image

Table 3.4: Scale lengths for the inner (/;) and outer (/,) disk of M51

v(MHz)  1; (kpc) l, (kpc)
1400  34+02 1.28+0.02
151 53204 2.06+0.06

are limited by the sensitivity of our observation. Therefore, we use the scale length [ which prescribes the
emission along the disk as an exponential function i.e. o exp(—r/[) where r is galactocentric distance.

The radial profile of M51 was taken by the mean in concentric rings with the position angle of the ma-
jor axis and the inclination of the galaxy taken into account using the values from table 3.1. Surrounding
background point sources were removed by fitting Gaussians before measuring the radial profile. Sev-
eral background point sources located in disk were blanked out. The same was also done to a VLA 1.4
GHz map rescaled to the RBC flux scale from Fletcher et al. (2001) [93] which was placed on the same
grid and resolution as the 151 MHz map. The interarm region of M51 can be seen in the radial profile
at 3.3 kpc at both frequencies but at 151 MHz is not as apparent.

Usually a single exponential profile is fitted onto the emission profile (Dumas et al. 2011)[104], but
it was seen that a break occurs at around 10 kpc at both frequencies, just beyond the star forming region
of M51 (Kennicutt et al. 2007) [108] (refer to figure 3.7) and therefore a separate exponential was fitted
for the inner and outer disk for both maps using the following function

I(R) = loexp(=R/1;) R < 10 kpe
~ \ hoexp(-R/l,)  R>10kpc

The radial profile of M51 continuum emission at 151 MHz and 1.4 GHz with the above function fitted
is shown in figure 3.6. The obtained scale lengths for the inner and outer parts of the galaxy are shown
in table 3.4.

(3.3)
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Figure 3.6: Radial profile of M51 at 151 MHz and 1.4 GHz. The horizontal red line shows the sensitivity limit
(30) of the 151 MHz image.

As expected, we see that the scale lengths in the inner and outer disk are larger at 151 MHz than 1.4
GHz, due to the fact that CREs energy loss processes are much more dominant at higher frequencies.
In addition, nonthermal emission becomes more dominate at lower frequencies and the radial diffusion
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of CREs becomes much more important and leads to larger scale lengths. The scale length in the outer
disk for both frequencies is > 50% less than the inner scale length. This has also been seen in M33
(Tabatabaei et al. 2007b) [109] where 2 exponential scale lengths were fitted. The scale length of region
< 4 kpc was seen to be twice as large as the scale length R > 4 kpc. In HI, a break in the radial profile
of M51 is also seen in Bigiel et al. (2010) [98].

It is very unlikely that the lack of short spacings can cause this effect. LOFAR has excellent inner uv
coverage and is sensitive to structures over a half of a degree. The same holds for the 1.4 GHz VLA
observation, at D-configuration it is sensitive to structures up to 15’.
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Figure 3.7: The radial profile of the star formation rates of M51 taken from Kennicut et al. (2007) [108], Schuster
et al. (2007) [110] and Thornley et al (2006) [96].

3.4 M51 spectral properties and total magnetic field

A VLA map of M51 from Fletcher et al. (2011) [93] at 1.4 GHz which was rescaled to the RBC flux
scale was used along with the 151 MHz LOFAR map to create a spectral index map. Both maps were
convolved to the same resolution (20”) and placed on the same grid. Nearby point sources were either
subtracted by fitting a Gaussian component and then subtracted or for sources within M51 manually
blanked out. The spectral index was computed pixel by pixel and is shown in Figure 3.8 along with the
error map.

The spiral arm and interarm contrast can be easily seen in the spectral index map indicating energy
losses of the CREs as they propagate from the star forming regions into the interarm regions. In the arm
regions, the strongest HII regions can be seen easily. We also see that in regions of high star formation
a bulging into interarm region specifically in the inner South East HII region. The extended disk shows
a steeping of @, with @ > —0.9, this indicates energy losses through synchrotron cooling and inverse
Compton losses. In figure 3.9, beyond 10 kpc we observe a very sharp decrease in «, as the SFR here
is a magnitude smaller than it is in the central disk (Thornley et al. 2006) [96] resulting in hardly any
fresh injection of CREs.

A spectral index of —0.47 < @ > —0.52 (see figure 3.10) is present in the central region and inner spiral
arms of M51 which is flatter than the normal injection spectrum of CREs, signifying free free absorption.
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3.4 M51 spectral properties and total magnetic field

Primary CR electrons are injected into galaxies via SNR with a power-law spectra Q(E) = CE™P where
the energy spectrum p is related to the spectral index a via @ = _(”2_1). Observational results based
on Galactic SNR from Kothes et al. (2006) [111] & Green (2009) [112] suggest a mean nonthermal
spectral index of -0.5 which is indicative of a mature adiabatically expanding SNR (Kothes et al. 2006)
[111]. Scoville et al. (2001)[113] found that 1373 Ha emission regions exist within the central region
with sizes up 100 pc and therefore free free absorption would be expected especially in these regions
of intense star formation. Recently, Adebahr et al. (2013)[22] observed a spectral flattening in the core
region of M82 where intense star formation is known to be occurring. On the other hand, if this is simply
thermal emission, a thermal fraction of approximately 20% at 151 MHz would be needed to explain this
spectral index, assuming that that the non-thermal spectrum is -0.8. This seems very high for such low
frequencies making thermal absorption more likely.

Observations at lower frequencies specifically with LOFAR LBA may show this region become
opaque and will be performed at a later date.

The arc shaped structure located just below the companion galaxy NGC5195 seen in radio continuum
(Dumas et al. 2011)[104] and in Ha (Greenawalt et al. 1998) [114] can be seen with a spectral index of
~ —0.74. We also see that the region between the companion and the northern arm of NGC5194 has a
spectral index of ~ —0.8. Also to the left of the companion, NGC5195, the northern spiral arm can be
seen continuing beyond what is seen in the normal radio continuum maps.
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Figure 3.8: Spectral index map (left) & spectral index error map (right) made from the 1.4 GHz and 151 MHz
maps at 20" resolution the 151 MHz overlayed in contours.

Figure 3.9 shows the radial spectral index profile between 1.4 GHz and 151 MHz. We see several
features including a slight dip at around r ~ 2 kpc and a larger dip at r ~ 3.5 kpc. These depressions
show the interarm regions of M51. The spectral index rises again as the spiral arm region becomes more
dominant. From 4 kpc < r < 10 kpc we see a gentle decrease in spectral index with a slight upturn at
around r ~ 10 kpc. This signifies the location of the companion galaxy NGC5195. The spectral index
r > 10 kpc drops very sharply indicating that the nonthermal emission is very much dominant in the
extended disk and that the thermal fraction is very small. Also energy losses from the CREs is much
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more significant in the extended disk compared to the inner star forming regions of the galaxy.

_1.0,
x
[
°
£
K
s
¢ -1t
&

-2.0f

2 4 6 8 10 12 14

Distance (kpc)

Figure 3.9: Radial spectral profile between 1.4 GHz and 151 MHz.
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Figure 3.10: Histogram of the spectral index distribution grouped into 25 bins.

3.4.1 M51’s total magnetic field

The total magnetic field of M51 can be determined from the non thermal synchrotron emission by
assuming equipartition between the energy density of the cosmic rays and the magnetic field. The
revised formula of Beck & Krause (2005)[115] was used. We used a nonthermal spectral index of -
0.8 and an effective path length through the source to be 1064 pc. We also assumed that the polarized
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3.5 Cosmic ray propagation in M51
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Figure 3.11: The total magnetic field of M51 in uG reaching up to R ~ 10 kpc determined by assuming energy
equipartition. Contours are in levels of 5,7.5,10,12.5,15,17.5,20,25 uG.

emission comes from ordered fields with all possible inclinations. Here we assume an proton and
electron number density ratio of K=100, which is a fair assumption in the star forming regions in the
disk. However, errors will become significant in regions away from these CREs sources especially
in the outer disk as the observed K factor will increase. Assuming equipartition underestimates the
total magnetic field by a factor of (K/ Ko)'/* in these regions due to energy losses of CREs (Beck &
Krause 2005) [115]. Fortunately, energy losses are generally weaker at these frequencies and therefore
the equipartition estimate has a smaller error compared to higher frequencies. The total magnetic field
strength was then scaled with the non thermal synchrotron intensity I, using the following equipartition
formula (Beck & Krause (2005)) [115]:

B o 1,/ (3.4)

Using these assumptions, we create a map of the total magnetic field in M51 shown in Figure 3.11.
We see that the central region has magnetic field strength of between 20 and 30 4G while the arms have a
strength of 10 to 20 uG. The interarm regions have a strength of between 8 and 11 uG. Atregions R ~ 10
kpc we observe field strengths of ~ 5 uG. These values are lower than the values found in Fletcher et al.
(2011)[93], but there a crude separation was performed to derive a nonthermal synchrotron map which
was used to find the magnetic field strength. In this case, as the thermal component of the total emission
is much smaller at 150 MHz than at 4.8 GHz, we would expect a smaller error in our estimation.

3.5 Cosmic ray propagation in M51

CRE:s lose their energies via a number of different processes such as losses from synchrotron radiation,
inverse Compton (IC) losses, non-thermal bremsstrahlung, ionization losses and adiabatic losses. Out of
these processes, synchrotron and inverse Compton losses have the same form and are therefore difficult
to distinguish from the radio spectrum alone.

We take the equations from Pohl & Schlickeiser (1990)[116] to calculate the CREs energy E and the
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Magnetic Field Strength, (uGauss)
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Figure 3.12: The radial profile of the total magnetic field of M51 in uG reaching up to 12 kpc.

synchrotron lifetime throughout M51 shown in figure 3.13:

E(GeV) = (v/(16.1MHz))'*B(uG)~'/? (3.5)
Tyn(yr) = 8.352 x 10°E(GeV) ' B(uG) > (3.6)
15
+47"18| _ 4718 i
Be?
+181- 7 +16 4
ERERETIS A1 g +ur - °e”
=] (=3
« by
= = g | 4
) +12'+ — 8 3z +12'+ B g
= = se7 >
= g
£ . E :
s 10 Al los 2 1o 7
2e7
+oa- - +o8- .
+o8' - +0B'- -
| P B ! Llag L P B ! e
13"30™15% 30™00° 29™45° 29™30° 13"30715° 30700° 297459 29™30°
Right Ascension (J2000) Right Ascension (J2000)

Figure 3.13: Cosmic Ray energy (left) and the synchrotron lifetime (right) maps of M51.

If we take L = 1 kpc as the normal distance that a CREs needs to travel from a SNR to the inter arm
region of the galaxy then the diffusion coeflicient D of the electrons is given by:

L2
D =

3.7

Tsyn

In regions of high star formation within the spiral arms we calculate D to ~ 7.5 x 10?® cm? sec™!

bl
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3.5 Cosmic ray propagation in M51

within the spiral arms but not in regions of high star formation we find D to be ~ 3.8 x 10%® cm? sec™!

and in the outer spiral arms D is found to be ~ 1.5 x 10%® cm? sec™!. This agrees with the results of
Fletcher et al. (2011) [93] as well as the values of D ~ 1 — 10 x 10®® cm? sec™! found by Strong &
Moskalenko (1998)[117] for the Milky Way.

Figure 3.13 shows us that at the edge of the extended disk r ~ 10 kpc, the synchrotron lifetime for
CRE:s is found to be approximately between 1 x 108 < Ton < 4X 103 yr. Using a diffusion coefficient of
~ 2.8 x 10?8 cm? sec™!, and using equation 3.7, we see that the electrons at r ~ 10 kpc are able to travel
up to 3 - 6 kpc assuming no other energy losses. This takes us out to where we can detect the extended
disk at 16 kpc with LOFAR.

3.5.1 The diffusion of cosmic ray electrons into the interarm regions

As mentioned in Basu et al. (2012)[81], at 333 MHz, the arm and inter regions were usually indis-
cernible for galaxies such as NGC6946. But in the case of M51 at 151 MHZ, we observe the arm and
interarm regions very clearly. We would expect some amount of CREs diffusion into the interarms as
the emission at 151 MHz are from a old population of CREs, which diffuses away from star forming
regions in the spiral arms.

We took a He map, a 4.8 GHz, 1.4 GHz VLA maps from Fletcher et al. (2011)[93] in addition to the
LOFAR 151 MHz and all maps were smoothed to a common resolution of 20”. All maps were made
sure to be on the same grid. A slice was taken of M51 for all 4 maps at a region where the arm and
interarm contrast could be studied. Finally, all fluxes from each map were normalized. The result of this
can be seen in figure 3.14.

— 151MHz
— 1.4GHz
— 4.86GHz ||
Halpha

o
0

o
o

Normalized Intensity
o
=

I
N

N
0.0k \ A - - ‘ P
1 2

3 4
Distance (kpc)

Figure 3.14: Intensity profile showing the arm and interarm contrasts of Ha and three different radio frequencies
for a section of M51.

We see that the 4.8 GHz and 1.4 GHz profiles are very similar to each other, indicating that the CREs
at 1.4 GHz which are 3.4 times less in frequency are not diffusing much further than at 4.8 GHz. But the
CREs at 151 MHz which are 31.7 times less in frequency, a much smoother gradient is seen indicating
that there is considerable more CREs diffusing fully into interarm region.

Therefore it must be explained that while we see considerable CREs diffusion in the interarm region

73



3 Observation of M51 at Low Radio Frequencies

of M51, why don’t we see CREs diffusing at the same extent as Basu et al. (2012)[81]? One reason
could be a stronger and more turbulent spiral arm magnetic field seen in the M51 compared to galaxies
like NGC6946. This could confine the CREs within the spiral arm making it harder for them to diffuse
into the inter arm region.

3.6 Wavelet analysis of M51

Wavelet analysis is based on a space-scale decomposition using the convolution of the data with a
family of self-similar basic functions that depend on the scale and location of the structure. The wavelet
transform, like the Fourier transform, includes oscillatory functions, however, in the latter case these
functions rapidly decay towards infinity. Frick et al. (2001) [118] showed that the wavelet is more
resistant to noise and the smoother spectra allows better determination of the true frequency structure.

Wavelets have been applied to several galaxies for example M33 (Tabatabaei et al. 2007) [43] and
MS51 (Dumas et al. 2011) [104]. Wavelet transforms and cross correlation can enable one to separate the
diffuse emission components from compact sources and compare the emission at different wavelengths
which we shall perform in this section. It is also extremely useful to study the radio-IR correlation at
various spatial scales especially when studying the differences of the correlation between the arm and
interarm regions, for example Dumas et al. (2011)[104] & Basu et al. (2012)[119].

The wavelet coeflicient of a 2D continuous wavelet transform is given by:

x —x

)dx") (3.8)
a

+00
Wan = [ g
where /(x) is the analysing wavelet, x = (x,y), f(x) is a two-dimensional function which in this
case is an image, a and « are the scale and normalization parameters, respectively and finally * symbol
denotes the complex conjugate.

The wavelet transform decomposes an image into maps of different scale which is given as a FITS
cube. In each map of the cube, structures with the respective scales are prominent as they have larger
coeflicients than those with smaller or larger scales.

A LOFAR image at 151 MHz, a VLA map at 1.4 GHz and 70 y meters from the SPITZER-MIPS
(courtesy of F.Tabatabaei) were used for this analysis. The SPITZER-MIPS (Multiband Imaging Pho-
tometer for Spitzer, (Rieke et al. 2004) [120]). Infra-Red (IR) fluxes from normal galaxies are commonly
taken to indicate the rate of recent star formation. (Hinz et al. 2004) [121] found that IR emission at 24
and 70 um follows closely the structure of the ionized gas in M33, indicating that it is heated mostly by
hot, ionizing stars.

All these maps were made sure to be on the same grid and smoothed to a PSF with FWHM of 20”. All
images were of the same size which is important for the cross correlation. Bright background sources
from the VLA and LOFAR maps were subtracted from the images.

The Mexican Hat wavelet was used as we wish to have more independent points and is a real isotropic
wavelet with a minimal number of oscillations:

W(p) = 2 —p)e (3.9)

where p = /x2 + y2 This type of wavelet is shown in figure 3.15.

The periodic or gapped boundary conditions were compared and no difference could be seen so
periodic boundary conditions was used. Gapped boundary conditions are usually important if there is
not much blank space around the target being decomposed. The images have been decomposed into 10
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3.6 Wavelet analysis of M51

Figure 3.15: A 2D graphical representation of the Mexican hat wavelet.

different scales a in log space in order to compare the morphology between the three different images.
The resulting wavelet decompositions can be seen in figure 3.16

We can see the individual HII regions within the spiral arms in the SPITZER and the VLA map quite
well at smallest scale (a = 754 pc). However, these regions are not as visible in LOFAR at the same
scale. The spiral arms are very visible at all three wavelengths at scales up to 1080 pc. The spiral arms
are in discernible at a scales of 2212 pc but in the LOFAR map and to a smaller extent the VLA map, the
lower spiral arm can be seen to extend much further out. This is probably due to the combination of the
spiral arm and a kink in the southern inner spiral arm and several HII regions can be seen in the interarm
region at this location. This is brought about due to fact of the interaction of M51 and NGC5195. This
kink is also reproduced by (Dobbs et al. 2010) [91] in hydrodynamical simulations.

Once we get to a scale of 4440 pc, no discernible features can be seen in any of the wavelengths. All
can be seen now is the underlying diffuse disk with a gentle radial decrease in intensity. It should be
noted that the radial decrease is slower for M51 in the LOFAR dataset.

original images a = 754 pc a = 1080 pc a= 2212 pc a = 4440 pc

LOFAR
151MHz

VLA
1.4GHz

SPITZER

Figure 3.16: The original images of 151 MHz, 1.4 GHz & 70 u meters are shown in the first column and their
wavelet decompositions using a Mexican-hat wavelet for 4 different scales shown in parsecs.

In wavelet representation the scale distribution of the energy can be characterized by the wavelet
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spectrum. This is defined as the energy of the wavelet coefficients of scale a of the whole physical

plane:
M(a):fwfm’W(a,x)|2|dX (3.10)

The wavelet spectrum allows us to identify the dominant energy structures in our data and to qualitatively
compare them. The wavelet spectrum for all three wavelengths are presented in figure 3.17.
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Figure 3.17: The wavelet spectrum for the three sets of data: LOFAR-151MHz (top), VLA-1.4GHz (middle),
SPITZER-70 umeters (bottom)

Due to the lack very high resolution it is hard to separate different features but we can see that the
LOFAR wavelet spectrum reaches it’s maximum energy at the highest scale compared to the other two
wavelengths. LOFAR reaches it’s maximum at 6.47 kpc while the VLA and SPITZER is 4.5 kpc. This
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3.6 Wavelet analysis of M51

is due to the fact that the emission in LOFAR is able to extend further out due to CRE diffusion and the
smaller synchrotron losses compared to higher frequencies. We also observe that the wavelet spectrum
for the VLA data is very different to Dumas et al. (2011) [104] and could be due to an error in the
combination of all 4 VLA configurations which were used.

3.6.1 Wavelet cross-correlations

The wavelet cross-correlation is a useful method to compare different images as a function of spatial
scales as seen in Frick et al. (2001) [118], Dumas et al. (2011) [104] & Tabatabaei et al. (2007) [43].
Whilst normal cross-correlation anaylsis such as pixel to pixel correlation can be dominated by bright
extended regions or large scale structure, the wavelet cross-correlation on the other hand, allows for the
analysis of a scale-dependent correlation between two images.

The wavelengths cross-correlation coefficient at scale a is defined as:

[ [ Wi(a,x)W;(a,x)dx
[M(a)Ma(a)]'/?
A value of r, can range between -1 (total anticorrelation) and +1 (total correlation). When one plots

the value of r,, against scale one can see how well structures at different scales correlate in intensity and
location.

ro(a) = 3.11)

The error is estimated by the degree of correlation and the number of independent points, n:

l—ri
n-—2

Ary(a) = (3.12)
where, n = 2.13(%)2, and L is the size of the maps.
We define the value of r, > 0.75 as a significant correlation (Frick et al. 2001) [118] & (Dumas et al.
2011) [104]. We see the cross correlation for our three different wavelengths in figure 3.18.

e—e 151MHz - 1.4GHz
e—e 151MHz - 70um
e e 1.4GHz - 70pum

4 5 6

3
a (kpc)

Figure 3.18: The cross correlation between our three different wavelengths with the solid black line showing the
limit of significant correlation.
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We observe that the cross correlation for the 1.4 GHz and 151 MHz data is extremely well correlated
for all scales but we do see that the smaller scales less than 1 kpc do not correlate quite as well. Overall
we see that r, for 151 MHz - 70 um is not as strong compared to 1.4 GHz - 70 um

We see that the scale at r, = 0.75 for the cross correlation between 151 MHz and 70 um is ap-
proximately 1.45 kpc, which is about half for the cross correlation between 1.4 GHz and 70 um at
720 pcs. This is a measure of the diffusion length /;; which depends on the diffusion coeflicient and
CRE lifetime [z;y = \VDtcge. The diffusion coefficient can depend on the energy of the electrons,
D o« DgE® o« Dpy*?B 925 with Dg being the energy dependent diffusion coefficient. These val-
ues correspond to (Dumas et al. 2011) [104] which found a value of l;;r > 500pc for M51. From
(Tabatabaei et al. 2013) [46], this value is very similar to M31 (liry > 730pc + 90) but considerable
less compared to NGC6946 (l4;r7 > 1700pc + 200). It should be noted that Tabatabaei et al. 2013 [46]

used a value of 0.5 for r,, to signify a significant correlation.

This can simply interpreted as the CREs are diffusing from the star forming regions which can travel
further at lower frequencies.

3.7 Detection of extragalactic background sources in polarization

3.7.1 Introduction

Up to present day very little has been done to study polarization at frequencies below 200 MHz and their
characteristics cannot be extrapolated directly from higher frequencies. From previous observations at
350 MHz (Schnitzeler et al. 2009) [122], one would optimistically expect to detect a polarized source
with a polarization degree of a few percent for every four square degrees (Bernardi et al. 2013) [123].

Fortunately, the study of polarization at low frequencies is now beginning to emerge partly due to the
construction of LOFAR & the Murchison Widefield Array (MWA, Lonsdale et al. 2009 [70]) as well as
the introduction of new techniques to analyse polarization such as RM synthesis (Brentjens & de Bruyn
2005)[124]. Recently, Bernardi et al. (2013) [123], performed a 2400 square degree polarization survey
at 189 MHz with MWA with a 7" beam. Out of a catalogue of 137 sources brighter than 4 Jy in total
intensity, only one source was detected in polarization. Both beam depolarization and internal Faraday
dispersion could cause this observed depolarization and therefore higher resolution observations are
essential to discount the former effect. GieB3iibel et al. (2013) [82], whilst detecting diffuse polarization
in the nearby galaxy M31 for the first time below 1 GHz, also created a catalogue of 33 polarized
sources. Extrapolation of these results to even lower frequencies of LOFAR would result in very few
source detections and no polarized diffuse emission detections. However, these observations are limited
by a large angular resolution of 4’ and thus it needs to be seen if beam depolarization plays a large
part in this. Farnes et al. (2013) [125] applied RM synthesis to data from the Giant Meterwave Radio
Telescope (GMRT) and found that M51 was depolarized below the sensitivity limit.

LOFAR is a perfect instrument to measure Faraday depths to a very high accuracy and hence de-
tect weak magnetic fields and low electron densities which are unobservable at higher frequencies.
Importantly, LOFAR with it’s high sensitivity and high angular resolution should be able to reduce de-
polarization. Already LOFAR is producing polarization results, Iacobelli et al. (2013) [126] was able
to detect a faint and morphologically complex polarized foreground of the highly polarized Fan region
which was in agreement with previous WSRT observations (Bernardi et al. 2009) [127].
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3.7 Detection of extragalactic background sources in polarization

3.7.2 Applying RM synthesis

For each channel Stokes Q and U were imaged with an area of 17.3 square degrees with CASA at 20"
resolution. Therefore, the primary beam is not applied which will lead to errors. However, using AW-
imager for a field this size at this high resolution for every channel would require more processing time
and power that is available. Each channel image was inspected and any channel with RFI contamination
was discarded. This resulted in 3774 final images. RM Synthesis was performed on these images using
software written by the LOFAR MKSP. The rms noise was found to be 79 uJy/beam where the angular
resolution was 20”. The resulting Faraday cube was then cleaned using the RM Clean code written by
Dr. George Heald (Heald et al. (2009)) [32] for MIRIAD (Sault et al. 1995)[128]. 1 o level was used
for the cutoff level and 1000 was the maximum number of iterations assigned. Usually instrumental
polarization is located at a Faraday depth of 0 rad m~2. However, due to the ionospheric RM correction
that was performed, this instrumental polarization is shifted by the average RM correction implemented
to the data. Therefore, for this observation, the instrumental polarization is located at a Faraday depth
of approximately -1 rad m~2.

The resolution in Faraday depth ¢ of this observation is given by the measured full width half maxi-
mum of the RM spread function (Brentjens & de Bruyn 2005)[124]:

_2V3

A2

where AA? is the width of the observed A2 distribution.
With a minimum frequency of 115.9 MHz and maximum of 176 MHz. This gives us ¢ = 0.91 rad

m~2. The largest detectable structure in Faraday spectrum (Brentjens & de Bruyn 2005) [124] is given
by

¢ (3.13)

Vs
2.

min

Pmax = (3.14)
For this observation ¢,,,, = 1.085 rad m™2. The error in Faraday depth is found by the following
expression
¥

where ¢ is the FWHM of the RMSF and the S/N is the signal-to-noise ratio of the peak of the component
in the Faraday spectrum.

3.7.3 Extragalactic polarization detections

Unfortunately, no polarization from M51 was detected and must be strongly depolarized below the
sensitivity limit. This is not surprising seeing that Farnes et al. (2013)[125] were unable to detect M51
in polarization at 610 MHz.

Taking five times the thermal noise as the detection threshold and assuming an average 1% degree of
polarization, all sources with fluxes above a peak flux of 50 mJy were checked for polarization. From
these sources, there were 6 polarized detections of background extragalactic radio galaxies in the field.
Two of these sources are starting to become resolved with polarization detected in the lobe. This would
result in a polarized source for every 2.9 square degrees.

Where data is available from higher frequencies notably Taylor et al. (2009)[129] we can determine
the depolarization as in Beck (2007) [48]:
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DP(150,1400) = (PIi50/PI1400) X (Vi50/V1400)™ (3.16)

where a,,;=-1.0 is the non thermal spectral index and v; is the respective frequency.

Here we will address each source briefly. A summary of these detections can be seen in table 3.5 at
the end of the chapter.

J133923+464008

This is a strong polarization detection in a radio galaxy where a single lobe is very dominant. The central
component is detected in polarization (polarization degree of 7.7 + 0.25%) at 1.4 GHz, but here at 151
MHz it is completely depolarized. The detected polarization comes solely from the single lobe. This
single lobe contains two spatial components observable in both total and polarized intensity. The north
component which is brighter is at a Faraday depth of 20.5 + 0.1 rad m~2 while the southern component
is 20.75 + 0.1 rad m~2. This is agreeable with the RM value found in Taylor et al. (2009)[129]. We find
that the depolarization for this source is DP = 0.034. The Faraday spectra and total intensity map for
this source can be seen in figure 3.19.
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Figure 3.19: The radio lobe J133923+464008 seen in total intensity (left) with the two marked spatial components
and the corresponding Faraday spectra (right).

This single lobe polarization fraction hardly decreases compared to the 1.4 GHz data of Taylor et al.
(2009) [129]. This seems to suggest that we are seeing the Laing-Garrington effect (Garrington et al.
1988) [130] where the stronger jet is closer to us and is seen through a smaller amount of magneto-ionic
material and thus shows less depolarization.
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6CB1322467+483810

Once again this source is a single lobe radio galaxy with a strong polarization detection in the lobe at
¢ =+3.25 rad/m™2. Unfortunately, this source is not seen in Taylor et al. (2009) [129] and therefore
no comparison can be made at higher frequencies. At the peak of the lobe we see a polarization degree
of 2.9%, very similar to the previous source J133923+464008. At this peak, we only see one clear
component in the Faraday spectrum. Closer to the edge of the radio lobe marked *O’ in Figure, we see a
secondary component at ¢ = +19.5 rad/m? with a polarized flux of 500 uJy/beam and possibly a third at
¢ = +30.5 rad m~2 with a polarized flux of 360 uJy/beam. The Faraday spectra and total intensity map
for this source can be seen in figure 3.20.
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Figure 3.20: The radio lobe 6CB1322467+483810 in total intensity (left) with the two marked corresponding
Faraday spectra (right).

J133707+485801

This unresolved source is detected in polarization at ¢ = +9.25 rad/m~2 with a polarized flux of 1.3
mJy/beam. Interestingly Taylor et al. (2009)[129] has a RM = -8.9+3.2 rad m~2, while a similar value
but with the wrong sign. This could be a sign error in the determination from Taylor et al.(2009)[129].
With a polarization fraction of just 0.2% at 151 MHz the depolarization ratio of this source is then
0.0082. The Faraday spectrum for this source can be seen in figure 3.21.

J133258+454201

This unresolved source is detected in polarization at ¢ = -5.25 rad/m~2 at 650.08 uJy/beam (S/N ratio is
8.2). This source is not detected in Taylor et al. (2009)[129]. The Faraday spectrum and for this source
can be seen in figure 3.22.
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Figure 3.21: Faraday Spectrum of J133707+485801.
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Figure 3.22: Faraday Spectrum of J133258+454201.

J133128+454002

This unresolved source is detected in polarization at two different Faraday depths, namely ¢ = -3.75
rad/m~2 with a polarized flux of 526 pJy/beam (S/N ratio is 6.6) and ¢ = +26.75 rad/m~2 with a flux
of 507.79 uly/beam (S/N ratio is 6.4). This source is not detected in Taylor et al. (2009)[129]. The
Faraday spectrum for this source can be seen in figure 3.23.

4C+47.38

This unresolved source is detected in polarization at a Faraday depth of ¢ = 23.5 rad/m~2 with a polar-
ized flux of 2.32 mJy/beam (S/N ratio is 29.36) This source was detected in Taylor et al. (2009)[129]
with a RM of 30.6+1.4 rad/m~2. With a polarization fraction of just 0.2% at 151 MHz the depolarization
ratio of this source is then 0.00664. The Faraday spectrum for this source can be seen in figure 3.24

Several double lobe radio galaxies (for example see figure 3.25) detected in polarization by Taylor et
al. (2009)[129] were not seen in polarization at 151 MHz.
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Figure 3.23: Faraday Spectrum of J133128+454002.
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Figure 3.24: Faraday Spectrum of 4C+47.38.
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Figure 3.25: Double lobe radio galaxy while polarized at 1.4 GHz is not seen to be polarized at 151 MHz.
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3.8 Discussion

In the analysis of the integrated flux, we see no spectral flattening and therefore disagree with Pohl et
al. (1991) [131] (Figure. 11). It is obvious that inaccuracy of the flux from Israel and Mahoney (1990)
[26] makes interpretation difficult and could be simply wrong. From these results it seems that the break
energy is beyond 5 GeV (i.e. the energy of CREs emitting at about 5 GHz).

This puts the interpretation from Hummel (1991) [28] & Pohl et al. (1991) [131] less plausible. They
argue that the break in the integrated spectrum is caused by the energy losses of the CREs due to the
dynamic halo and this causes the spectrum to steepen at higher frequencies.

As seen in Pohl et al. (1991) [131], the break energy E} is given by:

33x105(SY) + 8(12)

Eb — se. lem™3 (3'17)
(v + 1/4(30)"

where div(v) is the adiabatic expansion term, n represents the bremsstrahlung losses term with »n being
the total gas density, w(r) is the radiation field representing inverse Compton losses and 1/4(B)? is the
synchrotron losses term with B, being the magnetic field strength in the line of sight.

However the model used did not take into account free free absorption and diffusion.

In M51, if this model is correct we should see a steepening at higher frequencies but this is not
observed.

The spectral index at the central region of M51 indicates that thermal absorption is occurring but only
at localized regions in the center of the galaxy. There is little thermal absorption at frequencies above
151 MHz, so that the integrated spectrum is not flattening.

As thermal absorption is not much of an issue in M51 we can use equation 3.17 from Pohl et al.
(1991) [131] and neglecting inverse Compton losses (Heesen et al. in prep) and adiabatic expansion,
and assuming an average total gas density of 1 cm™ and an average field strength of 10 uG, we get
E, = 2.9 GeV. In order to shift this to greater than 5 GeV, either the gas density has to be greater than 2
cm™ or we need a wind with div(v) > 2 x 10713 sec™!.

If we approximate div(v) ~ Av/Az, we need a vertical velocity gradient of Av > 60 km/s/kpc, which
seems too large. Heesen et al. (2009)[17] found a typical wind speed in the NGC253 halo of 300 km/s
at several kpc height and no signs of acceleration. Instead the gas density has to be greater than 2 cm™
which is very reasonable.

The radial profiles of 151 MHz and 1.4 GHz which consist mostly of non thermal emission are
fitted by a flatter exponential profile at R < 10kpc than at R > 10kpc. Nonthermal emission mimics
the distribution of the star forming regions in the disk and according to our findings, this still applies
for low frequencies even though theoretically CREs should be able to travel further. As a result, the
expectation that galaxies would be extremely large at low frequencies doesn’t seem to hold. The break
in the radial continuum profile will make it more difficult to see the extreme edges of the extended disk
with LOFAR. The magnetic field strength beyond 10 kpc may become weaker than expected suggesting
that neither turbulence from star formation nor magneto-rotational instability can create a sufficiently
strong magnetic field for CREs to propagate along. Alternatively, the CREs may lose their energy much
faster through some other loss process other than synchrotron losses and are not able to travel much
further than we anticipated. What is still clear from our observation is that a significant magnetic field is
present up to 16 kpc in the outer disk due to the fact that we simply observe synchrotron emission. The
magnetic field would need to be > 3.25 uG in order to be visible in the synchrotron instead of inverse
Compton processes from the CMB.

Other face on galaxies with different properties such as NGC628 with an extended HI disk (Walter
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et al. 2008) [132] need also to be examined to test if this kind of radial break is common in galaxies.
Several more face-on galaxies have been been or will be shortly observed with LOFAR and should shed
more light on this matter.

With regards to the polarization, we were able to detect 6 polarized background sources resulting
in a density of one polarized source for every 2.9 square degrees. We have seen that the two resolved
sources have a polarization fraction of approximately 3% at the radio lobe. Several polarized sources
(at 1.4 GHz) where both radio lobes were resolved but completely depolarized at 151 MHz suggests
that Faraday depolarization not beam depolarization is the dominant depolarization factor. Both of
the resolved sources have one prominent radio lobe at 20" resolution which suggest that the Laing-
Garrington effect (Garrington et al. 1988) [130] is also relevant at 151 MHz which isn’t suprising due
to its dependence on frequency. The low density of background sources found in this work bodes ill
for one of the main goals of the LOFAR Magnetism Key Science Project which was to create RM grids
of polarized background sources behind galaxies which would be a more sensitive way to detect weak
magnetic fields. Much more sensitivity is required to achieve this goal and probably won’t be achievable
with LOFAR.

The lack of a detection of diffuse polarization in M51 at low frequencies demonstrates that star form-
ing galaxies produces significant turbulence that depolarizes any polarization signal completely. If we
would have any chance to observe diffuse polarization it should be for a target with significant mag-
netic fields but little star formation for example, intergalactic fields in interacting galaxies or galaxy
groups. However, this polarization sample is still small and more fields observed with LOFAR need to
be processed for polarization.
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Table 3.5: Summary table of the polarization detections in the M51 field

Name RA Dec ¢ [rad/m’]  PI[mlJy] p[%] | RM [rad/m?] PI [mly] p [%]
(Taylor et al. 2009)
J133923 + 464008 | 13739™19°  46°41’19” | +20.5+0.4 22+0.07 3.04 | 22.5+0.1 6.8+0.5 3.6+0.1
6CB1322467 + 483810 | 13"26™28°  47°3741” | +3.2+0.1 1.6+0.07 29
J133707 + 485801 13737075 48°58'04” | +9.2+03 1.3+0.07 02 | -89+32 16.9+0.3 6.0+ 0.1
J133258 + 454201 13732m585  45°422” | -5.2+0.3 0.65+0.07 0.002
J133128 + 454002 | 137317285 45°40’4” | -3.8+03 0.53+0.07 0.003
4C +47.38 13741m45%  46°57'16.8" | +23.5+0.1 232+0.07 02 | -30.6+1.4 37.25 +0.24 5.8 +0.04
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CHAPTER 4

Modeling of the Cosmic Ray Diffusion in M51

4.1 Introduction to cosmic ray propagation

Cosmic ray electrons (CREs) are accelerated in the disk by shock waves induced by supernova ex-
plosions, a significant fraction of which occur in OB associations on a timescale of several 107 years
(Reynolds et al. 2012) [133].

CR particles can propagate through the ISM by streaming with the Alfvén velocity along the ordered
magnetic field lines or they can be scattered by the turbulent magnetic field. This leads to random
walk diffusion which dominates in the Milky Way disk (Strong, Moskalenko & Ptsukin, 2007) [134] &
(Dogiel & Breitschwerdt, 2012) [135] ).

Cosmic ray diffusion explains why energetic charged particles have highly isotropic distributions and
why they are well retained in the galaxy. The galactic magnetic field that tangles the trajectories of
particles plays a crucial role in this process. Typical values of the diffusion coefficient found from fitting
to CR data are around (3-5) x 10%® cm? s7!, at a energy of approximately 1 GeV/n, and increases with
rigidity (the particle’s ability to resist bending its trajectory).

In order to model and describe the propagation of CREs we must construct an partial differential
equation which describes the energy spectrum and particle density at different locations of the interstellar
medium in the presence of continuous energy losses and with the continuous supply of fresh electrons
from sources. This equation is known as the diffusion-loss equation for high energy electrons.

The derivation of this equation follows the simple approach from (Longair, 2010) [16]. We start an
elementary volume of space, dV, into which electrons are injected at a rate Q(E, 1)dV. The electrons
within dV are subject to energy losses and can be written as:

dE
— (=)= bE 4.1
(=) = bE) 4.1
In the absence of injection of electrons, the number of particles at time t that are in the energy range
Eto E + AE is N(E)AE). At a later time ¢ + At, these particles have been replaced with those electrons

that have energies in the range E’ to E’ + AE’, where

E' = E + b(E)At 4.2)

E' + AE' = (E + AE) + b(E + AE)At (4.3)
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Here we perform a Taylor expansion for AE and subtracting, we get:

E
AE’ = AE + %AE& (4.4)

Therefore the change in N(E)AE in the time interval At is

AN(E)AE = —N(E,t)AE + N[E + b(E)At, {]AE’ 4.5)

If one performs another Taylor expansion for small 5(E)At and substituting for AE’, we obtain:

_dN(E) db(E)
AN(E)AE = d—Eb(E)AEAt + N(E)d—EAEAt (4.6)
which is,
dN(E) i
% " ab [b(E)N(E)] 4.7)

Now we add an injection term where the particles are continuously injected at a rate of Q(E, f) per
unit volume. We also add a gradient term with a scalar diffusion coefficient, D. With these additions, we
can present the diffusion-loss equation for relativistic electrons:

dN(E) d
dt  dE
Segalovitz, (1977)[136] studied the radial variation of the spectral index of M51 using analytical

solutions of equation 4.8. In this study, several different source functions were used. Firstly a spheroidal
source function:

[b(E)N(E)] + O(E, 1) + D V> N(E) (4.8)

Q1Eexp(=2* b = r*[a*)[m?a’h for Ey < E,

Qr.z E) = { 0 otherwise (4.9)

where a and b are the semi axes of spheroid where E| and E; are the limits on the range of injection
energies. This failed to explain the observed spectral index. A step-like source function was found to be
a better fit:

Q1E™exp(—=7*/b*) forE| <Eyandr<a

0z, B) = { 0 otherwise (4.10)

Leakage of CREs out of the galactic magnetic field had a time scale shorter than the energy loss time
of the electrons emitting at the observed frequency band.

These source functions are very dated and a source function extracted from the star formation of the
galaxy should be used. Also, advances in computing would enable to solve equation 4.8 via approx-
imation rather than analytical modeling. While analytical solutions for simple cases can give insight
into the relations between the quantities involved and are good for rough estimates, they can become so
complicated that no insight is gained. On the other hand, numerical models are very intuitive because
they are able to generate the cosmic ray distribution over the galaxy for all species, the best example
being the Galactic Propagation (GALPROP) code (Strong & Moskalenko, 1998) [137].

While our own Galaxy has been modeled extensively using the GALPROP code, external galaxies
have not been modeled with both diffusion and energy losses of CREs since Segalovitz (1977) [136].
Several models have been performed for star forming galaxies but as homogeneous disks of gas which
would enable to solve the steady state version of the diffusion-loss equation. Lacki et al. (2010) [138]
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uses this form of the equation to predict the far-infrared (FIR) radio correlation. However, the authors
note that in weaker starbursts, where the cooling and escape times are several megayears, the evolution
of the CRE:s via diffusion and convection become important and the steady-state approximation will fail.

Therefore, for a galaxy like M51 the diffusion term becomes important and has to be modeled along
with the energy losses of the CREs. Creating a code to solve this equation would enable us to investi-
gate the importance of the different energy loss processes and estimate the magnitude of the diffusion
coeflicient for different galaxies. However, this code will need to be created from scratch.

In this chapter, I introduce the development and approximation methods used to solve the diffusion-
loss equation. In addition, I show first results from this code and compare to observational results shown
in the previous chapter.

4.2 Methods for solving the diffusion-loss equation

In order to solve the diffusion-loss equation numerically, one must employ several different approxima-
tion methods. Solving each term of the diffusion-loss equation is treated separately. The code is written
entirely in PYTHON'.

4.2.1 Solving the time derivative

Solving the the time derivative term of the diffusive equation % requires the use of the Runge-Kutta
methods which are families of systematic higher order improvements over the Euler method. The key
idea is to evaluate the derivative % not only at the end points ¢, or #,,; but also at intermediate points
such as:
At At
Yn+1 = Yn + Arf(ty + ?’y(tn + 7)) +O(AP) (4.11)

The unknown solution y(¢, + %) is given by the second order Runge-Kutta algorithm:

kl = Atf(tn’ yn)
ko = Atf(t, + At/2,y, + k1/2) 4.12)
Yn+1 = Yn + ko + O(AF)

The term O(A#®) represents the local truncation error which is the error induced for each successive
stage of the iterated algorithm. The most widely used Runge-Kutta algorithm is the fourth order method
and will be used for our purposes. As this is a fourth-order method, the local truncation error is on the
order of O(A#°), while the total accumulated error is of order of O(At*). It is given by:

ki = Atf(ta, yn)

ky = Atf(ty + At/2,y, + k1 /2)

ks = Atf(ty, + At/2,y, + k2/2) 4.13)
ky = Atf(t, + At y, + k3)

Yns1 = Un + 1/6(k1 + 2ky + 2k3 + kg) + O(AP)

! http://www.python.org/
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4 Modeling of the Cosmic Ray Diffusion in M51

4.2.2 Solving the spatial derivative

When solving ordinary or partial differential equations, the first step is to discretized space and time
and to replace differentials by differences. In solving the spatial derivatives we need to use the finite
differences method for a second derivative. For a first derivative, the differential (;_{c can be approximated
to the first order by:

o - - _
_f — f(xn+l) f(xn) +0(AX)= f(xn) f(xn l) +O(Ax) (414)
0x Ax Ax
where O(Ax) is the truncation error.
From this we can get a second derivative estimator:
6? 1) -2
_f _ f(xn+l)+f(xn l) f(xn) +0(AX2) (415)

ox2 Ax2
For our simulations we shall use the fourth-order estimator for a second derivative:
(Sz_f _ —f(xn-2) + 16f(xp-1) = 301 (xn) = 16f(xp+1) — f(x4-2)

3 = oA + O(AxY (4.16)

However, the above estimator is not suitable for points near our spatial boundaries as points will
become non-tabular (i.e. beyond the spatial boundaries) and therefore for the right hand side we use:

Y = (35y0 — 104y_ + 114y 5 — 56y 3 + 11y_4)/ 121> (4.17)

using the notation y; = y(x + kh), h > 0.

For the left hand side we use:

vy = (1ys — 56y3 + 114y, — 104y, + 35y)/ 121> (4.18)

The above methods were tested on solving the one-dimensional heat equation for a triangular initial
temperature :

o _ 20

= "= 4.19
ot ox2? (4.19)

as the heat equation is similar to the diffusion equation that we ultimately want to solve and is good
test for functionality. Note that there is only one injection of heat at ¢ = 0.

The spatial boundary conditions at r = 0, 100 are simply set to zero, at all times. These boundary
conditions hence act as heat sinks and with time the heat should diffuse out making the triangular initial
temperature go to zero. Applying the code to this triangular initial temperature works as it should be
which can be seen in figure 4.1. It is seen that the initial temperature decreases to zero with time.
Therefore we can be assured that the diffusive part of our code is working correctly.

As we are solving for a galaxy, it is more natural to use cylindrical coordinates rather than cartesian.
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Figure 4.1: The diffusion of a triangular initial temperature with heat sinks as the boundary conditions. With time
the heat diffuses into the heat sinks. The y-axis shows temperature while the x-axis is space.

In cylindrical coordinates, our diffusion term from equation 4.7 becomes:

V.(DVN(E))|, = 1ﬁ(rDM), (4.20a)
ror or
V.(DVN(E))|, = Qﬁ(rM), (4.20b)
r or or
2
V.(DVN(E))|, = Q[GN(E) + ra N(E)] (4.20¢)
ro or or?

4.2.3 Adding the Source Function

The radial distribution of the star formation rates for M51 of Kennicut et al. (2007) [108] and Schuster
etal. (2007) [110] were used to determine the SN rate. The SFR from Kennicut et al. (2007) [108] were
found using a combination of He and 24um data, which gives reliable extinction corrected ionizing
fluxes and SFR densities. Schuster et al. (2007) [110] used CO (2-1), HI and 20cm radio continuum
data to determine the SFR. The data was extracted using DEXTER on the A&A website. However, the
data from both Kennicut and Schuster only go out to 8 kpc and using the above method for extrapolation
had poor results. Fortunately, SFR for regions with faint HI and infrared emission were determined by
Thornley et al (2006) [96] up to 13 kpc from the center of the galaxy. Here we use the Ha corrected
data and the results of the extended disk seen in figure 4.2. which seem to agree well with the Kennicut
values. Therefore the values from Kennicut and Thornley are used for our source function. A power
law of an index of -0.45 was fitted to the Thornley SFR values with a distance (see figure 4.2) from 7-10
kpc ignoring values greater than 10 kpc as the scatter gets quite large. A 3rd order univariate spline was
used to interpolate SFR values in order to get an equal spaced grid of data points. This also important in
order to smooth the SFR values. The reason being in that any sharp edges in the source function would
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4 Modeling of the Cosmic Ray Diffusion in M51

produce discontinuities and therefore no differentials would be found. Values were extrapolated for the
central region of the galaxy using the same method which gave good results.

To determine the supernovae (SN) rate, we use the IMF power law using the Salpeter slope (Salpeter,
(1955)) [139] of -7/3:

NM) « M3 (4.21)

where M is the stellar mass. If we assume that stars with > 8 My become SNs then the fraction of mass
that goes into SN is:

2 MxmPam
2 MxM-73dM

fu =
(4.22)

fur =72%

This fraction is applied to SFR rate profiles above to find the radial distribution of SNe output mass.
If these distributions are summed up one would get 0.35 solar masses per year are converted to SN using
Kennicut’s SFR. Taking the mean mass of a SN to be 12 M , M51 should produce on average 1 SN per
34.5 years. For the Schuster data we get 0.44 solar masses per year are converted to SN which would
produce 1 SN per 27 years. Our own Milky Way produces 1 SN per 50 years but one would expect M51
to have a greater SN rate due to the interaction with its companion. Furthermore it must be noted that
3 SN have been detected in M51 in the last 20 years (19941, 2005cs, 2011dh). Therefore, these values
found are quite realistic.
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Figure 4.2: The star formation rates taken from Kennicut et al. (2007) [108], Schuster et al. (2007) [110] and
Thornley et al (2006) [96].

The full source term is:

Q(E,R) = Q(R)xE™" (4.23)
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here the Q(R) is the radial profile of the SN rate which we have just found and p is the initial slope of
the CRE energy spectrum which is taken as approximately 0.5 for our simulations.

We can now add the diffusion and source terms together and what we should see is initially a large
increase in N(E) at a single energy with the injection of CREs. While this is happening diffusion will
smooth the interarm and extended disk features. After a certain amount of time has elapsed, N(E) starts
to stabilize as the diffusion and injection terms are canceling each other. This is what the code produces
in figure 4.3.

N(E)

Radius

Figure 4.3: The evolution of N(E) against radius with time (2000 time iterations). Only the diffusion and source
term are included in the code.

We can see the evolution of different regions of the galaxy increase with time in figure 4.4. The
extended disk takes the longest to stabilize as the CREs takes a longer time to travel from the main star
forming region (<8kpc).

4.2.4 Solving the energy derivative

When solving the energy part of the equation, %[b(E)N], where b(E) compromises of the energy loss
processes, we will only take in account synchrotron and inverse Compton losses. Therefore:

b(E) = _(_%) = _(%)sync - (%)IC
B(E) = 307¢Y*Upag + 307¢Y*Uraa (4.24)

b(E) = %O-Tcyz(Umag + Upaa)

where o7 is the Thompson cross section, y is the Lorentz factor, U, is the energy density of the
magnetic field which is B2/87 and U, is the the energy density of the radiation field.
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Figure 4.4: The evolution of normalized N(E) at different regions of the galaxy with the diffusion coefficient of
D =2.8x10?® cm? s! at a set energy. Energy losses are not included in the simulation.

To solve this energy term we employ a first order upwind scheme, given as:

n+1 n ui—u;

u u” Jj_j-l n
j i_ o &~ V>0
T = _Uj u't l_urg (425)
Jt n
e Vi < 0

A very useful test is to compare this differential energy solution to an exact analytical solutions of the
diffusion loss equation, ignoring the diffusion term. From Longair we can use the following analytical
solution when an injection of electrons with a power law energy spectrum at t=0 only (i.e no continuous
injection of electrons). Therefore we have N(E) = «kE~P4(1):

N(E) = kE™P(1 — aEf)P~? (4.26)

Not only does this help us compare and check if the code is working, it also helps us to understand
the nature of the parameters and how they can change the overall evolution of the CRE energy. For the
exact analytical solution, a is set in order that aEt < 0 and p is tested for p < 2;p = 2;p > 2. For
p = 2, the solution stays constant. But if p > 2, we see the energy solution decreases quite rapidly after
a certain period of time. In the case of p < 2, the opposite takes place, in that the energy distribution
increases rapidly at higher energies. These analytical solutions can be seen in figure 4.5.

When we solve the differential in our code using the first order upwind scheme we can see the same
behavior as the analytical solution except for p = 2. While the evolution stays constant for a period of
time, a slight instability occurs and pushes the slope p > 2 and therefore the energy decreases. These
results are presented in figs 4.6, 4.7 and 4.8.

Looking at these results, we can be confident that the energy loss part of equation 4.8 works properly.
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Figure 4.5: The analytical time evolution of a power-law energy distribution injected at ¢ = 0 only for p > 2 (left)
and p < 2 (right)

Normalized N(E)

Figure 4.6: The evolution of energy with a single injection of CREs with a injection spectrum of p > 2. The red
lines are in steps of 1000 iterations.

4.2.5 Selecting the boundary conditions

First attempts at creating a stable boundary condition were performed by letting:

O_N = constant “4.27)
or
and
ON
E = constant (4.28)

This was done by creating a dummy point beyond the range of values for energy and radius by assuming
a continuous slope. Using these dummy points we can solve the derivative by simply using the finite
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Normalized N(E)

107
Energy

Figure 4.7: The evolution of energy with a single injection of CREs with a injection spectrum of p=2. The red
lines are in steps of 1000 iterations.

Normalized N(E)

Figure 4.8: The evolution of energy with a single injection of CREs with a injection spectrum of p < 2. The red
lines are in steps of 1000 iterations.

differences method for the diffusion and the upwind scheme for the energy losses.

It was seen that while this would produce stable solutions for the energy derivative, the spatial deriva-
tive, however, became very unstable after several hundred iterations. This can be seen in the top plot of
figure 4.9. Therefore at R = 0,10 kpc the boundary condition:

ON

- =0 (4.29)

was used. This was seen to be stable which is illustrated in the bottom plot of figure 4.9.
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Figure 4.9: Showing the effects of different boundary conditions has on the radial distribution of CRe. The top
plot shows the inadequacy of using a continuous derivative as a boundary condition. The bottom plot shows how
letting the derivative equal to zero creates a stable solution.

4.2.6 Scaling the equation

As we are not interested in finding the total intensity of the synchrotron emission but rather the spectral
index and scale lengths we are able to make everything dimensionless and not worry about units to a
certain extent.

We introduce scalings of the form:
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r=Rr
t=tot (4.30)
E = EyF’

R is taken as 10 kpc, 1o is taken as 1 x 10° years and E is taken as 5 x 10'° eV. All values used needed
to be converted to cgs before making them dimensionless. The magnetic field is also scaled similarly.
The equation 4.8 when scaled becomes

ON 1©oD1 o 0By o,
i Gl —) ﬁE—OaE,[E 2B'N] + 1000 Q" E™) (4.31)
where
4 1
B=30re— (4.32)

where o7 is the Thompson cross section, c is the speed of light and m, is the electron mass.
From the equation 4.31 we define the following coefficients:

toD

e = = (4.33)
Bro

O =— 4.34
- @434)

K =10 (4.35)

These coefficients will enable us to control the diffusion, energy losses and injection respectively.

ON 16

a "% V3E
Equation 4.36 is the final form the equation that is used in our simulations.

E'’B'?1+ KQ(F)E'™P (4.36)

4.3 Investigation of cosmic ray diffusion without losses

In this section, a simulation will be run with the diffusion and source terms of equation 4.8 only. There-
fore, energy losses are neglected. The source term is continuously injected at every iteration.

From this, the nature and effect of CR diffusion to the quantity of CREs with respect to the radius
of M51 can be studied and compared to observations. Here we add two additional frequencies of M51
kindly supplied by Andrew Fletcher, the first being a GMRT 333 MHz map and the second being a 4.8
GHz map from the VLA (Fletcher et al, 2011) [93].

The radial profiles of all these frequencies can be seen in figure 4.10. The two extra frequencies
were not included in the analysis of the previous chapter due to unreliability of the fluxes in the outer
disk. The 4.8 GHz is not sensitive enough and combination with Effelsberg single dish data in order
to fill in the missing spacings can lead to further inaccuracies, whilst the GMRT map contains some
artifacts in the outer disk due to the calibration. Fortunately, the fluxes for the star forming disk for
all frequencies are quite reliably and therefore we can use them to study the scale length of the inner
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disk. An exponential profile of the form Ipexp(—r/l), where [ is the scale length which was fitted to the
inner 10 kpc of the disk but excluding the inner 1 kpc, due to the AGN in the central region. We see in
table 4.1 the respective scale lengths for each frequency.

Frequency Scale length (R <10 kpc) Diffusion length Diffusion time

MHz kpc kpc x107 yrs

4800 2.98+0.2 2.1 8.9
1400 3.4+0.2 2.36 11.3
333 4.45+0.2 2.9 17.6
150 5.32+0.2 3.34 22.7

Table 4.1: Scale lengths of the radio continuum at four different frequencies with corresponding diffusion length

and time found from simulations using D = 2.8 x 10?8 cm™2 57!

107 o—e | OFAR - 151MHz||
o e VLA-1.4GHz
o—e GMRT - 333MHz
o o VLA -4.86GHz

10 12 14 16

8
r (kpc)

Figure 4.10: The radial profile of the radio continuum for M51 at several frequencies. The inner 10 kpc has been
fitted with an exponential profile to determine the continuum scale length.

Comparing the scale lengths found here (see table 4.1) to the scale lengths found by (Dumas et al.
2011) [104] where the 4.8 GHz scale length (5.6+0.4) is larger than the 1.4 GHz scale length (4.5+0.5),
it is obvious that there is a significant difference. It must be said that Dumas et al. (2011) had to combine
all VLA configuration in addition to Effelsberg and this combination could have introduced significant
errors in both frequencies.

The scale lengths found for each frequency are plotted in figure 4.11. It is found that a power law of
the form [ = 1.2 x 10°y~%-16+002 with v being the observed frequency, fits the data quite well.

From Tabatabaei et al. 2013 [46], the diffusion length is:

Iy o< D+t 4.37)

where:
by o B2 (4.38)
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D o« y!/4p1/4 (4.39)
combining both terms and solving the square root we get:

Iy o y /8 pg-T7/8 (4.40)

This frequency dependence matches well to observed values, showing that diffusion is dominant along
the inner disk.

We see the arm and interam regions are much more apparent at the higher frequencies but become
smeared out with decreasing frequency.

We also observe the trend that the scale lengths increases with decreasing frequency which is what
one would expect as the CREs at low frequencies lose their energies more slowly and therefore can
travel much further, thus increasing the scale length.

Our model should be able to replicate this feature.

5000 |

4000

Scale length (pc)

3000} <

150 500 1000 2000 3000 4000

Frequency (MHz)

Figure 4.11: Scale lengths of M51 continuum emission from the inner disk against frequency. A power law is
fitted shown in the figure by the solid red line.

The diffusion length is given by:

laifr/pe = \/D/pczyr‘l(tﬂ)/ 107yr (4.41)

D is the diffusion coefficient and depends on the energy of the CRE as D « E? where p = 0.5
(Strong,Moskalenko & Ptuskin, 2007)[134]. Here D is set to 2.8 X 10%8¢cm?2sec™! (Strong & Moskalenko.
1998) [137] and ¢ is the time elapsed. We can see that the evolution of the radial profile of N(E) in
figure 4.12, with the respective diffusion length. We see that the interarm region is no longer visible
with a diffusion length of approximately 1 kpc. This is the normal distance that a CRE needs to travel
from a SNR to the interarm region. This corresponds to 2x107 years.

The simulation was run for 2.5x 108 years and an exponential scale length was fitted to the N(E) radial
profile for many times in the evolution. The results of this can be seen in figure 4.13. We see that the
scale length of N(E) increase linearly with time and exponentially with diffusion length. From these we
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Figure 4.12: The radial profile of the distribution of CREs of a set energy at different diffusion lengths.

can estimate the diffusion length and time for our observations which are also shown in table 4.1. The
diffusion length for 1.4 GHz is found to be 2.36 kpc which is not far off for what is typical for galaxy
disks (1-2 kpc) (Murphy et al. 2006) [45].

4.4 Investigation of cosmic ray diffusion with losses

The energy loss term is now switched on with synchrotron losses only and determine the spectral index
between the energy of the electrons at 151 MHz and 1.4 GHz. The energy corresponds to the observed

frequency by the following equation:
VMHz
EcRe = | —— 442
ke~ \ 16MHZB, 442

where vyy; is the resulting frequency in MHz and B is the perpendicular magnetic field in uG.

We first test using different diffusion coefficients when running our simulation and we observe that
a diffusion coefficient of 1 x10?® cm? s~! doesn’t work as we get a very different shape for the radial
spectral index which can be seen in figure 4.14. This is due to the fact that the CREs cannot diffuse
far enough before losing their energy. We have also used a diffusion coefficient of greater than 1 x10%°
cm? s~!, but the radial profile would become too smooth. Therefore we found 7.5 x10?® cm? s~! to be
a good value for the diffusion coefficient as we were able to reproduce the shape of the observed radial
spectral index profile.

The spectral index terms were averaged in regions of approximately 700 pc in order to match the
resolution of the spectrum found from observation. In these simulations we use a diffusion coefficient
of D=7.5x10% cm?s7!.

We have used the radial magnetic field strength profile found from the LOFAR 151 MHz and VLA
1.4 GHz observations shown in the previous chapter.

What we see is that in figure 4.15 the model spectrum without an escape term is in the range of -0.8

to -1.2. The arm and interarm region of the spectral index can be seen although not as apparent as the
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Figure 4.13: Scale length of N(E) at a set energy obtained from simulations against time and diffusion length.

observed spectrum. This is a very good start for this model. We are not getting extreme values for the
spectrum such as @ = -2 or -3 but very reasonable values. We can also see from figure 4.16 that without
an escape term, the simulation is stabilizing especially in central region of M51. It takes a longer time
than the simulation time of 1.5 gigayears for the extended disk spectral index to stabilize.

Increasing « from equation 4.26 in order to increase the injection rate may flatten the spectrum so
this was tested. However, what was seen is that no matter what value « is, the final radial spectrum
is identical. The only difference is that the stabilization occurs much slower. The reason is that while
we are injecting more fresh electrons, after several million years it will stop making a difference as
the electrons in this simulation cannot leave the galaxy. Therefore an escape term is essential. A very

simple escape term of the form % where 7., Which is taken to be 30 megayears. Thus equation 4.36
becomes: '
ON 1 0 ,0N 0 22 _ NR,E)
— =0——(F"—)+ P—[E'"B'°1+ KQ(r)E' P — ty—— 4.43
ot ror' r 8r’) (9E’[ ] o) 0 Tesc (4.43)

When adding this term we see in figure 4.15 that the overall spectrum has become flatter (i.e. in-
creased ) and in better agreement with observations. The region between 3 and 6 kpc agrees very well
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Figure 4.14: Comparing different diffusion coefficients used in our simulation. An escape term has been included
for these simulations.
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Figure 4.15: The model spectra (with and without an escape term) compared to the observed spectrum between
151 MHz and 1.4 GHz.

with observations. However, the inner region as well as the outer region of the galaxy seen in the sim-
ulation are not in very good agreement with observed spectrum. This would suggest that the escape
and loss terms being used are probably too simplistic. Equipartion underestimates the magnetic field
strength in the outer disk where CREs losses occur and hence the ratio of the proton and electron den-
sity becomes K > 100. Therefore synchrotron losses are also underestimated. Future modelling could
allow to vary K with radius. With the escape time of CREs from the galaxy depends on diffusion we
would need to have the escape term as a function of energy. But this dependence on energy is weak
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E~03 (Tabatabaei et al. 2013) [46]. So it is unclear how much more a complicated escape term would
change the spectrum. It should be noted that from figure 4.16 that stabilization occurs much faster with
an escape term present. The central region stabilizes only after 40 megayears and the spiral arm region
takes longer to stabilize than the inter arm region. It is after 1 gigayear that the spectral index at the
extended disk is stabilizing.

In addition, the observed spectral index contains thermal emission which would flatten (i.e increase)
the spectrum, especially in the central region of the galaxy which was found to have a average thermal
fraction of 20% in the previous chapter (when we assume the expected nonthermal spectrum is —0.8).
If we take the observed spectral index in the central region of —0.55 and the expected non-thermal
spectrum found from our simulations we get a smaller thermal fraction of 15%.

Taking this into account could easily make the model and observed spectrum in the central region
more comparable.
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Figure 4.16: Evolution of the spectral index with time for different locations on the disk showed in the legend.
Top: Evolution without an escape term, bottom: Evolution with an escape term.

Inverse Compton losses from the CMB can be added easily to code by altering the radial magnetic
field profile using the following formula:
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Bepr = \ By + Béys
Beff = 5 [ng + (3.25[1G)2

where Bcyp is the magnetic field strength equivalent to inverse Compton losses by the Cosmic Mi-
crowave Background (CMB). With this feature added we can see in figure 4.17 that the spectral index at
all radii have decreased slightly. Interestingly, we see in the region beyond 6 kpc that the spectral index
is decreasing more rapidly with the CMB term added. This illustrates that Inverse Compton losses from
the CMB will become more important as the electrons move further from the star forming region where
the synchrotron losses dominate.
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Figure 4.17: A plot showing the output of the model with and without a CMB inverse Compton term compared to
the observed radial spectral index.

Inverse Compton losses resulting from the radiation field of the galaxy would be difficult to model
exactly. A radial profile of the radiation field would be needed. Therefore it is easier to put an additional
adjustable constant to the energy-loss term. This constant would be between 1 and 2. Setting it to one
would mean no inverse Compton losses from the radiation field and setting it to two would mean that
the inverse Compton losses from the radiation field would be equal to synchrotron losses. This needs to
be tested.

4.5 Conclusions and outlook

This chapter has shown the development and testing of a simulation code that has the ability to predict
the one dimensional radial distribution of the cosmic ray electron population at different energies and
therefore the spectral index of that galaxy. In addition the scale lengths of the CRE population can be
measured. We have also observed that already rough estimates of the diffusion coefficent for M51 can
be obtained where we found a 7.5 x 10?8cm?sec™! to be a good value. We have seen that the diffusion
and energy-loss terms are working correctly when compared to analytical solutions.

105



4 Modeling of the Cosmic Ray Diffusion in M51

In this case we have used M51 as our example galaxy but all galaxies could be simulated with this
code as what is needed is the radial profile of the star formation and the magnetic field strength. This
code could also be used for edge-on galaxies. An extra term representing convection could be imple-
mented in the near future. This could be represented as an outflow with a bulk speed vy,s, Which is
possibly important for galaxies with high star formation. Several things need to addressed, however,
including the simplistic form of the diffusion coefficient as well as the escape term. In addition, thermal
effects need to be included or the subtraction of thermal emission from the VLA 1.4 GHz and LOFAR
151 MHz using the method from Tabatabaei et al. (2007) [140] in order to create an nonthermal spectral
index map. This would give us a much better comparison. But it is important to note that with this dif-
fusion model we obtain a nonthermal spectral index between -0.75 and -0.8 throughout most the galaxy
which is very comparable to the integrated spectral index of M51 which is @ = —0.81 = 0.02.

While these additions need to be addressed the power of these models will enable us to compare the
value of diffusion coefficient for different galaxies and to see the importance of inverse Compton losses
in not only the star forming region of galaxies but also in the extended disks and haloes.
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CHAPTER B

Observations of NGC891 with LOFAR HBA

5.1 Introduction

Magnetic fields and cosmic rays are dynamically relevant in the disks of spiral galaxies because their
energy density is similar to that of the turbulent motion of the cold gas (e.g. Beck 2007 [48]). Part of the
energy input from supernova remnants goes into the acceleration of cosmic rays and into the turbulent
amplification of magnetic fields. This scenario also explains the tight correlation between radio and
far-infrared emission that holds for the integrated luminosities as well as for the local intensities within
galaxies (e.g. Tabatabaei et al. (2013) [46]).

The physical relations of the various components of the interstellar medium (ISM) are less well un-
derstood in galaxy halos. Thick disks or halos are observed in the radio and X-ray spectral ranges, in
the HI line of neutral hydrogen and in optical emission lines of ionized gas. If the major energy sources
are located in the disk, warm and hot gas, cosmic rays and magnetic fields have to be transported from
the disk into the halo. The required pressure could be thermal or nonthermal (cosmic rays and magnetic
fields). Possible transport mechanisms are a ”galactic wind” (e.g. Breitschwerdt et al. 1991 [141]), a
“galactic fountain” (Shapiro & Field 1976 [142]) or "chimneys” (Norman & Ikeuchi 1989 [143]). Cos-
mic rays can propagate relative to the gas with the Alfvén speed via the streaming instability (Kulsrud &
Pearce 1969) [144] or can diffuse along or across the magnetic field lines (e.g. Buffie et al. 2013 [145]).
Especially unclear is the transport of magnetic fields. A turbulent field may be transported together with
gas outflow, while an ordered field can support or suppress the outflow, depending on the field structure.

Edge-on galaxies are ideal laboratories to study the disk—halo connection and to investigate the driv-
ing forces of the outflow. The discovery of a huge radio halo around NGC4631 by Ekers & Sancisi
(1977) [146] indicated that nonthermal processes play an important role. The theory of cosmic-ray
propagation into the halos was developed in great detail (Lerche & Schlickeiser 1981 [147], 1982 [148],
Pohl & Schlickeiser 1990 [116]), but comparisons with observations were inconclusive due to the lim-
ited quality of the radio data at that time. The Low Frequency Array (LOFAR) now opens a new era of
such studies.

NGC891 is a galaxy similar to our own Milky Way in terms of optical luminosity (de Vaucouleurs
et al. 1991 [149]), Hubble type Sb (van der Kruit & Searle , 1981 [150]) and rotational velocity of
225kms~! (Rupen 1991)[151], but has considerably more star formation due to the presence of ap-
proximately twice the amount of CO gas of the Milky Way, with the radial distribution of CO been
remarkably similar in both galaxies (Scoville et al. 1993) [152]. Due to its proximity of 9.5 Mpc (van
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der Kruit & Searle 1981)[150] and being a nearly edge-on galaxy with an inclination of 89.8° (Oost-
erloo et al. 2007) [153], NGC891 is an observational testing grounds for the study of disk and halo
interactions and the galactic halo itself.

Rand et al. (1990) [154] and Dettmar (1990) [155] independently detected diffuse Ha emission 4
kpc away from the disk with an exponential scale height of about 1 kpc. Rand et al. (1990) [154]
also detected many vertical Ha filaments or "worms” extending up to 2 kpc off the plane of the galaxy.
They interpreted these “worms” as providing evidence for a galactic “chimney” mode [143, Norman &
Ikeuchi 1989]. Howk & Savage (1997) [156] detected spectacular dust lanes emerging vertically into the
halo of NGC891 which could not always be associated with energetic processes connected to massive
star formation in the disk. Sofue (1987) interpreted such dust lanes as traces of vertical magnetic fields.
Rossa et al. (2004) [157] speculated that the very narrow Ha filaments could be magnetically confined.
The galactic fountain model is also invoked to explain the huge halo of neutral HI gas of NGC891
(Oosterloo et al. 2007) [153]. The extent is up to 22 kpc in the northwest quadrant. The exponential
scale height increases from 1.25 kpc in the central regions to about 2.5 kpc in the outer parts. The bulk
of the cold CO-emitting gas and the cold dust, on the other hand, are much more concentrated to the
plane (Scoville et al. 1993 [152], Alton et al. 1998 [158]), but some CO emission could be traced up to
1.4 kpc height (Garcia-Burillo et al. 1992 [159]).

X-ray observations performed by Bregman & Pildis (1994) [160] were able to detect a considerable
amount of diffuse X-ray emission from the halo of NGC891. The vertical profile is Gaussian with a
vertical scale height of 3.5 kpc, corresponding to a full width at half maximum of 5.8 kpc (Bregman &
Houck, 1997 [161]). Temple et al. (2005) [162] observed X-ray emission protruding from the disk in
the northwest direction up to approximately 6 kpc which showed a sharp cut-off, suggesting that this is
the maximum extent that the gas has reached. Temple et al. (2005) also concluded from a comparison to
other galaxies that NGC891 has more star formation than a normal spiral, but does not have properties
as extreme as the starburst galaxy NGC253.

NGC891 has also been observed extensively in continuum throughout the past few decades. The first
extensive investigation in radio continuum at 610, 1412 and 4995 MHz with the Westerbork Synthesis
Radio Telescope (WSRT) by Allen et al. (1978) [163]. The profile of the radio disk at 1412 MHz was
described by an equivalent thickness of 1.2 kpc. A strong steepening of the radio spectrum between 610
and 4995 MHz beyond about 0.7" (2 kpc) distance from the plane was found, and an even more dramatic
steepening between 1412 and 4995 MHz, inconsistent with simple models of CREs propagation (Strong
1978) [164]. Beck et al. (1979) [165] and Klein et al. (1984) [166] observed NGC891 at 8.7 GHz and
10.7 GHz with the Effelsberg single-dish telescope, but when comparing their data to 610 MHz found
an almost constant spectral index until about 4 kpc and only a mild steepening beyond that distance,
consistent with CRE propagation models. The reason of the discrepancy between those early data is the
lack of large-scale structures (“missing spacings””) when observing with a synthesis telescope like the
WSRT. Hummel et al. (1991a) [167] observed NGC891 at 327 and 610 MHz with the WSRT and at
1490 MHz with the VLA, all of these did not suffer from the “missing spacings” problem. The resolution
of 40” showed that the inner and outer radio disks have a significantly different spectrum, partly due
to the larger thermal fraction in the inner disk. The spectral steepening towards the halo is mild, and
in the southwestern halo even a flattening may occur. The radio disk at 1490 MHz was described by
an exponential scale height of 1.2 kpc. Dumke (1997) combined VLA and Effelsberg data at 4.8 GHz
and found that the radio halo is more extended on the eastern side compared to the western one. The
averaged vertical profile was described by two exponential scale heights of 270 pc and 1.8 kpc for the
thin and thick disks, (Krause, 2011) respectively [33].

The structure of the magnetic field in the halo of NGC891 was investigated with help of linearly
polarized radio synchrotron emission. From the VLA data at 1490 MHz, Hummel et al. (1991b) de-
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tected polarized emission, but no overall orientation of the ordered magnetic field could be determined
because Faraday rotation is strong at this frequency. The increase of the degree of polarization with
distance above the plane indicates a general decrease of Faraday depolarization that could be modeled
by exponential scale heights of the thermal gas and the turbulent magnetic field of 0.9 and 3.6 kpc, re-
spectively. Sukumar & Allen (1991) [168] found polarized emission with the VLA at 4.86 GHz, where
Faraday rotation and Faraday depolarization are smaller and an orientation of the disk field parallel to
the plane could be measured, while the halo field has significant vertical components. Dumke et al.
(1995) [169] observed a sample of edge-on galaxies, including NGC891, with the Effelsberg telescope
at 10.55 GHz and detected polarized emission from the plane with an orientation predominately parallel
to the plane. Such a field structure is to be expected from magnetic field amplification by the action of
a mean-field aw - dynamo (Beck et al. 1996) [37]. From Effelsberg observations at 8.35 GHz, Krause
(2009) [38] showed that the large-scale magnetic field appears “X-shaped” away from the plane. From
data of Faraday rotation measures, Krause (2009) [38] also found indication for a large-scale toroidal
field within the disk.

However, studying the non-thermal emission emanating from cosmic-ray electrons (CREs) gyrating
around magnetic field lines within a galaxy is hampered at higher frequencies due to the contribution of
thermal free-free emission that is predominately seen at recent sites of star formation. Also, the effect
of galactic winds on the spectral index gradients can be only observed at frequencies less than 1 GHz.
At high frequencies the dynamic halo model predicts a smooth break in the spectrum of the integrated
radio emission which is defined by the equality between losses due to bremsstrahlung and adiabatic
expansion and those by synchrotron emission and the inverse Compton effect (Pohl et al. 1991)[131].
Pohl et al. (1991) showed that the spectral break in NGC891 occurs at about 400 MHz; a static halo
model (no outflow) was ruled out.

Israel & Mahoney (1991) [26] observed that the total fluxes of 68 galaxies at 57.5 MHz are systemat-
ically lower when one extrapolates from 1.4 GHz flux measurements, assuming a power-law spectrum
with a constant slope. Israel & Mahoney (1991) [26] also reported that the fluxes of galaxies at 57.5
MHz would decrease with increasing inclination which they interpreted as increasing free-free absorp-
tion caused by a clumpy medium with an electron temperature of 7 = 1000 K and a clump density of
the order of 1 cm™3. However, no direct observational evidence of such medium exists, even in our own
Galaxy. Hummel (1990) [28] performed a reanalysis of the data and did not confirm the correlation with
the inclination of the galaxies.

Therefore, more reliable observations of galaxies need to be performed to clear up some of these
issues.

LOFAR (van Harleem et al. 2013) [68] offers the opportunity to produce reliable measurements at
lower frequencies and already imaging results are being produced (Mulcahy et al. 2011) [170], (van
Weeren et al. 2012) [171], (de Gasperin et al. 2012) [172]).

Table 5.1: Physical parameters of NGC891

Morphology Sb/SBb

Position of the nucleus @(2000) = 02"22m33s 4
6(2000) = +42°20'57”

Position angle of major axis 23°

Inclination 89.8° (0° is face on)

Distance 9.5 Mpc

In this chapter, we will present the first images of the edge-on spiral galaxy, namely NGC891. In
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section 5.2 we will detail how the observation and data reduction were performed. Section 5.4 will
show the total power image of NGC891 and present the integrated flux of the galaxy. In section 5.5 the
spectral index and magnetic field map will be presented. We will then show results from the analysis of
the scale height in section 5.6. Finally discuss our findings in section 5.8.

5.2 Observation description and data reduction

NGC891 was observed with LOFAR for polarization commissioning purposes. The observation took
place on November 1st-2nd 2012 for a duration of approximately 10 hours during the night with a
configuration of 55 high band antenna (HBA) stations. This configuration consisted of 23 core HBA
stations (CS) and 9 HBA remote stations (RS). The core stations comprise of two ears of 24 tiles making
effectively 55 stations. LOFAR has the novel ability to be able to observe the target and calibrator
simultaneously with its dual beam mode, however as the nearest flux calibrator 3C48 (a = 01"37"415.3,
6 = +33°09’35”) is more than 10 degrees from the target and therefore not within the HBA tile beam,
NGCB891 and 3C48 had to be observed consecutively, with 11 minute scans for the target and 1 minute
for the calibrator. The total frequency range from 114 MHz to 189.84 MHz was split into 244 subbands
(SBs) each with a bandwidth of 0.195 MHz. Each SB is divided into 64 channels each consisting of ~
3 kHz of bandwidth. The first and final 2 channels in each SB were left out to remove the edges of the
subband bandpass. These 244 SBs were grouped into 8 frequency blocks covering the entire range of
frequencies. This is simply due to data management and calibrating/imaging the entire data set would
be impractical in terms of processing.

Table 5.2: Parameters of the NGC891 LOFAR observation

Start Date (UTC) 1st-November-2012/18:08:08.0
End Date (UTC) 2nd-November-2012/04:06:52.9
Frequency Range 114-189.84 MHz

Total Bandwidth on Target 43.92 MHz

Firstly, it was seen that the shortest baselines between the ears of the core stations had a high pro-
portion of RFI due to cross-talk. All these baselines were flagged. No interference from any of the
A-Team was seen. As a test, demixing (Van der Tol et al. 2007) [74] was performed on 1 subband but
no improvement was seen in the phases and therefore not implemented. For RFI detection and removal,
the AOFlagger (Offringa et al. 2010) [73] was then used on the raw data. The data was then averaged
by factors of 10 in time and 10 in frequency resulting in 6 channels per subband.

5.2.1 Initial Calibration

The calibrator scans for each subband of 3C48 were calibrated using a skymodel from Scaife & Heald
(2012) using the Black Board Selfcal (BBS) software (Pandey et al. 2009) [75].
From Scaife & Heald (2012) [66], this skymodel which has a spectral model of the form:

logS =logAg + Ay logv + Aslog?v + ... 5.1

was used. The model was applied in linear frequency space, ie

N .
S[Jy] — AO l_l 10Ai log‘[v/ISOMHz] (52)
i=1
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in order to retain Gaussian noise characteristics. Both determination of the optimal order (N) of poly-
nomial model and maximum likelihood parameter estimation were performed using a Markov Chain
Monte Carlo (MCMC) implementation.

The BBS software was used in all calibration steps. Only the parallel correlations of the gain Jones
matrix were solved for, with the station beam switched on. All calibrator scans were calibrated in this
fashion.

The gain amplitudes from each calibrator scan were read from the instrument table. Any outlier gain
amplitude solutions caused by RFI were flagged using a MAD (Median Absolute Deviation) threshold
of 2.5 and a median gain amplitude value was assigned. The gains for the target snapshots were found
using simple interpolation in time. These interpolated gain amplitudes for each target snapshot and each
subband were then written to an instrument table and applied using BBS.
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Figure 5.1: The median gain amplitudes for each snapshot of the calibrator throughout the full 12 hour observation
for one station (CS24HBAO), the first 2 hours were not used.

After this amplitude calibration, subbands were combined in frequency for every snapshot for a
greater signal to noise ratio to enable superior phase calibration. These blocks of 20-30 subbands were
then phase calibrated using a global sky model. This global skymodel consists of positions of sources
from the NVSSS catalogue (Condon et al. 1998) [7] with fluxes obtained from a power spectral fitting
with data from the NVSS (1.4 GHz), WENSS (325 MHz) (Rengelink et al 1997) [76] and VLSS (74
MHz) (Cohen et al. 2007) [4] surveys. NGC891 itself is described as a simple Gaussian source. How-
ever, it was found that a spurious source was contained in the skymodel at the location of NGC891 due
to inconsistencies between the 3 different catalogs. More on this will be discussed in section 5.3. This
source was taken out of the skymodel before the phase calibration.

Directional dependent calibration or ’peeling’ while been very beneficial in decreasing the overall
noise especially with regards to the NGC891 field with the close proximity of 3C65 and 3C66 A/B.
These sources create large sidelobes in the image but fortunately don’t distort our target source. We
decided not to apply peeling to our data due to the loss of flux of 5-10% to the target source that would
incur. This is due to the fact that to get a complete model of the target source is extremely difficult and
due to the sheer number of parameters, flux loss is inevitable at high resolution.

Due to this, only a simple phase selfcal was performed using a skymodel containing clean components
obtained from AWimager which applies the primary beam, for sources away from the phase center. For
NGCB891 which is at the phase center and not affected greatly by the primary beam, clean components
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from a CASA image were used. The reason for this is that AWimager in its current form doesn’t have
multiscale cleaning (Cornwell, 2008) [77] available. The two skymodels were combined to create a
skymodel for self calibration again using BBS. All blocks showed an approximate 10% decrease in
noise and the peak flux of point sources increased.

While it would be ideal to image the entire data set to get a final image, however due to its sheer
data size, this is impracticable. Therefore, each frequency block was imaged separately with uniform
weighting with similar uv coverage using multiscale clean with 20000 clean iterations at a resolution
of 15” with a cell size of 5. The highest frequency block suffered from RFI due to Digital Audio
Broadcast (T-DAB) (Offringa et al. 2013) [71] and therefore the image quality was quite poor and
discarded. Each of the remaining blocks were checked so that the astrometry was correct. The remaining
images were averaged in the image plane using an inverse variance weighting scheme. We checked the
final map again to make sure that the astrometry was correct and in addition a 2-D Gaussian was fitted
on several point sources to check if any of the sources were smeared. All points sources were nearly
exactly the size of the convolved beam.

5.3 False detection of a Radio Supernova

When first calibrating this data an interesting source which had not being seen before in NGC891 could
be seen in the north region of the galaxy. This mysterious source was located in an interesting part of
the disk (see figure 5.2) where there is increased star formation. A previous LOFAR observation of this
field was taken in 2011, with the phase center located at PSR J0218+4232 (located less than a degree
away from NGC0891) and the source was not detected. This object (@ = 027227335 § = +42°21’53")
could be seen in all HBA frequencies and is present during the entire 2012 observation which had a
duration of 12 hours.

This transient like object is seen north of the central region of the galaxy and no counterpart could be
seen when comparing to older observations of this galaxy at higher frequencies.

It was seen with preliminary investigations of this LOFAR observation that this source had a flux of
approximately 0.088 + 0.004 Jy/beam at 173MHz with an inverted spectrum of slope 0.98 , i.e. the flux
decreases with decreasing frequency. Also different time sections of the observation were analyzed and
the transient object was present in all these time sections, ruling out that it is a very short lived transient.

NGC891 was again observed with LOFAR HBA on the 31st of March 2013 for a duration of 8 hours
along with 3C66 and again it was detected. The so called transient could be seen in the target beam and
the beam of 3C66. However it was observed with WSRT at 20 cm by Dr. George Heald for 7.5 hours
on the same date and not detected (see figure 5.3). It was also observed at 15 GHz by Dr. Anna Scaife
with the AMI interferometer but it also wasn’t detected. In addition, recent JVLA data on NGC891
at L-Band from the summer of 2012 (B-array) and March 2013 (D-array) had not detected this object
(P.Schmidt, priv communication).

These negative results at higher frequencies indicated that this is not a Radio Supernova as one would
expect to have a detection at the higher frequencies before LOFAR frequencies. It could be a result of
the afterglow from a Gamma Ray Burst (GRB).

However, when the previous 2011 LOFAR observation was reanalyzed with the same skymodel for
calibration, the transient source appeared. This led us to believe that the source was instrumental in
nature.

The LOFAR skymodel had erroneously contained a point source located at the same location of the
so called transient source. It was seen that while the NVSS and WENSS catalogues showed NGC891 as
a Gaussian source, the VLSS catalogue had a point source only. This is due to the fact that only the A-B
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Figure 5.2: A preliminary image of NGC891 at 146 MHz with LOFAR with potential supernovae circled in black.
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Figure 5.3: A WSRT 1.4 GHz image of NGC891 observed and reduced by Dr. George Heald. No detection could
be seen where the so called transient source was located (shown with the red circle).
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5 Observations of NGC891 with LOFAR HBA

configurations were used in the survey and therefore not sensitive to extended emission of NGC891.
Therefore it only detected the central region of NGC891. Furthermore as the VLSS survey is at 74
MHz, ionospheric phase fluctuations can cause to move sources from their true position, in our case to
the location of the transient source. Figure 5.4 shows the region of NGC891 in the VLSS survey with
the cross at the location of the so called transient source. As one can see, it corresponds to a slightly
extended object.

The software that creates a skymodel from the above three catalogues identified the source from the
VLSS catalogue as a different point source rather than the central region of NGC891.

Overall, the inconsistencies of the three catalogues contributed to a creation of a fake source through
the LOFAR skymodel builder software and sadly the so called transient source was spurious.

This incident showed the need for correct starting models and using a model from different catalogues
which came from different instruments can be extremely hazardous. Also the importance of at least one
cycle of self calibration becomes apparent. If self calibration was performed, this spurious source would
have decreased further in flux and its falseness would have been discovered sooner. It also shows that
all starting skymodels used for self calibration should always be checked without exception.

On a positive side, it showed the great response of the scientific community when a potential exciting
discovery was possible. 15 to 20 other astronomers from several different institutes were involved in
this experience and showed how rapid developments can occur. It was comforting to see how real
collaboration can happen so easily and naturally from the scientific community.

While personally, the experience was demoralizing in several respects, the lessons were learned and
the NGC891 LOFAR data was recalibrated using a skymodel without the spurious source included.

VLSS: No_Name (levs=+/—1,-.5,—-.25,.25,.5,1,1.4,2,2.8,4...Jy/b)

Peak = 2.46 JY/BEAM
—T — ~or e

v 6 e el D@ . -
&g . EI R Y
R ol T

20 30 40’

Declination(J2000.0)

10’

|
02"25™ 24M 23M 22m 21m 20"
Right Ascension(J2000.0)

Figure 5.4: The region where NGC891 is located in the VLSS survey with only the central region visible with
inaccurate position.From the VLSS survey (Cohen et al. 2007)[4]

5.4 NGC891 total power image

The final image of NGC891 at 146 MHz with a bandwidth of 36 MHz is shown in Figure 5.5.
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Figure 5.5: Final map of NGC891 observed at a central frequency 146 MHz with a bandwidth of 36 MHz at a
resolution of 25 arcsecs. Contours start at 30" level and increase by increments of 1.5.

The mean noise around NGC891 was found to be 765 uJy/beam while the noise in a quiet region was
found to be 370 uJy/beam.

The morphology of NGC891 at this low frequency is quite similar to higher frequencies seen in
Hummel et al. (1991) [167]. A peanut shape exists, bulging out in the northern sector of the galaxy. It
is well know that this northern half has a greater star formation rate occurring compared to the southern
half. Additionally it is known from Osterloo et al. (2007) [153] that HI extends up to 20 kpc in a
filamentary structure to the northeast. We see the continuum emission at 146 MHz extending out to
between 7-8 kpc from the disk. We also see an interesting bulge marked N in figure 5.5, which seems
to be emanating from the disk. Interestingly, this observed at higher frequencies for example Hummel
etal. (1991)[173]. It also seen in Hummel et al. (1991) [173] that this region is polarized.

When smoothed to a larger beam in order to detect the most extended emission, we detect that the
halo extends as far out as 1.4 GHz observations but there is no indication that the halo extends further
out than this. We also observe that the radial extent of the the disk is not seen to increase from the 1.4
GHz map. This tells us that the CREs are not able to reach so far from the plane or that we simply not
sensitive enough. One would expect these low energy CREs to reach further out than what is observed
at higher frequencies as they are thought not to be as affected by energy loss processes as higher energy
CREs. Calculating the scaleheights for both frequencies is essential to get a true sense of how far the
halo extends out to.

Additionally we observe that at least three galactic spurs in the east side of the galaxy which are
similar to the ones found in NGC 5775 (Soida et al. 2011) [174]. These galactic spurs are signs of
galactic winds which eject gas from galaxies and enrich the local interstellar medium.

NGC891 was imaged again, but on this occasion the uv coverage of the inner core is not used in the
image so that we can see the the details of the disk better.

What we observe (see figure 5.7) is the disk and increased fluxes in the north, showing clearly the
higher star formation in this region. In the south region of the disk, we have detected SN1986J at the
location of (@ = 0222"30°5 = +42°20'00”) at a flux of 6.6 + 0.3 mJy. No other flux measurements
can be found at this frequency for this supernova, the closest being from Bietenholz et al. (2010)[175]
which was at 320 MHz at a flux of 8.9+1.8 mlJy, measured in August 2007.
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Figure 5.6: LOFAR image smoothed to a resolution of 40 arcsecs overlayed onto a Digital Sloan Survey image.
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Figure 5.7: LOFAR image of NGC891 imaged without the inner uv coverage. RMS noise is 800 wJy. Contours
are 3, 5, 7.5, 10, 15, 17.5 times the rms. SN1986J is marked with an arrow. Resolution is 25"

5.4.1 Integrated radio continuum spectrum

Here like M51 the uncertainties in the beam model of LOFAR make the transferring of gains the greatest
cause of error which we take as 5%. We obtain an integrated flux measurement of NGC891 to be 3.14
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5.4 NGC891 total power image

+ 0.15 Jy. This value agrees very well with the value at 151 MHz by Howarth (1990) [176]. Many of
the flux measurements were taken from Hummel et al. (1991) [167], Gioia et al. (1982) [177], Israel
& Van der Hulst (1983) [178] , Gregory & Condon (1991) [179], Stil et al. (2009) [180], Kazes et al.
(1970), [181], Heeschen & Wade (1964) [182] and Gioia & Gregorini (1980) [107].

Table 5.3: Integrated Fluxes for NGC891 on the RBC scale [65, Roger, Costain & Bridle (1973)]

v (GHz) Flux Density (Jy) Ref

10.07 0.148 + 0.026 Gioia et al. (1982)

8.7 0.177 £ 0.023 Israel & Van der Hulst (1983)
4.85 0.239 + 0.03 Gregory & Condon (1991)

4.8 0.271 Stil et al. (2009)
2.695 0.43 Kazes (1970)

1.4 0.76 £ 0.02 Hummel (1991)

0.75 1.4 Heeschen & Wade (1964)
0.61 1.6 £ 0.02 Hummel (1991)
0.408 1.8 +£0.05 Gioia & Gregorini (1980)
0.327 2.1+0.2 Hummel (1991)
0.151 335+0.6 Howarth (1990)
0.146 3.14 + 0.1525 This work
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Figure 5.8: Integrated spectrum of NGC891 with two separate power laws fitted.

These values were plotted as can be seen in fig 5.8. The value of Israel & Mahoney (1990)[26] 57.5
MHz was deemed very unreliable due to large errors and not used in our analysis. There is obvious
break in the spectrum between 1.4 GHz and 750 MHz. We fit a two power laws, the first to the high
frequency data (above and including 1.4 GHz) which gives a spectral index apighfreq = -0.79+0.04. This
is very similar to the spectral index of M51. In addition, this is consistent with our CREs propagation
code discussed in the previous chapter which gave spectral indices of approximately —0.75. The second
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5 Observations of NGC891 with LOFAR HBA

power law is fitted to the low frequency data (below 1.4 GHz). This gives a spectral index @iowfreq =
-0.51+0.03.

5.5 NGC891 spectral and magnetic field properties

An image of NGC891 from the VLA at 1.4 GHz used by Hummel et al. (1991) [167] was used together
with the LOFAR map to produce a spectral index map. The LOFAR image was made sure to be on the
same grid as well as the same resolution of 25” in order to have the same image characteristics as the
1.4 GHz map. The spectral index map between these two frequencies can be seen in figure 5.9 with an
error map.

At first glance the spectral index map contains much more structure than the total intensity map
suggesting outflows from star formation regions in the disk or variations of the thermal fraction.

Firstly, in the center part of the disk, it is observed that the spectral index is as low as -0.4. In the north
region of the disk, where there is higher star formation, the spectral index is -0.44. This is significantly
lower than the median injection spectrum of -0.5 signifying thermal absorption. It also could signify
thermal emission which would mean thermal fractions greater than 30% at 146 MHz which very high
for this frequency.

Two interesting features can be detected in the west side of NGC891 indicated by letters N & C. At
the location C, shows an extended region emanating from the disk where the spectral index is flatter
where we observe a spectral index of approximately -0.6. This feature corresponds to a jet of diffuse
X-ray emission observed by Bregman & Pildis, (1994) [160]. Bregman & Pildis, (1994) [160] say this
could be evidence of a broken superbubble or a starburst event near the center.

Spectral Index

Spectral Index Error

T

Dec. (2000.0)

Spectral Index

Dec. (2000.0)
Spectral Index Error

12° 20'00" 12°20'00"

2koom 3¢

2429730
R.A. (2000.0) R.A. (2000.0)

Figure 5.9: Spectral index and spectral index error map created from a power law between 146 MHz and 1.4 GHz.

At location N we observe a region which is quite the opposite, we observe a region of extreme
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5.5 NGC891 spectral and magnetic field properties

steepening from -0.6 to -1 indicating extreme CRE energy losses in this region of the galaxy. This
region is directly above the star forming region of the disk seen in HII [154, Rand et al. 1990] and
matches the region of flat spectral index in disk exactly.

Figure 5.10: Left: X-ray emission in the 0.47-2.47 keV band of NGC891 detected with ROSAT with the green
contours showing HII emission. (Bregman & Pildis, 1994) [160] Right: red emission shows 0.5-0.6 keV emission
detected from XMM-Newton. (Hodges-Kluck & Bregman 2013) [183].

Looking at the change of spectral index with height above the disk (z), we see a general decrease in
all sections. In some regions, the spectral index decreases nearly linearly, notably +/- 2.9 kpc on the
east side of the galaxy where the radio spurs are located. A linear slope can be explained by a constant
CR bulk speed (Heesen et al. 2009) [17]. Many of the regions flatten especially near the center of the
galaxy, which would be explained by outflows from the central region.

The total magnetic field of NGC891 can be determined from the non thermal synchrotron emission
by assuming equipartition between the energy density of the CREs and the magnetic field. The revised
formula of Beck & Krause (2005) [115] was used. We used a nonthermal spectral index of -0.8, an
effective path length through the source to be 3000 pc. We also assumed that the polarized emission
comes from ordered fields with all possible inclinations. Here we assume an proton and electron number
density ratio of K=100, which is a fair assumption in the star forming regions in the disk. However,
errors will become significant in regions away from these CR sources especially in the halo as the
observed K factor will increase. Assuming equipartition underestimates the total magnetic field by
a factor of (K/Kp)'/# in these regions due to energy losses of CREs (Beck & Krause 2005) [115].
Therefore, the magnetic field strength estimated in the halo would be quite inaccurate. Fortunately,
energy losses are generally weaker at these frequencies and therefore the equipartition estimate has a
smaller error compared to higher frequencies. The total magnetic field strength was then scaled with the
non thermal synchrotron intensity I,, using the following equipartition formula (Beck & Krause 2005)
[115]:

B « Irll/(3+0m) (53)

Using these assumptions, we created a map of the total magnetic field of NGC891 shown in Fig-
ure 5.12. The magnetic field strength in the disk should be more accurate than the field strength found
in the halo. The strength of magnetic field at the center is approximately 19 uGauss. To the north we
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Figure 5.11: The vertical spectral index between 146 MHz and 1.4 GHz of the 7 different slices of NGC891.

see due to turbulence caused by increased star formation that the magnetic field strength is greater than
16 uGauss. In the south at the same distance from the central region we observe that the magnetic field
strength is approximately 14 uGauss.
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Figure 5.12: The estimated equipartition magnetic field strength for NGC891. The contours start at 3 Gauss and
increase in multiples of 1.5.
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5.6 Radio emission profiles in the z-direction

5.6 Radio emission profiles in the z-direction

To obtain the z-distributions, we performed strip integration on the map with slices with an average
width of 3 kpc and a length of 8 kpc. This strip integration was performed on both sides of the galaxy
separately in order that the differences between the two sides of the galaxy could be investigated. Each
data point is separated by a beamwidth to ensure that each data point is independent. The error o for
each data point is calculated by:

Os = 4/ O—%ms + 0_12'3 (5.4)
where the o2

~ns 18 the error due to noise in the image. This was found from the standard deviation
of a region near the galaxy free from emission. op, the calculated baselevel error was found from
OB = Opms\/n with n being the number of integrated beam areas that are contained in each area of
integration. Furthermore, in cases that the standard deviation in an area of integration is greater than the
o B, then the standard deviation value was used instead. This becomes important in regions further from
the plane of the galaxy.
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Figure 5.13: Profiles of the total radio emission in the z-direction for 7 slices for the east and west of the galaxy.
A 2 component exponential (red) and 2 component Gaussian (blue) have been fitted

It is important to note that the observed profiles are actually the intrinsic distribution on the sky
convolved with the telescope beam. Here we followed a similar approach as shown in Dumke et al.
(1995) [169], where we assume two possible distributions convolved by the main beam which can be
approximately described by a Gaussian: an exponential intrinsic distribution
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where o is the effective beam size. The free parameters are the maximum of the intensity distribution
wo and the scale height zg. These distributions are fitted by least-square fits. This was performed using a
code kindly supplied by Dr. Marita Krause which doesn’t supply errors at this time. Therefore a proper
error analysis will be done in the near future.

These profiles cannot be described by single component exponential or Gaussian distribution which
was also seen in Dumke et al. (1995)[169] at 2.8 cm. This is due to NGC891 possessing an extended
halo. We observed in most regions of the galaxy that the halo is reaching out to 8 kpc. We found that
in nearly all regions, a two component exponential fitted best to the halo continuum emission save two
locations, the +2.9 kpc region to the north of the central region.

Table 5.4: Fitted scale heights for the west side of NGC891 at 146 MHz. z 5, z) 2. correspond to the scaleheights
of the first and second component exponential fit. zg», z;, correspond to the scaleheights of the to first and
second component Gaussian fit. A positive location from the plane signifies the north half of the galaxy whereas
negative is south.

Location from center (kpc)  zg2. (kpe) — zy2. (kpe)  zopg (kpe)  zy1p4 (kpe) — Better Fit

+9.23 0.42 2.11 0.81 3.84 exponential
+6.08 0.09 1.57 0.89 3.47 exponential
+2.9 1.35 1.35 0.59 271 Gaussian
0 0.73 3.94 1.19 5.05 exponential
-2.93 0.7 2.03 0.95 3.52 exponential
-6.08 0.11 1.40 0.67 2.81 exponential
-9.23 0.4 3.33 0.71 4.68 exponential

We observe that the exponential scale heights of the thick disk (i.e the second component) can vary
from 1.35 kpc to nearly 4 kpc. We observe a scale height of nearly 4 kpc on the west side of the central
regions which correspond to the outflow emanating from the central region seen in our spectral index
map. It is found that the average synchrotron scale height at 146 MHz to the west to be 2.42 kpc and
2.06 kpc in the east yielding a magnetic field scale height of 9.68 and 8.24 kpc respectively assuming
equipartition. Assuming equipartition, the magnetic field scale height is (3-a,) times the synchrotron
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Table 5.5: Fitted scale heights for the east side of NGC891 at 146 MHz. 7y, z; . correspond to the scaleheights
of the first and second component exponential fit. zg,, z;, correspond to the scaleheights of the to first and
second component Gaussian fit. A positive location from the plane signifies the north half of the galaxy whereas
negative is south.

Location from center (kpc)  zp2. (kpc)  zy2. (kpe)  zopg (kpe)  z1p4 (kpe) — Better Fit

+9.23 0.41 1.8 0.73 3.48 exponential
+6.08 0.89 2.22 0.75 2.65 exponential
+2.9 - 1.26 0.54 2.68 Gaussian
0 0.32 1.63 0.56 2.84 exponential
-2.93 0.13 1.67 0.51 3.18 exponential
-6.08 0.3 2.14 0.67 3.85 exponential
-9.23 0.52 2.29 0.86 4.07 exponential

scale height where @, is the nonthermal spectral index which is negative. This is compared to the
average synchrotron scale height at 1.4 GHz for the west side to be 1.71 kpc and 1.12 kpc in the east.
We can compare the scale heights and magnetic field strength at the base of the disk with distance from
the central region of the galaxy. We perform this for both the east and west side of the galaxy at 146
MHz.
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Figure 5.14: A plot of the magnetic field strength (blue) and synchrotron scale height (red) with respect to the
distance from the central region on the east side of the galaxy.

We can see clearly in figure 5.14 that while the magnetic field strength and synchrotron scale height
are anti correlated which was also seen in NGC253 [17, Heesen et al. (2009)]. This anticorrelation
occurs as a larger magnetic field results in higher synchrotron losses which in turn creates smaller
scale heights if there is a constant bulk speed. However, in that analysis, both sides of the galaxy were
measured together where we are treating both sides separately. The west side is shown in figure 5.15, we
observe something very different from the east side and not the obvious anticorrelation. This shouldn’t
be surprising as with the outflows detected on this side of the disk, we shouldn’t expect a constant bulk
CR outflow speed as seen in NGC253.
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Figure 5.15: A plot of the magnetic field strength (blue) and synchrotron scale height (red) with respect to the
distance from the central region on the west side of the galaxy.

5.7 RM synthesis

RM synthesis [124, Brentjens & de Bruyn, 2005] was performed on this data set but it was quickly
seen that the instrumental polarization from the three 3C sources in the field was far too great. The
whole field was checked but the only detection was from the pulsar PSRJ0218+4232 [90, Navarro et al.
1995]. This highlights the serious problem of instrumental polarization for LOFAR especially in fields
where bright sources are present. More commissioning tests using PSRJ0218+4232 to calibrate for the
instrumental polarization needs to be performed to devise the best strategy.

5.8 Discussion

The halo of NGC891 observed at 146 MHz is observed not to extend much further out compared to
higher frequencies but the scaleheights fitted are found to be larger. Therefore, the sensitivity of this
observation is limiting us in observing a larger halo. More sensitive observations could be proposed but,
due to galaxy’s proximity to 3C 66 A/B and 3C65, achieving very low noise would be a challenge.

The outflow on the northern western side of NGC891 is an interesting feature. When referring to
HI maps from Oosterloo et al. (2007) [153] we see no signs of outflow within the first 2-3” from the
disk. This indicates that while the ionized gas being less dense is being forced out of the plane due to
pressure while the HI being denser is more constrained by the galactic gravity potential. We see in our
spectral index map that this region’s spectral index steepens extremely quickly, indicating high energy
losses. The magnetic field may be much stronger here as the higher star formation located in the disk
could be creating a galactic fountain flow in this region. Brandenburg et al. (1995)[184] showed the
horizontal field in the disk can be pumped into the halo to a height of several kpc. This pumped magnetic
field would contribute to stronger synchrotron losses and thus we are not seeing this feature at higher
frequencies. At low frequencies, the low energy electrons with longer synchrotron lifetimes are able to
spread out further and thus why we observe this bulge at low frequencies.

The eastern side of the galaxy shows similarities to what Heesen et al. (2009) [17]: in that we found
that the scale heights are increasing with increasing radius at 151 MHz and 1.4 GHz. However, the 1.4
GHz map from Hummel et al. (1991) [167] contains some negative artifacts at the edges. This analysis
will be repeated with an extremely deep 1.4 GHz WSRT map reduced by Dr. Bjorn Adebahr in his PhD
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5.8 Discussion

thesis. This will give us a better determination of the scale lengths of the halo at the edges of the disc.

Heesen et al. (2009) [17] assumed that the galactic wind speed is the same for the entire galaxy but
here we show that this not the case. The western side doesn’t show this at all but this is not surprising as
we know that many outflows in X-ray and HI exist on this side, the galactic wind cannot be the same in
this region of the galaxy. Therefore, we can say that NGC253 and NGC891 are different cases to each
other.

We see much more evidence of thermal absorption in NGC891 compared to M51 when comparing
both spectral index maps. In M51 we only observe very small regions with thermal absorption in the
galactic center and no other evidence in the spiral arms. NGC891, on the other hand, shows much more
thermal absorption all across the disk, especially in the central region, in the north half of the galaxy
and also the region around SN1986J. It should be noted that SN1986J has not being subtracted in the
LOFAR map at this moment of time but it has been subtracted in the 1.4 GHz. Therefore, it would
be natural to assume that the spectra in this region should be steeper than the true value but we see
values of @ = —0.44. In other regions of the disk such as the south half we still observe a relatively flat
slope @ = —0.55 to —0.6. This thermal absorption would be contributing to the flattening of the spectra
of integrated emission seen in NGC891, whereas M51 had no significant flattening in its integrated
spectrum. This is very similar to M82 which is a much more extreme case where thermal absorption
flattens the integrated spectral index below 1 GHz to —0.26 £ 0.01 (Klein et al. 1988) [21].

Therefore, the inclination of the galaxy is obviously important. As our line of sight has to pass through
the disk for NGC891, it is more likely the emission passes through HII regions and becomes thermally
absorbed. The pathlength through the disk is much larger in NGC891 than in M51 and this would
explain the flattening of the integrated spectra and why we see more signs of thermal absorption in the
disk of NGC891 compared to M51. The resolution of the observation should be taken into account,
with a 25” beam any patchness expected with thermal absorption (eg in M82: Wills et al. (1997)[23])
would be completely smoothed over. Therefore, higher resolution observations of edge on galaxies with
LOFAR are essential to study the local effects of thermal absorption.

Observer at
0 degrees

Hil Cloud

A

Observer at
90 degrees

Hil Cloud

Figure 5.16: This diagram shows how the inclination of the galaxy would increase the path length of the emission.
The emission observed needs to pass through more HII regions and thus increasing the likelihood of thermal
absorption.

As Lacki (2013) [20] points out for M82 that free free absorption from HII regions are the most im-
portant absorption process down to 10 MHz. Therefore, we propose that the flattening of the integrated
spectrum could be simply due to the inclination of the galaxy and line of sight through the star forming
disk of the galaxy.

This is further evidence that the interpretation from Hummel (1991) [28] & and the model put forward
from Pohl et al. (1991) [131] are mistaken. Hummel (1991) [28] discounted thermal absorption due to
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5 Observations of NGC891 with LOFAR HBA

not seeing a dependence of spectral flattening on galaxy inclination but here we observe the opposite.

While we agree with the proposal of Israel and Mahoney (1990) [26] that thermal absorption causes
the flattening of the integrated spectrum of galaxies, we do not need diffuse ionized gas with a low
temperature to explain it. No such gas has been observed in our own Milky Way. If this gas existed then
signs of thermal absorption would have been more widespread in the spectral index maps of M51 and
NGC891. We see signs of greater thermal absorption in the star forming regions of both galaxies, thus
supporting the idea that the thermal absorption is caused by classical HII regions.

An important test case for these ideas is M33 (inclination of about 60°) (Israel et al. 1992[27]) where
a break in the integrated emission spectrum was seen at around 600 MHz. The authors claim that this is
due to again thermal absorption due to this low temperature ionized gas but the low frequency fluxes are
again very undependable and all fluxes were placed on the Baars scale (Baars et al [63]) which is known
to have errors at low frequencies as explained in Scaife & Heald (2012) [66]. LOFAR observations of
this galaxy will be indispensable and already observations have taken place and are awaiting reduction.

However, more galaxies need to be observed with LOFAR with a variety of inclinations to fully
investigate this. MSSS will be the perfect opportunity to see if this proposal is valid.
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CHAPTER O

Searching for vertical magnetic fields and
outflows in NGC628

6.1 Introduction

The understanding of disk-halo interaction is vital to explain the evolution of spiral galaxies. Several
theories exist that describe how star formation expels hot gas vertically into the halo, namely the galactic
fountain model (Shapiro & Field, 1976) [142] (Bregman, 1980) [185], the chimney model (Norman &
Ikeuchi, 1989) [143] and galactic wind (Breitschwerdt et al. 1991) [141]. HI holes (Bagetakos et al.
2011) [186] are created usually from stellar winds and supernovae from young massive stars in OB
associations and super star clusters (SSCs) drive outflows.

These disk-halo outflows have important consequences for dynamo theory. Brandenburg et al. (1995)
[184] studied a simple model of a galactic fountain flow and found that the horizontal field in the galactic
disk can be pumped out into the halo to a height of several kpcs. The magnetic strength at a height of
several kpcs was found to be comparable to that of the disk. Galactic MHD models with cosmic ray
driven winds (Hanasz et al. 2009) [187] show that vertical flows may carry small scale magnetic fields of
one polarity. Shukurov et al. (2006) [188] showed that the galactic fountain flow is efficient in removing
magnetic helicity from galactic discs. Suppression of the a-effect can come from the conservation of
magnetic helicity in a medium of high electric conductivity. This allows the mean magnetic field to
saturate at a strength comparable to equipartition with the turbulent kinetic energy.

As aresult, RM gradients or reversals across these HI holes features would be expected if the magnetic
field is pushed up by the gas. Therefore being able to observe such RM gradients would help support
mean-field dynamo and chimney theories.

Heald (2012) [189] detected an RM gradient in NGC6946 across a 600pc HI hole which indicated a
vertical magnetic field. However, there is an obstacle with interpreting the above observational results
in that the RM fluctuations in inclined galaxies can be due to variations of field strengths either parallel
or vertical to the disk. The former effect can be due to compressive gas motions (density waves) or
shearing, while vertical fluctuations can be due to Parker loops which are on a kpc scale or gas outflows.

Studying a face-on galaxy like NGC628 is essential so that the magnetic field components can be
separated in 3D. RMs are only sensitive to vertical fields, while polarized emission traces the fields
along the disk.

NGC628 = M 74 is a large, grand-design, isolated spiral galaxy. It is one of the nearest (~ 8 Mpc
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6 Searching for vertical magnetic fields and outflows in NGC628

distance) and brightest face-on spiral galaxy (inclination ~ 10°). The diameter of the star-forming disk
is about 10" and the HI disk about 30/, more than 3 times the Holmberg diameter (Kamphuis & Briggs
1992)[190]. The spiral structure is grand-design, but with broad spiral arms. The apparent absence
of strong density waves is related to the lack of a strong bar or an interacting companion, leaving the
disk largely undisturbed (seen in optical, UV and kinematics). NGC628 is similar to NGC6946 in many
respects and hosts many HI holes (Bagetakos et al. 2011) [186]. NGC628 actually contains nearly twice
the number of HI holes (102 holes) compared to NGC6946 (54 holes). These holes in NGC628 have
a wide range of properties including diameter, hole expansion velocity and kinetic age. The age of the
hole must be within a certain range in order to observe a RM gradient. Namely the hole must be old
enough in that the field configuration has had time to gain a significant vertical offset, but young enough
that vertical shear has not yet destroyed the observational signature. This is why HI holes are usually
greater in size at larger radii.

The high star-formation rate of NGC628 leads to a bright disk in radio (synchrotron) continuum of
about 10’ x 8 extent (Condon 1987) [191]. Marcum et al (2001) [192] observed NGC628 in UV, bright
knots embedded in diffuse emission trace the spiral pattern and many of these knots are also bright
in Ha. In addition the authors also suggest that the entire disk of NGC628 has undergone active star
formation within the past 500 Myr and that the inner regions have experienced more rapidly declining
star formation than the outer regions. It was part of the SINGS survey (Heald et al, 2009) [32] and was
also observed in polarized radio continuum at 1.5 GHz with moderate resolution. The polarized emission
is restricted to the outer disk and the observed RMs are small, due to strong Faraday depolarization at
this frequency, similar to NGC6946 at the same frequency. With the exception of these observations,
NGC628 has been poorly studied in radio continuum polarization.

Table 6.1: Observational data of NGC628

Morphology SAc
Position of the nucleus @(2000) = 01"36m415.74
6(2000) = +15°47°01.1”

Position angle of major axis 25°
Djs 10.5’
Inclination 5 —10° (0° is face on)
Distance 8 Mpc

Due to the small inclination and large angular size of NGC628, it is one of the best galaxies to study
the magnetic field of the disk as the fluctuations in Faraday rotation found in inclined galaxies (M 51 is
20°) can be due to variations of the field parallel or perpendicular to the disk. In NGC628, any resulting
Faraday rotation found is mostly purely from the vertical field.

In this short chapter, I will present new Effelsberg Observations at 2.6 and 8.35 GHz including both
total power and polarization. I will also show initial results from new JVLA (Jansky Very Large Array)
S-Band observations for this galaxy. Data Reduction has yet to be complete but already impressive
images can be presented. Finally future work and the outlook for this project will be discussed.

6.2 Effelsberg observations of NGC628

NGC628 was observed for the KINGFISHER project at 4.8 GHz with the Effelsberg 100 m telescope.
This was reduced by the author using the NOD software. However, the region observed was too small
and the entire galaxy did not fit. Therefore, integrated flux measurements would be inaccurate. It was
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6.2 Eftelsberg observations of NGC628

observed again by the author at 2.6 GHz and 8.35 GHz in October 2011 and again reduced with the NOD
software. RFI was a big problem at 8.35 GHz and NGC628 was only observed at higher elevations at
this frequency. 4 out of 32 scans had to discarded due to extremely bad RFI. At lower elevations it was
observed at 2.6 GHz as the RFI was not as severe. However, significant RFI was still present and had to
be flagged in Stokes I, Q & U.

A simple flux scaling was applied to the 8.35 GHz data using two calibrators, 3C286 and 3C48. Using
values from the VLA calibrator handbook a common scale factor of 1374.5 was found and was applied
to the target data. For both calibrators, the linearly polarized intensity and polarization angle were found
by fitting a Gaussian over the Stokes Q & U values and calculating from the following equations:

Piin = U2+ Q2 — o2 6.1)

where o is the noise in Stokes Q and U.

1 U
¢ = 5 arctan(a) (6.2)

For the seven scans of 3C48, one scan had a very different value and was discarded. The remaining
scans gave a degree of polarization 5.5% and a polarization angle of —65°. This agrees very well
with values found by Perley & Butler (2013) [193], which had values of 5.3% and —64° for 8.1 GHz
respectively. In addition, for 2 scans of 3C286, the degree of polarization was 11.65% and polarization
angle was 33.8°. Again in excellent agreement to P & B which had values of 11.7% and 33°. Therefore,
we can be very confident that the polarization we are seeing in our target is accurate.

As the 2.6 GHz receiver is a 8 channel polarimeter, an additional bandwidth calibration had to be
performed along with the normal flux scaling. For each of the eight channels, the flux of the calibrator
3C295 was compared to it’s theoretical value using a power law with a spectral index of -1.04. A scale
factor was then determined from the difference of the two and applied to each channel. The final images
for both frequencies can be seen in figure 6.1.

The integrated flux found for NGC628 at 8.35 GHz was 37.6 = 1 mJy while 2.6 GHz was found to be
110 = 10 mJy. Measurements from other sources were also used to determine the spectral index of the
galaxy (see table 6.2). All these measurements are tied to the Baars scale (Baars et al. 1977) [63].

A single power law was fitted to this and a spectral index of @ = —0.78+0.02 was found. A plot of this
data can be seen in figure 6.2. This value not only agree with Paladino et al. (2009) [194] (« = —0.78)
but is a normal value for spiral galaxies as the average spectral index for galaxies is @ = —0.74 + 0.03
(Gioia et al. 1982) [177].

Table 6.2: Integrated Fluxes for NGC628 on the Baars scale (Baars et al. 1977) [63]

v (GHz) Flux Density (Jy) Ref

8.35 0.0376 = 0.0007 This work

4.85 0.06 = 0.005 Paladino et al. (2009)

2.614 0.11 =0.01 This work

1.515 0.16 £ 0.01 Paladino et al. (2009)
1.4 0.15 £ 0.01 Condon et al. (1998)

0.324 0.49 £ 0.03 Paladino et al. (2009)

0.057 2+1 Israel & Mahoney (1990)

From the images shown in figure 6.1, NGC628 has a very striking axisymmetric galactic magnetic
field. The ground mode of a @w-dynamo is capable of generating such a field structure and is the easiest
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Figure 6.1: Left: NGC628 observed with the Effelsberg 100 meter telescope at 8.35 GHz at a resolution of 81”

and has an rms noise of 282 uJy/beam. The vectors show E +90°

and is not corrected for Faraday Rotation which

is very small at this frequency. Contours are at 3,5,10,15,25 x 300uJy. Right: NGC628 at 2.6 GHz, at a resolution
of 4.6" with a rms noise of 1.1mJy/beam. The vectors show E +90° and not corrected for Faraday Rotation which

is small at this frequency. Contours are at 3,5,10,15,25 X 1 mJy.
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Figure 6.2: Plot showing the integrated fluxes of NGC628 including new measurements from this work. A single

power law was fitted with a spectral index of @ = —0.78 = 0.02.
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mode for the dynamo to produce.

6.3 Data reduction and imaging of S-band JVLA data

In this section, I will show briefly discuss how this JVLA S-Band observation was set up and including
the data reduction. Preliminary images will be shown as well as interesting first results from performing
RM Synthesis on the D-configuration data.

The JVLA (Perley et al. 2011) [195] is an upgraded version of the VLA with new receivers and elec-
tronics which gives a full frequency coverage from 1 to 50 GHz. This is provided by 8 frequency bands
with cryogenic receivers. It can deliver up to 8 GHz of instantaneous bandwidth for some frequency
bands. The JVLA can give an improvement of a factor of 10 in continum sensitivity. Also with a new
correlator frequency resolution has increased by a factor of 3180. Already many interesting results and
spectular images are being produced.’

6.3.1 Setting up the observation

NGC628 was observed by the JVLA (Jansky Very Large Array) in D and C configuration on February
and June 2013 in S-Band (2-4 GHz) The synthesized beamwidth for this observation is approximately
23" for D-configuration at 3 GHz and 7.0 for C-configuration. Of course, this depends on the weighting
scheme used. The ultimate factor limiting the field of view is the diffraction-limited response of the
individual antennas, not on the array configuration. An approximate formula for the full width at half
power in arcminutes is: PB = 45/vgy,. Therefore at it’s highest frequency (4 GHz) in S-Band, the
primary beam is approximately 10’. As NGC628 is over 12’ in angular size, a single pointing will not
suffice, therefore mosaicing must be performed.

For this a hexagonal grid was chosen for both D and C configurations. Therefore the distance between
two pointings is

2

A
330

Distance =

(6.3)

where D is the dish diameter. While the galaxy is oversampled, this is a safer approach as every
position in the galaxy is at least covered three times. This is best for uniform noise but the downside is
that many pointings are needed. In this case 7 pointings were essential to create a hexagonal grid like
the one shown in figure 6.3.

S-Band is subject to very strong RFI from a number of satellites in particular those providing satellite
radio service. A satellite passing through the initial slew will cause unwanted erroneous attenuator
settings. Therefore, in order to prevent this from occurring, the observation was started with a quick L
band scan on 3C48 which was in a satellite free zone at this time. After this, the S-Band was switched
on.

3C48 was observed at the start of the observation so it could be used as the main flux calibrator to
calibrate bandpass and absolute fluxes. The source J0240+1848 was used as the phase and polarization
leakage calibrator and was observed at least once every hour. 3C138 was observed twice during the
observation in order to calibrate the polarization angle. Between these calibrator scans, all 7 pointings
of the NGC628 were performed several times. The D-configuration observation was in total 5 hours and
C-configuration was 6 hours.

'For a recent overview please refer to the presentation by Rick Perley: http://www.alma.ac.uk/events/past-
events/advancedradioastronomymaterial/Perley-Exemplar.pdf
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Figure 6.3: The JVLA pointing setup showing all 7 pointings overlayed onto an optical image of NGC628.

6.3.2 Reducing the data

The VLA pipeline performs basic flagging and calibration to the data but it is only for Stokes I. Therefore
the calibration needs to be repeated for polarization but already some initial flag tables and calibration
tables can be retained.

As the RFI can be extremely strong in S-Band and as this RFI can produce a sharp edge in the
spectrum, this can introduce an oscillation across the frequency channels where no RFI is present. This
is called Gibbs’ phenomenon and can be brought under control by using Hanning smoothing. Hanning
smoothing is a running mean across the spectral axis with a triangle as the smoothing function.

The residual delays of each antenna relative to the reference antenna were found and applied when
finding the bandpass correction. 3C48 was used as the main calibrator for the flux density and bandpass
calibration.

B table: finalBPcal.b  Antid=0
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Figure 6.4: The bandpass correction applied to one antenna. One point represents the correction for one channel
and every color represents a spectral window. Spectral windows 17 and 18 are flagged due to RFL

Next, the corrections for the complex antenna gains were found. The absolute magnitude of the
gain amplitudes were determined by referencing our standard flux density calibrator. To determine the
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appropriate complex gains for the target source, we used our phase calibrator, in this case J0240+1848.
This was the closest and most appropriate phase calibrator that could be found to our target in order to
minimize the differences through the atmosphere between the phase calibrator and the target source.

The JVLA utilizes circular polarizers as it is easier to calibrate the gains and the imaging of Q and U
are simpler. Circular feeds give good linear polarization but poor circular polarization measurements.
In addition, as the circular feeds are placed next to each other and both are a little out of focus, this
can produce large circular polarization (so called ’beam squint’). This is shared by all Cassegrain
dishes. The effect becomes large beyond the beam’s FWHM. Therefore, circular polarization work is
not recommended.

For polarization calibration, the cross-hand delays due to the residual difference between the R and
L on the reference antenna were solved using 3C138 which has more polarization signal than 3C48.
Before this, the Q and U values were assigned to 3C138.

To solve for the polarization leakage, which is usually 5%, the phase calibrator was used as it is
unpolarized. 3C138 was then used to solve for the polarization angle. Once this was done all calibration
tables were applied to the calibrators and each pointing for the target.

6.3.3 Preliminary images and results

Figures 6.5, 6.6, 6.7 show preliminary images of NGC628 from the JVLA data in S-Band. The entire
bandwidth was not used for any of these images as more editing of the data for RFI still needs to be
performed. Therefore only the RFI quiet regions of bandwidth were used, namely from 2.4 GHz to 3.2
GHz.

These images were made using a normal Clark-clean algorithm with multiscale clean (Cornwell,
2008)[77] rather than multi-frequency multi-scale clean deconvolution (Sault & Wieringa, 1994)[196]
(Rau & Cornwell, 2011)[197]. This is due to the long processing time of multi-frequency multi-scale
clean deconvolution but this will be performed when all the data is ready for imaging

In total intensity at D-configuration (Fig 6.5), the two spiral arms are observed very clearly at this
resolution. One of the spiral arms is observed to extend far out to the north (shown in the figure as *A’)
which extends up to 417" or 16.2 kpc from the center of NGC628. In HI, the spiral arm can be seen
to extend out even further than this (Dutta et al, 2008) [198]. Also, at the location marked with B’ in
the north, the brightest region in the galaxy can be observed and is quite elongated along the spiral arm.
Images from C-configuration will start to resolve this region of the galaxy.

In polarization at D-configuration (Fig 6.6), a clear axisymmetric pattern can be observed just like
the Effelsberg observation but now the magnetic spiral arms can be resolved. The brightest emission
is associated from these magnetic spiral arms which are very similar to the ones seen in NGC6946
(Beck, 2007)[48]. Much more polarization is observed in the central regions of the galaxy compared
to Heald et al 2009 [32]. This is due to the fact that the Faraday depolarization is less severe at this
wavelength compared to 18cm-22cm wavelengths used in Heald et al. (2009) [32]. Significant amounts
of polarization from these magnetic arms are observed much further out in the northern region of the
galaxy than observed in Heald et al. (2009) [32] and extends out nearly as far as the total emission in
north. Heald et al. (2009) [32] found that the minimum in polarized intensity occurs at the receding
major axis of the galaxy (PA = 25°), at S-Band this kind of depolarization has not been detected. Due
to the low inclination of this galaxy, one wouldn’t expect major depolarization due to this effect. In
the central regions of the galaxy, a polarization fraction of 10 — 20% can be observed, increasing to
30 — 40% at larger radii. This indicates that the magnetic field is exceptionally well ordered especially
in the extended disk.

Finally, in total intensity at C-configuration (Fig 6.6), we are missing a lot of the extended emission
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Figure 6.5: NGC628 observed at D configuration in total intensity. Noise is approximately 6 pJy/beam. Contours
are in levels of 3,5,8,12,18,27,40,60,90,135 xo. Resolution is 22" x 13”.

due to missing spacings, but we can now see the spiral arms in much greater detail thanks to the longer
baseline length of this configuration. We can see the major star forming regions in the spiral arms,
notably the regular chain of HII complexes in the South West spiral arm. The brightest structure seen
in the North East is now starting to become resolved. This region is made up of many individual HII
complexes located very close to each other as seen in Sonbas et al. (2010) [199].

6.3.4 Preliminary RM synthesis results

RM Synthesis (Brentjens & deBruyn 2005)[124] has been performed on NGC628 in the WSRT SINGS
survey at a 30” resolution (Braun et al. 2010)[55] where a main component near —30 rad m~2 was
detected. In addition to this, two secondary components were detected centered near -213 and +145
rad m~2 at a 90” resolution. These secondary components are important to confirm as they could be
instrumental in nature. Each channel was imaged and smoothed to 30”’. The Q and U channels were
separated and every channel was inspected for RFI. This resulted in several channels been discarded and
the final number of channels used in RM Synthesis was 441. Available channels in spectral window 16
(around 2 GHz) that were not corrupted were also used in order to minimize the FWHM of the Rotation
Measure Transfer Function (RMSF).

The bandwidth from 2.5 GHz to 3.5 GHz were used which results Faraday depth resolution was found
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Figure 6.6: NGC628 observed at D configuration in polarized intensity. Noise is approximately 4.5 pJy/beam.
Vectors have been rotated by 90° to show the direction of the B field and have not been corrected for Faraday
rotation which is small at this frequency. Resolution is 24" x 24",

to be 232.1 rad m~2 and the largest observable scale is 426 rad m~2. The RMSF can be seen in figure 6.8.
As polarized intensity has Ricean, rather than Gaussian statistics (Heald et al. 2009)[32], the noise
has a Rayleigh distribution with a mean ("the Ricean bias’) and variance of

(P), = oou g =125 09y (6.4)
and
4 —
op = ) TrO’Q,U =0.66 - go.U (65)

for an rms noise in Q and U of ¢ ¢.

oo,y was found to be 5.8 uJy/beam and therefore in polarized intensity, op was found to be 3.8
uJy/beam.

While this is not all the available bandwidth that could be used for RM Synthesis, another 400 MHz
could be extracted. However, due to extremely strong RFI at frequencies of 2.1-2.3 GHz as well as the
bandwidth between 3.7-4 GHz will not be usable. This will limit our final achievable FD resolution and
sensitivity.
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Figure 6.7: NGC628 observed at C configuration in total intensity. Noise is approximately 6 uJy/beam.
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6.3 Data reduction and imaging of S-band JVLA data

RM Synthesis was performed using software for LOFAR and RM Clean (Heald et al. 2009) [32] was
performed using software from George Heald. For the RM Clean, 5000 iterations were used.

It was seen that the main component of NGC628 is seen at around -40 rad m™~2 (see fig 6.9) which
agrees with Braun et al. (2010) [55]. But much more interestingly is we see regions in the galaxy with
a clear Faraday depth of approximately ¢ = -200 rad m™2. As we have 3 times better resolution than
Braun et al. (2010) [55]. we can see that these structures are more discrete in nature. We also see that
these regions observed at ¢ = -200 rad m~2 are NOT visible in the main component where ¢ = -40 rad
m~2. In addition we also see a discrete, weak component at a Faraday depth of ¢ = +160 rad m~2. This
again agrees with the secondary component seen at +145 rad m~2 by Braun et al. (2010) [55]. Faraday
spectra of these components can be seen in figure 6.11.

This is interesting as there has recently been debate on whether these secondary components were
real detections especially with regards to M51 where new JVLA observations fail to detect them. The
detection of this highly dispersed and heavily depolarized ’second disk’ is thought to support the model
that the polarized intensity observed at GHz frequencies from nearby galaxies is mainly the region of
emissivity located above the mid plane closest to the observer. As this polarized emission only passes
through the extended halo it experiences little Faraday rotation amounting to only a few tens of rad m™2.
But polarized emission from the farside of the galaxy has to pass through the mid plane, resulting in
Faraday Rotation of plus and minus 150-250 rad m~2.
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Figure 6.9: The main component seen in the Faraday cube centered at -40 rad m™2,

But then why do we not see this emission at -40 rad m~2 as well? This polarized emission would need
to pass through the extended halo as well as the disk. and we should see two components in the RM
cube if the halo is emitting too. One possibility is that the polarization is in fact coming from disk but
coming from a region with a greater vertical magnetic field or electron density. As Brandenburg et al.
(1995) [184] showed, a fountain flow could produce magnetic field strengths comparable to the base of
the flow in this case the disk and thus produce a higher Faraday depth. Figure 6.10 shows two Faraday
slices at a fixed right ascension, and it is very clear that a RM gradient is visible and this could be a sign
of the outflows needed to transport magnetic helicity from the galactic disc.

These secondary components are quite widespread and can be seen throughout most of the disk as can
be seen in figure 6.11. It can be seen that most of these secondary components can be seen in west where
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Figure 6.10: Two different slices at different Right Ascensions of the Faraday cube showing that while most
emission is seen at -40 rad m~2, we can see that some emission comes from a Faraday depth of -200 rad m~2.

the spiral arms are more promiment. Some of these secondary components are also seen at +150-250
rad m~2 which would indicate magnetic field reversals.

Greater resolution in angular resolution and Faraday depth is sorely needed to investigate the sec-
ondary components further and the C-configuration data on hand will be essential to achieve this.
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Figure 6.11: Four different Faraday spectra from the Faraday cube at different locations in the galaxy which
illustrate the presence of the two secondary components. The image on top shows the location of each line of
sight in the galaxy and below the corresponding spectra.

6.4 Outlook and future work

Firstly, initial polarization calibration of the JVLA C-configuration need to be completed. Once this is
completed both C and D configurations need to be combined. As our 2 configurations have the same
pointings, this should make combination easier. Once this is done, self calibration will be implemented
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6 Searching for vertical magnetic fields and outflows in NGC628

which should bring the noise down further and enable us to detect more of the extended disk.

Also the full possible amount of data will be usable for RM-Synthesis. With better FD resolution,
sensitivity and angular resolution the secondary components seen in the RM cube will be better resolved
and more apparent.

An 8 hour LOFAR observation has taken place with the main aim of the study of extended disk of
NGC628 which in HI extends to 30’.

Magnetic fields are an important component of the interstellar medium (ISM) in galaxies as they
contribute significantly to the pressure of interstellar gas, are essential for star formation and can also
control the density and distribution of cosmic rays. Low frequency emission from galaxies out to a
redshift of about 3 is almost purely non thermal and therefore a perfect tracer of cosmic ray electrons
(CREs) and the large scale magnetic field.

There is increasing evidence that magnetic fields can extend deep into intergalactic space; however as
it is far from regions of acceleration, the synchrotron emission is weak due to lack of cosmic rays elec-
trons which suffer from various loss processes. Fortunately, low energy electrons which emit emission
at low frequencies suffer less from energy loss processes and are expected to travel further, especially
in the presence of ordered magnetic fields. We have seen already in this thesis that M51’s disk has been
detected to 16 kpc at 150MHz and here, NGC628 with an extended HI disk, total and polarized emission
can be seen up to 16kpc at 2-3 GHz.

Also it is know that CRe diffusion parallel to the magnetic field has a higher diffusion coefficient than
diffusion perpendicular to the field (Buffie et al. 2012) [145]. Also galaxies with extended HI disks can
be even more beneficial as HI can be partially ionized. Generally, in the galaxies studied with sufficient
resolution, the outer HI layers show spiral features. The extent of M51’s disk observed with LOFAR
is seen to increase significantly in radius compared to higher frequencies, even though it possesses no
extended HI disk.

The scale length of the total synchrotron emission in the disks of spiral galaxies is usually ~ 4 kpc,
but the scale length of the magnetic energy is about 8 kpc (Beck 2007) [48]. This is larger than any other
energy with the exception of global rotation. It follows from this that the scale length of the equipartition
total magnetic field strength is ~ 16 kpc.

The relative importance of various competing forces in the interstellar medium can be estimated by
comparing the corresponding energy densities or pressures. Beck (2007) [48] shows that with increas-
ing radius of NGC 6946, the turbulence energy density decreases quite drastically while the ordered
magnetic field energy density decreases much slower than the total magnetic field energy density. How-
ever, the total magnetic energy density in the outer galaxy is an underestimate due to energy losses of
the cosmic-ray electrons. Although the star-formation activity is low, turbulence caused by magneto-
rotational instability (MRI) could keep dynamo action functioning far out into the disk (Sellwood and
Balbus 1999) [99].

The main aims of the LOFAR observation are:

1. Detection of the outer disk that NGC628 is known to possess from HI and Ha observations. This
will provide us with much needed data on the magnetic field and CREs distribution at extreme
distances from the optical radius.

2. Detection of diffuse polarized emission in the outer disk. The magnetic field becomes more
regular in outer parts of galaxies which can be detected from the polarized emission of non-
thermal radiation using RM-Synthesis. However, from experience this will be technically difficult
due to strong depolarization at low frequencies but depolarization should be smaller outside the
star formation regions. Fortunately, 7 ~ 8 polarized background sources exist within the extended
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disk. These sources start to become resolved at around 15 arcsecs (as seen in the JVLA data) and
with LOFAR’s potentially high resolution, beam depolarization is reduced. These sources could
help us probe the magnetic field at different radii.

. The radio-far-infrared correlation can be investigated and compared between the arm and inter-
arm regions where the slope of the Radio-FIR correlation differs (Basu et al. 2012) [119]. In
addition,Tabatabaei et al. (2013) [46] found that the propagation length of CREs in galaxies in-
crease as a ratio of ordered and turbulent magnetic fields can be deduced by the Radio-FIR cross
correlation as a function of scale. The propagation length of CRes are very different below 1GHz
and about SGHz. LOFAR observations will enable us to measure the diffusion coefficient and will
provide constraints for models of cosmic-ray propagation.

. Using available data from Effelsberg, VLA (Paladino et al. 2010) [194] and JVLA at a wide range
of frequencies will enable us to study the radio spectral energy distribution within NGC 628, and
with other galaxies observed in LOFAR cycle 0 & 1 will help to answer questions concerning
thermal absorption and the existence of 7, < 1000K ionized gas (Israel and Mahoney 1990)[26].
The radio specta may also show outflows from the star forming regions into the disk.

. This observation can also be used to detect diffuse polarized foreground emission. This galaxy’s
Galactic latitude is low (b = —45°) and will be compared to other LOFAR observations at different
latitude.

141






CHAPTER 7

MSSS- Multi-frequency Snapshot Sky Survey

7.1 Introduction to the MSSS survey

The Multi-frequency Snapshot Survey (MSSS) is the first all sky survey with LOFAR. The primary aim
of MSSS is to produce a global sky model (GSM) to replace the ’"Mark-0" skymodels, namely skymodels
based on cataloged values from the VLSS, WENSS, and NVSS. As was seen in Chapter 5, these type of
models can have serious discrepancies not even including the fact that the spectral index information is
oversimplified. The "Mark-1" LOFAR GSM is being generated by MSSS which is a broadband survey
of the northern sky (6 > 0°) but due to the large field of view, sources ¢ > —2° can be detected.

MSSS is in fact two surveys, one in LBA range which covers a frequency range from 30 to 74 MHz
and the other in HBA spanning from 120 to 160 MHz. The overall overview of MSSS can be seen in
Table 7.1.

Survey MSSS-LBA MSSS-HBA
Station configuration LBA INNER HBA DUAL-INNER
Field of view per field (FWHM) 5.77° at 60 MHz 2.42° at 150 MHz

Bandwidth (MHz) per field 16 16

Number of simultaneous field observed  5(+ calibrator) 6
Time per field 9 x 11 min 2 X 7 min

Required number of fields 660 3616

Required on-source observing time (hr) 218 141

Table 7.1: MSSS overview

While the full LOFAR array including international stations are being used for MSSS, initially only
the core 3km will be processed for the MSSS-HBA and 10km baselines for MSSS-LBA. This ensures
a similar resolution of 2 arcminutes for both surveys. Fortunately, the data could easily be reprocessed
to achieve higher resolution for a more accurate skymodel and an increased science capability. While
time smearing nor frequency smearing doesn’t provide a hindrance to higher resolution imaging, the
sparse uv-coverage does, as well as the longer processing time especially with regards to the imaging.
Initial tests have shown that for a normal 2.2 X 2.4 arcmin image would take 8 minutes to process,
However, imaging a MSSS field at a resolution of 28 X 17 arcsec would take 54 minutes. Therefore, due
to processing limitations a higher resolution MSSS would probably be limited in scope if done at all.
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7 MSSS- Multi-frequency Snapshot Sky Survey

Survey Name Frequency Range  Sensitivity ~ Angular resolution  Sky Area

(Telescope) (MHz) (mJy/beam) (arcsec) (sq deg)
MSSS-LBA 30-74 <15 <100 20,000
VLSS (VLA) 74 100 80 30,000
MSSS-HBA 120-160 <5 <120 20,000
TGSS (GMRT) 140-156 7-9 20 32,000
WENSS (WSRT) 330 3.6 54 10,000
NVSS (VLA) 1400 0.45 45 35,000

Table 7.2: MSSS characteristics compared with existing surveys

Band Number LBA central frequency HBA central frequency

0 31 MHz 120 MHz
1 37 MHz 125 MHz
2 43 MHz 129 MHz
3 49 MHz 135 MHz
4 54 MHz 143 MHz
5 60 MHz 147 MHz
6 66 MHz 151 MHz
7 74 MHz 157 MHz

Table 7.3: MSSS Band frequencies

This chapter presents work done for MSSS during this PhD including creating and testing calibration
schemes, detection of polarization and preliminary work done on a low frequency survey of nearby
galaxies.

7.2 Creating and testing initial calibration techniques

During the first weeks of MSSS, the LBA survey was observed first as there are fewer fields to observe,
however, processing MSSS LBA data proved to be far more difficult than HBA data.

Initial calibration of LBA MSSS data had to be tested in three different ways, namely, creating an
image from data processed fully through the pipeline (demixed and calibrated from a sky model), data
that is demixed only and calibrating it from the preceding 2 minute calibration pointing and finally data
that is demixed only and is calibrated using the calibrator beam via direct transfer of gain solutions.
This final method of calibration can be done for every LBA field as the LBA antenna have whole sky
coverage unlike the HBA which is constrained by the size of the tile beam.

For these tests, one field (phase center: a = +9"00™00°,§ : +63°28’21”) was tested with 3C196 as
the calibrator.

It was seen early on, whilst imaging the processed data that RFI can become a major problem, there-
fore flagging with RFI-console (Offringa et al. 2013) [72] becomes important when the individual
subbands are merged to create a band of 10 subbands. Band 3 (49 MHz) and 5 (60 MHz) were found
to be heavily affected by RFI mainly due to one pointing. When this pointing was excluded, the image
quality was better. Only the core stations were imaged. With MSSS, a rms noise of 15 mJy/beam is
hoped to be achieved. However it had a noise of approx 1 Jy/beam, which is far too high.

Therefore, it was decided to start again from the demixed data and calibrate the target field from the 2
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minute pointing before the main pointings. RFI console was used after demixing and after the subbands
are merged into a single band. The resulting image was not much different from method 1, in that the
noise was not really affected. The rms noise was approximately 0.95-1 Jy/beam. Again, far from the
target sensitivity.

Finally, starting again from the demixed data, the gain amplitudes from the calibrator beam were
directly transferred to the target field. An image was created, however it was quite poor. Inspection
of the total electron content (TEC) solutions showed that station CS032 had bad solutions and was
therefore flagged. The data was then flagged in RFI-console (Offringa et al. 2013) [72] and it was then
re-calibrated with BBS TEC calibration. The data was then imaged once again and the image obtained
had a better noise than the previous methods. Baselines up to 10 km were imaged which showed very
promising results for the future of MSSS.

From these results, it is apparent that method 3 was the superior method of calibration resulting in
the lowest noise with the 10 km baseline image having a rms noise of 175 mJy/beam. This noise could
be easily reduced with several iterations of self calibration including directional dependent calibration
bringing it closer to the target noise of 15 mJy/beam. This method of initial calibration was adopted for
the calibration of MSSS LBA data with some minor improvements.

Also as seen in figure 7.1, real sources that were not included in the skymodel appear using method
3.

Method of calibration ‘ rms noise value ‘
Method 1: Imaging Processed data 1 Jy/beam
Method 2: Imaging demixed data with gain transfer from 2 minute scans | 0.9-1 Jy/beam
Method 3: Transferring Gains from Calibrator Beam to target Beam 485 mJy/beam
Method 3: Imaged with a uv-coverage up to 6km 377 mlJy/beam
Method 3: Imaged with a uv-coverage up to 10km 175 mJy/beam

Table 7.4: Noise achieved for each calibration method

Figure 7.1: Left figure shows a region of the image created from Method 3 with the red circles showing the
skymodel used for the BBS TEC calibration. The right figure shows the same area with the green circles showing
VLSS sources. One visible source can be seen to be not included in the skymodel but is contained in VLSS
catalogue. This is not the only case with several more real sources appearing than were not included in the
skymodel.
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7.3 Testing directional dependent calibration on MSSS LBA data

It was found from other members of the MSSS team that using directional dependent calibration would
lower the rms noise by a 20-30%. This short section shows results of further tests of the directional
dependent calibration of LBA data and its effect on extended sources.

Already initial calibrated data was used in testing the directional dependent calibration scripts. Each
of the 7 bands were calibrated separately and it was found that peeling 4-5 sources takes 20-30 minutes
for each band. Inserting more sources than this increases processing time exponentially which has major
implications to processing the entire survey. A significant improvement could be seen from the resulting
images.

The noise was determined for the restored image with no primary beam correction. One can see in
table 7.5 that a different number of sources were peeled for each band which are automatically by a
script. However, it is clear that the peeling has reduced the noise in all bands. However, BAND 0 shows
little improvement, compared to the other bands that have an equal number of sources peeled. BAND 5
shows the greatest reduction in noise (24.6%) with 6 sources peeled, however BAND 7 had six sources
peeled as well but only shows a 11% percent decrease.

It can been seen in the closeups (see figure 7.2) that artifacts from around the sources are reduced in
the peeled data. Overall the image quality is much better compared to the unpeeled data. Large scale
and small scale noise around sources disappear with the addition of the noise decreasing, however, this
depends on which band is peeled.

L1 s ®

Figure 7.2: Closeup of a region from a field in LBA with the left figure showing before peeling and the right figure
after peeling.

The face on spiral galaxy IC342 is located at the edge of the field and was compared to the unpeeled
image. Quite a difference can be seen between the peeled image and unpeeled image (see figure 7.3).
The peak flux in the unpeeled image is 2 times greater than the peeled image. Also IC342 is more
extended in the unpeeled image. This seems to be a serious problem, namely that when performing di-
rectional dependent calibration, the integrated flux of extended sources always decreases. This problem
has been explored already in section 2.8.3, however the countermeasures found there to minimize this
effect cannot work due to the lack of multiscale clean of AWimager (Tasse et al. 2013) [101]. AWimager
is essential for MSSS unlike NGC891 and M51 in previous chapters as we are interested in entire field
and therefore the primary beam correction is vital.
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Band number | Prepeeled (mJy/beam) ‘ Peeled (mJy/beam) ‘ Difference | Number of peeled sources

Band 0 620 609 1.7% 4
Band 1 542 496 8.5% 4
Band 2 388 318 18.0% 4
Band 3 298 255 14.4% 4
Band 4 216 166 23.2% 5
Band 5 203 153 24.6% 6
Band 6 172 132 23.3% 5
Band 7 142 126 11.3% 6

Table 7.5: Noise achieved for each band before and after peeling

Figure 7.3: The face on spiral galaxy IC342 shown before (left) peeling and after (right) peeling. The color scale
is the same for both images.

7.4 Investigation of the gains solutions derived from Cygnus-A and
compared with 3C196

As mentioned in section 2.2.2, the Scaife & Heald (2012) [66] models of six 3C sources are mostly used
for the calibration of LOFAR, but Cygnus-A was also checked as a calibrator and compared to another
3C source, in this case 3C196. While Cygnus-A is an extremely strong source in LBA, it would need a
complex model especially for a longer baselines. This section outlines this small investigation to see if
Cygnus-A is a suitable calibrator for MSSS.

First of all, the gain solutions from 3C196 were compared to the Cygnus gains in the frequency
domain for one snapshot. In terms of amplitude, both calibrators show similar gain bandpasses with a
peak at around 58 MHz as expected. However, the Cygnus-A gains change much smoother over the
entire frequency range compared to the 3C196 gains. Also we can see that the standard deviation found
for each subband is substantially higher for 3C196 compared to Cygnus-A (see figure 7.4).

The same data was used to compare how the gains behave in a single snapshot. The processed data
had to be re-calibrated as the normal MSSS calibration script will clip extreme gain amplitude values
and change them to the median which would skew the results. The parset used for calibration is the
parset normally used in MSSS LBA calibration script. Figure 7.5 shows the Cygnus-A gains (blue) and
3C196 (red). It is easy to see that the Cygnus-A gain solutions are much more stable in time than this
snapshot of 3C196.

A comparison to a skymodel with no spectral information and a skymodel with spectral information
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Figure 7.4: Plots showing the average gain amplitude and std. deviation for each subband for the entire frequency
range used for MSSS for the XX correlation of station CS002. Left shows gains obtained from Cygnus-A and

right is from 3C196.
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and 3C196 with the shaded region showing the standard deviation around the gain average.

was performed and it was seen that the amplitude is lower in amplitude for a sample subband, as well
as the standard deviation for the new spectral skymodel, but other than that no other differences could

be seen.
In conclusion it was seen that:
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1. In terms of frequency, the Cygnus-A gain solutions were better defined than 3C196 gains. The
gain curve for Cygnus-A is much better defined.

2. In terms of time, the Cygnus-A gain solutions were much better behaved than the 3C196 gain.
This can be seen for different subbands and snapshots.

3. Adding the spectral information doesn’t degrade the gains but shifts the amplitude which would
be expected.

4. In terms of the gain amplitudes, Cygnus-A is a better calibrator than other of the 3C sources
due to it’s extreme brightness. As the resolution of MSSS is only 2/, errors due to an imperfect
skymodel should not be severe, however, when going to higher resolutions this could impact
results and should be kept in mind.

7.5 Detection of nearby spiral galaxies in the MSSS survey

LOFAR for the first time enables us to conduct a systematic survey of nearby galaxies at moderate
resolution and a reasonable S/N ratio at very low frequencies.

Israel and Mahoney (1991) [26] observed that the total fluxes of 68 galaxies at 57.5 MHz are system-
atically lower when one extrapolates from 1.4 GHz flux measurements assuming a single power law.
Israel and Mahoney also reported that the fluxes of galaxies at 57.5 MHz would decrease with increas-
ing declination which they interpreted as increasing free-free absorption caused by a clumpy medium
with an electron temperature of 7y ~ 1000K and a electron density of the order of lcm~!. However,
no direct observational evidence (which would be difficult) of such medium exists, even in our own
Galaxy. Hummel (1991) [28] performed a reanalysis of the data and did not confirm the correlation
with the inclination of the galaxies. It was argued that the observed curved spectra were consistent with
electron diffusion models without free-free absorption. The survey carried out by Israel and Mahoney
was done with the Clark Lake telescope (Erickson et al. 1982) [2] and had poor resolution of 7’ as well
as poor S/N ratio. Therefore, there is a need for more reliable measurements with greater resolution,
which MSSS can deliver.

Even though MSSS has not being finished yet, preliminary work has begun regarding a creation of a
sample of 60 galaxies. This sample includes (i) all known galaxies inside a sub-volume bounded by 3.5
Mpe, (ii) an unbiased sample of spiral and irregular galaxies within the 11 Mpc sphere in the Spitzer
Local Volume Legacy Survey (LVL, Dale et al (2009)[200]) and (iii) additional interesting galaxies
between 11 Mpc and the Virgo Cluster.

Many of these galaxies have been already detected at the time of writing, a sample of these detected
galaxies can be in seen in figure 7.6.

While the resolution achieved prohibits detailed study of most galaxies, structures can be seen in
several galaxies for example, IC342 and M81, where a spiral arm is visible. This work will be continued
with collegues from Krakow, Poland, Bochum University, ASTRON and the MPIfR and will continue
most likely for the next 2 years.

7.6 First detections of polarization in the MSSS survey

Detection of polarization with MSSS would enable an all sky survey of the northern sky in polarization
at low frequencies for the first time. This would be very exciting as Galactic polarized emission below
200 MHz is poorly understood and their characteristics cannot extrapolated from higher frequencies.
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Declination (J2000)
mily/Beam

Decttion (12000)

Figure 7.6: A selection of galaxies detected with MSSS HBA, from top left, M81 & M82, 1C342, NGC2683,
NGC3079, NGC6946 and NGC2903.

Recently Bernardi et al. (2013)[123] with the MWA (Lonsdale et al. 2009)[70] at 189 MHz performed
a 2400 square degree polarization survey in the southern sky with 15.6’ resolution and a noise of 15
mlJy/beam. This survey resulted in only a single detection out of a catalogue of 137 sources brighter
than 4 Jy in total intensity. This means that the remaining sources have polarization fractions of less than
2%. This in comparison to the average value of 7% at 1.4 GHz, meaning that the polarization fraction
decreases drastically at low frequencies. Both beam depolarization and internal Faraday dispersion
could generate the observed depolarization. Higher resolution observations could improve this.

The scientific value of a polarization survey with MSSS would be invaluable and with greater reso-
lution, better sensitivity and a greater survey area, it would help greatly in furthering our understanding
of polarization at low frequencies. In theory, MSSS has excellent Faraday resolution [124, Brentjens &
de Bruyn (2005)] of 1.5 rad m~2 and a maximum Faraday depth [124, Brentjens & de Bruyn (2005)] of
approximately 330 rad m~2. The RMSF from MSSS can be seen in figure 7.7. Until now, no polariza-
tion detection had been performed on MSSS. The detection of polarization in MSSS had to be achieved
before planning future steps for a polarization survey.

This section shows a definite polarization detection in the Fan region as well as for PSRJ0218+4232
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7.6 First detections of polarization in the MSSS survey

at the correct Faraday Depth. With these results, the MKSP can now plan for the processing of MSSS
data for a polarization survey.
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Figure 7.7: The RMSF produced from the frequency coverage of MSSS.

7.6.1 Summary on pipeline for polarization processing

Calibration for the ionspheric Faraday rotation is essential to detect polarization at the correct Faraday
depth and therefore an additional pipeline had to be implemented to already calibrated data.This needed
to be created in order to detect polarization in MSSS. The outline for this pipeline is as follows:

1. Firstly, all the visibility data from the separate snapshots had to split up into channels, this is 8
bands by 40 channels, resulting in 320 channel CASA Measurement Sets' (MS) for each snapshot.
Naturally, the CORRECTED-DATA column was copied into new MS’s DATA column. This step
has to be performed as the current implementation of AWimager (Tasse et al. (2013)) [101] cannot
image seperate channels. It is hoped that this functionality will be added in the near future making
this step redundant.

2. The RM correction for the ionospheric Faraday rotation was determined using CODE? TEC data
and was applied to each channel MS with BBS.

3. The snapshots were then concatenated for each channel.
4. Each channel was then imaged in the usual MSSS imaging mode with exceptions, namely, the el-
ement beam is switched on to avoid any beam projection depolarization and all Stokes parameters

were imaged.

5. Once every channel has been imaged, the images are split into it’s Q and U components and con-
verted to FITS files. If a mosaic is been made, there is no need to separate the Stokes parameters.

! http://casa.nrao.edu/docs/UserMan/UserMansu82.html
2 http://aiuws.unibe.ch/ionosphere/
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6. George Heald’s RM Synthesis and RM Clean software (Heald et al. 2009) [32] was then used to
perform RM Synthesis. For RM Clean, the same parameters were always used namely a gain of
0.1, 1000 clean iterations and clean cutoff of 0.01 Jy/beam.

The initial steps of separating and calibrating doesn’t take much time, however, the concatenation
can take 1-2 hours to concatenate all channels. Unsurprisingly, the imaging takes the largest amount of
processing time, approximately 6-7 hours. Overall, it would take 1 day to process a field mosiac (like
figure7.10). A diagram of the polarization pipeline can be seen in figure 7.8.

Snapshot 1 Snapshot 2

Split into channels Splitinto channels

\J

Find RM correction

\J
Find RM correction

\j

\j
Calibrate RM Calibrate RM

¥
Concat Snapshots

Ty

Image channels

\
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RM Synthesis

Figure 7.8: The polarization pipeline for one field, note that once AWimager has the capability to image channels,
splitting the original Measurement Sets will not be needed. Also RM calibration will only need to be applied to
each band rather than each channel. Finally each band could be concatenated rather than each channel further
saving time.

7.6.2 Detection of polarized Galactic foreground emission

Processed data of one mosaic (six fields) from the Fan Region was processed for polarization which can
be seen in figure 7.10. Each field was processed and imaged separately. Finally each channel image
were then made into the six field mosaic. Clear detections of polarized emission can be seen in several
slices in the Faraday cube seen in figure 7.11. Several features can be seen which agree with Iacobelli
et al. (2013) [85]. These include the ring structure at ¢ = -2 rad m~2 which is a local bubble feature at
100pc (Bernardi et al. 2009 [127], Iacobelli et al. 2013 [126]) and the bubble structure at ¢ = -5 rad m~2
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Figure 7.9: The values for the RM correction using CODE TEC data. CODE TEC data is recorded every hour
and therefore the resolution is insufficient to see any fluctuations in TEC.

which is nearby relic Stromgren sphere at 200pc. Unfortunately, no confident detection of polarization
from an extragalactic source can be seen. Iacobelli et al.(2013) [85] notes that polarization can be seen
in both the spiral galaxy IC342 and the giant double-lobe radio galaxy WNB 0313+683. It should be
said that the radio galaxy does have an interesting peak in it’s southern lobe at ¢ = -9 rad m~2, which
would be agreement with Iacobelli et al. (2013) [85], but it is more likely sidelobes of the instrumental
response.

From these results, a shallow survey of diffuse Galactic foreground structures is possible and should
be planned for.

7.6.3 Detection of PSRJ0218+4232 in polarization

PSRJ0218+4232 is a pulsar with a high degree of polarization with a Faraday depth of ¢ = -61 rad m~2
(Navarro et al. 1995) [90] was observed with MSSS and reduced in the normal MSSS pipeline. The
processed data was then further processed for polarization. The pulsar is clearly detected at the correct
Faraday depth with a polarization degree of 51% as shown in figures 7.12 & 7.13. This shows that
MSSS can detect polarization for point sources but more importantly it is at the correct Faraday depth.
As an extra test, RM Synthesis software developed by Mike Bell was used and compared to George
Heald’s software and the dirty Faraday spectrum were seen to be identical, however, MB’s completely
fails for RM Clean compared to GH’s RM Clean software which can be seen in figure 7.14. This effect
was also seen for the M51 commission dataset. This was repeated again with a gain of 1 with 1 clean
iteration where one would expect the main component to be subtracted, however, this is not seen.

7.6.4 3C208

The field around the double lobed QSO 3C208 was also processed for polarization. In front of this
QSO is a known Mgll galaxy (Bernet et al. 2013) [201] and the aim was to see if a different polarized
components could be seen in the Faraday spectrum. However, no polarization could be detected. Bridle
et al (1994) [202] show that both lobes of 3C208 are polarized and therefore at this low resolution
could be depolarizing each other. 3C208 is approximately 15 arcsecs across and therefore would need a
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Figure 7.10: The processed data of the FAN region which went through the normal MSSS pipeline. The spiral
galaxy IC342 can be easily seen. No self calibration has been performed.

resolution far beyond what MSSS can do to resolve the lobes. Therefore a dedicated observation would
be required.

7.7 Summary

The main results and findings from this work include:

1. An initial calibration strategy was devised for the LBA survey which could achieve a noise of 175
mJy/beam. It was also seen that sources from previous catalogues appeared without the need of
being specified in the skymodel used. This method of initial calibration was adopted for all LBA
observations with more fine tuning.
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Figure 7.11: Slices of the Faraday Cube from ¢ = -5 rad m~2 (upper left) to +4 rad m™2 (lower right) in steps on
1 rad m~2. The ring structure can be seen as well the very large scale curtain polarized feature.

2.

Directional dependent calibration was tested in an LBA field and was shown to produce much
improved images with an increase in overall and local dynamic range. However, it was seen that
the integrated flux of IC342 decreases substantially. This is mainly due to an incomplete model
of the extended emission and due to vast number of parameters in the calibration process.

Cygnus-A was compared to 3C196 and proved to be a better calibrator with the existing skymodel
in terms of gains, both in frequency and time.

Many nearby galaxies have been detected in the HBA part of the survey as well as IC342 in the
LBA part. The spectral analysis of these galaxies will either prove or disprove the findings of
Israel & Mahoney (1990)[26] to whether or not a low temperature clumpy medium in galaxies
exist.

A polarization pipeline was created for MSSS HBA data and through it polarization was detected
in the Fan Region matching similar structures seen in previous publications. PSRJ0218+4232
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Figure 7.12: Left: A slice taken from the cleaned Faraday cube at -61 rad m~2 showing a clear detection of
PSRJ0218+4232. Right: This figure shows the same Faraday cube with Faraday depth on the Y-axis and Right
Ascension on X-axis at a set declination. PSRJ0218 can be seen again at -61 rad m~2 and another source at around
-2 rad m~2 which is instrumental.
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Figure 7.13: Left: The Faraday spectra of PSRJ0218+4232. The dashed line is the dirty Faraday Spectra and the
solid line is the cleaned Farday Spectra. As expected the peak is found at -61 rad m~2. A small peak can be seen
at -2 rad m~2 which is the instrument response. Usually the instrumental response is located at 0 rad m~2 but
correction for ionspheric Faraday rotation can make it non zero.

was also detected at the correct Faraday depth. This is the first step towards an all polarization
sky survey of the northern sky with LOFAR.

6. Finally, it was found that the main RM synthesis software used by the MKSP doesn’t work. There
are plans that this software will be fixed and usable for data from all instruments.
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CHAPTER 8

Conclusions & Outlook

We are currently at the cusp of the golden age of radio astronomy with exciting new radio telescopes
being currently built including Meerkat, ASKAP and many others, all pathfinders to the Square Kilo-
metre Array. For the low frequency part (< 300 MHz) of the SKA, LOFAR (Low Frequency Array)
is the critical pathfinder. Low frequency interferometry has been fraught with many difficulties, most
importantly, distortion of the receiving signals due to ionospheric fluctuations. As a result, low fre-
quency astronomy is relatively unexplored. With the construction of LOFAR, we are able to finally
explore this uncharted region. However, throughout this thesis, LOFAR was still been constructed and
commissioned. Therefore considerable commissioning activities needed to be performed.

In these commissioning activities, development of software to interpolate the complex gain solutions
in frequency in order to increase the sensitivity of the observation was successfully implemented. This
method of calibration is now being used by many users of LOFAR. In addition, studies and tests were
performed on directional dependent calibration as well as correction for the ionospheric Faraday rotation
of polarized signals.

The main achievement resulting from these commissioning activities are the first images of galaxies
observed with LOFAR HBA at arcsec resolution and uJy sensitivity. Never before have nearby galaxies
been observed at such low frequencies at such high resolution. We are able for the first time to explore
the physical nature of low energy electrons and magnetic fields.

8.1 Observation and modelling of M51 at low frequencies

We observed M51, an interacting face-on spiral galaxy which is ideal to explore the nature and extent
of the extended disk and its magnetic field. We were able to detect synchrotron emission in the outer
disk out to 16 kpc showing that a significant magnetic field exists at these large distances. The spiral
arms of M51 are still observable at 151 MHz but signs of cosmic ray diffusion of low energy cosmic ray
electrons are obvious. For example, the wavelet cross correlation between 151 MHz and 70um is seen
to have a significant correlation at scales greater than 1.45 kpc compared to 0.72 kpc for 1.4 GHz and
70um. This is a measure of the propagation length of cosmic ray electrons that decreases with increasing
frequency. The radial scalelengths ! were found to have a frequency dependence of [ oc y~0-1620.02 which
is as expected from our diffusion model.

We observed a break in the scale length of the synchrotron emission at 151 MHz at approximately 10
kpc from the center of the galaxy, just beyond the star forming disk of the galaxy (see figure 3.6). The
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scale length of the outer disk is found to be two times lower. This break is also observed at 1.4 GHz
at the same location but is steeper which is expected due to greater energy losses at higher frequencies.
This break makes it much more difficult to detect the extended disk, even at low frequencies. The cause
of this break is likely due to the increased prominence of inverse Compton losses from the galaxy’s
radiation field and the Cosmic Microwave Background as the magnetic field is weaker due to inefficient
star formation in the outer disk.

There is found to be no flatting of the spectrum of integrated radio emission for M51. This puts the
interpretation from Hummel (1991) [28] & Pohl et al. (1991) [131] less plausible that the break in the
integrated spectrum is caused by the energy losses of the CREs and this causes the spectrum to steepen
at higher frequencies. Evidence of thermal absorption is seen in localized regions in the center of the
galaxy.

These results badly need simulations of the distribution, propagation and energy losses of cosmic
ray electrons. While our own Galaxy has been studied extensively with the GALPROP code, external
galaxies have been seldomly studied. In order to rectify this, a new code was developed from scratch in
order to simulate the diffusion-loss equation for M51. Our simulations are able to reasonably match the
observed spectral index in some respects such as the arm and interarm contrast. We showed that with
a diffusion coefficient of approximately 7.5 x 10?® cm? s~! we can replicate the shape of the spectral
index profile of M51.

We find that in order to match observations, we need to take into account the thermal contribution in
the central region as well inverse Compton losses from the Cosmic Microwave Background in the outer
disk. However, it becomes clear that the equipartition magnetic fields derived from the observations are
too weak away from star forming regions. Therefore, this code can help us constrain the magnetic field
strength in regions where little star formation is present, ie the extended disk or halo.

While M51 was not detected in linear polarization due to severe depolarization, we were able to find
six extragalactic sources in polarization at a resolution of 20" at a frequency of 151 MHz. This would
result in a detection of a polarized source on average for every 2.9 square degrees. This is important
information for future polarization surveys at low frequencies and limits the possibility of using RM
grids of background polarized sources to probe weak magnetic fields.

8.2 Observation of NGC891 with LOFAR HBA

We also observed the edge on galaxy NGC891, with LOFAR HBA achieving a rms noise of approxi-
mately 0.8 mJy/beam at a resolution of 20”". We confirm earlier studies that NGC891 has a significant
break in its spectrum of integrated radio emission. The spectral index at high frequencies is very similar
to that in M51, while at low frequencies significant indications of thermal absorption are visible. In
particular, the northern half and the central region show significant thermal absorption. The thermal
absorption in NGC891 is much more widespread compared to M51 and suggests that the path length of
the emission is important and thus the inclination of the galaxy.

While we cannot see an extended halo we do see larger scale heights for 151 MHz compared to higher
frequencies, thereby suggesting that better sensitivity is needed. NGC891 is different from NGC253 in
that only one side of the galaxy shows a constant bulk outflow speed through the anticorrelation of
synchrotron scale height and magnetic field and the linearity of the spectral index. The other side of the
galaxy does not show similar results. We suggest, through X-ray observations and the spectral index
map produced in this work, that outflows from the disk would produce a variety of bulk speeds.

We also detect a new feature not seen at higher frequencies, which is located just above a region of
high star formation. We believe this to be an outflow with a stronger magnetic strength due to extreme
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steepening of the spectral index at this region.

8.3 Detection of Faraday gradients in the disk of NGC628

The nearly face on galaxy NGC628 was observed with the Effelsberg 100m telescope at 2.6 & 8.35 GHz
and the JVLA at 2-4 GHz. With the Effelsberg observations we find that NGC628 is described by a spec-
tral index of @ = —0.78+0.02, confirming previous observations. We also see that from these low resolu-
tion images that NGC628 possess a striking axisymmetric galactic magnetic field which is is the easiest
mode for the aw-dynamo to produce. We present preliminary images of the D-configuration JVLA of
this galaxy and are able to show that NGC628 contains magnetic arms, very similar to NGC6946. We
also perform RM synthesis and we can confirm the main component seen in Braun et al. (2010) [55] at
a Faraday depth of approximately -40 rad m~2. Excitedly, we detect gradients and reversals in Faraday
depth within the disk of NGC628. These gradients could signify the magnetic field being pushed up
from the disk into the halo. This is extremely important as this would help to remove small scale mag-
netic helicity from the disk as the conservation of magnetic helicity can suppress a dynamo. Therefore
this would support both mean-field dynamo and ’chimney’ theories in one go.

8.4 Multi Frequency All Sky Survey

MSSS (Multi-frequency Snapshot Sky Survey) is the first all sky survey performed by LOFAR, spanning
a frequency range of 30-70 MHz for LBA and 120-160 MHz for HBA. During this thesis, several
activities were performed which helped complete this survey. This included creating and testing the first
draft of the initial calibration cycle for MSSS data, testing the viability of different calibrators including
Cygnus-A and testing directional dependent calibration. Most importantly from a cosmic magnetism
point of view, linear polarization from the Galactic foreground was detected in the Fan region. Also,
polarization was detected from the millisecond pulsar PSRJ0218+4232 at the Faraday depth of -61 rad
m~2. These results will enable us to perform an all sky shallow polarization survey at low frequencies
for the first time.

8.5 The main findings of this thesis

To summarize this thesis we can see there are three main findings:

Diffusion is the main process of cosmic ray electron propagation in the disk.

We found that the dependence of the inner disk scale length with frequency (v~%-16*0-02) corre-
sponds nearly exactly to the theoretical frequency dependence of the diffusion length (v='/8). Our
diffusion-loss model of M51 was able to roughly reproduce the features of the radial spectral in-
dex and agrees with the integrated spectral index. Also the break scale shown in the FIR-radio
correlation has approximately doubled from 1.4 GHz and 151 MHz, again showing the effects of
diffusion. Finally we could detect a smoother gradient in the arm interarm contrasts at 151 MHz
compared to higher frequencies. All these findings point to the fact that diffusion is the most
dominant process of cosmic ray electron propagation in the star forming disk of M51.

The flattening of the integrated spectrum of galaxies at low frequencies is due to thermal absorption.
We have observed no spectral flattening in M51 but confirm a significant flattening in NGC891
which we believe is caused by thermal absorption by classical HII regions. Much more thermal
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absorption in the disk is observed in NGC891 from the spectral index maps produced whereas
M51 only shows this effect in small regions in the center of the galaxy. Therefore this signifies
that the path length becomes important and thus the inclination of the galaxy. The interpretation
of the flattening by Pohl et al. (1991) [131] is false due to not including thermal absorption and
diffusion in their model. We also discount that the thermal absorption is caused by a low temper-
ature ionized gas component proposed by Israel & Mahoney (1990) [26]. Further observations
of galaxies at a range of inclinations is essential to validate this finding. In addition, modelling
thermal absorption would be of great benefit.

Detection of diffuse polarization in star forming galaxies at low frequencies is unrealistic.
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Finally, the non-detection of polarization of M51 shows us that detection of diffuse polarization
in star forming galaxies at low frequencies is unrealistic. If we would have any chance to observe
diffuse polarization it should be for a target with significant magnetic fields but little star forma-
tion. Also the chance of detecting weak magnetic fields with a RM grid of background polarized
sources will also be very difficult due to the insufficient density of polarized sources detected.
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