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Chapter
Introduction

1

The ﬁrst detection of radio waves of astrophysical origin was made accidentally while attempting to measure the sources of static which hampered trans-Atlantic radio communications (Jansky, 1932). Jansky (1933) made observations of the direction of the source of
static at 20.5 MHz, for several months, determining that it was ﬁxed in celestial coordinates
rather than to the Earth or Sun. This serendipitous discovery, which birthed this entirely
new ﬁeld in astronomy, was made because the observing frequency was just high enough
that the ionosphere was becoming transparent, a fact unknown at the time.
35 years later, again at a low frequency (81.5 MHz) Jocelyn Bell Burnell observed
the ﬁrst pulsar (Hewish et al., 1968). Now known to be caused by emission from particles
accelerated near the poles of a neutron star, the signal was originally given the designation
LGM, for little green men. The signal was unexpected due to its extremely regular repeti7
tion period, “to better than 1 part in 10 .” Once more, a monumental discovery was made
accidentally, enabled by the construction of a new instrument attempting to characterize
interplanetary scintillation by observing with a high time resolution. Since the discovery
of pulsars, astronomers have observed a multitude of transient phenomena, spanning the
electromagnetic spectrum, from Gamma Ray Bursts (GRBs; Klebesadel et al., 1973) to Fast
Radio Bursts (FRBs; Lorimer et al., 2007), and beyond, to Gravitational Waves (GWs; Abbott
et al., 2016). Each new class gave rise to a new sub-ﬁeld to study these objects.
The past two decades have seen many new detections of still-unexplained transients
(deﬁned as a source of astronomical signal observed to have appeared, and disappeared)
(Hyman et al., 2002; Niinuma et al., 2009; Stewart et al., 2016; Murphy et al., 2017). Each
discovery of a new class of events promises to open new natural laboratories, where the
extreme energies hint that the most extreme physical conditions in the universe can be studied. This work seeks to continue this tradition, by utilizing the Amsterdam-ASTRON Radio
Transient Facility And Analysis Center (AARTFAAC), an instrument with unique capabilities
to explore new regions of observational parameter space, again at low frequency (60 MHz)
and short timescale (seconds–hours), where multitudes of unknown phenomena might lurk
(Cordes, 2007).
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Introduction

1.1 The dynamic radio sky
Prior to the ubiquity of ﬂuorescent oﬃce lighting and LED screens, the most common source
of light humans would have experienced was from thermal emission. The Sun and stars, the
campﬁre, the incandescent bulb are all approximate blackbodies, whose emissivity is determined by the Planck function; which peaks at a wavelength λpeak related to the temperature
T of the blackbody it describes, according to Wien’s law:
λpeak =

b
,
T

(1.1)

−3

where b = 2.897 × 10 m K is Wien’s displacement constant. Eqn.1.1 tells us that as temperature decreases, the wavelength at which thermal emission peaks increases. It explains, for
−7
example, why the range of wavelengths our eyes are sensitive to is 4 − 7 × 10 m, around
the peak emission of the Sun at T = 5800 K.
It is also the reason why the radio sky is dominated by non-thermal sources: there
are no sources cold enough to have a thermal peak in the radio. The cosmic microwave background temperature of 2.72 K (Planck Collaboration et al., 2016), is the coldest a natural
body can be in the universe (excluding black holes), and as the name suggests this peaks
at the low end of the microwave band, 270 GHz. At longer wavelengths, such as in the lowfrequency radio regime (below, say, 1 GHz), we can use the Rayleigh-Jeans approximation
of Planck’s law,
2
2ν kB T
Bν (T ) =
(1.2)
2
c
to see that the spectral radiance Bν from a blackbody, at a given temperature T , drops
quadratically toward lower frequencies ν, for a constant temperature T . kB and c are the
Boltzmann constant and speed of light, respectively. So at frequencies much below 270 GHz
(wavelengths above 1 mm), the thermal emission of everything in the universe drops oﬀ very
fast, so that continuum emission becomes dominated by extra-energetic particles, which
have been accelerated to very much above the thermal average by energetic processes. If
in addition we look for fast transients at these wavelengths, we look at objects in which
the large energy to accelerate those particles was delivered in a short time, and hence we
typically look at fairly extreme physical processes and exotic objects.
The most important process generating incoherent light for radio astronomy is synchrotron emission, caused by the acceleration of electrons in a magnetic ﬁeld. Synchrotron
emission occurs most powerfully wherever some extreme process dumps a vast amount of
kinetic energy, in the form of relativistic electrons, into a magnetized ambient medium, such
as jets, novae, and supernovae (Fender, 2012). Sources of this type are visible in the blue
shaded region at the bottom right of Fig. 1.1 (Pietka et al., 2015). The reason why incoherent emitters are limited to the blue region is that the temperature of synchrotron emitters
is limited by inverse Compton scattering, which imposes a brightness temerature limit of
12
TB < 10 K (e.g. Kellermann & Pauliny-Toth, 1969). Furthermore, we note that a transient
source cannot expand faster than the speed of light, and thus has an emitting area that is
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2

bounded above by (cW ) , where W is the duration of the event. Therefore, combining with
the Rayleigh-Jeans law we can write the brightness temperature as
2

TB =

1 SD 1
,
2πkB W 2 ν 2

(1.3)

for the ﬂux density S of a source at D distance, evolving on timescale W at an observed
frequency ν (e.g., Cordes et al., 2004). This means we can be sure that any sources above
the blue zone in Fig. 1.1 cannot be simple incoherent synchrotron emitters. One possibility
is that they are relativistically expanding, because Eqn. 1.3 is derived in the non-relativistic
limit. For a source expanding with Lorentz factor Γ the inferred brightness temperature will
3
be higher by a factor Γ (e.g., Galama et al., 1999), and this is likely the reason why gammaray bursts and active galactic nuclei lie somewhat above the blue region at the top right.
However, objects with bulk expansion at Γ > 1000 are not known, so the regions nearer the
centre and top/left of Fig. 1.1 cannot be populated in this way; for these, we have to look
into the other way of getting very high brightness temperature: coherent emission.
Coherent emitters are by far the more interesting types of transient source due to the
enigmatic nature of their emission process. The prime example are pulsars, originally discovered a little more than 50 years ago (Hewish et al., 1968; Pilkington et al., 1968), with
over 2000 examples accumulated to date (Manchester et al., 2005a). Yet the mechanism
by which they emit is still not well understood (Harding, 2018). Similarly, the much more
recently discovered fast radio bursts (FRBs) (Lorimer et al., 2007; Petroﬀ et al., 2019) are
even more enigmatic (Cordes & Chatterjee, 2019), showing a diversity of behaviour. They occur both singularly with simple emission structure, but may also repeat (Spitler et al., 2016;
CHIME/FRB Collaboration et al., 2019b), with systematic time-frequency structure (Hessels
et al., 2019). Even among the subset that repeats there is no set mode, they either repeat
at random (Zhang et al., 2018) or within regular intervals (The CHIME/FRB Collaboration
et al., 2020).
Coherent emission is caused by the collective radiation of electrons in a plasma, so
that they emit electromagnetic waves in phase. Most easily this happens with N electrons
in close proximity, less than the wavelength λ emitted, so that they can act as a single
macro-state (Melrose, 2017). As they emit in phase, the electromagnetic ﬁeld amplitude
of the summed emission becomes N times that of a single particle, and thus the radiated
2
power, proportional to the square of the ﬁeld strength, is proportional to N , as opposed to
independently radiating particles where the radiated powers of the particles add up, and
thus the total is proportional only to N . This requires many fewer electrons for the same
luminosity, and consequently can evolve on much shorter timescales. Furthermore, since
3
the number of electrons close enough together is proportional to λ , the energy output may
6
increase towards longer wavelengths as fast as λ . Consequently, coherent emitters tend to
have spectra that rise rapidly to lower frequencies, described by power laws with negative
α
spectral indices Fν ∝ ν with α = −1.4 ± 1.0 for Galactic pulsars (Bates et al., 2013), and
+0.2
α = −1.4−0.3 for FRBs (Macquart et al., 2019). One should of course note that the extreme
brightness temperatures of these sources no longer have any relation to the true temperature;
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Figure 1.1: The diverse population of known transient radio phenomena plotted with their luminosity as a function
of variability timescale times observing frequency (as inspired by Eqn. 1.3). Sources which emit incoherently, in the
blue shaded region, require longer timescales for larger variations in luminosity. For sources of coherent emission,
12
luminosity and timescale are uncorrelated. Diagonal dotted lines indicate constant brightness temperature, with 10 K
delimiting the boundary between coherent and incoherent (white and blue). Credit: Pietka et al. (2015)

they merely indicate that the assumption of incoherent emission made in deriving that value
is grossly violated.
How a situation is set up in nature that a large number of electrons radiate coherently
in phase is much less well understood, even in the well-studied case of pulsars. It requires a
bunch of electrons to be created and accelerated simultaneously, for example in response to
some plasma instability (Melrose, 2017). Since that is perhaps more likely in very compact
sources, this leads to the often used distinction of “fast” transients, those with burst durations
less than minutes, as likely coherent emitters, and “slow” transients for durations greater
than hours which are likely incoherent. As Fig. 1.1 shows, simple timescale distinction is not
12
as useful. Above 10 K, in the coherent regime, there is a vast range of parameter space,
−1
7
8 orders of magnitude in timescale 10 − 10 GHz s, and 10 orders in luminosity, from
0
10
2
10 − 10 Jy kpc , which is nearly uninhabited. A notable exception is the Galactic Center
Radio Transient GCRT 1745−3009 (Hyman et al., 2005). Another example is the transient
found by Stewart et al. (2016) at 60 MHz, which will feature prominently later in this thesis.

1.2 LOFAR

1.1.1 At low frequencies
Any natural process accelerating electrons would produce a velocity distribution with a decreasing number of electrons with higher kinetic energies. Given that the energy radiated
by each electron increases generally with its energy we can infer that the resulting spectrum
will also be increasing towards lower energies, putting in more power at lower frequencies.
With negative spectral indices for both synchrotron and coherent sources one would expect
that most transients should be detected at the lowest frequencies observable, where they
are brightest. However, clearly the energy received cannot increase inﬁnitely with longer
wavelengths. At some point, the emitting medium always becomes opaque to the photons it
emits, via a variety of mechanisms (thermal or free-free absorption, synchrotron self absorption, induced scattering, etc.). This limits brightness at the lowest frequencies and causes a
turnover in the spectrum, but the frequency at which this happens is a very strong function
of the physical conditions: some AGN and GRB spectra already turn over at tens of GHz,
whereas some pulsars may not turn over until around 10 MHz.
The lack of detected FRBs at low-frequencies suggested that some process is quenching the emission there. Rajwade et al. (2020) invoke a combination of induced Compton
scattering, and free-free absorption to limit the detectability below 800 MHz. However, multiple detections by CHIME of bright FRBs which clearly extend past the lower limit of their
bandwidth 400 MHz, indicating that there is yet much to be discovered at low frequencies
(CHIME/FRB Collaboration et al., 2019a).

1.2 LOFAR
In recent decades advances in computational speed have allowed the construction of new
types of radio interferometer: phased-array telescopes, consisting of a large number of simple antennae with no moving parts, whose signal is manipulated completely via complex
software. The signal is received by non-moving antennae, orthogonal, inverted-V shaped
dipoles with sensitivity to (nearly) the entire sky; then it is ampliﬁed and immediately digitized, after which it can be processed in any number of ways, or even in multiple ways
simultaneously, depending on the creativity and aims of the observer.
There are two main modes of operation: beam-forming and correlation. In beamformed mode the signals of all antennae are summed, with time delays accurately added for
each one so as to have all signals from a speciﬁc direction in the sky added in phase. The
array then becomes the equivalent of a dish with a single receiver pointed in that direction,
the diﬀerence being that the telescope is steered digitally, by changing the time delays of
the dipoles, rather than mechanically by moving a dish. The low computational load allows
extremely high time resolution, down to fractions of a nanosecond (Hankins et al., 2016),
and wide bandwidths. This enables resolving the ﬁne structures of pulsar pulses, FRBs, and
Crab-nano-shots. The drawback of this method for a blind transient survey is that the eﬀective ﬁeld of view is limited to one resolution element.
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In correlation or imaging mode, the ﬁrst step is to cross-correlate the signals between
all baselines in the array, where each length and orientation of a baseline represents an independent data point in the so-called uv space. One can show that the correlated signals,
called visibilities, as a function of (u, v) coordinates, are the Fourier transform of the image
(brightness as a function of position on the sky) that we seek to obtain. After correlation,
therefore, we Fourier transform the visibilities into an image. In the process we also have
to calibrate the relationship between brightness and visibility amplitude using the strongest
sources of known brightness, and correct for measurable instrumental errors. A better sampling of the uv plane, by having many antennae and thus many baselines (a dense array),
gives a better result. Since a diﬀerent rotation of a baseline w.r.t. the sky also delivers a new
data point in uv space, we can also improve the result by observing for a long time and using the Earth’s rotation to get better coverage of the uv plane. If one wishes to follow rapid
variations of sources, this is not an option. As with a single dish, the angular resolution θ
of the array is given by θ ≈ λ/D, where λ is the observing wavelength and D is now the
longest baseline.
Three projects that utilize this design are the Murchison Wideﬁeld Array (MWA; Tingay et al., 2013) in Australia, the Long Wavelength Array (LWA; Ellingson et al., 2013) in
the United States, and the Low-Frequency Array (LOFAR; van Haarlem et al., 2013) in the
Netherlands and European partner countries. As a result all are inherently versatile instruments.
LOFAR consists of stations spanning the whole of Europe, from Ireland to Poland, and
Italy to Sweden, so as to get a large D and as a result still get good angular resolution at
the very long wavelengths it observes. The majority of the stations are concentrated in the
Netherlands. Stations fall into three categories, 13 ‘international’ stations located outside
of the Netherlands, with maximum baselines up to 1980 km, 14 ‘remote’ stations located
inside the Netherlands with maximum baselines up to 100 km, and 24 ‘core’ stations, the
central and most dense part of the array with baselines up to 2.7 km, near the small village
of Exloo. The stations each have two types of receivers: low-band inverted-V dipoles (LBA)
for the 10–90 MHz range and high-band antenna tiles, each consisting of 16 dipoles (HBA)
for the 110–240 MHz range. The core and remote stations consist of 96 LBA, of which only
48 can be used simultaneously, and 48 HBA. The 48 used LBA out of 96 can be chosen
from 3 conﬁgurations: the INNER layout, which extends 15 m from the centre of the station,
the OUTER layout, which uses antennae from 15 m radius to 43.5 m, and a SPARSE layout,
which uses half of the antenna evenly distributed across the 87 m diameter. The 16 dipoles
within an HBA tile are summed into a beam in an on-tile conﬁgurable way, so that only
the sum of the signals, now pointing to a certain sky location, is taken from the tile. The
international stations also have 96 LBA, but these are all simultaneously useable, as are
their 96 HBA tiles. Due to data transport and computing limitations, LOFAR normally ﬁrst
sums all signals from a station into one or more beams, and then images by correlating those
station beams. So in a way it always uses a hybrid between beamforming and correlation
when imaging.

1.3 AARTFAAC
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Figure 1.2: Left: The instantaneous uv-coverage of the 288 AARTFAAC antennae from the six LOFAR superterp stations. We use the outer conﬁguration (i.e., the 48 antennae furthest towards the edge of each station) to have the
best uv-coverage. During calibration all baselines shorter than 10λ (50 m at 60 MHz) are removed. Right: synthesized
point spread function, colour scale in db, resulting from the dense array coverage pictured left. Credit: John Romein,
ASTRON daily image 2012-01-24.

While the majority of LOFAR observing proposals request HBA time, due to the more
mature imaging and data analysis pipelines, LBA is the default mode of the telescope when
no speciﬁc project is underway. As such a large amount of observing time is available to
projects that are best suited for observations at low-frequency (Fallows et al., 2014), and
all-sky monitoring capabilities (Prasad & Wijnholds, 2012).

1.3 AARTFAAC
The eﬀectiveness of an instrument for performing a blind search for unknown transient
populations is summarized quantitatively by the Figure of Merit (FoM) (Hessels et al., 2009,
and references therein),
Ω t
2
.
(1.4)
FoM ∝ Aeﬀ
∆Ω ∆t
The FoM allows for comparison between instruments, and for one to imagine the perfect
instrument, with a large eﬀective collecting area Aeﬀ , large ﬁeld of view Ω sampled with
high angular resolution ∆Ω, constantly operating to maximize the observing time t with a
ﬁne time resolution ∆t. The perfect instrument is unfortunately too costly, so in practice we
make trade-oﬀs in which we optimise the parameters in the FoM that are most important to
the speciﬁc science goals we wish to pursue.
AARTFAAC was conceived after the construction of LOFAR, based on the insight that
data transport and computing power had improved suﬃciently in the decade of LOFAR construction that it had become possible, for a limited number of dipoles, to correlate all the
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dipole baselines rather than ﬁrst summing them by station. This delivered the possibility of
constructing a dense array in the LOFAR core, with good short-time imaging capability, and
at the same time retaining the all-sky ﬁeld of view of a single dipole. Thereby it ﬁnds the
happy medium by performing wide-ﬁeld, fast imaging, i.e., it increases the FoM by having
a large Ω and a small ∆t. This is possible due to the dense antenna packing of the LOFAR
core, giving a good instantaneous uv-coverage. The left panel of Fig. 1.2 shows the resulting
instantaneous uv-coverage from the 288 antennae of the six LBA stations, squeezed on to
the 320 m diameter grassy island called the ‘superterp’. The right panel of Fig. 1.2 shows the
synthesised beam, the point spread function (PSF) of a phased array telescope, determined
by the Fourier transform of the uv-plot. Due to the high ﬁlling factor, side lobes (ringing pattern surrounding the point source) are diminished, and the relatively symmetric distribution
yields a PSF which is also highly symmetric.
Searching for fast transients in real-time, with an imaging array, makes severe demands on the computational budget of the calibration and imaging pipelines. LOFAR, being a
phased array software telescope, consists of antennae with no moving parts, simultaneously
sensitive to the full sky. Such a wide ﬁeld allows AARTFAAC to view bright calibrator sources
at any time, allowing for real-time self-calibration. Figure 1.3 illustrates the stages of AARTFAAC real-time data calibration (Prasad et al., 2014), applied to the ﬁrst light image during
commissioning. First, top left: The raw uncalibrated image is dominated by the brightest
sources in the sky, Cassiopeia A and Cygnus A (North-East) and a Solar burst (South-west).
Second, top right: A sky model is ﬁt to the data, which consists of the brightest sources, the
so-called A-team (Cassiopeia A, Cygnus A, Taurus A, Virgo A) as well as the Sun, whose positions and apparent ﬂuxes are ﬁt to calibrate the gain and system temperature. Third, bottom
left: The diﬀuse Galactic emission, which can dominate the system temperature, and cause
variations in the system temperature by 40%, is reduced by removing the baselines shorter
than 10λ (50 m at 60 MHz). Finally, bottom right: The A-team sources, modelled with single
component Gaussians, and the Sun (modelled with three Gaussian components because its
size at 60 MHz is not negligible relative to the PSF) are subtracted.
With the removal of these dominating sources, ﬁnally the fainter background sources
reveal themselves. Following the commissioning of AARTFAAC by Prasad et al. (2016), 32
hours of data were collected and analysed to characterise the static low-frequency radio sky
(ref. chapter 2). In ﬁgure 1.4, we illustrate a mosaic of these data, showing the full Northern◦
Hemisphere to a declination of around −30 . However, because the dipole sensitivity begins
to drop near the horizon, evident by the increase in noise below the celestial equator, the
◦
ﬁeld we analyze for transient sources is restricted to declinations greater than 0 .

1.4 The search for radio transients
1.4.1 A survey of surveys
Stewart et al. (2016) discovered a mysterious transient while analysing archived LOFAR
60 MHz continuum survey data of the North Celestial Pole. The single event, 15–20 Jy, over
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Figure 1.3: First light images from AARTFAAC illustrating the calibration and imaging process. The test observation
has a 10 second integration with a bandwidth of 15 kHz, near 60 MHz. Top Left: The uncalibrated all-sky image, prior
to minimum baseline cut. Cassiopeia A and Cygnus A are visible along the North/North-East horizon, Virgo A and a
bright Solar ﬂare toward the South-West. Top Right: Gain and noise calibrated image. Bottom Right: Removing short
baselines reduced the sensitivity to ﬂux density on large angular scales, diminishing the Galactic emission. Bottom
Right: After the Sun and A-team are subtracted the image noise is approximately 10 Jy, revealing the many bright 3C
sources. Credit: Stefan Wijnholds, ASTRON daily image 2012-01-25.

1

Figure 1.4: Northern Hemisphere map constructed from a mosaic of 1 second AARTFAAC snapshots. The brightest sources at low-frequencies , CasA, CygA, VirA, TauA, and
the Sun, have been removed. Some calibration artefacts (ripples) remain in place of the diﬀuse Galactic emission along the Galactic plane and North Galactic Spur. The
◦
sensitivity of the dipoles decreases close to the horizon, causing the increased noise below 0 declination.
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1.4 The search for radio transients
5

−1

−1

4– 11 minutes, in 400 hours implied an all-sky rate of 1.6+7.1−0.8 × 10 sky day , promising a ﬂood of near biblical proportions (Fender & Bell, 2011) for an all-sky transient monitor.
The wide ﬁeld instruments constructed and commissioned over the past decade have
enabled transient surveys to probe previously impossible volumes of parameter space. Observing with MWA at 182 MHz, Rowlinson et al. (2016) analyzed 79 hr for both transients
and variables that evolve on time scales from 28 s to 1 year. Finding no convincing transient,
−3
−1
−2
the rate must be less than 1.3 × 10 day deg above 0.285 Jy. Due to the sensitivity and
short timescale probed, this placed the deepest constraints on the rate of a hypothetical population of isotropically distributed sources, prior to our work in Chapter 3. More recently,
a 31 hr, 13 s resolution, survey with the Owens Valley Radio Observatory Long Wavelength
Array (OVRO-LWA) Anderson et al. (2019) also made no positive detection, constraining the
4
−1
−2
rate of transients brighter than 18.1 Jy to greater than 1.4×10 day deg . Using the LWA1
at 38, 52, and 74 MHz Obenberger et al. (2015) surveyed 13,000 hr with 5 s resolution, to a
detection sensitivity of around 1000 Jy and found no transients. This places the deepest con−6
−1
−2
straints to the all-sky rate, 1.5 × 10 day deg , but only for extremely bright sources. A
further 10,240 hr of archival data collected by LWA1 and LWA-SV at 38 MHz were surveyed
by Varghese et al. (2019). This lead to the detection of a very bright source, 842 ± 116 Jy
with a 15–20 s duration. Unfortunately, it was observed with only a 100 kHz bandwidth, and
found to be coincident in on the sky with 4C+1.06, a 25 Jy (at 74 MHz) galaxy. However,
given our ﬁndings on the eﬀect of turbulent plasma near the Earth, presented in Chapter 5,
this source raises some important challenges facing low-frequency transient surveys, which
we introduce in the following section.
1.4.2 Propagation eﬀects
The radio sky is dynamic. When viewed with a ﬁne enough time resolution, over a suﬃciently
long observation, nearly all sources will exhibit signiﬁcant variations in their brightness.
However, the bulk of objects observable at radio frequencies are static on human timescales,
so their apparent variability, called scintillation, is an extrinsic eﬀect. Far from the source,
emitted light travels as a plane wave. Were the intervening space uniform, it would propagate unchanged. Inevitably, however, ﬂuctuations arise, leading to density inhomogeneities,
causing diﬀerences in the refractive index of the medium. These in turn produce variations
in the phase velocity along the plane of the wave, deforming the surface of constant phase.
This results in regions of focused and defocused light in the plane of the observer, i.e., to
brightness variations of any source as a function of position on Earth. If our sightline through
the scattering screen is moving, due to a transverse velocity of the medium, the antenna, or
the source (or combinations thereof), this leads to apparent variability of the source ﬂux
density in our telescope.
The refractive index of an unmagnetized plasma at radio frequencies, nr , is
2

2

nr (λ) = 1 − re ne λ /π,
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where re is the classical electron radius. The proportionality to the local number density of
2
electrons, ne , and the proportionality to λ , the wavelength of light, means that the eﬀect
is strongest when observing through a higher-density medium and at long wavelengths.
The most signiﬁcant short-term variability is caused by the ionosphere, which due to
its high density has a marked eﬀect, and due to its proximity and small size (astronomically
speaking) can vary quickly. It extends between 70 and 1000 km above ground, where Solar
6
−3
and cosmic radiation have created free electrons with quiescent densities up to 10 cm
by ionisation. During periods of high Solar activity the Solar wind and magnetosphereplasmasphere-ionosphere form a coupled system (Goertz & Boswell, 1979) which exchanges
energy during sub-storms (Förster & Jakowski, 2000). Clouds of charged particles travel
along magnetic ﬁeld lines, penetrating into the ionosphere in the polar regions causing disruptions, called traveling ionospheric disturbances (TIDs), which propagate outward (Zhang
et al., 2019) from those polar regions. We have observed this and characterized the major
diﬃculties it causes in detecting other astrophysical phenomena at low frequencies.
In order to disentangle these propagation eﬀects from intrinsic variability, more information does help, e.g., by having a decent bandwidth and suﬃcient frequency resolution
within that bandwidth, as well as ﬁne time resolution. This is also illustrated by the eﬀect
of dispersion of the signal. The refractive index also has an important eﬀect in a uniform
medium, because its strong wavelength dependence means that over interstellar distances,
low-frequency radiation arrives with a delay relative to higher frequencies. We can quantify
this and use it to estimate the distances of sources: radio waves propagating through the interstellar medium have a frequency-dependent speed, which results in a delay, ∆t, between
two observing frequencies ν1 and ν2 in MHz given by,
−2

3

−2

δt = 4.15 × 10 DM (ν1 − ν2 ) s
where DM is the dispersion measure, in units of pc cm
tron density between the source S and observer O

∫

−3

(1.6)

, equal to the total integrated elec-

O

DM =

ne dl.

(1.7)

S

This delay is negligible for the case of the ionosphere that we discussed earlier, because
the path length is very small (though not to the precision required by GPS satellites!). But
for interstellar and intergalactic distances it is signiﬁcant, and we use this, for example, to
test whether sources might be extragalactic: if the inferred DM is greater than the DM contribution from our own Galaxy along the line of sight to the source it must lie outside the
Galaxy. The Galactic DM is estimated from two models of the electron density distribution,
such as the Galactic Free Electron Density Model NE2001 by Cordes & Lazio (2002) and
YMW16 by Yao et al. (2017). This requires both a suﬃciently wide bandwidth to ﬁt Eqn.
1.6, but also a suﬃciently ﬁne time resolution that the dispersion smearing of the signal
across on frequency channel is not many times larger than the intrinsic transient width.
Simply integrating a very large bandwidth, with low time resolution, especially at low frequencies, renders the detection of variability in extragalactic sources impossible (Anderson
et al., 2019).

1.4 The search for radio transients

1.4.3 Deﬁnition of the problem
At low frequencies bright, brief, transients are outliers among a background of stable sources.
However, as described in Sect. 1.4.2, from the observer’s perspective the sky is typically not
static due to measurement noise and ionospheric activity. Measurement outliers, even at
the level of 10σ, occur much more frequently than would be expected from a normal noise
distribution (which would be less than one in a hundred million years given the number of
independent measurements per second made by AARTFAAC). We, therefore, have a classic
problem of ﬁnding the transient needles in a noisy haystack, sorting through a deluge of
superﬁcially similar events, and categorizing them to ﬁlter the uninteresting to focus on the
interesting. In the era of big data this requires clever algorithms.
AARTFAAC performs the search in the imaging domain. A stream of one-second snapshot images is created, as described in Sect. 1.3, and then analysed with The LOFAR Transients Pipeline (TraP; Swinbank et al., 2015). A very simpliﬁed work-ﬂow of TraP’s image
processing is as follows: First, detect all sources above a user-deﬁned noise threshold in
the ﬁrst image. Fit important parameters like ﬂux density using the Python Source Extractor (PySE; Carbone et al., 2018) and populate a database with catalogue entries for each
source. Next, for each successive image, sources above the detection threshold are again detected, those found within a user-deﬁned radius of an existing database catalogue entry are
associated and added to that catalogue entry. The sources that are new generate new catalogue entries, and are labelled as potential transients if they could have been detected in the
previous image, according to location and sensitivity. Lastly, a ﬂux density ﬁt is forced at locations where a source was previously detected, but is no longer, for a user-deﬁned number
of time steps following the detection. Complications arise in handling cases when a source
might be confused with close neighbours, but these are the important steps. The resulting
data product is an SQL database, per observation, containing the accumulated light curves
(ﬂux density as a function of time) for every unique source detected during the observation.
As discussed in Chapter 3, the large number of false positives, loosely deﬁned as candidates which are not astrophysical interesting, necessitates a clearer deﬁnition than simply
’signal which is here now that was not before.’ Adding criteria that use prior knowledge
about the target transient population, while not excluding serendipitous discovery of the
unexpected, is the balance that must be struck. Features readily available in real-time, such
as the time-frequency evolution described in the Sect. 1.4.2, variability time-scale (Pietka
et al., 2015), variability metrics (Rowlinson et al., 2019), burst shapes, and coincident data
from multi-wavelength counterparts (Stewart et al., 2018; Sooknunan et al., 2018), can all
be utilized to achieve a more accurate classiﬁcation. This thesis presents the development of
streaming analysis pipelines which mitigate the number of spurious sources. It is a step working towards fast and accurate classiﬁcation, from an all-sky monitor, operating in real-time,
24/7, generating public notices for the wide multi-wavelength transient community.
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1.4.4 New astronomical tools
Throughout the history of astronomy, new insights have often come with the invention of new
instruments, which allow observation of ever more remote phenomena. This is undoubtedly
still the case with ever-larger instruments, such as the Five hundred meter Aperture Spherical
radio Telescope (FAST; Nan, 2006), and more sensitive arrays like the Square Kilometer
Array (SKA; Dewdney et al., 2009) under construction. Analyzing the volume of data that
these, and the next generation of instruments, will produce relies on the development of
new analysis tools (Siemiginowska et al., 2019). If you simply expect normally distributed
data and set your detection threshold accordingly, you might ﬁnd events expected only once
per universe happening several times before lunch (Petroﬀ et al., 2015b). This new era,
therefore, demands that astronomers build more sophisticated analysis pipelines, something
only possible if an established base of subroutines is readily available. As a result, access
to public repositories of expertly written and well maintained scientiﬁc software packages
(such as NumPy (van der Walt et al., 2011), SciPy (Jones et al., 2001), and AstroPy (Astropy
Collaboration et al., 2013)) is now as important, if not more so, than access to a well-stocked
library of textbooks. These packages are critical infrastructure, a tool-kit with which modern
astronomy is built. It is important to sustain and reward the researchers and communities
who contribute to them (Tollerud et al., 2019; Siemiginowska et al., 2019).
While the primary results of this thesis are the new discoveries reported, the methodology (encoded in the software written) by which these discoveries were made is also an
important contribution. Furthermore, reproducibility and collaboration require that these
tools be made public. Therefore, we endeavour to make all analysis tools developed for this
1
2
3
work publicly available , and understandable, as TraP , and PySE already are.

1.5 Thesis summary
In this thesis, we have developed methods for streaming analysis of astronomical time series,
with the goal of characterising the sky at low frequencies. We applied these to observations
we made using the AARTFAAC transient telescope to discover some interesting and as-of-yet
unknown transient phenomena.
In Chapter 2 we present our catalogue of bright sources across the Northern Hemisphere. Accurate ﬂux density scaling of the AARTFAAC image stream is essential for the
real-time measurement of important properties, like the shape of a light curve or the ﬂuence of an outburst and its spectral shape, for any future transient detection. Unfortunately,
there was no accurate ﬂux density catalogue at 60 MHz, with good coverage of the Northern
hemisphere, so we needed to create one by bootstrapping oﬀ a few well-calibrated sources.
In this chapter we describe the statistical behaviour of our sources, characterizing the ﬂux
density measurement distributions of bright sources over the nearly 34 hours of observations. We then used a bootstrapping method to ﬁrst ﬁt the ﬂux density scale for an interval
1

https://github.com/transientskp/TraP_tools
https://github.com/transientskp/tkp
3
https://github.com/transientskp/pyse
2

1.5 Thesis summary

of the data, where there were a suﬃcient number of accurate calibrators on the sky. We then
measured the ﬂux density of the other bright sources in the ﬁeld of view and added them to
the catalogue. We iterated this until the ﬂux density of all sources reliably detectable with a
signiﬁcance greater the 5σ, 167 in total, were measured. Lastly, we veriﬁed our catalogue
against other multi-frequency ﬂux calibrations of these sources (see Appendix I.2).
In Chapter 3 we present an overview of the AARTFAAC 60 MHz transient survey.
Nearly 4 million 1 second snapshot images, 545.25 hr in total spanning over 3 years, from
August 2016 to September 2019, were processed with the LOFAR Transient Pipeline. In
doing so we developed novel transient candidate ﬁltering methods using statistical heuristics, which ﬁrst ﬁlter 97% of the candidates that are from non-astrophysical causes such
as RFI, airplanes and satellites, and bright-source sidelobes. The remainder were analysed
both manually, leading to the giant pulse detection discussed in Chapter 4, and with a novel
light curve peak feature detection algorithm which ﬁltered 99% of the remaining candidates,
leaving the 76 singular ﬂares, including 1 extragalactic candidate, described in Chapter 5.
We further compare our ﬁndings to other recent low-frequency transient surveys and show
that both our detections and non-detections help to constrain some previously discovered
−1
−1
source types. And ﬁnally, we place a strong upper limit of 1.1 sky day on the rate of
any other 1 second (to hours) timescale transients brighter than 60 Jy.
In Chapter 4 we report the ﬁrst bright transient detection with AARTFAAC, extreme
giant pulses from PSR B0950+08. Interestingly we found the pulse ﬂuence distribution
followed a power law, with index −4.66 and −4.82 at 58.3 MHz and 61.8 MHz, respectively.
The distribution is constant in time and also independent of the highly variable rate at which
the pulsar produces these pulses. It agrees well with recent studies of giant pulses from the
same pulsar recorded with the LWA, but an older study using the Rajkot Radio Telescope
shows a rather less steep power-law index of −2.8. Notably, however, the distribution we
observe is shifted to ten times higher ﬂuences than in the LWA study. With careful study
of the light curve, subtracting the background variability we extended our analysis of the
pulse ﬂuence distribution to lower-signiﬁcance pulses, and found a knee in the power law,
with a shallower index at lower ﬂuence. Lastly, we found that the pulse emission could be
very narrow-band, with all the ﬂuence sometimes concentrated in only a single one of our
16 200 kHz sub-bands.
In Chapter 5 we ﬁrst describe novel techniques developed to analyse many thousands of candidate light curves to isolate the most promising subset of singular bursts. We
then report on a previously unreported phenomenon: the apparent ﬂux density of intrinsically stable background radio sources can be magniﬁed by factors of typically 10, but up
to 100, for a duration of ten to tens of seconds. Multi-frequency analysis revealed no signiﬁcant dispersion delay, indicating that the transient signals could not be intrinsic to the
extragalactic sources that they positionally coincide with. Additionally, several observations
revealed strongly scintillating regions whose position was neither tied to the rotation of the
Earth or ﬁxed on the sky and which persisted for time spans ranging from hours to a day.
Within these scintillating regions, hundreds of scintels could be observed from a few sources,
similar in properties to the isolated magniﬁcation events but with somewhat diﬀerent statis-
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tical distributions. We show that a plasma lens arising at an altitude of 300–400 km in the
ionosphere, could yield the magniﬁcation factors observed. Furthermore, the density and velocity of the lens required to produce the observed light cures are in reasonable agreement
with other measurements made during a TID with LOFAR and earlier ionospheric scintillation work. We also report one example of a 10 s, 100 Jy extragalactic transient candidate,
whose time-frequency delay closely follows the relation produced by propagation through
a long pathlength of the interstellar medium. Based on the dispersion delay we infer a DM
which places the source at least in the outer regions of the Galactic halo, and possibly at an
extragalactic distance, with an upper limit of 63 Mpc, assuming no DM contribution from
the host or local environment.

Chapter

2

AARTFAAC Flux Density Calibration and
Northern Hemisphere Catalogue at
60 MHz

Mark Kuiack, Folkert Huizinga, Gijs Molenaar, Peeyush Prasad, Antonia Rowlinson, Ralph
A.M.J. Wijers
Monthly Notices of the Royal Astronomical Society, 2019, 482, 2, p.2502-2514
Abstract
We present a method for calibrating the ﬂux density scale for images generated by the Amsterdam ASTRON Radio Transient Facility And Analysis Centre (AARTFAAC). AARTFAAC
produces a stream of all-sky images at a rate of one second in order to survey the Northern
Hemisphere for short duration, low frequency transients, such as the prompt EM counterpart
to gravitational wave events, magnetar ﬂares, blazars, and other as of yet unobserved phenomena. Therefore, an independent ﬂux density scaling solution per image is calculated
via bootstrapping, comparing the measured apparent brightness of sources in the ﬁeld to
a reference catalogue. However, the lack of accurate ﬂux density measurements of bright
sources below 74 MHz necessitated the creation of the AARTFAAC source catalogue, at 60
MHz, which contains 167 sources across the Northern Hemisphere. Using this as a reference
results in a suﬃciently high number of detected sources in each image to calculate a stable
and accurate ﬂux scale per one second snapshot, in real-time.
Surveys – Catalogues – Radio Continuum: Transients – Radio Continuum: General –
Methods: Data Analysis
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2.1 Introduction

2

The Amsterdam ASTRON Radio Transient Facility And Analysis Center (AARTFAAC) is an allsky radio monitor, built as a parallel computational back-end to LOFAR (the Low-Frequency
Array; van Haarlem et al., 2013). It operates primarily in LOFAR’s low band (10 − 90 MHz)
with an all-sky ﬁeld of view, but can also operate in the high band (110 − 240 MHz) albeit
◦
only with an HBA tile ﬁeld of view (30 FWHM at 150 MHz). It can be used to monitor
the radio sky on time scales upwards of one second, as often as is practicable within LOFAR
observing constraints and data storage limitations. Its core science goal is to search for rare,
bright transients at the lowest radio frequencies, which have proved to be quite elusive (see,
e.g., Bell et al., 2014; Obenberger et al., 2015; Rowlinson et al., 2016; Carbone et al., 2016),
but a few have been found in the otherwise poorly explored regime accessible to AARTFAAC
(Hyman et al., 2005; Stewart et al., 2016; Murphy et al., 2017): time scales of seconds to
hours, and ﬂuxes above several jansky in the LOFAR low band (10–90 MHz). In this regime,
coherently emitting objects will dominate, and thus any sources found will represent fairly
extreme or exotic physics; (see, e.g., Pietka et al., 2015).
However, many other applications are possible, such as detecting very high-redshift
EoR signals (Patil et al., 2017), monitoring the state of the ionosphere and phenomena in
it (Loi et al., 2015a,c), and monitoring meteor showers (e.g, Obenberger et al., 2014). And
of course, many terrestrial phenomena such as RFI, air planes, and satellites are detected
that need to be distinguished from more distant astrophysical signals and imaging artefacts
before science analysis can start.
At the moment, AARTFAAC all-sky monitoring is limited to times when LOFAR is is
1
LBA mode , but more importantly, due to the fact that the search for interesting objects has
not yet been automated, and storage and oﬄine search of the very large volumes of raw data
it generates is not practical. In this paper, we describe the next step in achieving the goal of
continuous all-sky monitoring with AARTFAAC. Previously, we described the basic properties
of the AARTFAAC system and its real-time calibration and technical commissioning (Prasad
et al., 2014), as well as the system design and correlator (Prasad et al., 2016), and TraP, the
transients detection pipeline also used for LOFAR transient searches (Swinbank et al., 2015).
In this paper, we describe the results of the ﬁrst practical commissioning runs. The basic goal
of these runs was to collect enough data to cover the full range of local sidereal times over
a signiﬁcant period of time (so as to cover a range of ionospheric and RFI conditions) to
investigate practical strategies of bad data rejection, source extraction, and ﬂux calibration
to enable future real-time operation. We collected over 30 hours of data, which we will show
is a good compromise between getting a manageable dataset to experiment with extensively
and sampling a suﬃcient range of conditions. In future work, we will ﬁrst develop strategies
for separating events of interest in large datasets from artefacts and known variability, before
implementing the full intended data analysis (data taking, correlation, calibration, imaging,
ﬂux extraction, feature recognition, and alert generation) into a streaming pipeline that can
function in real-time.
1

An upgrade is planned and funded that will allow simultaneous LBA and HBA observations

2.2 Data description

To increase the sensitivity to fainter objects, the brightest sources in the sky: Cygnus
A, Cassiopeia A, Taurus A, Virgo A, The Sun, hereafter referred to as the “A-team”, and
most of the diﬀuse Galactic plane emission is removed during AARTFAAC calibration and
imaging. The images have, thus far, not yet been properly ﬂux calibrated (Prasad et al.,
2014). Instead, the pixel values in the resulting images are relative, with a scaling related
to a normalization of the total power received before “A-team” subtraction. An accurate
characterization of transient phenomena, however, requires reference to a common physical
scale. While studies of variability also require that each extracted source measurement is
made within a comparable reference frame. This is only possible once each image has been
corrected such that the pixel values refer to the physical units of ﬂux density, janskys.
Radio ﬂux density calibration is done by reference to catalogues of stable, well-studied
calibrator sources. For example, a typical radio observation includes observing a calibrator
source before and after observing the target. So the scaling of the calibrator data, the gain
solution, is applied to the target data. In that case, the gain solution is assumed not to have
changed substantially on the timescale of the observation.
Unfortunately for AARTFAAC, the only large surveys below 100 MHz are The Very
Large Array Low-frequency Sky Survey Redux (VLSSr; Lane et al., 2014) at 74 MHz and
The Eighth Cambridge (8C) Survey (Rees, 1990) at 38 MHz. There is, therefore, a gap across
nearly the entire frequency range of AARTFAAC. This clearly represents an opportunity for
AARTFAAC to make an an important contribution, with unique ﬂux density measurements
of the brightest sources in the 38 − 74 MHz range.
We therefore report on the method used to ﬂux density calibrate AARTFAAC images
in real-time, for our future transient search campaigns, and the resulting catalogue of bright
sources.
Firstly, in Section 2.2 particular technical details of AARTFAAC and the calibration
observations are given. Secondly, in Section 2.3 we describe the catalogue bootstrapping
method used to accurately ﬂux density calibrate the images in real-time. Then, we report
on the performance and stability of the method in section 2.4, and analyses of the typical
systematic uncertainties. Next in Section 2.5 the characteristics of the ﬁrst AARTFAAC catalogue of persistent sources at 60 MHz are discussed. And lastly conclusions are given in
section 2.6.

2.2 Data description
By creating an all-sky image every second, AARTFAAC has the capability of generating a
large amount of data. Therefore, the intended operational mode is to perform a transient
search on the stream of images, saving only those data where an interesting event has been
detected. However, in order to test the calibration method and fully characterize the data
quality a set of observations was recorded and stored for analysis oﬄine.
Additionally, full LST coverage was required to generate the catalogue of calibrator
sources across the Northern Hemisphere. Therefore, nearly 33 hours of observations were
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Table 2.1: The set of observations used to test the ﬂux density calibration method and generate the ﬁrst AARTFAAC
catalogue at 60 MHz. The start and end of each observation are given as the UTC of the ﬁrst and last image, as well
as the LST centre of the image, both to the nearest minute. During an observation, data blocks may be ﬂagged and
removed either by the correlator, visibility calibration, or imaging pipeline. Then, the images were ﬁltered based on
the average image pixel RMS. Outliers are clearly the result of improper calibration, poor A-team subtraction, or bright
RFI.

2

Start Date
2016 Aug 31
2016 Sep 05
2016 Sep 07
2016 Sep 30
2016 Nov 12
2016 Nov 13
2016 Nov 14
2016 Dec 10
Total

Start - End
[UTC]
15:10 - 17:43
16:47 - 19:45
03:40 - 09:38
09:31 - 11:23
06:32 - 19:53
20:00 - 22:57
08:27 - 15:33
22:55 - 02:49
32:56:46

Start - End
[LST]
14h18m - 16h52m
16h15m - 19h14m
03h14m - 09h14m
10h36m - 12h29m
10h26m - 23h50m
00h01m - 02h58m
09h03m - 16h56m
04h43m - 08h37m

Good Images
#
8839
10358
21291
2703
40145
5031
23084
9794
121245

Un-ﬂagged data
%
96.3
97.0
99.1
40.2
83.5
47.4
90.3
70.0

recorded to test the ﬂux density calibration method and generate the AARTFAAC catalogue.
This allowed the analysis of sources for many hours, across separate observations, while
maintaining a manageable data volume. These observations were recorded between August
and December of 2016, as outlined in Table 2.1. During this period of time, the ﬁnal stages of
commissioning with the real-time imaging pipeline were completed, leaving only the image
calibration.
In its present form, the AARTFAAC system shares the 6 core stations, known as the
“Superterp,” with LOFAR, which is located near the village of Exloo in the Netherlands. It
was designed to operate in parallel with regular LOFAR observations by splitting the antenna
signals from the stations and rerouting them to the AARTFAAC correlators and imaging
servers.
Each core LOFAR station consists of two sub-arrays: the High Band Array (HBA),
which has a bandpass from 120-240 MHz, and the Low Band Array (LBA), with a bandpass
from 10-90 MHz. AARTFAAC currently only uses the LBA.
These LBA stations are made of 96 pairs of orthogonal droop dipoles distributed with
a roughly Gaussian density distribution. Their simple antenna design, two wires attached
at 45 degrees to a central post over a metal mesh ground plane, oﬀer a full sky ﬁeld of
view. Unfortunately, due to current computational constraints only data from 48 of the 96
antennas are processed. This subset of antennas may be distributed in one of 4 operating
modes:
• INNER: Antennas within 30 meters of the station centre.
• OUTER: Antennas 30 to 87 meters.

2.2 Data description
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Table 2.2: AARTFAAC system design speciﬁcations, from Table 1 of (Prasad et al., 2014). Here the subband and
processed bandwidth values are updated to reﬂect the current operational capabilities of AARTFAAC.

Parameter
Array elements
Frequency range
Field of view
Total Eﬀective area
Tsys
Angular resolution
Subband resolution
Processed Bandwidth
Temporal resolution

AARTFAAC LBA
288 inverted V antennas
10-90 (MHz)
π (sr)
a
2
2617 (m )
−2.55
3600 (ν
K)
60 (arcmin)
195 (kHz)
3.12 (MHz)
1 (s)

Comment
Dual polarized elements
FWHM of beam

• 2 SPARSE modes: Either odd or even numbered antennas distributed throughout the
station.
LOFAR LBA observes predominately in the OUTER conﬁguration due to the larger
number of longer baselines providing better UV ﬁlling of the superterp. In comparison using
the INNER conﬁguration results in dipoles which are more tightly clumped in the centre of
the station, leaving more space between the stations. The OUTER conﬁguration utilizes the
outer ring of station dipoles which maximizes point source sensitivity and reduces diﬀuse
background emission. Additionally, regular LOFAR LBA observations will sum the antenna
signals with a phase delay applied for the target pointing. However, because these phase
delays are not applied at the stations during LBA observations, AARTFAAC has access to the
raw signal from all 48 dipoles in operation and is sensitive to the entire visible sky during
all LBA observations.
The physical speciﬁcations of AARTFAAC are summarized in Table 2.2. Currently, in
the standard operating mode of AARTFAAC, a one-second integrated Stokes I (1024x1024
resolution, 4.1 MB) ﬁts image is created every second by integrating all 16 available subbands. This is a reduction from the initial total raw visibility rate 660 MB/s, including all
subbands, which is reduced to 10 MB/s after calibration by averaging the 63 frequency channels which comprise each LOFAR subband. These calibrated visibilities are stored in the
AARTFAAC archive for oﬄine processing and the upcoming transient survey. However, in
the future, only those data which are found to contain an interesting transient event will be
stored.
In order to maximize sensitivity while reducing RFI, the subbands are conﬁgured in
two continuous sets of eight subbands, 57.52 – 59.08 MHz and 61.04– 62.6 MHz. This is
near enough the peak sensitivity around 57 MHz (van Haarlem et al., 2013), while avoiding
frequencies which have been observed to have a higher RFI occupancy percentage, (see Fig.
6, Oﬀringa et al., 2013). With this conﬁguration a pixel RMS < 10 Jy is achieved over 40%
of the Northern Hemisphere, while 90% achieves RMS < 21 Jy.
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2.3 Image Calibration
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The AARTFAAC real-time calibration and imaging pipelines, as they are currently implemented, output all-sky snapshot images at a rate, and integration time, of one second (Prasad
et al., 2014). Yet, before the images can be used for transient detection or variability analysis, two corrections must be made: First, a direction-dependent rescaling, which corrects
the images based on the antenna response pattern, also known as the primary beam. Then,
a direction independent rescaling, which transforms the pixel values from arbitrary units to
a ﬂux density in janskys.
Both of these corrections are important before the image stream can be analyzed for
transient or variable sources. Clearly, without accounting for any variation in the antenna
response across the sky, where sensitivity peaks at zenith, the brightness of all sources would
appear variable as they track across the ﬁeld of view.
Similarly, applying a reliable ﬂux density scaling to each image is vital for measuring
variability. Given that the pixel values in raw images are arbitrary, with an unknown inﬂuence from the subtraction of the A-team sources, it would be diﬃcult to determine whether
any variation is intrinsic or an artefact of the calibration and imaging. Furthermore, searching for a transient source in an image with arbitrary scaling would make it impossible to
determine the shape of the light curve, spectral index, or whether a candidate is indeed
astrophysical at all.
These characteristics are also critical when devising further observations as they dictate what sensitivity and spectral coverage are necessary to maximize the likelihood of a
follow-up detection. Additionally, in the cases where detections are made but follow-up observations yield no result, the shape and ﬂux density distributions of transient light curves
would be useful to model possible progenitor populations and to compare our results with
those of other low frequency surveys. This is the case for many FRB studies to date (Petroﬀ
et al., 2015a).
2.3.1 Beam Model
The beam model is an approximation of the direction-dependent sensitivity, across the ﬁeld
of view, of the array. Thus, correcting for this diﬀerential gain response pattern ensures that
the light curves of detected sources are ﬂat, as they move across the ﬁeld of view.
This pattern is the result of many physical factors including: observing frequency, the
geometry of the stations and dipoles, their mutual interactions with each other, and the eﬀect
of the local terrain. Given these complicated interactions, it is modelled by simulating the
full station layout of all of the dipoles which form the six stations on the LOFAR Superterp,
with accurate placement and orientation, across the frequency spectrum.
Therefore, the beam response shape has been modelled at frequencies between 30
and 70 MHz in 5 MHz intervals. This covers the spectral range of AARTFAAC with suﬃcient
accuracy, since the model does not change rapidly with frequency. These models were gener-
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Figure 2.1: Left: An AARTFAAC all-sky image, output by the imaging pipeline, after A-team subtraction. Centre: A normalized beam model, for AARTFAAC at 60MHz. The
model shows the shape of the direction-dependent gain across the ﬁeld of view with maximum gain at zenith, decreasing toward the horizon. Right: the same image with
the correction applied. Note, these images have not been ﬂux density calibrated so the pixel scaling is arbitrary.
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Figure 2.2: Comparing the beam model gain pattern at 60 MHz, from zenith to horizon, in the four compass directions.
The values are normalized to their maximum value, which is at zenith. The beam is highly symmetric about the zenith,
◦
with relative deviations from perfect symmetry below 1% out to 70 .

ated using WIPL-D, an electromagnetic simulation software package. Additionally, Fig. 2.2
illustrates the symmetry of the model at 60 MHz, about the zenith.
The left image of Fig. 2.1 shows an example raw AARTFAAC image. Although the
background and noise appear ﬂat across the image, sources decrease in apparent brightness
as the sensitivity drops toward the horizons. The sensitivity peaks at zenith and decreases
toward the horizon. Therefore the images are corrected by dividing the raw image by the
image of the beam model, normalized such that the gain at zenith is 1. The shape of the
normalized beam model at 60 MHz is illustrated in the middle panel of Fig. 2.1, and the
resulting beam corrected image is shown on the right. Given that the sensitivity near the
horizon is lower after the correction is applied, the noise near the horizon is also multiplied.
However, the mean ﬂux density of sources will be constant as they rotate through the beam,
as illustrated in Fig. 2.3.
Although the beam model has been observationally veriﬁed during LOFAR commissioning (van Haarlem et al., 2013), AARTFAAC is able to perform an additional test, using
sources detected across the ﬁeld of view, observed over hours as they move across the sky.
After calibrating the data, the extracting ﬂux measurements of each source at diﬀerent locations on the sky were compared to the mean of their light curve. No position-dependent
deviations, which would indicate an improperly modelled beam, were observed within our
detection region of 50 degrees from zenith.
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Figure 2.3: Example light curve for a source observed for ∼ 7 h, normalized to the ﬁrst data point. The raw data (red)
before calibration clearly shows the shape of beam pattern along the track of the source across the sky (blue), while
after calibration (green) the curve is much ﬂatter.

2.3.2 Reference Catalogues
Given the real-time streaming nature of AARTFAAC observations, an algorithm that computes the ﬂux scaling per image, using only the image itself, is preferred. This excludes traditional ﬂux density scale calibration techniques, such as intermittently observing another
ﬁeld with a calibrator source.
Fortunately, with our ﬁeld of view encompassing the entire sky, enough bright sources
are present in each image to compute the scaling in real-time. However, this is only possible if
accurate apparent ﬂuxes at the observing frequency are known. Therefore, with a population
of enough bright sources covering the Northern Hemisphere, the apparent brightness of
those sources extracted in each image can be compared with the expected ﬂux density, and
the conversion scale factor computed. This is described fully in Section 2.3.3.
Furthermore, utilizing the greatest number of calibrators ensures that the variability
of any one source does not dominate the calibration solution. Additionally, ionospheric ﬂuctuations are phenomena localized on the sky, as density ﬂuctuations travel through the ﬁeld
of view, and therefore decorrelate on larger angular sizes. To this end, gathering together
a catalogue of all sources with a signal-to-noise ratio > 5σ, and broadband spectra across
our entire observing range, and ﬁeld of view, would allow accurate and stable ﬂux density
calibration at any observing frequency.
Recently, several catalogues of calibrator sources have been published with accurate
broadband spectra in the LOFAR LBA range, 30-80 MHz:
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One example, Scaife & Heald (2012) contains six bright sources from the Third Cambridge Catalogue, 3C, with spectral models between 30 and 300 MHz. Unfortunately, with
only six sources spanning the Northern Hemisphere, AARTFAAC images would not contain
enough calibrator sources to ensure a robust scaling solution at all observing times. However, the analytic spectral models across the full LBA band and the fact that these sources
appear in the other catalogues adds a useful inter-catalogue check.
Secondly, Perley & Butler (2017) published modelled spectra for 20 sources with ﬂux
density measurements down to 74 MHz. Four of these are the A-team sources which are
subtracted from the images before this ﬂux density calibration step, leaving 16 sources. Of
◦
these, 6 have a declination < −10 , and are therefore outside, or too near the edge, of our
ﬁeld of view. This leaves 8 sources which are viable ﬂux density calibrators. Even still, rarely
are more than 3 of these sources visible in the sky simultaneously, which is preferred to have
a stable ﬂux density ﬁt solution at all times.
Lastly, the catalogue published by Helmboldt et al. (2008) contains spectra for 388
sources selected from VLSSr which are brighter than 15 Jy at 74 MHz. The spectral shapes of
all sources are described with either a single power-law, or if enough data are present, by the
function Y = A + BX + C exp(DX), where Y = log(Fν /1 Jy) and X = log(ν/74 MHz),
which describes a spectral turnover of the ﬂux density, Fν , at lower frequencies, ν, in some
sources.
In addition to these, the full VLSSr catalogue (Lane et al., 2014) was used to follow
up sources which are detected in AARTFAAC images with > 5σ signal-to-noise but are not
associated with any object in the Helmboldt et al. (2008) catalogue. These might result from
two or more sources in VLSSr with < 15 Jy that are suﬃciently close together to be confused
at AARTFAAC’s resolution.
The lower resolution of AARTFAAC and the densely packed array allows us to see
much more diﬀuse emission than the VLSSr. For this reason, the supernova remnant catalogue by Green (2014) was also used for source association. These objects are of interest to
us because they are bright at low frequencies, and their larger angular size reduces the eﬀect
of ionospheric scintillation. However, due to the frequency at which these ﬂux densities are
given (1.4 GHz) and the much narrower beam width, it is impossible to simply extrapolate
and compare with AARTFAAC measurements.
The spectral models published by Perley & Butler (2017) are much more accurate
in the frequency range observed with AARTFAAC. However, this catalogue does not contain enough sources across the Northern Hemisphere to ensure that 3 or more sources are
observable simultaneously, which is a requirement, used to ensure a more stable scaling solution in the presence of scintillation. And while Helmboldt et al. (2008) present a catalogue
with many more sources, the simpler spectral models result in much greater uncertainty in
the ﬂux density predictions below 74 MHz. Neither catalogue was therefore suﬃcient to
accurately compute a ﬂux density scale at all times. This necessitated the creation of the
AARTFAAC low frequency catalogue, which is outlined in detail in Section 2.5.
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Figure 2.4: The spectral model of 3C380 is generated from the ﬂux density measurements by Perley & Butler (2017).
The uncertainty in the model (light blue region) is calculated via Monte Carlo random sampling of sets of measurements based on their reported uncertainty. This gives the model value at our measurement frequency, 60 MHz (green
ﬁlled circle). The AARTFAAC catalogue ﬂux density value (open circle) and Helmboldt et al. (2008) measurements
(red dots) and Eastwood et al. (2018) measurements (orange ﬁlled circles) are compared to the model (black line).
The residuals show the diﬀerence between the measured values and the model.

2.3.3 Flux density scale
The AARTFAAC catalogue was created by ﬁrst modeling the Perley & Butler (2017) source
ﬂuxes at lower frequencies. This was done by using a Monte Carlo method where 10,000
sets of ﬂux density measurements for a given source at diﬀerent frequencies were generated
using the ﬂux density measurements and uncertainties available in the supplementary online
data. Next a least squares ﬁt was done to the spectral models with the same polynomial
degrees as those in Perley & Butler (2017):
2

3

log (Fν ) = a0 + a1 log(νG ) + a2 log(νG ) + a3 log(νG ) + ...

(2.1)

where Fν is the ﬂux density in Jy and νG is the frequency in GHz. Finally, the resulting
functions are then evaluated at the AARTFAAC observing frequency. This provides predicted
ﬂuxes with accurate uncertainties. The spectral model for one such source, 3C380, is shown
in Fig. 2.4, along with the ﬂux density measurements from Helmboldt et al. (2008) and
Perley & Butler (2017). Here, the model predicted ﬂux density at 60 MHz, and the ﬁnal
AARTFAAC catalogue ﬂux density, after averaging the data from all observations, is shown
not to be in agreement, within their mutual uncertainties. However, when comparing with
the ﬂux density as measured by Eastwood et al. (2018), the diﬀerences are much smaller
for all sources, except 3C286. Therefore, because of the similarity of the LOFAR-LBA and
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OVRO-LWA antenna design, but diﬀerent imaging and calibration method, it is clear that
the measured ﬂux density at 60 MHz is accurate.
The AARTFAAC catalogue is then made by bootstrapping the ﬂux density scale from
these sources in the following way:

2

First, an observation of a few hours was considered at a time when 5 calibrator
sources were visible.
Then the predicted ﬂux density values at 60 MHz, obtained from the reference catalogue, were compared to their sigma-clipped light curves extracted from the observation.
Iteratively clipping the ﬂux density measurements greater than 3σ from the mean reduces
the possible eﬀect of RFI or imaging artefacts.
Light curves are generated by extracting the source ﬂuxes from each image with the
Python Source Extractor (Carbone et al., 2018), then the sources extracted from each image
are associated with the extractions from previous images in a running catalogue database.
This is performed using the LOFAR Transient Pipeline (TraP; Swinbank et al., 2015, and
references therein).
The durations of the observations used for generating the catalogue were each longer
than 2 hours. This ensures that scintillation eﬀects shown in Fig. 2.3, which occur on a 15-20
minute time scale (Loi et al., 2015b), are averaged out.
We then calculate the scaling solution via linear regression, weighting the sources according to their measurement uncertainty. The single scale factor calculated for that observation was then applied to the mode of the ﬂux density measurements of the other persistent
sources, detected above 5σ.
Those inferred values and our measurement of the original reference sources are
added to the AARTFAAC catalogue. By adding the additional calibrators, and using the new
AARTFAAC catalogue as a reference for the other observations where fewer Perley & Butler
(2017) calibrators are visible, a more accurate scale factor for each additional observation
can be calculated.
To summarize, in each new observation, all light curves longer than 2 hours are
extracted, the scale factor for the observation is calculated, and it is applied to the new
sources, then the new sources are added to the catalogue. The number of data points for
each source is recorded so that when a source, which already exists in the catalogue, is reobserved, a mean weighted by the number of measurements is used to calculate the updated
ﬂux density value.
Now that the entire Northern Hemisphere has been observed, and all persistent
sources detectable above 5σ, ﬂux densities of 40–50 Jy for much of the sky, have been added,
the AARTFAAC catalogue can be used to ﬂux density calibrate any individual AARTFAAC image. This is possible because there are are 30–50 observable sources above this threshold at
any time. This greater number of sources, across the full ﬁeld of view, provides a stable ﬂux
density solution.

2.4 Analysis of Flux calibrated data

Finally, the AARTFAAC catalogue was used to correct the ﬂux density scale on the full
33 hours of data. This was done in a streaming mode, calculating the linear scaling solution
for each image independently, so that the intended use case could be analyzed by verifying
light curves extracted from the data. In doing so we observed that the scaling solution did
have a dependence on LST, which was expected due to the scaling of the raw visibilities
according to the total power of objects in the ﬁeld of view, but that the scaling solutions, at
a given LST, were stable across the months spanned by the set of observations.

2.4 Analysis of Flux calibrated data
AARTFAAC produces a snapshot image of the entire sky at a rate of 1 per second. To this
stream of images a correction for the antenna response pattern, as well as a scale factor, per
image, is applied. This enables the creation of a reliable light curve for each source. In the
previous section, the method for correcting each image by applying the beam model and
calculating the scale factor, required to scale the pixel values to ﬂux densities in janskys,
was discussed.
Each of these corrections inﬂuence the light curves on diﬀerent time scales: the varying sensitivity of the antenna will modulate the apparent brightness over a long period of
time as the source moves across the sky, whereas the ﬂux density scaling is corrected on each
image independently and would, therefore, have its eﬀect on the timescale of ionospheric
ﬂuctuations.
Turbulence in the ionosphere causes the apparent brightness, as well as the position
and shape, of sources to ﬂuctuate. This reduces the instantaneous accuracy of measurements
from individual AARTFAAC images. Fortunately, this is overcome by observing each source
for a suﬃciently long time that the mean value of the light curve converges.
The length of time for which each source must be observed depends in general on the
typical timescale of ionospheric scintillation. For example, if a source is observed many times,
but for a shorter duration than the timescale of these ﬂuctuations, the variance of the light
curves, and thus the uncertainty in the ﬂux density will be dominated by the ionospheric
ﬂuctuations.
As an example Fig. 2.5 illustrates this for the Tycho supernova remnant. Large sources
of synchrotron emission, such as supernova remnants generally do not intrinsically vary in
brightness, making them useful tools to study the systematic eﬀects on our ﬂux density
measurements.
For a pure Gaussian noise process the standard error in the mean, SEM, deﬁned as the
standard deviation of the means calculated from subsets of the data, decreases proportion−1/2
ally to the number of samples in the subset, σm,N ∝ N
. This is the green “Theoretical”
line in Fig. 2.5a, scaled by the average uncertainty in each individual integrated ﬂux density
measurement, ∆fint .
However, Fig. 2.5d illustrates that AARTFAAC ﬂux density measurements are not
a pure Gaussian process. In fact, despite the larger angular size of Tycho, its light curve,
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Figure 2.5: The noise proﬁle of the Tycho supernova remnant. The source is intrinsically stable due to its large size,
and emission mechanism, so ﬂuctuations in its measured ﬂux density are due strictly to either source ﬁt statistics or
ionospheric ﬂuctuations. Figure a shows the error in the mode as a function of sample size, for diﬀerent methods of
sampling the data, and diﬀerent methods of estimating the uncertainty. The sequential sampling curve (blue) was
generated by taking subsets of the measurements from the light curve in order. This shows how the uncertainty is
aﬀected by the systematic sources of error over time. The random sampling curve (orange) was generated by randomly
sampling, with replacement, from the entire light curve and estimating the uncertainty in the mode of that subsample.
The empirical (black dashed) was calculated by randomly sampling multiple subsets of the light curve, then calculating
the standard deviation in the modes of those subsets, then repeating this for a number of sample lengths. These
populations of mode, from diﬀerent subsets, are plotted in ﬁgure b. Lastly, the theoretical line (green) shows how the
standard error in the mean value of the data would be expected if the noise were purely Gaussian, independent and
equal to the average uncertainty in the ﬁt from each image. Figure c shows the entire light curve of Tycho from our
set of observations, with the uncertainty of each measurement in orange. Lastly, ﬁgure d presents a histogram of the
data and a comparison to a normal and skew-normal distribution.
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shown in Fig. 2.5c, reveals that the measured ﬂux density is still signiﬁcantly modulated by
the ionosphere.
There are therefore two regimes, timescales much less than, or much greater than
2
3
the timescale of ionospheric ﬂuctuations, 10 - 10 seconds, which represent the dominant
sources of uncertainty in AARTFAAC ﬂux density measurements.
First, the statistical uncertainty in each source ﬁt due to the image noise. For timescales
2
much less than the ﬂuctuations in the ionosphere (<10 seconds), these measurements are
highly correlated and thus not independent. This is due to the fact that AARTFAAC images
are confusion noise limited. The noise proﬁle is therefore below what is estimated by the individual source ﬁts. This is evident in the left side of Fig. 2.5a, where the “Sequential sample”
curve, generated by calculating the mode of subsamples from the light curve sequentially
over increasing time, is below the pure Gaussian estimate.
Secondly, the variation of the brightness due to the electron density ﬂuctuations in the
ionosphere. Again, the noise proﬁle diﬀers from the Gaussian estimate for light curves much
2
longer than the typical ionospheric timescale (>∼ 10 seconds). The variation caused by
the ionosphere causes ﬂuctuations which are greater than the estimated uncertainties from
each image. This eﬀect causes the estimated error to cross above the Gaussian estimate.
Furthermore, observing a source for many hours will result in signiﬁcant motion
across the sky, and through the beam of the antenna. Fig. 2.3 illustrates an example of correcting for the antenna response on a source, whose light curves have been normalized to the
ﬁrst data point. Clearly, in the raw light curve (red) the increasing sensitivity of the antenna
is visible as the source rises in the sky toward zenith. Along side this, the beam response
pattern along the path of the source (blue) illustrates how as the sensitivity increase toward
zenith and the beam centre, explaining the dramatic increase in the apparent brightness.
When the beam model is divided out, a much ﬂatter calibrated light curve (green) remains.
In fact, the residual variability in the light curve shown is predominantly due to turbulence
in the ionosphere, causing the apparent brightness ﬂuctuations.
Consequently, these noise characteristics indicate that observations shorter than a
few minutes duration, may not yield an accurate average ﬂux density value, regardless of
the noise properties in each image. However, the histogram of ﬂux density values measured from the entire observation, shown in Fig. 2.5d, illustrates that the noise proﬁle is,
by appearance, nearly Gaussian, after observing the source for a period signiﬁcantly longer
than the timescale of the ionosphere. This is to be expected given the central limit theorem.
Therefore, making prolonged observations results in both accurate and precise ﬂux density
measurements.
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2.4.1 Flux density measurement statistics
As the noise was expected to be Gaussian, with potential systematic inﬂuences from either
the ionosphere or an incorrectly modelled beam pattern, a skewed normal Gaussian distribution was ﬁt to each light curve.

2

(

) ( (

))

x−ξ
x−ξ
Φ α
,
(2.2)
ω
ω
where ϕ is the standard normal probability distribution and Φ is its cumulative distribution,
and the transformation x → x−ξ
, to the ﬁtted parameters ξ, the location, ω the scale, and
ω
α, the shape, which deﬁnes skewness. The skewness increases with the absolute value of α,
with more weight in the left tail when α < 0 and in the right tail when α > 0, when α = 0
the skewed normal distribution becomes the normal distribution, and ξ is simply the mean,
and ω the standard deviation.
f (x) =

2
ϕ
ω

After ﬁtting Eqn. 2.2 to each of the light curves, it was found that the skewness was
most frequently positive, with a larger tail in the distribution towards higher ﬂux. This could
indicate that the variation, introduced by the ionosphere, preferentially focuses the light into
shorter bright caustics. These move along the ground, similar to the light on the bottom of
a swimming pool.
Consequently, simply integrating over long observations, either by simple average,
or calculating the median would yield results biased by the preference for outliers with
increased brightness. Hence, the mode of the distribution is the most robust measurement
of the central tendency of each source, and therefore the most accurate description of its
ﬂux density.
However, the mode of the skew normal distribution is not analytic, but can be approximated numerically,
Mo ≈ ξ + ωmo (α),
(2.3)
where the ξ, ω, and α, are the ﬁt parameters location, scale, and shape, of the distribution.
The function mo (α) is the degree to which the skew modiﬁes the mode from the mean,
which for a normal distribution is equal to 0. This is given by,
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The parameters were ﬁt using the Bayesian inference MCMC package PyMC3. This
method randomly samples the parameters from deﬁned prior distributions, then computes
the likelihood. The uncertainty estimate was output by the PyMC3 package (Salvatier et al.,
2015). By deﬁning the mode as a deterministic function of the ﬁt parameters, PyMC3 gives
the resulting uncertainty of the mode directly, as well as producing a covariance matrix for
the parameters, and plots of the marginal posterior probability distributions.
The robustness of the mode and correctness of the uncertainty calculation was tested
in two ways.
First, subsets of the data of varying length were randomly sampled with replacement,
from the light curve. Then the mode of each subset was calculated. Fig. 2.5b shows the variance in the mode of each sample of Tycho ﬂux density measurements, taken from diﬀerent
length intervals of the total observation. As the length of these intervals was increased, the
standard deviation of the mode of each subset was calculated and plotted as the dashed
black line in Fig. 2.5a.
Then, the “Random Sampling” curve in Fig. 2.5a shows the estimation of the uncertainty in the mode of a randomly drawn sample from the light curve. Comparing these
uncertainty estimates, the PyMC3 estimate from the random sample, with the empirically
measured standard deviation of the modes from several diﬀerent subsets, and the estimate
calculated from the ﬁt parameter uncertainties added in quadrature provides additional
independent veriﬁcation of the reported uncertainty.
As previously argued this catalogue presents the mode of the skew-normal distribution as the most robust measurement of the ﬂux density of each source, under the inﬂuence
of a turbulent ionosphere. The observed tendency toward positive skewness indicates that
longer integrations, or simply averaging successive shorter integrations, would yield a positive bias in the inferred ﬂux density.
Given that AARTFAAC images are generated and calibrated at a rate of one per second, well below the typical time scale of ionospheric scintillation, it is possible to observe
a large number of ﬂux density measurements, ﬁt the distribution, and calculate the mode.
However, other low frequency surveys typically make much longer integrations to reduce
the image noise level. Therefore the quantity which should be compared is the mean, rather
than the mode. The mean, µ, of the distributions ﬁt can be calculated from the parameters
given in the catalogue as follows,

√
µ = ξ + ωδ

2
.
π

(2.6)

Lastly, the uncertainty presented in the ﬂux densities are the statistical uncertainty
in the modes of each distribution. As shown in Fig. 2.5a follow up measurements would
agree within the stated uncertainty if the duration of the observations is suﬃcient. However,
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observations shorter than the ionospheric time scale could only be expected to agree within
the standard deviation, described by,

√
σ=

2

(
ω

2

2δ
1−
π

2

)
.

(2.7)

2.5 Catalogue
2.5.1 General properties
The aim of this catalogue is to ﬁll the gap between the VLSSr at 74 MHz (Lane et al., 2014)
◦
and the 8C catalogue at 38 MHz. Indeed, for many sources below the 60 degree declination
limit of the 8C survey, this catalogue contains the lowest frequency ﬂux density measurement.
◦
The source detection region extends to 50 from zenith. As a result of correcting the eﬀect of
the primary beam, the background noise increases from zenith toward the horizon. However,
◦
◦
within 50 from zenith the noise is roughly constant or increases slowly. Beyond 50 however,
the background noise is greater than twice the noise at zenith and increases dramatically.
◦
Given that zenith is toward 52.9 declination at the LOFAR superterp, the survey covers the
full Northern Hemisphere. This is illustrated in Fig. 2.6, where the coverage area of the
AARTFAAC catalogue is compared to the Perley & Butler (2017), Helmboldt et al. (2008),
and the 8C (Rees, 1990) catalogues.
This catalogue will also be beneﬁcial as an independent check for the calibration of
low frequency, wide-ﬁeld images generated by the LWA and other LOFAR-LBA surveys such
as the forthcoming MSSS. Additionally, the technique presented here can be implemented
for real-time streaming calibration of the Southern Hemisphere arrays MWA and SKA-LOW.
2.5.2 Position
The uncertainties in the position measurements by AARTFAAC are large relative to other
surveys due to the lower resolution of the images. Fortunately, given the threshold to which
we detect sources, the resulting number density in the sky is such that this does not cause
a problem when associating measurements of any source across the set of images in an
◦
observation. Correspondingly, within an association radius of 1 any AARTFAAC source can
be uniquely matched. Moreover, since the primary goal is the creation of a catalogue for ﬂux
density calibration to compare with future transients, highly accurate source positions are
not essential.
Nevertheless, the best estimate of the position of each source was measured. This
was done by taking the mean, weighted by the uncertainty in the ﬁtted position from each
extraction.
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Figure 2.6: A comparison of the 167 AARTFAAC catalogue sources, and the primary reference sources: 23 in Perley & Butler (2017) of which 8 are observable above a
◦
declination of 0 , and 388 from Helmboldt et al. (2008) of which 120 are associated with AARTFAAC sources.
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Figure 2.7: Comparing the modelled ﬂux density of the initial calibrators, from Perley & Butler (2017) to their AARTFAAC measured ﬂux density. This shows excellent relative brightness agreement across the sources. The exception is
the faintest source 3C286, with a modelled ﬂux density of 29.15±0.25 Jy and a measured ﬂux density of 47.69±0.12 Jy.
Measurements reported by Helmboldt et al. (2008) also have a large scatter around the model across the frequency
range. This may be due to systematic diﬀerences among the diﬀerent surveys.

Table 2.3: A comparison of the diﬀerence between the AARTFAAC inferred ﬂux density, and values modelled from
the spectral ﬁts presented in the reference catalogues. The modelled ﬂux density, and associated uncertainties, for the
Perley & Butler (2017) catalogue were generated via a Monte Carlo method, by ﬁtting a spectrum to random samples
of the ﬂux density measurements. These values were used as the initial ﬂux density scale for bootstrapping to the
entire AARTFAC catalogue. Additionally, for comparison, the modelled ﬂux density from Scaife & Heald (2012) are
shown. These ﬂux density estimates, and uncertainties, were generated using the coeﬃcients and their uncertainty in
the spectral model published. As such, the uncertainty in these ﬂux density estimates at 60 MHz is much higher. Lastly,
our values are compared to the results of Eastwood et al. (2018), interpolated to 60 MHz.

Source Name

3C48
3C123
3C147
3C196
3C286
3C295
3C380
Hercules A

Scaife and Heald
Model
[Jy] @ 60 MHz
77 ± 5
43 ± 4
151 ± 5
33 ± 2
134 ± 11
156 ± 4
-

Perley and Butler
Model
[Jy] @ 60 MHz
74.55 ± 0.64
473.75 ± 3.87
50.59 ± 0.66
151.84 ± 1.25
29.15 ± 0.25
138.65 ± 1.13
152.63 ± 1.95
876.31 ± 10.55

AARTFAAC
Measured
[Jy] @ 60 MHz
81.36 ± 0.33
462.85 ± 0.33
48.71 ± 0.14
157.30 ± 0.20
47.69 ± 0.12
112.55 ± 0.18
136.75 ± 0.09
873.07 ± 0.37

Eastwood et al.
Interpolated
[Jy] @ 60 MHz
83.7 ± 2.29
44.89 ± 1.02
32.63 ± 0.43
125.22 ± 3.44
134.49 ± 3.70
-
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Figure 2.8: A comparison of the collected reference measurements of the ﬂux density of 3C286, compared to the
AARTFAAC measurements (open circle). The Perley & Butler (2017) measurements (green x’s) and modelled spectra
(black line) was used for the initial catalogue bootstrapping. While values reported by Eastwood et al. (2018) (orange
circle) are direct measurements at frequencies comparable to AARTFAAC with the OVRO-LWA, an instrument with a
similar design to AARTFAAC. However, the ﬂux densities reported by Helmboldt et al. (2008) (red dots) show the high
variance in published ﬂux densities across the spectrum. Two simple power-laws (solid and dashed red lines) ﬁt by
Helmboldt et al. (2008) are also shown. Interestingly both AARTFAAC and OVRO-LWA agree better with the simple
power-laws shown here.

2.5.3 Reference source ﬁt
The accuracy with which the ﬂuxes of the modelled reference sources are measured from
the images, after calibration, is a validation of the models. This is due to the fact that, as
more sources are added to the catalogue and incorporated into the calibration scheme, the
inferred ﬂux density of a single incorrectly modelled source would diverge from the initial
estimate, due to the inﬂuence of the other correctly modelled sources on the ﬂux density
scaling ﬁt for the entire image.
In order to illustrate the resulting goodness of ﬁt between the modelled reference
ﬂuxes used in calibration and the resulting measurements, the spectrum from Perley & Butler (2017), with our AARTFAAC data point (open circle), is shown in Fig. 2.4. Here, the
AARTFAAC measured ﬂux density does not agree, within the uncertainty of the reference
model (blue region). Fig. 2.7 and Table 2.3 show that the only source for which the reference
model and AARTFAAC measurement agree within their combined uncertainty is Hercules A,
the brightest source.
However, a strong linear relationship between the reference ﬂux density and the
measured ﬂux density is illustrated in Fig. 2.7. This illustrates the linear response of the
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array to sources from 50 to over 800 Jy. And suggests that the relative brightnesses of the
models are not completely accurate at 60 MHz.

2

Lastly, our ﬂux density values were compared to those measured by the Owens Valley
Long Wavelength Array (OVRO-LWA), (Eastwood et al., 2018). The OVRO-LWA ﬂux density
values compared in Table 2.3 are derived by interpolating between the measured values,
provided in their supplementary online material, and the uncertainties calculated using a
Monte Carlo method to randomly draw a population of ﬂux density measurements within
the reported uncertainty range. Notably, the sources 3C48 and 3C380 both agree within
mutual uncertainties. This is interesting due to the similarity of the instruments, but the
very diﬀerent method for calibration and imaging.
Lastly, it is apparent that the ﬂux density measured here for 3C286 is signiﬁcantly
higher than what is reported by all three of the reference catalogues. It is unclear what
could cause this for a single source. 3C286 is a very well known calibrator. In an attempt
to explain the additional ﬂux, measurements by a single dish instrument, in which 3C286
is unresolved (Ott et al., 1994) were compared. However, this study yielded results that
agree with the measurements of Perley & Butler (2017) using the VLA, indicating that we
are not observing additional diﬀuse ﬂux as in the case of the Tycho supernova remnant.
◦
Additionally, given that 3C286 is at a high Galactic latitude, 10 north of the North Galactic
Spur, it is unlike likely the additional ﬂux is the result of diﬀuse Galactic emission removed by
simply imposing the minimum baseline of 10λ. Further, there is no correlation between sky
location and deviations between the modelled and measured ﬂux densities. When viewing
the AARTFAAC measured ﬂux density alongside the ﬂux density values and simple spectra
reported by Helmboldt et al. (2008), illustrated in Fig. 2.8, the diﬀerence does not appear
as anomalous. In fact, the power-law spectra ﬁt by Helmboldt et al. (2008) predict a ﬂux
density at 60 MHz of 42 Jy. While these data and spectra are less precise than those measured
by Perley & Butler (2017), it is notable that both the results from AARTFAAC and the OVROLWA are better predicted by these spectra.
2.5.4 Spectral turnovers
Some of the spectral models ﬁt by Helmboldt et al. (2008) predict a turnover below the
lowest frequency at which measurements were made. Nevertheless, the new ﬂux density
measurements made at 60 MHz clearly indicate that, instead, the spectral shape of at least
six of these sources continue to rise. The spectra for the six sources, whose labels from both
the AARTFAAC catalogue and VLSSr catalogue are listed in Table 2.4, can be seen in the
supplemental online material, where the AARTFAAC measurement is plotted alongside the
ﬂux density measurements and spectral ﬁts from Helmboldt et al. (2008). An example of
these ﬁgures is shown in Fig. 2.9, where the ﬂux density measurements from Klein et al.
(1979) are plotted as well.
Further ongoing ﬂux density studies, across the full observational spectrum of the
LOFAR LBA, 10–90 MHz, could potentially reveal turnovers at a frequency lower than 60
MHz.
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Table 2.4: A list of sources for which a spectral turnover was predicted, which we do not observe. Here the signiﬁer from
the AARTFAAC and VLSSr are given. In the supplemental online material, the AARTFAAC ﬂux density measurements
are compared alongside the measurements and spectral ﬁts in ﬁgure 1 of Helmboldt et al. (2008).

AARTFAAC
Label
J0110+322
J1011+068
J1147+496
J1445+768
J1630+442

-

VLSSr
Label
J0110+315
J1011+062
J1146+495
J1447+766
J1629+442

2.5.5 Blended sources
One issue with interferometers is that the minimum baseline length determines the sensitivity of the instrument to regions with large diﬀuse emission. Therefore, objects with a larger
angular size will have their diﬀuse emission, at least partially, resolved out by interferometers which achieve a high angular resolution. This reduces the total apparent ﬂux density of
diﬀuse sources when compared to measurements by a single dish instrument. Consequently,
to remove the large, bright, diﬀuse structure of the Milky Way we eliminate all baselines below 10λ. This eﬀectively eliminates much of the Galactic emission which would otherwise
be a dominant foreground.
In observing large diﬀuse sources, such as nearby supernova remnants, we see that
AARTFAAC recovers the total integrated ﬂux density as eﬀectively as a single dish instrument. This eﬀect is shown in Fig. 2.9 for the supernova remnant Tycho, where the ﬂux density measurements (red dots) and spectral ﬁt (red line) reported by Helmboldt et al. (2008)
are compared with a multi-wavelength analysis observed with a single dish instrument by
Klein et al. (1979)(blue circles). Additionally, the integrated ﬂux density value from the 8C
catalogue is plotted in green. Consequently, the sensitivity of AARTFAAC on larger angular scales presents an additional use case beyond transients; for example, to study Galactic
emission, and diﬀuse regions around other sources such as Cassiopeia A and Cygnus A.
Due to the relatively low resolution of AARTFAAC, compared to the 8C and VLSSr
surveys, some objects reported here as individual sources are known to be composed of two
or more sources blended together. By comparing the AARTFAAC catalogue to VLSSr with
integrated ﬂux density greater than 10 Jy we ﬁnd that the sources listed in Table 2.5 are the
result of multiple blended objects.
However, so long as the sum of these blended sources maintains a stable ﬂux density
the component contribution of each is not important for us since AARTFAAC does not resolve
them independently. Therefore, no eﬀort was made to de-blend the sources, and attempt to
retrieve an accurate ﬂux density for each individually. The blended sources, as they appear
to AARTFAAC, are still useful for our calibration purposes. Although instruments with a
higher resolution, including AARTFAAC after the currently planned extension which will
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Figure 2.9: The spectra of the supernova remnant 1572, also known as Tycho. The measurements reported by Helmboldt et al. (2008) (red dots) show a signiﬁcantly reduced integrated ﬂux density compared to the AARTFAAC measurement at 60 MHz. This is due to the higher resolution of these surveys resolving out power in the diﬀuse emission.
Comparing this to the multi-frequency single-dish measurements by Klein et al. (1979) (blue circles), the 8C catalogue
(Rees, 1990) (green circle), and AARTFAAC (open circle) which fully recover ﬂux density on this scale like a single
dish instrument, as a result of their lower resolution.
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Table 2.5: A list of sources in the AARTFAAC catalogue which are known to be composed of two or more VLSSr sources
blended together. A threshold of 10 Jy was used to ﬁlter the VLSSr catalogue in order to limit the number of objects
compared. This threshold is motivated by the fact that a source below 10 Jy at 74 MHZ would, given the sensitivity of
AARTFAAC, likely not have a strong contribution to the observed ﬂux density.

AARTFAAC
Label
J0027+643
J0110+134
J0224+430
J0400+105
J0420+381
J0506+381
J0627+401
J0657+542
J0829+292
J0855+139
J1144+218
J1445+768
J1506+259
J1552+050
J1840+797
J2247+397
-

VLSSr ﬂuxes
[Jy]
28.24 ± 0.19
17.62 ± 0.19
13.51 ± 0.20
56.78 ± 0.10
23.69 ± 0.10
12.77 ± 0.15
10.16 ± 0.16
23.88 ± 0.26
10.85 ± 0.26
38.76 ± 0.21
29.24 ± 0.21
13.44 ± 0.21
86.76 ± 0.24
25.40 ± 0.24
14.56 ± 0.24
11.31 ± 0.24
16.76 ± 0.10
16.31 ± 0.09
39.71 ± 0.09
12.61 ± 0.10
19.55 ± 0.10
15.38 ± 0.10
40.21 ± 0.17
15.17 ± 0.18
30.70 ± 0.14
16.40 ± 0.13
18.67 ± 0.13
14.72 ± 0.14
28.97 ± 0.12
11.99 ± 0.12
373.91 ± 0.49
309.02 ± 0.51
22.01 ± 0.32
18.60 ± 0.31
10.92 ± 0.31
34.83 ± 0.18
25.58 ± 0.19
25.46 ± 0.18

AARTFAAC ﬂux density
[Jy]
362.42 ± 0.27
122.93 ± 0.23
96.47 ± 0.10
132.39 ± 0.15
167.93 ± 0.09
237.15 ± 0.13
44.95 ± 0.06
56.75 ± 0.06
39.14 ± 0.08
64.32 ± 0.13
50.02 ± 0.16
45.58 ± 0.10
127.36 ± 0.13
873.07 ± 0.37
117.25 ± 0.14
150.89 ± 0.15
-
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incorporate 6 additional stations, may need to exclude these when calibrating, and measure
the separate component ﬂuxes.
2.5.6 Summary of ﬂux calibration and measurement accuracy

2

From all the above, it is clear that a number of signiﬁcant factors play a role in the accuracy
with which AARTFAAC can report calibrated source ﬂuxes: the stability and sensitivity of
our instrument, the stability of the ionosphere, and the ability to relate our instrumental
brightness measurements to well-studied ﬂux calibrators. Here we collect and summarize
our ﬁndings on these aspects:
Instrumental ﬂux stability: We collected data from all LSTs, over 3 months, and ﬁnd
that longer-time average ﬂuxes show no trends with time or Zenith angle at levels above 1%,
so indeed our measurements and instrumental calibration are quite stable (Figs. 2.3 and 2.5).
Furthermore, we see that for bright sources the error estimates on 1-second measurements
are a bit larger than the measured ﬂux variations on short time scales (Fig. 2.5), so our error
estimates are somewhat conservative.
Ionospheric eﬀects: We have used data from representative ionospheric weather, however excluding periods of either strong RFI or ionospheric turbulence around the A-team
sources which resulted in the data being ﬂagged by the correlator or calibration pipelines,
and no images being created. We see that in these data, the dominant timescale for ionospheric variations is of order 15 minutes at our observing frequency (60 MHz) and the typical
amplitude is 10–15%, somewhat larger than the instantaneous ﬂux measurement accuracy
of bright sources (Fig. 2.5). We also ﬁnd that these variations are spatially uncorrelated on
scales more than 5 degrees. This is why we employ the strategy of ﬁtting instantaneous
ﬂux scales using all available AARTFAAC catalogue sources at any time: it decreases the uncertainty in the calibration scale factor and prevents the scintillation variations of a single
calibrator to dominate the ﬂux scale. Because we do this every second and monitor the variations, we are provided with an automatic assessment of ionospheric conditions, which is
also used by LOFAR. These eﬀects are much less in MWA at somewhat higher frequencies,
see (Loi et al., 2015c), indicating that even within the LOFAR low band the strength will
vary signiﬁcantly with frequency.
Absolute calibration: To tie the AARTFAAC ﬂux scale to more widely applicable radio ﬂux calibrations, we compared our ﬂuxes to a number of previously established radio
catalogues. We had to ﬁt models and interpolate, since very few previous measurements
are available at 60 MHz (sect. 2.5). In table 2.3, we can see the precision and stability of
our measurements is indeed very good compared to previous work, but that the calibrations
of diﬀerent very bright Northern sources diﬀer by a few to 10% between papers, and in a
few cases more (speciﬁcally our ﬂux for 3C286 seems anomalously high compared to other
work). Absolute ﬂux calibration at these radio frequencies thus appears to be mostly reliable
to 10%.
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2.6 Conclusion
This work presents the method used for calibrating the ﬂux density scale of AARTFAAC
images in real-time, for the upcoming transient and variability surveys. Additionally, the
AARTFAAC catalogue of calibration sources is presented.
Due to the lack of a suﬃcient number of well-measured calibrator sources at low
frequencies, and the requirement that AARTFAAC images are calibrated in real-time, a bootstrap algorithm was used. Hence, the AARTFAAC catalogue is fundamentally based on a
ﬂux density scaling derived from the spectral ﬁts published by Perley & Butler (2017). Consequently, any systematic bias in the ﬂuxes reported there could inﬂuence the AARTFAAC
catalogue. Therefore, as veriﬁcation, the AARTFAAC catalogue was compared to the larger,
but less precise, catalogue of Helmboldt et al. (2008). Here good agreement was found between the spectral ﬁt extrapolated to 60 MHz and the measurements presented in this work.
However, a tendency for AARTFAAC to measure more ﬂux was observed. This is potentially
explained by the much higher density of the LOFAR superterp resulting in higher sensitivity to diﬀuse emission. Therefore, it is shown that AARTFAAC is capable of ﬁlling the gap
between 38 and 74 MHz and providing an accurate ﬂux density scale for the calibration of
densely packed low-frequency arrays.
Additionally, statistical analysis of the times series of ﬂux density measurements for
each source resulted in insights into the eﬀect of ionospheric variability. Signiﬁcantly, it was
observed that such variability preferentially skews the distribution of measurements in a
positive direction, giving the average a positive bias. Consequently, it was found that the
most robust method to mitigate this was to ﬁt a skew-normal distribution and calculate
the mode. In light of this, observations which attempt to achieve high sensitivity with long
integrations, without correcting for ionospheric variability on short timescales, will also have
a positive bias.
For our ability to detect new transients, the ﬂux calibration is of minor importance,
because this depends only on the ability to detect a new source against the local noise. The
main limitations for this are (i) that we examine large volumes of data, so we typically have
to set the threshold at 8 times the local RMS to avoid many false positives, and (ii) that we
have to distinguish transients from RFI, terrestrial sources and artefacts. But if we do detect
a source, the instantaneous ﬂux uncertainty on second-time scales will be dominated by
the ionosphere for bright sources, and roughly equally by the ionospheric and measurement
noise near the threshold. The ionospheric uncertainty decreases signiﬁcantly only when the
sources stay on for longer than the typical variation time of 15 minutes.
In the future, this work may be extended by incorporating more data. Given that the
primary science goal of AARTFAAC is to survey the sky for transient and variable sources,
many hundreds of hours of observations will be made. This enormous amount of data will
allow for extremely precise ﬂux density values to be measured.
Lastly, observations across the entire frequency range of the LOFAR LBA 10–90 MHz
would allow highly accurate spectra to be ﬁt, however, at the low end of the bandpass Perley
& Butler (2017) would no longer be a suitable reference catalogue. Lastly, the planned up-
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grade of AARTFAAC to include 12 stations of the LOFAR core, rather than the six currently
in operation, will produce images of higher sensitivity and resolution. This will allow for the
measurement of currently blended sources, and many which are now below our detection
threshold.
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Abstract
We report the experimental setup and overall results of the AARTFAAC wide-ﬁeld radio
◦
survey, which consists of observing the sky within 50 of Zenith with a bandwidth of 3.2 MHz
at a cadence of 1 s, for 545 h. This yielded nearly 4 million snapshots, two per second, of
on average 4800 square degrees and a sensitivity of around 60 Jy. We ﬁnd two populations
of transient events, one originating from PSR B0950+08 and one from strong ionospheric
lensing events, as well as a single potential extragalactic transient. We also set a strong upper
limit of 1.1 all-sky per day to the rate of any other populations of fast, bright transients.
Lastly, we constrain some previously detected types of transient sources by comparing our
detections and limits with other low-frequency radio transient surveys.
radio: transients — radio: surveys — pulsars: B0950+08 — space weather

3.1 Introduction
Discoveries of astronomical transients frequently occur by chance, during observations designed for other purposes, e.g., in the case solar-ﬂare gamma-ray outbursts (Peterson &
Winckler, 1959), radio pulsars (Hewish et al., 1968), and gamma-ray bursts (Klebesadel
et al., 1973). Some, however, are the result of deliberately designed surveys, either to explore a new part of parameter space (e.g., Stewart et al., 2016), or to search for more examples of a known type of transient, in recent history notably fast radio bursts (e.g., CHIME
& ARTS, CHIME/FRB Collaboration et al., 2019a; Oostrum et al., 2020). Others are set up
with a speciﬁc goal, and then ﬁnd or study a great wealth of other phenomena, such as the
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OGLE experiment (Paczynski et al., 1996, see, .e.g.,). By now, of course, there are many
such experiments at optical wavelengths.

3

The discovery of as-of-yet unobserved phenomena in a new part of transient parameter space (ﬂux density, observing frequency, timescale) has been a key science goal of the
Low-Frequency Array (LOFAR; van Haarlem et al., 2013) since its inception (Fender et al.,
2006). AARTFAAC, the Amsterdam-ASTRON Radio Transient Facility and Analysis Center,
is a project developed to utilize LOFAR’s central stations to expand its transients discovery
space to even wider ﬁelds and faster cadences, but at relatively poor angular resolution
and sensitivity: it searches for the rarest and brightest transient and variable phenomena on
seconds time scale. As a dedicated transient detector, its goal is to maximize the useful information recorded, near-real-time, and generate alerts for broadcast to the multi-wavelength
transient community.
Beyond discovering entirely new classes of transient events, our blind survey allows
us to constrain surface density-brightness limits on the low-frequency counterparts to known
transient and variable sources. Even upper limits to the prompt emission from mergers of binary neutron stars or neutron-star black-hole binaries could aid in determining the neutron
star equation of state; for gamma-ray bursts (GRBs) and magnetar outbursts, the host environment and emission physics could be constrained (e.g., Gaensler et al., 2005; Granot &
van der Horst, 2014; Burlon et al., 2015, and references therein); for fast radio bursts (FRBs)
the rates and/or the low-frequency spectrum and emission mechanism might be constrained
(Rajwade & Lorimer, 2017).
Realizing the goal of a near-real-time transient detection requires the development
of algorithms that automatically ﬁlter an enormous number of spurious candidates. This,
in turn, requires a thorough characterisation of the instrument and data. Therefore, while
the primary purpose of our survey is to detect bright, low-frequency, transient events that
evolve on timescales of seconds, our secondary purpose is the development of a detection
pipeline which can monitor our data stream and produce a reasonable number of candidates
for closer inspection.
We performed a blind survey at 60 MHz for transient events with timescales down
to one second. In doing so, we developed a novel method for analysing light curves to detect any potentially interesting events, while reducing detections of specious sources, e.g.,
noise, interference, satellites, and airplanes. With that, we observed various phenomena,
from extreme-ﬂuence pulsar outbursts (Kuiack et al., 2020a) to isolated scintels magnifying
persistent sources, and scintillating structures lasting many hours, and lastly a potential example of a cosmic transient (Kuiack et al., 2020b). In this paper, we present the overall data
analysis strategy of the survey and limits to the surface densities of any as yet undiscovered
phenomena and compare these results with other recent low-frequency transient surveys.
In Sect. 3.2 we brieﬂy describe the instrument and data products analysed, and the
set of observations gathered. Next, in Sect. 3.3 we outline the method we have developed
to analyse our source databases and detect potentially interesting astrophysical events. Our
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Figure 3.1: Left: An example single AARTFAAC snapshot image. Right: The remaining sky area surveyed after regions
around the AARTFAAC catalogue sources and A-team have been excluded. The red circle indicates the extent of the
◦
◦
detection region, 50 from Zenith. The outer edge of the image is at elevation 4 , in order to cut oﬀ the worst noise
◦
◦
close to the horizon. After excluding 3 around the AARTFAAC catalogue sources, and 10 Cassiopeia A and Cygnus A,
70% of the area remains searchable. In both images, halfway South from Zenith, a magniﬁed source, normally below
our detection threshold, is visible.

results are presented in Sect. 3.4, followed by a discussion of our ﬁndings in the context of
other recent surveys in Sect. 3.5. Lastly, we conclude in Sect. 3.6.

3.2 Instrument and Observation
3.2.1 Instrument
AARTFAAC is a multi-purpose, wide-ﬁeld, fast cadence imaging, low-frequency radio project
(Prasad et al., 2014, 2016). It operates as a parallel back end, utilizing the low-band antennae (LBA) simultaneously during other regularly scheduled LOFAR observations. Since
AARTFAAC can only operate while LOFAR is in LBA mode and some otherwise unscheduled
(‘ﬁller’) time, the observation times and durations are somewhat random, and a single observation can last from under 1 h to 24 h. The signal is taken directly from 288 dipoles in
the outer rings of the central six LOFAR stations, providing a maximum baseline of 300 m
◦
and yielding a spatial resolution of 1 at 60 MHz. The dipole response pattern, together with
our correlating, calibration, and imaging pipeline produce Zenith-pointing snapshots with a
sensitivity to the full sky, decreasing from best at Zenith to very poor on the horizon (Prasad
et al., 2014, 2016). An example of a snapshot image is given in the lefthand panel of Fig. 3.1.
Prior to imaging, the signals from the brightest sources, Cassiopeia A, Cygnus A, Taurus A,
Virgo A, and the Sun, are removed by ﬁtting and subtracting a single component Gaussian
for each, in visibility space. The Galactic emission is reduced by removing baselines shorter
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Table 3.1: The time distribution and duration of the observations which were analysed for this work.

Month
2016-08
2016-09
2016-11
2017-02
2018-03
2018-04
2018-07
2018-09

Hours observed
2.5
4.9
0.6
31.6
26.8
41.9
24.2
24.7

Month
2018-10
2018-11
2018-12
2019-01
2019-02
2019-03
2019-05
2019-09

Hours observed
70.9
55.5
15.4
111.0
34.1
31.5
63.4
6.2

3
than 10λ (where λ = 5 m at 60 MHz). Lastly, a primary beam correction is applied, which
ﬂattens the antenna response across the ﬁeld of view (Kuiack et al., 2018).
3.2.2 Observations
In this work we present the analysis of 545.25 hours of data collected between August 2016
and September 2019. The distribution of observations is shown in Table 3.1.
The data were recorded at 1 s time resolution, with 16 sub-bands of width 195.3 kHz,
arranged in two blocks of 8 consecutive sub-bands, from 57.5 – 59.1 and 61.0 – 62.6 MHz.
Each frequency block was then summed to create two images per second. The image ﬂux
scaling is calculated independently per image by comparing the sources, extracted using
PySE (Carbone et al., 2018), to the AARTFAAC catalogued values, using the method described in Kuiack et al. (2018). Prior to ﬂux scaling, poorly calibrated images are rejected
if the standard deviation of the image data is greater than 1000 arbitrary ﬂux density units
(typical values for well-calibrated images are below 200.) 545.25 hr is thus the total amount
of data used for transient detection, this excludes all poorly calibrated images, and time steps
where only one of the two frequency intervals was successfully imaged.
For detecting transients in astronomical images we use the LOFAR Transient Pipeline
1
v3.1.1 (TraP; Swinbank et al., 2015, and references therein). TraP processes the images
in sequence, extracting all signal above a detection threshold, then making positional associations with a database of objects previously detected during the observation. Due to the
computational limits of searching a large database, we create a new independent database
for each observation. We use a detection threshold of 5σ, with a detection radius of 400 pix◦
2
els from the image centre, which corresponds to 50 from Zenith and an area of 7368 deg .
The outer radius is chosen to maximize the searchable area, by setting the edge where the
sensitivity is still reasonable and near-horizon eﬀects like RFI and low antenna gain are still
small.
1

https://github.com/transientskp/tkp
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3.3 Methods
The primary challenge in transient detection with a sensitive, fast imaging, wide-ﬁeld instrument, such as AARTFAAC, is the great number of transient and variable sources that are
not astrophysically interesting. Transient sources include terrestrial radio frequency interference (RFI), detected from the horizon, or reﬂected from ionized meteor trails, airplanes,
or originating from satellites. Additionally, propagation of distant stable signals through the
ionosphere and plasmasphere can be strongly modulated to appear transient or variable
(Kuiack et al., 2020b). Excluding these diﬀerent types of false transient candidate requires
a multi-staged ﬁltering process.
The ﬁrst step in our ﬁltering process is setting the detection threshold suﬃciently high
to exclude the events occurring in the tail of the background noise distribution. Our initial
5
detection threshold per source is 5σ, which resulted in 3.2 × 10 detections over the 545.25
hours (where one detection means one light curve added to the catalogue, i.e., a unique sky
location with at least one, but possibly very many detections during one observing interval).
We exploit the two images we make per time-step, by requiring a source to be detected in
both images, with at least one 8σ detection in either frequency. This ﬁlters a large amount
of RFI, which tends to be narrow band, and random noise occurring independently in either
image. This ﬁlters roughly 85% of detected source.
Secondly, a large number of spurious events, 10% o f all detections, are ﬁltered by excluding regions around known bright, persistent sources. The AARTFAAC catalogue (Kuiack
et al., 2018) is slightly deeper, therefore many sources are at the detection threshold of the
transient survey. These sources will scintillate above the threshold and create false positives.
During times of extreme scintillation, the sidelobes of the brightest sources will also be above
◦
◦
the threshold. We therefore exclude 3 around the AARTFAAC catalogue sources, and 10
around the A-team sources. These regions err on the cautious side because the reduction
in false positives is worth the sacriﬁce of surveyed area. The region of surveyed sky in an
example image is presented in the righthand panel of Fig. 3.1. The remaining sky area is
typically between 60 and 70% of the sky, depending on the speciﬁc local sidereal time (LST).
The average proportion of the detection region surveyed is 0.65, resulting in a mean survey
2
area per image of 4789 deg .
Due to the exclusion regions, the list of candidates is limited to regions of the sky
where there are typically no bright sources. All source association is done in celestial coordinates, without accounting for possible proper motion. Therefore, objects moving with
respect to the celestial background, such as airplanes and satellites moving through our ﬁeld
of view, generate a multiplicity of sources across their trajectory, appearing in the database
as a separate object each time the source moves beyond the association radius. Sometimes
the motion is slower than one PSF width per image, and the object may appear as a set of
short light curves. In any case, when integrating over a longer time interval these sources
present as streaks across the image, which are obvious artefacts that can easily be recognized and removed. With high cadence imaging they will appear as point sources, and can
only be distinguished based on their association to other candidate sources. Given that true
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Table 3.2: The total number of sources, deﬁned as a 5σ detection of ﬂux density originating from a unique celestial
coordinate, per observation, which were left after applying each successive ﬁltering criterion.

Filter step
Initial trap output
8σ in one band
Catalogue match
Moving sources
Remaining

3

Source count
322,571
271,188
35,196
6,478
9,709

astrophysical transients are rare (Section 3.5), we found that excluding new detections that
◦
occur within a space-time distance of 2.5 angular separation and 500 s was adequate to reject moving sources; these parameters were tuned using a sample dataset which contained a
number of transiting unidentiﬁed ﬂying objects. In Table 3.2, we give the number of sources
left in the sample after application of each of these ﬁltering criteria.
Finally, the 9061 sources remaining were inspected manually and with our automated pipeline using the light-curve peak detection and analysis technique described in
Kuiack et al. (2020b). Still, quite a few of these were found to be trivial, more sidelobes
of bright sources and persistent sources below our detection threshold that occasionally
brighten enough to cause a detection, for example. Therefore, there is more still that can
be done to reduce the number of false transients in our automated real-time pipeline. The
astrophysically relevant transients are discussed further in Section 3.4.3.

3.4 Results
3.4.1 Flux and position uncertainty
We investigate the validity of our ﬂux density calibration by comparing all ﬂux density measurements of the AARTFAAC catalogue sources made during the survey. We ﬁnd the mean
ﬂux ratio, fsurvey /fcat = 1.06 ± 0.25. The 25% ﬂux density uncertainty, predominantly due
to ionospheric variability, is in line with our previous results (Kuiack et al., 2018).
◦

The 300 m maximum baseline results in an angular resolution of 1 . However, the
ﬁnal position uncertainty is also aﬀected by the random apparent movement of sources due
to scintillation, and systematic errors in the calibration and imaging pipeline. We ﬁnd that
apparent motion due to scintillation is not a signiﬁcant factor, with the typical standard
◦
deviation of both RA and DEC being around 0.1 , well below the PSF width.
We also, however, measured a signiﬁcant, systematic oﬀset in our image WCS by
comparing the measured positions of bright sources in the AARTFAAC images to the VLSSr
catalogue. The direction of the oﬀset is not constant around the image but varies depending
on the source’s location on the sky. In ﬁg 3.2 we show how the position diﬀerence changes
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Figure 3.2: The position diﬀerence between the AARTFAAC WCS and VLSSr sources. The arrow lengths are 10× the
◦
◦
real sky distance. The mean position oﬀset is 0.25 .The red circle is again the edge of the search area at Z = 50 .

as a function of horizontal coordinates. The interpolated grid of position diﬀerences was
generated with the full AARTFAAC survey. This indicates that it is an error in the calibration
◦
or imaging pipeline. With a mean distance is 0.25 , the correct coordinate is still within an
AARTFAAC beam width. The error was known and corrected ad-hoc in our recent analysis,
such as the association of extreme-ﬂuence pulses with B0950+08 (Kuiack et al., 2020a).
3.4.2 Sky area, coverage and Sensitivity
Using the assumption that the rate of some unknown transient population would follow a
Poisson distribution, the probability of detecting n transients during a survey,
n

P (n) =

λ −λ
e ,
n!

(3.1)

where λ = ρ(Nepochs − 1)ΩFOV is the expected number of transients, with surface density
ρ, observable at any given instant. The number of independent epochs, one second time
steps with two good images, in the AARTFAAC survey is Nepochs = 1, 962, 910, with an
2
average useable search area of ΩFOV = 4789 deg . With a non-detection, we can calculate
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of −3/2, expected of a population of standard candles uniformly distributed in Euclidean space, the red dash-dot line is scaled to the surface density of the single potential
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the surface density to a 95% conﬁdence level by setting P (0) = 0.05 and solving for ρ,
−10
−2
which gives ρ = 3.1 × 10
deg (which in equivalent to 1.1 per day all-sky).
However, this assumes that the given transient is detectable in every region across
every image. We can extend this by accounting for the total surveyed area as a function
of the sensitivity limit. Rather than reporting a single value, we have plotted a continuous
distribution which describes the surface density surveyed, to each sensitivity. This results
from the fact that, with a wide-ﬁeld instrument such as AARTFAAC, the transient sensitivity
can vary across the ﬁeld of view in a single image, and across images according to local
sidereal and universal time. In Fig. 3.3 we show a comparison of the surface density probed
by the AARTFAAC survey (dark blue dashed curve), compared to many recent transient
surveys across a wide range of frequencies and timescales.
The survey sensitivity coverage is calculated from the parameters stored in the database.
Only information measured and calculated during each source extraction is stored, to reduce
the data volume. Since the RMS noise and thus the sensitivity is slowly varying with position
within the detection region, the survey database does not store a noise map, but only the
ﬂux and detection signal-to-noise of each source. We then, of course, know the RMS noise
at each source location as the ratio of those numbers and can use those values to recreate
a good noise map by interpolation. As a boundary value for the noise at the edge of the
detection region for use in this interpolation we use the average of RMSmax and RMSqc ,
◦
which are the maximum RMS in the image and RMS in the region 20 around Zenith. Both
values are calculated and stored by TraP during image processing. This approximation has
been empirically veriﬁed by calculating the sensitivity area distribution directly from a set
of 100 images across a six hour observation.
3.4.3 Positive detections
Our survey revealed two populations of transient events, observable due to our fast imaging
cadence.
The ﬁrst are extreme pulses from the pulsar B0950+08 (Kuiack et al., 2020a). In
the righthand panel of Fig. 3.3 we show the surface density of these pulses detectable as a
function of the sensitivity limit (magenta line). The distribution is the number of pulses of
a given brightness, divided by the total sky area surveyed to that detection threshold. Given
that all of the pulses emanate from a single object, the surface density here is not describing
an isotropic distribution of independent transients, but rather the number of pulses detected,
averaged over the full sky. Because the intrinsic width of the pulses is known to be less than
our temporal resolution, both the peak ﬂux density and the pulse width distribution are
unknown.
The second population of transients observed, indicated by the blue line in Fig. 3.3,
do appear to be independent events. These are the spontaneous, singular magniﬁcations of
background sources, likely due to ionized plasma within the ionosphere of the Earth (Kuiack
et al., 2020b). The curve illustrates the brightness distribution of these ‘scintels’. They are
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time resolved, with widths typically ranging 10–100 s, and therefore we also plot their rate
distribution as a function of timescale in the left panel of Fig. 3.3.
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3

Our survey places constraints at shorter timescales and with a very large survey volume, to
a depth that is however less than most other surveys. Our results are broadly consistent with
other low-frequency surveys, which report mostly upper limits to the rate of radio transients
below 200 MHz, at timescales below one minute, (Obenberger et al., 2015; Rowlinson et al.,
2016; Anderson et al., 2019). These three works, together with ours, place similar limits
on the brightness of a hypothetical population of isotropically distributed, standard candle,
transient events. But we shall now compare them in more detail for consistency also with
some detections in this frequency range, by taking these diﬀerences into account.
We have observed a single example of a potential transient, with a ﬂux density of
100 ± 30 Jy and lasting 20 s, and a dispersion delay across our frequency range indicative of
an extragalactic origin (Kuiack et al., 2020b). If this transient is a member of a population
of sources that is isotropic on the sky and uniform in space density, the observed power-law
−p
brightness distribution (log(N > S) ∝ S ) of such a population would have a so-called
Euclidean index p = 3/2. That theoretical brightness distribution is plotted as the red dashdotted line in the righthand panel of Fig. 3.3. One previous upper limit lies below this line,
from the 28 s-timescale MWA survey by Rowlinson et al. (2016), at 182 MHz. However, to
see whether this indicates a ﬂatter than Euclidean brightness distribution we must account
for the fact that our transient is shorter than the 28 s cadence of the MWA survey. The ﬂuence
of our transient was 780 Jy s, and so its ﬂux averaged over a 28 s time bin was 28 Jy. If we
use that value and p = −3/2 to extrapolate to the sensitivity threshold of 0.285 Jy of the
−7
−2
MWA survey, we predict a surface density of 3.0 × 10 deg , somewhat below their upper
−7
−2
limit of 4.1 × 10 deg . Their upper limit is thus consistent with our detection. (Note we
have taken the optimistic view that the event would fall entirely within one MWA time bin;
more realistically it would be split over two and this would further reduce the detection
probability, see (Carbone et al., 2016).) The MWA survey was at a frequency three times
higher than ours, so this marginal consistency implies that if our source is part of Euclidean
ﬂux distribution, it cannot have a strongly rising, self-absorbed, spectral index between 60
and 182 MHz.
The population of extreme-ﬂuence pulses from PSR B0950+08 (Kuiack et al., 2020a)
is of course entirely from one source, and so the rate or surface density averaged over the
−3
sky should be taken with a grain of salt. Also, this pulsar is very nearby (DM= 3.0 pc cm )
and thus is not dispersed enough for the pulse to be smeared over multiple time bins across
our band. Most other known giant-pulse emitting pulsars have rather higher DM, and we
are now searching our data with de-dispersion to their known DMs in order to see whether
this phenomenon extends to other pulsars.
The population of isolated magniﬁcations of background sources, due to turbulent
ionized plasma in the ionosphere-plasmasphere region (Kuiack et al., 2020b), has an eﬀec-
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tive surface density that agrees well with the non-detection by Anderson et al. (2019), given
the rate and timescale probed. Many characteristics of the cosmic transient detected by LWA1
and LWA-SV (Varghese et al., 2019), including timescale, burst shape, and brightness, ﬁt this
population well. Although the rate is somewhat larger than our distribution would predict,
this could be consistent with the fact that plasma lensing is stronger at lower frequencies
(e.g., Clegg et al., 1998), and the LWA1/LWA-SV survey was conducted at 34 MHz. The nondetections of this particular phenomenon by both Obenberger et al. (2015) and Varghese
et al. (2019) are consistent with the distribution we see. While the survey by Obenberger
et al. (2015) probes a very large volume at 60 MHz, it did not have the sensitivity required.
And Varghese et al. (2019), which was much more sensitive at the same frequency, searched
insuﬃcient volume, for the timescale analyzed.
Stewart et al. (2016) detected a single transient event with a ﬂux density of 15–
25 Jy in a survey that used 2149 snapshots of 179 square degrees each around the North
Celestial Pole, each lasting 11 min. Given the positive detection and surveyed volume, the
+14.7
−4
−1
−2
rate was determined to be 3.9−3.7 × 10 day deg . If we translate this rate to our
−3/2
typical sensitivity limit of 60 Jy with a Euclidean source count distribution, N (> S) ∝ S
,
we expect about 8 similar events in the volume of our survey. This means that our non−4
detection has quite a low probability, 2.8 × 10 , under the Euclidean assumption. Since the
frequencies of the two surveys are the same, spectral index cannot be a confusing issue here
and so we conclude that between 15 and 60 Jy, the source counts for this population must
be quite a bit steeper than Euclidean, p ≤ −2.5. Our next survey, which uses an additional
six LOFAR stations and has a ten times better sensitivity (light blue dashed curve in Fig. 3.3)
does go down to below the ﬂux level of the Stewart et al. (2016) transient and should,
therefore, detect this population.
The detection of FRBs at the lowest frequencies remains an important goal for constraining the rate and spectral shapes of these events, and thereby perhaps their origin
and emission mechanism. Therefore we evaluate to what degree our survey is sensitive
to the brightest tail end of the FRB population. We use the all-sky FRB rate from CHIME
(CHIME/FRB Collaboration et al., 2019a), who have reported detections down to the low−1
est frequency yet, 400 MHz. The all-sky rate they give is 300 day above a ﬂux density
−1
limit of 1 Jy, consistent with the value of 400 day by Connor et al. (2016). The observing
frequencies are too diﬀerent to neglect, but since FRB spectra have a wide range of measured slopes (Petroﬀ et al., 2019, and references therein), both rising and falling to higher
frequencies, we cannot do much better than assume a ﬂat spectrum. Next, we must scale
the sensitivity threshold for the burst peak ﬂux density to 60 kJy. This results from our 1 s
integration, with an average 1 ms intrinsic burst width. On the bright end of the distribution,
−2.2
the FRB rate seems to follow R(> F ) ∝ F
(Petroﬀ et al., 2019). Therefore, the expected
−9
−1
−1
rate of FRBs greater than 60 kJy is 9 × 10 day sky , which translates to a surface den−18
−2
−8
deg ; this yields a completely negligible 2 × 10 expected
sity per snapshot of 2.6 × 10
FRB detections in our survey. It is therefore not surprising that we did not detect any FRBs,
even if we optimistically assumed a fraction of them to have steep spectral indices, especially
since we also neglected the deteriorating eﬀect of dispersion smearing.
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3.6 Conclusions

3

We have presented results of the ﬁrst survey with the AARTFAAC instrument for rare, bright,
and fast radio transients at 60 MHz and shown for the ﬁrst time two signiﬁcant-sized populations of such radio transients: extreme pulses from the nearby pulsar B0950+08 and strong,
short-duration magniﬁcations of known radio sources caused by space weather, as well as a
single candidate extragalactic transient, possibly the ﬁrst of another class of transient. We
set a strong upper limit of about 1.1/sky/day to any yet undiscovered types of transients
with peak ﬂuxes above 60 Jy and durations of seconds to minutes. We also discuss the power
of our survey to constrain the bright end of the FRB population, and ﬁnd that this is very
little. But in the case of the enigmatic 5 min transient found by Stewart et al. (2016), we can
constrain the slope of the brightness distribution to be much steeper than Euclidean because
we did not detect any such transients. Finally, we set very low upper limits to the surface
density and rate of any other, yet unknown types of low-frequency radio transient.
There are still quite a number of steps of improvement possible: ﬁrst, we have about
as much 6-station AARTFAAC data yet to be analysed as we report here, and we can search
the data with crude de-dispersion in order to look for pulses like those of B0950 in other
pulsars. Furthermore, we have calibrated the new 12-station AARTFAAC and performed a
ﬁrst short survey with it (Shulevski et al., 2020), and are about to embark on a much longer
survey with this roughly ten times more sensitive array. This should, for example, allow us
to detect a population of sources like the one found by Stewart et al. (2016) and expand
on, or disprove, the existence of fast extragalactic transients like our current candidate; and
perhaps it will unveil more unknown unknowns.
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Abstract
We report on the detection of extreme giant pulses (GPs) from one of the oldest-known
pulsars, the highly variable PSR B0950+08, with the Amsterdam-ASTRON Radio Transient
Facility And Analysis Centre (AARTFAAC), a parallel transient detection instrument operating as a subsystem of the LOw Frequency ARray (LOFAR). During processing of our Northern
Hemisphere survey for low-frequency radio transients, a sample of 275 pulses with ﬂuences
ranging from 42 to 177 kJy ms were detected in one-second snapshot images. The brightest
pulses are an order of magnitude brighter than those previously reported at 42 and 74 MHz,
on par with the levels observed in a previous long-term study at 103 MHz. Both their rate
and ﬂuence distribution diﬀer between and within the various studies done to date. The
GP rate is highly variable, from 0 to 30 per hour, with only two three-hour observations
accounting for nearly half of the pulses detected in the 96 h surveyed. It does not vary signiﬁcantly within a few-hour observation, but can vary strongly one from day to the next.
The spectra appear strongly and variably structured, with emission sometimes conﬁned to a
single 195.3 kHz subband, and the pulse spectra changing on a timescale of order 10 min.
pulsars:general – pulsars:individual(B0950+08) – radio continuum:transients

4.1 Introduction
PSR B0950+08 was ﬁrst reported as Cambridge Pulsed source 0950, CP0950 (Pilkington
et al., 1968), soon after the ﬁrst pulsar, CP1919, was detected (Hewish et al., 1968). CP0950
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has a period of 0.253 s and is very nearby, with a dispersion measure of only 2.97 pc cm
and a distance of 262±5 pc (Brisken et al., 2002), improved from an earlier measurement
of 127±13 pc by Gwinn et al. (1986). Its main pulse proﬁle is single-peaked at higher frequencies but evolves to a classic double-peaked emission-cone shape at LOFAR frequencies
(e.g., Pilia et al., 2016, and references therein), with a width of about 25 ms at 60 MHz. It
also has a variable interpulse (Hankins & Cordes, 1981), which can in rare cases be as bright
as the main pulse (Cairns et al., 2004), but since our observations do not resolve the pulse
at all, we cannot distinguish between the two and have to group their eﬀects together.

4

Already in its discovery paper CP0950 was reported to be highly variable in intensity, by more than a factor ten, much more so than other pulsars (e.g., Cole et al., 1970).
It was also soon recognised that pulsar pulse proﬁles could consist of sub-pulses (e.g., Cole,
1970). Speciﬁcally, Hankins (1971) showed that CP0950 could have very ﬁne and highly
variable time structure, sometimes with very bright spikes, unresolved at 10 µs, rising to
many times the average pulse peak ﬂux density. Such spikes became known as ‘giant micropulses’: extremely bright spikes that typically do not cause the pulse-integrated ﬂuence
to increase by a large factor. The threshold is usually deﬁned as a peak ﬂux density of the
spike ten times the average pulse (AP) peak ﬂux density (e.g., Cairns, 2004). The most famous example of these are the Crab nanopulses (Hankins et al., 2003). However, already in
the early days it was also shown that some pulsars emit so-called “giant pulses,” in which
the pulse-integrated ﬂux density, i.e., the pulse ﬂuence, is much greater than that of the
AP. This was ﬁrst discovered from the Crab pulsar (Staelin & Reifenstein, 1968), and again
the now common deﬁnition is that a GP has at least a ten times greater ﬂuence than the
1
AP. By these deﬁnitions, the phenomenon is rare: according to the ATNF Pulsar Catalogue ,
currently there are 2659 known pulsars (Manchester et al., 2005b), of which only 24 have
been observed to produce giant pulses (Kazantsev & Potapov, 2018).
It has also been shown that the ﬂuence of a pulsar’s AP can vary by up to an order
of magnitude over the course of a few days. This long term variability in the AP itself is
attributed to propagation eﬀects, such as refractive or diﬀractive interstellar scintillation,
RISS and DISS, respectively (Gupta et al., 1993; Wang et al., 2005). However, both the giant pulses and giant micropulses are single-pulse events, with the next pulse usually being
‘normal’, which implies that they come and go too fast to be caused by any interstellar propagation eﬀect (e.g., Singal & Vats, 2012). The factor-10 thresholds for calling something a
giant pulse or giant micropulse appear to be arbitrary. In well-studied cases there is not a
bimodal distribution of instantaneous peak ﬂuxes or pulse ﬂuences, as revealed for example in the detailed studies of PSR B0950+08 itself (Cairns et al., 2004) or in the study by
Kazantsev & Potapov (2018) of the pulse ﬂux distributions of a number of pulsars in which
some new giant-pulse producers were discovered. It may even be that both giant pulses and
giant micropulses are parts of a continuum of strength and structure in individual pulsar
pulses. On the other hand, the giant pulses are generally narrower to much narrower in
duration (e.g., Hankins, 1971; Tsai et al., 2016; Johnston et al., 2001) and have intricate
patterns in their frequency structure and in the phases where they appear, as best studied in
1
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the Crab pulsar (Hankins et al., 2016, and references therein). Also, there is a strong preference for the GPs to line up in phase with high-energy emission of the same pulsar (Johnston
& Romani, 2002).
Here we report on the detection of extreme GPs, with ﬂuences up to 400 times that
of the AP, from the pulsar B0950+08 by AARTFAAC. Our time resolution of 1 s precludes us
from studying any details of the pulses, but our very long observing time of almost 100 h or
1.4 million pulse periods is the longest thus far reported, rivalled only by the study by Singal
& Vats (2012), who observed for just over 75 hours. We have therefore collected very good
statistics on the occurrence of these pulses; their properties are somewhat discontinuous
with those reported before, and so we have either found a novel manifestation of GPs, or
extended their range of properties. AARTFAAC is a radio transient survey project attached to
the LOw-Frequency ARray (LOFAR), whose aim is to search for bright (tens of Jy), brief (seconds to minutes timescale), transient events around 60 MHz (Prasad et al., 2016). We ﬁrst
found the brightest of these GPs as part of a blind, general survey (Kuiack et al., 2020) and
then focused on the location of the pulsar for a deeper search, to unveil a large population
of GPs.
In Section 4.2 we describe our instrument, observations, and data processing methodology. We then report details of the observed pulses and population statistics in Section 4.3.
Next, in Section 4.4 we discuss evidence for the origin of the extremely bright GPs. Finally,
we state our main conclusions in Section 4.5.

4.2 Instrument and Observations
AARTFAAC is an all-sky radio telescope experiment, designed to survey the Northern Hemisphere for bright low-frequency transient events that evolve on timescales from one second
to several minutes (Prasad et al., 2016). It operates as a parallel back-end on LOFAR (van
Haarlem et al., 2013). The radio signals from 288 inverted-V antennae in the central six
low-band antenna (LBA) stations are split oﬀ digitally and then processed by dedicated correlators and calibration and imaging servers. The longest baseline is 300 m, resulting in an
angular resolution of 60’. Since we use the dipoles individually (as opposed to LOFAR’s more
standard practice of summing station dipoles to a beam), we retain the full dipole ﬁeld of
view, which is the full sky. However, due to ground-based radio frequency interference (RFI),
and a signiﬁcant drop in sensitivity towards the horizon, the detection region for transients
◦
◦
is set to 50 from Zenith (Declination = 52.9 ), yielding a ﬁeld of view of 4800 square degrees. This allows for the detection of 30–50 persistent sources, per second, across the ﬁeld
of view, with a signiﬁcance of 5σ (∼ 50 Jy during typical conditions). The parameters used
were settled upon by trial and error, and seek to balance the number of candidate sources
while reducing noise (Kuiack et al., 2018).
We observe simultaneously with any regularly scheduled LOFAR-LBA observations, or
during “ﬁller time” when no observation has been scheduled. Therefore, the archived data
sets vary in length and are spaced irregularly in time, with LST-matched observations over
consecutive days occurring rarely in the schedule. Although LBA and ﬁller time observations
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Figure 4.1: The rate of pulses detected over the course of our observations. The observation start time is marked with
an orange dot; observations within 24 hours are connected with a blue line. The rate varies greatly from day to day.
The insert shows the high day to day variation in the rate of detected pulses.

represent a minority of the total scheduled LOFAR observations, the AARTFAAC archive has
accumulated over 1100 hours of observations between August 2016 and September 2019.
The complete set of observations used in this work consists of 96 h between 2016-09-07
and 2019-05-21 in which PSR B0950+08 was within the search area. The dates of these
observations, as well as the rate of pulses detected per hour, are illustrated in Fig. 4.1.
The data were recorded as 16 separate, 195.3 kHz bandwidth, calibrated subbands,
with an integration time of 1 s. Visibility calibration is described fully in Prasad et al. (2014),
but put simply, the brightest sources (the A team and the Sun) are subtracted with single
component Gaussian models, and the diﬀuse Galactic emission is reduced by imposing a
minimum baseline length of 10λ.
The blind search for radio transients is done by ﬁrst generating two all-sky images,
1024×1024 pixels, each second, with a bandwidth of 1.5 MHz, centred at 58.3 and 61.8 MHz,
near the peak of the LBA sensitivity. The images are then processed by the LOFAR Transient
1
Pipeline (TraP; Swinbank et al., 2015, and references therein) , which ingests an image set
from an AARTFAAC observation, performs source ﬁnding in each image, associates sources
across images while calculating detection signiﬁcance and variability statistics.
Most of the initially detected sources are spurious, and thus we set very strict thresholds for detection and ﬁltering (for full details, see Kuiack et al., 2020). It helps to retain
two 8-subband images, despite the sum of the two having better signal-to-noise, since many
spurious signals are narrow-band or strongly frequency-dependent and can thus be rejected
1

https://github.com/transientskp/tkp

4.3 Results

63

Table 4.1: Comparison of the average pulse (AP) and giant pulse (GP) parameters, including pulse ﬂuence distribution
power-law index, across the diﬀerent observations. † values are calculated using linear interpolation of the other
parameters.

Freq.
[MHz]
112
103
74
61.8
58.3
42
39

Period-averaged
ﬂux [Jy]
2
3
2.4
2.6†
2.6†
2.8
1.5

AP ﬂuence
Jy s
0.51
0.76
0.61
0.66†
0.66†
0.71
0.38

Max GP
ﬂuence [Jy s]
81.2
228
14.6
155
177
17.0
10.7

Index

Source

− 1. 5
− 2. 6 ± 0. 2
−5.06
−4.82
−4.46
−4.09
− 4. 7

Smirnova (2012)
Singal & Vats (2012)
Tsai et al. (2016)
This work
This work
Tsai et al. (2016)
Tsai et al. (2015)

by comparing the two images. For the blind search, a viable source must be detected at 8σ
or more in one of the two images, and simultaneously at 5σ or more in the other.
The ﬂux scale is computed for each image individually by using a linear least-squares
ﬁt of the instantaneous brightnesses of all detected sources in the AARTFAAC catalogue
(Kuiack et al., 2018) to their catalogued ﬂux values. The validity of the ﬂux scaling is measured by comparing the extracted ﬂux densities of the AARTFAAC catalogue sources to their
catalogued value. There is no appreciable systematic oﬀset (<1%), and the average uncertainty is 30%, which is the normal value due to measurement error and ionospheric variability.

4.3 Results
The signal from B0950+08 was originally discovered blindly as a transient candidate when
analyzing the transient survey observation from 2018-11-01. Once we knew this source was
producing transient events, we reanalysed the data at its location, lowering our detection
threshold from 8 to 5σ, because of course, the number of random false positives goes down
very much when searching only one pixel per image rather than one million. Additionally,
observations stored in the visibility archive in which B0950+08 was within the ﬁeld of view
were prioritized for processing until a suﬃcient population of pulses were detected. In total
275 pulses were detected in 96 hours of observations (Fig. 4.1); given the low declination
of the pulsar, we never get more than 4 h of consecutive data from within our search region
◦
(Z < 50 ). In the inset of the plot we show the rate of GPs detected per hour during a week
in early November 2018. Clearly very strong day-to-day variations in the rate are possible.
The brightest pulse detected, with a ﬂuence of 177 ± 53 Jy s, is shown in Fig. 4.2.
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Figure 4.2: Example image stamps showing one of the brightest pulses detected, with a ﬂuence of 177 ± 53 Jy s (left),
while the background in the next frame is 34 ± 25 Jy s (right); these ﬂuences are the integrated ﬂux density over the
1 s exposure time of the image. The FWHM of the AARTFAAC PSF is 60’. The source immediately adjacent is 3C 227,
a Seyfert 1 galaxy with a ﬂux density of 113.7 ± 0.1 Jy at 60 MHz, in the AARTFAAC catalogue.

4.3.1 Pulse ﬂuence distribution
The statistical distribution of all pulses detected thus far shows striking similarity, in the
power-law index, to the population of giant pulses observed by Tsai et al. (2016) using
the Long Wavelength Array (LWA), an instrument similar in design to AARTFAAC. Shown
in Fig. 4.3 are the power-law indices of the GP ﬂuence distribution at 42 and 74 MHz as
measured by Tsai et al. (2016); they agree well with our results at 58.3 and 61.8 MHz.
(Note that since they observed the GPs in beam-formed mode with high time resolution,
comparing the ﬂuences is non-trivial, see Sect. 4.4.1.) However, the rate at which we are
observing pulses is about ﬁve orders of magnitude too high, given that our pulses are an
order of magnitude brighter if we try to extrapolate both distributions to a common ﬂuence.
The much higher rate at which we observe GPs indicates that this is clearly not merely the
high-ﬂuence tail of the previously observed distribution. However, Tsai et al. (2015, 2016)
observed for 36 h within a short time period, so a very low point in the GP rate may have
contributed to the diﬀerence. If we compare with the much longer-term study of Singal &
Vats (2012), who observed 141 30-min intervals over a period of ten months we see a better
agreement in rate, but a diﬀerent slope: the distribution of GP ﬂuences they measure during
the most active periods has a shallower slope and lower mean ﬂuence, but an even higher GP
rate on their most active days than we ﬁnd on our most active days in the overlap (Fig. 4.3).
Furthermore, extrapolating the distribution ﬁt by Tsai et al. (2016), to the pulse to
AP ﬂuence ratio of 1 yields a Ncumulative (> S)/Ntotal ≈ 1. This indicates that the pulses
reported there could be drawn from a single distribution which extends continuously all

Ncumulative( > S)/Ntotal
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Figure 4.3: Cumulative ﬂuence distributions from all of the pulses detected thus far in the AARTFAAC survey (red and
blue dots), compared to estimations of the pulse ﬂuence distributions ﬁt at 74 and 42 MHz observed by LWA (dark
blue and orange dashed lines), and at 103 MHz using the Rajkot radio telescope (purple). The power-law distributions
are ﬁt to pulses with ﬂuence to AP ﬂuence ratios greater than 150 at 61.8 MHz (light blue dashed line), and 120 at
58.3 MHz (red dashed line), to avoid the eﬀect of incompleteness in the sample at low ﬂuences. Clearly the distributions
detected by the three experiments are diﬀerent, providing further evidence of the high degree of variability over time
of the GPs of PSR B0950+08.
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Figure 4.4: The cumulative ﬂuence distributions of pulses from the two observations with the highest activity as well
as a collected sample of pulses from observations when the pulsar appears less active.

the way to the normal pulse ﬂuences, similar to the cases reported by Kazantsev & Potapov
(2018). By contrast, extrapolating the pulse ﬂuence distribution observed by AARTFAAC to
the AP ﬂuence is not possible, it would require far more GPs than there are pulse periods
in our data set. The same is true for the data from Rajkot, although a bit less so due to the
shallower slope. This motivates us to see whether we can also see evidence for a shallower
slope at lower ﬂuences or dependence of the slope on the GP rate.
To start with the latter, we compare the ﬂuence distributions of three periods: the two
most active days, 2018-04-14 and 2018-10-17, as well as a collection of pulses from the less
active days. We compare them using two-sample KS tests, illustrated in Fig. 4.4. In order to
ensure that variations in the sensitivity across multiple observations are not a confounding
factor in the shape of the distributions, ﬁrst, a completeness limit was applied. We only
compare pulses with a ﬂuence greater than 68 Jy s, occurring when the detection limit was
less than 68 Jy s. Fig. 4.4 shows the similarity between the three populations. This is made
more quantitative using two-sample KS tests: the null hypothesis that the populations are
drawn from the same distribution is not rejected when comparing any two of the three
distributions. But of course, the samples are small, so only large variations in the slope are
excluded by this test. In the next subsection, we describe how we extended the study to
fainter GPs.
4.3.1.1 Lower-ﬂuence pulses and their distribution

A signiﬁcant cause of the high detection threshold applied so far is the fact that the ∼30%
ionospheric variations of the source ﬂuxes contribute to the rms. we measure, and therefore
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Figure 4.5: Fully sampled light-curve of B0950+08 (top) and a nearby background location (bottom). Both raw light
curves (left) show correlated noise variations which have been removed with a 2 min boxcar rolling mean (right). The
black dashed line shows the mean of the B0950+08 light curve, prior to background subtraction, in all four plots. The
red dashed line on the histograms of both bottom plots illustrates how well the background is described by a Gaussian.

raise the detection threshold. However, as noted above, these variations occur on a rather
slow time scale of 10–15 min compared to the 1 s timescale of the GPs. Therefore we can
try to establish a lower noise threshold by subtracting the ionospheric variations through
low-pass ﬁltering of the light curve. We also do this for some nearby locations where there
is no bright source, in order to see the eﬀect of this process on the noise alone. The observation containing the most active time period was reprocessed with the TraP, resulting in a
fully sampled light curve from 18:00 to 22:00 UTC on 2018-04-14, when B0950+08 was
◦
within the detection region of the image (50 from Zenith). This resulted in the light curves
illustrated in Fig. 4.5. The light curve shown in the bottom left panel gives the forced ﬂux
measurements at a location on the sky a few beam widths away from B0950+08, where no
source is visible to AARTFAAC. We determine the ionospheric variation by modelling it with
a rolling boxcar mean with a width of 2 min. This is short enough to remove the longer-term
variability and long enough that GPs do not signiﬁcantly aﬀect the rolling mean. The result
of subtracting the boxcar mean is shown in the bottom righthand panel of Fig. 4.5. One can
indeed see from the histograms attached to the right of each panel that the rms. goes down
considerably, and that the intensity histogram is very well ﬁt by a Gaussian after the ﬁltering. In the top panels, we show the result of the same procedure applied to the location of
B0950+08. Its background-subtracted light curve (top right panel of Fig. 4.5) now clearly
shows a great many more GPs, and the intensity histogram shows a Gaussian with the same
width as the background panel below, plus a highly skewed tail due to the many more GPs
than previously detected.
In ﬁgure 4.6 we show the depth to which AARTFAAC is able to probe the ﬂuence
distribution of B0950+08 emission after this careful accounting of the background noise. In
each panel, we depict the population of GPs detected in the transient candidate database
via the blind search criteria, compared to the distribution of ﬂux measurements made every
second at the location of the pulsar and the nearby background. We ﬁnd that we can reach
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Figure 4.6: Extending the distribution of GPs to lower ﬂuences using the monitoring measurements from Fig. 4.5,
for 58.3 MHz (left) and 61.8 MHz (right). As in Fig. 4.3, the horizontal axis is normalised to the AP ﬂuence, and the
vertical axis to the total number of rotation periods in the measured time interval. The dots show the pulses detected
in the blind search, copied from Fig. 4.3. The pulse ﬂuence distribution from the lower-threshold search is shown
in light blue (with Poisson error bars) and the background ﬂuence distribution at the same time is shown in green
(again with Poisson error bars). The black dashed line shows a broken power-law model to the overall pulse ﬂuence
distribution, with the grey vertical dashed line indicating the location of the break, and the numbers to either side of
it the asymptotic low- and high-ﬂuence power-law indices. The grey dotted line shows the ﬂuence above which the
background contributes less than 10% to the distribution.

about 5 times lower ﬂuences and can indeed see a break to a shallower slope at low ﬂuence.
Detailed parameters of a smoothly broken power-law are not very well constrained, but we
show illustrative ﬁts to the data that indicate a break around a ﬂuence to AP ﬂuence ratio
of about 45 (86) at 58.3 MHz (61.8 MHz), and slopes below the break that are comparable
to those measured by Singal & Vats (2012) at 103 MHz.
4.3.2 Pulse clustering
To investigate our impression that the GPs vary greatly not only between days but also come
in clusters within a given observation, we perform some formal tests of clustering on the GP
time series within the two most active days. The clustering of time series can be measured
in two ways, both by comparing to what would be expected from a Poisson process. First,
we can compute the so-called the dispersion index, the ratio of the variance to the mean
of binned arrival times. A dispersion index of 1 is expected for a Poisson process, less than
1 indicates overly regular data, and greater than 1 indicates clustered data. This has the
drawback of being dependent on the width of the bins used, but for all reasonably sized
bins (30 s to 10 min) the dispersion index is greater than 1 during the two most active days
(Fig. 4.7), indicating a greater tendency for giant pulses to appear in clusters. Secondly, the
clustering can be measured by comparing the pulse inter-arrival times, the interval of time
between successive GPs. For a Poisson process, the distribution of inter-arrival times should
be exponential. For both days, the distribution of inter-arrival times was not well ﬁt by an
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Figure 4.7: Pulse arrival times, coloured by the detection frequency from the two most active days. The dispersion
index measured for a range of bin time bin widths is greater than 1, indicating that the pulse behaviour is clustered
more than expected from a Poisson process.

exponential distribution; there was a greater number of short inter-arrival times, illustrated
in the lefthand panel of Fig. 4.8.
However, as can be seen in the top left panel of Fig. 4.5, where we show the full light
curve for 2018-04-14, the brightest GPs follow the modulation due to the ionosphere, and
this may contribute to the detected clustering. In order to examine this, we re-perform the
Poissonian test on the data with the background modulation ﬁltered out. This completely
eliminates the clustering: the corrected distribution of pulse inter-arrival times is shown in
the right-hand panel of Fig. 4.8, and follows an exponential distribution, in good agreement
with Poisson statistics. Since the day-to-day mean sensitivity variations are much smaller,
the large variations in daily rates cannot be explained in the same way as due to sensitivity,
and so we conclude that the GP rate of B0950+08 is highly variable on all timescales from
days to years, but not on a timescale of hours.
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Figure 4.8: Histograms of the inter-arrival times for pulses above ﬂuence 50 Jy s. Counting uncertainty is the square
root of the number of counts. The left panel shows the distribution for the raw light curve, and the right for the
background-subtracted light curve. The raw light curve is clustered, whereas once the background is removed, the
distribution is exponential decay, consistent with a Poisson process.

4.3.3 Pulse spectral behaviour
In order to inspect the spectral structure of the GPs, we re-imaged all 195.3 kHz subbands
separately. The observation used was recorded on 2018-04-14; this date was chosen because
it contained the largest number of detected pulses. All of the pulses detected in the blind
search mode are plotted in the top panel of Fig. 4.7. 40 of the brightest pulses spanning
18:23 to 21:01 UTC are illustrated in Fig. 4.9. The image stamps have a consistent colour
scaling and provide a qualitative comparison of the relative ﬂux in each frequency channel.
The stamps are separated vertically according to the clusters of time, and horizontally in the
two consecutive sequences of subbands. Interestingly, we ﬁnd that the spectra of the pulses
are highly structured and variable, with many narrow-band pulses, and with pulses close in
time tending to have a similar structure.

4.4 Discussion
4.4.1 Comparing GP ﬂuences properly
Because our integration time is four pulse periods long, one might worry that our high ﬂuences are caused by the fact that we sum the ﬂuence of multiple pulses. This does seem
unlikely, however, given that the GPs are still relatively rare (about 1 per 10,000 pulses for
the brightest blindly detected ones). So two GPs occurring in one second by random chance
will be very rare, and also there is no prior evidence that GPs are strongly clustered on the
shortest time scales. We can also call in the help of dispersion: the DM for PSR B0950+08
−3
is 3.0 pc cm , which leads to a dispersion delay between the two AARTFAAC images, centered at 58.3 and 61.8 MHz, of 0.4 s. Since the rotation period is 0.253 s and the pulse
duration only 25 ms, dispersion should move the ﬂux of a GP completely from one time
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Figure 4.9: Time/frequency plot of the brightest pulses from 2.5 hours on 2018-04-14. It is clear that the spectral
structure is not the result of DISS, which has a bandwidth of ≈ 65 kHz and would average out over only a few of the
195.3 kHz subbands.
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bin to the next if the ﬂuence increase is due to a single GP, and only partly if the ﬂuence
increase is often due to multiple GPs in one time bin. Pulse signals arriving in the higherfrequency image before the lower frequency image have been observed in a number of cases,
and the split is always complete, so we can be conﬁdent that the majority of measured GPs
are individual pulses.

4

Because some observations have resolved the individual pulses in time and report
the ﬂux densities, whereas others –in fact most– do not resolve the GPs, we must be careful
to compare all the results to ours on a common scale. For some, such as the long series by
Singal & Vats (2012), this was fairly easy because even though they report their results in
ﬂux density, they already scale the GPs to the AP, and because they resolve neither this is
equivalent to scaled ﬂuences. The same holds for the temporally unresolved giant pulses at
112 MHz (Smirnova, 2012), and AARTFAAC. The LWA papers (Tsai et al., 2015, 2016), to
which we also compare in Table 4.1 and Fig. 4.3, resolve the pulse proﬁles of the GPs. We,
therefore, have to translate their ﬂux values to ﬂuences for comparison. The maximum GP
ﬂuences, period-averaged ﬂux and GP ﬂuence distribution power-law indices, are given for
comparison in Table 4.1.
4.4.2 Cause of widely diﬀering GP ﬂuence distributions
Since the brightness also of the AP of B0950+08 is known to vary by about a factor 10
(Pilkington et al., 1968; Gupta et al., 1993; Singal & Vats, 2012) over time scales that are
in good agreement with the cause being refractive interstellar scintillation, we should address whether possibly some of what is seen here could be caused by magniﬁcation and
propagation eﬀects rather than intrinsic variability of the pulsar.
4.4.2.1 Magniﬁcation due to interstellar propagation

Without being able to measure the AP during each observation, we cannot determine the
ratio between the GPs we observe and the AP from one day to the next. However, both our
own observations and those of Singal & Vats (2012) show that the ﬂuence distribution of
GPs changes slope to fainter values, and thus we should expect that if the rate varies due to
the entire distribution being magniﬁed, carrying more GPs across our detection threshold,
we should see the slope of the ﬂuence distribution ﬂatten from about −5 to −2.5 when the
rates are highest. However, when we tested this we saw no change of the shape between
epochs of low and high rates (Fig. 4.4) and so we can exclude interstellar magniﬁcation as
a signiﬁcant factor. The fact that the GP rate can change strongly between consecutive days,
which is too fast for RISS, points to that same conclusion, as does the fact that Tsai et al.
(2015, 2016) observed a steep distribution slope at much lower ﬂuences. Of course, a direct
way to test this will be to observe simultaneously with a much more sensitive instrument that
can also detect the AP and measure its ﬂux directly; it will be diﬃcult to get a large amount
of monitoring time required on such a large telescope, but one could trigger a sensitive
observation based on the alert of a high GP rate from AARTFAAC.
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In addition to RISS, the pulsar signal is also diﬀracted by the interstellar medium during propagation (DISS), which causes variations on much shorter timescales and over possibly narrow bandwidths. Bell et al. (2016) recently measured a DISS bandwidth of 4.1 MHz
and timescale of 28.8 minutes at 154 MHz using the MWA. These values agree well with
a previous study at 50 MHz by Phillips & Clegg (1992), indicating the dynamics of the interstellar medium have been stable over the last three decades. This means we can use the
4.4
fairly common, though not universal scaling relations for DISS bandwidth ∆νd ∝ ν , and
1.2
timescale ∆τd ∝ ν . At 60 MHz, this predicts a bandwidth of 65 kHz and timescale of 10.3
minutes. Also Smirnova (2006) measure a decorrelation bandwidth of 200 kHz at 111 MHz
for B0950+08, which extrapolates to 15 kHz at 60 MHz; even with the somewhat shallower
scaling suggested by a detailed study of the scintillation in the sightline by Smirnova et al.
(2014), we still get to only 32 kHz width. This timescale agrees fairly well with the timescale
over which we see the spectral energy distribution across the 16 AARTFAAC frequency bands
change on 2018 April 14 (Fig. 4.9).
However, the spectral structures we see mostly have a rather larger width of a fair
fraction of a MHz, and only occasionally are as narrow as 200 kHz, so this ﬁts the DISS
picture rather less well. This makes it more likely to us that the structures present in Fig. 4.9
are intrinsic, rather than DISS scintels, but it is hard to be completely sure of this.
4.4.2.2 Intrinsic emission

Since we conclude that the majority of the eﬀects we observe, and diﬀerences with other
studies, are intrinsic to PSR B0950+08, we should compare it with the behaviour of other
known GP pulsars.
First, we look at other examples of GP ﬂuence distributions. Zhuravlev et al. (2013)
show a break in the power-law between the cumulative probability distributions of GPs from
B1937+21. The index changes from −1.6 ± 0.1 at lower ﬂux levels to −2.4 ± 0.1 at the higher
ﬂux tail. This is similar to the behaviour observed by Popov & Stappers (2007) who also show
that giant pulses from the Crab pulsar have a break in the power law, the higher ﬂux tail
being steeper. Oddly, the opposite was observed in the distribution of giant pulses observed
from the same pulsar by McKee et al. (2019) where the distribution ﬂattens signiﬁcantly,
from −3.48 ± 0.04 to −2.10 ± 0.02, at the high ﬂux tail. When searching for giant pulses,
Kazantsev & Potapov (2018) found that the typical pulse energy distribution for B0329+54
was clearly best ﬁt by a broken power law, despite not detecting any giant pulses from this
pulsar. It was the only pulsar monitored which exhibited this behaviour.
Next, we look at the structure in spectra of GPs and other pulsar emission. The frequency structure of the individual pulses shown in Fig. 4.9 is similar in character to the
single pulse spectra shown in some other studies of GPs from diﬀerent pulsars, at diﬀerent frequencies. This sparse comb-like structure is observed from B1957+20 between 338
and 324 MHz (Main et al., 2017), B1821−24A between 720 and 2400 MHz (Bilous et al.,
2015), and from B1937+21 between 1332 and 1450 MHz (McKee et al., 2019). Singal &
Vats (2012) also reported that during a simultaneous observation of B0950+08 between
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Rajkot (103 MHz) and WSRT (297 MHz) they did not see the same GPs in the diﬀerent
bands simultaneously, and even noted decorrelation within the 10 MHz WSRT band. Popov
& Stappers (2003) similarly report that for a 3 h simultaneous observation of B1937+21
at 1.4 and 2.3 GHz, GPs were found in both bands, but none were simultaneous between
them. Also the Crab pulsar GPs (e.g., Hankins et al., 2016) have very rich frequency structure. Whether this kind of structure is also present in normal pulses is not well known, since
these are usually too faint to make individual spectra of. The APs are spectrally smooth, but
of course, they are by deﬁnition averaged over many individual pulses.
Lastly, the recent radio outburst from the magnetar RXTE J1810−197, allowed for
the spectral properties to be studied (Maan et al., 2019). The bursts exhibited high spectral
modulation on frequency scales much greater than the scintillation bandwidth, which was
then observed to weaken and disappear in the months after the initial outburst. Given the
very diﬀerent nature of this neutron star, a more detailed comparison with B0950+08 using
more sensitive instruments could be very interesting.

4

4.4.3 Pulse rate discrepancy
Lastly, we discuss the highly variable GP rate between the diﬀerent studies in more detail.
Of the 96 hours, or 42 observations, which we have used to search for detectable pulses,
18 observations, totalling 37 hours, contained no detectable pulses. Assuming the activity
level is typical this indicates that roughly 40% of observations could yield no pulses at this
extreme ﬂuence level. However, in 21 of our observations, the rate of detected pulses was
greater than one per hour. Therefore, if this extreme activity is equally likely on any given
day, the LWA surveys, whose observations were composed of 6-hour blocks over 5 days Tsai
et al. (2015), then 4-hour blocks over 3 consecutive days (Tsai et al., 2016), should have
observed pulses of a similar magnitude. There is only a 6% chance to randomly select 8
observations which contain no pulses.
However, the LWA observations were not randomly selected; they took place over
consecutive days. This could indicate that the activity level is clustered on timescales of
weeks or greater. Unfortunately, due to the irregular distribution of our observations, we are
unable to determine the degree to which GP activity is clustered over timescales of weeks or
months. Recently, we did a follow-up study utilizing an additional 26 hours of observations,
simply monitoring the location of B0950+08 with a 5σ detection threshold, daily from 2019
st
th
th
th
th
th
th
September 1 to 8 , as well as the 10 , 11 , 14 , 15 , and 18 . We found no GPs at
all in these data. This indicates that there are long periods of quiescence between storms of
extreme pulse activity. Long periods of quiescence, or low GP detection rates are consistent
with the long term study by Singal & Vats (2012), who found that 99% of all pulses were
detected during 35 of the 141 days.
There is however one cautionary comment to make: extremely bright narrow-band
signals will often be ﬂagged as RFI, unless they are clearly dispersed at a sizeable dispersion
measure. But unhelpfully, the DM of B0950+08 is very low, and so care should be taken not
to discard the brightest GPs via the RFI ﬁltering.
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4.5 Conclusions
We report on the observation of a population of extremely high ﬂuence GPs from PSR B0950+08.
These pulses achieve a ﬂuence brighter than any which have previously been observed at
similarly low radio frequencies. Earlier studies show diﬀerent distributions of GP ﬂuences
from this source, either with a much lower rate or with a diﬀerent distribution shape. Also
within our study, we ﬁnd that the rate of GPs is typically constant and unclustered within
the few hours of a single observation, but varies by more than an order of magnitude from
day to day; it was even seen to go to zero for the better part of a month.
By reprocessing an observation during a very active period, monitoring the position
of the pulsar, and subtracting background variability, we were able to extend the population
of detectable GPs to a factor of 5 lower ﬂuences. This revealed that the ﬂuence distribution
follows a broken power law, with the break occurring around a few tens of Jy s. We also found
that the shape of the bright end of this distribution was consistent between observations
spanning several months, as well as a range in extreme pulse activity.
We were able to exclude that the bulk of the ﬂuence variations are due to interstellar propagation and magniﬁcation eﬀects, and therefore must be attributed to intrinsic behaviour of the pulsar emission. The ﬁne structure in frequency we see also seems more likely
to be intrinsic and is also seen in the GPs of other pulsars, but we cannot strongly exclude
that refractive interstellar scintillation plays a role in that.

Acknowledgements
AARTFAAC development and construction was funded by the ERC under the Advanced Investigator grant no. 247295 awarded to Prof. Ralph Wijers, University of Amsterdam; This
work was funded by the Netherlands Organisation for Scientiﬁc Research under grant no.
184.033.109. We thank The Netherlands Institute for Radio Astronomy (ASTRON) for support provided in carrying out the commissioning observations. AARTFAAC is maintained and
operated jointly by ASTRON and the University of Amsterdam.
We would also like to thank the LOFAR science support for their assistance in obtaining and processing the data used in this work. We use data obtained from LOFAR, the Low
Frequency Array designed and constructed by ASTRON, which has facilities in several countries, that are owned by various parties (each with their own funding sources), and that are
collectively operated by the International LOFAR Telescope (ILT) foundation under a joint
scientiﬁc policy.
Additionally, we express gratitude to Joeri van Leeuwen, Anya Bilous, Jason Hessels,
Joel Weisberg, and Nina Gusinskaia for their helpful comments on this article, as well as
Joanna Rankin and Mathew Bailes for invaluable discussion. And to Jean-Mathias Griessmeier and Louis Bondonneau for sharing illuminating data on the typical pulse behaviour
of B0950+08.

4

76

Long-term study of extreme giant pulses from PSR B0950+08 with AARTFAAC
1

This research made use of Astropy, a community-developed core Python package
for Astronomy(Astropy Collaboration et al., 2013; Price-Whelan et al., 2018), as well as
the following: KERN (Molenaar & Smirnov, 2018), Pandas (McKinney, 2010), NumPy (van
der Walt et al., 2011), SciPy (Jones et al., 2001), and corner.py (Foreman-Mackey, 2016).
Accordingly, we would like to thank the scientiﬁc software development community, without
whom this work would not be possible.

4

1

http://www.astropy.org

Chapter

5

Apparent radio transients mapping the
near-Earth plasma environment

Mark J. Kuiack, Ralph A.M.J. Wijers, Aleksandar Shulevski, Antonia Rowlinson
Submitted to Monthly Notices of the Royal Astronomical Society (arXiv:2003.11138)
Abstract
We report the discovery of bright, fast, radio ﬂares lasting tens of seconds with the AARTFAAC high-cadence all-sky survey at 60 MHz. The vast majority of these coincide with known,
bright radio sources that brighten by factors of up to 100 during such an event. We attribute
them to magniﬁcation events induced by plasma near the Earth, most likely in the densest
parts of the ionosphere. They can occur both in relative isolation, during otherwise quiescent
ionospheric conditions, and in large clusters during more turbulent ionospheric conditions.
We also ﬁnd one event that has many properties in common with these events, but has a
very well-determined dispersion delay as a function of frequency consistent with a very distant Galactic or extragalactic origin. If astrophysical, it represents extreme emission with a
28−34
K.
minimum brightness temperature of 10
scattering – turbulence – radio continuum: transients – ionosphere – space weather
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5.1 Introduction
In recent years low-frequency transient surveys have been completed with the Murchinson
Wideﬁeld Array (MWA) (Bell et al., 2019), and Owens Valley Radio Observatory Long Wavelength Array (OVRO-LWA) (Anderson et al., 2019). These focus on the search for bright
transient or variable emission, with the hope of discovering new extremely energetic processes taking place in the Universe. Previously, we have reported the discovery of extremely
high ﬂuence giant pulses from PSR B0950+08 (Kuiack et al., 2020a) during the course of
an ongoing blind transients survey with the Amsterdam-ASTRON Radio Transient Facility
And Analysis Center (AARTFAAC; Prasad et al., 2014, 2016). We were easily able to associate this emission to the speciﬁc astrophysical source, because the signal repeated and the
source properties and behaviour had been well studied. However, the goal of blind transient
surveys such as AARTFAAC is also to search for as-yet unknown phenomena. This necessarily
means that any candidate events discovered, may not be so easily associated with known
objects, or known processes.

5

An example is the discovery of an unknown transient source at low frequency in the
LOFAR North Celestial Pole survey (Stewart et al., 2016). No strong association to a progenitor, host location, or known astrophysical phenomenon could be made, thus the primary
validation is to minimize the chance it could be an imaging artefact. Once we are convinced
that an event is not an instrumental or data processing artefact, we can claim the detection of
a source. However, we then need to check whether the event could not be a noise spike associated with normal measurement error distributions, or variability induced by the ionosphere,
which has a particularly strong eﬀect in the AARTFAAC frequency range (30–80 MHz). Fortunately, a high cadence transient survey generates a huge number of measurements (one per
second per frequency band in the case of AARTFAAC) and thus allows us to characterise the
noise distribution and ionospheric behaviour quite well. Techniques have been developed for
detecting statistical outliers in the behaviour of light curves among the population of other
sources in the ﬁeld (Rowlinson et al., 2019; Varghese et al., 2019). If using these we do ﬁnd
that a source’s variation is atypical we ﬂag it as being of interest. We already studied the
variations due to the quiescent ionosphere and noise quite extensively when constructing
the AARTFAAC catalogue (Kuiack et al., 2018), and when studying PSR B0950+08 (Kuiack
et al., 2020a). The bottom line of our ﬁndings was that the measurement noise does not play
a dominant role in the sources we detect almost by deﬁnition, because we set the detection
threshold at 5–8 times the rms. noise; the ionosphere-induced variations in quiescence have
an amplitude of 20–30%, on a timescale of 10–20 min at 60 MHz.
Here we report the discovery of rapid, large-amplitude variations in the 60 MHz ﬂux
densities of normally constant sources on short timescales: sources show ﬂare-ups in the
brightness of a factor few to over 100 on time scales of a few tens of seconds. They can
occur both in relative isolation, when other nearby sources show their expected quiescent
behaviour, or in large groups over a fairly large area of sky, for a period lasting hours. In
most cases, careful study reveals that they are due to exceptional eﬀects of relatively nearby
plasma, but intriguingly some few of them may be intrinsic to a distant astrophysical source.

5.2 Instrument, Observation, and Methods
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In Section 5.2 we describe the instrument set-up, the set of observations, and the
methodology used to analyse light curves and detect isolated bursts. Then in Section 5.3 we
present our results, both a qualitative and quantitative description of light curve features
that mimick short-duration transients and variables. Next, in Section 5.4 we explore the
potential cause. Lastly, in Section 5.5 we give our conclusions.

5.2 Instrument, Observation, and Methods
AARTFAAC is a project whose aim is to survey the Northern Hemisphere for bright (tens of
Jy), low-frequency (30–80 MHz) radio transients, with timescales upwards of one second
(Prasad et al., 2016). Data are streamed directly from 288 low band antennas (LBA) in the
six central stations of the Low Frequency Array (LOFAR; van Haarlem et al., 2013), the so
called “superterp,” and processed in parallel to LOFAR observations, employing an independent correlator, and subsequent calibration and imaging pipelines on a dedicated compute
and storage cluster (Prasad et al., 2014). The data are recorded with a one second time integration, in 16 separate sub-bands, each with a bandwidth of 195.3 kHz, and arranged in
two contiguous sequences of eight sub-bands covering 57.6–59.0 MHz, and 61.1–62.5 MHz.
The calibrated visibilities are streamed to the imaging pipeline, which creates a 1024 × 1024
pixel image for each of the two 1.5 MHz bands, centred at 58.3 and 61.8 MHz. Flux scaling
is done in the image plane by comparing many ﬂux density measurements from persistent
sources in the image, to the AARTFAAC catalogue (Kuiack et al., 2018). The image stream
can then be saved to disk for oﬀ-line transient analysis, and/or streamed to the AARTFAAC
1
website for live data quality inspection and public outreach. The total duration of data
analyzed in this work was 545.25 hours, collected between 2016-8-31 and 2019-9-14.
2

Light curves are generated from the images by the LOFAR Transient Pipeline v3.1.1
(TraP; Swinbank et al., 2015, and references therein). TraP is a Python and SQL based transient detection pipeline for image-based surveys. The only non-standard parameters used in
TraP are the one that sets the detection threshold as a function of the local rms. noise level,
detection_threshold = 5σ, and one that forces the use of a ﬁxed 2D Gaussian beam during
source extraction, force_beam = True.
5.2.1 Light curve feature analysis
When analyzing a potential transient event, we are interested in measuring important quantities such as the peak ﬂux in each frequency, the delay between frequencies, and the duration.
This is done automatically using the scipy.signal (McKinney, 2010) modules ﬁnd_peaks
and peak_widths. The algorithm for detecting burst-like features in light curves is as follows:
1. First, the data are regularized in time. By default measurements are only recorded
when a signal greater than 5σ is detected. We therefore ﬁll the light curve between
1
2

www.aartfaac.org/live, video stream hosted by YouTube
https://github.com/transientskp/tkp
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the min and max time stamp with zeros, then make a copy of the light curve, smoothed
with a ﬂat 3-second kernel to cover missing time steps, and decrease noise.
2. Peaks are detected on the smoothed light curve with ﬁnd_peaks using the parameters:
• min_width = 5 [seconds]: The minimum FWHM of light curve features to be considered. Together with the 3 second smoothing, this ensures that single-bin bright
noise spikes are not considered.
• max_width = None: The maximum FWHM of light curve feature to be considered.
• min_prominence = 30 [Jy]: The minimum diﬀerence in height between a light
curve feature and its surroundings. Correctly detecting isolated bursts requires
that the minimum prominence be larger than the typical measurement variability, reducing the detection of noise spikes on top of smooth light curves (false
positives), but small enough that true positives are not ignored. Therefore this is
manually tuned to approximately the minimum height of a true positive.
• max_prominence = None: The maximum diﬀerence in height between a light
curve feature and its surrounding.
• rel_height = 0.9: The relative height of the feature where the width is measured.
This number corresponds to the proportion above, therefore 1.0 is the base, and
0.0 the peak.

5

3. Peaks are associated using the central time, matching nearest neighbours within a delay interval of –120 to +20 seconds between the 61.8 and 58.3 MHz light curves (120 s
−3
delay would result from a DM of 900 pc cm ). One-to-many matches are eliminated
by choosing the pair with the minimum delay.
4. Highly skewed peaks, where the time diﬀerence between the peak and mid-point are
greater than 5 seconds, are removed. This ensures that we are selecting only isolated
peaks. Consequently, we may also be removing real transients that follow a fast riseexponential decay behaviour or series of peaks that are overlapping.
5. Lastly, once the features are matched between frequencies, the eﬀective duration of
the burst is measured on the smoothed light curve at rel_height = 0.9, as is the delay
(the diﬀerence between the midpoints in time), and the peak is measured from the
original light curve.
Using this feature detection algorithm, we searched the candidate databases, output
by TraP, for light curves consisting of only a single burst. Figure 5.1 depicts an example
transient candidate consisting of one burst and the various parameters of interest described
above.
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Figure 5.1: An example light curve from an isolated burst-like magniﬁcation, observed on 2016-09-05. The blue and
red circles depict the ﬂux density measurements at 58.3 and 61.8 MHz, respectively (in arbitrary units, since the
transient ﬁnder runs on the data before putting them on the correct ﬂux scale). Dashed lines show the light curve
smoothed over three seconds, used during peak analysis. The black and orange dots and horizontal lines show the
peaks’ mid-point, used for inter-frequency association, and the width at 10% of peak ﬂux level. The underlying source
is 4C 26.55, a galaxy with a quiescent ﬂux density of 15.9 Jy at 74ṀHz (Lane et al., 2014).

5
5.2.2 Strong scintillation zones
We sometimes ﬁnd large concentrations of magniﬁcation events in a sky region and time,
which we call ‘strong scintillation zones’. We quantify these by counting the number of
sources whose ﬂux density is typically below the confusion noise limit, rendering them undetectable during calmer conditions, but are temporarily magniﬁed above our threshold. This
is done by extracting all of the sources observed in each 5 minute interval, and calculating
the surface density of sources which are not present in the AARTFAAC catalogue. We model
the source distribution in the sky with a Gaussian kernel density estimation (KDE), which
yields a 2D probability density function (PDF) of detected sources. By comparing relatively
calm observations to those where a zone is plainly visible by eye, in time-lapse videos, we
heuristically set the PDF threshold which is characteristic of strong scintillation.

5.3 Results
Here we report on three diﬀerent types of transient or variable events observed in the
seconds-timescale, low-frequency radio sky. The ﬁrst are isolated, spontaneous ﬂashes, which
coincide in position with 10–20 Jy radio sources, that are otherwise undetectable by AARTFAAC. Although they are coincident in space, they do not have a suﬃcient time-frequency
delay to originate from an extragalactic distance. The second is strong variability characterised in some sources by many magniﬁcation spikes in a relatively short time, and in others
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by singular ﬂashes similar to the ﬁrst, both clearly induced by a localized structure which
persists over many hours. And third, we observed a few potential cosmic transients which,
although similar to the other transients in peak shape, duration, and magnitude, have a
time-frequency delay that is consistent with an extragalactic origin.
5.3.1 A detailed look at light curves
5.3.1.1 Singular magniﬁcation events

Using the method described in Section 5.2.1, a population of 76 transient candidates, each
of which appears as a single burst, were discovered. One example observed on 2016-09-05,
is shown in Fig. 5.1. This light curve shows a magniﬁcation of the ﬂux density of 4C 26.55,
which has a quiescent ﬂux density of 15.9 Jy at 74 MHz (Lane et al., 2014). This burst was
analysed more deeply by re-imaging all 16 individual sub-bands in a 30 minute interval
around the candidate. The resulting 16 sub-band light curve is shown in Fig. 5.2. Here, we
can see the relative stability of the background in the 10 minutes prior, and 20 minutes after
that burst. This indicates that this region of the sky, at this time, is not subject to the type of
strong scintillation described in Section 5.3.2.

5

An isolated, bright outburst, with a time scale of about 20 seconds is exactly the kind
of transient signal we are searching for with AARTFAAC. However, given the lack of any
noticeable time delay between 62.5 and 57.6 MHz, it is apparent that the signal can not
be of extragalactic origin. In Fig. 5.2 we see that there is no appreciable delay between the
sub-bands.
In order to estimate an upper limit on the distance, we attempted to measure any dispersion delay in the signal. The time delays are measured by the lag in the cross-correlation
functions between the light curve at 62.5 MHz and each successive frequency. Additionally, in order to estimate the uncertainty in the inferred DM, we use a simple Monte-Carlo
method: We randomly generate 10,000 sets of 16 light curves, according to the measured
ﬂux densities and uncertainty, at each frequency and time. We then ﬁt the delays for each
set. The mean and standard deviation for each frequency are shown in Fig. 5.3 and allow us
to conclude that for this transient candidate, the DM is 0 ± 2, indeed consistent with zero.
In Fig. 5.4 we illustrate another example of an isolated, non-dispersed burst-like
event. Here, the magniﬁed source is 3C 234. With a persistent ﬂux density of 90.06 ± 0.15
Jy during regular conditions (Kuiack et al., 2018), the light curve surrounding the central
magniﬁcation remains above the detection threshold. This reveals how the ﬂux density is demagniﬁed, prior to, and following the apparent burst, before returning to the steady-state.
Together with some secondary peaks, it somewhat resembles an Airy function, except that
the secondary peaks are a bit high relative to the central peak. We ﬁt a Jinc function, which
ﬁts both the central peak and the positions and amplitudes of the satellite peaks fairly well:
Jinc(t) = a

2J1 (t)
+ d,
t

(5.1)
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Figure 5.2: Singular non-dispersed burst-like proﬁle from the 16 frequency channels sample with a 1 second time resolution, observed on 2016-09-05.
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DM = 0 ± 2
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Figure 5.3: The time lag between the 62.5 MHz light curve, the highest sub-band frequency, and each of the 16 subbands. The delay uncertainties were calculated by randomly generating 10,000 sets of light curves using the measured
ﬂux densities and their uncertainties. The orange line shows the best-ﬁt dispersion delay and is clearly consistent with
0 DM. Additionally, with the data quality during this event, we are sensitive to DMs of even a few.

5

where J1 (t) is the Bessel function of the ﬁrst kind, and t = xb − c, with b and c used to
scale and translate the time x of the light curve during ﬁtting. This pattern could be caused
by a cone-shaped notch in a plasma sheet, but we shall return to that in the discussion
(Sect. 5.4.1).
5.3.1.2 Strong variability due to scintillation

Sometimes events similar to those described in the previous section appear in large numbers in a region of the sky, aﬀecting a given source multiple times during some period and
aﬀecting many neighbouring sources as well. Figure 5.5 is an example light curve, recorded
on 2019-01-01, when such strong scintillation was observed across nearly half of the visible
sky. The source is 4C 14.27, a Seyfert 1 galaxy, with a ﬂux density of 15.07 ± 0.16 Jy in
the VLSSr catalogue, and very compact, <10” according to the FIRST survey, which has
a synthesized PSF FWHM of 5” (Helfand et al., 2015). We will call the individual events
‘scintels’, and during such periods of strong scintillation, many tens of scintels, each similar in character to the isolated case in Fig. 5.2, can be produced. This is clearly a persistent
background source temporarily exhibiting strong variability through scintillation. In Section
5.3.2, we will measure the properties of these scintels and compare their distributions with
the distributions of properties of the isolated events.
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Figure 5.4: Isolated magniﬁcation of the signal from 3C 234, captured during 2019-01-13. We ﬁt a Jinc function (top),
and plot the residuals (model − data, bottom), where the shaded regions are deﬁned by the ﬂux density uncertainty.
The horizontal grey line in the top panel indicates the 90 Jy persistent ﬂux density as measured in the AARTFAAC
catalogue.
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Figure 5.5: Example light curve illustrating strong scintillation of 4C 14.27 during an observation on 2019-01-01, with the inset expanding a typical region of the light curve,
illustrating the scintel shape and height variability. The quiescent ﬂux is 15.07 Jy at 74 MHz, typically below our detection threshold. Large connected dots labelled “det”
denote measurements where the signal is blindly detected, i.e., above 5σ. smaller dots labelled “ﬀ ” are forced-ﬁt ﬂuxes, which are done automatically for a few time steps
after a detection at the same location.
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5.3.1.3 Potential cosmic transient

Lastly, we present a detailed study of another transient candidate event, as shown in Fig. 5.6,
which does appear to exhibit an inter-sub-band delay, a promising sign for a potential cosmic
transient. However, unlike the candidates discussed in Section 5.3.1.1, this event, occurring
on 2017-02-25, appears at a time when nearby sources are displaying strong scintillation.
The candidate burst, beginning at 03:21:13 UTC, can be compared to the appearance of
the scintillation-induced variability in the light curve of the same source, which becomes
prominent after 03:24:00.
The tumultuous background rendered an accurate ﬂux scaling of 16 individual subbands diﬃcult, due to the reduced number of calibrators in single sub-band images. We,
therefore, reprocessed the interval into four integrations of four sub-bands and tried to measure the apparent DM of the three prominent bursts. In Fig. 5.7 we show that the signal
delay between sub-bands for burst 1 nicely increases to lower frequency, and is very well ﬁt
−3
with a DM of 74 ± 5 pc cm . Bursts 2 and 3 are much more poorly ﬁt by a dispersion delay,
−3
with formal DM ﬁt values of 44 ± 10 and −6 ± 58 pc cm , respectively, so these are rather
more likely scintillation than distant dispersed events. While this is pretty strong prima facia evidence of an extragalactic origin of burst 1, we will suspend our ﬁnal judgment until
we compare the measured delay with the distribution of delays of a large sample of scintels
(Sect. 5.3.2.3).
5.3.2 Statistical description of strong scintillation zones
In attempting to disentangle the diﬀerent scintillation regimes discussed earlier, we have
observed zones of strong scintillation in opposition to the Sun. Their locations are not generally ﬁxed either in celestial or terrestrial coordinates, so it is not immediately clear from
1
their motion what to associated them with. An example of these zones is shown in Fig. 5.8 .
The zones vary in size from 20 to 40 degrees ecliptic latitudinal extent and from 20 to 90
degrees ecliptic longitudinal extent. They can appear stationary in ecliptic coordinates and
in size, or evolve along the latitude lines, decreasing from 60 to 40 degrees latitude, or remain stable between 0 and 20. Of the 28 nights where we observed between 22 and 05
UTC, strong scintillation regions are clearly deﬁned in seven. The total lifetime of the zone
can be hours, as seen in the observation on 2018-03-09, where the scintillation zone begins
around 22:00 UTC, peaks in intensity at 00:00 UTC, then diminishes until disappearing at
04:00 UTC, lasting a total of 6 hours. However, on 2017-02-25, Fig. 5.8, the zone is present
at the start of the observation at 1:30 UTC, increases in intensity until 4:20 and then begins
to decrease until the end of the observation at 5:00. Then in the next night at 1:30, when
we start observing again, the zone is present at 40 degrees latitude, but restricted in longitudinal extent compared with the previous night, indicating that this may be a single case
lasting more than 24 h.

1

For an animated version visit https://aartfaac.org/images/scint_20170225.gif
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Figure 5.6: Four integrations of four sub-bands illustrating the light curve of the one transient candidate observed to have an inter-sub-band delay consistent with an
extragalactic origin. The data were recorded on 2017-02-25 just before and during a period of strong scintillation.
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Figure 5.7: Dispersion delays, and best ﬁt DMs, for the three bursts associated with the dispersed transient candidate,
illustrated in Fig. 5.6, and numbered in chronological order from.

5.3.2.1 Magniﬁcation factor and peak ﬂux of the underlying source

In an eﬀort to understand whether the singular magniﬁcation events are diﬀerent in cause
and character to the scintels observed during periods of strong scintillation, we compare
the magniﬁcation distributions from multiply and singly magniﬁed sources. In Fig. 5.10 we
show the distribution of magniﬁcation factors of 725 scintels described in Section 5.3.1.2.
These were measured from 16 sources, during one period of strong scintillation. The typical
ﬂux density of each is below our detection threshold, thus the individual scintels are well
isolated from each other. Additionally, 76 singular scintels, instances where the ﬂux density
has been magniﬁed only once during the observation (Section 5.3.1.1), for that speciﬁc
background source, are also plotted. In both populations, the distribution of magniﬁcation
factors is bounded on the lower side by our sensitivity limit. Therefore, the bottom of the
distribution follows a power law, with index −1. The distribution is bounded on the top
by the decreasing likelihood of observing a scintel with greater and greater magniﬁcation,
and on the right by the decreasing number of sources at higher unmagniﬁed brightness. The
distribution of magniﬁcation factors, illustrated in Fig. 5.10, drops according to a power-law
distribution with an index of −2.5 ± 0.1 for the multiply magniﬁed scintels. For the singly
magniﬁed scintels the distribution is ﬂatter, with a power-law index is −1.3 ± 0.2.
5.3.2.2 Duration distribution

Next, in an eﬀort to infer physical properties of the turbulent medium producing the scintillation, we investigated the distribution in the temporal widths of the scintels, as well as the
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Figure 5.9: Magniﬁcation factor of 725 scintels for 16 sources exhibiting multiple scintillation peaks on 2019-0101, and 76 singly magniﬁed sources detected throughout the survey. The grey solid line indicates the 5σ detection
threshold, typically 45 Jy, the grey dashed line indicates the 30 Jy peak-prominence limit. Flux density measurements
fall below the detection threshold for the multiply scintillating sources as a result of forced-ﬁt measurement being
included.

relationship between the scintels’ width and the peak magniﬁcation factor. The width distribution is approximately exponential with a characteristic time of of τ = 1/λ = 8.5 ± 1.5 s,
from the peak of 10 s (Fig. 5.11). For comparison, the isolated magniﬁcation events have a
somewhat longer characteristic duration, with a characteristic time of a ﬁtted exponential
distribution of τ = 15 ± 2 s. Additionally, the scintel duration and magniﬁcation factor are
almost uncorrelated (correlation coeﬃcient 0.2, Fig.5.12).
5.3.2.3 Scintel delay distribution

Lastly, in order to deduce to what extent strong scintillation confounds the search for extragalactic transients, we investigated the distribution of delay times between peaks measured
at 61.8 and 58.5 MHz for each scintel or isolated magniﬁcation event. The distributions are
shown in Fig. 5.13 for both types separately. The distribution of scintel delay times is fairly
narrow and symmetric around zero, and its width is consistent with noise errors. Hence
we conclude that they have no measurable delays and thus are consistent with DM= 0. For
the isolated events, the majority fall into a similarly narrow and symmetric distribution, but
here we ﬁnd a signiﬁcant number of outliers, and more so on the negative side where true
dispersion delays should lie. The potential extragalactic event described in detail in Section
5.3.1.3 is indicated with the red arrow.
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Figure 5.10: Magniﬁcation factor distributions for the 725 multiply-magniﬁed scintels (blue), and the 76 singly magniﬁed scintels (red).
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5.4 Discussion
As is clear, most of the phenomena we described above are not consistent with a distant
astrophysical origin and must be caused by plasma lensing or other propagation eﬀects
relatively near to Earth. We now discuss what constraints we can place on the medium
that causes them.
5.4.1 Detailed light curves of single magniﬁcation events
Among the single magniﬁcation events, there are a few with very high signal to noise, and
we consider these ﬁrst in order to see what we can learn from the details of their light
curves. The ﬁrst light curve is that of 4C 26.55, shown in Fig. 5.2. The total DM through our
−3
−3
Galaxy along this line of sight is 65 pc cm or 71 pc cm according to the YMW16 (Yao
et al., 2017) and NE2001 (Cordes & Lazio, 2002) models, respectively. Using only this range,
which would ignore any contribution from the intergalactic medium or the local environment
would result in a dispersion delay of 12.3–13.3 s between 57.6 and 62.5 MHz. However, we
measure no signiﬁcant delay, and our earlier analysis (Fig. 5.3) showed a formal measured
DM of 0 ± 2. Hence, the brightness increase cannot originate in the source, but must be
caused by plasma within a few tens of parsecs.

5

Our highest signal-to-noise magniﬁcation event peaks at 1000 Jy (Fig. 5.4). Again,
the lack of measurable dispersion delay indicates the lensing plasma must be fairly nearby.
A Bessel beam diﬀraction pattern, which matches this light curve, could be caused by a conic
depression in a higher-density, plane parallel plasma sheet. (Since the index of refraction
due to cold free electrons is close to, but below unity, a converging lens must be underdense and convex relative to its surroundings, or overdense and concave.) The somewhat
depressed ﬂux before and after the peak relative to the normal state may also suggest we
see the ‘shadow’ of this lensing plasma there.
One type of magniﬁcation event known to occur for compact sources is the so-called
Extreme Scattering Event (ESE) (Clegg et al., 1998, e.g.,), caused by isolated bubbles in the
interstellar electron density. We do not think these are exactly the cause here, because they
would typically be further away and also could not cause the scintillation storms, in which
the individual events look similar. They also have time scales of months to years typically and
amplitudes of only a factor few. Furthermore, Dong et al. (2018) show that the lensed-tounlensed brightness ratio tends strongly to one below 700 MHz, resulting from the increase
in background source size.
We also note that these singular magniﬁcations are similar in shape, timescale, and
magnitude (in the case of the burst in Fig. 5.4) to a recently reported low-frequency cosmic
transient observed by LWA1 and LWA-SV (Varghese et al., 2019, esp. Figs. 3 and 4). While
this was not their preferred explanation, they noted that it could be a magniﬁcation of the
compact radio source 4C+1.06 by about a factor 30, a value on the high side, but within the
range we ﬁnd here; its duration of 15–20 s is also within our range. The observing frequency
of 34 MHz is even lower than ours. If we may therefore regard this event as part of the same
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class the LWA gives important extra information: while they report only one event, and
without dispersion information, the fact that they detected it with two stations 75 km apart
is important. First, the absence of a noticeable parallax between the two stations indicates
a minimum distance of 1400 km to the lens. LWA also report other events detected that
they do attribute to scintillation (17 over a period of about 340 days). These are much less
frequent than the scintillation storms we ﬁnd, but that is likely due to the much higher ﬂux
threshold of LWA and the fact that they limited their analysis to cases where there was a
simultaneous spike in the two stations. Due to this selection, we should probably be careful
to attach too much signiﬁcance to the simultaneity of these events in the two stations (to
within about 5 s). Such simultaneity would imply a size of the magniﬁcation spot on the
ground of more than 75 km, and a transverse speed of any lensing plasma of at least a few
tens of km/s. However, if we look at their Fig. 4, we also see many more scintillation spikes
in their example station light curves in the half hour before and after the simultaneous spike
that are not coincident between the two stations, so smaller and/or slower magniﬁcation
spots are perhaps more common. Before discussing a toy model for these magniﬁcations, we
will ﬁrst look into what additional constraints follow from the strong scintillation zones.
5.4.2 Constraints from strong scintillation zones
To the extent that we may regard the scintillation zones or periods as the occurrence of
many events like the isolated ones in a short period of time, they provide at least one extra
constraint: we can see them move in the sky and thus get their angular velocity. We use the
◦
◦
example in Fig. 5.8, where the apparent motion is from 60 to 40 ecliptic latitude in 70
−5
minutes, i.e., an angular velocity of 8 × 10 rad/s. First of all, this angular velocity allows us
to very much reduce the maximum distance of the lensing plasma from the dispersion delay
limit of a few tens of pc: since the physical transverse speed must be less than the speed of
light, the distance is at most 20 AU. Other than that, the scintillation zone is clearly not ﬁxed
either relative to the horizon or in ecliptic coordinates, so it cannot be obviously associated
with either phenomenon ﬁxed to the Earth (such as the ﬂux tubes discovered by Loi et al.
(2015a, 2016) with the MWA), or with something ﬁxed in the solar system. We do note a
preference for the zones to appear in the anti-Sun half of the sky, though, perhaps suggesting
a link with downstream eﬀects of the solar wind impacting on the Earth’s magnetosphere.
To analyse this constraint in more detail, we must ﬁrst note that the scintillation zones are
tens of degrees across in the sky, but as we will show below, the individual lensing plasma
bubbles are much smaller. However, scintillation studies done with LOFAR indicate that a
fair approximation is that a scattering screen with turbulent cells moves past our line of
sight rather faster than that it changes in its own rest frame, as in the case of interstellar
scintillation. Therefore we will assume that the angular velocity we measure for the overall
region also applies to the individual turbulent cells.
In a recently published study of a strong scintillation episode in Cas A with LOFAR
Fallows et al. (2020) perform a detailed analysis of dynamic spectra and of the time sequence
in which the scintillation hits diﬀerent LOFAR stations. They ﬁnd that this episode is caused
primarily by two layers of the ionosphere, the D region at around 80 km, where the plasma
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speed was about 110 m/s and the F region at 300–400 km altitude, where that speed was
20–40 m/s at the time. The typical quiescent electron densities in these regions are 0.5–
6
−3
1×10 cm . For the angular velocity we measure, the implied speeds would be 6 m/s in
the D region and 25–35 m/s in the F region; so in case we see the F region, we ﬁnd about
the same speed, but were it the D region then the disturbance we see is considerably slower
than the one found by Fallows et al. (2020). For even higher altitudes, as suggested by
the lower limit for the LWA event, the required speeds go up: to 200 m/s at an altitude of
2000 km or even 1 km/s at 1.5 Earth radii in the geomagnetic tail.
The range of velocities, 100 − 1000 m/s, and altitudes ranging from 300 − 2000 km
matches well with travelling ionospheric disturbances (Thome, 1968; Huang et al., 1998,
(TIDs, e.g.,), as does the trajectory southward from high latitude (Hocke & Schlegel, 1996).
The northwest to southeast orientation, and southwesterly drift is also characteristic of TIDs
observed at mid-latitudes (Garcia et al., 2000). However, in the following hour the region
◦
remains ﬁxed on the sky, along the 40 parallel. Thome (1968) also report a decrease in
velocity from 700 m/s to 125 m/s over 11 hours. Lastly, direct air-glow images of TIDs tend
to show multiple waves spanning the entire sky, passing with motion uncorrelated to the
background sidereal drift.

5

Therefore we conclude that the information we get from the motion of the scintillation regions provides the severest distance restriction and conﬁnes the location of the scattering or lensing screen to within 20 AU. The motion is consistent with a variety of plausible
ionospheric or geomagnetospheric origins and does not strongly favour one among these.
5.4.3 A toy plasma bubble model
We now try to constrain the properties of the plasma that causes both the isolated events
and scintillation storms. To this end, let us ﬁrst assume a spherical bubble of radius R with
a diﬀerence in index of refraction δn relative to its surroundings, that is hit by a plane
wave from our source, which then converges on AARTFAAC. In order to achieve a large
magniﬁcation factor, the distance of the bubble to our telescope must be similar to the focal
length f of the bubble. For n ≃ 1, this is well approximated by f = R/|2δn|, irrespective of
whether the lens is thick or thin in the lens makers’ sense. (If we think of it as a spherical
bubble, it should be underdense, but we can also imagine an overdense concave body with
both size and surface curvature radius about equal to R). Using the standard expressions for
the index of refraction and plasma frequency, we derive the following numerical expressions:
|δn|
f

−2

=

2.24 × 10

=

−1 2
223R6 δne,6 ν60
6

δne,6 ν60

−3

km,

(5.2)
(5.3)

where δne,6 is the electron density in units of 10 cm , R6 the lens radius in units of 10 km,
and ν60 = ν/(60 MHz). Here we have put some prejudice in the numbers by scaling them to
values relevant for the quiescent ionosphere. For the ideal ray optics case, the magniﬁcation
becomes inﬁnite in the focus, but of course, there it will always meet the diﬀraction limit.
More realistically, AARTFAAC will cut through the beam some distance before or after the
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focus as the bubble drifts through the line of sight and throws a spot of radius r onto the
2
ground. The magniﬁcation is then simply (R/r) . The formal diﬀraction limit on the spot
size is then of course rmin = f θD /2 = 0.305λf /R = 0.61λ/δn. Using the same numerical
normalisations again, we ﬁnd
rmin
Mmax
∆f
f

−1

=

0.136δne,6 ν60 km

=

3

5.4 × 10

=

3.4 × 10

(5.4)

2
2
−2
R6 δne,6 ν60

−2

−2

(5.5)

−2

(5.6)

R6 δne,6 ν60 ,

where Mmax gives the diﬀraction limit to the peak magniﬁcation, and the depth of ﬁeld,
∆f , is the range of focal length over which the spot size and magniﬁcation are close to the
diﬀraction limit. This shows that these extreme numbers will be very rare even in the ideal
case, and of course one should note that realistic plasma bubbles are quite unlikely to be so
smooth as to act as ideal lenses, and so rather larger spots and more modest magniﬁcations
are likely to be the rule. But the observed magniﬁcation factors (Fig. 5.10) can at least be
reassuringly far below that theoretical maximum. Of course, the duration T of an event is
related to its actual spot size as T = 2r/vL , but unfortunately via the unknown transverse
speed vL of the lens.
Another quantity that is accessible to observational testing is the angular size of the
lenses on the sky, since large lenses would aﬀect nearby sources in similar ways. The angular
diameter on the sky is of course simply θL = 2R/f , again approximating that AARTFAAC’s
distance to the lens is similar to the focal length, which is needed for a signiﬁcant magniﬁcation. Numerically this works out to
θL =

2R
◦
−2
= 4δn = 5.1 δne,6 ν60 .
f

(5.7)

This is quite sizeable and less dependent on parameters than some of the other quantities.
Unfortunately, it is smaller than the typical distance between AARTFAAC catalogue sources
on the sky, and so the test is non-trivial.
Now we can use these equations with the properties of the observed events and
of AARTFAAC to derive some general constraints on possible lenses. First, we note that
a detectable magniﬁcation will require a spot that covers the AARTFAAC superterp, i.e.,
rmin > 300 m. Via eq. 5.4, this places a lower limit on the electron density perturbation:
δne,6 < 0.45. If we now use eq. 5.3 and the requirement that f ≃ h, where h is the altitude
of the lens, we get that
h
R6 =
δne,6 .
(5.8)
223 km
Here and below we set ν60 = 1, all observations reported here are near 60 MHz. We can
now set a constraint on the magniﬁcation by eliminating R6 from it and using the electron
density constraint:
Mmax = 5.4 × 10

3

(

h
223 km

)2

4

δne,6 < 230

(

h
223 km

)2
.

(5.9)
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Since we observe magniﬁcations up to 120, this implies that some of them must originate
from a height of at least 160 km, excluding the D region we mentioned previously. This
exclusion is even stronger if we remind ourselves that we calculated the spot sizes and magniﬁcations for ideal lenses, and realistically we, therefore, expect higher altitudes. Near the
density peak of the F region, at perhaps 400 km, one could theoretically get magniﬁcations
of 750 and perhaps that makes the observed values possible even with somewhat non-ideal
lenses. In this layer, the quiescent electron density is also highest so that the maximum density perturbation we derive is only about half the total value. If one goes up to one Earth
radius, the density has dropped by a factor 1000, more than undoing any favourable effect of a larger distance on the possible magniﬁcation. This is valid as long as we consider
waves and turbulence that perturb the normal plasma values around the mean. If one considers events that change the electron density by orders of magnitude there would be more
freedom.
We also note that for the spot sizes needed for large magniﬁcations and the speeds
we measure, the expected duration of the magniﬁcation events are a few seconds to a few
minutes, which nicely encompasses the range we observed. From eq. 5.7 we also ﬁnd that
◦
the angular size of the lenses must be less than 2 . We ﬁnd very few cases of sources closer
than that on the sky that both scintillate, so with our current data, we cannot test whether
sources closer than that vary in sync because they are lensed by the same bubbles.

5

Hence indeed, taking all constraints together, we conclude that the layers around
the ionospheric density peak at a height of about 300–400 km are a plausible location for
the plasma that causes the spiky magniﬁcation events that we have found. A more common
description of the radio scintillation caused by these layers considers the layer as a turbulent
scattering screen that causes a Fresnel-zone near-ﬁeld pattern of intensity variations on the
ground. This approach is used in the study of scintillation of Cas A with LOFAR (Fallows
et al., 2020). Quite possibly both descriptions apply simultaneously: Cas A is very bright, and
a single LOFAR station can detect it, and its variations, continuously. Therefore monitoring
it can reveal the continuous pattern cast on the ground by the turbulent layer. We here see
only the tip of the iceberg because all we detect is the occasional very large magniﬁcation
due to a fortuitously shaped turbulent cell and favourable geometry. We ﬁnd that such events
are much more common when the ionosphere is more active, but they can also occur in an
otherwise quiescent ionosphere, and we ﬁnd that the distributions of their properties are
somewhat diﬀerent then.
5.4.4 The extragalactic intrinsic ﬂare candidate
Finally, we return to our strong candidate for a true extragalactic ﬂare, with a best-ﬁt DM of
−3
74 ± 5 pc cm , illustrated in Fig. 5.7. This DM would be extragalactic: in the direction of the
−3
source (RA 163.7 ± 0.5 deg, DEC 33.8 ± 0.5 deg), the total Galactic DM is 30 pc cm (Cordes
−3
& Lazio, 2002), and the halo contribution is also 30 pc cm (Yamasaki & Totani, 2019). This
places the source origin deﬁnitely outside the disc of our Galaxy and likely outside of the
halo (but, given local variability of sightlines relative to the DM models, not with very great
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−3

certainty). Using the DM-distance relation for the IGM, DM = 900z pc cm (McQuinn,
2014; The CHIME/FRB Collaboration et al., 2019) gives a redshift value of 0.015, or distance
of 63 Mpc (Wright, 2006). Given that the foreground DM value is uncertain and that there
might be also a contribution from the environment or host of a putative extragalactic event,
we should regard this value as indicative of the upper limit to the distance rather than a
measured value.
In the Advanced Detector Era (GLADE, v2.3) catalogue of nearby galaxies (Dálya
et al., 2018), there are three potential galaxies within the position uncertainty and distance
limit: PGC2039259 at 26.4 Mpc, NGC3442 at 27.96 Mpc, and PGC032706 at 55.83 Mpc, all
with ﬂux densities of 0.5 Jy or less. None of these is detected in our AARTFAAC data, so
if the ﬂare originates from one of them, its radio luminosity is more than 200 times that
of the quiescent galaxy’s total value. Since we cannot identify the event with a quiescent
source, the cause of this ﬂare remains rather speculative at the moment. To set the scale,
at a distance of 50 Mpc this ﬂare has a peak radio luminosity (assuming a spectral range of
37
38
100 MHz) of 3 × 10 erg/s and emitted energy only in the radio band of 3 × 10 erg. By the
usual argument of how fast a radio ﬂare can rise from a source of a given size (e.g., Pietka
34
et al., 2015), this implies a brightness temperature in excess of 10 K. Even if we do assume
the source is on the outskirts of the Galaxy, at 50 kpc, the implied brightness temperature
28
would still be 10 K. In either case, the emission mechanism underlying this phenomenon
then needs to be coherent.
Given these rather strong implications, we prefer to regard this event as a candidate
extragalactic event for now and await the discovery of a few more conﬁrming cases and a
better understanding of the outliers in the frequency-time delay distribution of the magniﬁcation events.

5.5 Conclusions
We have identiﬁed a new phenomenon in the low-frequency radio sky, namely strong and
well-separated radio ﬂares, typically lasting 20 s and mostly coincident with bright radio
sources that become 3–30 times brighter during the ﬂare, but occasionally up to 100 times
brighter. They typically show no signiﬁcant dispersion delays and thus cannot originate from
intrinsic variations in the extragalactic sources they coincide with, so we interpret them as
magniﬁcation events caused by near-Earth plasma. Using a naive toy model of a plasma lens,
we show that they are consistent with originating in the ionosphere around the layer of peak
electron density, 300–400 km in altitude, so they may be the extreme end of ionospheric
scintillation. They do occur both in times when the ionosphere is otherwise quiescent, albeit
rarely, and they become quite frequent when the ionosphere is very active. At those times,
which last from a few hours to more than a day, there are so many events that we can
trace the development and motion of the active regions across the sky. In the future, with
somewhat higher sensitivity and therefore a higher source density on the sky, we should be
◦
able to detect or exclude correlated variability of sources that are less than 2 apart in the
sky and thereby constrain the sizes and motion of the individual lensing plasma bubbles.
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We also ﬁnd one case of a 10 s, 100 Jy ﬂare that shows all the hallmarks of being
dispersed, with a DM that likely puts it at an extragalactic distance, or at the very least in
the outskirts of our own Galaxy. We ﬁnd no underlying radio source brighter than 0.5 Jy.
We withhold ﬁnal judgement on whether it really is dispersed until we have collected more
events, since there are some outliers in the distribution of magniﬁcation events that have
similar time delays to this event. If it is indeed a distant source, its emission is quite extreme,
28−34
requiring a brightness temperature of 10
K.
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116.91 ± 0.35

J0746+377

24.61 ± 0.07
70.30 ± 0.07

112.75 ± 0.05

115.69 ± 0.15

J0731+246

J0742+702

74.83 ± 0.10
11.67 ± 0.08

108.06 ± 0.29

108.62 ± 0.04

J0712+748

J0714+116

42.53 ± 0.09

107.26 ± 0.08

J0709+425

◦

Dec
[ ]

◦

Ra

[ ]

36.62 ± 0.11

63.12 ± 0.12

62.86 ± 0.14

36.80 ± 0.14

64.32 ± 0.13

47.80 ± 0.06

43.48 ± 0.07

41.06 ± 0.04

39.14 ± 0.08

65.44 ± 0.16

157.30 ± 0.20

46.74 ± 0.07

65.78 ± 0.06

57.86 ± 0.15

42.35 ± 0.10

50.68 ± 0.12

41.59 ± 0.08

54.34 ± 0.05

46.89 ± 0.06

49.35 ± 0.09

39.44 ± 0.08

41.16 ± 0.08

73.94 ± 0.13

53.18 ± 0.06

43.76 ± 0.06

[Jy]

Flux density

35.07 ± 1.28

54.60 ± 0.08

52.63 ± 0.12

33.13 ± 0.14

56.72 ± 0.17

43.96 ± 0.10

37.62 ± 0.10

37.68 ± 0.08

35.66 ± 0.10

59.29 ± 0.17

140.87 ± 0.31

49.85 ± 0.23

66.86 ± 1.78

50.79 ± 0.15

38.93 ± 0.14

44.82 ± 0.10

37.57 ± 0.08

50.14 ± 0.13

42.43 ± 0.08

42.72 ± 0.08

34.67 ± 0.07

37.80 ± 0.12

67.27 ± 0.28

47.56 ± 0.10

40.37 ± 0.11

ξ

Location

5.57 ± 0.30

21.17 ± 0.09

20.55 ± 0.11

7.18 ± 0.13

14.08 ± 0.14

7.08 ± 0.07

10.77 ± 0.08

6.32 ± 0.05

6.52 ± 0.08

11.86 ± 0.15

30.19 ± 0.23

6.30 ± 0.13

9.36 ± 0.22

13.76 ± 0.14

6.29 ± 0.11

12.46 ± 0.10

7.80 ± 0.08

8.13 ± 0.08

8.27 ± 0.06

13.42 ± 0.08

9.52 ± 0.07

6.18 ± 0.09

12.52 ± 0.18

10.33 ± 0.07

6.33 ± 0.07

ω

Scale

0.43 ± 0.34

4.39 ± 0.08

2.65 ± 0.05

2.40 ± 0.15

1.82 ± 0.06

1.46 ± 0.05

1.64 ± 0.04

1.25 ± 0.04

1.98 ± 0.08

2.28 ± 0.09

1.61 ± 0.04

−0.94 ± 0.08

−0.16 ± 0.25

2.37 ± 0.08

1.65 ± 0.09

3.13 ± 0.09

2.36 ± 0.07

1.06 ± 0.04

1.83 ± 0.05

2.72 ± 0.05

2.60 ± 0.06

1.50 ± 0.07

1.23 ± 0.06

1.47 ± 0.03

1.27 ± 0.05

α

Shape

continued …

-

3C217

3C216

3C210

3C208

-

3C205

3C204

3C200

3C198

3C196

-

3C192

3C191

-

3C190

3C189

-

-

3C186

3C184

-

3C175

-

-

Name

6146

55956

52948

4901

22018

29914

49824

41604

11094

10087

60025

14116

41548

16142

7457

16759

14698

57674

43127

39665

35689

15365

22802

74465

27363

#

Measurements

I

Label
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45.60 ± 0.10
79.03 ± 0.10
35.84 ± 0.08
13.79 ± 0.09
83.18 ± 0.10
9.71 ± 0.06
7.36 ± 0.07
14.34 ± 0.09
73.18 ± 0.10
69.48 ± 0.09
28.72 ± 0.08
22.54 ± 0.09
34.78 ± 0.09
6.88 ± 0.38
46.34 ± 0.09
74.56 ± 0.11
80.83 ± 0.14
6.49 ± 0.09
58.19 ± 0.10
11.86 ± 0.08
76.86 ± 0.10
24.96 ± 0.08
35.59 ± 0.09
40.58 ± 0.09
65.71 ± 0.09

140.74 ± 0.05

144.24 ± 0.39

145.38 ± 0.06

145.95 ± 0.05

145.97 ± 0.59

146.35 ± 0.05

147.37 ± 0.04

147.95 ± 0.06

148.11 ± 0.21

149.70 ± 0.17

150.85 ± 0.05

151.53 ± 0.23

151.94 ± 0.08

152.77 ± 0.24

153.39 ± 0.09

154.15 ± 0.30

155.09 ± 0.65

156.89 ± 0.04

158.84 ± 0.10

161.09 ± 0.05

167.23 ± 0.31

167.61 ± 0.07

168.29 ± 0.07

168.93 ± 0.07

175.32 ± 0.18

J0922+456

J0936+790

J0941+358

J0943+137

J0943+831

J0945+097

J0949+073

J0951+143

J0952+731

J0958+694

J1003+287

J1006+225

J1007+347

J1011+068

J1013+463

J1016+745

J1020+808

J1027+064

J1035+581

J1044+118

J1108+768

J1110+249

J1113+355

J1115+405

J1141+657

◦

Dec
[ ]

◦

Ra

[ ]

Label

…continued

50.40 ± 0.07

61.78 ± 0.15

41.12 ± 0.12

48.67 ± 0.08

51.76 ± 0.05

42.83 ± 0.14

58.04 ± 0.09

54.13 ± 0.13

52.86 ± 0.11

42.11 ± 0.14

46.28 ± 0.08

61.42 ± 0.22

39.54 ± 0.11

46.39 ± 0.20

90.06 ± 0.15

41.65 ± 0.07

49.90 ± 0.04

50.78 ± 0.10

113.72 ± 0.12

57.78 ± 0.17

59.12 ± 0.05

55.56 ± 0.15

40.38 ± 0.09

57.90 ± 0.05

114.71 ± 0.12

[Jy]

Flux density

43.84 ± 0.12

50.50 ± 0.09

35.15 ± 0.06

42.94 ± 0.08

46.84 ± 0.09

38.72 ± 0.12

50.83 ± 0.24

49.08 ± 0.17

46.47 ± 0.08

37.26 ± 0.13

39.62 ± 0.07

52.52 ± 0.23

34.27 ± 0.06

40.41 ± 0.28

76.73 ± 0.11

37.83 ± 0.15

47.81 ± 0.41

45.14 ± 0.11

106.25 ± 0.17

50.83 ± 0.15

53.30 ± 0.09

47.24 ± 0.13

35.13 ± 0.05

52.45 ± 0.07

121.98 ± 0.87

ξ

Location

12.07 ± 0.08

31.24 ± 0.12

21.53 ± 0.09

11.28 ± 0.07

9.14 ± 0.06

8.52 ± 0.12

13.91 ± 0.14

9.39 ± 0.14

14.22 ± 0.09

9.64 ± 0.12

13.44 ± 0.07

17.18 ± 0.21

16.44 ± 0.08

11.03 ± 0.21

31.20 ± 0.14

7.14 ± 0.10

6.19 ± 0.13

10.71 ± 0.09

13.73 ± 0.14

14.01 ± 0.14

10.70 ± 0.06

16.77 ± 0.12

14.58 ± 0.07

10.01 ± 0.05

19.24 ± 0.34

ω

Scale

1.46 ± 0.03

5.34 ± 0.08

8.05 ± 0.16

2.50 ± 0.05

1.31 ± 0.03

2.91 ± 0.14

1.08 ± 0.04

1.88 ± 0.09

3.48 ± 0.08

2.56 ± 0.12

2.70 ± 0.05

2.31 ± 0.09

6.49 ± 0.14

1.71 ± 0.11

3.90 ± 0.06

1.27 ± 0.06

0.49 ± 0.10

2.14 ± 0.06

1.65 ± 0.05

2.68 ± 0.09

1.47 ± 0.03

2.68 ± 0.07

5.38 ± 0.10

1.57 ± 0.03

−0.57 ± 0.07

α

Shape

continued …

3C263

3C254

3C252

3C250

-

3C245

-

3C243

-

-

-

3C237

-

-

3C234

3C231

-

3C228

3C227

3C226

-

3C225

-

-

3C219

Name

73340

61784

41489

34110

62816

5979

73615

8357

28682

15676

49609

10461

29749

13088

47323

24283

64167

22500

18700

13561

88487

23350

41495

76940

62283

#

Measurements
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I

31.54 ± 0.08
34.13 ± 0.07
31.33 ± 0.08

208.66 ± 0.13

211.89 ± 0.08

212.67 ± 0.08

J1354+315

J1407+341

J1410+313

49.65 ± 0.06
64.36 ± 0.09

J1336+409

J1340+387

206.71 ± 0.09

40.93 ± 0.06
38.79 ± 0.08

204.08 ± 0.10

205.07 ± 0.07

J1312+273

J1332+305

207.78 ± 0.15

27.40 ± 0.07
30.52 ± 0.09

198.04 ± 0.07

203.01 ± 0.09

J1257+473

J1259+278

J1346+496

47.31 ± 0.10
27.82 ± 0.08

194.42 ± 0.09

194.97 ± 0.13

J1255+156

J1351+643

16.33 ± 0.09
15.64 ± 0.08

191.30 ± 0.06

193.76 ± 0.07

J1245+163

33.62 ± 0.06
21.23 ± 0.08

185.51 ± 0.05

189.21 ± 0.06

J1222+336

5.77 ± 0.09

185.17 ± 0.06

J1220+057

J1236+212

43.62 ± 0.06
53.46 ± 0.05

182.68 ± 0.07

184.36 ± 0.09

J1210+436

J1217+534

54.76 ± 0.08
72.93 ± 0.11

179.17 ± 0.10

180.25 ± 0.24

J1156+547

J1200+729

49.65 ± 0.06
12.74 ± 0.09

176.84 ± 0.07

177.84 ± 0.05

J1151+127

J1146+315

J1147+496

19.59 ± 0.09
31.54 ± 0.09

176.60 ± 0.05

176.75 ± 0.05

J1146+195

21.89 ± 0.09

176.09 ± 0.07

J1144+218

◦

Dec
[ ]

◦

Ra

[ ]

46.28 ± 0.22

48.77 ± 0.14

50.76 ± 0.09

47.26 ± 0.07

40.64 ± 0.13

48.08 ± 0.07

34.73 ± 0.11

47.69 ± 0.12

43.60 ± 0.11

58.63 ± 0.06

55.22 ± 0.11

51.29 ± 0.18

54.99 ± 0.23

46.24 ± 0.10

37.49 ± 0.11

123.19 ± 0.14

34.14 ± 0.12

33.98 ± 0.10

54.85 ± 0.09

36.21 ± 0.08

49.69 ± 0.15

36.86 ± 0.15

60.55 ± 0.11

80.30 ± 0.13

50.02 ± 0.16

[Jy]

Flux density

48.81 ± 1.62

41.17 ± 0.15

47.04 ± 0.36

42.09 ± 0.15

37.04 ± 0.23

46.33 ± 1.39

31.98 ± 0.15

41.59 ± 0.10

38.86 ± 0.12

59.12 ± 1.54

45.59 ± 0.08

46.39 ± 0.24

48.99 ± 0.34

40.99 ± 0.11

32.39 ± 0.09

113.56 ± 0.18

31.09 ± 0.13

30.00 ± 0.09

47.09 ± 0.14

31.97 ± 0.06

44.88 ± 0.19

31.98 ± 0.12

52.09 ± 0.16

69.63 ± 0.15

42.33 ± 0.10

ξ

Location

7.01 ± 0.50

14.38 ± 0.12

8.03 ± 0.18

9.85 ± 0.10

6.69 ± 0.16

8.54 ± 0.25

5.09 ± 0.12

12.27 ± 0.10

8.96 ± 0.11

10.83 ± 0.12

21.78 ± 0.08

9.05 ± 0.19

11.05 ± 0.25

9.93 ± 0.09

11.15 ± 0.09

17.76 ± 0.15

5.90 ± 0.12

8.13 ± 0.08

14.26 ± 0.10

9.59 ± 0.07

8.89 ± 0.16

10.44 ± 0.12

15.60 ± 0.12

20.26 ± 0.13

20.27 ± 0.13

ω

Scale

−0.62 ± 0.38

2.11 ± 0.06

0.81 ± 0.09

1.14 ± 0.04

1.35 ± 0.11

0.28 ± 0.22

1.75 ± 0.13

2.67 ± 0.07

2.09 ± 0.08

−0.06 ± 0.18

3.61 ± 0.05

1.75 ± 0.12

1.60 ± 0.12

2.10 ± 0.06

3.35 ± 0.10

1.72 ± 0.05

2.31 ± 0.15

2.80 ± 0.10

1.59 ± 0.04

3.61 ± 0.09

1.80 ± 0.10

3.18 ± 0.13

1.70 ± 0.05

2.13 ± 0.04

4.91 ± 0.12

α

Shape

continued …

-

3C294

3C293

3C292

-

3C288

-

3C286

3C284

-

3C280

-

-

-

-

3C270

-

-

-

-

3C267

-

3C265

3C264

-

Name

4231

31019

16714

45160

5813

31456

3943

21608

11552

34053

67093

4450

4432

18931

15260

20649

4537

11854

91796

19741

5008

8194

49055

39290

20454

#

Measurements

I

Label
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52.17 ± 0.08
6.48 ± 0.07
41.69 ± 0.07
19.52 ± 0.11
37.65 ± 0.06
51.98 ± 0.07
76.90 ± 0.09
63.18 ± 0.08
71.48 ± 0.20
25.97 ± 0.07
7.01 ± 0.06
7.66 ± 0.08
54.38 ± 0.08
23.96 ± 0.08
62.65 ± 0.07
65.88 ± 0.10
39.51 ± 0.07
82.32 ± 0.06
44.30 ± 0.10
5.01 ± 0.05
46.01 ± 0.08
50.84 ± 0.07
80.27 ± 0.09
48.74 ± 0.08
32.69 ± 0.08

213.15 ± 0.05

215.11 ± 0.04

215.61 ± 0.08

216.18 ± 0.06

216.83 ± 0.07

221.04 ± 0.09

221.46 ± 0.43

222.47 ± 0.20

225.29 ± 0.24

226.55 ± 0.03

229.53 ± 0.03

230.82 ± 0.04

231.31 ± 0.09

233.26 ± 0.06

237.76 ± 0.12

242.77 ± 0.14

247.44 ± 0.04

247.49 ± 0.56

247.62 ± 0.09

253.12 ± 0.02

257.94 ± 0.11

261.27 ± 0.14

266.60 ± 0.58

277.65 ± 0.04

279.13 ± 0.07

J1412+521

J1420+064

J1422+416

J1424+195

J1427+376

J1444+519

J1445+768

J1449+631

J1501+714

J1506+259

J1518+070

J1523+076

J1525+543

J1533+239

J1551+626

J1611+658

J1629+395

J1629+823

J1630+442

J1652+050

J1711+460

J1725+508

J1746+802

J1830+487

J1836+326

◦

Dec
[ ]

◦

Ra

[ ]

Label

…continued

56.65 ± 0.22

136.75 ± 0.09

60.42 ± 0.16

41.84 ± 0.20

44.38 ± 0.13

873.07 ± 0.37

48.80 ± 0.19

46.36 ± 0.08

120.52 ± 0.11

50.32 ± 0.10

42.27 ± 0.13

57.89 ± 0.13

46.64 ± 0.04

71.86 ± 0.13

114.72 ± 0.12

127.36 ± 0.13

44.77 ± 0.13

43.26 ± 0.08

45.58 ± 0.10

39.45 ± 0.16

38.91 ± 0.16

60.66 ± 0.18

41.98 ± 0.12

86.31 ± 0.39

112.55 ± 0.18

[Jy]

Flux density

50.16 ± 0.15

127.96 ± 0.19

54.18 ± 0.31

36.15 ± 0.12

40.47 ± 0.10

863.96 ± 7.50

42.93 ± 0.18

43.33 ± 0.12

106.56 ± 0.09

42.51 ± 0.05

37.38 ± 0.10

49.36 ± 0.10

47.26 ± 1.18

66.71 ± 0.23

117.79 ± 2.38

112.69 ± 0.11

38.12 ± 0.07

37.74 ± 0.06

39.13 ± 0.11

35.18 ± 0.13

35.79 ± 0.67

51.91 ± 0.09

36.64 ± 0.10

67.76 ± 0.27

95.06 ± 0.12

ξ

Location

15.77 ± 0.17

16.70 ± 0.12

11.60 ± 0.21

14.58 ± 0.14

8.84 ± 0.11

39.98 ± 1.35

11.72 ± 0.16

5.57 ± 0.09

29.71 ± 0.11

24.82 ± 0.08

10.77 ± 0.10

19.71 ± 0.10

7.23 ± 0.13

9.52 ± 0.16

13.00 ± 0.41

31.71 ± 0.12

21.64 ± 0.10

12.35 ± 0.06

12.32 ± 0.09

8.99 ± 0.14

6.48 ± 0.29

27.69 ± 0.12

11.29 ± 0.10

43.04 ± 0.29

41.24 ± 0.14

ω

Scale

4.20 ± 0.17

1.15 ± 0.03

1.32 ± 0.08

4.66 ± 0.19

3.60 ± 0.15

0.32 ± 0.26

2.61 ± 0.12

1.55 ± 0.08

3.13 ± 0.03

6.67 ± 0.09

3.39 ± 0.12

3.79 ± 0.07

−0.11 ± 0.21

1.37 ± 0.08

−0.33 ± 0.25

3.25 ± 0.04

6.92 ± 0.14

3.53 ± 0.06

2.19 ± 0.06

3.03 ± 0.15

0.91 ± 0.20

6.63 ± 0.14

3.08 ± 0.09

3.82 ± 0.10

3.96 ± 0.05

α

Shape

continued …

-

3C380

-

3C356

3C352

3C348

3C337

-

3C338

3C330

3C325

3C321

3C319

-

3C317

3C310

-

3C305

-

3C303

-

-

3C299

3C298

3C295

Name

7804

62202

14183

7369

7215

23233

8597

8240

62467

69223

12332

40369

42515

8780

31047

57615

32787

33402

37122

5025

4503

35518

12810

21751

77864

#

Measurements

I.1 AARTFAAC catalogue
107

I

39.73 ± 0.08
27.10 ± 0.07

341.79 ± 0.03

354.98 ± 0.04

J2157+380

J2247+397

J2339+271

119.61 ± 0.18

150.89 ± 0.15

114.55 ± 0.12

59.12 ± 0.18

128.30 ± 0.13

96.04 ± 0.07

68.78 ± 0.14

191.25 ± 0.24

285.26 ± 0.25

671.39 ± 0.29

103.62 ± 0.14

288.53 ± 0.13

206.18 ± 0.20

114.73 ± 0.24

44.88 ± 0.08

54.96 ± 0.07

117.25 ± 0.14

[Jy]

Flux density

116.70 ± 3.34

161.54 ± 0.27

116.94 ± 2.86

52.60 ± 0.11

120.52 ± 0.24

89.62 ± 0.13

57.08 ± 0.11

177.54 ± 0.51

266.13 ± 0.21

644.72 ± 0.43

97.94 ± 0.43

277.60 ± 0.30

214.69 ± 2.21

115.93 ± 3.51

40.55 ± 0.11

49.80 ± 0.07

104.40 ± 0.14

ξ

Location

16.11 ± 0.57

19.69 ± 0.19

12.56 ± 0.40

16.92 ± 0.15

14.55 ± 0.16

12.08 ± 0.09

24.72 ± 0.10

25.73 ± 0.33

39.82 ± 0.21

49.01 ± 0.33

11.31 ± 0.25

21.02 ± 0.19

21.56 ± 0.54

12.29 ± 0.54

7.97 ± 0.09

10.00 ± 0.07

24.73 ± 0.12

ω

Scale
α

Shape

0.25 ± 0.28

−1.37 ± 0.04

−0.27 ± 0.31

4.77 ± 0.15

1.26 ± 0.05

1.21 ± 0.03

3.07 ± 0.05

1.23 ± 0.06

2.95 ± 0.05

1.57 ± 0.03

0.98 ± 0.09

1.09 ± 0.04

−0.62 ± 0.15

−0.15 ± 0.40

1.70 ± 0.06

2.35 ± 0.05

2.27 ± 0.04

Table I.1: The AARTFAAC catalogue of bright sources at 60MHz.

28.16 ± 0.09
38.04 ± 0.08

326.39 ± 0.05

329.30 ± 0.04

J2145+281

60.88 ± 0.08
25.12 ± 0.06

319.75 ± 0.09

321.25 ± 0.03

J2118+608

J2124+251

30.01 ± 0.08
76.63 ± 0.09

312.85 ± 0.04

315.77 ± 0.41

J2051+300

J2103+766

40.37 ± 0.07
50.65 ± 0.09

305.61 ± 0.02

311.61 ± 0.05

J2022+403

J2021+297

J2046+506

45.56 ± 0.08
29.73 ± 0.06

305.17 ± 0.04

305.39 ± 0.05

J2020+455

32.88 ± 0.10
23.61 ± 0.07

298.93 ± 0.08

303.94 ± 0.03

J1955+328

J2015+236

45.56 ± 0.06
60.71 ± 0.09

281.22 ± 0.07

295.42 ± 0.14

J1844+455

J1941+607

79.78 ± 0.07

280.22 ± 0.55

J1840+797

◦

Dec
[ ]

◦

Ra

[ ]

3C465

3C452

3C438

3C436

3C433

3C430

-

Cygnus Loop

HB21

DR4

3C410

W63

3C409

CTB 80

3C401

3C388

-

Name

17031

26727

30219

11360

23010

56715

110618

29773

52400

46342

17491

50894

30016

5553

17535

24996

121769

#

Measurements

I

Label
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I.2 Helmbolt spectra comparison

I.2

Helmbolt spectra comparison

Here the ﬂux density as measured by AARTFAAC, open circles, are compared to the measurements and spectral ﬁts by Helmboldt et al. (2008), the red dots are the measured ﬂux
densities, the dashed lines are power law ﬁts, and the solid lines power laws with turnover
at lower frequencies. Some sources have not had any spectra ﬁt, while others are clearly
bad ﬁts. In all cases these are taken directly from Helmboldt et al. (2008), without considering the AARTFAAC ﬂux density value, for comparison purposes. For additional comparisons,
the plot of Tycho supernova remnant, top left, includes single dish measurements made
by Klein et al. (1979), blue circles. Lastly, where source associations could be made the
8C catalogue (Rees, 1990) ﬂux density values are plotted (green circles.) Given that the
AARTFAAC catalogue was bootstrapped entirely from eight Perley & Butler (2017) sources,
proper agreement across this broad range of sources is an excellent, independent, test of
the validity of the calibration method, and the ﬂux density scaling.
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Figure I.1: Here the ﬂux density as measured by AARTFAAC (open circles) are compared to the measurements and
spectra ﬁt by Helmbolt et al. (2008) (red dots and lines) measurements by Klein et al. (1979) (blue circles) and Rees
et al. (1990) (green circles). The larger label refers to the designation assigned by Helmbolt et al. (2008), and the
smaller label below is the label in the AARTFAAC catalogue.
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Figure I.2: Here the ﬂux density as measured by AARTFAAC (open circles) are compared to the measurements and
spectra ﬁt by Helmbolt et al. (2008) (red dots and lines) measurements by Klein et al. (1979) (blue circles) and Rees
et al. (1990) (green circles). The larger label refers to the designation assigned by Helmbolt et al. (2008), and the
smaller label below is the label in the AARTFAAC catalogue.
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Figure I.3: Here the ﬂux density as measured by AARTFAAC (open circles) are compared to the measurements and
spectra ﬁt by Helmbolt et al. (2008) (red dots and lines) measurements by Klein et al. (1979) (blue circles) and Rees
et al. (1990) (green circles). The larger label refers to the designation assigned by Helmbolt et al. (2008), and the
smaller label below is the label in the AARTFAAC catalogue.
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Figure I.4: Here the ﬂux density as measured by AARTFAAC (open circles) are compared to the measurements and
spectra ﬁt by Helmbolt et al. (2008) (red dots and lines) measurements by Klein et al. (1979) (blue circles) and Rees
et al. (1990) (green circles). The larger label refers to the designation assigned by Helmbolt et al. (2008), and the
smaller label below is the label in the AARTFAAC catalogue.
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Figure I.5: Here the ﬂux density as measured by AARTFAAC (open circles) are compared to the measurements and
spectra ﬁt by Helmbolt et al. (2008) (red dots and lines) measurements by Klein et al. (1979) (blue circles) and Rees
et al. (1990) (green circles). The larger label refers to the designation assigned by Helmbolt et al. (2008), and the
smaller label below is the label in the AARTFAAC catalogue.
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English summary

Any object capable of being seen from across our Galaxy, or from another galaxy, must be
emitting a tremendous amount of energy. Those which do this only very brieﬂy, are additionally interesting because their dynamic nature requires this energy to be conﬁned in a
smaller space, proportional to the timescale of evolution. In these regions of our universe,
where the most extreme physics unfold, we still have much to learn. This is true for the
emission mechanism of pulsars, where the progenitors are known and well studied, and fast
radio bursts where details of the event population, progenitor object, and emission mechanism are still unknown. And it is more so for any potential, currently unobserved, transient
phenomena which may populate the sky.
Developing and testing accurate models of these sources depends on the most complete picture of their emission properties, their spectral energy distributions, and population
statistics. This requires accumulating many examples across the observable frequencies. For
any non-repeating, or rarely repeating, source, either a great deal of luck is needed to observe them serendipitously or a signiﬁcant amount of time must be dedicated to performing
systematic surveys. Until recently technical limitations have restricted the survey capability
at low radio frequencies. The Amsterdam-ASTRON Radio Transient Facility And Analysis
Center (AARTFAAC) project utilizes recent advancements in computational power to enable
a low radio frequency all-sky monitor, capable of imaging the entire sky, every second, in
real-time, with minimal latency. The overarching goal of this thesis is to use AARTFAAC to
detect and classify astronomically interesting transient candidates.
Final commissioning of AARTFAAC-6, shown in Figure A, including the development
of the calibration and imaging software, was completed in 2015/2016. As the ﬁrst scientiﬁc
user of the array, my initial priority was to characterize the quality of the output data. This
work, described in Chapter 2, involved detailed analysis of the noise characteristics of all
bright, persistent, sources detected by the instrument and our method for calibrating the
real-time image stream.
Our transient survey would require that an accurate ﬂux density scaling, translating
the pixel values from arbitrary units to janskys, is applied to each image. This is done by
comparing the measured ﬂux density from well-known calibrator sources detected across
the image. Unfortunately, we found that the existing low-frequency catalogues either did
not contain enough sources to cover the sky adequately at all times or were not observed
near enough to our observing frequency of 60 MHz. Perley & Butler (2017) measured the
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Figure A: The ’superterp’, the central 6 stations of the LOFAR core comprising the AARTFAAC-6 conﬁguration used in
this thesis. Each station is composed of an HBA component, two squares of 24 antenna tiles, and an LBA component,
96 antenna with roughly Gaussian spacial distribution. Credit: Aerophoto Eelde, 2011

spectral shape of 20 sources from 50 MHz to 50 GHz with high accuracy. Unfortunately, after
excluding the brightest sources, which we are forced to subtract during calibration, only
eight remained in our declination range. The Very Large Array Low-frequency Sky Survey
Redux (VLSSr; Lane et al., 2014), is a much larger catalogue, with over 90,000 sources
detected at 74 MHz. Helmboldt et al. (2008) compiled measurements at higher frequencies
for the 388 brightest sources and inferred their spectral shape. However, given the lowest
observed frequency was 74 MHz, the uncertainty in the ﬂux density at 60 MHz is much
higher.
Given that neither catalogue was suﬃcient for our needs, we utilized both to construct and test our own calibration catalogue. The unique attributes of AARTFAAC: its large
of ﬁeld of view, temporal resolution, and the long duration of our observations, allows us
to make a very large number of independent measurements of the ﬂux density of 30 – 50
bright sources across the sky. We thus employed a bootstrapping method, ﬁrst using the
more accurate Perley & Butler (2017) calibrators, to scale the ﬂux density distributions of
all sources in the sky, when a suﬃcient number of calibrators were within the ﬁeld of view.
We then included each additional source in the calibration catalogue which we then used
to scale the ﬂux density distributions of new sources observed at diﬀerent times. After 31
hours, 167 sources across the entire Northern Hemisphere were observed with suﬃcient signiﬁcance. We found that ﬁtting skew-normal distributions and reporting the mode of the ﬂux
density measurements accounted for the tendency of ionospheric disturbances preferentially
to magnify a source’s apparent ﬂux density.
With our ability to calibrate the output data properly, and generate a stream of images with well known noise characteristics, 1100 hours of observations were recorded from
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Figure B: An example one second snapshot image (left), and the sources detected within the previous ﬁve minutes
(right). The sources have been colour coded to reﬂect their classiﬁcation, based on their distance in position and time
to known bright sources, or each other.

August 2016 to September 2019. From this, 545 hours of good data or nearly four million
one second snapshot images, were analysed for the ﬁrst AARTFAAC transient survey, presented in Chapter 3.
The purpose of this initial survey, using roughly half of the data, was ﬁrst to either
ﬁnd, or place the deepest constraints on the rate of, new populations of unknown transient
sources at low frequencies. In comparing our ﬁndings to other recent low-frequency transient surveys, we showed that both our detections and non-detections help to constrain the
occurrence rate of some previously discovered source types. We place a strong upper limit
of 1.1 sources per day all-sky on the rate of any as-of-yet unknown transients brighter than
60 Jy changing signiﬁcantly on time scales of one second to a few hours. Secondly, our goal
during the analysis of this survey was to develop new techniques for automated transient
detection and classiﬁcation. To this end, we developed novel transient candidate ﬁltering
methods using statistical heuristics, illustrated in the right panel of Figure B, which ﬁrst
ﬁlter 97% of the detected signal from non-astrophysical sources such as RFI, airplanes and
satellites (red circles), and bright-source side lobes (black and green circles). The remainder
were analysed both manually, leading to the giant pulse detection discussed in Chapter 4,
and with a novel light curve peak feature detection algorithm which automatically ﬁltered
99% of the remaining candidates, leaving the 76 singular ﬂares, including one extragalactic
candidate, described in Chapter 5.
The ability to ﬁlter out automatically the vast majority of detected sources as obviously spurious, allowed manual follow up of the more manageable number of remaining
candidates. This lead to the discovery of the ﬁrst bright transient with AARTFAAC, giant
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pulses from PSR B0950+08, the topic of Chapter 4. This pulsar and its giant pulses have
been well studied, and thus there is an extensive literature with which to compare our results. Due to the large data volume accumulated in the AARTFAAC archive, we were able to
prioritise the processing of observations where this source would be observable, and were
thus able to quickly analyse a large amount of data, and gather a number of giant pulse
detections that were comparable to the largest studies previously reported.
Interestingly, we found the pulse ﬂuence distribution agreed well with studies by a
similar instrument, the Long Wavelength Array (LWA; Tsai et al., 2016), following a power
law, with index 4.66 and 4.82 at 58.3 MHz and 61.8 MHz, respectively. We found that this ﬂuence distribution is constant across observations with very diﬀerent giant pulse activity levels.
Notably, however, the distribution we observe is shifted to ten times higher ﬂuences than in
the LWA study. Lastly, we found that the pulse emission could be very narrow-band, with
all the total detected ﬂuence sometimes concentrated in only a single one of our 195.3 kHz
sub-bands.

E

Manual inspection of the remaining nearly 10,000 transient candidates produced
insight into the dynamic nature of even typical radio sources, at low frequencies, when observed with a ﬁne enough time resolution. The one second snapshot capability of AARTFAAC
allowed us fully to sample the eﬀects of extreme scintillation. This lead to the development
of more sophisticated transient detection methods, which rely on recognising burst-like features within each light curve, described in Chapter 5. Analysing the remaining list of candidates for those which appeared to be singular, isolated bursts, yielded the discovery of a
previously unreported phenomenon: that the ﬂux density of intrinsically stable background
radio sources can be magniﬁed by factors of typically 10, but up to 100, for a duration of ten
to tens of seconds. We were only able to diﬀerentiate this phenomenon from a genuine cosmological transient due to our multi-frequency analysis. Comparing the burst arrival across
observing frequencies revealed no signiﬁcant dispersion delay, indicating that the transient
signals could not be intrinsic to the extragalactic sources that they were positionally coincident with.
Through this light curve feature analysis, we observed sources that scintillated so
strongly that hundreds of scintels could be observed from a few sources, similar in properties to the isolated magniﬁcation events but with somewhat diﬀerent statistical distributions.
Several observations revealed these to be conﬁned within regions whose position was neither tied to the rotation of the Earth, nor ﬁxed on the sky, and which persisted for time
spans ranging from hours to a day. Assuming a toy model of a plasma lens, we were able
to deduce some properties of the medium that is producing the magniﬁcations. We found
the lenses most likely occur at an altitude of 300–400 km in the ionosphere. Furthermore,
the density and velocity of the lens required to produce the observed light curves are in
reasonable agreement with other measurements made during a travelling ionospheric disturbance, where geomagnetic activity produces large deformations in the ionosphere, which
then propagate outward like waves from a stone splashing in a pond.
Lastly, we also report one example of a 10 s, 100 Jy extragalactic transient candidate.
The fact that the transient is most likely extragalactic is inferred from the time-frequency
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delay, which closely follows the dispersion delay relation produced by propagation through
a long path length of the interstellar medium. Based on the dispersion delay we infer a socalled dispersion measure (DM) (a quantity proportional to the amount of material through
which the signal passed) that places the source at least in the outer regions of the Galactic
halo, and even likely at an extragalactic distance, with an upper limit of 63 Mpc, assuming
no DM contribution from the host or local environment. With three potential host galaxies
within this position and distance range, this source is the best candidate yet found to be a
genuine extragalactic low-frequency radio transient.

E

Nederlandse samenvatting

Elk object dat gezien kan worden vanaf de andere kant van onze Melkweg, of vanuit een ander melkwegstelsel, moet wel een geweldige hoeveelheid energie uitstralen. Objecten die dit
maar heel kort doen zijn bovendien interessant omdat hun dynamische aard vereist dat deze
energie in een kleiner volume bevat is, waarvan de grootte evenredig is met de tijdschaal van
de evolutie. Over deze gebieden van ons universum, waar de meest extreme natuurkundige
processen zich afspelen, hebben we nog veel te leren. Dit is zowel het geval voor het emissiemechanisme van pulsars, waarvan de voorlopers bekend en goed bestudeerd zijn, als voor
fast radio bursts, waarvan de details betreﬀende de gebeurtenis-populatie, het voorloperobject, en het emissie-mechanisme nog onbekend zijn. En het is nog meer het geval voor
eventuele, tot op heden nog niet waargenomen, kortstondige fenomenen waar de hemel vol
van zou kunnen zijn.
Voor het ontwikkelen en testen van goede modellen voor deze bronnen is het nodig
om een zo compleet mogelijk beeld te hebben van hun emissie-eigenschappen, hun spectrale energieverdelingen, en populatiestatistieken. Dit vereist het verzamelen van vele voorbeelden, in alle frequenties waarin waarnemingen gedaan kunnen worden. Voor niet-herhalende
of zelden-herhalende bronnen is ofwel een ﬂinke dosis geluk nodig om hen bij toeval waar te
nemen, of er moet veel tijd worden besteed om systematische zoektochten te verrichten. Tot
voor kort hebben technische beperkingen de zoekcapaciteit op lage radiofrequenties beperkt.
Het Amsterdam-ASTRON Radio Transient Facility And Analysis Center (AARTFAAC) project
maakt gebruik van recente vorderingen in rekenkracht om een lage-radiofrequentie hemelmonitor mogelijk te maken die in staat is om elke seconde de volledige hemel af te beelden,
live, met minimale vertraging. Het overkoepelende doel van dit proefschrift is om AARTFAAC te gebruiken om astronomisch gezien interessante transiënt kandidaten te detecteren
en te classiﬁceren.
De deﬁnitieve inbedrijfstelling van AARTFAAC-6, weergegeven in Figuur A, inclusief
de ontwikkeling van de kalibratie- en beeldvormingssoftware, werd voltooid in 2015/2016.
Als eerste wetenschappelijke gebruiker van het array was mijn eerste prioriteit het kenschetsen van de kwaliteit van de uitvoergegevens. Dit werk, beschreven in Hoofdstuk 2, omvatte
een gedetailleerde analyse van de ruiskenmerken van alle heldere, persistente bronnen die
werden gedetecteerd door het instrument en onze methode voor het kalibreren van de realtime beeldstroom.
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Figuur A: De ‘superterp’, de centrale 6 stations van de LOFAR-kern waaruit de AARTFAAC-6 conﬁguratie bestaat die
in dit proefschrift wordt gebruikt. Elk station bestaat uit een HBA-component, twee vierkanten van 24 antenne-tegels
en een LBA-component, 96 antennes met een min-of-meer Gaussiaanse ruimtelijke verdeling. Foto: Aerophoto Eelde,
2011

N

Onze transiënt-zoektocht zou vereisen dat op elk beeld een nauwkeurige schaling
van de ﬂuxdichtheid wordt toegepast, waarbij de pixelwaarden van willekeurige eenheden
naar janskys worden vertaald. Dit wordt gedaan door de gemeten ﬂuxdichtheid van bekende kalibratorbronnen die over het beeld worden gedetecteerd te vergelijken. Helaas ontdekten we dat de bestaande lage-frequentie catalogi ofwel niet genoeg bronnen bevatten
om te allen tijde de hemel voldoende te beslaan, ofwel niet dicht genoeg bij onze waarnemingsfrequentie van 60 MHz werden waargenomen. Perley & Butler (2017) hebben van
20 bronnen de spectrale vorm van 50 MHz tot 50 GHz met hoge nauwkeurigheid gemeten.
Helaas bleven er na het weglaten van de helderste bronnen, die we tijdens de kalibratie
moeten verwijderen, slechts acht bronnen over in ons declinatiebereik. De Very Large Array
Low-frequency Sky Survey Redux (VLSSr; Lane et al., 2014) is een veel grotere catalogus,
met meer dan 90.000 bronnen die op 74 MHz gedetecteerd zijn. Helmboldt et al. (2008)
verzamelden voor de 388 helderste bronnen metingen op hogere frequenties en leidde hun
spectrale vorm af. De onzekerheid in de ﬂuxdichtheid op 60 MHz is daarentegen veel groter,
aangezien de laagst waargenomen frequentie 74 MHz was.
Aangezien geen van beide catalogussen voldoende was voor onze behoeften, hebben
we ze beide gebruikt om onze eigen kalibratiecatalogus samen te stellen en te testen. De
unieke kenmerken van AARTFAAC: het grote gezichtsveld, de tijdsresolutie en de lange
duur van onze waarnemingen, stellen ons in staat om een zeer groot aantal onafhankelijke metingen te doen van de ﬂuxdichtheid van 30–50 heldere bronnen, verdeeld over
de hemel. We hebben dus een bootstrapping-methode gebruikt door eerst met behulp van
de nauwkeurigere Perley & Butler (2017) kalibrators de ﬂuxdichtheidsverdelingen van alle
bronnen in de hemel te schalen als er voldoende kalibrators binnen het gezichtsveld waren.
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Vervolgens hebben we alle andere bronnen in de kalibratiecatalogus opgenomen om de
ﬂuxdichtheidsverdelingen van nieuwe bronnen op verschillende tijdstippen te kunnen schalen.
Na 31 uur waren 167 bronnen, verdeeld over de hele noordelijk hemel, met voldoende signiﬁcantie waargenomen. We ontdekten dat het passen van scheef-normale verdelingen en
het rapporteren van de modus van de ﬂuxdichtheidsmetingen de neiging verrekende van
ionosferische storingen om met een bepaalde voorkeur de schijnbare ﬂuxdichtheid van een
bron te vergroten.
Met onze kunde om de uitvoergegevens correct te kalibreren en een stroom beelden
te genereren met goed bekende ruiskenmerken, werden van augustus 2016 tot september
2019 1100 uur aan waarnemingen genomen. Hieruit zijn 545 uur aan goede data, of bijna
vier miljoen één-seconde snapshot-beelden, geanalyseerd voor de eerste AARTFAAC transiënt zoektocht, die in Hoofdstuk 3 is gepresenteerd.
Het doel van dit eerste onderzoek, waarbij ongeveer de helft van de data werd gebruikt, was allereerst om ofwel nieuwe populaties van onbekende transiëntbronnen op lage
frequenties te vinden, of er de diepst mogelijke statistische grenzen aan te stellen. Door
onze bevindingen te vergelijken met andere recente lage-frequentie transiëntzoektochten,
hebben we aangetoond dat zowel onze detecties als non-detecties helpen om grenzen te
plaatsen op de mate waarin sommige, eerder ontdekte brontypen vóórkomen. We plaatsen
een sterke bovengrens van 1,1 bronnen per dag over de gehele hemel op de mate waarin tot
nog toe onbekende transiënten vóórkomen die helderder zijn dan 60 Jy en die aanzienlijk veranderen op tijdschalen van één seconde tot een paar uur. Ten tweede was ons doel tijdens
de analyse van de data van deze zoektocht het ontwikkelen van nieuwe technieken voor
geautomatiseerde detectie en classiﬁcatie van transiënten. Daartoe hebben we nieuwe ﬁltermethoden voor transiënt-kandidaten ontwikkeld met statistische heuristieken, weergegeven
in het rechterpaneel van Figuur B, die eerst 97% van de gedetecteerde signalen wegﬁlteren,
afkomstig van niet-astrofysische bronnen zoals RFI, vliegtuigen en satellieten (rode cirkels),
en zijlobben van heldere bronnen (zwarte en groene cirkels). De rest werd zowel handmatig
geanalyseerd, wat leidde tot de detectie van een reuzenpuls, die in Hoofdstuk 4 wordt besproken, alsook met een nieuw algoritme voor de detectie van lichtcurvepieken, dat automatisch 99% van de overgebleven kandidaten wegﬁlterde, wat de 76 enkelvoudige schitteringen overliet, waaronder één extragalactische kandidaat, die in Hoofdstuk 5 beschreven zijn.
De mogelijkheid om de overgrote meerderheid van de gedetecteerde bronnen automatisch weg te ﬁlteren als duidelijk onecht, maakte het mogelijk om een handmatige
follow-up te doen van een meer handelbaar aantal resterende kandidaten. Dit leidde tot de
ontdekking van de eerste heldere transiënt met AARTFAAC, reuzenpulsen van PSR B0950+08,
het onderwerp van Hoofdstuk 4. Deze pulsar en zijn reuzenpulsen zijn goed bestudeerd, en
dus is er een uitgebreide literatuur waarmee we onze resultaten kunnen vergelijken. Vanwege het grote data volume dat is verzameld in het AARTFAAC archief, konden we prioriteit
geven aan het verwerken van waarnemingen waarin deze bron zichtbaar zou zijn, en konden
we dus snel een grote hoeveelheid data analyseren, en een aantal detecties van reuzenpulsen
verzamelen dat vergelijkbaar was met de grootste eerder gepubliceeerde studies.
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Figuur B: Een voorbeeld van een één-seconde snapshot beeld (links) en de bronnen die zijn gedetecteerd in de
voorgaande vijf minuten (rechts). De bronnen hebben een kleurcode die hun classiﬁcatie weergeeft, gebaseerd op
hun afstand in positie en tijd tot bekende heldere bronnen, of tot elkaar.
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Interessant is dat de pulsenergieverdeling die we vonden goed overeenkomt met de
resultaten van studies met een vergelijkbaar instrument, de Long Wavelength Array (LWA;
Tsai et al., 2016): de verdeling volgt een machtswet met een index van -4,66 en -4,82 op
respectievelijk 58,3 MHz en 61,8 MHz. We ontdekten dat deze energieverdeling constant
is over waarnemingen met zeer verschillende activiteitsniveaus van de reuzenpulsen. Opvallend is echter dat de verdeling die we waarnemen verschoven is naar tien keer hogere
energiën in vergelijking met de LWA-studie. Ten slotte ontdekten we dat de pulsemissie erg
smalbandig kan zijn, met soms de totale waargenomen energie geconcentreerd in slechts
één van onze 195,3 kHz subbanden.
Handmatige inspectie van de bijna 10.000 resterende transiënt-kandidaten leverde
inzichten op over de dynamische aard die zelfs typische radiobronnen bleken te hebben
op lage frequenties, als ze waargenomen worden met voldoende tijdsresolutie. Dankzij het
vermogen van AARTFAAC om één-seconde snapshot-beelden te maken konden we de effecten van extreme twinkeling volledig onderzoeken. Dit heeft geleid tot de ontwikkeling
van geavanceerdere detectiemethoden voor transiënten, die gebaseerd zijn op het herkennen van uitbarsting-achtige eigenschappen binnen een lichtcurve, zoals beschreven in Hoofdstuk 5. Analyse van de resterende lijst met kandidaten om de kandidaten te vinden die
enkelvoudige, geïsoleerde uitbarstingen leken te zijn, leverde de ontdekking op van een
tot nog toe nog niet beschreven fenomeen: dat de ﬂuxdichtheid van intrinsiek stabiele
achtergrond-radiobronnen verhoogd kan worden, doorgaans met een factor 10, maar soms
wel met een factor 100, gedurende een tijdsspanne van tien tot tientallen seconden. We konden dit fenomeen alleen onderscheiden van een echte kosmologische transiënt door onze
multi-frequentie analyse. Het vergelijken van de aankomsttijd van de uitbarsting in de ver-
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schillende waarneem-frequenties bracht geen signiﬁcante dispersie-vertraging aan het licht,
wat aangeeft dat de transiënt signalen niet inherent konden zijn aan de extragalactische
bronnen waar hun posities mee samenvielen.
Door middel van deze analyse van lichtcurve-kenmerken hebben we bronnen waargenomen
die zo sterk twinkelden dat honderden twinkels konden worden waargenomen van een paar
bronnen, met eigenschappen xdie vergelijkbaar zijn met de geïsoleerde versterkingen, maar
met enigszins andere statistische verdelingen. Verscheidene waarnemingen toonden aan dat
deze zich voordeden in gebieden waarvan de positie noch gebonden was aan de rotatie van
de aarde, noch vastzat aan de hemel, en die bleven bestaan voor tijdspannen van uren tot
een dag. Uitgaande van een simpel model van een plasmalens konden we sommige eigenschappen achterhalen van het medium dat de versterkingen veroorzaakt. We ontdekten dat
de lenzen hoogstwaarschijnlijk vóórkomen op een hoogte van 300–400 km in de ionosfeer.
Verder zijn de dichtheid en snelheid van de lens, die nodig zijn om de waargenomen lichtcurven te produceren, in redelijke overeenstemming met andere metingen die zijn gedaan tijdens een voortbewegende ionosferische verstoring, waar geomagnetische activiteit grote
vervormingen in de ionosfeer veroorzaakt, die zich vervolgens naar buiten verbreiden zoals
de golven van een steen die in een vijver plonst.
Ten slotte maken we ook melding van een 10 s, 100 Jy extragalactische transiëntkandidaat. Het feit dat de transiënt hoogstwaarschijnlijk extragalactisch is, is afgeleid uit
de tijd-frequentie-vertraging, die de dispersie-vertraging nauw volgt die het gevolg is van de
voortplanting van radiogolven door een lange weglengte van interstellair medium. Op basis
van de dispersie-vertraging leiden we een zogeheten dispersiemaat (DM) af (een grootheid
die evenredig is met de hoeveelheid materiaal waar het signaal doorheen reisde) die de bron
tenminste in de buitenste regionen van de halo van de Melkweg plaatst, en waarschijnlijk
zelfs op een extragalactische afstand, met een bovengrens van 63 Mpc, ervan uitgaande
dat er geen DM-bijdrage is van het gaststelsel of de lokale omgeving. Met drie potentiële
gaststelsels binnen dit positie- en afstandsbereik, is deze bron de beste kandidaat voor een
daadwerkelijke extragalactische lage-frequentie radio-transiënt die tot op heden gevonden
is.

N

Acknowledgements

This thesis, and the work described herein, represents the culmination of my educational
journey, spanning two continents and over a decade. I would like to express my thanks to
the people who made this possible, made me who I am, and enriched my life throughout.
To my supervisors Ralph and Antonia. I deeply appreciate the opportunity that you
gave me with this position. You allowed me near total autonomy from the start, with all of the
resources I could need, and providing guidance only when I requested it (something I needed
to learn how to do along the way). While this might not have been the most productive in the
narrowest sense, in research resiliency is a greater virtue than eﬃciency. I’ve always enjoyed
the personality, and stories you bring to our group and individual meetings. Thank you for
helping me to become an independent researcher.
To my (former) colleagues and (still) friends, Gijs, Folkert, and Peeyush, I could not
have asked for a better group to be thrown in the deep end. I’m grateful for your patience
in the early days, when I had no idea what I was supposed to be doing. Then of course Aleksandar, thank you for the enthusiasm knowledge and colourful character you brought. For
our meetings between the meetings, and for enduring my late night slack rants. Astronomy
truly cannot aﬀord to lose you comrade.
To my PhD siblings, Dario, thank you for the advice you gave me early on. Deniz,
for always having a bold opinion and defending it, Kelly, for laughing through almost every
meeting, and Alex, for starting so many sports committees that I’ve lost track. Thank you
all for livening up the group meetings, presenting all of the papers, and looking somewhat
impressed by my plots and ﬁgures. The joy of science is in the discussions and collaborations,
and the beers in the Oerknal. I hope we can pick this up again soon, and continue it for some
time yet.
Throughout my time at API I’ve had the privilege of meeting so many wonderful
people who have helped make the institute home. Milena, the poking needs to stop, but
your excitement and interest in forging a personal connection with every API does so much
to make the character of the institute. Susan, and Rene, I’ve relied on you so many times
for such trivial things I’m surprised you’ve never yelled at me. Oh yes, thanks for the fruit,
perhaps next we can work on getting a full continental breakfast. Jason, thank you for many
very helpful, and many not helpful at all, conversations. To my current and former oﬃce
mates Ylva, Gullo, Mathieu, Lorenzo, Jacob, Rachel, Kenzie, Niloo, Anwesh, and Vatsal, and
to the infamous API socialites, Martin, Macla, Vlad, and Ben thank you for helping to create

138

Acknowledgements

an environment I enjoyed coming to everyday, with just the right amount of distraction.
Marieke my thesis buddy, thank you for helping me through this ﬁnal big push to the end.
And to the other characters of the API Amruta, Ali, Martijn, Samaya, thank you for for helping
to create such a warm place to work.
Perseverance over four long years is impossible without a strong emotional support
network, or at least people to complain with, endlessly, about everything. Nina, you hoser,
always down to go for a rip. I supermuch appreciate that I could always walk past your
oﬃce, convince you to ditch work for a coﬀee, and then hear whatever the latest tragedy
has befallen you, it never failed to lift my spirits. Maria, thank to you for teaching me to
stand like a mountain and send the outside to the inside. Your perspective has always been
helpful when we often happen ﬁnd ourselves in the same situations.
However, as you’ve shown me Tyler, when all else fails sometimes you need to just
walk, and walk, and keep walking. 40 km in a day, carrying camping gear, will assuage
all anxieties that aren’t immediately related to knees and ankles. As a last resort, there
is the professional help, Aleks, Roy, and Mikko. While your contributions to my life, and
therefore this work, are not limited to your expertise as psychologists, they are nonetheless
appreciated.
Lolita, truly without your love and support these last two years, and especially in
these last few months, I might still be working on this thesis. I appreciated your patience
while I spent weeks on end only coming home from the oﬃce to eat and sleep. How you
didn’t kill me in those ﬁrst weeks of the quarantine I’ll never know. This book shows your
work not only on the cover, but you’re also in the pages that I couldn’t have written without
you.

A

Josh, nearly 12 years ago you and I began this journey studying in Toronto, then
Leiden, and now only a little further apart. We’ve been travelling on parallel tracks. I am
immensely grateful to have had such a great and old friend throughout all of this. There are
countless times I am sure I would not have succeeded had you not been there, struggling
along with me. All night study sessions, rituals for wisdom and knowledge...
Lastly, I would like to thank my parents Mary Ann and Ted, and my grandparents
Irene and Leonard, for giving me the solid foundation upon which everything else is built.

Mark Joseph Kuiack,
May 20, 2020

