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Abstract

Observations of the transient radio sky provide an insight into the most dynamic and energetic
events in the Universe. The exploration of transient and variable sources, for a long time
primarily focused on higher frequencies, has recently been extended to the long wavelength
regime, with the development of facilities such as the Low Frequency Array (LOFAR).

In this work I describe the general design of LOFAR as well as details of the commis-
sioning work performed during the early stages of operation. Secondly, I perform an analysis
of the first dedicated LOFAR transient survey — the Radio Sky Monitor. The investigation is
focused on exploring 30 seconds time-scale images and allows us to place an upper limit on
the expected areal densities of fast radio transients in the low frequency sky. It also provides
spectral index constraints on the previously found, first LOFAR transient event.

I also investigate the relation between the radio luminosities and variability time-scales
across a wide range of sources — from nearby flare stars to distant supermassive black holes.
The results are discussed in context of the potential use as a classification method, as well as
in comparison with the expected brightness temperature of the events. The relation is used
as a base for building a tool which classifies (with a given probability) an observed event,
depending on the measured rise/decline rates of the flare. It includes the automatic selection
of flares and takes into account the estimated areal densities of different classes of objects.

Lastly, I discuss the results of the luminosity — time-scale correlation in context of the
estimation of the kinetic power, as well as future prospects of implementing the presented
classification method into an automated transient detection pipeline for instruments such as

MeerKAT and the Square Kilometer Array.
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Chapter 1

Introduction

1.1 Radio Astronomy Background

The field of observational radio astronomy was initiated over 80 years ago, when an engineer
Karl Jansky accidentally detected radio emission from the Milky Way, while working on
eliminating sources of radio communication interference. The realisation that astronomical
objects emit radio waves launched the development of facilities designed to observe the radio
sky.

Because the angular resolution ® of the observation is directly related to the diameter
of the telescope D as well as the observed wavelength A (® «< A /D), and, the radio band
makes up a significant fraction of the electromagnetic spectrum, separate antenna designs
are necessary in order to explore the full range of radio wavelengths. While at higher,
gigahertz frequencies a relatively good resolution can be obtained with a traditional single
dish telescope, the diameter of the required instrument quickly becomes unreasonably large
when observing radiation at metre wavelengths. The largest single dish radio telescope —
Arecibo — has a diameter of just over 300 metres, while the Green Bank Telescope (GBT) —
the largest steerable telescope — is 100 metres in diameter. Other single aperture telescopes

include Parkes, Jodrell Bank and Effelsberg. All these instruments have provided a wealth of
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data and information about the radio sky over the years, however, even at higher frequencies
the technical limitations of the size of dish that can be built are quickly reached by both the
costs of construction as well as design constraints.

These problems can be solved by introducing the interferometry technique. It allows us
to replace a single dish telescope with a number of smaller and easier to produce antennas,
which, combined into a network, act as one instrument with the effective diameter equal
to the size of the array. Thanks to the aperture synthesis method (described in Ryle and
Hewish 1960 and further discussed in Section 1.2) the resulting angular resolution of the
telescope can be greatly improved, with the main cost shifted from the expensive constructions
into the transport and processing of vast amounts of data. Therefore, the development of
interferometric arrays relies heavily upon the progress of technology. Examples of such
interferometers operating in the high frequency regime include: the Karl G. Jansky Very
Large Array (JVLA; Perley et al., 2011), the Arcminute Microkelvin Imager (AMI; Zwart
et al., 2008), the Westerbork Synthesis Radio Telescope (WSRT; Baars and Hooghoudt,
1974) and the Australia Telescope Compact Array (ATCA; Frater et al., 1992).

While the higher frequency regime has been explored in detail over the past decades, much
of the effort in recent years has been focused on the development of instruments observing
at metre wavelengths. This includes the Low Frequency Array (LOFAR; van Haarlem
et al., 2013) — the northern hemisphere interferometer built across the European countries
(discussed more extensively in Section 2.1) and the Murchison Widefield Array (MWA;
Tingay et al., 2013), located in the western part of Australia. Both of these instruments use
dipole antenna arrays and cover the low frequency range of the radio band, (30-240 MHz,
LOFAR; 80-300 MHz, MWA), and, together with telescopes such as MeerKAT (currently
under construction; Booth et al., 2009) and Australian Square Kilometre Array Pathfinder
(ASKAP; Johnston et al., 2007) contribute to both technical developement as well as provide

scientific input to the Square Kilometre Array (SKA; Dewdney et al., 2009) — the largest
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and most advanced radio telescope, located jointly in South Africa and Australia, expected to

be operational in the early 2020s.

Radio observations of astronomical objects provide great opportunities to study various
areas of astrophysics, such as the evolution of galaxies, examining the behaviour of galactic
and extragalactic objects or exploring the cosmic microwave background (CMB; Penzias and
Wilson, 1965). Studies of radio emission allow us to probe the interstellar and intergalactic
medium, measure the kinetic energy output associated with explosions, and, thanks to the
high angular resolution of radio telescopes, offer a good localization of the events. In the area
of transient and variable radio sources, which is the main focus of the work presented in this
thesis, most of the observations performed to date come from the follow up monitoring of
events discovered at other wavelengths. This is mainly due to the narrow field of view of most
radio telescopes, which does not favour serendipitous detections of these (relatively rare)
types of objects. However, with their wide fields of view and potentially high sensitivities,
facilities such as LOFAR, MWA or SKA open up great possibilities of discoveries of new
objects in blind radio surveys. Part of the work presented in this thesis concentrates on
searching for transient and variable sources in LOFAR observations. The events of interest
originate from a wide range of objects, from Galactic stars (Osten and Bastian, 2006) and
binary systems (Audard et al. 2005, Fender 2006), through supernovae (SN; Kulkarni et al.
1998, Weiler et al. 2002), up to the most distant and luminous events such as gamma-ray
bursts (GRBs; Frail et al. 1997, Chandra and Frail 2012) and bright flares from supermassive
black holes in the centers of distant galaxies (Ryle et al. 1978; Volvach et al. 2010). They
also include a recently discovered class of fast radio bursts (FRBs; Lorimer et al., 2007)
— bright flares of unknown origin — which could potentially point to some of the exotic,
so far only theoretical events such as, for example, evaporating black holes (Rees, 1977).
Figure 1.1 shows a number of radio flares observed from a range of synchrotron emitting
sources which occur on time-scales from minutes to years, and, will be further discussed in

Chapter 4.
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Fig. 1.1 Examples of incoherent synchrotron flares originating from a range of classes of
objects, illustrating different time-scales of the events which can range from minutes to years.
The exponential rise time T of the event is related to the fitted parameter s as T = s~!. From
Pietka et al. (2015) — see Chapter 4 for more details.

As the expected rates of newly discovered radio sources increase, our ability to select
them from the vast datasets and swiftly classify is greatly challenged. The first problem,
although simple in its concept, requires innovative techniques which allow us to store, search
and analyse huge amounts of data in shortest time possible. There are number of pipelines
developed specifically for radio data searches, e.g. the Transient Detection Pipeline (TRAP;
Swinbank et al., 2015), discussed in more detail in Section 3.6.1. The problem of rapid
classification, although not immediately crucial to transient surveys, gains importance as
the scheduling of follow up observations is required. If the number of detected candidates
exceeds the amount which is likely to be analysed and classified by humans on the available
time-scale, an automatic tool might be necessary. This issue has been undertaken at other
wavelengths (see Section 1.6), but the early classification of radio-selected detections remains

relatively unexplored. Therefore, the second part of the work presented in this thesis is
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dedicated to taking a broad look at the properties of known radio flares and using them as the

basis of an early method of classification.

1.2 Radio Interferometry and Aperture Synthesis

In a simple case of a two element interferometer (Figure 1.2) a pair of antennas A and B
(which form the so called baseline) located on an east — west (E-W) line monitors the sky in
direction ¢. Due to the separation D between the antennas, the signal received at location A
travels an extra path length compared to B. This difference is compensated by adding the
geometric delay of 7, = D sin¢ /c to the signal received at antenna B, following which the
two signals are correlated. The output of this correlation — the complex visibility V — is the
component of the Fourier transform of the sky brightness distribution at a particular spatial
frequency and orientation determined by the baseline. Therefore, the visibility is described in
terms of the orientation of the baseline as seen from the source. As shown in Figure 1.2, the
projected length of the baseline u is different to the physical distance D between the antennas.
In order to express the orientation of the baseline as seen from the source, a separate u, v,
w coordinate system is introduced, where u, v define the projected eastern and northern
directions respectively and w is directed towards the observed object. The measurement of
the visibility V (u,v) for a pair of discussed antennas provides a single point in the uv space.
Because the antennas in the discussed example are located on an east-west line, the projected
length and orientation of their baseline (and so the values of u and v) will gradually change
with the rotation of Earth. Correlating the signal from the antennas at different stages of
the rotation will provide additional visibility measurements and slowly fill in the uv plane,
eventually synthesising the aperture of the diameter equal to the size of the array.

The inverse Fourier transform of the visibility measurements gives the sky brightness
distribution convolved with the response of the array to the point source. The true brightness

distribution can be recovered by the deconvolution process — a description of the possible
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Fig. 1.2 Illustration of the two component East — West interferometer, where the two antennas
separated by distance D form a baseline. The signal from the source observed in the direction
¢ arrives at a different time at each of the antennas — this difference can be corrected by
adding the time delay of 7, = D sin¢ /c. The correlated signal from both antennas, expressed
as a function of the projected baseline length (1) gives a component of the Fourier transform
of the sky brightness distribution.

methods can be found in Hogbom (1974) and Clark (1980). Completeness of the uv plane
sampling is directly related to the quality of the final map — the better uv coverage, the
closer our result is to the true sky brightness distribution. By extending the array from 2
to N antennas we can create N(N — 1)/2 baselines and increase the number of visibility
measurements.

Figure 1.3 shows the comparison of array design, snapshot uv coverage and the full
synthesis (12 hours) sampling for the Westerbork Synthesis Radio Telescope (WSRT) and
the Very Large Array (VLA). In the case of the WSRT, which is an E-W interferometer,
the difference between an instantaneous uv coverage and the full synthesis (12 hour long
observation) shows that the performance of an array with all the antennas lined up strongly
depends on the rotation of the earth. For the VLA the uv sampling is improved over time,

however, the snapshot coverage is still relatively complete. The angular resolution of the
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Fig. 1.3 Comparison of the design and uv coverage for the WSRT E-W array (left) and
VLA (right). Top panels show the antenna distribution for both telescopes. Middle panels
show their instantaneous uv coverage — while the VLA sampling provides good snapshot
coverage, the corresponding uv sampling for WSRT is quite poor. The full synthesis coverage
shown in the bottom panel improves the sampling for both arrays, although it is much
more crucial for the WSRT which depends strongly on Earth’s rotation. (Figure credit:
http://192.96.5.2/synthesis_school/Miod_Array_Design.pdf)
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interferometer is defined by the diameter of the array, and, consequently, including the longest
baselines in the observations makes the instrument most sensitive to point sources, while

short baselines are used to map large scale structures.

1.3 Types of Radio Emission

This section gives an overview of different types of radio emission mechanisms. From this
point, the frequency dependence of the flux density F, at the frequency V is defined as

Fy o< v* where « is the spectral index.

1.3.1 Synchrotron

Emission Mechanism

Synchrotron emission arises from relativistic charged particles, usually electrons, accelerated
in magnetic fields. It is a type of non-thermal radiation, i.e. the distribution of emitting
particles is non-Maxwellian. When propagating in a magnetic field, electrons experience a
Lorentz force which causes their acceleration around the magnetic field lines. As a result,
electrons emit photons with energy proportional to the velocity of the emitting particle. Due
to the relativistic velocities, the radiation is strongly beamed — i.e. emitted in a narrow
cone in the direction of motion. A population of N electrons in a synchrotron emitting
cloud is described by the power law distribution of energies, E, of individual electrons
N(E)dE = NoyE~PdE (Figure 1.4), where p is the energy distribution index. Closely related
to synchrotron are cyclotron and gyro-synchrotron emission mechanisms, both of which also
originate from acceleration of charged particles in magnetic fields, however, the velocities of

their emitting electrons are non-relativistic and mildly relativistic respectively.
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N(E)dE=N,E"dE

Slope pis related to
spectral index o for
optically thin emission as:

p=1-2a

log (number of electrons)

log (energy of the electrons)

Fig. 1.4 Power law energy distribution of the synchrotron emitting electrons. Smaller number
of high energy electrons is responsible for higher frequency emission, while the lower
frequency radiation originates from the larger number of lower energy electrons.

Spectrum
A single relativistic electron accelerated in a magnetic field radiates at a range of frequen-
cies, with the peak at the so called ’critical frequency’, vy. The observed spectrum of the
synchrotron emitting source is formed by summing the contributions from its individual
electrons, which is schematically shown in the left panel of Figure 1.5. For the optically
thin regime of synchrotron emission, the resulting dependence of the flux density F on the
frequency is F, =< v%, where a is the spectral index, usually between —2 < o < 0. Further-
more, the spectral index is related to the power law index of the energy distribution p as
p = 1—2aq. This relation allows us to estimate the energy distribution of the electrons in the
observed synchrotron emitting sources by measuring their spectral evolution.

As the observing frequency decreases, the brightness temperature 7 of the source is
approaching — although can never exceed — the temperature of its particles 7.. Therefore, at a

given frequency the spectrum reaches its peak before being inverted. This effect is known
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Fig. 1.5 Left: Tllustration of the spectral distribution of the optically thin, synchrotron emitting
source, where the overall profile originates from the superposition of the spectral distributions
of the individual electrons. Right: The spectrum of a partially self-absorbed synchrotron
source. For the low frequency, optically thick part of the spectrum, where the emission is
self-absorbed the flux density F changes with the frequency as F o v>>. At the turnover
frequency the plasma becomes transparent to the radiation and the spectral index depends on
the energy distribution of the electrons as F' o< v(1=p)/2,
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as synchrotron self-absorption, where the spectral index is independent from the energy
distribution p and flux density changes as F o< v>. It corresponds to the optically thick part
of the spectrum, which describes a source that became opaque to the radiation and the only
emission observed comes from its surface. The right panel in Figure 1.5 shows a schematic
spectrum of a synchrotron emitting source.

A more detailed description of the physical processes and models of synchrotron emission

from compact radio sources will be given in Section 4.1.

Minimum Kinetic Energy

Radio observations of synchrotron emission can also provide a general estimation of the
kinetic energy associated with the event —i.e. the lower limit of the energy required to produce
the detected radiation. Simplistically, the observed radio luminosity of the synchrotron
emitting region contained in a given volume of space can be produced in two ways: either
by the emission from low energy electrons accelerated in strong magnetic field, or, with
high energy electrons radiating in a weak magnetic field. Figure 1.6 shows the energy in
magnetic field Eg o< B? as well as the energy in the particles E o B~3/2 as a function of the
magnetic field strength B, plotted in green and blue respectively, for a synchrotron-emitting
source of a given size and luminosity. The black curve corresponds to the total energy of the
system, which is defined as E,; = Ep + E. (as this is a minimum energy estimate we ignore
the contribution from protons and any non-relativistic particles). Although it is not possible
to find the precise ratio between the two components (and therefore the exact energy output)
based on the measured luminosity, we can place the lower limit on the energy associated with
the event by differentiating E;o with respect to the magnetic field B. As shown in Figure 1.6
the minimum of the Eiy corresponds to the state where Ep ~ E., and the value of B for
which it occurs is known as the equipartition magnetic field. This estimation of the minimum

energy is useful in measuring the kinetic energy and power ejected in the observed event
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Fig. 1.6 Plotted here is the energy of a synchrotron emitting plasma as a function of the
magnetic field strength. The overall energy (shown in black) is the sum of the energies of
the magnetic field (green) and that in the particles (blue). The minimum energy required for
the synchrotron emission corresponds to the state where the contribution from both of these
components is approximately equal.

such as relativistic jets or expanding synchrotron shells from isotropic explosions. Details of

this analysis can be found in Burbidge (1959).

1.3.2 Black Body

Black body radiation originates from vibrations of charged particles in an object which is in
thermal equilibrium with its environment. It is a type of thermal emission, which means that
the temperature of an object, T provides enough information to describe both the intensity of

the observed radiation and the shape of the spectral distribution of the emitting source. The
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amount of radiated energy increases with the temperature of the source as P o< T* (Stefan-
Boltzmann law), and, as the temperature gets higher, the frequency at which the maximum
energy is emitted increases (Vmax o< 7', Wien’s law). At low frequencies, the spectrum of the
black body is described by the Rayleigh-Jeans law and follows F o v2, which is slightly less
steep compared to that of synchrotron self-absorbed emission (o = 2.5). As the frequency

~hv/KT 4t the short wavelength regime.

increases the spectrum peaks and cuts off as F, o< e
Examples of radiation via black body emission include planets, stars, accretion discs and
the cosmic microwave background. The spectrum of the latter is the closest to that of an

ideal black body found in nature.

1.3.3 Bremsstrahlung

Bremsstrahlung radiation is another thermal emission mechanism in which free (unbound to
an atom) electrons emit photons once accelerated by a collision with more massive, ionised
particles of the plasma. After the collision the electrons stay unbound, which is why this type
of emission is often referred to as free-free radiation. The spectrum of the free-free emission
at lower frequencies, where the source is optically thick, follows that of black body radiation
with a spectral index of @ = 2 and becomes flat (o ~ 0) at higher frequencies. At radio
wavelengths bremsstrahlung emission can be detected from regions of hot ionised plasma.
An overview of different spectral shapes corresponding to the discussed emission mecha-

nisms is shown in Figure 1.7.

1.3.4 Coherent Emission

Coherent emission is another type of non-thermal radiation processes. In general, the
difference between incoherent (such as thermal or synchrotron) and coherent radiation lies in

the properties of the emitted photons. Coherent emission originates from photons which are
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Fig. 1.7 The comparison between the spectral shapes for all of the discussed emission
mechanisms.

emitted with the same frequency, phase and direction, as opposed to, for example, synchrotron
radiation where the photons are out of phase and cover a range of frequencies.

An example source of coherent emission is an astrophysical maser (Microwave Amplifi-
cation by Stimulated Emission of Radiation). It arises in regions where — triggered by an
external energy source — more atoms are found in the excited states compared to low energy
level molecules. The emission of photons from the excited molecules is not spontaneous —
the process is initiated by an ’incident photon’, which stimulates emission of another photon
at the same frequency and phase. Both photons propagate together, in phase and the process
is repeated, increasing the number of photons emitted in phase with every photon-molecule
interaction, leading to chain reaction and emission of a coherent signal. The effect of maser
is observed in star forming regions. The pulsar emission mechanism is another prominent
example of a coherent astrophysical mechanism, although in this case the detailed physics is

not well understood.
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1.4 Propagation Effects

Before reaching the telescopes, the radio signal emitted by a source travels through the
inhomogeneous interstellar medium (ISM) consisting of various types of matter (e.g. ionised
or magnetised plasma) distributed between the stars. The interaction with the ISM can cause
a distortion of the original signal and affect its detection. This section describes the main

types of propagation effects associated with the ISM.

1.4.1 Dispersion

The effect of dispersion is caused by the shift of arrival time of the different frequency
components of the signal, resulting in significant reduction of the total amplitude detected.
Because the velocity of signal propagation depends on the refractive index of the ISM,
which in turn is the function of frequency, the lower frequency components of the signal will
arrive later than those emitted at higher frequencies. This delay is described as a function of
the dispersion measure (DM), which is the column density of free electrons along the line of

sight, and the frequency of the signal

DM

_— 1.1
2.41 x 10~4v2 ()

Arpp =

The upper panel in Figure 1.8 shows an example time of arrival of the different frequency
components of a dispersed signal (Lorimer et al., 2007). This effect is especially significant
in the case of short duration signals, where the delay from the DM for individual frequency
channels is larger than the duration of the signal, and the amplitude obtained by directly
summing the frequency channels is reduced to the level of the noise. The lower panel in
Figure 1.8 shows the effect of dispersion on a simulated short duration signal for a range of

increasing DMs.
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Fig. 1.8 Upper: The shift in arrival time of the different frequency components of a short
duration radio flare, caused by the dispersive delay of the ISM. The inset plot shows the
profile of the recovered original pulse. Figure from Lorimer et al. (2007) corresponds to
the first ever detected fast radio burst. Lower: Illustration of the effect of the DM on the
detection of a short duration signal in time series data. In grey is the simulated short duration
burst as it would appear without experiencing any dispersion prior to the detection. In blue
and red is the same signal affected by the dispersion of 50 and 150 respectively, where the
resulting amplitude is significantly reduced and the chances of the detection decreased if the
signal is not de-dispersed.
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The recovery of the original signal is performed using the dedispersion technique, in
which the time series of the individual frequency channels are shifted relative to each other by
Arpm (Equation 1.1) before being combined. This process is repeated for a large sample of
DMs, one of which gives the strongest signal to noise ratio and the corresponding amount of
dispersion measure associated with the detection. The process of dedispersion also helps to

identify signals originating from terrestrial interference, which are expected to have DM=0.

1.4.2 Scattering

Scattering is caused by changes in the electron densities in an ionised plasma. As the signal
travels through a thin scattering screen located between the source and the observer, the paths
of different rays are diverted with different angles. This causes the delay in their time of
arrival at the observer. Scattering can change intrinsically short and bright burst into fainter
and longer signal with characteristic exponential decay. The detected amplitude F(z) of the

pulse changes as

t

FU%X%p(——), (1.2)

Ts

where T; is the scattering time, and the original width of the pulse 7 is increased to 4 / Tg + 2.
Figure 1.9 illustrates the shape and intensity of the original signal compared to that affected by

interstellar scattering. The scattering time is strongly dependent on the observing frequency v

Tooc v H, (1.3)

which means that the broadening of the signal due to scattering is much larger at lower
frequencies, where at the same time, the observed amplitude of the burst is also more

significantly decreased.
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Fig. 1.9 Left: A short duration burst with an intrinsic time width of 7y and a flux density F;
observed directly from the source. Right: The same signal as observed when propagating

through the scattering screen. The scattering increases duration of the signal to 4 /Tg + 12

where 7; is the frequency dependent scattering time. As a result the intrinsically sharp pulse
gains a slowly decaying exponential tail and the final amplitude is reduced. Based on Figure 1
in Hassall et al. (2013)
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1.4.3 Scintillation

Interstellar scintillation (ISS) is the variation in the intensity of the observed signal caused
by the propagation through the turbulent, inhomogeneous ISM. Scintillation can be divided
into two types. Diffractive scintillation is caused by an interference between different parts
of the signal, which, scattered on a thin screen between the source and the observer, travel
through different paths. It affects only extremely compact sources such as pulsars. Refractive
scintillation is associated with large scale inhomogenities in the scattering screen which can
cause variations in the intensity observed from compact extragalactic sources like quasars

(Rickett, 2002).

1.5 The Radio Transient SKy

The radio sky can show dynamic changes in the brightness of observed sources, which arise
from a wide range of astrophysical phenomena including both intrinsic processes as well as
propagation effects. In this section I will briefly discuss the different types of events which

display radio variability.

1.5.1 Intrinsic Variability

If originating from intrinsic processes, the observed variability in radio brightness points to
objects displaying the most extreme physical phenomena. The sample population of known
transient and variable radio sources is shown in Figure 1.10, where the radio luminosity
of the observed flares is plotted against their time-scale. It can be divided into two main
groups of incoherent and coherent events (marked with blue and white regions respectively)
— based on the type of radio emission they originate from (Section 1.3). Flares originating
from synchrotron emission show variability on time-scales longer than ~ 1 second and are

separated from coherent events by the constant brightness temperature line of 10'2 K, which
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Fig. 1.10 The phase space of the known transient and variable radio sources for a wide
range of astrophysical events, where the radio luminosity is plotted against the product of the
observing frequency Vv and the time-scale of the flare/pulse width W. These events originate
from two different emission mechanisms: coherent (short duration) and incoherent (long
duration), and, are separated by the constant brightness temperature line corresponding to the
value of 10'? K — the theoretical upper limit for the brightness temperature of the incoherent

emission. Figure from Pietka et al. (2015).
represents the upper limit of the brightness temperature for the synchrotron emitting matter
(Kellermann and Pauliny-Toth, 1969). On the other hand, the duration of coherent flares

(white part of Figure 1.10) can be as short as nano seconds, with the brightness temperatures

reaching 10%0 K. The origin of Figure 1.10 will be presented in Chapter 4.
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Incoherent Events

Incoherent emission gives rise to so called ’slow’ variability and can cause changes in
radio brightness for a wide range of sources, on time-scales from seconds to longer than years.
For active galactic nuclei (AGN) the optically thin synchrotron emission is observed from
long jets extending from the central supermassive black hole into a surrounding medium,
as well as large radio bright lobes at their ends. On the smaller scale, similar behaviour
is observed in X-ray binaries — stellar mass black holes or neutron stars which accrete
matter from their companion stars and produce relativistic outflows of matter (Fender, 2006).
Relativistic jets are also formed in tidal disruption events (TDE; Zauderer et al., 2011)
systems, where a star passing nearby a massive black hole is being disrupted by tidal forces.
Another class of objects displaying highly collimated jets are gamma-ray bursts (GRBs),
however, most of the radio detections of GRBs to date come from the radio afterglow of
the ’off-axis’ bursts rather than main explosive event (e.g. van der Horst et al., 2008). In
those cases the observed emission is associated with the spherically expanding shell. The
isotropic emission from an expanding cloud is also observed from supernovae (SN), where
an explosion of a massive star accelerates electrons through the circumstellar medium giving
rise to incoherent radio emission (Weiler et al., 2002).

The main emission mechanism of all the above events is synchrotron radiation. In the
case of cataclysmic variables (CVs; O’Brien, 2009) — binary systems in which white dwarf
accretes matter from a companion star — it is thought to be a combination of thermal and
non-thermal radiation arising from spherically ejected matter. For nearby objects such as
flare stars and active binaries, the dominant radiation mechanism is the gyro-synchrotron

emission from electrons accelerated in magnetic loops (Osten et al., 2005).

Coherent Events

Radio flares originating from coherent type of emission are usually found in time series
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data. Due to their short duration, they are strongly affected by propagation effects such
as dispersion, which makes them difficult (but not impossible as will be shown later in
Chapter 3) to be discovered in the image plane. The best studied class of objects showing
flares originating from coherent emission are pulsars — rotating neutron stars with strong
magnetic fields (Hewish et al. 1968, Lorimer et al. 2006). Pulsars emit radiation beamed
in a narrow cone in the direction of the magnetic field axis. If that is not aligned with the
rotation axis, the beam of light is visible every time it crosses the line of sight of the observer.
A subclass of pulsars — rotating radio transients (RRATs; McLaughlin et al., 2006) — show
single bright flares separated by hours to days.

Potentially the most exciting class of coherent radio transients was revealed by the
discovery of a highly dispersed milisecond burst by Lorimer et al. (2007). The observed
frequency delay of this fast radio burst indicates a DM value which significantly exceeds
that expected from the Galactic contribution along the line of sight, pointing towards an
extragalactic origin. Following this discovery there have been a number of similar detections
of dispersed FRB candidates (Keane et al. 2011, Thornton et al. 2013, Burke-Spolaor and
Bannister 2014, Ravi et al. 2015, Petroff et al. 2015), however, due to no counterparts at

other wavelengths, the origin of the signals remains uncertain.

1.5.2 Extrinsic Variability

Scintillation and Intraday Variability

It has been shown that changes in flux densities observed on time-scales from days to months
for sources such as pulsars and quasars (Rickett, 1986), as well as GRB afterglows (Frail
et al., 1997), can be associated with interstellar scintillation (ISS). In particular, some of
the distant quasars show strong intraday variability (IDV) at gigahertz frequencies with flux
density changes as high as ~ 40 per cent. Due to the short variability time-scales and large

distances, the corresponding brightness temperature of such sources would have to exceed
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the 10! K limit. Therefore, the IDV can only be explained by propagation effects caused
by the changes in the electron densities of the ISM (Section 1.4.3) rather than the intrinsic
properties of sources. Scintillation from quasars is expected to be a commonly detected
variability in future radio transient surveys performed by sensitive instruments such as the

SKA.

Extreme Scattering Events

Extreme scattering events (ESEs) are variations in the radio light-curves of bright quasars
observed at gigahertz frequencies. Similarly as the IDV described above, they can not be
explained by the intrinsic processes. However, as discussed by Fiedler et al. (1994), the
properties of ESEs do not match the variability caused by the interstellar scintillation either.
They can show strong frequency dependence, with bright flares observed at 2.7 GHz having
no 8.1 GHz counterpart. The origin of ESEs is not well understood, however, they are thought
to be caused by the refraction of the signal by ionised clouds in the Galaxy (Walker 2007,
Senkbeil et al. 2008).

1.5.3 Overview of Radio Transient Surveys

The majority of image plane radio transients observed to date have been found through follow
up monitoring of objects discovered at other wavelengths. However, a number of blind
searches using both archival data as well as dedicated surveys has also been undertaken.
An extensive search of archival VLA observations has been performed by Bower et al.
(2007), where 994 epochs, covering a period of 22 years were analysed. In total, 10 transient
candidates were detected at frequencies of 4.9 and 8.4 GHz, indicating high sky densities of
these types of events. However, a re-analysis of the same data by Frail et al. (2012) confirmed
the reality of just one of these sources, with three other candidates being marginal detections

and the remaining assigned to rare imaging artefacts.
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The investigation of archival 330 MHz VLA data has also led to a discovery of three
transient sources described by Hyman et al. (2002, 2005, 2006, 2009). The discussed
events have been found in the direction of the Galactic center, with flux densities between
1 mJy — 1 Jy, showing variability on time-scales from minutes to several months. At lower
frequencies, no transient sources have been found outside the solar system in the all sky
transient survey carried out with the Long Wavelength Demonstrator Array (LWDA). This
survey had a flux density limit of 500 Jy and was conducted at the frequency of 73.8 MHz
(Lazio et al., 2010). Following that, Bannister et al. (2011) reported 53 highly variable
(possibly scintillating) objects, and, 12 previously unidentified transient events detected with
the Molonglo Observatory Synthesis Telescope (MOST) at 843 MHz. The analysed data

spanned 22 years of observations with a total area of 2776 deg” covered.

A total of 1627 objects showing variability on time-scales from minutes to years have
been identified by Thyagarajan et al. (2011), who analysed 55 000 snapshot images from
Faint Images of the Radio Sky at Twenty-Centimeters (FIRST). Another archival search
of 325 MHz VLA observations (Jaeger et al., 2012) resulted in the discovery of one, day —
long transient event and several variable sources, with no counterparts at other wavelengths
associated with any of those detections. Bell et al. (2014) analysed the observations of
1430 deg? from a dedicated transient survey performed with the Murchison Widefield Array
at 154 MHz. The study of 105 radio sources showed high variability in several of the
light-curves, the origin of which could be either intrinsic or associated with scintillation. No
transient events were found. While searching for prompt low frequency emission from GRBs
with the Long Wavelength Array (LWA), Obenberger et al. (2014a) found two (not related
to GRBys) bright transient events: a 2.4 kJy outburst at 37.9 MHz, 75 seconds in duration,
and, a 100 seconds long flare at 29.9 MHz with peak flux density of 3.2 kJy. Later on, the
analysis of 11000 hours of all sky images from 25-75 MHz LWA observations showed 49
long duration transients, 10 of which have been associated with large meteors (Obenberger

et al., 2014b).
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There have been substantial efforts to find transient sources with LOFAR. Carbone et al.
(2016) analysed observations of four fields monitored at 115-190 MHz, covering an area
of 2275 deg®. No transients were found, with the explored time-scales ranging from 15
minutes to months, at the flux density limit of 0.5 Jy. Several months of LOFAR observations
of the field centered on the tidal disruption event Swift J1644+57 field also resulted with
no detections (Cendes et al., 2014). The first transient candidate discovered with LOFAR
has been reported by Stewart et al. (2016). A bright (20 Jy) source, up to 15 minutes in
duration was found in observations of the North Celestial Pole at 60 MHz, in which an area
of 175 deg® was surveyed.

Compilations of rates obtained with the blind searches for radio transients at MHz
and GHz frequencies are presented in Figures 1.11 and 1.12 respectively. In addition,
Figure 1.12 shows expected rates of transient detections with the future SKA surveys.
Detailed information about the estimated rates of radio transient sources can be found in

Fender et al. (2015).

1.6 Transients Classification

In recent years the problem of near real time transient classification has become an important
and complex challenge. Recognising the type of source that has been detected is essential in
terms of planning follow up observations with limited instruments available. First however,
the real transient detections need to be selected from various false alerts — a process which
has usually been done by visual inspection of the images. In an era of extensive surveys
carried out at optical wavelengths such as the Sloan Digital Sky Survey (SDSS) the number
of snapshot maps needed to be analysed can reach hundreds per night, and is expected to
exceed a million for the Large Synoptic Survey Telescope. Identifying real sources in vast

amounts of data like this can no longer be done by humans on a reasonable time-scale.
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Fig. 1.11 A compilation of rates and upper limits for blind searches for radio transients
at MHz frequencies including discussed low frequency surveys. Figure from Fender et al.
(2015).
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surveys respectively. Figure from Fender et al. (2015).
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Automatic classification methods have been implemented for, for example, the Palomar
Transient Factory (PTF; Rau et al., 2009). Bloom et al. (2012) showed that given at least two
epochs of observations, the measurements of the variability time-scales and magnitude can
provide an early classification of the detected source. Further generalisation of this method
presented by Brink et al. (2013) can also be adopted for future surveys. Figure 1.13 shows a
phase space of optical transients observed by the PTF (Kasliwal, 2011), which allows us to
classify sources based on their magnitude and variability time-scales. A classifier for sources
detected in the Catalina Realtime Transient Survey (Djorgovski et al., 2011) is described by
Mahabal et al. (2011). The method of identifying sources from the properties of their light-
curves proved to be successful in selecting objects for further spectroscopic follow up with
instruments such as Palomar or Keck. Another machine learning based algorithm, designed
to separate the artefacts from the actual events was presented by du Buisson et al. (2015).
The performance of the classifier, which was tested on a sample of SDSS datasets, matched
the results obtained manually. Further techniques for automatic selection and classification
into subcategories of supernovae events from Gaia observations have been described by

Blagorodnova et al. (2014).

1.7 This Work

The work presented in this thesis explores several aspects of the radio transient sky, from
searching for new sources in the relatively unexplored low frequency domain, to methods of

early classification of the events.

Chapter 2 describes the LOFAR radio telescope and the early imaging work I was involved

in during the commissioning stage of the project.
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Fig. 1.13 The phase space of optical transients (Kasliwal, 2011), where the magnitude is
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Chapter 3 presents the analysis of the observations carried out during LOFAR’s largest

dedicated transient search survey.

Chapter 4 shows the analysis of basic properties of radio synchrotron flares which leads to

the discovery of a previously unknown correlation covering a wide range of events.

Chapter 5 expands on the results shown in Chapter 4. An automatic software reproducing
the results from Chapter 4 is built and the final outcome leads to the development of an early

radio transients classification technique.

Chapter 6 summarises the work presented in the thesis. It also highlights the potential

direction in which further development can be made in the future.

Appendix A provides example parset files used in the analysis (imaging and processing of

LOFAR data) presented in Chapter 3.



Chapter 2

LOFAR and Commissioning

2.1 The Low Frequency Array

2.1.1 LOFAR Design

The Low Frequency Array (LOFAR) is an interferometric radio telescope built across
European countries with the central component based in the Netherlands. It operates in
the frequency range of 30-240 MHz and, with the wide field of view and high resolution,
offers an excellent opportunity to explore the low frequency sky. It is built using simple
dipole antennas rather than classic parabolic dishes and contains few, if any, moving parts.
Therefore, instead of steering the dish towards the chosen location of the sky, the direction
of observation is set up electronically, where multiple beams are formed by introducing a
delay to the signals received at individual antennas prior to adding them. As a result, LOFAR
is often described as a next generation 'software’ telescope, and is capable of performing
simultaneous observations in several different directions.

Observations are carried out by two types of antennas, the Low Band Antenna (LBA),
operating at 30—80 MHz and the High Band Antenna (HBA) covering the range of 120-

240 MHz, with the gap in between due to the radio broadcasting band. Figure 2.1 shows
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Fig. 2.1 Upper: The international LOFAR station at Chilbolton, UK formed with 96 single
low band dipole antennas and 96 HBA tiles. Lower: Examples of the two types of antennas:
LBA and HBA shown on the left and right respectively (picture credit: ASTRON).
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Fig. 2.2 The central part of the core of LOFAR — the so called ’superterp’. It is formed by
6 stations placed on an area of ~ 300 m in diameter, with the remaining 18 core stations
arranged across 3 km around it (picture credit: ASTRON)

an example of the LBA which is a single dipole antenna, and the HBA, which is formed by
16 dipoles arranged into a tile. A single LOFAR station is built with a number of LBA and
HBA antennas (48 or 96 depending on the location) grouped together. The core of LOFAR,
situated in The Netherlands (near Exloo) is formed by 6 stations placed within an area of
~ 300 m in diameter, called the "superterp", and an additional 18 stations arranged across
3 km around it (Figure 2.2). With the remote stations distributed around the Netherlands and
the international stations across the European countries (Figure 2.3), LOFAR is capable of
baselines up to ~ 1000 km in length.

The processing of the signal received by LOFAR starts at the level of the station, where
signals from individual antennas are combined to form a station beam. Data from each
LOFAR station are then transported to the supercomputer in Groningen where they are
correlated together. The full LOFAR bandwidth (48 MHz in 16-bit and 96 MHz in 8-bit
modes) can be distributed in numerous ways. Multiple beams, limited by the number of

sub-bands (244 in 16- and 488 in 8-bit mode), can be used to tile up a large area of sky,
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Fig. 2.3 The location of the LOFAR stations across Europe — with the central core as well
as remote stations in the Netherlands. The distant international stations distributed across
European countries bring the maximum baseline of the interferometer to ~ 1000 km (picture
credit: ASTRON).

trading the sensitivity for a wide field of view. Alternatively, LOFAR can allocate the full (or
nearly full) bandwidth into one beam, increasing the sensitivity of the observed (however
smaller) field, with any remaining sub-bands directed towards different target fields in the

sky. An extensive overview of LOFAR can be found in van Haarlem et al. (2013).

2.1.2 Transients Key Science Project

Among six LOFAR key science programmes covering different areas of radio astronomy is
the Transients Key Science Project (TKP; Fender et al., 2008b). It is focused on monitoring
and studying all transient and variable events found by LOFAR, as well as developing and
improving the process of detecting new sources.

The range of transient and variable sources which can potentially be found by LOFAR is

wide and extends from fast (~ seconds and less) events originating from coherent processes,
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to incoherent flares which can last years or even decades. These two groups of transients
require separate detection methods and are investigated by different scientific groups. Identi-
fication of coherent, short duration events (e.g. pulsars), depends strongly upon the accurate
compensation for the propagation effects in high time resolution data (Section 1.5.1). On
the other hand, slower evolving synchrotron flares (e.g. jets from X-ray binaries or gamma
ray bursts) are usually found in the image plane. Because various processing and imaging
artefacts, as well as radio frequency interference (RFI) can mimic the behaviour of a radio
source, any detections have to be carefully validated before their astrophysical origin can
be confirmed. The process of verifying newly discovered transient candidate is especially
important in the case of a new instrument such as LOFAR.

One of the main surveys performed by LOFAR and dedicated to searching for image
plane transients is the Radio Sky Monitor (RSM), which makes use of the wide field of view
in order to observe a large part of northern hemisphere. During each RSM scan, multiple
beams tile up a fraction of the sky, covering the entire zenith strip through the course of the
day. An example of such zenith scan is shown in Figure 2.4. Although the primary focus
of the RSM search was on slowly evolving incoherent transients, later work showed that in
some conditions the detection of coherent events in image plane is also likely. As a result,
the work described in this thesis is partially focused on inspecting the (image-plane) RSM
observations to search for Fast Radio Bursts and will be discussed in detail in Chapter 3.

As well as performing dedicated transient searches, the TKP team made use of the data
collected during the commissioning stage of LOFAR operations, such as the Multifrequency
Snapshot Sky Survey (discussed in the following section). This search resulted in the first
— and, to date, the only — image plane transient source discovered by LOFAR. This result
is published in Stewart et al. (2016), and the candidate will be mentioned in the context of

expected LOFAR transient rates later in Sections 3.6.3 and 3.8.2.
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Fig. 2.4 The mosaic of the full Zenith strip observed by LOFAR HBA in February 2013, with
the total field of view of ~ 1500 deg?. Declination is marked with concentric circles, with the
two outer circles corresponding to +40°00’.00.0” and +45°00".00.0” labelled on the vertical
axis. Straight lines correspond to RA values, marked on the horizontal axis (image credit:
Rene Breton).
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The transient search in LOFAR images is performed with the Transient Pipeline (TraP;
Swinbank et al., 2015) — software developed by the TKP team, capable of processing hundreds
of LOFAR maps (or other radio telescopes images). It compares every extracted source
against previous extracted detections, ultimately building a global database comprising broad
information for every source — the light-curve, spectral information and variability statistics
across the monitoring epochs.

During the six years of extensive transient searches performed by the TKP team, from
commissioning observations to dedicated surveys, the number of discovered image plane
transients is unexpectedly low compared to predicted rates. There are numerous explanations
which can account for this discrepancy (e.g. Metzger et al., 2015), however, it should be
noted that the timeline at which LOFAR achieved the expected functionality was delayed due
to a variety of technical difficulties. Therefore, it can not be ruled out that further analysis of
LOFAR data (from either new or archival observations), using the most recent advances in

software, will bring to the surface new discoveries currently hidden by the processing issues.

2.2 Multifrequency Snapshot Sky Survey — Commission-

ing Work

2.2.1 Introduction

The Multifrequency Snapshot Sky Survey (MSSS) is the first major LOFAR sky survey
covering the entire northern hemisphere, which amounts to a total area of 20 000 deg?. It is
divided into two frequency ranges: 30-75 MHz, using the Low Band Antenna (LBA), and
119-158 MHz, using the High Band Antenna (HBA). In both observing modes three beams
are formed, each consisting of 8 x 2 MHz bands. Every band consists of 10 sub-bands, and
every sub-band is split into 64 channels, with a total bandwidth of ~ 200 kHz. In the LBA,

the entire area of the survey is formed by 660 individual fields. Each observation of every
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field lasts 99 minutes and consist of 9 X 11 minute snapshots. During the observation, one of
the three beams is monitoring the calibrator source, while the other two are pointed at the
two target fields. For the HBA mode, in which the field of view is smaller than the LBA,
the observations of the same 20000 deg? area are formed by 3616 fields. Unlike for the
LBA, monitoring of the calibrator source and target fields is not simultaneous — the calibrator
source is observed prior to pointing all three beams at three target fields. Every field is
observed in two 7 minute snapshots, with only one minute required for the calibrator source
beforehand. A detailed overview of the MSSS survey is presented by Heald et al. (2015),
where initial results are reported based on the analysis of the so-called "MSSS Verification
Field’. This field, centered at (15h,+69°), covers a region of 100 deg? and is used as a
representative sample of all observations, to show the general strategies and first results of
the survey.

Between February and October 2012, during the commissioning weeks of the MSSS
project, I have been involved in the analysis of several LBA observations, which is sum-
marised in later sections. The next section details the calibration strategy, which is applied to

all observations.

2.2.2 Processing Methods

The first step of processing the data was removing any radio frequency interference (RFI).
This was done automatically, using AOFLAGGER (Offringa et al., 2010) software. The
demixing technique (van der Tol et al., 2007) was also applied in order to remove the
contributions from the brightest radio objects in the sky: Cygnus A, Cassiopeia A, and —
where necessary — Taurus A and Virgo A. In order to reduce the volume of the extensive
data sets, prior to calibration, each single sub-band measurement set has been compressed
in frequency and time. This resulted in an integration time of 10 seconds per time-step and

the frequency compressed to one channel per sub-band (frequency bandwidth of 200 kHz).
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Observations of the calibrator source were then used to calibrate the flux density in the
target fields. The phase calibration was performed in a separate step using the global sky
model (GSM; Scheers, 2011) based on the VLSS catalogue, using sources with a flux density
above 0.1 Jy, found within 10 degrees from the center of the field. These sources were
cross-correlated with the 325 MHz Westerbork Northern Sky Survey (WENSS; Rengelink
et al., 1997) and the 1400 MHz NRAO VLA Sky Survey (NVSS; Condon et al., 1998) in
order to estimate the spectral index . The association radius for cross-matching sources
between catalogues was set to 10 arcsec — in cases where no match was found, the value
of oo = —0.7 was used'. Bad stations, which were identified by checking if the amplitudes
for the baselines including those stations showed large scatter, were manually flagged. This
was necessary because various aspects of LOFAR were still unstable during commissioning.
Finally, after the datasets were fully calibrated and flagged, they were imaged with the

AWIMAGER - software designed specifically for imaging LOFAR data (Tasse et al., 2013).

2.2.3 Single-band Analysis of Two MSSS LBA Fields

This section presents the analysis of two MSSS LBA fields, L227+69 and L243+69, which
I have been involved in during the early stage of the commissioning work. The analysis

described here was focused on the following aspects:
* Investigation of the gain amplitudes of the calibrator source.

* Analysis of the evolution of the flux density measurements for the brightest sources in

the field across snapshots.

» Comparison of the flux density values of sources in the field with the corresponding

sources in the VLSS catalogue.

I'The exception was the analysis described in Section 2.2.3 where the estimation of the spectral index was
not included by default in GSM. The sky model used in this work included VLSS sources above 4 Jy found in
the 10° radius from the center of the field.
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At this stage, due to the still slow processing time, the analysed data were limited to one

frequency band for both sets of observations.

Data Processing and Imaging

The discussed observations were carried out in January 2012. Both the L.227+69 and 1.243+69
fields have been observed in 9 x 11 minute snapshots, separated by one hour intervals. The
60 MHz band was chosen for the following analysis, as it corresponds to the peak of the
bandpass and offers the best data quality. Data were processed as described in Section 2.2.2,
including demixing in order to remove the contributions from Cyg A and Cas A. The calibra-
tor source used for the flux calibration in both of the discussed fields was 3C 295. Prior to
imaging, ten sub-bands were combined to form one 2 MHz band. This resulted in obtaining
a final set of nine images for each of the analysed fields (one image for every 11 minute
snapshot). A deep map for each of the fields was created by combining the measurement sets
from all nine snapshots and imaging the final concatenated dataset. For both L227+69 and
L243+69 fields, the rms noise level at the centre of the field varied from 600-700 mJy beam !
in the early snapshots to 900—1000 mJy beam~! in the later snapshots. We ascribed the
increase in the observed noise level to the interference from the rising Sun. Figure 2.5 shows

the deep images for both fields and the summary of the observations can be found in Table 2.1.

Investigating the Calibrator Gain Amplitudes

During the processing it was noticed that outlying amplitudes were present in the calibration
of the 3C 295 observations. Therefore, we tested a range of parameters for clipping these
outliers in the gain solutions of the calibrator. Using a set of tools developed by John Swin-
bank (University of Princeton) as a part of the earlier MSSS work, we tested different cut off
levels, ranging from 1-30 (rms). A set of diagnostic plots generated for these clipping values

suggested that 2.50 was the safest choice for the threshold level. This meant that outliers
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Fig. 2.5 Deep images for the two studied fields: L227+69 (upper) and L243+69 (lower). The
angular resolution is ~ 240 arcsec x 170 arcsec, and the rms noise level at the centre of the
image is ~ 260 mJy beam~!. The five brightest sources in the overlapping region of the

fields (marked A-E) were chosen for further comparison.
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Table 2.1 Details of the data analysed for two overlapping MSSS LBA fields. Both fields
have been observed in January 2012 as a part of the MSSS commissioning programme.

L227+69

L243+69

RA (hh:mm:ss)
Dec (dd:mm:ss)
Observation start
Observation end
Core stations
Remote stations
Center frequency
Bandwidth

Calibrator

15:07:49.5652
+69:14:24.0000
04:18 UT, Jan 07
12:18 UT, Jan 07
24
9
60 MHz (LBA)
2 MHz
3C 295

16:10:26.0870
+69:14:24.0000
03:48 UT, Jan 14
11:48 UT, Jan 14
24
9
60 MHz (LBA)
2 MHz
3C 295

were removed, yet it was the least likely to exclude possibly real amplitude fluctuations.
Hence, these settings were then applied to the processing of the analysed fields. Figure 2.6
shows example plots for one of the 11 minute snapshots, with the amplitudes clipped at the

level of 2.50.

Flux Density Measurements Between Snapshots

For the comparison of the flux density measurements across the nine 11 minute snapshots,
we chose the five brightest sources in the overlapping region of the analysed fields (marked
A-E in Figure 2.5). The integrated flux densities of these sources were manually measured
using KVIS. Figure 2.7 shows the light-curves for each of the five sources, as measured in the
L227+69 field. While all the sources located in the center of the image show relatively low
fluctuations in the measured flux density from snapshot to snapshot, source E, being very
close to the edge of the image, varies significantly due to the increased noise level in that

region. The comparison of the flux densities of the same sources (A-E) between two fields
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Fig. 2.6 Gain amplitudes of the calibrator source 3C 295 plotted against time, for one of the
11 minute snapshots. The median is marked with a red line and the rms (o) is indicated by
dashed yellow lines. Dashed green lines correspond to the chosen cut off threshold for the
amplitudes, in this case 2.50.



2.2 Multifrequency Snapshot Sky Survey — Commissioning Work 44

80.0

70.0

o
©
o

50.0

Flux density (Jy)

40.0

30.0

20.0

0 2 4 6 8 10
Snapshot

Fig. 2.7 Plotted here is the comparison of the flux density values for five brightest sources
(marked A-E in Figure 2.5) in the L227+69 field, across nine snapshots.

showed a general agreement, with a standard deviation of ~ 20 per cent.

LOFAR vs VLSS Flux Densities

We have compared the flux density values of sources in the analysed LOFAR fields with
the VLSS catalogue. For each of the fields we used PYBDSM? software to extract sources
from the corresponding deep image and fit them with Gaussians. Due to the shape of the
map it was not possible to extract all of the sources in the field — in particular, some of the
sources near the edges were not detected by PYBDSM. In those cases, flux densities manually
measured using KVIS were used instead. Those 60 MHz LOFAR flux density measurements
were then compared with the corresponding sources in the 74 MHz VLSS catalogue. The
analysis has been limited to the brightest sources in the field, with a lower flux density cut

off of 4 Jy, which gave a total number of ~ 30 sources for flux comparison. For both fields,

Zhttp://www.astron.nl/citt/pybdsm
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the measured LOFAR/VLSS flux density ratio was ~ 1.4. This difference can be partially
explained by the spectral evolution of synchrotron emitting sources — i.e. for a source
with spectral index -0.7, we expect the flux density measured at 60 MHz to be 16 per cent
higher than at 74 MHz. However, the observed discrepancy was too high to be explained sim-

ply by this effect and required further investigation, which — at the time — had to be postponed.

Summary

The analysis of single band MSSS LBA observations of two fields showed an acceptable
agreement between the flux densities measured for four brightest sources in their overlapping
region, as well as across the 9 x 11 minute snapshots. The comparison of the LOFAR flux
density measurements (60 MHz) with the VLSS catalogue (74 MHz) also gave a reasonable
agreement, however, the discrepancy was slightly higher than what could be expected due to

the spectral evolution.

2.2.4 Full Bandwidth Analysis of Selected MSSS LBA Fields

At the time of the work presented in this section, processing of LOFAR data was advanced
enough to allow relatively quick imaging of multiple fields across the whole MSSS LBA
bandwidth. The main focus of the commissioning work described here was on the following

analysis done for several of the MSSS fields:

* Spectral analysis of sources detected across the LBA bands.
* Cross-matching sources across the eight LBA bands.

* Cross-matching sources detected in LOFAR images with the VLSS catalogue.
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Source Detection

For the following analysis, we have chosen six MSSS LBA fields® imaged across all eight
bands (31-74 MHz). The extraction of sources from images has been performed with the
PYBDSM software. After testing several approaches for the detection and flux measurement
of the sources, we decided to implement the following steps.

Detection. In order to identify sources, a deep map was used as the detection image for the
source extraction. The deep map was created by combining eight images of the individual
bands. By averaging single band images we ensure a better signal to noise ratio in the final
map, which makes faint sources in the field more likely to be detected by the software.
Images for which the primary-beam correction has been applied have a higher level of noise
near the edges, therefore, we decided to use the non primary beam corrected maps and
decrease the risk of false detections.

Analysis. For every source detected in the deep map, the flux density measurement was taken
in each of the single band images at the location of the detection. For this measurement, we
used the primary beam corrected images, which give more accurate flux density level. Force
fitting of the data has not been implemented, i.e. if the signal to noise ratio for a given source
detected in a deep image was too low in a given band, no flux measurement was taken at this
location for the respective band.

The output files generated by PYBDSM provide catalogues of sources detected across the
bands, which can later on be used to perform the spectral evolution analysis and cross match-

ing with other catalogues.

Cross-matching and Spectral Analysis
Using the PYBDSM based routine for the source analysis described above, we have created
catalogues comprising of flux density measurements across the full bandwidth for sources

in each of the six selected fields. The analysis described here has been done using the

31045463, LO70+69, L071+23, LO78+23, L086+40 and L086+69.
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cross-matching tool developed by Rene Breton (University of Manchester) during the com-
missioning work. The tool constructs a set of diagnostic plots, which include: a comparison
of the extracted sources with the sky model catalogue used in the data processing step,
spectral indices distribution and, a summary of the measurements taken for every analysed
source. Firstly, it creates maps illustrating the PYBDSM detection of sources across the bands.
An example map obtained for the L070+69 field is presented in Figure 2.8, where the sources
are colour coded by the number of bands in which they were found. Figure 2.9 is a variation
of that plot, where each colour corresponds to a different band in which the source was
detected. Small crosses mark sources in the provided sky model (in this case VLSS based
catalogue), while positive matches between the catalogue sources and LOFAR images are
marked by large crosses. Figure 2.10 (upper panel) shows an example of the spectral index
distribution for sources in one of the fields (L070+69). The relation between the measured
spectral indices and the reduced x? values of those measurements is shown in lower panel of
Figure 2.10. Finally, several examples of the summary plots for individual sources detected
in a given field are presented in Figures 2.11 and 2.12. These figures give an overview of the
spectral evolution across the bandwidth (error of each data point is estimated by 15 per cent

of its measured flux density) as well as the images of the source as it appears in each band.

Discussion

For half of the analysed fields, approximately 80 per cent of the catalogue sources from the

corresponding VLSS based sky models have been successfully detected, with the number of

positive cross-matches increasing towards the central regions of the images (e.g. Figures 2.8,

2.9). For the remaining fields, possibly due to the poor quality of images, the extracted source

count was much lower and a significant fraction of the catalogue sources has not been found.
The most unexpected result, however, was the spectral indices distribution, which seemed

to peak at ~ -1.0 for four out of the six considered fields. We have recognised this value to
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Fig. 2.8 The sources found in the LO70+69 field. The detections have been colour coded by
the number of detections across eight bands.
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Fig. 2.9 The sources found in the LO70+609 field colour coded by the band in which the source
has been found.
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Fig. 2.10 Upper: the distribution of measured spectral indices for the sources detected in
L070+69 field. Lower: spectral indices plotted against the reduced x? values of the fit done
across the bands with detections.
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Fig. 2.11 Example summary plots for two sources detected in the LO70+69 field in all eight
bands. The upper left part of each figure shows the spectral energy distribution. The best fit
to the data is shown with the black line. The red dashed line plotted for reference corresponds
to the slope of —0.8. A summary of the measurements for the source is displayed above the
snapshots of the eight bands, which show the extracted source in the center.
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Fig. 2.12 Example summary plots as described in the caption of Figure 2.11 for two sources
which were not detected in all bands.
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be too steep comparing to the spectral index of ~ -0.7 expected for the synchrotron emitting
objects, like AGN, which make up a large fraction of the field sources. Detections with poor
signal to noise ratio (e.g. Figure 2.12) could have contributed to the observed scatter in the
spectral distribution, which seems to be too broad comparing to the expected values of the
spectral index between -2 and 1 (De Breuck et al., 2000). However, the reason for the steep
spectral distribution measured here has later on been assigned to the error in the way the
LOFAR primary beam correction has been applied. Once this problem was resolved, the flux
density measurements were corrected and the peak of the observed spectral distribution of
detected sources shifted towards the expected -0.7 value. The primary beam correction error
also explains the discrepancy between the VLSS and LOFAR flux measurement discussed in

Section 2.2.3.

The commissioning work presented in this chapter was carried as part of the MSSS
commissioning programme and, at the time, has contributed to the progress of the survey.
Due to the work done during the commissioning stage of LOFAR, I have been listed as a
co-author in the following papers:

Buitink S., et al., 2016, Nature, 531, 70
Carbone D, et al., 2016, MNRAS, 459, 3161
Garsden H., et al., 2015, A&A, 575, A90
Heald G. H., et al., 2015, A&A, 582, A123
Jeli¢ V., etal., 2014, A&A, 568, A101
Marcote B., et al., 2016, MNRAS, 456, 1791
Morosan D. E., et al., 2014, A&A, 568, A67
Nelles A., et al., 2015, APh, 65, 11

Noutsos A., et al., 2015, A&A, 576, A62
Ormu E., et al., 2015, A&A, 584, A112
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Pilia M., et al., 2016, A&A, 586, A92

Sobey C., et al., 2015, MNRAS, 451, 2493
Stewart A. J., et al., 2016, MNRAS, 456, 2321
van Weeren R. J., et al., 2014, ApJ, 793, 82

2.3 LOFAR Observations of 1C 342

This section presents the analysis of the High Band Antenna (HBA) LOFAR monitoring
of IC 342 — a face-on spiral galaxy located at the distance of ~ 3 Mpc. The observations
discussed here have been taken in February 2013 as part of the LOFAR Nearby Galaxies
monitoring project. Our interest in these data was due to the possibility of searching for the
radio counterparts of ultra-luminous X-ray sources (ULXs).

The analysed dataset consists of a three hour observation of the field centered at 03:46:48.50
+68.05.46.92, carried out at the frequency range between 115-178 MHz. Data pre-processing
has been done by Cameron Van Eck (Radboud University) — this consisted of RFI flagging
using AOFLAGGER and data compression in frequency and time to four channels per sub-band
and ten seconds per time-step. Using the pre-processed data, flux calibration was then done
using 3C 147 as a flux calibrator, and the phase calibration was performed using the VLSS
based sky model created with GSM. Prior to imaging, 324 sub-bands were combined into 18
bands, each consisting of 18 sub-bands. Those single bands were then imaged using baselines
up to a projected length of 6 km. The deep map was created by combining 18 single band
images, which resulted in the average noise level in the final map of ~ 3 mJy beam™!. The
upper panel of Figure 2.13 shows the deep map, where IC 342 is clearly visible in the center
of the image, with a more detailed view of the galaxy shown below. Marked with the white
circle is the position of the known ultraluminous X-ray source (ULX) IC 342 X-1 (Feng and

Kaaret, 2008). ULX are a class of extragalactic sources for which a high observed luminosity
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Fig. 2.13 This figure shows 3 hour long observation of the IC 342 field at the frequencies
between 117 and 180 MHz, with the spiral galaxy clearly visible in the centre of the image
(upper panel). In the lower panel, a closer view of the galaxy is shown, where the position of
the known ultraluminous X-ray source IC 342 X-1 is marked with a white circle. The average
noise level in the deep map is 3 mJy beam ™! and the resolution is 1.81 x 1.51 arcmin.
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Fig. 2.14 This figure shows 5.5 GHz JVLA observations of ULX source IC 342 X-1 (Marlowe
et al., 2014). No radio counterpart was found within the ULX region (marked with a pink
circle) at the 30 detection threshold (rms ~ 5 ply). Figure credit: Marlowe et al. (2014).

J2000 Declination

can be explained either by beamed radiation from the relativistic jet from the stellar mass
black hole, or, emission from an intermediate-mass black hole. IC 342 X-1 is one of a few
ULXs for which the radio counterpart was identified.

Previous attempts to detect the radio emission from the IC 342 X-1 central compact
source placed upper limits on its flux density: observations with the Very Large Baseline
Interferometry (VLBI) at 1.6 GHz showed no detections at the limit of ~ 20 wWJy (Cseh
et al., 2012) and, no emission was found with JVLA at the 3o detection threshold of 14 wJy
at 5.5 GHz (Figure 2.14; Marlowe et al., 2014). However, Cseh et al. (2012) reported on
the detection of a large radio nebula associated with IC 342 X-1. The observations, carried
out with the VLA at 5 GHz, showed a nebula with a total flux density of 2 mJy and an
estimated diameter of 225 pc (Figure 2.15). In comparison, the other known radio nebulae
linked to the ULX objects, such as, for example, Holmberg II X-1 (Miller et al., 2005) or

NGC 5408 X-1 (Kaaret et al., 2003) have much smaller diameters of 60 and 40 pc respectively,
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Fig. 2.15 VLA 5 GHz radio contours of the IC342 X-1 region overlaid with the Hubble Space
Telescope image Cseh et al. (2012). The X-ray location of the ULX is marked with yellow
arrows and the maximum flux density of the radio emission is ~ 95 wlJy. Figure credit: Cseh
et al. (2012)

and, their estimated minimum energy required to produce the observed emission is an order
of magnitude lower than that of IC 342 X-1. All of these sources are located in galaxies
at the distance of ~ 3—5 Mpc and show spectra consistent with optically thin synchrotron
emission. On the other hand, a recently discovered ULX, found in VLA observations of
M31 galaxy and described by Middleton et al. (2013) indicate an optically thick emission
(a = 0.3). Detection of a bright (= 340 pJy), unresolved source, displaying variability on
time-scale of tens of minutes suggests that the emission originates from a compact object
rather than extended nebula. Further analysis showed that the observations are consistent
with the compact object being a stellar mass black hole.

It is clear that the resolution of the LOFAR map presented in the lower panel of Figure 2.13

(=~ 1.7 arcmin) is not sufficient to resolve individual sources in that region. In an attempt to
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Fig. 2.16 A deep LOFAR map of the IC 342 galaxy, created with baselines ranging from
150 m up to 22 km, giving a resolution of 0.46 x 0.32 arcmin. A point source visible in the
center of the white circle is a 50 (= 25 mly) detection above the noise level and could be
associated with the ultraluminous X-ray source IC 342 X-1.

increase the resolution, the range of included baselines was increased from 6 km to 22 km,
excluding the shortest baselines (less than 150 m) in order to reduce the visibility of the
extended emission. Figure 2.16 shows the higher resolution (= 0.4 arcmin) deep LOFAR
map of the IC 342 field, created using the extended range of baselines. In the middle of the
white circle we detected a point source at So above the noise level, with a peak flux density
of ~ 25 mJy. Comparing this result to the 2 mJy source at 5 GHz (Cseh et al., 2012) gives the
estimated spectral index of the emitting region of -0.7, which makes the discussed detection
likely to be associated with the IC 342 X-1. However, more extensive tests should be carried

out in order to confirm whether this detection is real.



Chapter 3

Radio Sky Monitor Fast Transient

Search

3.1 Introduction

3.1.1 LOFAR Radio Sky Monitor

The LOFAR Radio Sky Monitor (RSM) is one of the largest ever low frequency surveys
dedicated to searching for radio transients (Fender et al., 2008a). During each observation
LOFAR monitors the entire zenith strip (centered on the declination of +52:54:00), covering
an area of approximately 1500 square degrees of the sky. In this chapter I describe the
analysis of the RSM HBA observations carried out between February 2013 and April 2015
consisting of eight full zenith scans. Figure 3.1 shows an example image of a full RSM
LOFAR HBA scan.

In the HBA, each scan of the zenith strip is formed by 48 pointings. Each of the pointings
is formed by six, simultaneously observing, overlapping beams (Figure 3.2). The total
observation time of 30 minutes per pointing is allocated between the calibrator and target

in the following way: 2 minutes on the calibrator, 1 minute switch time, 11 minutes on
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Fig. 3.1 The mosaic of the full Zenith strip observed by LOFAR HBA in February 2013, with
the total field of view of ~ 1500 deg?. Declination is marked with concentric circles, with the
two outer circles corresponding to +40°00’.00.0” and +45°00".00.0” labelled on the vertical
axis. Straight lines correspond to RA values, marked on the horizontal axis (image credit:
Rene Breton).
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Fig. 3.2 Illustration showing a single pointing observation formed by six (00-05) overlapping
beams, covering approximately 60 deg” of the sky.

the target, 1 minute switch time. This sequence is repeated twice for every pointing before
moving on to the next one, which gives a total time of 22 minutes on the target. Each beam is
formed by four frequency bands centered on 124, 149, 156 and 185 MHz. Each band consists
of 10 sub-bands (240 total). The remaining four sub-bands not included in the monitoring
of the Zenith strip are used to form an additional beam which is pointed at extra targets, for
example M31 and LS I +63°303. Full details of the RSM HBA observations are summarized
in Table 3.1.

3.1.2 Fast Radio Transients in Image Plane?

Radio transients originating from coherent processes are commonly found in high time
resolution data rather than image plane (see Section 1.5.1). However, the recent independent
re-discovery of the eclipsing pulsar J2215+5135 in the LOFAR RSM images (Broderick

et al., 2016) showed that some of these types of objects are also likely to be found in images.
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Table 3.1 Details of the RSM HBA observations.

Declination +52:54:00.0 (dd:mm:ss)
Number of pointings 48
Number of beams per pointing 6
Total number of beams 288
Number of bands per beam 4
Central frequencies of the bands 124, 149, 156 and 185 MHz
Sub-bands per band 10
Channels per sub-band 64
Integration time 2 seconds
Compression in time 5 (10 seconds per time-step)
Compression in frequency 16 (4 channels per sub-band)
Total observing time per pointing 30 minutes
Calibrator observation 2 X 2 minutes
Target observation 2 x 11 minutes
Switch time 4 x 1 minute
Number of cycle 0 scans 6!
Number of cycle 1 scans 1
Number of cycle 2 scans 1
Number of cycle 3 scans 2

I Two of these observations were of poor quality and were excluded from the
analysis.
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The following example illustrates the variability of a bright radio pulsar captured in short
time-scale imaging.

Figure 3.3 shows a single snapshot chosen from a set of 10 second images of one of the
RSM HBA fields (map on the left side of the figure) in which a bright pulsar PSR B0329+54
is located (highlighted in a green frame). Along with the pulsar, a persistent field source
(marked with a red frame) has been selected as a point of reference. A close up view of both
sources is shown on the right hand side of the figure. The lower panel shows light-curves
corresponding to both of the discussed sources, as measured across the set of 65 images,
10 seconds in duration each. Plotted in red is the light-curve of a steady field source, which
shows that the flux calibration in the individual snapshots is stable, with a coefficient of
variability value (defined as the ratio of the rms and the mean) of ~ 10 per cent. Overplotted
in green is the light-curve corresponding to the pulsar B0329+54, which clearly shows
variability in the observed flux density (with a variability coefficient of ~ 30 per cent).

Although this illustration shows that coherent radio variability can indeed be measured in
the imaging data, it should be noted that (as discussed in Section 1.4) the propagation of short
duration bursts is strongly affected by the ISM. In particular, for highly dispersed sources,
the delay caused by the DM is so significant that the original signal can be recovered only by
de-dispersing the data (Section 1.4.1). In those cases, the imaging technique in which the
flux density is obtained simply by adding up the individual frequency components without
correcting for the shift in their time of arrival, could reduce the observed amplitude below
the detection threshold. On the other hand, if the duration 7 of the event is dominated by

scattering (Section 1.4.2) it will depend on the observing frequency v as

Toc v, (3.1)

Using this relation, we can extrapolate the time-scale of, for example, a 5 ms FRB observed

at 1.4 GHz (Lorimer et al., 2007) to the 149 MHz of the BAND 01 (BO1) of the RSM
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Fig. 3.3 An example of the variability of the pulsar (PSR B0329+54) measured in the RSM
short time-scale images. In this 10 second snapshot the green frame marks the position of
the discussed pulsar. The red frame shows a steady field source chosen as a reference point.
The plot below shows the light-curves for both pulsar and the field source (green and red
respectively) as observed across 65 x 10 second snapshots. The variability coefficient of the
field source is 10 per cent and the variability coefficient of the PSR B0329+54 is 30 per cent
(image credit: Tom Hassall).
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LOFAR observations, which gives ~ 40 seconds. This shows that the effect of scattering
might significantly increase the duration of the signal and boost the probability of the image
plane detection. Therefore, our ability of finding a fast radio transient in the image plane
depends on the source being in a lucky direction of the sky, where the DM is low and the
scattering is high. Figure 3.4 shows the scattering time (7, solid lines) and dispersive delay
(Tpm, dashed lines) plotted as a function of frequency for a sample of fast radio bursts. These
relations were obtained by extrapolating the 1 GHz measurements following Equations 1.1
and 1.3. The sample of presented sources includes all the FRBs for which the scattering
times have been measured (Petroff et al., 2016). The shaded area represents the parameter
space where the scattering time dominates over the dispersive delay. At the RSM BO1
frequency of 149 MHz this corresponds to time-scales of 100 seconds and higher, which
means that at those frequencies the variability from coherent events can be detected in images
on a time-scale of tens of seconds. More detailed discussion of the possibility of detecting

dispersed bursts in radio images can be found in Hassall et al. (2013).

3.1.3 This Work

The work presented in this chapter is focused on searching for short duration (~ tens of
seconds) radio transients in the RSM field. This choice of time-scale was greatly motivated
by the prospects of finding Fast Radio Bursts (FRBs; Thornton et al. 2013, Petroff et al.
2015) — the most widely discussed class of radio transients in recent years. With the large
area of sky covered in the survey and the demonstrated ability of monitoring short time-scale
variability in imaging data, the possibility of finding FRBs is worth exploring. Additionally,
a broad frequency coverage of the survey offers an opportunity of a detailed spectral analysis
of any potential candidates.

Considering the impact of the propagation effects on our ability to detect short duration

outbursts in the image plane, we decided to focus our analysis on the observations performed
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Fig. 3.4 The dispersive delay (dashed lines) and scattering times (solid lines) as a function
of frequency for a number of FRB sources. The results were obtained by extrapolating
the 1 GHz measurements (Petroff et al., 2016) following Equations 1.1 (dispersion) and
1.3 (scattering time). At higher frequencies the dispersive delay dominates, while at lower
frequencies the scattering time is more significant, with the transition point marked with a
star for each FRB. The grey region of the plot corresponds to the area where the scattering
time is more significant than the dispersion time for at least one of the FRBs. The lower limit
of that region is equal to the power law fit to the points marked with stars.
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in the direction of the sky which is expected to have a low contribution from the Galactic

DM. Details of selecting the relevant observations are summarised in the following section.

3.2 Data

Figure 3.5 shows the distribution of the Galactic DM, based on the Cordes-Lazio NE2001
model (Cordes and Lazio, 2002) of the free electron distribution in the Galaxy. The colour
coding corresponds to the expected DM values (low — blue, high — yellow to red) along a
given line of sight. The white circles represent pointings of a hypothetical survey designed to
monitor low DM areas of the sky. Because the RSM survey covers the zenith strip centered
at declination of +52:54:00, we can estimate that the best low DM regions of the sky fall
between the RA values of 09:30:00-16:00:00. In RSM HBA these directions correspond to
pointings 01-14. Therefore, the analysis discussed in this chapter is limited to those 14 out
of 48 pointings in total, which gives a final field of view of ~ 440 deg” . Detailed values of
the dispersion measure estimated for the chosen lines of sight are listed in Table 3.2.
Because of the large size of short time-scale images, the initial search has been performed
on a dataset limited from four bands (BOO—BO03) to single band observations. I chose the
frequency of 149 MHz (corresponding to BO1) due to the highest sensitivity in this band.
The full bandwidth data of a given observation were imaged only if a transient candidate
had been identified in the respective measurement set. Finally, due to the poor quality of the
data, two out of six observations carried out during cycle 0 have been excluded from further
analysis. A list of all the RSM HBA runs used in the analysis, together with the start and end

times of the observations of the included pointings can be found in Table 3.3.
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Fig. 3.5 Distribution of the DM in the sky plotted based on the Cordes-Lazio NE2001 model.
Coloured with blue are the regions in the sky corresponding to low DM values, while yellow
and red indicate directions with progressively higher DM. For the RSM survey, centered at
the declination of +52:54:00, the lowest values of dispersion measure fall between the RA of
09:30:00 and 16:00:00. The low DM region of the sky for the RSM survey is marked with
the grey box (solid lines). The dashed grey lines together with horizontal solid lines show
the range of the declination values for the entire RSM survey. Circles mark the positions of
the pointings for a hypothetical survey aiming at monitoring low DM directions of the sky
(image credit: Tom Hassall).
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Table 3.2 List of the RA coordinates for the central beam (beam 00), together with calibrators
used, for each of the analysed pointings. Declination for the central beam in every pointing
is +52:54:00.0. The dispersion measure values have been estimated according to the Cordes-
Lazio NE2001 model (Cordes and Lazio, 2002), integrated up to distance of 30 kpc.

Pointing RA (h:m:s) DM'(cm pc*3) Calibrator

01 09:30:00.00 39.96 3C 196
02 10:00:00.00 37.36 3C 196
03 10:30:00.00 35.14 3C 196
04 11:00:00.00 33.39 3C 196
05 11:30:00.00 31.84 3C 295
06 12:00:00.00 30.55 3C 295
07 12:30:00.00 29.94 3C 295
08 13:00:00.00 30.00 3C 295
09 13:30:00.00 30.34 3C 295
10 14:00:00.00 30.55 3C 295
11 14:30:00.00 31.26 3C 295
12 15:00:00.00 32.24 3C 295
13 15:30:00.00 33.72 3C 295
14 16:00:00.00 35.28 3C 295

! DM values have been estimated using the software available at:
http://www.nrl.navy.mil/rsd/RORF/ne2001/index.html.
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Table 3.3 Summary of the RSM observations used in the short time-scale transient search.
All of the listed observations have been limited to low DM pointings (1-14) corresponding
to RA range of 09:30:00-16:00:00. Cycle refers to the LOFAR science cycle in which the
observation took place.

Cycle Observation Pointings  Start time End time
(UTC) (UTC)

0 Feb 10-11 2013 03-14  00:30:07 06:26:07

01-02  23:30:07 00:26:07

0 Mar 10-11 2013  07-14  00:38:01  04:34:02

01-06  21:38:02 00:34:02

0 Mar 24-252013 08-14  00:11:54 03:37:54

01-07 20:41:54 00:07:54

0 Jul 13 2013 01-14  13:22:22 20:18:22

Jan 15-16 2014 11-14  06:09:59 08:06:03

01-10 01:09:59 06:06:03

2 Jul 23 2014 01-14  12:45:48 19:41:48

3 Mar 11-122015 01-14  21:33:08  04:29:09

3 Apr10-112015 01-14  19:35:26  02:31:26
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3.3 Processing

The work presented in this chapter was done using calibrated data and did not include the
processing itself, which was done by Adam Stewart (University of Oxford). The main steps
of processing are described in this section for a reference.

Processing was done in two major blocks: the pre-processing and the calibration. The
standard pre-processing of the data was done by the observatory. The initial flagging of RFI
was done with the AOFLAGGER. The original data, recorded with a 2 second integration
time and 64 channels per sub-band, was averaged by factor of 5 in time (resulting in the
integration time of 10 second per time-step) and 16 in frequency (which gives 48 kHz
frequency channels; 4 channels per sub-band). Additionally, for targets less than 20 degrees
away from Cyg A and/or Cas A, demixing was applied.

In the HBA, observations of the target fields and the respective calibrator source are
not simultaneous. The calibrator is observed for 2 minutes before LOFAR switches to
monitor the target. The list of calibrators used for the analysed pointings can be found in
Table 3.2. Following the calibration of the calibrator source, the resultant gain amplitudes
were transferred to the visibilities of the target field. For each snapshot, the individual sub-
bands were concatenated into their respective band measurement sets. After the sub-bands
were combined, a phase-only calibration of the target fields was performed. The sky model
used in this step was created with GSM (Section 2.2.2) based on the VLSS catalogue and
included ~ 250 sources with a flux density above 0.1 Jy, found within 5 degrees from the
center of the field (as there were six beams, six different models were constructed for each
pointing).

The final calibrated data used in this analysis consist of the following measurement sets.
For two, single-band, 11 minute observations of a single pointing, there are 2 x 6 mea-
surement sets — one for each beam forming the pointing. For eight zenith scans this gives

96 measurement sets per pointing, and, 1344 in total for the whole analysed area of the sky.
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3.4 Deep Images

For every individual pointing (i.e. the area of the sky), a deep map was created, which
provided a catalogue of sources used as a point of reference in the transient search. Every
transient candidate found in the short time-scale images was compared against this catalogue,
which helped to decrease the number of false detections. The deep images were made by
imaging the 11 minute single-band measurement sets and creating the mosaic formed by six

overlapping beams.

3.5 Short Time-scale Imaging

Taking into account all the aspects discussed in Section 3.1.2 we decided to image the
low DM observations of the RSM on a time-scale of 30 seconds. This choice provided a
reasonable balance between keeping the rms level relatively low and increasing chances of
finding fast radio transients.

To obtain 30 seconds images each of the 11 minute observations is split into 21 x 30 sec-
onds measurement sets. These 30 second measurement sets of the individual beams are then
imaged and combined into a mosaic representing single, short time-scale snapshot of the
entire pointing. The total field of view of the final single epoch map is ~ 60 deg”, with
the rms value of about 50 mJy and the number of visible sources of up to ~ 70 (example
30 second images are shown in Figure 3.6). A complete AWIMAGER parset including the
parameters used in creating 30 seconds images was created with help from Jess Broderick
(ASTRON) and can be found in Appendix A.

The following section describes the process of searching for transient and variable sources

in the discussed observations.
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Fig. 3.6 Examples of 30 second RSM HBA images. Both of the images show a low DM
field observed at the frequency of 149 MHz. Upper: The first RSM run (Feb 10 2013),
Pointing 06, time window 17, rms at the center of the image ~ 45 mlJy. Lower: Cycle 3 RSM
run (Mar 11 2015), Pointing 13, time window 14, rms at the center of the image ~ 40 mJy.
Each image is a six-beam mosaic created using the pattern illustrated in Figure 3.2.
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3.6 Transient Search

3.6.1 Transients Pipeline

The Transients Pipeline (TraP) is software developed by the LOFAR TKP, designed to search
for transient sources in image plane data. In the most general view, the TraP creates a
database of sources extracted from the provided radio images and selects potential transient
candidates based on the properties of their light-curves. This section gives a brief overview
of the software properties — detailed description of the TraP can be found in Swinbank et al.
(2015).

Firstly, all images processed by TraP have to pass the Quality Control step (QC, discussed
in more detail in Section 3.6.2), which checks them against the criteria describing whether
the quality of the maps is sufficient for further analysis. The extraction of sources from the
maps which passed the QC step is done with PYSE — a source extractor developed specifically
for TraP (Spreeuw 2010; Carbone et al. in prep). Two user-defined parameters control how
deep the analysis is performed: an island threshold (also called an analysis threshold) and a
detection threshold. The analysis threshold specifies the region in which the source fitting
is performed, i.e. sets the flux density level above which the sources are extracted from the
image. The detection parameter sets the peak flux density value above which sources are
considered in further analysis. An additional option allows the user to set a different flux
density threshold for the detection of new sources to reduce the amount of selected transient
candidates in lower quality images to a more manageable number. Additionally, TraP allows
to constrain the area of the map considered in the analysis. Due to the increased noise level
and poor flux calibration towards the edges of the image, extracting sources from the outer
parts of the map would increase the number of false detections. By limiting the extraction

radius these outer regions can be eliminated which makes the detections more reliable.
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The flux density measurement taken for every detection in a given snapshot is compared
against the previous measurements taken at this location, which allows a light-curve to be
generated for each of the extracted sources. In cases where there were no previous detections
at a given location, the source is flagged as a potential transient candidate and monitored
in all the following epochs. Two parameters characterising the variability of every detected
source are calculated based on the light-curve recorded to date. The coefficient of variation,
Vv, which describes the level of variability of the light-curve, and the significance of the
flux density variability, 7,,, which is based on the y? calculation and describes how well the

light-curve is modelled by a constant value. Vy is defined as

L (B-17), (3.2)

- I:v n—1
where I is the mean flux density of the sample and # is the number of flux density measure-

ments. The significance of the flux density variability is defined as

n —  ol?
Ny = <a)13 - av) ; (3.3)

n—1
where @ is a weight of a flux density measurement defined as a function of the error of a
flux density measurement o7,: @ =1/ GIZV . The following section describes the details of the

TraP setup used in the analysis of the RSM data.

3.6.2 Running TraP

Quality Control
Before the images can be run through the TraP and searched for the transient candidates, we
need to separate the good quality maps from those with high rms. In order to exclude images

with a low signal to noise ratio, without having to look at every snapshot individually, I use
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Fig. 3.7 Example diagnostic plot produced by the QC script, showing the distribution of the
measured-to-theoretical noise ratio across the 30 second images, for pointing 10. The red
line shows the Gaussian distribution fit to the data, while dashed black lines mark the 1.50
cut off region, outside of which the images are rejected.

the Quality Control tool (QC) developed by Antonia Rowlinson (University of Amsterdam)!.
The quality control method is based on the measurement of the parameter describing the

ratio of the measured to theoretical noise

- Observed rms
"~ Theoretical noise

B (3.4)

Calculating this ratio for every image in the sample allows to fit Gaussian function to the
distribution of the obtained values of  (example shown in Figure 3.7). Based on that result,
we can define the minimum/maximum values of the measured-to-theoretical noise ratio,
below/above which the images will be rejected. The default value for LOFAR images is 20,
where o is standard deviation of the Gaussian distribution. However, in this case a slightly

lower limit of 1.5¢ was set, as the tests done with the 20 cut off showed too many noisy

IDetails of the QC script can be found at
https://github.com/transientskp/scripts/tree/master/TraP_QC_diagnostics
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images have passed the quality control stage. The entire sample of images to be analysed is
run through the TraP in smaller sets, corresponding to individual pointings. Therefore, the
QC script is also run on a sample of images for one pointing at the time.

An example parset file with the TraP settings used in the analysis can be found in Ap-

pendix A.

Setting TraP Parameters

Having defined the bad quality images that will be rejected, the short time-scale maps are
ready to be analysed by the TraP. As mentioned above, I have divided the sample of images
into 14 sets, each corresponding to a single pointing/area of the sky. Initially, I attempted to
analyse single beam images rather than the mosaic of the full pointing. However, because the
fields of view for single beams overlap strongly, the output of the TraP would often create
multiple light-curves for sources in overlapping regions. Additionally, because the location
of the same source varies across the images in different beams, in relation to the center of
the map, measured flux density would often be slightly different depending on which beam
the source was detected in. For this reason, the analysis was performed on the 30 second
mosaics of single beams for all the images instead.

I have used the PYBDSM source extraction software to evaluate the size of the box for the
rms level estimation at different parts of the image (PYBDSM automatically finds optimal
rms box settings for a given image). Several values of the detection and analysis thresholds
for source extraction were tested and finally set to 10 and 5 sigma respectively. With those
parameters, the number of transient candidates selected by TraP was manageable, yet the
inspection of the results by eye showed that all obvious sources in the field have been
recognised by the software. Due to the increase of the noise closer to the edge of the image, |

have constrained the source extraction area to the circle with a radius of 4.5 deg from the
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center of the image, which effectively excluded the most noisy regions of images from further
analysis.

Due to the rms in short time-scale images being higher compared to the deep images, the
number of detected sources might not only be smaller, but also vary depending on the quality
of a single snapshot. This means that a faint source which was not picked up in the first, but
was detected in any of the following snapshots, could be classified as a potential transient
candidate. In order to avoid such false positive detections, the first image run through the
TraP for every pointing is the deep map of the field (Section 3.4). This ’catalogue’ becomes a
point of reference for all the next short time-scale snapshots, where every potential candidate
can be associated with a possible counterpart in the respective deep image, and classified

either as a new, or, previously known source.

3.6.3 Estimating Expected RSM Transients Rate

The first radio transient found by LOFAR has been detected in 400 hours of monitoring of the
North Celestial Pole (NCP) and reported by Stewart et al. (2016). These observations have
been carried out as part of the MSSS survey (Chapter 2, Section 2.2), where a single sub-band
centered at the frequency of 60 MHz has been pointed at the NCP during each MSSS run.
While the nature of the NCP transient has not been confirmed, the two possible origins
discussed by Stewart et al. (2016) include a flare star and an FRB. In the following analysis I
use the NCP detection as an indication of the number of transient candidates expected to be
found in the RSM search. One of the reasons for extrapolating the NCP result to this work is
the potential origin of the source. If we consider the case where the time-scale of the NCP
transient (which was found in an 11 minute snapshot, with the upper limit of the duration of
15 minutes) was dominated by scattering, we can use the Equation 3.1 to scale this result up

to the frequency of 149 MHz. This gives an estimated time-scale of ~ 25 seconds, which
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makes the 30 second RSM images potentially sensitive to finding NCP-like events.

Number of the 30 Second RSM Epochs

In order to extrapolate the NCP transient search results to the analysis of RSM data, we need
to compare the sensitivity, frequency, field of view and number of epochs for both surveys.
The RSM data sample consists of 8 observations of the zenith strip. For every pointing, there
are two 11 minute snapshots within each observation, and, 14 out of 48 pointings are used in
total. Imaging every 11 minute snapshot on a 30 second time-scale gives 21 images (due to a
small time shift in between measurement sets we get 21 instead of 22). This gives the final

number of 30 second images of

Niotal = 14(pointings) x 8(runs) x 2(11min) x 21(30s) = 4704. (3.5)

In the ideal case, this means that for every considered pointing we have 336 snapshots, each
of them 30 seconds in duration. However, due to the quality control step (Section 3.6.2), the
total number of images was reduced to 3553. As a result, the actual number of 30 second
epochs within each pointing is ~ 253. Table 3.4 provides a summary of the short time-scale

RSM images.

Extrapolating the Expected Rates from the NCP Transient to RSM Survey

Having estimated the number of 30 second RSM epochs, we can now summarise the prop-
erties of the NCP and RSM images (Table 3.5). By comparing those parameters we can
estimate the number of NCP type transient candidates expected to be found in the RSM data
(Nrsm), based on the NCP detection. The nature of the NCP survey means that there is no
spectral information about the source found in the data. In order to simplify calculations,
I start with the case of the spectral index o = 0. In other words, I assume that the flux

density of the source will not change with the observing frequency (NCP vs RSM). We can
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Table 3.4 Details of the RSM HBA 30 second mosaiced (6 beams) images.

Snapshots per pointing per observation 2 x 11 min
Number of 30 second images within 11 minute snapshot 21
Number of RSM runs 8
Number of pointings 14
Total number of images 4704
Number of QC rejected images 1151
Total number of accepted images 3553

Table 3.5 A summary of the parameters of the images from the RSM and NCP surveys.
The left column contains details of the 11 minute images of the NCP field, in which the
first LOFAR transient candidate has been detected. In the right column are corresponding
parameters of the 30 seconds RSM images.

Survey NCP RSM
Frequency (MHz) 60 149

Image time-scale 11 min 305

rms (Jy) 0.79  0.05
Detection threshold 100 100
FoV (deg?) 175 440

Number of epochs 1897 253

estimate the Nrgy by comparing the field of view and number of epochs for both surveys,

and correcting for their respective sensitivities

(3.6)

FoVrsm x Epochsgsy | - (Srsm e
FOVNCP X EpOChSNCP SNCP ’

NrsM, a=0 = Nncp X
where Nncp=1 is the NCP transient; Sgsym = 0.5 Jy and Sncp = 7.9 Jy are the detection
thresholds set in the analysis for the RSM and NCP fields respectively. This gives the

expected number of ~ 21 transient sources to be found in the set of 3553 RSM images.

However, if we consider the spectral index « of the source different than 0, Equation 3.6
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Table 3.6 Correction factor f for the expected number of RSM field NCP-like transients
calculated for different values of the spectral index and the corresponding number of expected
candidates found in the RSM Ngsm.

o f Nrsm
-3 0.017 0.35

-2 0.065 1.4
-1 0255 54
0 1 21
I 3913 82
2 15314 322
3 59932 1262

needs to be corrected for the factor f, which takes into account changes in the measured flux

density of the source with the observing frequency

VNCP o\ 73/2
VRSM

where Vncp, VrRsm are the frequencies of the surveys. Including this correction, we can

calculate the rate of RSM transients depending on the spectral index o

Nrsm = NrsMm, a=0 X f- (3.3)

Table 3.6 lists several values of the factor f calculated for a range of spectral indices, together
with the corresponding expected transient rates for the analysed RSM data.
The next section gives an overview of the transients selected by TraP and a more detailed

analysis of several of the strongest candidates.
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3.7 Results

3.7.1 Overview of Candidates Selected by TraP

Overall, from the 14 pointings (= 253 epochs each), 121 sources were flagged by TraP as
new events. An initial manual inspection of those candidates showed that the majority of
them were in fact the result of association errors. This means that the sources in question had
been previously detected by the TraP in earlier epochs, but the correct association with those
detections had not been properly made, hence the sources were flagged as ‘new’. In several
cases false detections were caused by the structured noise in bad quality images. This initial
investigation allowed us to reject most of the candidates, leaving 13 sources which could not
be immediately disproved.

Up to this point, due to the large volume of the short time-scale images data, the search
was focused on single band (149 MHz) observations. However, for the selected transient
candidates, the remaining bands centered at 124, 156 and 185 MHz were also imaged (as
described in Section 3.5). Imaging the lowest band in most cases produced noisy, bad quality
maps which had to be excluded from the analysis. Images of the higher frequency bands (156
and 185 MHz) showed no detections at the location of any of the 13 candidates, which puts
the limit on their spectral indices of ~ -35. This result eliminates the intrinsic variability as
the origin of the observed emission. The remaining explanations include extreme scattering
events (Section 1.5.2) which often show strong spectral variability, or, RFI and imaging
related artefacts. In the first case, the extrinsic variability is caused by propagation of the
emission from a compact object through the turbulent ISM. This means that — usually — we
expect to see a background source from which the radiation originates, which was not the
case for any of the detected candidates. However, it is possible that the background source
is very faint and brightens significantly only when magnified by the ISM, therefore we can

not exclude this scenario. On the other hand, it is not unlikely that some (or all) of the
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candidates were artificially created during the processing rather than linked to astrophysical
sources. Taking it all into account it is necessary to perform further tests, verifying whether
the discussed detections are real.

Stewart et al. (2016) describe a number of different methods which can help to determine
whether the radio source detected in the image plane is real. Based on their approach I have

performed the following tests:

* Using an automated tool to remove bad LOFAR stations from the observations.
* Running additional RFI flagging with AOFLAGGER.

* Subtracting bright sources from the visibilities using the sky model and re-imaging
the visibilities. The sky model was based on sources extracted from the 11 minute
snapshot corresponding to the detection of a given transient candidate. The extraction

was done using PYBDSM software.
* Splitting the full bandwidth and imaging narrow frequency bands individually.

* Imaging the data using different weighting schemes.

Based on the properties of the 13 candidates, such as, for example, detection in multiple
beams and/or epochs, I chose the three most interesting and potentially real sources. If the
location of the candidate is common to multiple RSM beams, and, the source is visible
in more than one, it is more likely to be a real detection. These three candidates were
then further checked against the tests listed above. It should be noted that all three sources
remained unaffected by the first test — no bad stations have been found for any of the analysed
datasets. Details of the selected sources as well as the results of the validity checks are
discussed in the following sections. The ID numbers of the transient candidates (#1644,
#668 and #1190) correspond to the IDs they were assigned by the TraP when flagged as new
events. The verification tests described in the following sections were done with help from

Adam Stewart (University of Oxford).



3.7 Results 84

3.7.2 Transient Candidate #1644

The candidate #1644 was detected in two individual RSM epochs of the Pointing 08 observa-
tions, separated by 11 months. In the first epoch (Feb 10, 2013) the peak and integrated flux
density of the detection are 1.21 £ 0.11 Jy and 1.22 4 0.2 Jy respectively. The source then
disappeared and was detected again only in the fifth analysed zenith scan (Jan 16, 2014) at
the level of 1.47 4- 0.15 Jy (peak flux) and 1.48 + 0.26 Jy (integrated flux). The source does
not appear in the deep RSM map or the catalogues of previous radio surveys such as the Very
Large Array Low-frequency Sky Survey Redux (VLSSr; Lane et al., 2014) and WENSS.
The upper panel in Figure 3.8 shows the 149 MHz light-curve of the source monitored
between February 10, 2013 and July 23, 2014. In the lower panel, the 149, 156 and 185 MHz
light-curve of the same source is shown across the two epochs in which it was detected. The
upper panel in Figure 3.9 shows the snapshot of the original (February) detection, and the
epoch immediately following it. The lower panel in Figure 3.9 shows the snapshot prior to
the second (January) detection, and the following epoch where the source reappears.
Although #1644 was found in the region of the mosaic where the beams are not overlap-
ping, its recurrence in observation carried out nearly a year later made it interesting. The

following analysis was focused on testing the two observations in which the source was found.

Additional RFT flagging and Sky Model Subtraction

I have run an additional round of AOFLAGGER on the calibrated 11 minute measurement set.
The data was then imaged in the same way as originally (Section 3.5). The final images of
the time-steps in which #1644 was previously detected showed that flagging removed the
source in both epochs, indicating that the detection was an RFI related artefact. Additionally,
I have tested subtracting the brightest source in the field from the visibilities prior to imaging.
This also resulted in the #1644 candidate disappearing from the respective detection epochs.

Figure 3.10 shows the Feb 2013 detection snapshot of the transient candidate (marked T”)
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Fig. 3.8 Upper: The 149 MHz light-curve of the transient candidate #1644 covering observa-
tions from February 2013 to July 2014 (the last two zenith scans are not included to make the
light-curve clearer). Marked with squares are data points corresponding to TraP detections
(above 100 limit), while triangles correspond to forced extractions at the position of the
source. Overplotted in grey is the light-curve of a steady field source shown for comparison.
Lower: The same light-curve limited to two epochs in which the candidate was detected with
additional measurements at 156 and 185 MHz, in which there are no detections.
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Fig. 3.9 Upper: Two 30 seconds snapshots of the #1644 candidate in the epoch in which
source was detected (Feb 10, 2013) and the subsequent epoch in which it disappeared (left
and right respectively, with the corresponding rms level of approximately 100 mJy and
60 mJy). Lower: Two 30 seconds snapshots of the #1644 candidate corresponding to the
epoch prior to and at the second detection (Jan 16, 2014, left and right respectively, with the
corresponding rms level of approximately 60 and 120 mly).
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Fig. 3.10 The image on the left shows the original snapshot of the #1644 candidate (marked
"T”). Circled and labelled with ’S’ is the brightest source in the field. Figure on the right
shows the same snapshot, with source ’S’ subtracted prior to imaging, which also resulted in
removing the #1644 candidate from the final map.

before (left) and after the source ’S’ was subtracted (right). While the additional flagging
performed on calibrated data might lead to removing real sources, having cancelled the
source with two independent methods we can confidently classify it as a processing related

artefact.

3.7.3 Transient Candidate #668

The candidate #668 was detected on July 13, 2013 in Pointing 13, with the peak and in-
tegrated flux density of 0.62 + 0.05 Jy beam™! and 0.62 4 0.08 Jy respectively (upper
panel in Figure 3.11). The source does not appear in the deep RSM map or catalogues of
previous radio surveys (WENSS, VLSSr), and, has no counterparts in the remaining RSM
bands. Additionally, because of the generally poor quality of the data in the July 2013 zenith
scan, the remaining 30s images created from the discussed dataset have been rejected by the
quality control step (Section 3.6.2). However, the source is clearly visible in two out of three
overlapping beams (00, 02; middle and lower panels in Figure 3.11), with no detection in

the remaining beam (04). The measurement sets corresponding to these two beams were
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Fig. 3.11 Left: Snapshots of the 149 MHz epoch in which candidate #668 was found, showing
the source detected in the mosaic of the entire pointing (upper panel) and the same detection
in two overlapping beams forming the pointing (beam 00 and 02 in middle and lower panels
respectively). Right: The same epochs imaged at the frequency of 156 MHz, showing no
higher frequency counterparts at the location of #668.
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re-analysed and checked against the tests listed in Section 3.7.1.

Additional RFI Flagging
Performing an extra round of RFI flagging did not have an impact on the final 30 second
images in neither of the analysed beams, with the candidate #668 consistently visible in both

of them.

Subtracting the Sky Model

As mentioned previously, the sky models used in this step were extracted from the 11 minute
maps of beams 00 and 02. For each beam, the subtraction of sources was done one by one,
from brightest to faintest. With each subtracted source, the measurement set was imaged
on 30s time-scale and the location of #668 was checked. This method allowed to identify a
bright, three component source, most likely responsible for the appearance of the #668. This
source alone was then subtracted from the original measurement sets for beams 00 and 02
respectively in order to confirm its connection to #668.

In beam 00 the subtraction of the 3 component source successfully removed the #668
candidate, as shown in Figure 3.12. The comparison of 30 second snapshots before and after
subtraction showed that no other real sources have been removed.

The same subtraction of the 3 component source in beam 02 data also removed the #668
candidate. However, in this case the subtraction resulted in poor quality of the final image,
with only 7 detected sources, compared to 21 in the original 30 second snapshot. Therefore,
we were not able to confirm whether the subtraction caused real sources to disappear and the

test can not be considered fully conclusive.

Imaging Narrow Frequency Bands

For each of the two considered beams I have split the full bandwidth (=~ 2 MHz) measurement
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Fig. 3.12 The image on the left shows the beam 00 snapshot with the #668 transient candidate
marked ’T’. Circled and labelled with ’S’ is a bright, nearby field source. The figure on
the right shows the same snapshot, with source ’S’ subtracted prior to imaging, which also
resulted in removing the #668 candidate from the final map.

set in which the #668 was found into five sub-bands, ~ 400 kHz each. Those individual
sub-bands were then imaged and the respective 30 second snapshots were inspected. For
beam 00 the candidate is visible only in one out of five 400 kHz sub-bands (the rms around
the source is consistent across the sub-bands). This result points to the source being some
kind of narrow band RFI. However, this is not matched by the results of imaging sub-bands
for beam 02: the #668 is still clearly visible in 4 out of 5 images (with the remaining map

being too noisy to be considered).

Imaging with Different Weighting Scheme
As a final test, [ imaged the snapshots of beams 00 and 02 in which the #668 source appears

with two weighting schemes: uniform and normal. In both cases, the source remained visible

in both beams.

Discussion
The candidate #668 was successfully removed by the validity tests from one out of two

beams. The detection in beam 02 which seems to have survived the tests might require
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further investigation. However, the overall properties of the source point towards an RFI or
imaging related artefact rather than astrophysical origin, with the latter expected to survive

all the above checks.

3.7.4 Transient Candidate #1190

The candidate #1190 was detected in observations taken on February 10, 2013 in Pointing 10,
with the peak and integrated flux density of 0.61 4 0.05 Jy beam~! and 0.62 + 0.09 Jy
respectively. The source has no counterpart in the deep RSM map or catalogues of previous
radio surveys (WENSS, VLSSr). Figure 3.13 shows the light-curve of the source at 149,
156 and 185 MHz plotted across the snapshot in which it was detected. The candidate
was detected at the position where two of the beams (03 and 05) forming the pointing are
overlapping, and is visible in both of them. The upper panel in Figure 3.14 gives a zoomed
in view of the originally detected source in the mosaiced image, with the middle and lower
panels showing the detection in beams 03 and 05. Below I discuss the results of the validity

checks.

Additional RFI Flagging
Performing additional flagging with the AOFLAGGER did not have an impact on the final
30 second images in either of the analysed beams, with candidate #1190 consistently visible

in both of them.

Subtracting the Sky Model
The subtraction of individual field sources was done as discussed in Section 3.7.3. After each

subtracted source, the measurement set was imaged on 30s time-scale and the location of

#1190 checked.
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Fig. 3.13 Light-curve of the #1190 candidate in the detection epoch (Feb 10, 2013), monitored
at the frequencies of 149, 156 and 185 MHz.

In beam 03 the candidate seemed to be fading away with subtraction of the 81 brightest
field source. However, subtracting the 8™ source alone, as well as further tests including
subtracting different combinations of sources did not result in removing the #1190 from the
final image. In beam 05 the candidate survived gradual subtraction of the first 20 brightest

sources.

Imaging Narrow Frequency Bands

For each of the two considered beams I split the full bandwidth (= 2 MHz) measurement
set in which the #1190 was found into five sub-bands, with a width of ~ 400 kHz each.
Those individual sub-bands were then imaged and the respective 30 second snapshots were
inspected. In both beams the source is visible in most of the sub-bands, however, its position
is consistently drifting away from the original location, and, in beam 05 the source is also

fading away. With all the other sources in the field being stable, this test gives the strongest



3.7 Results 93

0.48
‘ 12

0.40
8 0.32 8 06!
o o
N N
= 0.24 =
5 +56°00! 5 +56°00"%
= 0.16 =
= =
g 0.08 9 54
o [a]

0.00

+55°487 g +55°48"
E ‘I | -0.08 -0.08
) B L | 1 1
54m 53m 52m 13h51m 54m 53m 52m 13h51m
Right Ascension (J2000) Right Ascension (J2000)
0.40
12 12 0.35
0.30
8 06' 3 06’ 0.25
o o
8 8 0.20
c +56°00! c +56°00"%
° © 0.15
© ©
£ | £ 0.10
5 54 S 541 005
a o :
+55°48% +55°48 0.00
-0.05

53m  52m  13h5lm 52m  13h51m
Right Ascension (J2000) Right Ascension (J2000)

0.15
0.10

0.05

Declination (J2000)
Declination (J2000)

0.00

-0.05

0.10

A " - =Ll —0.1 e . .
53m 52m 13h51m 53m 52m 13h51m

Right Ascension (J2000) Right Ascension (J2000)

Fig. 3.14 Left: Snapshots of the 149 MHz epoch in which candidate #1190 was found,
showing the source detected in the mosaic of the entire pointing (upper panel) and the same
detection in two overlapping beams forming the pointing (beam 03 and 05 in middle and
lower panels respectively). Right: The same epochs imaged at the frequency of 156 MHz,
showing no higher frequency counterparts at the location of #1190.
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proof so far that the detection of #1190 is related to RFI.

Imaging with Different Weighting Scheme
As it was done in Section 3.7.3, I used two different weighting schemes in imaging the #1190
snapshots: uniform and natural. However, this did not alter or remove the source from either

beam.

Discussion

Based on the single sub-band images, where the position of the source appeared to be drifting
through the sub-bands, it was concluded that the detection of #1190 is due to RFI. This
example shows how an artefact can pass various authentication tests, which needs to be

carefully considered in future transient searches.

A summary of the results of all the discussed tests for the selected transient candidates is

given in Table 3.7.

3.8 Rates and Limits

3.8.1 Estimating Rates of Low Frequency Fast Radio Transients

Even though we have selected a number of potential transient sources from the analysed
RSM data (Section 3.7), none of them can be fully confirmed to be real (at least at this stage).
Therefore, it was decided to take a conservative approach and estimate the upper limit on the

expected transients rate, which can be placed using the Poisson distribution

P = PANL) (3.9)
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where p is the areal density of transients (per square degree), Ve is the number of epochs and A
is the analysed area of the sky. Assuming no transient events were detected, the 26 confidence
level of the Poisson distribution is P = 0.05. For the 253 analysed epochs, covering an area
of 440 deg?, the upper limit of transient sources at 149 MHz is prsm < 2.7 x 107> deg 2.
This result is similar to that obtained by Bell et al. (2014), where the area of 802 deg”
observed at 154 MHz with MWA was searched. With no transient events found on time-
scales of 26 min and 1 year at the flux density limit of 5.5 Jy, the analysis defined an
upper limit of pywar < 7.5 x 107> deg~2. A more recent survey described in Rowlinson
et al. (2016) gives further constraints on the expected surface density of radio transients of
pvwa2 < 4.1 % 1077 deg_z, based on the analysis of 182 MHz MWA observations, searched

on time-scale of 28 seconds.

3.8.2 Constraining the Spectral Index of the NCP Transient

In Section 3.6.3 I estimated the number of transient candidates expected to be found in the
analysed set of 30 second RSM images for a range of spectral indices. These rates have been
obtained by extrapolating the detection of the transient found in the single sub-band LOFAR
LBA observations of the NCP (Stewart et al., 2016). Due to the poor frequency range of this
dataset (with a total bandwidth of 200 kHz) the spectral index of the NCP transient could not
be estimated. However, reversing the analysis presented in Section 3.6.3 allows for upper
limits to be placed on its value. With no transients found in the RSM survey, we can place

the upper limit on the number of sources using the Poisson distribution

B Ake=2

P) =22

(3.10)

where k is the number of detected transients and A is its upper limit. Assuming there are
no transients found in the RSM search (k=0), at the 95% confidence level (2o, P = 0.05)

this gives the upper limit A = 3. Using Equations 3.6 — 3.8 we can now place an upper limit
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Fig. 3.15 The solid line shows the expected number of NCP-like events to be found in the
RSM 30 s images depending on the spectral index « of the NCP transient (as calculated in
Section 3.6.3, Equations 3.6 — 3.8). Marked with the dashed line is the upper limit of the
spectral index @ = —1.4 of the NCP transient, estimated based on the assumption that no
transient events were found in the low DM RSM survey at the 95% confidence level.

on the spectral index o of the NCP transient of o < —1.4 (Figure 3.15). In comparison,
the upper limit for the NCP transient spectral index estimated by Rowlinson et al. (2016)

based on the transient search carried out with MWA is o0 < —2. Both of these estimates are

consistent with the NCP source originating from a coherent emission processes.

3.9 Conclusions

In this chapter I described the search for fast radio transients in the LOFAR RSM field, at
149 MHz. A total number of 253 epochs were analysed on 30 seconds time-scale, covering

an area of 440 deg?, with the average rms of 50 mlJy in a single image. The search was
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limited to observations performed in the directions of low dispersion measure, which were
favoured as the ones offering the best chance of finding fast radio transients.

Within this dataset, I have performed the transient search using the Transient Detection
Pipeline (TraP), with the detection threshold of 10c. From 121 candidates selected by TraP I
have chosen 13 detections which were not immediately recognized as RFI related artefacts or
false associations with catalogue sources. Imaging the remaining frequency bands for these
candidates showed that none of them were supported by detections in the other bands, which
allowed us to estimate their spectral index o ~ —35. This result suggests that the detected
sources could originate from propagation effects such as extreme scattering events. However,
this type of variability is caused by the ISM amplifying signal from bright, compact object,
which should be visible in a corresponding deep map. Although the analysis showed that no
background source was found at the location of any of the discussed transient candidates, we
can not rule out the presence of faint object below the detection threshold.

Out of the 13 candidates, the three most interesting and potentially real sources (one
two-epoch event and two single epoch multi beam detections) were subjected to a number of
tests aiming to verify their reality. The checks included subtraction of the sky model, imaging
individual sub-bands and running additional, post-calibration RFI flagging. Two out of three
sources have been confidently removed by the tests listed above, confirming that they were
RFI or imaging related artefacts. The remaining candidate was successfully removed from
one out of two beams, with the tests performed on the other beam being inconclusive.

Considering those results, it was conservatively concluded that no transients were detected
in the performed search. This allowed us to estimate the upper limit for the areal density of
transient events of prgy < 2.7 x 107> deg ™2 at the flux density limit of 0.5 Jy, as well as set
the constraints on the spectral index of the NCP transient of o¢ < —1.4.

The analysis of the RSM survey presented in this chapter was limited to the area of sky

corresponding to low Galactic DM directions. This search could be extended to the remaining
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RSM pointings in addition to searching at different time-scales. Although searching the
areas of sky expected to have higher Galactic DM contribution decreases our chances of
detecting coherent events, exploring different time-scales, from minutes to months, provides
opportunities to discover other types of transients. As for the discussed short time-scale
transient candidates, a detailed analysis of selected sources was focused on the three most
promising detections, however, the remaining ten sources should also be checked against the

verification tests.



Chapter 4

Variability Timescales and Brightness

Temperatures of Synchrotron Sources

The work presented in this chapter has been published as

Pietka M., Fender R. P, Keane E. F,, 2015, MNRAS, 446, 3687

4.1 Introduction

4.1.1 Synchrotron Emitting Sources

It has been known for 50 years that synchrotron-emitting radio sources can vary dramatically,
undergoing flaring events. These events are associated with particle acceleration and/or
compression of magnetic fields during phases of rapid injection of kinetic energy into the
ambient medium. Sources from the stellar scale to supermassive black holes, a range of over
10° in mass, can exhibit this behaviour, often associated with large amplitude variations at
other (e.g. optical, X-ray) wavelengths. Radio emission can be used as an identifier and
locator of interesting events for study at other wavelengths. It can also provide a measure

of the degree of kinetic feedback associated with a given phenomenon — having estimated
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the volume of the emitting region from, e.g. measuring the radio variability time-scale of
the event, we can place a lower limit on its kinetic energy by minimizing the total energy
associated with the outburst as a function of the magnetic field (as shown by Burbidge 1959,
and discussed in more detail in Section 1.3.1). The processes associated with this feedback
are not a homogeneous set, however, and cover a wider range of geometries and physical
regimes. In accreting black holes (of all masses, stellar to supermassive) and neutron stars,
as well as gamma-ray burst afterglows the radio emission is often associated with highly
collimated flows. These are characterised by opening angles of degree scale or smaller and
significant bulk Lorentz factors (at least in the initial phases). In novae and supernovae,
however, the feedback is in the form of much more slowly moving (1000s of km s~! or less)
ejecta moving in a much more isotropic geometry. Intermediate geometries and regimes also

exist.

4.1.2 Van der Laan Model

One of the earliest models for the evolution of variable extragalactic radio sources was that of
van der Laan (1966), in which an astrophysical explosion is described as a uniform, spherical
cloud of relativistic particles and magnetic field, expanding adiabatically into a surrounding
medium. The relativistic electrons, with isotropic energy distribution N(E) o< E~? (where p
is related to the spectral index o as p = —2a + 1 in optically thin regime) are accelerated
in the magnetic field B and radiate via the synchrotron mechanism (Section 1.3.1). In this
model two competing effects determine the light-curve at a given frequency as the cloud
expands: decreasing optical depth causes an increase in the flux for those frequencies which
are initially self-absorbed, but adiabatic expansion losses reduce the internal energy and
therefore the synchrotron emission. A schematic of the evolution of the light-curve is shown

in Figure 4.1 and details of the process are described below.
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Fig. 4.1 Illustration of the flux density evolution for an expanding cloud of relativistic
electrons, radiating via a synchrotron mechanism. As the size of the bubble increases, the
optical depth decreases and the cloud becomes transparent to the radiation. The maximum
flux density corresponds to the transition between optically thick and optically thin phases.
The peak flux is followed by a slow decline of the flux, reflecting the loss of energy of the

cloud due to expansion.
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Evolution of the Light-curve in Time

At the initial, optically thick stage, the shape of the light-curve is determined by the syn-
chrotron self-absorption (Section 1.3.1). At the beginning the optical depth 7 is high enough
to prevent the radiation at most radio frequencies from escaping the cloud. Observing the
changes of the flux density in time at one set frequency will show that as the cloud expands,
decreasing optical depth progressively makes it transparent to the radiation, causing an
increase in the observed flux. The intensity of the flux rises steeply with time until it reaches
its peak, where the source becomes completely transparent to the radiation at the given
frequency, after which it enters the optically thin stage. From that moment, the shape of the
light-curve is dominated by adiabatic expansion losses, and characterised by a slow decrease
in the flux intensity (Figure 4.1). The slope of the decline phase of the light curve is frequency
independent, since it is transparent to the photons at all energies and decreases only due to
the expansion energy losses (in the absence of significant synchrotron and inverse Compton

loses), which are energy independent.

Spectral Evolution
At the self-absorbed part of the spectrum, the relation between the flux density F and the
observed frequency V is described by

F o< v, 4.1)

while at the optically thin stage it depends on the spectral index o

F o VY, (4.2)

where ¢ = —(p—1)/2 and p is the power law index of the energy distribution (Section 1.3.1).

In his model, van der Laan shows that the flux density can be related to the observed frequency
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Fig. 4.2 Spectral evolution of the synchrotron emitting expanding radio source calculated for
several values of the relative size of the source p.

v and the fractional size of the source p = r/ro (where ry is the radius of the cloud at some

reference time) in the following way

F(v,p)=F((v)p? (4.3)

for the optically thick part of the spectrum (where Fy corresponds to the value of the flux

density at given instance), and

F(v,p)=Fy(v)p~? (4.4)

for the optically thin part of the spectrum. Figure 4.2 shows examples of the spectral evolution
of the radio source, calculated for several values of the relative radius of the source p. Because

the optical depth to synchrotron self absorption decreases with increasing frequency, higher
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Fig. 4.3 Illustration of the changes in the shape of the synchrotron flare with observed
frequency as a function of sources relative size, p. With the decreasing frequency (from top
to bottom), the peak of the observed flare is lower, and its overall duration extended. The
ratio of eight in frequency illustrated here is comparable to that between the 1.4 GHz and the
high band of LOFAR. Light-curves have been calculated based on the van der Laan model.

frequencies peak earlier and stronger, although in the later, optically thin, phase the lowest
frequencies are strongest. Van der Laan (1966; and many others since) clearly demonstrates
the contrast between the sharply peaked light curves at high radio frequencies and the much
smoother events at lower frequencies. Figure 4.3 shows the change in the shape of the flare
observed at different frequencies (re-created based upon van der Laan’s paper, similar to his

Figure 1).

4.1.3 Other Models

Many modifications have been made to the simple van der Laan model, in order to give an
accurate explanation for the behaviour observed from different classes of radio transients.
The main differences between those models come from highly variable geometry depending

on the originating astrophysical phenomena. For supernovae, the explosion is followed by
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spherically symmetric expansion (Chevalier 1982a,b; Weiler et al. 2002). However, the radio
emission from X-ray binaries and active galactic nuclei is believed to come from highly
collimated outflows, with additional acceleration of matter along the jet, causing bright
spots (Hjellming and Johnston 1988, Livio 1999, Fender 2006). This is also the case for
recently observed tidal disruption events (TDE; Giannios and Metzger 2011). For gamma
ray bursts, we observe both beamed radiation from the initial collimated explosion, as well
as more spherical radio afterglow at later stages ( Chevalier and Li 1999, Li and Chevalier
1999, Sari et al. 1999, Kumar and Panaitescu 2000). Additionally, more complex models
include internal and external shocks at later times which can re-energise particles, constrained

expansion of the ejecta, deceleration from highly to mildly relativistic bulk flows.

4.1.4 This Work

We are currently in an era in which wide-field blind surveys for radio transients are beginning
(e.g. with LOFAR: van Haarlem et al. 2013, Fender and Bell 2011 for a general overview)
and are going to be a major factor for future larger radio facilities such as MeerKAT (Booth
et al., 2009), ASKAP (Johnston et al. 2007, 2008) and the Square Kilometre Array (SKA;
Fender et al. 2015). As in the X-ray and optical fields, in which such blind searches for
transients have been undertaken for some time (e.g. Sesar et al. 2007), early identification
and classification of a new variable or transient, even if crude, can be invaluable in optimising
the science delivered from a finite set of resources (observing time). The simplest and earliest
such diagnostic is the variability time-scale of the event (see e.g. Rau et al. 2009, Ofek
et al. 2014, Cao et al. 2012 for the time-scale — magnitude plot for optical transients used
in Palomar Transient Factory literature). There is no strong a priori reason to believe that a
simple relation should exist between event type and the most basic characteristics of radio
variability, given the wide range of geometries and physical regimes present, as outlined

above. In this work, we analyse a large number of known synchrotron emitting sources,
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and reveal an overall correlation between variability time-scales and luminosities of their
flares, which, in spite of different physical phenomena explaining their origin (Section 4.1.3),
exists for these events. The considered sample of radio light-curves spans a wide range of
astrophysical objects observed in outburst, from nearby galactic sources to the most distant
objects in the Universe. Additionally, it only includes sources for which the distances are
known, so the peak radio luminosities of the flares can be calculated. It should be noted
however, that this compilation was based on the range of available archival data, and it is
possible that other types of objects might be populating the parameter space. Furthermore,
the steepness of the observed relation between luminosity and time-scales implies, rather
unexpectedly, that the minimum brightness temperature, of a given event is an increasing
function of source luminosity. Finally, the result offers hope that the relation could be used

as a very early time diagnostic of radio flaring events and transients (see Chapter 5).

4.2 Exploring the Variability Time-scales Correlations

4.2.1 Lightcurves Sample

The entire data sample used in this analysis consists of ~ 200 flare events from ~ 90 distinct
objects. Due to the strong frequency dependence of the shape of the light curve (Section 4.1.2,
Figure 4.3), the sample was limited to sources that were observed at 5-8 GHz — the frequency
range for which the largest set of observational data was available. Data for 70 objects/events,
mostly observed at ~ 5 GHz, have been compiled from the literature, which offers a range
of pre-selected flares for objects such as supernovae or X-ray binaries, as well as long-term
monitoring light-curves of AGN. The remaining part of the sample (27 objects) has been
compiled from the online Green Bank Interferometer (GBI) database', which provides

archival data for AGN, RSCVn, Algol and X-ray binary sources monitored on a time-scale

Uftp://ftp.gb.nrao.edu/pub/fghigo/gbidata/gdata/
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of several years, at frequencies 2.25 GHz and 8.3 GHz. Because better defined light-curves
were available at higher GBI frequencies, I have decided to use the 8.3 GHz data for the
analysis. Five objects in the considered sample have been present both in the literature as well
as the GBI sample, which gives 92 distinct objects in the analysed dataset. While GBI offers
complete datasets for the archived radio light-curves, this was not the case for most of the
data compiled from the literature where only schematic light-curves were available, with no
data values. For this reason, data points of the light-curves selected from the published results
have been extracted for further analysis using the WebPlotDigitizer? software. The sample
has been limited to astrophysical synchrotron flares only, and does not include scintillating
events (they are considered in the work described in Chapter 5) or those originating from
coherent emission (discussed briefly in Section 4.3.3). For objects that undergo recurrent
outbursts (XRBs, AGN, etc.) I have analysed multiple flare light-curves, if such were
available. Although the selection of single flares from the light-curves used in the analysis in
this chapter has been done by eye, a more robust and human independent method was later
developed and will be discussed in Section 5.2.2. Here, for the purpose of the analysis, I have
only included events with the best possible time coverage, for which the clear identification
of rise/decline phases was possible. For objects with multiple flares, measurements have
been done on different time-scales, including both longer time-scale variability and shorter
outbursts superimposed on it. Examples of selecting flares from the noisy data are shown in
Figure 4.4. Summaries of the data sample and the references are listed in Tables 4.2—4.11 at

the end of this chapter.

4.2.2 Method

As mentioned in Section 4.1.4, the time-scale of the radio variability of synchrotron sources

can be an early indication of their nature. However, when a transient candidate is detected in

“Web based tool to extract data from maps and images, created by Ankit Rohatgi.
(http://arohatgi.info/WebPlotDigitizer)
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Fig. 4.4 An example of a light-curve (blazar 0851+202; GBI, 8.3 GHz) from which several
flares have been selected for the analysis. Apart from two main long time-scale flares (/.,2.),
we have also included two shorter flares that took place during the rise (/a.) and decline (/b.)
phases of the first outburst. Selection of all the flare events has been done by eye.
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a radio observation, in many cases only a partial light-curve rather than the complete data
covering the duration of the outburst is available. Additionally, as discussed in Section 4.1.2,
the rising part of the light-curve, determined by decreasing optical depth, in most geometries
will show steeper increase in the intensity of the observed flux density with time, compared
to the slower decline, dominated by the expansion losses. Considering this, in order to
explore the distribution of variability time-scales for synchrotron flares, each flare from the
sample described in Section 4.2.1 was divided into rising and declining phases which were
then analysed separately. This section presents the method chosen to uniformly measure
the variability time-scales across the sample, as well as the motivation for that choice. The
following discussion is focused on the example of the rising phase of the flare, however, the
exact same steps apply to the decline of the outburst.

If we consider a flaring synchrotron source observed at distance dj, its light-curve will
show a steep rise with the slope s; on a time-scale f,;s ( left panel in Figure 4.5). If the same
source is observed at the further distance d», it appears much fainter. Therefore, the peak
flux density will be lower, and the measured slope s, will differ from s;. This illustration
shows that simply measuring the slope of the light-curve gives different results depending on
the distance to the source. This problem can be solved by plotting the logarithm of the flux
density against linear time instead (right panel in Figure 4.5). Because F o< L/d?, where F
is the flux density, d is the distance to the source and L is the luminosity of the source, the
slope s of the light-curve becomes distance independent

_ InF5—InF;  In(Ly/Ly)

. 4.5
> Hh—1 At (4.5)

The rate s defined this way is related to the e-folding time 7 as

§=—, (4.6)
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Fig. 4.5 Schematic illustration of the measurements of the rise rate for a radio light-curve.
Left panel shows two light-curves of the same source, observed at different distances. For
the source observed at smaller distance (figure left, blue light-curve) the flare appears much
brighter when compared to the same source observed at the larger distance (figure left, red
light-curve). Both light-curves, although representing the flare from the same source, will
give different results if the slope of their rise/decline rates is measured. The figure on the
right shows how by plotting the logarithm of the flux against linear time instead, removes
distance dependence from the measurement of the slope.



4.2 Exploring the Variability Time-scales Correlations 112

where 7T (previously used to define the optical depth) describes the characteristic time-scale.

Therefore the fractional change of the flux density in time Az can be defined as

@ = exp (f) . 4.7

Apart from being distance independent, this choice of the measurement is physically
motivated. In the van der Laan model (1966), the radio flux density of a source is described
by an exponential function that depends on the optical depth. As the optical depth decreases
with the size of the source increasing over time, the flux density can be seen to change
exponentially. It is true that some alternative models favour power-law decays. These power-
law fits (linear fits to log flux vs log time) were also attempted but exponential fits gave the
most robust and reproducible results. As well as for measuring rise rates of the events, the

same method can be used in order to measure decline rates of synchrotron flares.

4.2.3 Analysis

Following the reasoning above, a linear fit was made to the natural logarithm of the flux
as a function of linear time, which effectively corresponds to fitting exponential functions.
One thing that should be remembered during this fitting conversion is the number of free
parameters. If we consider fitting the exponential function to the data, the model consists of

three free parameters, a - amplitude, b - background and 7 - time-scale

F () = ax exp (%) +b. 4.8)

Therefore, if we decide to calculate the logarithm of the flux density instead and fit the
linear model to the data, the background emission has to be subtracted from the flux density

measurements prior to fitting
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In(F(t)—b) = %t + const. 4.9)

While these two methods (Equations 4.8 and 4.9) are equivalent in complexity, in this work
I decided to use the latter one. At this stage, the estimation of the background has been
done by eye, however, an automated method was later developed and will be discussed in
Sections 5.2.2 and 5.4.2. Figure 4.6 shows examples of light-curves for several classes of
object and the measurement method. Slope measurements were made on a case by case basis
in MATHEMATICA once the start and end points of an event had been chosen by eye. The
steps described above were applied to the sample of light curves presented in Section 4.2.1.

Peak radio luminosities have been calculated using

Lpeak = VLv,peak = 47td2VFmaX7 (4.10)

where Ly peqx 1s the peak monochromatic luminosity, v is the observed frequency, Fiax is
the maximum flux density and d is the luminosity distance to the source (listed in Tables

4.2-4.11). No attempt to correct for any beaming or anisotropy was included in the analysis.

4.3 Results

The main objective of the analysis described in Section 4.2.3 was to find a relation between
the variability time-scales and luminosities of synchrotron events, which could provide a
separation between different classes of objects. Additionally, having measured rise/decline
rates for a sample of synchrotron events with well defined luminosities, we can put a lower
limit (corresponding to maximum physical size of the source) on their brightness temperatures.
In the following sections I will present the correlation between peak radio luminosities and
rise/decline rates obtained for analysed sample of events (Section 4.3.1), as well as the

estimations of the minimum brightness temperatures for those sources (Section 4.3.2). This
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Fig. 4.6 Examples of the light-curves for several classes of objects, illustrating different
time-scales of the events: flare star (AU Mic), X-ray binary (Sco X-1), supernova (SN 1994I)
and AGN (NGC 4278). A schematic example of the slope measurement of the light curve
for rising phase is shown for the flare from NGC 4278. The measured slope s of the fitted

line corresponds to T~

1

, where 7 is the e-folding time. All the light-curves shown have been
normalized to have a similar initial flux density.
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analysis, focused on incoherent events, does not include the other - coherent - flavour of
radio emission. However, the phase space for these types of objects has been investigated
before (Cordes et al., 2004). In section 4.3.3, we use those results for the coherent types of

sources to build a complete picture of the parameter space of known radio transients.

4.3.1 Variability Time-scales Results

Figures 4.7 and 4.8 show the results of the measurements described in Section 4.2.3 for a
sample of 200 (200 for rise, 200 for decline phases) light curves from 70 sources found in the
literature (mostly observed at =~ 5 GHz) plus 27 objects from the GBI database (8.3 GHz).
The variability time-scale parameters T calculated for rising/declining phases of light-curves
are plotted against the corresponding peak radio luminosity of the source. The results show
that the measured time-scales are broadly correlated with the peak radio luminosities. We see
that as the peak luminosity increases, sources tend to vary on longer time scales. This is not
unexpected (see Sections 4.1, 4.5) but has not been systematically measured before. AGN as
the most luminous objects in the Universe can take up to several years before they reach peak
flux density, while nearby and faint flare stars go into outburst and fade away within a couple
of hours. The analysed sample of objects includes synchrotron emitting sources as well as
those for which the origin of radio emission is gyro-synchrotron (flare star, magnetic CV,
Algol and RSCVn). This different flavour of incoherent emission is explained by radiation
from electrons trapped in magnetic coronal loops. Table 4.1 shows the results of fitted values
for the correlation between L and 7 for two cases: first, including all of the sources in our

sample and second - excluding gyro-synchrotron emitting sources.
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Table 4.1 Parameters of the fits to the rise/decline phases. Fits done with MATHEMATICA,
with the following formula: log(Lpeak) = A % log T+ B.

A+S8A B+6B A+ AT B +6B'!
Rise 5.21+0.15 31.08+1.84 520+022 31.12+2.89
Decline 5.09 +0.22 29.44 +2.88 5.804+ 028 27.82+3.21

I Additional fit done for comparison on a sample excluding flares that originate from
gyro-synchrotron emission mechanism (flare star, magnetic CV, algol, RSCVn).

4.3.2 Brightness Temperature

In a steady state, the brightness temperature of synchrotron emission is limited to 7 ~ 102 K
(Kellermann and Pauliny-Toth 1969); above this value inverse Compton losses rapidly cool
the electrons. The combination of luminosity and time-scale naturally allow us to constrain
the effective 7g for each flare event measured in this study.

In the Rayleigh-Jeans part of the blackbody spectrum, the monochromatic luminosity of
a spherical source of radius r is defined as

2kgTV?
Lv = B2

Amr, 4.11)

c
For a source changing luminosity by ALy on time-scale 7, a minimum brightness temperature,
T, min Will correspond to the source having a maximum size r = ¢7. Since 7 is the exponential
rise (or decay) time-scale, the luminosity AL, should be a fraction of the monochromatic
peak luminosity Ly peak

e—1
AL, = 7Lv’peak. (4.12)

Substituting and rearranging Equations 4.11 and 4.12, allows us to calculate Tg i, for any
source from which we have measured the luminosity and variability time-scale (note that this

does not take into account relativistic beaming)

ALy

—. 4.13
87'L'kBV2T2 ( )

TB,rnin =
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Using this approach we calculate the Tg s for all the events in our sample, and present a
histogram of the results in Figure 4.9.

It is interesting to note that if all the sources had the same brightness temperature and
relation between variability time-scale and physical size, we would expect a relation between

luminosity and time-scale of the form

Lo< T2, (4.14)

which is considerably shallower than the relation we observe (Figures 4.7 and 4.8), which is

approximately

Lo 1. (4.15)

This is illustrated by the lines of constant T i, overplotted in Figures 4.7 and 4.8. This is

an unexpected result which is further discussed in Section 4.5.2.

4.3.3 Radio Transients Phase Space

In previous sections we identified the correlation between peak radio luminosity and the
variability time-scales of synchrotron events. Here we combine those results with the sample
of coherent sources, from the millisecond bursts seen from most pulsars and fast radio bursts,
to the nanosecond shot emission seen from the Crab pulsar (Hankins et al. 2003, Keane
2013, Thornton et al. 2013), in order to present the entire luminosity — time-scale parameter
space. Transients are often classified as either ‘beamformed’, i.e. those detected in high
time-resolution pulsar-like observations where dedispersion is required, or ‘imaging’, i.e.
sources can be identified in images and dedispersion is not required (Hassall et al., 2013).

The boundary between these classes is often taken to be ~ 1 s, so that the synchrotron
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Fig. 4.10 Plotted is a variation of the Figure 4.7, with luminosity plotted against the product
of the observing frequency v and the time-scale of the flare/pulse width W over an even
wider range of parameter space. This allows us to identify the sources of coherent radio
emission (pulsars, fast radio bursts) for comparison with the more slowly varying synchrotron

transients.

sources considered in Sections 4.2, 4.3.1 and 4.3.2 fall into the latter category. The extended
parameter space is shown in Figure 4.10. We can see that, as expected, the relation we have
determined (Table 4.1, Equation 4.15) does not apply to beamformed transients, which are
all examples of coherent emission, but rather seems to be a manifestation of the physics

underlying incoherent synchrotron emission only.
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4.4 Extension to 1.4 GHz band

4.4.1 Data and Analysis

The analysis presented in this chapter is focused on the synchrotron flares observed in the
frequency range of 5-8 GHz — the choice largely dictated by the availability of the data.
Although the sample of sources observed at other wavelengths is — at this time — too small
to make any definitive statements about the luminosity — time-scale relation, we can still
explore the parameter space for the events which have been monitored and can be analysed.
If we consider using the variability time-scales as an early classification technique for radio
transients (Section 4.1.4), the frequency of 1.4 GHz can be especially useful in context of,
for example, the upcoming MeerKAT transient surveys (Booth et al., 2009).

For the following analysis, we have compiled a sample of synchrotron events from
17 objects observed at ~ 1.4 GHz. Detailed list of sources can be found in Table 4.12. The
selection of flares, as well as the analysis, have been performed as described in Sections
4.2.2 and 4.2.3. Figure 4.11 shows the results of the measurements for rise (upper panel)
and decline (lower panel) phases, plotted against the peak radio luminosities of the flares.
Data points have been colour-coded in the following way. The sample of events observed
at 1.4 GHz is shown in red, with the fit to the data represented by the black dashed line.
The sample of 5-8 GHz sources analysed earlier has been overplotted (in light gray) for the
reference, with the grey dashed line showing fit to the data. One pair of the data points has
been highlighted within each of several classes of objects. These measurements (marked
with a bold edge) correspond to the same flare observed at both 1.4 and 5-8 GHz (red and
grey respectively) and include: GRB 030329, SN 1993J, V407 Cyg (nova), B1259-63 (binary
pulsar), SS 433 (black hole X-ray binary) and SGR 1806-20 (magnetar, decline phase only).
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Fig. 4.11 Correlation between the luminosity and rise (upper panel) / decline (lower panel)
rate for the extended sample of objects. Plotted in grey is the sample of synchrotron flares
discussed in earlier sections, observed at 5-8 GHz. Overplotted in red is the additional sample
of sources observed at the frequency of 1.4 GHz. Black and grey dashed lines correspond to
the fit to the data for lower and higher frequencies respectively. Measurements for several
individual sources have been cross-matched between the observed frequencies — those are
marked with black bold edges and include: GRB 030329, SN 1993J, V407 Cyg (nova),
B1259-63 (binary pulsar), SS 433 (black hole X-ray binary) and SGR 1806-20 (magnetar,
decline phase only).
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4.4.2 Results and Discussion

Quantitative comparison of the results obtained across the analysed frequencies is not possible
due to the limited sample of flares representing the 1.4 GHz dataset. While the correlation
between the luminosity and rise rate of the events is the same for both low and high frequency
data (L « 7°), in case of decline rates the difference is more significant.

However, cross-matching of the individual outbursts shows that, in most cases, flares
observed at lower frequency are fainter and their time-scale is longer compared to higher
frequency — as expected for the evolution of synchrotron emitting sources (Section 4.1.2). In
his paper, van der Laan gives a formula describing the evolution of the peak flux density with

the observing frequency

—(1p+3)/(4p-+6)
Vi ) , (4.16)

where Fi, (V1) and Fp(v,) are peak flux densities at frequencies v; and v, respectively, and
p is the energy distribution. Based on that, we can extrapolate our 5 GHz flux density
measurements for a set of six sources highlighted in Figure 4.11 to the lower 1.4 GHz
frequency assuming p = 2 for synchrotron emitting sources. Comparison of these predictions
with our 1.4 GHz measurements shows that the observed values vary within a factor of 0.5-3
from what we expect based on the simple van der Laan model.

While the peak flux density of the synchrotron flare will be reached later when observed
at lower frequencies, the difference in observed rise rates depends on the measurement
method. The upper panel of Figure 4.12 shows light-curves for the same source observed
at progressively lower frequencies. The middle and lower panels show variation of this
figure where light-curves are plotted on different time and flux scales in order to illustrate
different ways of measuring the rise rate. Fitting a power law function to the rise phase of

the light-curve corresponds to fitting a linear function to the logarithmic flux plotted against
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Fig. 4.12 Example radio light-curves simulated based on the van der Laan model, for the
same source observed at three different frequencies (v, v/2, v/4). Each panel shows the
same set of light-curves plotted on different scales for the illustration: linear (upper figure),
logarithmic flux density vs linear time (middle figure) and logarithmic (lower figure).
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the logarithmic time (as shown in the lower panel of Figure 4.12). This illustration shows
that the slope measured this way would be frequency independent.

The middle panel of Figure 4.12 shows the same set of light-curves, where the logarithmic
flux is plotted against linear time. The rise/decline rates measured this way (as was done
in our analysis) correspond to fitting an exponential function to the data. In this case, if
measured close to the peak of the flare (which corresponds to the phases where optical
depth 7 =~ 1), the rise/decline rates will be slower at lower frequencies. This agrees with
the observed rise/decline rates measured for our sample of sources across 1.4 — 5 GHz
frequencies. However, at very early stages of the outburst (where the optical depth is very
high and the radiation at all frequencies is self-absorbed), as well as late into the decline
phases (where T << 1 and the energy loss is dominated by the expansion processes),
the rates we measure will be frequency independent. While the very early times of the
outbursts, where the flux density is increasing rapidly, are often missed, radio transient
surveys performed with sensitive instruments (such as SKA) are likely to be dominated by
the detections of slowly declining synchrotron events, where the results are independent
from the observing frequency. The discussed effect can also be useful in separating those
detections from more recent events based on spectral information.

We have chosen a method of fitting exponential functions rather than a power law as
it gave more consistent results — estimating the precise start time of the flare required for
fitting power law model could not have been properly done across the entire data sample.
Additionally, as shown by Canosa et al. (1997), even if the emission from the source is
intrinsically a power law, the observational data can in certain cases be fit more accurately
with an exponential function, due to the distortions of the signal caused by relativistic effects.
Future observations could help to extend the sample of lower frequency data and make the

discussion about the luminosity — time-scale correlation more conclusive.
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4.5 Discussion and Conclusions

4.5.1 Time — Luminosity Correlation for Synchrotron Events

The work presented in this chapter compiled the analysis of the simplest measurable quantity
of a synchrotron flare event, its rise/decline time, with its luminosity. The astrophysical
objects from which the flares originate vary from flare stars to supermassive black holes in
active galactic nuclei, and include both repeating phenomena and single cataclysmic events.
The results show a broad correlation that exists across those classes, with peak luminosities
ranging over 22 orders of magnitude and time-scales from minutes to longer than years. The
following example illustrates why — as we observe — the most luminous events are expected
to vary more slowly.

The main energy loss mechanism for these phenomena is the work done in expanding
against the surrounding medium, and yet the maximum 3D expansion speed of a relativistic
plasma is fixed at ¢/ /3. Since the maximum (rest frame) brightness temperature (surface
brightness) of a synchrotron emitting plasma (in equilibrium) is ~ 10'? K, then the most
luminous events are going to be associated with larger sources. We can describe the change

of the sources size in time r(¢) by

V3

where ry is the initial size of the source. The scale factor (p = r/ry in the original model of

r(t) =ro+—=t, (4.17)

van der Laan 1966), on which the observed flux is strongly dependent (the flux rises as p> in
van der Laan during the optically thick phase), is therefore going to evolve more slowly for

the most luminous sources

c

p(t)=1+ e

t. (4.18)
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In other words, a doubling in size will result — in this simple model — in the same relative
flux change, but will take longer for more luminous and larger sources. The upper panel in
Figure 4.13 shows the relation between the relative change in the size of the source p and
the evolution time for several values of the initial size of the source ry. The lower panel of
the same figure shows example light-curves for three sources with the same range of initial
size ry. Of course, as discussed in Section 4.1.3, since van der Laan there have been a large
number of further, more complex models for different scenarios. It was therefore not at all
obvious while starting this project, that a compilation such as this would result in the rather
straightforward relation between rise/decay times and radio luminosity that we have found.

The relation between variability time-scales and peak radio luminosities obtained for
incoherent events can be extended to parameter space covering coherent bursts as well.
Those events varying on times less than ~ 1s can reach brightness temperatures of ~ 10*0 K.
However, the broad correlation of L o< 7° obtained for the incoherent events does not apply

to those classes of objects.

4.5.2 Brightness Temperature

As demonstrated in Section 4.3.2, having the variability time-scales and peak radio luminosi-
ties of the event, we can estimate its minimum brightness temperature. Results of the analysis
show, that the brightness temperature estimated this way is a rising function of sources
luminosity. This means that the relation we find, L o 72, is much steeper than that which
would be expected for a similar set of phenomena with the same brightness temperature,

L o< 72. Two possible explanations for this effect are discussed here in more detail.

Intrinsic Properties of Sources
If the discrepancy between the observed luminosity — time-scale relation and that expected for

objects with the same brightness temperature originates from the intrinsic properties of the
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Fig. 4.13 Upper: The relation between the fractional change of the size of the source and the
evolution time. As discussed in Section 4.5.1, more luminous, and therefore larger sources
evolve on longer time-scales. The presented examples have been calculated for increasing
values of the initial size o, with the expansion velocity of ¢/v/3 (where c=1 to simplify the
calculations). Lower: Example light-curves calculated for three sources with different initial
size ro (based on van der Laan model, van der Laan 1966), showing that for larger sources
their flaring time-scales are longer.
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sources, it could be perhaps due to a systematically varying relation between the true radius
and the variability time-scale. While estimating the minimum brightness temperatures of
synchrotron events (Section 4.3.2), we assume the radius of the emitting region corresponds
to the maximum possible physical size of the source r = ¢t. However, it is likely that for
a given time-scale, the true radius of the emitting region is considerably smaller than this,
and our estimation of the 7g is severely underestimated (Figure 4.14). This is the case for
flare stars for example, where the Alfvén speed should be considered rather than c¢. This
would mean a velocity of 10 ms™! (Mitra-Kraev et al., 2005), which would change the
estimated minimum brightness temperatures by factor of 10*. Figure 4.15 schematically
shows the shape of constant Ty i, lines we would expect if this effect was accounted for.
As we approach the phase space populated by lower luminosity sources, for which the
velocities fall into non-relativistic regime, the minimum brightness temperature is likely to
be higher, therefore the direction of the constant Ty i, lines is steeper than originally shown
in Figure 4.7. However, it is hard to see this explaining everything: since the sound speed
of an ultrarelativistic plasma is ~ ¢/ v/3 and we believe that this condition should hold for
both AGN and XRBs, both of which seem to have highly relativistic jet plasmas, it is not
clear why they should be systematically two orders of magnitude different in 7g m;, from
each other. The actual geometry of relativistic jets is likely to be rather linear and so a 3D
expansion at ¢/ /3 is not likely, but could/should be similar for XRBs and AGN. On the other
hand, an increasing energy density with luminosity does not seem obvious, either, since the
jets of AGN are anticipated to be lower density than those of XRBs. At a given Eddington
ratio the luminosity L of the source is proportional to its mass M, L «< M. With the area of
the jet A o< M?, we get the energy density L/A o< M~!, which means that it should be lower

for the jets of more massive AGN.
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Fig. 4.14 Illustration of a possible explanation for the estimated Ty i, distribution. Figure
on the left shows the case, where the minimum brightness temperature estimated at the
observed peak radio luminosity corresponds to the maximum physical size of the emitting
region, r =~ ¢T. However, if the speed at which the signal propagates through the source,
v, 1s significantly lower than ¢ (figure on the right), the actual size of the source is smaller.
Because the estimated minimum brightness temperature 75 min o< L/ r?, a smaller radius of
the emitting region corresponds to a higher brightness temperature.
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Fig. 4.15 This plot shows Figure 4.7 schematically modified to illustrate possible effects that
could explain the observed increase in the estimated minimum brightness temperature with
luminosity. Error bars and differentiation between classes have been removed for clarity.
In the lower luminosity end of the sample, minimum brightness temperatures might be
overestimated due to the smaller radius of the emitting region. Constant 7y, lines plotted
in Figure 4.7 would in fact need to turn down while approaching lower luminosity sources.
At the other end of the plot the most luminous sources in the sample are expected to be
relativistically beamed. The actual luminosity of these objects could be significantly lower,
and the variability time-scale slower than what we observe (marked with arrows). The likely
result of both effects is to reduce the actual spread in the intrinsic values of Tg.
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Relativistic Beaming

Can relativistic beaming explain the trend perhaps? This would result in a larger apparent
1B, min, and it is certainly the case that blazars and GRB afterglows, which make up a large
fraction of the luminous end of the sample, are pointed towards us. Such sources will appear
to be brighter and vary faster than in their comoving frames, resulting in a higher apparent
minimum brightness temperature. This effect is schematically shown in Figure 4.15, where
arrows in the grey box indicate the expected direction that the AGN sample would move
if we could account accurately for Doppler boosting. Therefore, in a flux-limited sample
of such jetted sources one would expect to see an increase in T iy With luminosity. This
effect has been investigated for AGN in some detail (e.g. Homan et al. 2006; Vermeulen and
Cohen 1994). However, it seems unlikely that this alone can explain the near-monotonic
trend towards higher T m;, with luminosity across our entire sample for at least two reasons:
(i) some of the objects in the sample — e.g. supernovae, flare stars — are not expected to be
significantly boosted, (ii) the lowest-luminosity population of relativistic sources — the X-ray
binaries — are actually an X-ray selected sample which in general are de-boosted due to large
angles to the line of sight.

Bringing in both these effects to the picture of the obtained time-luminosity correlation
could decrease the discussed gap between the expected and fitted relation. However, neither
of the considered interpretations fully explains the observed discrepancy. The real origin of
the trend is likely to be a combination of both effects, but we cannot rule out a dominant

effect which we have not considered here.

4.5.3 Future Work

Of course as well as being astrophysically interesting, the relation opens up the possibility
of using variability time-scale as an early classifier of radio transient events which may be

discovered by future wide-field monitoring in the radio band (see Fender and Bell 2011
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and references therein). A faint (sub-mlJy) event could be anything from a flare star to a
supernovae, and yet within minutes/hours (probably) and days (certainly) it would be obvious
from the rise time which class of object it was likely to have been. However, the likelihood of
a given event cannot be simply read from the presented figures, since these are compiled from
highly biased samples. In Chapter 5 I will present the extended analysis of the compiled data,
where the process of selection of flaring events is automated and the results are convolved

with estimates of the areal density (rates) of the different classes of objects.
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Table 4.2 Sample of AGN, blazars (including flat spectrum radio quasars) and a compact

steep spectrum radio quasar (QSO) used in the analysis.

Source Distance Reference Distance reference
(Mpc)
0224+671 2981 GBI MOJAVEY NED?
0235+164 6142 Roy et al. (2000) MOJAVE / NED
0336-019 5434 GBI MOJAVE / NED
0458-020 18551 Pyatunina et al. (2006) MOJAVE / NED
0528+134 16418 Pyatunina et al. (2006), GBI MOIJAVE / NED
0605-085 5577 Kudryavtseva et al. (2011) MOIJAVE / NED
0850-121 3281 GBI MOJAVE / NED
0851+202 1577 GBI MOJAVE / NED
0954+658 1951 Marchili et al. (2012), GBI MOIJAVE / NED
1237+049 13441 GBI MOJAVE / NED
1328+254 7093 GBI MOJAVE / NED
1413+135 1232 GBI MOJAVE / NED
1622-297 5142 GBI MOJAVE / NED
1749+096 1673 GBI MOIJAVE / NED
1803+784 4107 Britzen et al. (2010) MOJAVE / NED

2004-447 1192 Gallo et al. (2006)

Gallo et al. (2006)

2005+403 13205 GBI MOJAVE / NED
2223-052 10138  Kudryavtseva and Pyatunina (2006) MOJAVE / NED
3C120 143

3C273 748

3C279 3071 Volvach et al. (2010) MOJAVE / NED
3C345 3473

3C454.3 5489

BL Lacertaec 305 Villata et al. (2004), GBI MOIJAVE / NED
CTA 102 6943 Kudryavtseva and Pyatunina (2006) MOIJAVE / NED

NGC 4278 14.9
NGC 7213 22
NRAO 150 11193

Giroletti et al. (2005)
Bell et al. (2011)
Chen et al. (2001)

NRAO 530 5834 Luetal. (2012), Pyatunina et al. (2006)

J1644+57 1845 Zauderer et al. (2013b)
111 zw?2 403 Salvi et al. (2002)

Usher et al. (2013)
Emmanoulopoulos et al. (2013)

MOJAVE / NED
MOJAVE / NED

Levan et al. (2011)

MOJAVE / NED

! http://www.physics.purdue.edu/astro/MOJAVE/index.html
2 http://ned.ipac.caltech.edu/
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Table 4.3 Supernovae sample used in the analysis.

Source Distance (Mpc) Reference Distance reference
SN 1980K 5.9 Weiler et al. (1992) Milisavljevic et al. (2012)
SN 19887 93 van Dyk et al. (1993) Schlegel and Petre (2006)
SN 1993) 3.6 Pérez-Torres et al. (2001) Pérez-Torres et al. (2001)
SN 19941 8.9 Weiler et al. (2011) Weiler et al. (2011)

SN 1998bw 38 Kulkarni et al. (1998) Kulkarni et al. (1998)
SN 2003bg 19.6 Soderberg et al. (2006) Soderberg et al. (2006)
SN 2003L 92 Soderberg et al. (2005) Soderberg et al. (2005)
SN 2004cc 18

SN 2004dk 23 Wellons et al. (2012) Wellons et al. (2012)

SN 2004gq 26

SN 2008ax 9.6 Roming et al. (2009) Pastorello et al. (2008)
SN 2008iz 3.5 Marchili et al. (2010) Marchili et al. (2010)

SN 2011dh 8.4 Krauss et al. (2012) Krauss et al. (2012)

Table 4.4 Gamma Ray Bursts used in the analysis.

Source Distance (Mpc) Reference Distance reference
GRB 970508 5299 Frail et al. (2000) Frail et al. (2000)
GRB 030329 802 Mesler et al. (2012)  van der Horst et al. (2008)
GRB 060418 10917 Cenko et al. (2010) Ellison et al. (2006)

GRB 110709B 36523 Zauderer et al. (2013a) Zauderer et al. (2013a)

Table 4.5 Classical / dwarf / recurrent novae used in the analysis.

Source Distance (Mpc) Reference Distance reference
RS Oph 0.0016 O’Brien et al. (2006) O’Brien et al. (2006)
Sco 2012 0.0067 Weston et al. (2014) Weston et al. (2014)
SS Cyg 0.000114 Kording et al. (2008) Miller-Jones et al. (2013)
T Pyx 0.0048 Nelson et al. (2014) Nelson et al. (2014)
V407 Cyg 0.003 Chomiuk et al. (2012) Chomiuk et al. (2012)
V1500 Cyg 0.00135 Roy et al. (2012) Slavin et al. (1995)
V1723 Aql 0.005 Krauss et al. (2011) Krauss et al. (2011)

V1974 Cyg 0.0018 Hjellming (1996) Kato and Hachisu (2005)
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Table 4.6 A sample of X-ray binaries, including black hole X-ray binaries (BHXRB), neutron
star X-ray binaries (NSXRB), binary pulsar and ultraluminous X-ray source (ULX) used in

the analysis.

Source Distance Reference Distance reference
(Mpc)
Aql X-1 0.005 GBI Galloway et al. (2008)
B1259-63 0.0023 Johnston et al. (1999) Shannon et al. (2014)
CI Cam 0.01 GBI Bartlett et al. (2013)
Cir X-1 0.0078 Soleri et al. (2009) D’Ai et al. (2012)
Cyg X-1 0.00186 GBI Miller-Jones (2014)
Cyg X-2 0.011 GBI Galloway et al. (2008)
Cyg X-3 0.0072 Molnar et al. (1988), GBI Ling et al. (2009)
GRO J1655-40 0.0032 Hannikainen et al. (2000) Miller-Jones (2014)
GRS 1915+105 0.011 GBI Miller-Jones (2014)
GX13+1 0.007 Homan et al. (2004) Homan et al. (2004)
GX17+2 0.0075 GBI Church et al. (2012)
GX 3394 0.008 Gallo et al. (2004) Gandhi et al. (2010)
LS 5039 0.0029 Ribé et al. (1999) Moldén et al. (2012)
LST+61°303 0.002 GBI Dhawan et al. (2006)
MAXIJ1836-194  0.008 Trushkin et al. (2011) Russell et al. (2013)
Sco X-1 0.0028 GBI Bradshaw et al. (1999)
SGR 1806-20 0.009 Gaensler et al. (2005) Tendulkar et al. (2012)
SS 433 0.0055 Trushkin et al. (2008), GBI Blundell and Bowler (2004)
XTE J1550-564 0.00438  Hannikainen et al. (2001) Steiner et al. (2011)
XTE J1748-288  0.008 Rodriguez and Prat (2008) Brocksopp et al. (2007)
XTE J1859+226  0.0042 Rodriguez and Prat (2008)  Shaposhnikov and Titarchuk (2009)
M31 ULX 0.78 Middleton et al. (2013) Middleton et al. (2013)
Table 4.7 RSCVn used in the analysis.
Source  Distance (Mpc) Reference Distance reference
CF Oct 0.000194 Slee et al. (1987) Borisova et al. (2005)
HR1099 0.00003068 GBI Huenemoerder et al. (2013)
UX Ari 0.00005 GBI Peterson et al. (2011)
Table 4.8 Algol systems used in the analysis.
Source Distance (Mpc) Reference Distance reference
Algol 0.000029 GBI Peterson et al. (2011)
o Lib 0.000095 GBI Bakis et al. (2006)
RZ Cas 0.000063 Audard et al. (2005) Audard et al. (2005)
Table 4.9 T Tauri included in the analysis.
Source  Distance (Mpc) Reference Distance reference
V773 Tau 0.0001328 Massi et al. Torres et al. (2012)
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Table 4.10 Magnetic CVs used in the analysis.

Source  Distance (Mpc) Reference Distance reference
AE Aqr 0.000102 Bastian et al. (1988), Duerbeck (1999)
Abada-Simon et al. (1993)
V834 Cen 0.000086 Wright et al. (1988) Araujo-Betancor et al. (2005)
Table 4.11 Flare stars used in the analysis.
Source  Distance (Mpc) Reference Distance reference
AD Leo 0.0000047 Smith et al. (2005) Smith et al. (2005)
AU Mic 0.00001 Smith et al. (2005) Smith et al. (2005)
UV Ceti 0.0000026 Smith et al. (2005) Smith et al. (2005)
YZ CMi 0.0000059 Smith et al. (2005) Smith et al. (2005)

Table 4.12 Sample of sources observed at 1.4 GHz frequency used in the analysis (with
exeption of SS 433 and Cyg X-3, which were observed at 1 GHz).

Source Type Distance Reference Distance reference
(Mpc)
0235+164 Blazar 6142 Altschuler et al. (1984) MOJAVE / NED
0333+32 Blazar 8848 Altschuler et al. (1984) MOIJAVE / NED
GRB 030329 GRB 802 Mesler et al. (2012) van der Horst et al. (2008)
GRB 110328 GRB 1899.3 Wiersema et al. (2012) Wiersema et al. (2012)
SN 19941 SN 8.9 Weiler et al. (2011) Weiler et al. (2011)
SN 2001gd SN 20 Stockdale et al. (2007) Stockdale et al. (2007)
SN 1993] SN 3.6 Pérez-Torres et al. (2001) Pérez-Torres et al. (2001)
SN 2001ig SN 11.5 Ryder et al. (2003) Ryder et al. (2003)
SN 1998bw SN 38 Kulkarni et al. (1998) Kulkarni et al. (1998)
V407 Cyg Nova 0.003 Chomiuk et al. (2012) Chomiuk et al. (2012)
RS Oph Nova 0.0016 Hjellming et al. (1986) O’Brien et al. (2006)
SS 433 BHXRB 0.0055 Trushkin et al. (2006);  Blundell and Bowler (2004)
Trushkin et al. (2008)
Cyg X-3 XRB 0.008 Trushkin et al. (2006) Ling et al. (2009)
B1259-63  Binary pulsar  0.0023 Johnston et al. (1999) Shannon et al. (2014)
SGR 1806-20  Magnetar 0.009 Gaensler et al. (2005) Tendulkar et al. (2012)
HR 1099 RSCVn 0.00003068 Jones et al. (1996) Huenemoerder et al. (2013)

AE Aqr Magnetic CV  0.000102 Bastian et al. (1988) Duerbeck (1999)




Chapter 5

Method of Classifying Radio Transients

This work has been submitted to the MNRAS journal as Pietka, Fender, Staley & Pretorius

5.1 Introduction

5.1.1 Motivation

In the coming years, the next generation of radio telescopes are expected to survey large
areas of sky to a sensitivity which could see the discovery of hundreds of transient sources
(Fender et al., 2015). Previous discoveries of radio transients proved that relying solely on
radio data makes it extremely difficult to validate both the nature, as well as the reality of
the source (Bower et al. 2007, Stewart et al. 2016) and that it is vital they are supported by
simultaneous multiwavelength observations or rapid follow up. On the other hand, with a
rate of transient candidates as high as expected, it will not be possible to follow up each event
with other multiwavelength instruments. However, if the nature of the source is constrained
as early as possible, decision-making strategies can be created to follow up the type of events

relevant to specific science goals.
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5.1.2 Previous Automatic Classification Attempts

The importance of the automatic classification of light-curves has been discussed before
in the context of deep surveys carried out at optical wavelengths, with attempts to include
automatic classification of transients into optical surveys (Djorgovski et al. 2012; Saglia et al.
2012). Extended investigations of different ways to approach this task include developing
classification techniques based on machine learning methods (Richards et al., 2011), Bayesian
theory (Pichara and Protopapas, 2013), density approach (eliminating direct measurements
of features such as magnitude or color; Kiigler et al. 2015), fitting non-complete light-curves
(Lo et al., 2014b) and other non-parametric techniques (Varughese et al., 2015). Those
methods have been developed using archival optical light-curves as training datasets, as well
as X-ray transients (Lo et al. 2014a, with a supervised learning technique implemented). For
radio data, Rebbapragada et al. (2012) test different classification algorithms on simulated
light-curves in preparation for the ASKAP VAST survey. Most of these methods, although
they work effectively on sparse and noisy datasets, require the light-curve/flare to be (mostly)
complete. In this work, however, we are focused on making an initial classification of the

source, based on the early information about its radio light-curve.

5.1.3 Method

For any transient candidate discovered in a blind radio survey, the most basic measurable
property of the light-curve is its variability time-scale. In Chapter 4 we have shown that
a broad correlation between the peak radio luminosity L and the variability time-scales T,
approximately L o< 7°, exists for variable synchrotron emitting sources, with each individual
class occupying a constrained range in luminosity and time-scale space. This correlation
offers an opportunity to classify new sources based on the radio data only. The method
of classification presented here is based upon the assumption that at the time of discovery

of a radio transient, its distance is unknown (unless a counterpart at other wavelengths is
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immediately identified). This means that the information about the luminosity is lost, and
the discussed relation (Figures 4.7 and 4.8) is reduced to a distribution of the variability
time-scales. This distribution provides a reference point against which we can compare the
measurements of time-scales taken for any newly discovered transient candidate.

It should be noted that the results presented in Chapter 4 were based on the analysis of a
sample of single flaring events manually selected from various radio light-curves. However,
if we were to create an early transient classification tool based on those results, the analysis
should be done in a reproducible way, such that the bias introduced by identifying flares by
eye as it was done before is minimized. In order to do that, we have developed software
which automatically identifies and selects flaring events from radio light-curves. Our routine
is based on a simple thresholding approach, where any variability of the light-curve above a
chosen flux density threshold is defined as a *flare’. Having a set of flaring events selected

this way, we have re-analysed the data as in Chapter 4.

5.1.4 Incompleteness of the Data

An important aspect of the presented analysis which needs to be carefully addressed is the
bias associated with our sample of radio light-curves. The number of objects analysed within
each class reflects the frequency and quality of observations rather than the actual sky density
of those sources. Therefore, in order to accurately predict the probability of finding a given
class of object, this effect needs to be accounted for. Although the exact areal densities of
analysed classes of objects are not well known, we attempt to estimate those values and
convolve them with the obtained distribution of rise/decline rates. This allows us to create an
early classification tool, which makes it possible to narrow down the potential class of the

radio transient candidate.
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5.2 Automatic Selection of Flares

This section was written with contribution from Tim Staley (University of Oxford)

5.2.1 Overview of Flare Identification Methods

There are a number of possible approaches to measuring time-scales, and in particular flaring
time-scales, in time-series data. Perhaps the simplest and most intuitive approach is to
adopt a given threshold and designate any contiguous sections of the time-series above that
threshold as a ’flare’. A time-scale measurement can then be obtained by measuring the
time spent above the threshold level, but of course this requires that we wait for the flare to
subside. Alternatively we may attempt to fit a model of some kind to any data points already
recorded. This approach has often been adopted in the past (Lo et al., 2014b) due to its
relative simplicity, robustness, and ease of implementation. Depending on the model-fitting
requirements the thresholding approach can also be extremely computationally efficient, and
hence suitable for real-time applications.

However, there are several disadvantages to the basic thresholding approach. First,
finding a suitable threshold level can be a subjective process. If sources of noise are well
characterised then a threshold can be chosen on the basis of a calculated false-positive rate,
but this may not be possible in all cases. Even if instrument characteristics are well known, an
astronomical source may display low-level intrinsic variability which is qualitatively different
to the rapid flux-rise-and-decay characteristic of a flaring event. As such it may be necessary
to devise some kind of calibration technique (as we do in this work) or even to manually
pick a suitable threshold level. The second problem is that of choosing a suitable model
for flare-fitting, which again is often somewhat arbitrary, although hopefully motivated by
knowledge of the physical processes at work. Additionally, simple thresholding provides
no means of separating multiple-superimposed flares, which degrades the accuracy of any

model fits. Finally, a point-wise threshold will always lose some sensitivity compared to
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more sophisticated approaches, if enough is known about the flare-morphology to apply an
effective matched-filter.

In the more general context of time-scale measurement, model-free metrics such as
autocorrelation time and other metrics for aperiodic variability (Findeisen et al., 2015) can be
applied, but typically require a large amount of variable time-series data to work effectively.
Since we are interested in time-scales as an early-time classification tool, we do not consider
these approaches further here.

More advanced change-or-flare-detection techniques typically take a probabilistic ap-
proach. As such they give a more rigorous and informative measure of the time-series data, at
the cost of additional computational time and complexity. One possibility might be applica-
tion of the Bayesian Blocks algorithm (Scargle, 1998) for a model-free probabilistic method
of change-detection. This side-steps the problem of threshold-determination, but again does
not provide an early-time estimate of characteristic time-scale. If a reasonable model can
be chosen, then Monte-Carlo methods can be applied to estimate the likelihood of a flare
presence with excellent sensitivity (Pitkin et al., 2014), or even to dissect the time-series into
multiple superimposed flares (Huppenkothen et al., 2015), though this requires significant
computational time. A thorough investigation of the relative accuracy and efficacy of such
methods would be interesting, but is outside the scope of this work.

For this study we apply a thresholding approach with a simple exponential model. This
provides a reasonably robust time-scale estimation for modest computational effort, albeit

with some limitations to applicability, as detailed below.

5.2.2 Automatic Flare Finder (AFF)

The flare-identification routine we tested is relatively unsophisticated, but nonetheless pro-

vided a reproducible means of characterising flare time-scales for this work. It uses a simple
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thresholding approach, as follows: given a pre-determined quiescent or background flux level
estimate, b, and an estimate of the signal variation due to noise, ¢ (rms), the routine first
steps through the data looking for datapoints x where the flux f; is more than 50 above the
quiescent flux:

X: fx>b+50; (5.1)

these are referred to as the ‘trigger’ points. Once a trigger is found, the algorithm searches
for the nearest datapoints before and after the trigger which have flux less than 1.50 above
the quiescent flux-level, these are designated as the flare start and end.

The problematic part of this process is determining a suitable quiescent / background flux
level, and estimating the levels of signal variation present when the source is not undergoing
an outburst. For a source which has a well-sampled long-term light-curve encompassing
extended periods of quiescence, the first problem — ‘background’ flux-level estimation
— is straightforward; simply taking the median flux level provides a reasonable estimate.
However, when analysing a light-curve which displays flares for a significant fraction of
data-period, the median may overestimate the background level. The second problem,
estimating the quiescent low-level variance, is harder. Again considering the ideal case of a
well-sampled long-baseline light-curve, at some level we could simply use the formal errors
on the datapoints and designate anything greater than 5o above the median a flare. However,
many of the light-curves analysed for this work display low-level variation which does not
subjectively qualify as a flare, but which is nonetheless larger than would be expected from
the formal errors, and appears persistent over multiple datapoints (e.g. SS 433, as shown in
Figure 5.1) — we designate this as intrinsic quiescent variation (though varying telescope
systematic noise-levels cannot be ruled out without access to the original raw data). To
avoid the need to manually change the o-threshold for each dataset according to the level of
quiescent variation, we required an alternative method of estimating the low-level variation.

For this purpose, we employed the sigma-clipping routine from the astropy library (Astropy
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Fig. 5.1 An example of the detection of flaring events in the radio light-curve of the binary
SS 433 (GBI). Upper panel: the light-curve of the source and flaring events selected by the
Automatic Flare Finder (AFF). Marked with the dashed green line is the estimated quiescent
flux level (labelled "median" in the key). The blue and red lines indicate the variation above
the quiescent level by 30 and 50 respectively. The black symbols on each flare mark:
start/end of the flare (triangles), datapoint triggering the flare detection (pentagons) and the
peak of the flare (stars). Lower panel: histogram of the flux density values for the light-curve
after sigma clipping has been applied. Flare-threshold values of 3¢ and 5o are marked by the
blue and red vertical lines respectively. The curve overplotted in blue represents a Gaussian
distribution with median and standard deviation matched to the sigma-clipped data. Curve
overplotted in green represents a Gaussian distribution of the same median, but with standard
deviation matched to the formal errorbars on the flux-density measurements, clearly showing
that the formal errorbars underestimate the low-level variability in this light-curve.
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Collaboration et al., 2013), using the default clipping-threshold of 3 standard deviations, and
iterating until convergence. This means estimating the median value of the whole light-curve,
clipping all the points which are above 3 standard deviations and repeating the procedure
until no more points are rejected. For some of the light-curves we analysed this does a
good job of masking the high-flux outlier datapoints representing flares, however, alternative
methods of finding the background and low-level variation for light-curves which require
a more specific approach are discussed in Section 5.4.1. We then estimate the median and
standard deviation of the remaining unmasked ‘quiescent’ data, and use these quantities for
the values of b and o in equation 5.1. Figure 5.1 shows an example of the flares identified in
a GBI light-curve for the X-ray binary SS 433.

The flare identification routine described in this section was initially developed by Tim
Staley (University of Oxford). Work presented in this chapter is based on this method, which

was further developed (as will be discussed in the following sections).

5.3 Data

The list of objects included in the following analysis span a broad range of radio variable
sources and is the same as the one described in Chapter 4 (a detailed list can be found in
Tables 4.2 — 4.11 at the end of Chapter 4). In this chapter, I also discuss the effect scintillating
sources and extreme scattering events (Section 1.5.2) will have on our ability to classify
transients based on their variability time-scales. Those additional sources, which were not
included in the previous analysis (Chapter 4), are summarised in Tables 5.5 and 5.6 at the
end of this chapter. As mentioned in Sections 5.1 and 5.2.2 in order to minimize the bias
associated with the manual selection of flares, I use the complete light-curves available for
each object/event and select individual outbursts using the flare finding routine. However,
the automated method requires both flux density and the associated error measurements to

be available for each light-curve (Section 5.2.2). Obtaining those was straightforward for
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the GBI data sets, thanks to the easy access to archival data. Detailed measurements were
also specifically stated for some of the light-curves compiled from the literature. In all the
other cases where the uncertainties of the flux density measurements were not available, |
have estimated them based on the published figures (usually as ten per cent of flux density

measurement).

5.4 Analysis

The routine for selecting flaring events from radio light-curves presented in Section 5.2.2
sets a number of restrictions on the analysed datasets. It requires the light-curve to be
long enough in relation to the duration of the flare, such that the background flux level
(excluding flares) can be accurately estimated. The light-curve also needs to be sufficiently
noise-free in order to avoid false detections. While in an ideal case, periods of both quiescent
emission as well as flaring events would be well sampled, the quality of the real data varies
significantly across the sample. Data provided by the GBI consists of noisy light-curves for
both slowly (AGN) and rapidly varying sources (XRBs, RSCVn), observed on time-scale of
years. Data compiled from the literature, although much less noisy, in many cases shows
pre-selected flares (GRBs, SNe), sometimes with background emission subtracted and often
with no information about the quiescent flux level. The goal of this work was to create
software that would automatically reproduce previous, manually obtained results (Chapter 4,
Section 4.3.1). However, designing complex software that could directly detect flaring
events with no manual intervention during the process for any type of the light-curve may be
computationally inefficient (Section 5.2.1). On the other hand, the use of the simple flare
finding routine developed is not always straightforward due to the diversity of available data
sample. Testing the AFF on all the available light-curves have instantly revealed a set of

difficulties which allowed us to divide the whole data sample into four groups, based on the
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type of the problem. The following section describes the details of the analysis for each of

those groups.

5.4.1 Preparing Datasets

Short Duration Flares Selected from GBI

8% of all light-curves; 70% of all selected flares

The best quality light-curves in the sample are those of the GBI observations of Galactic
binaries, showing multiple short duration (=~ days) flares, monitored on a time-scale of years.
For those datasets the flare finding software works well, successfully identifying a number
of outbursts. Figure 5.2 shows an example of such light-curve, with a number of identified

flaring events for an X-ray binary LS T +63°303.

Flares Compiled from the Literature

39% of all light-curves; 17% of all selected flares

This group consists of light-curves for the cataclysmic events as well as repeating outbursts
compiled from the literature. However, information about the background level in this
sample is limited to the close vicinity of the flares, and therefore is insufficient for the
correct estimation of the quiescent emission and the low-level variability. In most cases,
the automatic estimates of those values are too high when compared to the peak flux of
the outbursts, and as a result, the flares are not recognized as varying above chosen (50)
threshold. In order to resolve that problem, we have estimated the quiescent flux level b of

the light-curve as the 1ot percentile of the flux density measurements Fyj

b=p'"" (Fu). (52)
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Fig. 5.2 An example of a light-curve showing multiple short flares for a periodic X-ray
binary LS I +63°303. Flaring events selected from this 8.3 GHz GBI light-curve by the AFF
are marked with the black stars. The background level has been estimated using the sigma
clipping method described in Section 5.2.2.
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Fig. 5.3 Left: An example of a light-curve showing multiple flares with the quiescent level
insufficiently well characterised for the automatic software to identify flares. (3C120, Volvach
et al. 2010). Right: The same light-curve, where the quiescent flux level has been estimated
as the 10™ percentile of the flux measurements, and, for calculating the flare-detection-
trigger amplitude, ¢ was set to equal the mean of the formal errorbars on the flux density
measurements.

For calculating the flare-detection-trigger amplitude, I set ¢ equal to the mean u of the

formal error bars on the flux density measurements

c=Uu (AFaH) . (53)

An example of such a light-curve, showing both original attempt to select flares by AFF, as

well as flares selected with the alternative approach is shown in Figure 5.3.

Long Duration Flares Selected from GBI
14% of all light-curves; 5% of all selected flares

This group of light-curves consists of long duration (= months) flares, collected from the
GBI database. As in the previous group, datasets did not provide enough information to
estimate the background level and the quiescent variability. Instead, both parameters have
been calculated the same way as described above. The additional difficulty was introduced

by scattered noise in the data. Some of the noisy datapoints have been falsely recognised
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Fig. 5.4 Left: An example of a light-curve showing long time-scale flares (0224+671, GBI).
With the background and the quiescent low-level variability estimated as in lower panel
of Figure 5.3, some odd noisy datapoints are falsely identified as flares. Right: The same
light-curve smoothed, with one major flare recognized by the software.

by the AFF as the beginning and/or end of the flare. The left panel of Figure 5.4 shows
an example of such false detections. This problem was solved by smoothing the data. The
smoothing has been performed with an approximately 20 days Gaussian window. This size of
the window has been chosen based on the expected time-scale of the intrinsic AGN variability.
Variabilities in those types of objects, observed on time-scales shorter than 20 days are more
likely to be associated with scintillation (Section 1.5.2). The right panel of Figure 5.4 shows

the result of smoothing, with flaring events identified by the AFF.

Pre-selected Flares Compiled From the Literature

39% of all light-curves; 8% of all selected flares

This group of datasets contains single, pre-selected flaring events, with the background
emission subtracted, and no information about the light-curve before and after the outburst.
Because estimating the background level the way as it was done above might create additional
uncertainties, for this group of flares I decided to measure rise and decline time-scales directly

(Figure 5.5), using the method described in Section 5.4.2.
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Fig. 5.5 Example of a light-curve (RS Oph, O’Brien et al. 2006) limited to the flaring event,
with no information about the background flux density.

5.4.2 Measuring Variability Time-scales

The flare finding routine was applied to the whole sample of light-curves adjusted as described
in Section 5.4.1 (excluding pre-selected flares) once more. The software selected 397 single
outbursts which, together with 37 pre-selected flares, give the total number of 434 flaring
events from 105 distinct objects. In order to measure rise and decline rates for each of the

selected flares, I attempted fitting exponential functions to the data

F(1) = A xexp (%) +B, (5.4)

where the amplitude A, background B and characteristic time-scale 7 are the free parameters
of the fit. However, I found that in most cases the exponential fit would fail. One of the likely
reasons for that is the quality of the data, where the time sampling is often insufficient for

fitting the three parameters model. Therefore, a similar approach as in the analysis described



5.4 Analysis 153

in Section 4.2.3 was adopted, that is, fitting a linear function to the natural logarithm of the
flux plotted against linear time. In this case the background level is estimated separately and

subtracted from the flux density measurements prior to the fit

In(F (t)—B) = %%— const. (5.5)

One obvious choice of this background is the quiescent flux density level b estimated earlier
for each of the light-curves (Sections 5.2.2 and 5.4.1). Unfortunately, in many cases this
value was so high, that, when subtracted from single flaring event resulted in negative
flux density measurements. Those negative measurements had to be excluded from further
analysis (involving calculating the logarithm of the flux density) and caused significant data
loss. Instead, for each flare selected by AFF, I decided to calculate a separate background

1st

level bgare either as the first percentile p'** of the flux values of the light-curve (Fyj) or the

minimum flux density measurement of the flare (Fyare)

bfare = min (pISt (Fan) ; min (Fﬂare)) . (5.6)

The background emission calculated this way is then subtracted from the flux density
measurements of every flare selected by the AFF. This approach minimizes the number
of excluded data points to — at most — one for a given flare (this is the case for ~ 5 per cent
of all the flares).

For each single flare the rise (7r) and decline (7p) rates are measured, as fit with the
linear function in the log-lin space (Fig 4.6, Eq. 5.5). No measurements have been taken for
rise/decline phases consisting of three data points or less. Fits to the data have been done
using the curve fit routine from the python scipy.optimize package, and include error bars of
the flux measurements. Figure 5.6 shows the distribution of szed values for measurements of
rise and decline phases of the selected flares. Having a set of measurements for each flare,

consisting of peak flux density, rise/decline time-scales and reduced szed’ we can map those
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Fig. 5.6 Distribution of the log szed values for rise and decline rates calculated as in Equa-
tion 5.5. High values of the observed log szed distribution are caused by underestimating the
error bars of the flux density measurements, as well as using a simple two parameter model
for fitting the data which in some cases shows more complex structure.

results with a corresponding class to which the source belongs, its distance and the observed

frequency. This enables us to calculate the peak radio luminosity of each flare.

5.5 Results

Out of the total number of 434 flares, the measurements for 364 rising and 412 declining
phases have been taken, with the remaining data rejected due to number of datapoints being
insufficient for the fit. Figure 5.7 shows the relation between the peak radio luminosities and
rise/decline rates, measured for the sample of synchrotron flares selected by AFF (scintillating
sources and ESEs are not included in this relation). The overall correlations of the form
L o< 776 and L o 7 (for rise and decline phase respectively) are slightly steeper than the
corresponding relations L o< 73 and L o< 7! reported in Chapter 4 (Figures 4.7 and 4.8).

In particular, the relation presented here shows more scatter for relatively lower-luminosity
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Fig. 5.7 Peak radio luminosity plotted against exponential rise (upper panel) and decline
(lower panel) time-scales for a range of synchrotron emitting sources, selected automatically
from the radio light-curves. This relation is slightly steeper compared to the corresponding
manual results presented in Chapter 4 (Figures 4.7 and 4.8) and shows higher scatter in
the time-scales of the low luminosity sources. Those differences are associated with the
methods used to select flaring events (manual vs automatic) and are discussed in more detail
in Section 5.8.3.
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classes such as XRBs or RSCVn, than in Chapter 4. A clear comparison is presented in
Figure 5.8, where histograms of the automatically measured time-scales distribution are
overlaid with the manual measurements. By definition, the automated selection of flares is
less biased than the one done by hand. However, it can also introduce bad measurements,
which would have been rejected if data had been inspected by eye. It should be noted that
for ~ 30-40 per cent of measurements the xrzed 1s higher than 10 (Figure 5.6). This might
partly be caused by underestimating the error bars of flux measurements. However, we
expect that the main reason is that the simple two parameter model used in the analysis often
fails to accurately fit the data, which may require a more complex approach. Therefore,
it made sense to test whether eliminating measurements with high and/or low xrzed will
decrease the scatter in the obtained time-scales. I have considered the following cuts on
the allowed range of the szed' First, I have created a variation of Figure 5.7 for a number
of cases where the allowed range of the szed was gradually changed from the lower, 1072
limit, up to ~ 0.5 value, while the upper limit was kept as 103. Second, I have kept the
lower limit of 10~2 constant, slowly narrowing down the maximum value of szed instead,
from 10° to & 5. Finally, I have produced a simulation of the changes in the luminosity-time
relation while simultaneously decreasing a range of the allowed szed values from both lower
and upper limits. None of these constraints resulted in any systematic improvement in the
range of time-scales across analysed classes of object. The final overall time-luminosity
relation has not been significantly changed either. Therefore, I have decided to include all the
measurements in the analysis. This step is further supported by the fact that the xrzed values
are calculated based on the errors associated with the flux density measurements, which,
for a considerable fraction of our sample might not be defined accurately enough to set a
reliable criteria for rejecting bad data. Possible reasons for the observed scatter in measured
time-scales are discussed in more detail in Section 5.8.3 and summary of the manually and

automatically obtained results can be found in Table 5.1.
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Fig. 5.8 Dashed histograms represent the distribution of the rise (left column) and decline
(right column) rates measured for a range of automatically selected flares for different
classes of objects. Grey histograms correspond to the previously reported (Chapter 4)
manual measurements, overplotted for comparison. The measurements of time-scales for
the automatically selected flares clearly show a higher level of scatter for both the rise and
decline phases, especially for the lower luminosity classes of objects. Those differences are
associated with the methods used to select flaring events and are discussed in more detail in

Section 5.8.3.
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Table 5.1 Parameters of the fits to the luminosity — time-scale data for rise and decline phases
(with the following formula: log(Lpeak) = a x log T + b), for both manual (ap, by) and
automatic (ap, ba) methods.

aMm +6 am bM +6 bM aa +6 aa bA +6 bA
Rise  5.21 £0.15 31.08 £1.84 558 £0.14 31.89 +1.75
Decline 5.09 £0.22 29.44 £2.88 6.65+0.25 28.64 +2.45

In the analysis described in this section, we have automatically reproduced results of the
variability time-scales measurements reported in Chapter 4. From this point we will focus
on converting those results into an early radio transients classification tool. The following
analysis is focused on astrophysical events only, however, non-intrinsic variability will be

further discussed in Section 5.8.2.

5.6 SKky Densities

The analysis presented in this chapter is based on a highly biased data sample. Compiled
light-curves originate from various surveys, performed with a wide range of instruments
with different sensitivities. A large fraction of the X-ray binaries and AGN light-curves have
been compiled from the GBI archive. Those observations provide a considerable number
of flares for XRBs, which misleadingly shows them as the most common objects in the
sky. On the other hand, a small sample of the observed outbursts from other objects (SN,
TDE, flare stars) might underestimate their underlying population. Before we can build the
transient classification tool based on the distribution of the rise/decline rates presented in
Figure 5.8, we need to estimate the expected sky densities of objects within each class. Only
by convolving the distribution obtained in Section 5.5 with the areal densities of objects, can
we get realistic prospects of finding a variable/transient source of a particular type. In this
section we attempt to correct for the bias associated with the data sample by estimating the

areal densities of objects within each class.
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5.6.1 Methods of Estimating Areal Densities

The estimation of sky densities of events described below was done using various methods,
such as extrapolating existing areal densities to different sensitivity limits as well as con-
verting known space densities/source counts into a surface density. In this work the areal
density R of objects is defined as the number of sources per square degree present in the sky
at any given time. As discussed by Williams et al. 2013, the calculation of such densities
does hide important characteristics between the different surveys used to derive the values,
and between the populations of objects. These include different time-scales probed by the
surveys as well as spectral information of different classes. While we do not account for such
characteristics, it should be noted that these distinctions could affect the chances of detecting
certain classes of object. Additionally, as the light-curves in our sample also originate from
different surveys, they do not have a common sensitivity limit. To account for this we choose
the flux density limit of the detection to be 0.1 mJy, and scale all of our calculations to this
value.

The method of estimating areal densities depends on the nature of the considered source.
For extragalactic sources we can assume an isotropic distribution within a spherically sym-
metric volume of space. This however is not the case for the Galactic objects, for which
the expected density depends on the position in the Galaxy and decreases as we move in a
direction away from Galactic plane. From this point I will consider extragalactic and galactic
events separately. First, I will describe the methods of estimating sky densities for each group.
Then, I will move on to details of the estimation of areal densities for individual classes in

the sample.

Extragalactic
If we consider a uniformly distributed set of sources, the volume V of space probed can be

expressed as
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4
V= gnd3, (5.7)

where d is the distance to which the objects can be detected. The observed flux density S

changes with the distance to the object as

Socd 2. (5.8)

Combining equations 5.7 and 5.8 gives the following relation between the flux density and

the volume of space for a considered class of sources

Voo §3/2, (5.9)

For a uniformly distributed set of sources, the expected number N of objects within a given

space is proportional to the volume of that space N o< V, therefore the Equation 5.9 gives

N o §3/2, (5.10)

which is an expression for the total number of sources expected to be found above given
flux density. From this point, the flux S in the relation 5.10 is replaced by the flux density
limit K, of 0.1 mJy assumed in the following analysis, which gives the maximum volume
of space and, correspondingly, the number of sources expected to be seen above this limit.
Areal density estimates for most of the extragalactic classes of objects can be found in the
literature. Assuming that the relation 5.10 is valid for extragalactic classes of objects, those
results can be easily scaled from the flux density limit given in publications to the one of

0.1 mly.

Galactic

Space densities of Galactic objects have been studied previously and are available in the
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literature. In order to convert the spatial distribution (p) into areal density (R), we need
to multiply the space density by the volume of space populated by the considered class of
objects, and divide by the area of the sky (41253 deg?).

First, we calculate the maximum distance at which a source belonging to considered class
can be observed, with an assumed flux density limit. We estimate a typical radio luminosity

of the class and use the following relation to evaluate the distance

L
= . 11
dmax = 1/ AnFi (5.11)

Unlike for extragalactic sources, the space density of galactic sources depends on their

position in the Galaxy and drops as we move out of the Galactic plane and away from the

Galactic center. It can be described as

p(z) = poe HI/M), (5.12)

where z = dsinb is the distance from the Galactic plane (d is the distance to the source, b is
the Galactic latitude), 4 is the scale height (describing a distance over which the number of
sources drops by factor of ¢) and py = p(0) is the local space density of objects (we assume
that the radial dependence of p is negligible). With this assumption we calculate the volume
of space occupied by a given class of objects within distance d (details of the calculation of
generalised volume of space depending on the density profile can be found in Tinney et al.
1993).

Finally, including a duty cycle estimate for each class of object gives the actual number of
sources visible in the sky in a single snapshot. Table 5.2 summarises areal densities evaluated

for each class. Details of the calculations are described in the following section.
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5.6.2 Estimating Areal Densities for Individual Classes of Objects

Tidal Disruption Event

Currently there is only one well sampled radio observation of a Tidal Disruption Event (TDE)
available — the recently discovered Swift J1644+57 (Zauderer et al., 2011). Frail et al. (2012)
estimates the sky density of such events to be 0.1 deg™ at the 0.3 mJy flux density limit.
Using the method described in Section 5.6.1 we estimate that at the 0.1 mJy limit, the areal

density of TDEs is ~ 0.52 deg 2.

Gamma-Ray Burst

The areal density of Orphan GRB Afterglows — classical GRBs with the explosion axis
directed away from the line of sight, which should dominate, is derived by Frail et al. (2012)
at the 0.3 mJy flux limit for a 10° beam opening angle. Their result of 0.01 deg—2 scaled

down to 0.1 mJy gives the sky density of 0.052 deg 2.

Supernovae
Frail et al. (2012) state areal densities for SNII, SNIbc and SN 1998bg-like sources. Summing
all those sky densities and extrapolating the results to our flux density limit gives the surface

density of 0.21 deg—2.

Active Galactic Nuclei

In order to estimate the surface density of radio-variable AGN, we looked at the number of
all variable objects found in the FIRST survey data. Out of 1600 variable sources reported by
Thyagarajan et al. (2011), 489 were identified to be AGN and variable galaxies. Another 120
are believed to be highly variable quasars. The analysed observations covered 8444 deg?,
at the sensitivity of 0.15 mJy. The source detection threshold chosen for the analysis was

1 mJy. Extrapolating this result to 0.1 mJy with the spherical approximation described in
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Section 5.6.1, gives the AGN sky density of 2.3 deg 2.

X-ray Binaries

There are approximately 1000 X-ray binaries within our Galaxy, which, when above the flux
density limit of 0.1 mJy chosen in this work, are in outburst and can be detected in a radio
survey (e.g. Gallo et al., 2003). With the estimated duty cycle of XRBs of ~ 1 per cent we
expect ~ 10 sources in the sky at any given moment. This gives a sky density of approxi-

mately 2.4 x10~% deg~? objects at the 0.1 mJy flux density limit.

Non-magnetic CVs

Dwarf Novae. Having only one radio light curve of a Dwarf Nova (SS Cyg), we use the
peak radio luminosity measured for that source in order to estimate the maximum distance to
which objects of this class can be detected at the 0.1 mJy flux density limit. Following the
steps described in (5.6.1) we get dmax= 380 pc . Pretorius and Knigge (2012) derive the space
density of non-magnetic cataclysmic variables to be 4 x 1076 pc~3 with the scale height of
260 pc. The estimated duty cycle of Dwarf Novae is 1-15 per cent (Servillat et al. 2011) —
here we assume it is ~ 10 per cent. Applying the method discussed in Section 5.6.1 we get
the areal density of 0.0013 deg—2.

Nova-likes. Nova-like CVs were until recently not thought to be radio sources. However,
Kording et al. (2011) and Coppejans et al. (2015) have now shown that several of these
systems are radio sources at a level of less than about 0.2 mJy, with variability detected in
two systems. Nova-likes will therefore show up as variable sources in sensitive radio surveys.
We will not consider them here, however, because we don’t expect to see many of them as
transients. The reasons are their low space density (more than an order of magnitude less

than DNe) and the fact that Nova-likes do not show frequent large amplitude variability.
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RSCVns

The space density of RSCVns is approximately 6 x 107> pc—> (Favata et al., 1995). The
duty cycle of the class is estimated to be ~ 10 per cent and the typical monochromatic radio
luminosity of sources 10'® erg s~! Hz~! (Williams et al., 2013). Converting space density
into areal density as in Section 5.6.1, with the scale height of 325 pc for RSCVns (Ottmann,

1992), we get the sky density of 0.011 deg—2.

Algols

We use a value of ~ 5x107° pc—3 for the space density of algol binaries, as defined
by Duerbeck (1984). To calculate the maximum distance of detection at the 0.1 mJy
flux density limit we use the average monochromatic luminosity of objects in the sam-
ple (2.14x10'7 erg s~! Hz™!). There are no good estimations of duty cycle for algol binaries
— for the purpose of our calculations we assume the typical value of ~ 10 per cent. Correcting
for the scale height of algols, which is ~ 400 pc (Duerbeck, 1984), we get the final areal
density of 0.046 deg—2.

Novae

The rate of novae in the Milky Way is estimated to be ~ 35 year—! (Roy et al., 2012). In order
to calculate the maximum distance at which a nova could be detected, with a limiting flux
density of 0.1 mJy, we assume that the typical radio luminosity it can reach in an outburst is
~ 1.1 x 10%%rg s~! Hz !, that is, the average peak radio luminosity of novae in the sample.
With the derived distance of 30 kpc, we can estimate that approximately all 35 novae per
year in our Galaxy could be detected at the assumed flux limit. Because the rate of novae is
given in number of events per year, we can estimate the areal density of novae at any given
instant of time by multiplying that rate by the duration of nova. Based on the properties of

light curves in our sample, we expect to detect a typical nova in outburst for ~ 1000 days at
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Table 5.2 Estimated areal densities of the studied classes of object at the 0.1 mJy flux density
limit, together with the mean and standard deviation parameters calculated for each class and
used to estimate their gaussian distribution, for both rise and decline phases.

Class Areal density References logur logor logup logop
(deg™?) (day) (day) (day) (day)
AGN 2.3 Thyagarajan et al. (2011) 2.51 0.60 2.60 0.53
TDE 0.52 Frail et al. (2012) 204 042 - -
GRB afterglow 0.052 Frail et al. (2012) 1.11 0.17 1.94 046
SN 0.21 Frail et al. (2012) 147 054 243  0.68
SGR 10-8 Olausen and Kaspi (2014), Ofek (2007) - - 0.68 0.38
XRB 24%1074 Gallo et al. (2003) -0.04  0.71 0.02 0.75
Dwarf Nova 0.0013 Pretorius and Knigge (2012), Servillat et al. (2011) - - 0.92 0.38
Classical nova 0.0021 Roy et al. (2012) 1.60 0.32 2.39 0.35
RSCVn 0.011 Williams et al. (2013), Favata et al. (1995), 040 049 045 0.54
Ottmann and Schmitt (1992)
Algol 0.046 Duerbeck (1984) 0.001 054 0.08 044
Flare star 0.0067 Reid et al. (2007), Osten (2008) -1.84 0.65 -1.82 045
Magnetic CV:
Polar 0.038 Ramsay et al. (2004), Pretorius et al. (2013) - - - -
1P 0.0011 Pretorius and Mukai (2014), Pretorius et al. (2013) - - - -
Polar + IP 0.039 - -1.80 024 -198 0.38

a frequency of 5-8 GHz. For the parameters listed above, we estimate that the areal density

of novae is 0.0021 deg~2.

Soft Gamma-ray Repeaters

The sky density of SGRs is not well constrained. Ofek (2007) gives the upper limit for the
rate of giant flares (similar to SGR 1806-20 event) of 5 x 10~ year™! per SGR. With the
number of SGR sources in the Galaxy reported by Olausen and Kaspi (2014) of 15!, and the
duration of the radio flare analysed in our sample (~ 20 days) we get the areal density of

approximately 10~8 deg—2.

Magnetic CVs

Polars. One of the two magnetic CVs in our sample — V834 Cen — belongs to the subclass of

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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polar magnetic CVs. With the luminosity measured in the analysis (2.45 x 10!7 erg s~ Hz 1),
we estimate the maximum distance of dpayx = 1.43 kpc. For the space density of 107% pc—3
(Pretorius et al., 2013), duty cycle of 0.5 (Ramsay et al., 2004) and the scale height equal
to 260 pc (Pretorius et al., 2013), we estimate the sky density for these types of objects of
0.038 deg 2.

Intermediate polars. Sky density of IPs calculated based on the AE Aqr. With the average
measured luminosity of that source (7.45 x 10'® erg s~! Hz™!), the estimated maximum
distance for the detection is dyax = 790 pc. With a space density of 1077 pc—> (Pretorius
and Mukai, 2014), scale height 120 pc (Pretorius et al., 2013) and duty cycle of 1 (persistent

sources) we get the estimated sky density of 0.0011 deg—2.

Flare Stars

Space density of flare stars given by (Reid et al., 2007) is 0.08 pc—>. The average luminosity
of flare stars in our sample is 4x10'3 erg s~! Hz~!. With such low luminosities, at the
0.1 mJy flux limited survey they can be detected up to a distance of dpyax ~ 20 pc. Within
that distance, which is relatively small compared to the size of the Galaxy, we can assume a
uniform, spherical distribution of sources (Equation 5.7). The duty cycle of flare stars is not
well constrained (Osten 2008, Hilton et al. 2010) — assuming the upper limit of 10 per cent,
we get the areal density of 0.0067 deg 2.

Flare stars can also produce bright coherent bursts, which at the sub-milijansky detection
threshold can be detected from a distance of several hundred parsecs (Osten, 2008). Although
these types of events are quite rare (duty cycle less than 1 per cent), because of their high
brightness, the areal density of coherent flares can reach approximately 1.2 deg™! at the
0.1 mJy flux density limit. On the other hand, they are expected to evolve rapidly (~ 60 s)

and should only be common in surveys exploring very short time-scales.
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5.7 Probability Distribution of Variability Time-scales

For a transient candidate discovered in a blind radio survey, it is very unlikely that the infor-
mation about its distance, and therefore the luminosity, will be known (at least immediately).
This means that all of the earliest information will be contained in the variability of the
light-curve and spectral distribution of the source. In consequence, if we can not take into
account information about the luminosity of the source, the relation shown in Figure 5.7 is
reduced to a one dimensional histogram of the variability time-scales (as shown in Figure 5.8).
Although this makes the previously clear separation between different classes of objects
much more uncertain, we can still convert those results into the probability distribution and
convolve them with the expected areal densities of radio sources.

In order to represent the variability time-scales as a probability distribution, for each of
the analysed classes of objects, we calculate the mean ur, up and the standard deviation
OR, Op (listed in Table 5.2) of their measured rise and decline rates respectively. Several
classes in the sample are represented by single source/event (e.g. TDE, DN). In those cases,
the mean value of the distribution has been approximated by the value of the rise/decline rate
measured for that source, while their standard deviation was calculated as the mean value of
the standard deviations measured for all the other classes of objects. Using those values, we

have assigned the following Gaussian function to each class

1 N 2
P(1) = ——exp (-%) . (5.13)

Figure 5.9 shows the probability distribution of the rise/decline rates for all the classes of

objects in our sample, normalized to 100 per cent. Calculation of the normalized probability
distribution Phorm(7) has been done in the following way. The value of the probability
distribution for a class k in each time step T, is divided by the sum of the probabilities of all

the classes in that time step
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Fig. 5.9 Upper: Relation shown in Figure 5.7 converted into the probability distribution of
a source belonging to a given class of objects based on the rise time-scale, normalised to
100 per cent. Lower: The same relation, calculated for the declining phases.
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Pk,norm(fn) = Pk(Tn) (5.14)

Y R(m)

Therefore, adding up all the normalized probabilities calculated this way will give 1 in
each time-step. This normalisation is the reason for the ’double peaked’ structures in the
Gaussian distribution of some classes (e.g. the distribution of supernovae rise rate). The
dashed lines in Figure 5.9 represent distributions of sources for which only one flare was
available (e.g. TDE). Given the small number of light-curves representing each subclass
of magnetic CVs, I have decided to add their sky densities and calculate their combined
probability distribution instead of considering them separately. If we take into account the
broad scatter of the variability time-scales observed across all the classes of objects, we note
that the separation of these two subcategories of magnetic CVs based on just the radio data is
unlikely. Additionally, with this approach, we avoid adding the uncertainties associated with
assigning a Gaussian distribution based on approximated parameters.

To this point, we have calculated the probability distribution of the observed variability
time-scales of the radio sources (Equation 5.13) based on the available sample of light-curves.
Now, these results need to be convolved with the actual sky densities of objects before they
can be used to assign probabilities to unknown sources. In order to calculate the corrected
probabilities Peorr (T), we multiply the distribution obtained in Equation 5.13 by the estimated
areal density R for each class of objects (Table 5.2)

R (t—p)°

PCOH(T) = P(T) X R = ZTCGGXP (—?‘2) y (515)

which is further normalised to 100 per cent as in Equation 5.14. The results of the probability
distribution of all the types of sources in the sample, corrected for the estimated sky densities
are shown in Figure 5.10. It is worth noting, that sources like XRBs or Novae, even though

they make up a significant fraction of the original sample, due to their low sky densities
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are very unlikely to be found in blind radio transient surveys. These figures can ultimately
be used to read the probability of source belonging to a given class of objects, based on its
measured rise/decline rates.

Having built the template of variability time-scales distribution encompassing a wide
range of synchrotron flaring sources, we can now determine what is the probability that a
newly discovered transient candidate belongs to a given class of objects, by providing its
characteristic rise and/or decline time-scale. Tables 5.3, 5.4 give the probability distribution
values for each of the classes of objects (for rise and decline phases respectively) on a

time-scale ~ 104—10* days, averaged over a logarithmic time-step of 0.5.

5.8 Discussion

5.8.1 Early Radio Transients Classification Tool

In this chapter, I have presented a radio transient classification tool, created based on
measurements of the variability time-scales of synchrotron flares originating from a wide
range of known objects. The tool has a form of a template of probability distributions of the
rise/decline rates with time-scales ranging from less than days to longer than years. These
probabilities have been convolved with the expected areal densities of sources (down to a
0.1 mJy flux density limit) in order to compensate for the biases in the data sample. By
measuring the rise and/or decline rates of new transient candidates and comparing them
against this template, we are now able to determine — with a given probability — their most
likely nature.

The diagram shown in Figure 5.11 gives an overview of steps included in the analy-
sis described in this chapter. While the entire process aims to automate the selection of
flares as well as rise/decline rate measurements, several steps have been done ’by eye’

(listed in rectangular frames in Figure 5.11). Those include splitting the complete sample of
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light-curves into four distinct groups (each of which required a different method of estimating
the quiescent flux level) and applying smoothing for one of them. The remaining steps
(listed in rounded frames in Figure 5.11), such as selecting flaring events from the data and
measuring rise/decline rates (including background subtraction) have been done automatically.
It should be noted that all the manual adjustments made to the datasets were only required
due to the nature of the compiled sample and should not be necessary in any future transient
survey. An iteration of the flare finding routine presented here could be used in a near-
real time search for transients, where long term monitoring of the background prior to
a potential outburst will provide sufficient information for the software to recognise and

measure variability above the quiescent flux level.

5.8.2 Scintillation and ESEs

One of the main challenges we might come across while classifying a newly discovered
source by its variability rates is scintillation. Figure 5.12 shows the relation between the time-
scales and peak radio luminosities for our extended sample of objects, where scintillating
sources and extreme scattering events are plotted along with the previously shown (Figure 5.7)
synchrotron events. It shows that the parameter space of rise/decline rates for scintillating
sources and ESEs overlaps strongly with that occupied by most of the analysed astrophysical
flares. It may be possible to distinguish between them based on their spectral properties —
while the amplitude of synchrotron flares is lower at lower frequencies, Rickett et al. (2006)
show that the observed variability due to interstellar scintillation can be stronger at lower
frequencies. Similarly, if originating from intrinsic variability, the light-curve should evolve
on longer time-scales at lower frequencies, which is not the case for ESEs, where the peak
flux density is observed simultaneously at all wavelengths (Fiedler et al., 1987). Another

way of separating them lies in the shape of the flare — those originating from astrophysical
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Automatic steps are listed in rounded frames.
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explosions are usually characterised by longer decaying times comparing to their rise times,

while in scintillation both phases are more symmetrical.

5.8.3 Comparison with the Manual Results

This work builds upon the results presented previously in Chapter 4, which showed broad
correlation between the luminosity and time-scale of variable radio objects, ranging from
nearby, intrinsically faint to distant and luminous sources. Creating an automatic flare finder
allowed us to include a larger number of flares in the analysis and made the result easy to
reproduce, reducing the bias associated with selecting data by hand. Figure 5.8 illustrates the
distribution of rise (left) and decline (right) rates measured both automatically (dashed lines)
and manually (shaded). As mentioned in Section 5.5, although there is an overall agreement
between both methods, the comparison of results shows a higher degree of scatter for several
classes of objects in the automatic approach. Light-curves corresponding to these sources
(XRB, RSCVn, Algol) consist of tens of single outbursts (examples of those light-curves
are shown in Figure 5.13). In the manual analysis, the sample of flares selected from these
light-curves has been limited to those with the best data quality. The flare finding software,
however, had identified all of the flaring events in the same datasets, increasing the range
of time-scales measured for each source. Most of the measurements correspond to real
flares, as in Figure 5.14, which shows snapshots for several flaring events identified in a GBI
light-curve of the X-ray binary SS 433. However, in marginal cases a false detection has also
been included. For example, an odd noisy datapoint within a flare can be mistaken for the
end of the respective flare which results in underestimating the measured decline time. In
other extreme cases, several outbursts superimposed such that the flux level does not drop
low enough for the AFF to separate them, will be measured as one long flare rather than
single events, and make the rise/decline times appear longer than they really are (Figure 5.15).

Because several of those exceptions identified in the analysis could not be removed other



5.8 Discussion

177
o 31.89+1.75 _5.58 +£0.14
Lpeak—10 TR
1015
10" o
(@)
10° >
10°
,;' . ® Synchrotron
1024} oL g A 4 Scintillation
*”* ey e 4 ESE {10°
10° 107 10" 10° 10* 10° 10° 10*
g (day)
_ 28.64 +£2.45 _6.55+0.25
Lpeak—lo ™
110
,1010 mN
- Q
10° >
A
1 <
3 g
10°
* ® Synchrotron
WHET e e , | 4 scintillation
‘m B Sy T e 4+ ESE 10°
10° 107 10" 10° 10" 10° 10° 10*
mp (day)

Fig. 5.12 Variation of Figure 5.7 for rise (upper panel) and decline (lower panel) phases,
where all events originating from synchrotron emission are marked with blue circles, and
additional measurements corresponding to scintillating sources and extreme scattering events
are plotted in purple and red respectively. As discussed in Section 5.8.2, scintillating sources
together with extreme scattering events appear to populate most of the time-scale parameter

space and cover the range of rise (upper panel) and decline rates (lower panel) typical for all
the classes, from low luminosity stars to AGN.
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than by manually excluding them, I have decided to include them in the final results in order

to keep the process purely automatic.

5.8.4 Future Work

Currently, the number of available flares used in designing the classification tool is uneven
across a range of objects included. However, it can be gradually improved with new sources
detected in future transient surveys, where additional data could help to limit the uncertainties
of the initial classification. This would be especially desirable in the case of classes which
have few well-studied light-curves to date, such as tidal disruption events, for which at this
point, the variability time-scales are not well constrained.

In the future, this tool or a derivative could be incorporated into an automated transient
detection pipeline (e.g. Swinbank et al., 2015) as the earliest classification step. This would
set initial constraints on the class of any newly discovered sources, which can be further
verified and narrowed down by, for example, an optical flux measurement (Stewart et al. in
prep). Every newly detected and classified radio object can then be added to the input data of

the original classifier, improving its accuracy.
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Fig. 5.13 Examples of the light-curves used in the analysis. All light-curves have been

compiled from the GBI archive and show flares observed at 8.3 GHz from an X-ray binary
(GRS 1915+105), Algol system, and an RSCVn (HR1099).
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Fig. 5.14 Examples of the fits done to the rise and decline phases of the flares selected from
an XRB radio light-curve (SS 433, 8.3 GHz GBI data). For clarity, each of the panels shows
one flare with the obtained parameters of the fits.
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Fig. 5.15 Examples of inaccurate selection of flares from the 8.3 GHz GBI light-curves
(top two panels: X-ray binary SS 433; lower panel: Algol). In this case, outbursts have
been superimposed on each other such that the flare finding routine did not recognise them
as separate events. As a result, the measured slope is shallower, and, in consequence, the
obtained time-scales appear to be slower than they really are.
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Table 5.5 Sample of scintillating sources included in the analysis

Source Distance Reference Distance reference
[Mpc]
0917+624 10581 Rickett et al. (1995)  MOJAVE /NED 2
0405-385 9151.6 Rickett (2007) NED
1257-326 8895.6 Jauncey et al. (2003) NED
1328+6221 8573 Koay et al. (2011a) NED
Dennett-Thorpe and de Bruyn and

181943845 3141.8 de Bruyn (2003) Macquart (2015)
JO510+1800 2297.8 Koay et al. (2011b) NED
J0958+6533 1951 Koay et al. (2011b) MOJAVE/NED
J0920+4441 17588 Koay et al. (2011b) MOJAVE/NED
J1734+43857 6452.6 Koay et al. (2011b) NED
J1128+45925 13846.4 Gabanyi et al. (2007) NED
1144-379 7103.1 Turner et al. (2012) NED

! http://www.physics.purdue.edu/astro/MOJAVE/index.html

2 http://ned.ipac.caltech.edu/

Table 5.6 Sample of extreme scattering events included in the analysis

Source Distance [Mpc] Reference Distance reference
0954 + 658 1951 Fiedler et al. (1987) MOJAVE/NED
AO 0235+164 6142 Senkbeil et al. (2008) MOJAVE/NED




Chapter 6

Conclusions

6.1 Radio Transients with LOFAR

With the majority of radio observations carried out at gigahertz frequencies, the low frequency
transient sky has been poorly explored. LOFAR with its large field of view and broad
spectral coverage provided an opportunity to search extensive areas of the sky across a wide
bandwidth. However, as shown in this work, finding radio transients in LOFAR data proved
to be extremely challenging. In Chapter 3 I presented work focused on searching for short
duration radio transients in the LOFAR Radio Sky Monitor observations covering 440 deg?.
While a number of promising transient candidates have been found, a set of verification tests
assigned their appearance in the images to RFI and imaging artefacts. Taking a conservative
approach and assuming that none of those candidates were of an astrophysical origin, an
upper limit of prgv < 2.7 x 107> deg~2 was put on the areal density of transient events.
I was also able to set constraints on the spectral index value of the first LOFAR transient
detected in the NCP field (Stewart et al., 2016) with the upper limit of -1.4. Finally, this work
highlighted the difficulties associated with the analysis of LOFAR data. In particular, it was
shown that the short time-scale imaging is especially sensitive to various artefacts, which can

strongly resemble real sources, and requires a careful and detailed approach.
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6.2 Luminosity — Time-scale Correlation for Synchrotron
Emitting Sources

In Chapter 4 I investigated the relation between the rise/decline time-scales and the peak
radio luminosities across a wide range of flares originating from synchrotron emitting sources.
It has been known for years that more massive, luminous sources are associated with flaring
events evolving on longer time-scales than outbursts observed from nearby objects, however,
it has not been quantitatively measured before. This work has shown that a broad correlation
of the form L o< 77 exists for these types of events.

The sample of analysed objects was limited to those observed at the frequencies between
5 and 8 GHz due to the wavelength dependency of the light-curve profile. This effect was
clearly demonstrated by the example of a 1.4 GHz dataset analysed for comparison, which
showed that — as expected for synchrotron emission — lower frequencies correspond to lower
luminosities and longer time-scales. Overall, the obtained correlation is steeper than expected,
if compared to the relation between luminosities and time-scales for a set of events with
approximately constant brightness temperatures. This discrepancy can be partially explained
by reviewing the assumption about the size of the emitting region. In the analysis, this value
is set to the maximum physical size possible. However, for some types of objects the actual
size might be smaller, which means that the estimation of the brightness temperature in
those cases is highly underestimated. Furthermore, emission observed from sources such as
blazars — which make up a significant fraction of our sample — appears to be brighter and
vary on shorter time-scales than it really does due to relativistic beaming. Correcting for this
effect would shift high luminosity sources towards lower luminosities and longer time-scales,
making the overall correlation less steep.

The results were illustrated in the more general context of radio transients phase space

by extending the data sample to include the (previously known) measurements of coherent
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events. This comparison showed that the correlation between luminosities and time-scales
does not apply to flares originating from coherent emission.
The outcome of the analysis proved to be promising in terms of exploring variability

time-scales as a potential tool for early classification of synchrotron transient events.

6.3 Radio Transients Classification

The problem of near-real time classification of transient sources detected in radio surveys is
crucial in terms of optimising the strategy for follow up observations. There are a number of
methods which allow us to diagnose the nature of the source, however, they often require
detailed multivawelength monitoring. In Chapter 5 I developed a method for classifying
radio transients based on the earliest information contained in their rise and/or decline rates.
The idea of the discussed technique is based on the results presented in Chapter 4, which
showed a correlation between fast nearby sources and slow distant events.

Working towards the goal of complete automation of the classification process, we have
developed a relatively simple software which automatically selects flaring events from the
provided radio light-curves and takes all the necessary measurements. This method gave
results which are in reasonable agreement with previous manual approach, additionally
increasing the number of analysed flares and reducing the bias associated with manually
editing the data.

Because the compiled sample of flares is highly biased and does not give an accurate
account of the number of transient events expected to be found in the sky, I have estimated
their areal densities within individual classes of objects. These estimations have been
convolved with Gaussian representations of the variability time-scales distribution measured
for each class in order to give the final distribution. As a result, to each of the rise/decline rate
measurement of the transient candidate, we can assign parameters describing probabilities

that the flare belongs to a particular class of objects.
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We recognized that the main difficulty in using radio variability of a source as its classi-
fication feature might be introduced by scintillating sources, as well as extreme scattering
events. Although the variability observed for these events reflects the way in which the
interstellar medium affects the signal propagation, rather than intrinsic properties of objects,
the corresponding time-scales seem to occupy the range characteristic for synchrotron events
across all the classes. Additional information, such as spectral analysis, can help to differ-
entiate between the synchrotron and non-intrinsic variability. However, this aspect of the

proposed classification method might require further investigation.

6.4 Future Work

6.4.1 Finding Flares in V404 Cygni 2015 Outburst

The recent outburst of the nearby black hole V404 Cygni (= 2.4 kpc away) has triggered
extensive multiwavelength observations carried out across the world. One of the instruments
monitoring this activity of V404 Cyg was the Arcminute Microkelvin Imager Large Array
(AMI-LA; Zwart et al., 2008) — a synthesis radio telescope observing between 13-18 GHz.
In 2012 AMI-LA was upgraded to enable an automatic response mode, which allows for
fully robotised scheduling of follow up monitoring to well-localized Swift events, delivering
some of the earliest radio observations of transients to date (Staley et al. 2013; Anderson
et al. 2014).

Having the opportunity to analyse this rare, well sampled event, we chose one set of
AMI-LA observations of the V404 Cyg in order to test the functionality of our flare finding
routine. The data corresponds to observations carried out on a time-scale of ten days at the
frequency of 13.9 GHz. The error bars have been estimated as ten per cent of the flux density
measurements. Figure 6.1 shows the results of the analysis, with a total number of nine

flares identified by the AFF. Marked with the green dashed line is the estimated background
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Fig. 6.1 Example of the Automatic Flare Finding (AFF) routine applied to the Arcminute
Microkelvin Imager (AMI) observations of the V404 Cyg black hole. The data corresponds to
13.9 GHz observing frequency. We have run an AFF on the light-curve with the background
estimated as described in Section 5.4.1, selecting nine flares.

level (which has been calculated as described in Section 5.4.1) and the blue and red lines
correspond to 3 and 50 levels above the background respectively.

A more detailed overview of the selected flaring events is presented in Figure 6.2, with
four examples of the individual flares selected by the AFF. It shows that, overall, the threshold-
ing approach works well in selecting single flaring events (left panel), however, as discussed
in Sections 5.2.1 and 5.8.3, fails to separate super-imposed outbursts (right panel). Fits to the
rise and decline phases of the individual flares shown in Figure 6.2 have been calculated as

described in Section 5.4.2.
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Fig. 6.2 Examples of the individual flares selected by the AFF from the AMI observation of
V404 Cyg. Flares presented in the left panel show single outbursts correctly identified by
the flare finding routine. Plots in the right panel show examples where the main flare has
been identified by the AFF, however, additional super-imposed outbursts were not detected
by the simple thresholding technique. Fits to the rise and decline phases of the individual
flares have been calculated as described in Section 5.4.2.
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6.4.2 Estimation of the Minimum Kinetic Energy

One of the interesting aspects of the discussed explosive events observed across a wide range
of classes of objects is the estimation of their kinetic energy. While the calculation of the
exact energy output associated with the event requires complex modelling, following the
method described by Burbidge (1959) we can find its lower limit (Section 1.3.1). This is
done by minimising the total energy associated with the event as a function of the magnetic
field, assuming that the total energy consists of the energy in the electrons and the magnetic
field.

In their overview, Fender and Mufioz-Darias (2015) discuss the general formula which
can be used in order to estimate the minimum kinetic power of any synchrotron source. It
shows that the lower limit of the energy associated with the synchrotron emitting plasma
can be expressed as a function of the volume V in which the matter is contained and the

monochromatic luminosity L, of the event

3/7 27 4/7
Epin ~ 8 x 10°04/7 (L) ( v ) (L> erg, 6.1)

cm? Hz ergs—!Hz ™!

where 11 = B + 1. Parameter § << 1 describes the energy in protons to electrons ratio, which
allows us to assume that 1 ~ 1. This formula, independent of complex models applicable to
individual classes of objects, can be used to estimate the minimum energy for the sample
of flares selected in our analysis (Chapter 5), for which the monochromatic luminosity is
known. Having measured the time-scale 7 of the event we can estimate the volume of the
emitting region (as it was done in Chapter 4), assuming that the expansion velocity of the
relativistic plasma can not exceed ¢/+/3. This allows us to use the Equation 6.4.2 in order to
estimate the minimum kinetic energy associated with each of the analysed flares.

Figure 6.3 shows the minimum energy output estimated for rising (upper panel) and

declining (lower panel) phases for a sample of synchrotron events, plotted against the
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Fig. 6.3 The estimated minimum energy associated with synchrotron flares plotted against
their rise and decline rates (upper and lower panel respectively). The correlation between
the minimum energy and time-scale is of the form Ep;, ~ ©#°, with clear rising trend within
individual classes corresponding to the time-scale dependence of the energy (Equation 6.4.2).
The sample of sources is the same as in Chapter 4.
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Table 6.1 Example comparison of the minimum kinetic power estimated based on the
measured luminosity and time-scale of the events with the estimates found in the literature
for several classes/objects.

Pk,min (erg Sil)

Class/Objects This work Literature References
Blazars! 45 47 Lépez-Corredoira and
1.5 x 10 7 x 10 Perucho (2012)
. 2
XRB: GRS 1915+1057 1.9 % 10% 1.4 % 104 Zdziarski (2014)
! This work estimation of the minimum energy for blazars calculated as the average value of all blazars in
our sample.

2 Kinetic power P i, for the GRS 1915+105 estimated in this work was calculated as an average of P min
measured for all the flares included in the analysis.

rise/decline rates respectively. The overall correlation as fitted across all types of objects
has the form of E;, ~ 7#°. Additionally, the minimum energy is clearly rising with time
as observed within individual classes of events — this trend reflects the dependence of the
estimation of the energy on time-scale, E i, ~ /7 (Equation 6.4.2). Tables 6.1 and 6.2
show a comparison between the minimum kinetic power and energy respectively calculated
in this work and the estimations based on more complex approach found in the literature, for
several classes of objects. Although the lower limit on the ejected energy calculated based on
the luminosity and time-scale of the observed events is systematically lower than estimates
taking into account more detailed processes, this simple method gives a relatively good and

quick initial constraint.

6.4.3 Final Comments

This thesis presented the results of searching for low frequency radio transients in LOFAR
observations, as well as new methods for early classification of synchrotron events based on

their radio light-curves.
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Table 6.2 Comparison of the minimum kinetic energy estimated based on the measured
luminosity and time-scale of the events with the estimates found in the literature for several
classes/objects.

Enin (erg)
Class/Objects  This work Literature References
SNe! 2.2 % 10%7 2.3 x 107! Lyman et al. (2016)
GRBs? 5 x10%8 1.3 x 103! Bloom et al. (2003)

I Both this work as well as the literature based estimation of the supernovae energy was calculated as the
average value of the following sources: SN 1993J, SN 19941, SN 1998bw, SN 2003bg, SN 2004gq, SN
2008ax, SN 2011dh.

2 This work estimation of the minimum energy for GRBs calculated as the average value of all GRBs in
our sample.

While not many transients have been found with LOFAR to date, at this stage we can not
completely rule them out. However, as shown in this work, finding a confident candidate
might be challenging. As for searching for fast radio transients in image plane, at this
point the efforts should be focused on learning more about short time-scale imaging and, in
particular, better understanding of the origin of artefacts. These aspects are crucial if we want
to avoid the risk of misinterpreting the data and make the verification process more efficient.

For the future development in classification of radio transients, the technique proposed
in this work could be incorporated into a robotised transient detection pipeline and used as
an early indicator of the nature of a candidate. The uncertainties associated with a small
sample of flares representing individual classes of objects can be gradually reduced during
the upcoming surveys carried out with e.g. MeerKAT and SKA, which will provide a more

complete view of the transient and variable radio sky.
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Appendix A

Example parset files

AWIMAGER parset file used in imaging the RSM HBA data on a 30 second time-scale.

weight=briggs
robust=-2
npix=1280
cellsize=20arcsec
data=CORRECTED_DATA
padding=1.5
niter=5000
threshold=0.25Jy
stokes=I
operation=mfclark
oversample=5
wmax=8000
cyclefactor=1.5
gain=0.1

timewindow=300
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ChanBlockSize=2
ApplyElement=0
UVmin=0.1
UVmax=3

Configuration parset used for the RSM 30 second images run through the TraP, containing

settings of the source extraction and analysis parameters.

[persistence]

description = "RSM 30s PT01 mosaic QC 1.5sigma deep image"

dataset_id = -1

sigma =4 ; sigma value used for iterave clipping image before RMS calculation

f = 8 ; determines size of subsection, result will be 1/fth of the image size

[quality_lofar]

low_bound = 0.0 ; multiplied with noise to define lower threshold
high_bound = 11.2 ; multiplied with noise to define upper threshold
oversampled_x = 30 ; threshold for oversampled check

elliptical_x = 5.0 ; threshold for elliptical check

min_separation = 0 ; minimum distance to a bright source (in degrees)

[source_extraction]

# extraction threshold (S/N)
detection_threshold = 10
analysis_threshold = 5

back_size x = 181
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back_size_y = 60

margin = 180

deblend_nthresh = 32 ; Number of subthresholds for deblending; O disables
extraction_radius_pix = 810

force_beam = True

box_in_beampix = 10

# ew/ns_sys_err: Systematic errors on ra & decl (units in arcsec)
ew_sys_err = 10

ns_sys_err = 10

[association]

deruiter_radius = 5.68

[transient_search]

new_source_sigma_margin = 15
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