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1
Introduction

Many types of astronomical objects are detectable through the radio waves that they
produce via synchrotron or other emission mechanisms. The observed properties of
sources in the ‘radio sky’ can vary on a wide range of timescales, both for intrinsic
and extrinsic reasons. Transients are those sources whose observed properties change
drastically within a timescale that a human astronomer can measure. Traditionally,
the qualifier ‘fast’ refers to transients whose emission properties change significantly
over less than a second, and most commonly on millisecond timescales. The two
classes of fast radio transients studied in this thesis are pulsars and fast radio bursts.
We are motivated to study these sources because they probe extreme astrophysical
environments as well as the intervening magnetised and ionised medium between
observer and source. Furthermore, the origin of the relatively recently discovered fast
radio bursts remains enigmatic, though the properties of these signals share traits
of pulsar emission. Thus, we aim to better understand the physical nature of fast
radio bursts and their possible link to pulsar emission. In the following, we discuss
the characteristics of these source classes in more detail, and outline some of the
outstanding scientific questions we can address through observations with a radio
telescope and other complementary, multi-wavelength information.

1.1

Pulsars

When a massive star (& 8M ) explodes, it may produce a neutron star (NS, Baade &
Zwicky 1934; Pacini 1967), a compact object with an average density ∼ 1017 kg m−3
(Özel & Freire 2016) and surface magnetic field strength up to ∼ 1015 G (Kaspi &
Beloborodov 2017). Young NSs are observed to rotate rapidly with periods ∼ 10 −
100 ms (Miller & Miller 2015). They progressively slow down while emitting dipolar
radiation (Gold 1968). Through a poorly-understood process, the NS’s rotational

1

1 Introduction

Figure 1.1: Artist’s impression of a rotating pulsar producing radio beams above its magnetic polar
caps. If while rotating one or both of the beams crosses the line-of-sight to Earth, then a pulsed
signal can be detected. Credit: Roen Kelly (Astronomy magazine).

deceleration also causes particles in its surrounding magnetosphere to emit coherent
radio waves when accelerating along the magnetic field lines (Goldreich & Julian
1969). This effect causes two radio beams to be produced above the NS’s magnetic
polar caps (Fig. 1.1). Due to the rotation of the NS, one or both of these beams can
periodically cross the line-of-sight to Earth, generating a detectable pulsating radio
signal. We refer to these sources as rotation-powered radio pulsars (Fig. 1.2, Hewish
et al. 1968). It is important to realise that only a small fraction of all NSs in the
Galaxy are visible as pulsars, and that these special sources provide great insights
into the properties of NSs as well as a variety of other scientific applications.
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Figure 1.2: First reported detection of a signal from a radio pulsar. It was registered by a pen
recorder attached to an interferometer at the Mullard Radio Astronomy Observatory operating at
the low radio frequency of 81.5 MHz. From Hewish et al. (1968).

1.1.1

P-Pdot diagram and pulsar classes

Assuming that pulsars are well approximated as dipolar radiators, and that they
are born with short rotational periods compared to their current spin rate, then
fundamental properties such as age, surface magnetic field strength and spin-down
luminosity (the total available energy budget) can be estimated from their period P
and period derivative Ṗ (Goldreich & Julian 1969). Therefore, these two quantities
are critical for characterising a pulsar, and the population is well visualised using the
P-Pdot diagram (Fig. 1.3).
The spin periods of radio pulsars range from 1.4 ms (Hessels et al. 2006; Bassa et al.
2017a) up to 23.5 s (Tan et al. 2018b). The fastest-spinning pulsars are clustered in
the P-Pdot diagram away from the bulk of the population. These sources, classified
as recycled, are old pulsars that have been spun-up by matter and angular momentum
accretion from a companion star (Bhattacharya & van den Heuvel 1991). Recycled
pulsars have much lower magnetic field strengths (B ∼ 108−9 G) compared to nonrecycled pulsars, and are significantly older (Fig. 1.3). On the other end of the PPdot diagram, magnetars are NSs with exceptionally high1 magnetic fields (Kaspi &
Beloborodov 2017). While they are usually detected only in X-rays, radio pulsations
have also been found in four cases (Camilo et al. 2007a,b; Lazaridis et al. 2008; Levin
et al. 2010). Magnetar emission is thought to be powered mostly by the decay of the
high magnetic field rather than by stellar rotation (Thompson & Duncan 1995).
The individual pulses of radio pulsars vary both in intensity and shape (Fig. 1.2).
Some pulsars, termed mode switching, show two or more different emission states
(Bartel et al. 1982). When one of the two states corresponds to an apparent cessation
of emission, then the pulsar is termed a nuller (Backer 1970). The nulling fraction
(i.e. the fraction of time during which the source is not detected) can vary from
almost zero, where few rotations out of every hundred are missed, to almost 100%.
1 Note however that some magnetars have low inferred dipole magnetic fields (Rea et al. 2010),
and possibly a much stronger multi-polar field.
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Figure 1.3: Scatter plot of 2136 radio pulsars, 4 magnetars and 29 RRATs based on their period P
and period derivative Ṗ (the P-Pdot diagram). Lines of constant characteristic ages, surface magnetic
fields and spin-down luminosities are represented; their values are reported on the right and at the
top of the plot. A red line represents the classical death line. Sources: ATNF pulsar catalogue
(http://atnf.csiro.au/people/pulsar/psrcat, Manchester et al. 2005), RRATalog (http://astro.
phys.wvu.edu/rratalog).
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Figure 1.4: Pulse profiles of eight millisecond pulsars in the globular cluster 47 Tucanae. Pulse
phase is represented on the horizontal axis while the vertical axis represents the normalised flux
density. From Camilo et al. (2000).

In the latter case, a few sporadic pulses are detected over minutes to hours and the
pulsar is termed a Rotating RAdio Transient (RRAT, McLaughlin et al. 2006). Given
the number of NSs in the Milky Way inferred from the supernova rate, RRATs may
be a common but hard to detect type of pulsar (Keane & Kramer 2008).

1.1.2

Pulsars as celestial clocks

Thanks to their huge moment of inertia (I ∼ 1038 kg m2 , Bejger & Haensel 2002;
Morrison et al. 2004), pulsars are very stable rotators (Verbiest et al. 2016). This
is especially true for recycled millisecond pulsars, while young pulsars often show
stochastic timing irregularities due e.g. to rearrangements of their internal structure
(such as rotational glitches, Radhakrishnan & Manchester 1969; Baym, Pethick &
Pines 1969) and other effects of unknown origin collectively termed timing noise
(Hobbs et al. 2004). The rotational stability allows one to use pulsars as celestial clocks
in timing experiments where the long-term stability is competitive with the best manmade time-keeping standards (Manchester 2017). A few example applications include
the Nobel-prize-winning first indirect detection of gravitational waves (Taylor, Fowler
& McCulloch 1979), ongoing efforts for a direct detection of gravitational waves in the
nano-Hz frequency range (Foster & Backer 1990; Verbiest et al. 2016), several tests
of general relativity under extreme conditions (e.g. Stairs 2003; Kramer et al. 2006b;
Archibald et al. 2018), studies of the NS structure (e.g. Espinoza et al. 2014) and
constraints on the dense matter equation of state (Demorest et al. 2010; Antoniadis
et al. 2013).
Since individual pulses vary in shape and intensity and because they are often
weak, the pulsar signal over time is usually folded and summed at the pulsar period
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Figure 1.5: FRB 010724, considered to be the first reported fast radio burst, displayed in grey-scale
according to the signal flux as a function of time and frequency. The burst sweep is due to dispersive
delay in the intervening ionised medium between source and observer (see §1.3), and is emphasised
using white lines. Strong, narrow-band radio frequency interference can also be seen as horizontal
lines. The inset represents the profile of the pulse after correcting for dispersive delay and summing
the entire recorded bandwidth. From Lorimer et al. (2007).

(Edwards, Hobbs & Manchester 2006). When hundreds of single pulses are added
together, an average pulse profile is created that is usually stable over years or more
(Fig. 1.4, Helfand, Manchester & Taylor 1975). In timing experiments, the profile
is typically correlated with a noiseless template to obtain a precise time of arrival
(TOA) of the pulsar signal in a particular observation (this method is described in
detail by Lorimer & Kramer 2004; Edwards, Hobbs & Manchester 2006). A model of
the pulsar timing evolution is then fitted to the measured TOAs in order to obtain the
model parameters. Using these parameters, the physical characteristics of the source
can be studied. Basic examples include the source position and proper motion, P and
Ṗ, and dispersion measure. For binary pulsars, the orbital parameters can also be
determined precisely.

1.2

Fast Radio Bursts

Fast radio burst (FRB) is a term used to describe impulsive, dispersed radio signals
whose dispersive delay (see §1.3) is larger than what is expected for a Galactic source
like a pulsar. For this reason, FRBs are often hypothesized to originate in other
galaxies, though Galactic models have also been proposed (e.g. Loeb, Shvartzvald
& Maoz 2014). The first FRB was discovered by Lorimer et al. (2007) as a bright,
structureless pulse that has subsequently never been observed to repeat (Fig. 1.5). It

6

1.2 Fast Radio Bursts

is estimated that ∼ 10 000 bursts could be detected every day above the sensitivity
limits of current-generation radio telescopes (Champion et al. 2016; Lawrence et al.
2017). However, these instruments typically have very small fields of view, with beam
widths ∼ 100 at 1.4 GHz, corresponding to ∼ 10−4 % of the whole sky. Therefore,
after more than a decade of searches, only 33 FRBs are known (Petroff et al. 2016)
and the physical origin of this phenomenon remains enigmatic. If they are genuinely
extragalactic, then the implied luminosities are orders of magnitude larger than any
other known source at similar observing frequencies and timescales (Fig. 1.6). Many
models exist that try to explain such large luminosities but the observational constraints are still few to draw firm conclusions (e.g. Katz 2016). Nonetheless, the short
duration of FRBs points to a coherent emission process like that in pulsars. In the following sections we discuss the observational facts and possible models in more detail.
Fortunately, a new generation of wide-field telescopes is becoming operational and it
is expected that telescopes such as CHIME (Chawla et al. 2017), UTMOST (Caleb
et al. 2017), ASKAP (Bannister et al. 2017), APERTIF (Maan & van Leeuwen 2017)
and MeerKAT (Stappers 2016) will discover as many as tens of FRBs per day in the
coming years.

1.2.1

The repeating fast radio burst source FRB 121102

Among the known FRBs, only one source has been observed to emit multiple bursts2
(FRB 121102, Fig. 1.7. Spitler et al. 2014, 2016; Scholz et al. 2016). The repeatability
is important for various reasons. Firstly, before this discovery, there remained a
debate about whether FRBs are truly astrophysical in origin. This was due in large
part to the detection of Perytons, impulsive signals caused by a microwave oven at
the Parkes telescope site that mimicked the dispersive sweep of real FRBs (BurkeSpolaor et al. 2011; Petroff et al. 2015c). The repeatability of FRB 121102 provided
a strong confirmation that the source origin – and by extension that of other FRBs
– is astronomical because the sky position of the source followed the sidereal rate.
Secondly, it excluded a cataclysmic origin at least for some FRBs. Thirdly, it allowed
to re-observe the source at other radio frequencies, with radio interferometers, and
with multi-wavelength telescopes. Therefore, the repetition allowed a much more
detailed study of the bursts and their source. Among other things, a radio image of
the field was produced and the source localised to an arcsecond angular scale using
the Very Large Array interferometer (Fig. 1.8, Chatterjee et al. 2017). This is the
only FRB localised with such precision. This permitted to pinpoint the host galaxy to
a dwarf galaxy at a redshift of z ∼ 0.2 (Tendulkar et al. 2017). An active star-forming
region is present in the galaxy (Fig. 1.9, Bassa et al. 2017b). Near the centre of the
star-forming region, a compact persistent radio source was found using the Very Large
2 As such, the nomenclature is awkward because the term FRB is used both to describe a transient
event as well as a source capable of producing transient events.
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Figure 1.6: Luminosity of different classes of transients as a function of their emission frequency
and timescale. From Pietka, Fender & Keane (2015), based on an earlier version from Cordes, Lazio
& McLaughlin (2004).

Array, the European Very-Long-Baseline Interferometry Network (Fig. 1.9, Marcote
et al. 2017) and the Very Long Baseline Array (Chatterjee et al. 2017). The persistent
source is smaller than 0.7 pc and is coincident within 40 pc with the source of the
bursts. It is compatible with being either a very bright supernova remnant or a
low-luminosity accreting massive black hole (Marcote et al. 2017). Observations at
X-ray and γ-ray wavelengths did not reveal any source in the field, either persistent
or coincident with the radio bursts (Scholz et al. 2017).
At the same time, various teams have put in place the necessary infrastructure to
study single-event FRBs in finer detail. For example, real-time triggering has allowed
rapid FRB follow-ups. This allowed to obtain valuable multi-wavelength observations
at a range of timescales after the FRB detection (e.g. Petroff et al. 2015a; Keane
et al. 2016). In addition, some facilities are now able to trigger voltage data from the
telescope in order to allow coherent dedispersion of the data (e.g. Farah et al. 2018).
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Figure 1.7: Examples of bright bursts from FRB 121102, whose flux is represented in grey scale
as a function of time and frequency. The top panels show the dedispersed average pulse profile,
with coloured spans highlighting different profile features. Labels refer to the telescope used (GB
for Green Bank Telescope and AO for Arecibo telescope) and burst chronological order. AO-00 was
detected months before the rest of the bursts shown here, and the white curves highlight its different
dispersive sweep compared to the other bursts (§1.3). In general, the bursts have been dedispersed
in a way that maximizes profile structure as opposed to peak signal-to-noise ratio. A residual drift
in time-frequency remains visible after dedispersion and could be due to either the intrinic emission
mechanism or multiple images created by lensing in surrounding plasma. From Hessels et al. (2018);
made by D. Michilli.
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Figure 1.8: Very Large Array radio image of the field of FRB 121102. The host galaxy is indicated
with a white square and shown at optical wavelengths in the inset (image from Gemini r-band data).
White circles indicate the positional uncertainties of previous detections made with Arecibo. From
Chatterjee et al. (2017).

1.2.2

The population of Fast Radio Bursts

The known population of FRBs presents a range of properties and sometimes heterogeneous and seemingly contradictory characteristics (Petroff et al. 2016; Ravi 2017).
The nearly isotropic sky positions likely reflect the extragalactic nature of the sources,
though there is perhaps a dependence of the event rate on Galactic latitude (Petroff
et al. 2014). The inferred redshifts span between z∼ 0.1–2 (Bhandari et al. 2018; Farah
et al. 2018; Walker, Ma & Breton 2018), with large uncertainties due to the unknown
amount of free electrons present in the host galaxy and the intergalactic medium (see
§1.3). The measured flux densities also span a large range (0.2–128 Jy, Champion et al.
2016; Oslowski et al. 2018; Ravi et al. 2016). This is likely due to variations of the
source luminosity (possibly connected with geometrical or propagation effects) rather
than only to the different source distances (Petroff et al. 2016). Among the bursts
with known polarisation properties, some are circularly polarised with no detected
linear polarisation and others are linearly polarised to various degrees (Petroff et al.
2016). Values of rotation measure (see §1.3) also vary across orders of magnitude,
from values compatible with zero (Petroff et al. 2017) up to ∼ 105 rad m−2 (Michilli
et al. 2018a). These heterogeneous characteristics could originate from different source
classes (Ravi 2017). Multiple FRB classes could also explain the lack of repetition
of many FRBs observed for tens or hundreds of hours without any additional burst
detected (Petroff et al. 2015b; Ravi et al. 2016). Currently, however, there is no clear

10
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Figure 1.9: Observations of the host galaxy of FRB 121102. a: optical image obtained with the
Hubble Space Telescope. The galaxy is encompassed by a black ellipse and a star-forming region by
a red ellipse. The filter used is indicated and contours show flux levels. The other source visible is
a reference star, with its position indicated with a white circle. The white cross shows the position
of the image in panel b, which has a size smaller than the symbol. From Bassa et al. (2017b). b:
high-resolution European VLBI Network radio image at 5 GHz of a persistent source located in the
star-forming region. White contours represent flux levels from a separate image at 1.7 GHz. Crosses
are estimated positions of the bursts. The brightest burst, where the systematic error on the position
is smallest, is indicated in red. The black cross is an average burst position weighted by the value
of the detection metric. Gray ellipses show the synthesized beam size at 5 GHz (left) and 1.7 GHz
(right). From Marcote et al. (2017).

consensus on whether there are multiple FRB classes (e.g. Palaniswamy, Li & Zhang
2018; Farah et al. 2018).

1.2.3

Models of Fast Radio Bursts

The extragalactic models for FRBs can be divided into cataclysmic and repeating.
In the former, the source is destroyed when the burst is emitted. Examples are
the merger of NSs (Piro 2012; Totani 2013) or black holes (Zhang 2016; Liebling &
Palenzuela 2016), the collapse of a NS (Falcke & Rezzolla 2014), etc. If the source
is not destroyed, the energy necessary to emit bursts of the inferred luminosity is
arguably more challenging to understand. Nonetheless, popular models include giant
pulses from extragalactic pulsars (Cordes & Wasserman 2016; Connor, Sievers & Pen
2016), giant radio flares from magnetars (Popov & Postnov 2010), NSs interacting
with dense plasma (Pen & Connor 2015; Zhang 2018), etc. Intervening plasma could
also enhance the observed FRB brightness through lensing (Cordes et al. 2017). Since
one FRB has been observe to emit multiple bursts, considering a cataclysmic scenario
implies to assume that at least two classes of FRBs exist.
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1.3

Propagation effects

The Milky Way and other galaxies are filled with plasma termed ionised interstellar
medium (IISM, Rand 1996; Haffner et al. 2003). Intergalactic space also contains
plasma termed intergalactic medium (IGM, Sciama 1964). When radio waves propagate through plasma, they are subjected to various phenomena that are apparent in
the received signal (Lorimer & Kramer 2004). These effects complicate, and sometimes severely limit, the detectability of pulsars and fast transients, but they can also
be used to probe the properties of the intervening medium itself. We now discuss
some of these effects in more detail following Lorimer & Kramer (2004). The units
most commonly used in the literature are reported for each quantity.
Dispersion is the frequency-dependent change in the wave group velocity (Keith
et al. 2013). It causes a broadband radio signal propagating through a plasma to
arrive later at lower frequencies. The delay ∆t (units: ms) induced to a radio wave
between the two frequencies ν1 and ν2 (units: MHz) is described by the relation
(Lorimer & Kramer 2004)


1
1
∆t = K
−
DM,
(1.1)
ν12
ν22
where K ≈ 4.15 × 106 (Manchester & Taylor 1972) and DM is the dispersion measure
(units: pc cm−3 ). The DM is the free electron column density obtained by integrating
the line-of-sight electron density ne (units: cm−3 ) towards a source at a distance d
(units: pc)
Z
DM =

d

ne dl .

(1.2)

0

An example of the effect of dispersion is visible in Fig. 1.10. Since the DM depends on
the source distance, models exist that try to predict the free electron column density
along the line-of-sight to estimate the distances to impulsive radio sources. Examples
are the NE2001 and the YMW16 models (Cordes & Lazio 2002; Yao, Manchester &
Wang 2017).
If a magnetic field is present in the plasma with a component parallel to the wave
propagation direction, then it causes Faraday rotation of the polarisation direction of
the radio waves (Smith 1968). The angle by which the polarisation vector is rotated
(∆Ψ, units: rad) for a radio wave with frequency ν (units: MHz) is given by (Lorimer
& Kramer 2004)
∆Ψ(ν) =

c2
RM,
ν2

(1.3)

where c is the speed of light and RM is the rotation measure (units: rad m−2 ). The
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Figure 1.10: Detection of PSR B1356−60 with the Parkes telescope. A pulse profile is represented
for every frequency channel. The delay between different frequencies is due to dispersion, and
the effect is large enough to cause a wrapping in pulse phase. The pulse profile summed over all
frequencies, and after correcting for dispersion, is shown at the bottom. From Lorimer & Kramer
(2004).

RM is defined as
Z d
RM = C
ne Bk dl,

(1.4)

0

where C ≈ 0.81 and Bk (units: µG) is the component of the magnetic field that
permeates the plasma along the direction of the wave propagation. The dependence
of ∆Ψ on the wave frequency allows to derive the RM from measurements of ∆Ψ at
different frequencies. When both the RM and the DM are known, then the average
magnetic field along the line-of-sight can be estimated from the ratio of the two
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Figure 1.11: A giant pulse from PSR B0531+21 (the young pulsar in the Crab Nebula) observed at
different frequencies. The pulsar brightness and telescope sensitivity are responsible for the variations
of the noise level. The increase of the pulse duration at lower frequencies is caused by scattering,
which generates the characteristic exponential tail of the peak. From Meyers et al. (2017).

quantities.
The IISM is not homogeneous but rather turbulent on different scales. This causes
scintillation of the radio signal (Rickett 1990). Typically, one distinguishes between
diffractive and refractive scintillation. Refractive scintillation is caused by largerscale variations in the IISM density acting as lenses that focus radio waves to certain
spatial regions and de-focusses others (Rickett, Coles & Bourgois 1984). As a result,
the intensity of scintillating sources is modulated over timescales of days to years.
This effect also causes a broadening of point sources in images and an exponential
tail in pulse profiles due to the additional path travelled by scattered photons. The
latter is usually referred to as scattering (Fig. 1.11). Diffractive scintillation is caused
by small-scale variations in the IISM density (Lyne & Rickett 1968). These variations
perturb the phase of the radio waves creating a pattern of interference that varies
over seconds to hours. The effect creates scintles of enhanced emission in frequency
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Figure 1.12: Manifestations of diffractive scintillation. a: scintles of enhanced intensity in the
dynamic spectrum of PSR B1929+10. The criss-cross structure is due to pulsar signal converging
to the observer from slightly different angles. b: Two-dimensional Fourier transform of the dynamic
spectrum. The arc is created by diffractive scintillation and the criss-cross structure seen in the
dynamic spectrum. From Stinebring (2007).

and time. An example is reported in the dynamic spectrum (the flux from a pulsar
measured over time and frequency) shown in Fig. 1.12. Diffractive scintillation is also
observed in some specific events. Among these, it produces scintillation arcs in the
Fourier transform of the dynamic spectrum (Fig. 1.12, Stinebring et al. 2001). This is
a powerful tool to study the IISM on AU scales (e.g. Brisken et al. 2010). In addition,
an extreme scattering event is produced when the IISM structure is particularly dense.
This causes strong variations in the flux of radio sources (Fiedler et al. 1987; Cognard
et al. 1993).

1.4

Observations of fast radio transients

Here the basic characteristics of radio telescopes are discussed and the specific instruments used in this thesis are presented.
Historically, most pulsar searches have been performed using telescopes based on a
single large reflector (single dish telescope) that focusses the incoming radio waves to
a receiver. Most receivers can sample the full polarimetric signal via either orthogonal
linear or circular receptors. While some receivers are single-pixel, others can provide
multiple pointing directions simultaneously via a multi-beam system or focal plane
array. There is thus a trade-off whereby single-pixel receivers often provide larger
bandwidth and higher sensitivity, whereas multi-pixel receivers provide larger fieldof-view.
Interferometers combine the signals from multiple elements such as individual an-
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tennas (in this case the interferometer is termed an aperture array) or single dishes.
Interferometers can also be hierarchically formed by smaller interferometers, each acting like a single dish. The Dutch Low-Frequency Array (LOFAR) is an example of this.
Typically, the signals from individual interferometer elements are cross-correlated to
form visibilities for imaging. However, they can also be summed to form, effectively,
a single collecting area that can be pointed by introducing time and phase delays between the elements before summing, producing one or more tied-array beams (TABs).
Signal correlation is computationally expensive especially at higher frequencies and
in particular if many beams are formed simultaneously in order to have a total field
of view comparable to single dishes of the same sensitivity. However, thanks to increasing computational power, most new generation radio telescopes are being built
as interferometers even at higher frequencies since they allow to have a large collecting area without the engineering challenge to build a monolithic large reflector. The
planned Square Kilometre Array (SKA) is an example of this.
After radio waves are received and amplified by the telescope front-end, the signal
is sampled by the telescope back-end, which records the intensity as a function of time
and frequency. If an image from an interferometer must be produced, these data are
stored for each baseline.
Interferometers have the capability to record spatial information and produce an
image of the field. However, since fast radio transients are point sources, spatial
information is often discarded in favour of larger bandwidths and higher temporal
resolution. In this case, they act as single dishes observing a patch of the sky (the
so-called beam-forming mode). Interferometric observations are still used to precisely
localise sources, as was done for FRB 121102. Since the image resolution is given by
θ≈

λ
,
D

(1.5)

with λ the observing wavelength and D the maximum separation between the elements
of the array, a larger interferometer will have a better resolution. In addition, a larger
number of elements, or more sensitive elements, will increase the telescope sensitivity.
Radio pulsars are usually brighter at lower frequencies (Bates, Lorimer & Verbiest
2013). The flux evolution with frequency is well described for most of the population
by a power-law of the form
S ∝ να,

(1.6)

where α is called the spectral index and is usually negative. This relation typically
holds down to ∼ 100 MHz, though some pulsars show a spectral turnover at higher
frequencies (Bilous et al. 2016). Thus, in principle, one might naively think that pulsars are best observed at the lowest possible radio frequencies. However, propagation
effects detrimental to pulsar detection are stronger at lower frequencies (§1.3), as is
the sky background. An optimal observation frequency to detect the majority of the
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Figure 1.13: Two of the radio telescopes used in this thesis. a: the 305-m Arecibo telescope
in Puerto Rico. Credit: Arecibo Observatory/NSF. b: the 110-m Green Bank Telescope in West
Virginia. Credit: NRAO.

population, which is in the Galactic plane, is around 1.4 GHz. Nonetheless, observations at multiple radio frequencies are essential to address different scientific topics
and lower frequencies can be advantageous for pulsars far from the Galactic plane.
Observations at high frequencies (> 2 GHz) are less affected by propagation effects
and are thus beneficial to obtain highly precise TOAs (Cordes & Shannon 2010).
Also, sources in environments with dense media such as the Galactic centre region
can be better detected at higher frequencies. On the other hand, lower-frequency observations (< 1 GHz) allow us to characterise the properties of the IISM with better
sensitivity. Also, the field of view of radio telescopes is also naturally larger at lower
frequency, thereby improving survey speed. In general, pulsar spectra vary substantially across the population (Bates, Lorimer & Verbiest 2013) and FRBs have wildly
varying spectra (Petroff et al. 2016), which motivates searching a wide range of radio frequencies in order to maximise the number of discoveries and explore the full
parameter space of these populations.

1.4.1

Radio telescopes

In this thesis, we have used some of the most sensitive radio telescopes currently
operational to observe pulsars and other fast radio transients at a wide range of radio
frequencies.
The 305-m William E. Gordon Arecibo telescope is a single dish built into a karst
depression in Puerto Rico (Fig. 1.13). It can track sources for a limited range of
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Figure 1.14: Two of the radio telescopes used in this thesis. a: the 76-meter Lovell telescope at the
Jodrell Bank Observatory in England. Credit: University of Manchester. b: the 300-m Superterp
area at the core of the LOFAR telescope in the Netherlands. The HBA antennas are inside the black
tiles and LBA antennas are barely visible as small brown dots. Credit: ASTRON.

zenith angles (< 20◦ ) thanks to a steerable platform that can place the receivers at
the focus (note however that, since the Arecibo dish is spherical, secondary and tertiary reflectors are needed to correct the optics over wide frequency ranges). It is
equipped with multiple different receivers, each spanning a different range of radio
frequencies, which can be rotated into focus for each observation. Arecibo can observe radio frequencies up to ∼ 10 GHz, above which it becomes a highly inefficient
reflector because the panels of the dish are not solid. In this thesis, the single-pixel
C-band receiver operating at 4.5 GHz has been used. The telescope is also equipped
with different back-end systems. Among these, the Puerto-Rican Ultimate Pulsar
Processing Instrument (PUPPI) can be used with any of the single-pixel receivers to
record a bandwidth of 800 MHz and offers the possibility to coherently correct the
intra-channel dispersion of the signal online.
The 110-m Robert C. Byrd Green Bank Telescope in West Virginia is the largest
fully steerable single dish in the world (Fig. 1.13). Its solid and highly accurate
surface allows to observe between 0.1–116 GHz. In this thesis, the single-pixel C-band
receiver was used operating in the 4–8 GHz band. The new Breakthrough Listen
Digital Backend permits to record voltage data over the full bandwidth (MacMahon
et al. 2017).
The 76-m Lovell telescope is a single dish at the Jodrell Bank Observatory in
England (Fig. 1.14). It is equipped with different single-pixel receivers operating at
frequencies between ∼ 200–1600 MHz. Most observations are currently performed
at 1500 MHz with a bandwidth of 400 MHz. Occasionally, a receiver operating at
300 MHz is used. These receivers are usually coupled to a standard back-end system
(Hobbs et al. 2004). Since this does not store individual single pulses, we occasionally
used the Apollo back-end, which provides the same bandwidth but can also store
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individual single pulses.
As previously discussed, multiple telescopes can be combined into an interferometer. Since the interferometer’s spatial resolution increases with the length of the
longest array baseline, distant telescopes are often correlated – though the distribution and density of telescopes is also important for image fidelity. The technique of
combining radio telescopes across the globe is called very-long-baseline interferometry (VLBI). Several VLBI configurations exist using different telescope combinations.
For example, the Very Long Baseline Array (VLBA) provides the longest baselines
available on Earth using ten telescopes spread around the globe. The European verylong-baseline interferometry (VLBI) Network (EVN) is another intercontinental array
that can combine up to dozens of telescopes, and receive the signals in realtime via
internet fibres connected to a central correlator at JIVE in the Netherlands.
The Low-Frequency Array (LOFAR, van Haarlem et al. 2013) is a new-generation
radio interferometer based on the aperture array technique. This Dutch telescope
is currently the most sensitive in the world below radio frequencies of 300 MHz. It
is composed of thousands of antennas, which come in two different types: the lowband antennas (LBAs), operating at 10–80 MHz, and the high-band antennas (HBAs),
operating at 120–240 MHz. The antennas are combined into stations, each one acting
like a single dish. These stations are spread across the Netherlands and Europe, and
they send their signals to a central correlator and beam-former in Groningen, the
Netherlands. Typically, pulsars and fast transients are observed using the Superterp
stations, the core of the array, or international stations. The Superterp is a circular
region with a diameter of 300 m where the antenna density is maximum (Fig. 1.14).
It includes 6 stations. The LOFAR core is formed by the Superterp stations and
18 additional stations out to a maximum radius of ∼ 1.5 km from the center of the
array. International stations are those located outside the Netherlands and they often
observe in a stand-alone mode, where they act as independent telescopes. In this
case, the data is recorded locally instead of being sent to the central correlator and
beamformer.
The radio antennas forming the telescope are sensitive to radio waves from the full
visible sky. When combining the antennas, time and phase delays are used to digitally
steer the pointing direction. In the beam-forming mode the total field of view is only
limited by the single-station field of view and the available computational power. The
signals from different stations can be added coherently forming TABs, by retaining
phase-information, which permits to increase the telescope sensitivity roughly linearly
with the number of stations added. The station signals can also be added incoherently,
which retains the field-of-view of single stations but increases the telescope sensitivity
roughly as the square root of the number of stations added.
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Figure 1.15: Schematic representation of one LOTAAS pointing with circles representing FWHMs
of the different beams. Left: three incoherent beams (largest circles), 61 × 3 central coherent beams
(smaller, overlapping circles in hexagonal patterns) and 12 × 3 external coherent beams (ring of
circles; example shown for only one SAP) are represented for the two extremes of the observing
bandwidth. Right: zoom-in on the central coherent beams of one SAP. From Sanidas et al. (2018).

1.4.2

LOFAR Tied-Array All-Sky Survey

The first two chapters of this thesis are related to the LOFAR Tied-Array All-Sky
Survey (LOTAAS; Coenen et al. 2014; Sanidas et al. 2018). This is an ongoing survey
of the Northern hemisphere with high sensitivity to pulsars and fast radio transients.
It is performed using the HBA antennas of the LOFAR telescope, operating between
119–151 MHz in beam-forming mode.
In order to have a good compromise between sensitivity and field of view, LOTAAS
makes use of the 12 sub-stations located on the Superterp. Since this has a diameter
of ∼ 300 m, the synthesized beams will have a full width at half maximum (FWHM)
∼ 0.6◦ at 135 MHz for coherently-added signals (Equation 1.5). The beams have a
FWHM ∼ 5◦ at 135 MHz when the signals are added incoherently since Superterp
sub-stations have a diameter of ∼ 31 m.
A LOTAAS pointing on sky is represented in Fig. 1.15. It consists of a total of 222
beams on sky: 3 incoherent beams, 61 × 3 central coherent beams and 12 × 3 external
coherent beams that are scattered around the central ones and can be pointed to
known sources within the field. The incoherent beams cover a total field of view of ∼
30 square degrees and the coherent beams cover a combined ∼ 10 square degrees. The
beams are spread across 3 sub-array pointings (SAPs), which are pointing directions
formed at each individual station. The central coherent beams overlap at the FWHM
at the central observing frequency. Each pointing of LOTAAS has a long integration
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Figure 1.16: A representative area of the sky illustrating multiple interlocking LOTAAS pointings.
Circles represent incoherent beams and filled hexagons represent central coherent beams. Different
colours represent the 3 different passes of the survey. From Sanidas et al. (2018).

time of 1 hr and a time resolution of ∼ 0.5 ms. Pointings are interlocked as shown
in Fig. 1.16 to cover the whole Northern hemisphere. The survey has been divided
into three passes, each one covering the full Northern sky with incoherent beams.
Therefore, each sky position will be observed three times with incoherent beams and
once with coherent beams when the survey will be completed. All these characteristics
make the survey well suited for exploring a novel parameter space in studies of pulsars
and fast radio transients. At the time of writing, more than 80 new pulsars have been
discovered by LOTAAS3 .

1.5

Thesis summary

This thesis is focused on discovering and characterising pulsars and fast radio transients in poorly explored regions of parameter space.
Chapter 2 is based on data from LOTAAS. The huge amount of data generated
3 http://www.astron.nl/lotaas
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to explore the low-frequency, wide-field parameter space (∼ 4 TB per hour) poses
problems for storage, processing and inspection of the candidates. Because of radio
frequency interference, the single-pulse search of LOTAAS generates on order of 107 –
108 potential candidates above a signal-to-noise ratio of 5σ per observation. This
makes it impossible to investigate all of these candidates manually. In this chapter,
we present an automatic classifier based on machine learning techniques. It is capable
of quickly selecting interesting candidates with high accuracy. Excuting a preliminary
version of the classifier on part of the LOTAAS observations yielded the discovery of
7 new pulsars and the detection of ∼ 80 known sources. The entire survey data set
will be reprocessed with the latest version of the classifier presented here, and thus
future discoveries are also expected from the existing data.
In Chapter 3, twenty of the pulsars discovered by LOTAAS are analysed in detail. Using more than 10 months of regular observations at multiple frequencies with
LOFAR and the Lovell telescope, a timing model was constructed for each of them.
Some of the pulsars have unusually long periods (> 2 seconds) and many have particularly small period derivatives. This places the pulsars in the P-Pdot diagram
near the death line and implies on average an older population than the bulk of the
pulsar distribution. The spectral indices for these sources are generally very steep
(α . −1.4), as would be expected for a survey centered at the low radio frequency
of 135 MHz. Two of the discoveries present drifting sub-pulses and a few have high
nulling fractions (> 30%). One source is particularly interesting because it is detected
as a typical RRAT at higher frequencies, while it shows emission over multiple consecutive rotations at lower frequencies, suggesting a frequency-dependent phenomenon
that could shed light on the emission process.
Chapter 4 focuses on a particular pulsar (PSR B2217+47, one of the brightest
and earliest pulsars discovered) observed over six years with both LOFAR and the
Lovell telescope. The pulse profile is observed to evolve on a monthly timescale at
lower frequencies, while it is stable at higher frequencies. The evolution concerns
peaks in the pulse profile that appear at different epochs trailing the main peak and
evolving along the pulse phase. The intensities of the main peak and of the evolving
components in the pulse profile are strongly correlated, suggesting that the latter are
images of the former created by propagation effects. In particular, a dense structure
similar to those detected during extreme scattering events is thought to generate
these evolving components. A rough estimate of the characteristics of such an IISM
structure is derived. This study opens the possibility to use a new method to study
the IISM properties over scales rarely investigated before.
Chapter 5 presents a study of the repeating FRB 121102. We analyse bursts
detected with Arecibo and GBT at the highest frequencies that the source has been
detected to date (4 − 8 GHz). This allowed us to discover linear polarisation in the
bursts, and to detect Faraday rotation. The channelisation of the telescope bandwidth
limits the maximum RM that can be measured if the polarisation direction rotates
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by a significant amount within the individual channels. Assuming channels of the
same widths, this effect is smaller at higher frequencies (Equation 1.3). Detecting
FRB 121102 at high radio frequencies thus allowed us to measure the largest RM
value (∼ 105 rad m−2 ) ever reported for a pulsar or FRB. In addition, the source
RM is found to decrease by ∼ 10% in 7 months, arguing that the Faraday medium
is close to the source and that FRB 121102 is in a dynamic environment. These
properties, together with the presence of the persistent radio source and the inferred
local DM, favour models based on a young supernova remnant or the presence of an
accreting massive black hole. After correcting for the measured RM, all the bursts are
∼ 100% linearly polarised, with no evidence of circular polarisation. The measured
polarisation direction is stable both within and between bursts.
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Abstract
Searches for millisecond-duration, dispersed single pulses have become a standard tool
used during radio pulsar surveys in the last decade. They have enabled the discovery
of two new classes of sources: rotating radio transients and fast radio bursts. However,
we are now in a regime where the sensitivity to single pulses in radio surveys is often
limited more by the strong background of radio frequency interference (RFI, which
can greatly increase the false-positive rate) than by the sensitivity of the telescope
itself. To mitigate this problem, we introduce the Single-pulse Searcher (SpS). This is
a new machine-learning classifier designed to identify astrophysical signals in a strong
RFI environment, and optimized to process the large data volumes produced by the
new generation of aperture array telescopes. It has been specifically developed for the
LOFAR Tied-Array All-Sky Survey (LOTAAS), an ongoing survey for pulsars and fast
radio transients in the northern hemisphere. During its development, SpS discovered
7 new pulsars and blindly identified ∼80 known sources. The modular design of
the software offers the possibility to easily adapt it to other studies with different
instruments and characteristics. Indeed, SpS has already been used in other projects,
e.g. to identify pulses from the fast radio burst source FRB 121102. The software
development is complete and SpS is now being used to re-process all LOTAAS data
collected to date.

2 Single-pulse classifier for the LOFAR Tied-Array All-sky Survey

2.1

Introduction

The first pulsar was discovered by recording its single pulses at ∼ 80 MHz using
an aperture array (Hewish et al. 1968). In later studies, folding and Fourier-based
techniques were used to take advantage of the pulsar periodicity. Many pulsar observations shifted to higher observing frequencies around 1.4 GHz, where the separation
between pulsar signals and sky brightness is maximum for most of the pulsar population (Clifton & Lyne 1986). Furthermore, phased arrays were generally replaced by
large single dishes, which remove the complexity of signal correlation permitting an
increase in telescope sensitivity and bandwidth (Garrett 2012). However, in recent
years the increase in available computing power makes it possible to build phased
aperture array telescopes with sensitivities and bandwidths that outperform traditional single dishes at low radio frequencies, offering a larger field-of-view (FoV) and
more flexible instruments (van Haarlem et al. 2013; Taylor et al. 2012; Tingay et al.
2013). This enables an exploration of a parameter space that is complementary to
other searches: e.g., it is possible to detect sources having a spectrum steeper than
the sky background (spectral index α ∼ −2.5, Mozdzen et al. 2017), which are likely
too faint to detect at higher frequencies. In addition, the larger FoV improves survey
speed, and makes all-sky searches tractable.
The most sensitive phased aperture array telescope to date is the LOw Frequency
ARray (LOFAR, van Haarlem et al. 2013; Stappers et al. 2011). For example, its
large collecting area already enabled detailed studies of archetypal sources, and the
properties of the known pulsar population. The former is exemplified by the discovery
of radio/X-ray mode switching in PSR B0943+10 (Hermsen et al. 2013). Examples
of the latter are the pulsar census results presented by Kondratiev et al. (2016) and
Bilous et al. (2016). Beyond these known sources, many pulsars in our Galaxy remain
undetected. It was recognised early on that LOFAR has great potential for discovering
these (van Leeuwen & Stappers 2010). Pilot surveys placed limits on the occurrence
of fast transients at low frequencies, and discovered the first two radio pulsars with
LOFAR (Coenen et al. 2014). We are now performing a full, sensitive survey of
the northern hemisphere called the LOFAR Tied-Array All-Sky Survey (LOTAAS,
Coenen et al. 2014; Sanidas et al. 2018)1 . LOTAAS has already demonstrated its
ability to find new pulsars using periodicity searches (with over 80 discoveries to
date) and in this paper we focus on discoveries made through single pulses. The long
dwell time (1 hr) and large FoV (∼ 10 sq. deg. per pointing) of LOTAAS also make
the survey potentially well placed to discover fast radio transients.

1 http://www.astron.nl/lotaas
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2.1.1

Signal classification

An increasing issue for pulsar surveys is the presence of radio-frequency interference
(RFI) produced by several devices, which can mimic the behaviour of astrophysical
signals and limit survey sensitivities (e.g. Lyon et al. 2016). The large number of
RFI detections makes it impractical to visually inspect and follow-up all the detected
signals. This is a worsening problem caused by the increasing number of devices emitting radio waves and the improvements in telescope characteristics, such as sensitivity,
dwell time and bandwidth. Therefore, this is a major challenge for next-generation
radio telescopes and in particular the Square Kilometre Array (SKA, Ellingson 2004).
An improvement is obtained by building telescopes in RFI-free zones, areas where the
human presence is minimal. However, the radio emissions of air planes and satellites
are still present.
In order to lower the number of detections to be inspected by eye, many automated
classifiers have been developed for pulsar surveys (see Lyon et al. 2016 and references
therein for a summary). These automatic classifiers evolved from simple heuristics
and thresholds on S/N (e.g. Clifton & Lyne 1986) to semi-automated ranking algorithms (e.g. Lee et al. 2013). Also the graphical representation of the detected signals
evolved, visualizing increasing information describing their parameters (e.g. Burgay
et al. 2006). Machine learning (ML) techniques began to be used to evaluate heuristic
performance, set threshold values and perform the classification (e.g. Eatough et al.
2010). Most recently, significant efforts are being spent in the selection of pulsar signals to deal with the large number of detections from new, sensitive radio telescopes
(e.g. Yao, Xin & Guo 2016; Ford 2017; Bethapudi & Desai 2017).
Here a branch of ML called statistical classification (Mitchell 1997) is used to filter
to select astrophysical signals. This requires first acquiring a large set of candidate
examples for which the ground truth origin or ‘class’ is known. When there are two
classes under consideration, the classification task is termed ‘binary’. In binary problems the targets, i.e. astrophysical signals, belong to the positive class. The negative
class describes all other examples (e.g. RFI or noise). In either case the examples must
be characterised via one or more variables commonly known as ‘features’. Features
are numerical or textual descriptors that summarise a candidate in some relevant way
(e.g. S/N, pulse width, etc.). Features must be extracted by algorithms for each candidate, and linked to their true class ‘labels’. When combined, this information forms
what is known as a ‘training set’. Using supervised learning it is possible to ‘learn’ a
mathematical function from this training set, that can automatically perform a similar mapping on new data. This process is known as ‘training’. The training process
aims to split the training data into their respective classes, by using the inherent differences in the feature distributions to separate them. The learning process is guided
via a heuristic, most often error minimisation, that quantifies how many errors are
made. Each correct positive classification is known as a True Positive (TP), whilst an
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incorrect positive classification is known as a False Positive (FP). Similarly, negative
classifications can be described in terms of True Negative (TN) and False Negative
(FN) predictions. Together, these four outcomes form the so-called confusion matrix,
used to assess how successfully an algorithm has learned the mapping.
For a good classification, it is essential to have features that permit to separate
the data into positive and negative classes. Therefore, specific algorithms must be
designed to extract such features. Moreover, these algorithms need to be fast and
efficient in order to keep the computing time low. These algorithms can be designed
by looking at the different properties of the members of the positive and negative
classes. The classification success is usually determined during a ‘testing’ phase,
conducted on an independent sample of candidate examples. If the model learned
during training performs well during testing (produces few FPs and FNs) it can be
used to derive predictions for new previously unseen data. An algorithm will usually
be successful if trained on a large representative sample of data. Different heuristics
can be used to evaluate single features, such as the information gain (also known as
mutual information, Brown et al. 2012), a measure of the correlation between a feature
and the target variable (Lyon et al. 2016). Also, several metrics exist to evaluate the
performance of the whole set of features in classifying the data. In this study, we
made use of standard metrics such as the false negative rate (FNR) and the false
positive rate (FPR), which must be as low as possible for a good classification, the
true positive rate (TPR, also known as recall), the positive predictive value (PPV, also
known as precision), the accuracy (ACC), the G-Measure (G-M) and the F-Measure
(F-M), which must be as high as possible for a good classification (e.g. Powers 2011).
All these metrics assume values between zero and one.

2.1.2

Single-pulse searches

Soon after the initial discovery of pulsars, surveys began taking advantage of the
inherent periodicity of pulsar signals to improve search sensitivity (Lorimer & Kramer
2004). This is usually achieved by performing a Fourier transform of the time-series.
However, this technique greatly decreases the sensitivity to sources whose emission is
not regular over time (McLaughlin et al. 2006). Therefore, it has become standard
procedure to include single-pulse searches in pulsar surveys to avoid missing sources
with large pulse amplitude variations or a large null fraction (Lorimer & Kramer
2004). Moreover, two new classes of sources discovered in recent years have created
new interest in single-pulse searches: rotating radio transients (RRATs, McLaughlin
et al. 2006) and fast radio bursts (FRBs, Lorimer et al. 2007). The former class
is composed of pulsars whose emission is so sporadic in time that they are missed
by periodicity searches. Typical RRAT pulse rates range from as many as one per
few seconds, up to one per several hours2 . The FRB class (Thornton et al. 2013) is
2 http://astro.phys.wvu.edu/rratalog
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composed of extragalactic radio flashes (Tendulkar et al. 2017). To date, only one
has been observed to repeat (Spitler et al. 2016) and no periodicity has been detected
(Scholz et al. 2016).
A typical search for single pulses is performed after de-dispersing the data collected
by the telescope. This aims to correct for the frequency-dependent delay induced by
the interaction of the radio waves from the source with free electrons present along
the line of sight. The amount of dispersive delay exhibited by a signal is represented
by a quantity called the dispersion measure (DM). Since the DM of the source is
unknown a priori, it is necessary to de-disperse the signal at many trial values. The
time-series resulting from the addition of all frequency channels is then searched for
single pulses. This is usually achieved by convolving each de-dispersed time-series
with a top-hat function of variable width W . The properties of the function and the
convolution are recorded every time the resulting signal-to-noise ratio (S/N) is above
a certain threshold (see Lorimer & Kramer 2004 for a detailed discussion).

2.1.3

LOTAAS Single-pulse Searcher

The number of signal detections arising from RFI is particularly large for LOTAAS
because the LOFAR Core is in a region of high population density. In addition, the
high sensitivity and long dwell time offered by the survey and the large parameter
space necessary to be searched at these low frequencies increase the number of false
detections. For these reasons, an automated classifier has been developed to classify
the periodic signals of LOTAAS (Lyon et al. 2016; Tan et al. 2018a). It uses the advantages of statistical classification to build a solid statistical framework for rejecting
RFI.
The presence of RFI is particularly problematic for single-pulse searches. In fact,
as opposed to periodicity searches, it is not possible here to filter out aperiodic signals.
Usually, single-pulse classifiers take advantage of pulse shape in the frequency-time
domain where, as opposed to RFI, astrophysical signals are expected to typically
be broadband and dispersed (Lorimer & Kramer 2004). As opposed to periodicity
searches discussed earlier, only a few classifiers have been reported to specifically
sift single-pulse detections. Keane et al. (2010) subtracted the non-dispersed signal
from their data (Eatough, Keane & Lyne 2009) and used spatial information from
a multi-beam survey to discover ten new RRATs. Spitler et al. (2012) developed
a multi-moment technique useful for quantifying the deviation present in the pulse
intensity at different frequencies. Karako-Argaman et al. (2015) presented RRATtrap, which uses manually-set thresholds to discriminate astrophysical signals based
on their S/N behaviour as a function of DM. Similarly, Deneva et al. (2016) developed
Clusterrank, which rejects RFI instances that deviate from the theoretical relation between signal strength, width and DM (Cordes & McLaughlin 2003). Devine,
Goseva-Popstojanova & McLaughlin (2016) studied different ML algorithms applied
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to their single-pulse classifier. For binary classification, a Random Forest (RF) trained
on an oversampled set (RF2over ) performed the best in their case.
Here we present a new machine learning classifier, SpS (Single-pulse Searcher),
which is able to discriminate astrophysical signals from RFI with high speed and
accuracy. In its current implementation (LOTAAS Single-pulse Searcher, L-SpS), it
has been specifically designed to process LOTAAS data. LOTAAS observations and
data processing are presented in §2.2; the SpS classifier is presented in §2.3; first
discoveries are listed in §2.4; and conclusions and future developments are discussed
in §2.5.

2.2

Observations

LOFAR is a radio telescope composed of thousands of antennas, which are grouped
into stations that are distributed across the Netherlands and other European countries
(van Haarlem et al. 2013; Stappers et al. 2011). LOTAAS observations (Coenen
et al. 2014) are performed using the 12 sub-stations of the Superterp, a circular area
with ∼ 350-m diameter where the station concentration is highest. The High-Band
Antennas (HBAs) are used to observe between 119 − 151 MHz. Signals from different
stations are added both coherently (‘tied-array’ beams) and incoherently. The beams
are divided over three sub-array pointings (SAPs, which are pointing direction formed
at station level). A total of 222 simultaneous beams on sky are produced per pointing:
3 incoherent beams, a hexagonal grid of 61 × 3 coherent beams and 12 × 3 additional
coherent beams that are scattered around the central grid, and which can be pointed
2
to known sources within the FoV. The incoherent beams have a total FoV of ∼
√ 30 deg ,
2
while the coherent beams have a total FoV of ∼ 10 deg and a sensitivity ∼ 12 = 3.5
times higher than that of the incoherent beams. Each LOTAAS pointing has a 1-hr
dwell time and a time resolution of 0.492 ms. The whole survey is divided into three
passes and, upon survey completion, each sky position will be covered three times by
the incoherent beams and once by a coherent beam.
Data are processed using a PRESTO-based pipeline described in detail by Sanidas
et al. (2018), which runs on the Dutch national supercomputer Cartesius3 . After
using the rfifind algorithm to filter RFI in the time-frequency domain, the signal is incoherently de-dispersed and frequency channels are added together using
mpiprepsubband in order to form time-series data. Each time-series is searched
for both periodic signals and single-pulse peaks. The latter is performed using single_pulse_search.py, which convolves box-car functions of various lengths between 0.5 and 100 ms. Single-pulse peaks with a S/N higher than 5 are stored for
further grouping and sifting.
A total of ∼ 104 DM trials is performed between DM values of 0 – 550 pc cm−3 with
3 https://userinfo.surfsara.nl/systems/cartesius
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steps between DM trials of 0.01 – 0.1 pc cm−3 . Given a total of ∼ 7×106 time samples
per time-series, this implies a grid in the DM - time space with 7 × 1010 pixels, each
one potentially containing an astrophysical event, for each of the 222 beams in every
pointing. Considering only ideal random noise, this implies an expected number of
spurious detections (≥ 5 σ) for each observation of ∼ 45 (Cordes & McLaughlin 2003).
Instead, a typical observation produces ∼ 107 -108 detections above 5σ, demonstrating
the huge impact that RFI and non-stationary noise have on the single-pulse search.
For comparison, the number of detections generated above 6σ is roughly an order
of magnitude less and those above 7σ are normally half of that. An automated
algorithm capable of sifting these detections to identify the rare astrophysical signals
is thus necessary.

2.3

LOTAAS Single-pulse Searcher

L-SpS is a new sifting algorithm designed for single-pulse searches in a strong-RFI
environment, and specifically designed for the LOTAAS survey. The software uses ML
techniques to differentiate RFI from astrophysical signals, classify interesting signals
and produce diagnostic plots.

2.3.1

Algorithm operation

The aim of the program is to produce diagnostic plots for the very best events detected
in a typical pulsar single-pulse search. Three steps are necessary to achieve this result.
Events
The script single_pulse_search.py included in PRESTO outputs information
on each detected signal, specifically the DM, the time with respect to the beginning
of the time-series and the selected width of the kernel function. These values are
stored for each signal as one line in a text file. We define one of such lines as an event.
The PRESTO-based pipeline is run for every LOTAAS pointing. For each beam,
L-SpS copies the events detected into the memory of the computer and stores them
into a readily accessible HDF5 database4 .
An impulsive signal having a large enough S/N, either RFI or astrophysical, will
be detected in multiple time-series de-dispersed at nearby values. Therefore it will
produce a number of events close in time and DM. A broadband signal exhibits a
decreasing S/N as the trial DM used moves further from the actual DM value because
the pulse becomes increasingly smeared in time. This smearing is not symmetric and
advances or delays the events for DM values higher or lower than the actual value,
4 https://www.hdfgroup.org
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respectively. Therefore, the events from a broadband signal will lie on a line in the
DM - time space whose slope is given by

∆t
k −2
−2
=
νm − νM
,
∆DM
2

(2.1)

where k = (4148.808 ± 0.003) MHz2 pc−1 cm3 s is the dispersion constant (Lorimer &
Kramer 2004). This equation is half the value of the DM delay between the minimum
(νm ) and maximum (νM ) observing frequencies. In L-SpS, the slope defined by Eq. 2.1
is corrected so that events belonging to the same broadband signal are simultaneous.
Pulses
All events close in time and DM are grouped together to form a pulse. The grouping
is performed by a friends-of-friends algorithm (e.g. Huchra & Geller 1982; Press &
Davis 1982) designed to be highly efficient and able to process one million events in
approximately half a second. Such an algorithm starts from the first event in the list
and labels the closest other event in the DM / time space to be part of the same
pulse if they are within a certain range. The thresholds on time and DM ranges
are set empirically depending mainly on DM and time resolution and on the noise
level. The time range between successive events was set to 30 ms and the DM range
to 20 DM trials, i.e. between 0.2 and 2 pc cm−3 depending on the DM trial step
size. The algorithm subsequently processes all the events with the same conditions.
The characteristics of each pulse (i.e. time of arrival, DM, width, S/N) are derived
from the brightest event forming that pulse. Pulses formed by less than five events
are considered spurious or too weak for subsequent analysis and therefore removed.
Weak narrow-band signals, which produce pulses with constant S/N, are mitigated by
removing pulses with S/N < 6.5. Also, pulses with DM < 3 pc cm−3 are removed to
avoid the contamination of broad-band RFI near DM = 0 pc cm−3 . Tests are ongoing
to try to lower this threshold on the DM. ML classification is then applied to the
pulses in order to discriminate RFI from astrophysical signals, as discussed in §2.3.2.
After the pulses labelled as RFI by the ML classifier are removed, those positively
classified are further filtered based on spatial information. Given the sensitivity pattern of the LOTAAS beams, astrophysical signals will have a maximum S/N in the
beam closest to the actual source position and decreasing S/N values in beams farther away. Given the complicated pattern of the side lobes, weaker detections can be
expected in distant beams for bright signals. For each pulse detected in a coherent
beam, all the events in the other non-adjacent coherent beams of the same SAP are
loaded if they are in a time window four times the pulse width and a DM window
of 0.4 pc cm−3 around the pulse. Also, these events must have a S/N larger than
half the pulse’s S/N in order to only remove signals with a nearly constant strength
over many beams. If more than four additional beams contain events selected with
those criteria, then the pulse is discarded. The spatial comparison is computationally
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expensive because of the many events to load and select. Therefore, it is implemented
after the ML classifier has already removed a large fraction of the pulses.
Candidates
In every beam, positively classified pulses (occurring at different times) are grouped
into candidates according to their proximity in DM. The maximum DM spread over
which two pulses are considered to come from the same source is empirically set to
0.3 pc cm−3 , corresponding to 3–30 DM trials. Candidates in different beams within
this DM range are considered to be produced by the same signal and only the brightest
is retained. The characteristics of each candidate are computed, i.e. beam number,
average DM, cumulative S/N, number of pulses detected and time of arrival if only
one pulse is present, otherwise the period is calculated using the PRESTO routine
rrat_period. Candidates formed by a single pulse are considered only if they satisfy
S/N > 10 since weaker candidates would not be visible in the dynamic spectrum,
meaning that their astrophysical nature can not be verified. For the same reason,
candidates formed by multiple pulses must have a cumulative S/N > 16.
A maximum of ten bright candidates (i.e. candidates with the largest cumulative
S/N) are processed per beam. Typically, a lower number of candidates per beam
is produced, as discussed in §2.3.3. This limit is set empirically to avoid processing
too many spurious candidates, particularly in beams polluted by RFI. For the same
reason, a processing limit is set by considering only the 50 brightest candidates per
observation. As indicated in Lyon et al. (2016), this is not an ideal procedure. However, typical observations produce a factor of ∼ 3 less candidates. Diagnostic plots
are then generated for every selected candidate, as discussed in §2.3.4.

2.3.2

Machine Learning classifier

Astrophysical signals of interest are different from RFI in that they are usually broadband, dispersed and localized on the sky, while normally the latter is either narrowband or not dispersed and often detected in multiple beams because the source is
local. This implies that astrophysical signals produce pulses that peak in S/N in a
certain beam and at a certain DM > 0 pc cm−3 , while RFI will often have similar S/N
in all the beams and constant S/N at different DM trials if narrow-band, or peaked at
DM = 0 pc cm−3 if it is broadband. However, the real-world situation is often worse
because of statistical and non-stationary noise, which tends to mask these differences
especially for weak signals, and artefacts introduced by the telescope. Also, RFI can
mimic a dispersive delay (e.g. Petroff et al. 2015c), for example when multiple signals
occur simultaneously in the de-dispersed data. An astrophysical signal can also be
masked by simultaneous RFI. In addition, both RFI and astrophysical signals can
have complex structures that complicate their S/N curve as a function of DM. Finally, some sources of interference like aeroplanes, radars and signals reflected by the
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ionosphere can be beamed and thus appear localized on the sky.
We make use of ML techniques in order to effectively differentiate RFI and astrophysical signals and to have a statistical foundation to evaluate the performance of
our features. The statistical algorithm chosen to build the model and perform the
classification is the Gaussian-Hellinger Very Fast Decision Tree (Lyon et al. 2014), a
tree learning algorithm (Mitchell 1997) based on the Very Fast Decision tree (VFDT;
Hulten, Spencer & Domingos 2001). The algorithm is designed to deal with imbalanced problems, where the target class, in our case astrophysical single-pulse events,
are outnumbered by the instances we wish to reject (Lyon et al. 2016). The data
mining tool WEKA5 was used to run this algorithm in order to evaluate classification
performance, to build a classification model and to perform the classification of new
instances. The other algorithms included in the standard WEKA distribution have
been tested using the training set described in the next subsection but none clearly
outperformed the VFDT.

Building of the training set
A set of manually-labelled instances was selected to evaluate the features used and
to build the classification model. A total of 35,063 instances of RFI were randomly
chosen from various LOTAAS observations where no astrophysical sources could be
identified by eye. In addition, 18,003 pulses were chosen from 47 known pulsars
selected in an equal number of beams. All the pulses in these beams were included
in the training set if they were detected at the pulsar DM and were within 0.1% of
the expected time of arrival given the pulsar period. The same conditions applied to
random DM and period values, in beams without any known pulsar, usually yielded
no pulses to be selected. Given the costs associated with labelling data, the possibility
for human error, and because the ground truth labels can only be confirmed via reobserving, it is possible for some training examples to be incorrectly labelled. Though
this is unlikely, a small proportion of training samples may be affected in this way.
Such mislabelled examples, whilst undesirable, have little impact on our results. This
is because we used a sufficiently large collection of labelled training samples describing
all classes, which compensates. In any case, such mislabelled examples can often help
prevent a classifier from over-fitting, which reduces real-world performance (Duda,
Hart & Stork 2000; Bishop 2006). Using this selection process, also pulses affected
by noise or simultaneous RFI, which are desirable to be retained, were included. In
this way, we aimed to reduce potential classification bias against the rare class. The
distribution of some parameters of RFI and astrophysical instances in the training set
is shown in Fig. 2.1.
5 http://www.cs.waikato.ac.nz/ml/weka
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Figure 2.1: Comparison of the duration, S/N and DM of the RFI (black lines) and astrophysical
(red lines) instances used in the LOTAAS training set.

Feature design
We developed different algorithms to extract features used to select relevant signals. These algorithms were created by analysing individual characteristics of RFI
instances. At the end of the process, individual features had been evaluated according
to the value of their information gain. Features with a low information gain value
were removed until a peak in the number of correctly classified instances was reached.
Residual redundant features were subsequently removed via an iterative method, manually deleting all the features one by one and calculating the number of correctly classified instances for each configuration, until a peak was reached. Deneva et al. (2016)
developed a classification algorithm based on Eq. 12 of Cordes & McLaughlin (2003)
that they reported performing well. However, we could not use the same algorithm
to extract new features for L-SpS because it was too slow in our implementation and
required a large number of events per pulse.
At the end of this process, the following five features were found to yield the
highest number of correctly classified instances. They are sorted in descending order
according to their information gain (Table 2.1):
1. Pulse width, W.
2. Weighted mean of the pulse DM.
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Table 2.1: ML features selected for L-SpS to separate astrophysical pulses from RFI and their
value of information gain. The subscript e indicates a single event within the pulse and σ is the
standard deviation. The rest of the symbols are defined in the text.

1
2

Feature

Inf. gain

W = We (max(S/Ne ))

0.74

DM =

P

DMe
eP
e

3

kW =

4

kS/N =

5

P

S/Ne
DMe

4
We
e (DMe −DM)
P
σ 4 (We ) e We

4
We
e (DMe −DM)
P
σ 4 (S/Ne ) e S/Ne

P

S/N = max(S/Ne )

0.71
−3
−3

0.40
0.29
0.10

3. Excess kurtosis of the width curve as a function of DM. This curve is represented
in red in Fig. 2.3h.
4. Excess kurtosis of the S/N curve as a function of DM. This curve is represented
in black in Fig. 2.3h.
5. Pulse S/N.
Features 2, 3 and 4 have been adapted from Tan et al. (2018a).
Feature evaluation
Classifier performance is estimated using the manually-selected sample of pulses described in §2.3.2. Ideally, training and test sets should be composed of independent
samples. However, we chose to use the whole sample of astrophysical detections
available to train the classifier. Therefore, we used the same training set to test the
classifier performance by running WEKA’s ten fold cross validation, which randomly
divides the sample into ten groups. Nine of the groups are used to build a model and
one to evaluate it. The process is iterated for each group and the average values are
calculated. Using the features and the ML algorithm described in the previous sections, 98.9% of instances in the LOTAAS set are correctly classified and the resulting
confusion matrix is reported in Table 2.2.
A manual inspection of the FP and FN instances returned by the classifier on the
training set was performed. The vast majority of the mislabelled instances would have
been misclassified even after visual inspection, with high probability. It is possible
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Table 2.2: Confusion matrix for the ML classifier of L-SpS applied to the LOTAAS set.

Actual pulsar
Actual RFI

Predicted
pulsar

Predicted
RFI

TP = 17754
FP = 355

FN = 249
TN = 34708

TP

FN
14
13
S/N

S/N

15
10

12
11

5
8

9

10

26.0

DM (pc cm−3 )

FP

TN
15.2
S/N

10
S/N

26.5

DM (pc cm−3 )

8
6

15.0
14.8

26.5

27.0

DM (pc cm−3 )
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3.4

3.6

DM (pc cm−3 )

Figure 2.2: S/N curves along DM of four pulses with the relative classification indicated on top.

that these instances were spurious detections incorrectly labelled when the training
set was built (see §2.3.2). In rare cases, however, the instances misclassified by the
ML classifier could be correctly labelled after visual inspection. This is partially
because astrophysical pulses affected by RFI sometimes mimic RFI behaviour and
therefore some RFI is mislabelled in order to retain such astrophysical signals. This
could also be an indication that there is still space for additional features useful for
discriminating RFI instances difficult to classify from true astrophysical signals. The
S/N curves along DM of four pulses are reported in Fig. 2.2 as an example.
We have compared the performance of our classifier to others presented in the
literature. However, it is important to note that statistical metrics cannot be used
to compare classifiers on different samples. In fact, if we had chosen e.g. different
thresholds on the pulses to build the training set (e.g. S/N or number of events) a
different performance would have resulted. Therefore, it is only for reference that we
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Table 2.3: Metrics to evaluate the performance of different single-pulse classifiers. The ML algorithm of L-SpS is applied to the LOTAAS training set. The metrics used can assume any value
between 0 and 1 and are described in the text. While the FNR and FPR assume lower values
for a better classification, the rest of the metrics assume higher values for a better classification.
RRATtrap and Clusterrank do not use ML and only rough estimations are available. The metrics are evaluated on different datasets and thus they are reported only for reference (see main text
for details). Values for RF2over are from Devine, Goseva-Popstojanova & McLaughlin (2016), for
RRATtrap are from Karako-Argaman et al. (2015) and for Clusterrank are from Deneva et al.
(2016).

Classifier

FNR

FPR

TPR

ACC

PPV

G-M

F-M

L-SpS
RF2over
RRATtrap
Clusterrank

0.014
0.282
0.2
0.3

0.010
0.011
0.09
0.07

0.986
0.718
−
−

0.989
−
−
−

0.980
−
−
−

0.983
−
−
−

0.983
0.716
−
−

compare the performance of other single-pulse classifiers. We only compare our ML
classifier and not the full classification process (e.g. event grouping, beam comparison,
etc.). The values obtained for the different single-pulse classifiers are reported in
Table 2.3.

2.3.3

Computational performance of the L-SpS classifier

As mentioned in §2.2, the number of events that are stored at the end of the PRESTObased pipeline is on the order of 107 -108 above 5σ for a typical LOTAAS observation.
By only selecting one pulse for each group of events and by removing all the pulses
formed by less than 6 events, having S/N < 6.5 or DM < 3 pc cm−3 , as discussed
in §2.3.1, the number of instances decreases to ∼ 106 . At this point, pulses are selected using the ML classifier described in §2.3.2. For a typical observation, the ML
selection takes roughly a minute to process the whole observation. At the end of the
ML process ∼ 104 pulses remain. The spatial comparison of different beams on the
sky removes roughly half of these pulses. The grouping of pulses in candidates, the
selection of the brightest for each DM range and the thresholds on their cumulative
S/N values discussed in §2.3.1 typically leaves ∼ 20 diagnostic files to inspect per
observation. In total, L-SpS takes around 30 minutes to process one observation on
one Cartesius node (powered by 2 × 12 cores 2.6 GHz Intel Xeon E5-2690 v3 Haswell).
Multimoment analysis could further reduce the number of RFI instances and tests
are ongoing.
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Figure 2.3: Discovery plot of PSR J0139+33. Diagnostic plots like this are generated for each of
the positively classified candidates from the LOTAAS survey. Top: summary plots of the pulses
detected in the beam. Bottom: plots of the brightest pulse forming the candidate. The description
of each sub-panel is given in §2.3.4.
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2.3.4

Diagnostic plots

Despite the huge progress in ML classification in recent years, a final human inspection is essential. Bright signals can be easily identified by machines and by humans
but for weak signals the classification becomes uncertain even after human inspection.
For this reason, we developed a set of diagnostic plots to help visually identify astrophysical signals even when they are buried in the noise. Once an observation has been
processed, a file containing the diagnostic plots is generated for each candidate. An
example is shown in Fig. 2.3, which represents the discovery plot of PSR J0139+33.
For comparison, a diagnostic plot for an RFI candidate is shown in Fig. 2.4.
In the top part, four summary plots of detections in the beam are presented,
along with meta data containing information on the beam where the candidate was
detected. In Fig. 2.3a, all the pulses positively classified in the beam are plotted with
a size proportional to their S/N as a function of time of arrival and DM. The pulses
belonging to the candidate shown are highlighted with stars and the ten brightest
are numbered in order of decreasing S/N. Fig. 2.3b reports the number of positively
classified pulses per DM range. Fig. 2.3c shows the distribution of S/N vs DM of the
events forming the pulses. Fig. 2.3d shows the cumulative S/N of the pulses for each
DM range. The red lines indicate the candidate DM.
In the bottom part, the sub-panels show information related to the brightest pulse
associated with the candidate source. Meta data about the pulse is reported at the
top-left. Fig. 2.3e is a close-up of the brightest pulse from Fig. 2.3a. It shows all
the single events in the DM and time ranges plotted as black dots, including those
considered to be noise or RFI. Events forming the pulse are highlighted with red
circles, where the size is proportional to the S/N. The blue cross marks the most
likely DM and time of the burst. Fig. 2.3f shows the time-series around the pulse time
and DM. Red lines highlight the expected smearing of a broad-band signal. Fig. 2.3g
shows the profile of the pulse, i.e. the time-series around the pulse’s time of arrival
de-dispersed at the pulse’s DM. Fig. 2.3h represents the S/N (black line) and width
(red line) of the events forming the pulse as functions of DM. Fig. 2.3i and j represent
the pulse spectrum around the pulse’s time of arrival. The two plots are generated
using waterfaller.py6 . In Fig. 2.3i, the spectrum is de-dispersed at the pulse DM,
down-sampled in frequency by a factor of 162 to 16 sub-bands and smoothed in time
with a boxcar function of the same width as the pulse. The red triangle indicates the
expected position of the signal. Fig. 2.3j shows the dispersed data around the pulse,
down-sampled in frequency by a factor of 27 to 96 sub-bands and in time to 3 times
the pulse width. The red curve represents the expected DM sweep of the signal. The
RFI visible in Fig. 2.3i and j around a frequency of 137 MHz is the cause of the weak
detections around the pulse in Fig. 2.3e and of the short-duration events in the pulse
tails in Fig. 2.3h. Fig. 2.3k reports the maximum S/N in each central coherent beam
6 https://github.com/plazar/pypulsar
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Table 2.4: Pulsars discovered by early versions of L-SpS in the LOTAAS survey. The level of pulse
brightness variability during the observation is described qualitatively.

Name

Period (s)

DM (pc cm−3 )

PSR
PSR
PSR
PSR
PSR
PSR
PSR

1.248
1.207
1.974
1.389
1.394
2.650
2.233

21.2
19.0
12.9
20.8
30.0
18.5
77.4

J0139+33
J0301+20
J0317+13
J0454+45
J1340+65
J1404+11
J1849+15

Variability
Extreme
Large
Large
Some
Some
Some
Extreme

in the SAP where the pulse is detected within the DM and time ranges indicated at
the top. The S/N is normalized between 0 and 1 and represented as a hot-shades
colour-scale. A white star indicates the beam where the candidate was detected and
beams are numbered in blue. In this case, the signal is strongest in beam 73, where
the pulse is detected. The complicated sensitivity pattern and RFI is responsible for
the (apparent) weaker detections in other beams.

2.4

Early single-pulse discoveries from the LOTAAS
survey

The L-SpS classifier has been developed and tested using data from the LOTAAS
survey. The latest version of the program is presented in this paper and it will be
used in a complete reanalysis of the survey data. Around 80 known pulsars have been
blindly identified by the different preliminary versions of L-SpS. Some of these were
used to produce the training set described in §2.3.2. Seven new pulsars have been discovered to date using L-SpS — dozens have also been discovered using the periodicity
searches and associated classifier (Tan et al. 2018a). A summary of their properties
is reported in Table 2.4. PSR J0139+33 is a RRAT that was not detectable in periodicity searches in the discovery pointing, nor in successive, targeted observations.
PSRs J0301+20, J0317+13 and J1849+15 manifest a strong variability between single
pulses. For this reason, the first two were initially detected through their bright single
pulses and subsequently also found using a periodicity search in follow-up observations. The remaining pulsars are bright enough to be detected in both periodicity
and single-pulse searches. The timing solutions of the sources presented here will be
reported in future papers.
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2.5

Conclusions and future developments

We have presented L-SpS, a new classifier for searches of single radio pulses in the
LOTAAS survey. It employs a ML algorithm to discriminate astrophysical signals
from RFI with high accuracy. During its development, the algorithm has discovered
7 new pulsars and blindly identified ∼80 known sources. A full reprocessing of the
LOTAAS data with the latest version of L-SpS, as presented here, is under way.
Future improvements to the software include testing of multimoment analysis and
development of additional features. Also, we only made use of binary classification, i.e.
instances were divided into astrophysical and RFI. The use of multiclass classification
(e.g. distinguishing broad-band and narrow-band RFI) could improve the performance (Tan et al. 2018a). In addition, a larger training set with positive instances
better distributed (e.g. more high-DM pulsars) will be used in future. Finally, deep
learning techniques could significantly improve the classification performance (Deng
& Yu 2014). However, deep learning algorithms typically require larger training sets.
Therefore, they could possibly be used to reprocess the survey data when a sufficient
number of discoveries and re-detections is achieved.

2.5.1

Portability

Although L-SpS has been designed specifically for the LOTAAS survey, efforts are
ongoing to produce a more general software (SpS) that can be readily adapted to other
projects. The aim is to create a program that is user-friendly, simple to customize and
robust to different observation characteristics, in order to be easily used in a generic
study. This is achieved by designing a modular software where the different tasks
discussed in §2.3 are performed by different modules executed in sequence by a main
script. Therefore, the sequence can be easily modified and each of the modules can be
tailored to a specific study. A preliminary version of this software is freely available
on github7 .
Arguably the most critical part of the program is the final selection of astrophysical signals. In fact, due to the need for a large data set of labelled detections, an
ML analysis can be difficult or impossible to perform in the case of small studies.
Therefore, a set of filters that do not rely on ML techniques was created for these situations. While such filters have been designed to keep the false negative rate low, the
false positive rate will be higher than in the ML approach, though still manageable
for small projects. It is difficult to assess the general performance of these filters since
they depend on the characteristics of the specific observations. A rough estimate is
obtained from the study of FRB 121102 with Arecibo. The features used typically
reduce the number of candidates by ∼ 80-90%. Of the remaining candidates, typically ∼25% were found to be real after visual inspection, though this fraction varied
7 https://github.com/danielemichilli/SpS

42

2.A RFI diagnostic plot

between 1% and 64% in different observations (depending on the severity of RFI).
Preliminary versions of SpS have already been successfully used in different singlepulse searches, such as those presented by Mikhailov & van Leeuwen (2016); Straal
et al. (2016).
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2.A

RFI diagnostic plot

Additional examples of diagnostic plots are presented. Fig. 2.4 shows an example of a
typical diagnostic plot for a candidate produced by RFI. Fig. 2.5 reports the detection
of PSR J0139+33 during its confirmation observation.
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Figure 2.4: Example of diagnostic plots for an RFI candidate. The same plots as in Fig. 2.3 are
represented and they are discussed in the text.
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Figure 2.5: Example of diagnostic plots of the confirmation observation of PSR J0139+33. The
same plots as Fig. 2.3 are represented and they are discussed in the text. The number of beams visible
in panel k is different for confirmation observations. The strong interference visible as horizontal
stripes in panels i and j did not prevent to detect the bright pulses from the RRAT.
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Abstract
The discovery of new radio pulsars enables both studies of the Galactic population
as a whole and the possibility of finding novel sources that give physical insights and
enable new experiments. Even 50 years after the first pulsar discovery, new parameter
space is still being opened by the latest surveys. The LOw-Frequency ARray (LOFAR) offers high-sensitivity observations of pulsars at the lowest radio frequencies
accessible from Earth. We are using this telescope to perform the LOFAR TiedArray All-Sky survey (LOTAAS) for pulsars and fast transients. Here we present the
properties and timing ephemerides of 20 LOTAAS discoveries. These are obtained
through regular multi-frequency observations with LOFAR at 149 MHz and the Lovell
telescope at 1532 MHz, supplemented by sporadic observations with the Lovell telescope at 334 MHz. The long spin periods and low period derivatives indicate that
these discoveries are on average older than most pulsars. Multi-frequency flux measurements show that these pulsars have particularly steep spectra. Among the new
pulsars, two show obvious drifting sub-pulses, four are nullers and one is a rotating
radio transient.

3 The LOFAR Tied-Array All-Sky Survey: Timing of 20 pulsars

3.1

Introduction

Radio pulsars are rotating neutron stars where a small fraction of the spin-down
energy powers radio beams that cross our line-of-sight and produce an observable
pulsed signal (Pacini 1967; Gold 1968). Since their discovery by Hewish et al. (1968),
pulsars have provided a great wealth of science thanks to their use as uniquely precise
astronomical clocks (Manchester 2017). This has motivated ongoing pulsar surveys,
at a wide range of radio frequencies, which to date have found close to 3000 sources
(Manchester et al. 2005)1 . Recent high-impact pulsar discoveries include the fastestspinning pulsar in the Galactic field (Bassa et al. 2017a), the slowest X-ray pulsar
(Sidoli et al. 2017), the most accelerated binary pulsar (Cameron et al. 2018), the most
massive neutron stars (Demorest et al. 2010; Antoniadis et al. 2013) and a pulsar in
a triple system (Ransom et al. 2014). Such systems provide, e.g., insight into the
properties of dense matter, theories of gravity, and astrophysical accretion.
In order to take advantage of pulsar discoveries, it is necessary to model the pulse
times-of-arrival (TOAs), connecting each observed timing residual to a physical origin,
if possible (Edwards, Hobbs & Manchester 2006). Since they are linked to physical
quantities, the parameters used to model pulsar TOAs can be used to infer properties of the source, its environment and propagation effects through the intervening
medium. For example, the spin and spin-down rate are indicative of the pulsar evolutionary history (Goldreich & Julian 1969). Assuming a simplified model (i.e. a
dipolar rotator with constant magnetic field), pulsar parameters can be estimated,
such as the characteristic age and magnetic field (Goldreich & Julian 1969). For this
reason, a scatter-plot of pulsar periods and period derivatives (the so-called P-Pdot
diagram) provides valuable information on the properties of the pulsar population as
a whole. TOAs for a given pulsar can be obtained directly from its single pulses. However, the low signal-to-noise ratio (S/N) and erratic shapes of individual pulses result
in larger uncertainties. Therefore, hundreds of rotational periods are usually added
together to increase the S/N and form a stable average pulse profile. Pulse profiles
are usually stable over decades (though subtle changes are sometimes detected) and
they are correlated with noiseless templates in order to produce TOAs. A detailed
description of the procedure is provided by Edwards, Hobbs & Manchester (2006).
All pulsars manifest some level of pulse-to-pulse variation in flux and pulse shape.
In some cases the emission switches between bi-stable states, and these sources are
classified as mode changing pulsars (Wang, Manchester & Johnston 2007). In other
cases, the single pulses form patterns called drifting sub-pulses (Taylor, Manchester
& Huguenin 1975). Pulsars that are undetected for one or multiple rotational periods are classified as nullers (Backer 1970, here sufficient sensitivity is needed to
distinguish between nulling and weak pulses). The nulling fraction can vary from
1 http://www.atnf.csiro.au/people/pulsar/psrcat
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a small percentage of the rotations to nearly 100%. In the latter case, sources are
often discovered through their single pulses and termed Rotating RAdio Transients
(RRATs, McLaughlin et al. 2006). These are pulsars whose emission is detected over
single rotations separated by large periods of apparent inactivity (& 1 min and up to
hours).
Radio waves propagating through the cold plasma present in the interstellar medium
(ISM) undergo various propagation effects (Rickett 1990), which are stronger for
lower-frequency waves (. 300 MHz). These effects are highly relevant both in searching for new pulsars and in timing them. Dispersion is the frequency-dependent slowing
of the wave group velocity. It is quantified by the dispersion measure (DM) and scales
as ν −2 . Pulsar surveys at low radio frequencies must search a very dense grid of trial
DMs (∆DM ∼ 0.001−0.01 pc cm−3 ) in order to discover faint new sources. Scattering
is the angular broadening of the radio signal due to inhomogeneities in the ISM. It is
typically manifested in the time domain as an exponential tail in the pulse profiles,
which scales roughly as ν −4 . Scattering can strongly limit the detectability of pulsars
at low frequencies because it can wash out the pulse signal. Diffractive scintillation
is the phase perturbation of the waves induced by inhomogeneities in the ISM. It
creates intensity modulations of the signal both in time and frequency. Scintillation
is typically averaged out by wide-band observations (> 10 MHz) at low-frequencies.
The majority of current pulsar surveys are being carried out at frequencies above
300 MHz, where the sky background brightness and aforementioned radio propagation
effects are less severe (Lorimer & Kramer 2004; Stovall, Lorimer & Lynch 2013).
However, low-frequency observations (. 300 MHz) present some practical advantages
as well and they and can probe the pulsar population in a way that complements
the view from higher frequencies. Firstly, the telescope field-of-view is often larger
at lower frequencies, allowing a larger survey speed for all-sky surveys (Stappers
et al. 2011). Secondly, most pulsars are brighter at lower frequencies (Bilous et al.
2016), with an average spectral index −1.4 (the standard deviation of the spectral
index distribution is ∼ 1; Bates, Lorimer & Verbiest 2013). The flux density S of
radio pulsars is usually described by a power-law of the observing frequency ν whose
exponent α is called the spectral index (S ∝ ν α ). If a pulsar has a spectral index
larger than the sky background (α ∼ 2.5, Mozdzen et al. 2017), it can potentially be
detected more easily at lower frequencies – as long as scattering is modest.
Here we report the timing ephemerides and other properties of 20 radio pulsars discovered using the Low Frequency ARray (LOFAR, van Haarlem et al. 2013; Stappers
et al. 2011), a sensitive radio interferometer that operates at low radio frequencies.
We are using this telescope from 119 − 151 MHz to perform the LOFAR Tied-Array
All-Sky Survey (LOTAAS, Coenen et al. 2014; Sanidas et al. 2018)2 for pulsars and
fast transients in the Northern sky. LOTAAS is performed using the 12 LOFAR Su2 http://www.astron.nl/lotaas
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perterp sub-stations, which give the highest geographical density of stations in the
array and a total of 288 High-Band Antennas (HBAs, where each HBA tile contains 16
dual-polarisation dipoles). Each LOTAAS pointing has a dwell time of 1 hr and covers
roughly 9 sq. deg. of sky by forming 219 tied-array beams3 from the Superterp substations. Three additional incoherent beams are also recorded;
these provide access to
√
the full primary field of view of the stations, but with ∼ 12× lower sensitivity compared to the tied-array beams. The time (492 µs) and frequency (12 kHz) resolution of
the data provide good sensitivity to pulsars with P & 10 ms and DM . 100 pc cm−3 .
A pipeline based on presto (Ransom 2001)4 is used to find interesting candidates
in both Fourier-based periodicity and single-pulse searches, which are subsequently
filtered using machine learning algorithms (Tan et al. 2018a; Michilli et al. 2018b).
In addition to LOTAAS discoveries, in this paper we also include timing of PSRs
J0815+4611 and J1404+1159. PSR J0815+4611 was first identified as a promising pulsar candidate in a radio continuum image of the 3C 196 field observed by
the LOFAR Epoch of Reionization project (Yatawatta et al. 2013). Pulsations were
then discovered using a targeted LOFAR beam-formed observation (V. Kondratiev,
private communication), and the source was later independently re-discovered by
LOTAAS. PSR J1404+1159 was discovered by Chandler (2003) and blindly identified
by LOTAAS. We decided to include it here because it did not have a refined rotational
ephemeris at the time of the LOTAAS re-discovery. In addition, we detected it at a
very different DM than the value quoted by Chandler (2003), so there was initially
some ambiguity about whether it was indeed the same source.
Pulsars discovered by LOTAAS are regularly monitored using multiple telescopes;
these subsequent timing observations are described in §3.2. The timing models obtained for these pulsars are presented in §3.3 and the characteristics of the pulse
profiles are described in §3.4. Flux densities and spectral indices are analyzed in
§3.5. Individual sources presenting large flux variations within single observations are
further described in §3.6. Finally, conclusions are drawn in §3.7.

3.2

Observations

After a promising candidate is found in the LOTAAS survey, its rough sky position is
re-observed using the full LOFAR core (up to 24 stations available) for confirmation
and refined localization. Using the full core, the localization improves from ∼ 0.5◦ ,
possible with the Superterp, to roughly arcminute precision. The increased sensitivity of the full core compared to the Superterp also means that significantly shorter
integrations, typically 15 min, can be used to achieve sufficient S/N. The resulting
3 For

each of 3 LOFAR sub-array pointings, 61 tied-array beams tile the sky using a honeycomb
pattern, while 12 additional tied-array beams are pointed towards known sources within the primary
field of view
4 https://www.cv.nrao.edu/~sransom/presto
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Table 3.1: Number of observations for each pulsar in each
frequency band. Non-detections are indicated with a dash.

PSR
J0115+6325
J0122+1416
J0139+3337
J0302+2252
J0349+2340
J0518+5125
J0742+4334
J0815+4611
J0857+3349
J1226+0005
J1236−0159
J1343+6634
J1404+1159
J1635+2332
J1735+6320
J1848+1516
J1849+2559
J1933+5335
J2051+1248
J2329+4743
a

LOFAR
149 MHz

Lovell
334 MHz

Lovell
1532 MHz

17
14
8
23
20
18
17
31
13
16
15
24
14
15
25
21
21
11
24
15

–a
–
–
1
–
–
–
1
1
1
1
–
1
–
1
1
1
–a
–
–

41
–
31
20
–
–
–
20
–
–
50
–
38
33
50
52
–
–a
40
31

Observations not taken at this frequency.

discoveries are added to the LOFAR timing campaign, where pulsars are observed
monthly using the full LOFAR core. All the pulsars presented here have been observed for a span of at least 10 months; the total set of observations used in this study
is reported in Table 3.1. Typically, each pulsar is observed for 10 minutes in the timing campaign. However, due to their weak or sporadic signals, PSRs J0139+3337,
J0518+5125, J1848+1516 and J1236−0159, were observed for 15–20 minutes per
epoch. An automatic pipeline described by Stappers et al. (2011) processes the data
from the telescope producing an archive file in psrchive format (Hotan, van Straten
& Manchester 2004; van Straten, Demorest & Oslowski 2012)5 for each observation.
The archives contain the signal as a function of time and frequency folded at the
approximate pulsar spin period inferred by the initial confirmation observation. The
78 MHz of available bandwidth is divided into 400 channels. Pulse profiles are di5 psrchive.sourceforge.net
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vided into 1024 bins and are normally obtained by integrating the observations every
five seconds. Full Stokes information is recorded. Only for PSRs J0139+3337 and
J1848+1516 did we store single-pulse-resolved, total intensity archives in order to
study their high variability over short timescales.
Some of the pulsars were also detected with the 76-m Lovell telescope at the Jodrell
Bank observatory at 334 and 1532 MHz (Table 3.1). Single sources were typically
observed for 5–60 minutes depending on their brightness. Detailed information on
observations and data processing with Lovell are provided by Hobbs et al. (2004). In
order to study the intermittent source PSR J0139+3337, the Apollo back-end was
used to store the single pulses from this source.

3.3

Timing models

LOFAR observations supplemented by Lovell TOAs, when available, have been used
to construct the timing models presented here. For each pulsar, an initial timing
solution was obtained by maximizing the S/N of the confirmation observation. This
resulted in approximate values for the periods and DMs of the sources. The period
derivative was initially set to zero. The approximate pulsar position was obtained
by a fit to the S/N in the grid of beams used in the confirmation observation, each
having a size of ∼ 30 .
The paz utility from the psrchive package and clean.py from coast guard
(Lazarus et al. 2016)6 were used to remove radio frequency interference (RFI) present
in the observations. After a visual inspection of the data to remove additional
RFI or corrupted observations, a cumulative pulse profile was generated for each
observation by adding all frequency channels and sub-integrations together. Since
PSRs J0139+3337 and J1848+1516 show only very sporadic radio pulses, specific periods where the sources were active have been manually extracted for these pulsars.
The low number of available pulses to average means that there is additional scatter in the TOAs of these pulsars due to pulse-to-pulse shape variability. A noiseless
template was generated for each pulsar by fitting the profile having the highest S/N
with Von Mises functions using paas from psrchive. For each pulsar, this profile
was cross-correlated with all the observed profiles to obtain one TOA per observation.
These TOAs are in the GPS time system and the topocentric position of LOFAR is
the center of the LBA CS002 station.
The TOAs obtained for each pulsar were fitted with tempo2 (Hobbs, Edwards
& Manchester 2006)7 using the initial timing model. However, since tempo2 can
only fit TOAs with known integer rotation counts in between (Freire & Ridolfi 2018),
this initial model was too inaccurate for most of the pulsars for tempo2 to work.
6 github.com/plazar/coast_guard
7 bitbucket.org/psrsoft/tempo2
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Figure 3.1: Continued from previous page.
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Epoch
(MJD)
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57876
57901
57811
57813
57829
57998
57662
57876
57785
57803
57785
57820
57935
57760
57655
57785
57546
57811
57950

DEC
(J2000)
+63:25:50.8(1)
+14:16:17(1)
+33:37:01.2(5)
+22:52:12.1(2)
+23:40:53(2)
+51:25:58.7(2)
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1.207164839778(2)
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0.912511685262(8)
0.60619068008(5)
0.4342422517307(2)
0.242961077060(4)
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3.5975735967(2)
1.39410378554(1)
2.65043929892(4)
1.20869424580(2)
0.510718135408(1)
2.23376977466(5)
0.5192634055906(6)
2.05257452(2)
0.55316745256(2)
0.728408609085(4)

P
(s)
1.599(3)
3.803(1)
2.055(5)
0.0825(1)
1.0995(7)
0.191(1)
0.38(9)
0.0039(1)
0.24(1)
2.474(2)
5.103(2)
1.0882(7)
1.3768(6)
0.863(5)
0.3226(4)
1.6813(8)
0.1798(3)
0.67(9)
0.019(6)
0.016(2)

Ṗ
(10−15 )
65.069(4)
17.693(3)
21.209(7)
18.9922(6)
62.962(5)
39.244(2)
36.253(6)
11.2738(3)
23.998(3)
18.50(1)
19.08(3)
30.031(3)
18.499(4)
37.568(6)
41.853(1)
77.436(9)
75.0016(4)
33.53(3)
43.45(1)
44.012(2)

DM
pc cm−3

Table 3.2: Parameters of the timing models. Values in parentheses are 1-σ uncertainties.
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Table 3.3: Quantities derived from the timing parameters presented
in Table 3.2 assuming dipolar rotators with constant magnetic fields,
null initial periods and a moment of inertia I = 1045 g cm2 .

PSR

log tc
(yr)

log B
(G)

log Ė
(erg s−1 )

da
(kpc)

db
(kpc)

J0115+6325
J0122+1416
J0139+3337
J0302+2252
J0349+2340
J0518+5125
J0742+4334
J0815+4611
J0857+3349
J1226+0005
J1236−0159
J1343+6634
J1404+1159
J1635+2332
J1735+6320
J1848+1516
J1849+2559
J1933+5335
J2051+1248
J2329+4743

6.7
6.8
7.0
8.4
7.5
7.9
7.4
9.3
7.2
7.2
7.0
7.3
7.5
7.3
7.4
7.3
7.7
7.7
8.7
8.9

12.0
12.4
12.2
11.5
12.2
11.6
11.7
10.6
11.4
12.4
12.6
12.1
12.3
12.0
11.6
12.3
11.5
12.1
11.0
11.0

32.6
31.7
31.6
30.3
30.5
31.0
31.8
30.3
32.8
30.9
30.6
31.2
30.5
31.3
32.0
30.8
31.7
30.5
30.7
30.2

2.2
0.8
1.0
0.7
3.3
1.4
1.3
0.4
0.9
0.9
0.9
1.8
1.4
4.8
3.2
3.3
3.9
2.2
2.5
2.2

1.9
1.6
1.5
1.0
3.7
1.3
1.6
0.4
1.6
1.9
2.0
< 25
2.2
< 25
< 25
3.5
6.1
2.5
4.1
2.4

a

b

Value based on the NE2001 electron density model (Cordes &
Lazio 2002)
Value based on the YMW16 electron density model (Yao, Manchester & Wang 2017)

Furthermore, for many pulsars we did not have a dense set of observations to help in
establishing an initial phase connection. We used a brute-force technique to resolve
this. We fit a set of initial spin periods around the value from the discovery observation, producing a series of plots with the relative residuals. In this way, assuming that
the other parameters have a much smaller impact on the fit, it is possible to identify
a more precise spin period. Using this simple yet effective technique, a timing model
could be obtained for all the pulsars in the sample. Since all the TOAs were now
within the same phase window, the timing model from the brute-force code could be
refined by fitting with tempo2 all the model parameters at the same time.
In order to more precisely measure the pulsar DMs, the observations were split
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into two frequency sub-bands and a TOA was calculated for each one. The same
templates were used for the two sub-bands because any evolution of the profile with
frequency will not affect the analysis at the level of precision required for the current
study. Despite the low S/N of some pulsars, the low frequency of the observations
allowed DM uncertainties of . 0.01 pc cm−3 (see Table 3.2).
For the 11 pulsars detected by the Lovell telescope at 1532 MHz, a single profile
and a TOA were generated from each observation following Hobbs et al. (2004).
These TOAs were then added to the LOFAR TOAs to refine the timing models. In
all cases, the TOAs from the two telescopes were well described by the same timing
model after fitting an arbitrary jump in phase between the two instruments to account
for a possible phase offset between the profiles at the two frequencies and the different
observatory clocks. Thus, the addition of Lovell TOAs enabled minor adjustments to
the timing models, and confirmed the accuracy of our timing solutions in general.
The timing models, using the solar system ephemeris model DE405, are reported
in Table 3.2. The residuals of these models with respect to the measured TOAs are
shown in Fig. 3.1. Physical quantities were derived from the model parameters, using
the standard assumptions. The characteristic ages, dipole magnetic field strengths and
spin-down energies of the pulsars (Lorimer & Kramer 2004) are reported in Table 3.3.
Also reported in the table are the pulsar distances derived from their DMs using
both the NE2001 (Cordes & Lazio 2002) and the YMW16 (Yao, Manchester & Wang
2017) models for the free electron density distribution in the Milky Way. The latter
model implies a maximum expected Galactic contribution slightly lower than the
value measured for three pulsars (PSRs J1343+6634, J1635+2332 and J1735+6320),
indicating possible improvements needed in the model.
Some of the pulsars presented here have among the slowest periods ever measured
(Manchester et al. 2005). They also have, on average, low values of Ṗ. The long
period and sometime irregular emission of some of the sources (see discussion in §3.6)
imply that the pulse profile for some of the observations could be formed by too few
single pulses to stabilize. This would contribute to the scatter in the TOAs beyond
their formal uncertainties, as is particularly visible in Fig. 3.1 for PSR J0139+3337,
which has, in fact, a very irregular emission (§3.6).
In Fig. 3.2, the new pulsar discoveries are plotted on the P-Pdot diagram of slow
radio pulsars (P > 0.1 s, Manchester et al. 2005). The relatively high P and low Ṗ of
the sample imply that the new pulsars are on average closer to the death line than
the majority of the pulsar population. It is unclear whether this is due to survey
observational selection effects or if it is a real effect, e.g. due to older pulsars having
on average steeper radio spectra. This will be further investigated in detail in a future
study using the full sample of LOTAAS discoveries.
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Figure 3.2: P-Pdot diagram of the new pulsar discoveries represented with black dots. Grey dots
represent non-recycled, ‘slow’ radio pulsars (Manchester et al. 2005). Dotted lines represent the
indicated characteristic ages and magnetic fields, while the dashed line represents the death line
below which dipolar rotators are not expected to emit radio signals (Lorimer & Kramer 2004).

3.4

Pulse profiles

We obtained a refined pulse profile from each observation by re-folding using the
ephemerides presented in Table 3.2. For each pulsar and observing frequency, all
the profiles have been added together to form a global profile; these are presented in
Fig. 3.3. Since the flux of PSR J0139+3337 is highly variable, only rotations where
the pulsar was active have been manually selected before calculating the integrated
profiles. We analyzed the main characteristics of these pulse profiles, such as their full
widths at 20% (W20 ) and at 50% (W50 ) of the peak intensities. These values were
also used to obtain the pulsar duty cycle δ, i.e. the ratio between the width W and
the pulsar period. The results are summarized in Table 3.4.
Most pulse profiles are single-peaked, with the exceptions of PSRs J0302+2252 and
J2329+4743, which are double-peaked. In addition, the single peaks of PSRs J0815+4611,
J1236-0159, J1635+2332, J1848+1516 and J2051+1248 have complex shapes, while
the rest are well-fitted by a single Gaussian function. For most of the pulsars, the
duty cycle decreases with increasing observing frequency. This is a common behavior explained for example by the radius-to-frequency-mapping model (Ruderman &
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Figure 3.3: Cumulative pulse profiles obtained by summing all available observations using the
ephemerides presented in Table 3.2. Pulse peaks are all normalized to the same height and full
rotational phase windows are shown.
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149
MHz
35
47
30
78
69
50
45
20
14
68
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90
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57
15
200
10
75
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W20 (ms)
334
1532
MHz MHz
6.7
3.4
2.4
6.4
2.9
5.4
7.4
4.7
5.6
3.0
4.0
6.5
3.0
4.7
2.9
9.0
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MHz

–
–
–
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–
–
–
17
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–
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–
20
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–
–
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–
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–
–
–
16
–
–
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–
54
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9
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–
–
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–
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4.5
–
–
–
3.7
–
–
5.0
–
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5.0
1.7
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–
–
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6.6

δ20 (%)
334
1532
MHz MHz
–
–
–
5.3
–
–
–
3.9
5.7
2.9
3.0
–
2.4
–
3.9
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2.1
–
–
–
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22
32
14
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8
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13
8
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6
47
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10
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334
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4.3
2.3
1.1
5.7
2.0
3.7
4.7
3.4
3.4
2.1
2.6
4.1
2.2
1.1
1.6
1.7
1.2
2.3
15.6
1.3

149
MHz
–
–
–
58
–
–
–
12
5
34
95
–
45
–
9
18
4
–
–
–

19
–
14
47
–
–
–
9
–
–
89
–
37
46
5
152
–
–
54
32

–
–
–
4.8
–
–
–
2.8
2.2
1.5
2.6
–
1.7
–
1.8
0.8
0.8
–
–
–

3.7
–
1.1
3.9
–
–
–
2.1
–
–
2.5
–
1.4
3.8
1.0
6.8
–
–
9.7
4.4

δ50 (%)
334
1532
MHz MHz

Table 3.4: Characteristics of the pulse profiles shown in Fig. 3.3. W is the width at a fraction of the peak intensity and δ is the duty cycle. The
subscripts indicate the percentage of the peak intensity that the value refers to.

PSR

J0115+6325
J0122+1416
J0139+3337
J0302+2252
J0349+2340
J0518+5125
J0742+4334
J0815+4611
J0857+3349
J1226+0005
J1236−0159
J1343+6634
J1404+1159
J1635+2332
J1735+6320
J1848+1516
J1849+2559
J1933+5335
J2051+1248
J2329+4743
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Table 3.5: Mean flux densities S measured at different frequencies (indicated in units of MHz as
subscripts) and the inferred spectral indices α. Flux density values have been fitted with a single
spectral index. The reported uncertainties only account for statistical errors, though unaccounted
systematics are expected (see text for discussion).

PSR

J0115+6325
J0122+1416
J0139+3337
J0302+2252
J0349+2340
J0518+5125
J0742+4334
J0815+4611
J0857+3349
J1226+0005
J1236−0159
J1343+6634
J1404+1159
J1635+2332
J1735+6320
J1848+1516
J1849+2559
J1933+5335
J2051+1248
J2329+4743

S149
mJy

S334
mJy

S1532
mJy

α

13.9(4)
6.4(8)
26(6)
21(1)
2.4(1)
3.4(1)
3.0(4)
18(1)
2.6(5)
7(2)
4.7(9)
11.3(6)
26(2)
6.7(4)
1.9(1)
21(4)
6.1(2)
0.9(3)
45(2)
3.5(1)

–
< 1.0
–
4(1)
< 1.0
< 1.5
< 1.2
1.9(5)
0.33(8)
0.4(1)
2.4(6)
< 1.3
2.5(6)
< 1.5
0.5(1)
1.1(3)
0.4(1)
–
< 3.2
< 0.9

0.043(3)
< 0.1
0.33(3)
0.65(6)
< 0.1
< 0.1
< 0.1
0.36(7)
< 0.1
< 0.1
0.048(7)
< 0.1
0.087(9)
0.020(3)
0.049(4)
0.11(1)
< 0.1
–
0.056(7)
0.085(8)

−2.48(2)
< −2.2
−1.88(8)
−1.49(4)
< −1.4
< −1.4
< −1.3
−1.72(5)
−2.6(4)
−3.5(5)
−2.1(1)
< −2.6
−2.45(6)
−2.49(4)
−1.58(6)
−2.1(1)
−3.4(1)
–
−2.87(4)
−1.60(3)

Sutherland 1975; Cordes 1975). However, a few pulsars have wider peaks at higher
frequencies. This could be due to the appearance of additional components in the
higher-frequency profile, e.g. in PSRs J1236-0159, J1635+2332 and J1848+1516, similar to those exceptional cases reported by Pilia et al. (2016). In general, the duty
cycles are usually below 10%. The only exceptions are PSRs J1848+1516 and, most
notably, J2051+1248, whose profile occupies more than a quarter of the 149-MHz
pulse period.
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Figure 3.4: Mean flux densities (dots) and fitted power-law spectra (lines) reported in Table 3.5
for the different pulsars and observing frequencies. Triangles represent upper limits considering a
fiducial value for detection of S/N > 20. Shadowed regions represent 1-σ uncertainties on the spectral
indices.
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3.5

Fluxes and spectral indices

Mean flux densities have been calculated by using the radiometer equation to estimate
the flux density of the noise level (Lorimer & Kramer 2004). We assumed a gain
G = 1 K Jy−1 and a system temperature Tsys = 25 K for the 1532-MHz receiver
(Bassa et al. 2016) and G = 1 K Jy−1 , Tsys = 50 K for the 334-MHz receiver. Since
the LOFAR gain depends on source elevation and the number of functional antennas,
LOFAR observations were calibrated following the procedure described by Noutsos
et al. (2015) and Kondratiev et al. (2016), who modeled the sensitivity pattern of
LOFAR beams. Observations too contaminated by RFI or with inaccurate positions
refined at a later stage were excluded from the analysis. Since PSR J0139+3337 is a
highly variable source, the flux of periods where the pulsar was off have been manually
set to zero and observations without a single pulse detected have been excluded from
the analysis.
The flux density for every pulsar at each frequency was obtained by averaging
the values of single observations and the relative uncertainty was obtained from the
scatter of these values when more than ten observations were available. If fewer than
ten observations were available, flux densities and their uncertainties were calculated
with a weighted average using conservative uncertainties of 25% on Lovell values and
of 50% on LOFAR values (Kondratiev et al. 2016). The resulting fluxes and spectral
indices are reported in Table 3.5 and shown in Fig. 3.4.
In addition to the reported formal uncertainties, there are potentially significant
systematic errors on the flux density values. Firstly, the observations were acquired
with an approximate source position. The offset from the beam center and the beam
sensitivity pattern imply actual flux densities somewhat higher than those reported.
Secondly, the presence of residual RFI, even after the excision procedures outlined
above, will alter the flux density measured in single observations. Thirdly, the pulsar
brightness observed at 1532 MHz was significantly affected by scintillation for many
sources.
Most of the pulsars presented here were observed at multiple frequencies. This
allowed us to calculate the spectral indices for these sources, or to provide limits in
the cases of non detections at higher frequencies. Due to the few measurements and
large uncertainties, all the fluxes have been fitted with a single power-law. However,
a spectral turn-over is sometimes observed in pulsars at LOFAR frequencies (e.g.
Bilous et al. 2016). The values obtained vary significantly (Table 3.2) but in general
the spectra are steeper than the average pulsar population (α ≈ 1.4±1, Bates, Lorimer
& Verbiest 2013), which is expected given that these sources were discovered at low
frequencies. In the cases of non detections, upper limits were included in Fig. 3.4
and Table 3.2 assuming that a S/N > 20 is needed to confidently detect a source
and that the duty cycle is the same as that obtained from LOFAR observations at
149 MHz. PSR J2051+1248 was barely visible at 334 MHz and the signal was too
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weak to calculate a robust flux density.

3.6

Individual sources

Here we discuss six pulsars in the sample that show sporadic emission or interesting
single-pulse behavior. The flux densities of these sources as a function of rotational
phase and time is shown in Fig. 3.5 for LOFAR observations. Two pulsars show
drifting sub-pulses and five are nullers, with PSR J0139+3337 classified as a RRAT
(extreme nuller). We calculated the nulling fractions of these pulsars following the
procedure of Wang, Manchester & Johnston (2007).

PSR J0139+3337
The source shows the behavior of a RRAT. We stored single-pulse resolved data at
both 149 and 1532 MHz. Pulses are visible in single pulsar rotations separated by
minutes. An example of few bright pulses is reported in Fig. 3.6. An order of ∼ 10
bursts per hour are is detected at both frequencies.

PSR J0302+2252
The flux of this nulling pulsar is highly variable on short timescales for both of the
profile peaks (Fig. 3.5). Unfortunately, we did not store single pulses for this source;
rather, the flux is averaged every five seconds (about four rotational periods). Therefore, it is impossible to assess the flux variability over single rotations. The degree and
timescale of variation are similar for the two peaks, with a nulling fraction ∼ 15%.
However, the flux variation in time between the two peaks is not obviously correlated.

PSR J1226+0005
This pulsar is a nuller, with a nulling fraction ∼ 50%. In two observations, it is undetected for a few minutes, as is visible in Fig. 3.5. In a third ten-minute observation,
the pulsar is only visible during the first four minutes. In addition, the pulsar also
presents weak, drifting sub-pulses, which are barely visible in Fig. 3.5.

PSR J1343+6634
This pulsar shows a nulling fraction ∼ 35%. The source switches between detectable
and non-detectable states every few tens of seconds. This behavior is consistent
throughout the different observations.
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Figure 3.5: Phase-resolved flux density variations over time for six pulsars observed with LOFAR.
The gray-scale is normalized to unity for each plot. Pulsar names are indicated on the individual
panels. Each time bin contains a single pulsar rotation for PSRs J0139+3337 and J1848+1516; time
bins are 5 s for the rest of the sources. There are 1024 phase bins over the full phase, a fraction of
which is shown here. Horizontal white stripes are where data has been excised to remove RFI.
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Figure 3.6: Flux density (in arbitrary units) as a function of phase in single rotations of
PSR J0139+3337. The two observations (LOFAR at 149 MHz, top, and Lovell at 1532 MHz, bottom)
are presented with the same total number of rotations shown.
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PSR J1404+1159
During the preparation of this manuscript, the source has also been studied by
Brinkman et al. (2018) at 327 and 1400 MHz using the Arecibo telescope. The parameters that they present are in agreement with our measurements. We also detect the
bright drifting sub-pulses forming the main peak presented by Brinkman et al. (2018).
The sub pulses are clearly visible in Fig. 3.5. The relatively high S/N of the pulsar
and detection of the drifting sub-pulses over multiple frequencies could allow detailed
studies of the drifting evolution with frequency, an excellent tool to investigate the
origin of the drifting phenomenon (e.g. Hassall et al. 2013).
PSR J1848+1516
The source switches between detectable and non-detectable states every few tens of
rotations, with an average nulling fraction of ∼ 50%. While the pulsar is relatively
active in some observations (as shown in Fig. 3.5) it is undetected in several 15-minute
observations. Sporadically, a second peak appears trailing the main one, becoming
the main peak in three observations. Only on a very few occasions, a third peak
leading the main one has been detected for a few rotations.

3.7

Conclusions

We have presented the properties of 20 radio pulsars discovered by the LOFAR telescope as part of the LOTAAS survey. Since their discovery, the sources have been
regularly observed at multiple frequencies using LOFAR and the Lovell telescope.
This allowed us to calculate the astrometric and rotational parameters of the pulsars.
They have, on average, longer periods and lower spin-down rates than the majority of
the pulsar population. This places the pulsars on average closer to the death line than
the rest of the population. It is unclear whether this is a real effect or a selection bias
and this will be further explored in a subsequent paper using a larger sample. Preliminary values of mean flux densities at the different observing frequencies have been
calculated. Keeping in mind the systematic errors present, the resulting spectra are
on average steeper than average, as expected for pulsars discovered at low frequencies.
Two pulsars show drifting sub-pulses and some of the sources show irregular emission,
with four pulsars nulling at different timescales. In addition, PSR J0139+3337 shows
a RRAT-like behavior.
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Abstract
We have observed a complex and continuous change in the integrated pulse profile of
PSR B2217+47, manifested as additional components trailing the main peak. These
transient components are detected over 6 years at 150 MHz using the LOw Frequency
ARray (LOFAR), but they are not seen in contemporaneous Lovell observations at
1.5 GHz. We argue that propagation effects in the ionized interstellar medium (IISM)
are the most likely cause. The putative structures in the IISM causing the profile
variation are roughly half-way between the pulsar and the Earth and have transverse
radii R ∼ 30 AU. We consider different models for the structures. Under the assumption of spherical symmetry, their implied average electron density is ne ∼ 100 cm−3 .
Since PSR B2217+47 is more than an order of magnitude brighter than the average
pulsar population visible to LOFAR, similar profile variations would not have been
identified in most pulsars, suggesting that subtle profile variations in low-frequency
profiles might be more common than we have observed to date. Systematic studies of
these variations at low frequencies can provide a new tool to investigate the proprieties
of the IISM and the limits to the precision of pulsar timing.

4 Low-frequency pulse profile variation in PSR B2217+47

4.1

Introduction

When averaged over hundreds of rotational periods, pulsars typically show stable
integrated pulse profiles over timescales of years to decades (Helfand, Manchester
& Taylor 1975; Liu et al. 2012). The stability of the integrated pulsar emission
is key to using pulsars as ‘astrophysical clocks’ in timing experiments (Manchester
2017). However, subtle, long-timescale variations sometimes exist, and can be either
intrinsic to the pulsar magnetosphere (Hobbs, Lyne & Kramer 2010) or due to varying
propagation effects as the signal travels through the ionised interstellar medium (IISM,
Keith et al. 2013). Studying pulse profile changes in radio pulsars is thus motivated by
both understanding the underlying physical mechanisms responsible for the observed
changes and by improving the precision of pulsar timing experiments.
Only a small fraction of isolated pulsars have been observed to manifest a continuous pulse profile evolution. Stairs, Lyne & Shemar (2000) attributed the quasiperiodic profile variation of PSR B1828−11 to free precession of the neutron star.
Lyne et al. (2010) questioned this interpretation when they found quasi-periodic profile changes in six pulsars (including PSR B1828−11), which are correlated with the
spin-down rate and thus likely originate from processes intrinsic to the source. External factors have also been invoked to explain observed profile variations: e.g, Karastergiou et al. (2011) reported a pulse profile variation for PSR J0738−4042 attributed
to magnetospheric changes, which Brook et al. (2014) connected to an interaction
with an asteroid. A systematic search by Brook et al. (2016) found seven examples
of profile changes in a sample of 168 pulsars, a subset of which were correlated with ν̇
variations. Osłowski et al. (in prep.) observed a profile variation of PSR B1508+55
presenting characteristics similar to the one reported here for PSR B2217+47. They
attribute the variation to IISM propagation effects.
Pulsar signals propagate through the IISM before reaching the Earth, and this
imparts several features on the observed signal (e.g. Rickett 1990). Among these,
dispersion is the frequency-dependent light travel time due to free electrons along
the line of sight (LoS), where the integrated column density is quantified by the
dispersion measure (DM, Lorimer & Kramer 2004). A second propagation effect is
scintillation and it is due to inhomogeneities in the IISM electron density (Rickett
1990). A peculiar manifestation of propagation effects is an extreme scattering event
(ESE, Fiedler et al. 1987). During an ESE, a dense plasma structure of finite size
crosses the LoS to a point source. This can lead to different detectable variations in
the signal (e.g. in the source flux, Fiedler et al. 1987; Cognard et al. 1993). Thus far,
variations in a pulsar’s average profile due to dense structures crossing the LoS have
only been reported in the form of echoes produced by the Crab nebula surrounding
PSR B0531+21 (Backer, Wong & Valanju 2000; Lyne, Pritchard & Graham-Smith
2001). Another manifestation of propagation effects in pulsar observations are scintillation arcs. These are parabolic arcs visible in some pulsars’ secondary spectra,
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i.e. the two-dimensional Fourier transform of the signal as a function of frequency
and time (Stinebring et al. 2001). They are thought to be produced by scintillation
caused by thin screens along the LoS.
In recent years, a new generation of radio telescopes such as the LOw Frequency
ARray (LOFAR, van Haarlem et al. 2013), the Murchison Widefield Array (MWA,
Tingay et al. 2013) and the Long Wavelength Array (LWA, Taylor et al. 2012) have
renewed interest in pulsar studies at frequencies below 300 MHz, including investigations of pulse profiles. Low-frequency studies potentially allow for more sensitive
analyses of profile variability, both if the cause is intrinsic to the pulsar emission or
due to propagation effects. In fact, the radius-to-frequency-mapping model (Ruderman & Sutherland 1975; Cordes 1975) states that lower-frequency radio waves are
emitted at higher altitudes above the neutron star’s magnetic poles, which implies a
larger cone of emission at lower frequencies and hence amplified angular-dependent
variations in pulsar beams. Likewise, low-frequency radio waves are far more sensitive
to propagation effects in the IISM.
Here we present a comprehensive study of profile variations in PSR B2217+47
(J2219+4754), a slow pulsar discovered by Taylor & Huguenin (1969). With a mean
flux density of 820±410 mJy at 150 MHz (Bilous et al. 2016), PSR B2217+47 is one of
the brightest pulsars in the low-frequency sky. This allows even subtle profile changes
to be detected. The pulse profile of PSR B2217+47 is typically single-peaked below
300 MHz (e.g. Kuzmin et al. 1998). However, we noticed that the single-epoch LOFAR
150 MHz profile reported in Pilia et al. (2016) shows a prominent trailing secondary
component1 . Intriguingly, using the BSA telescope at the Pushchino Observatory at
a central frequency of 102.5 MHz, Suleymanova & Shitov (1994) previously reported
variations in the pulse profile of PSR B2217+47. They detected a similar secondary
component appearing and evolving between 1983 – 1984 and again between 1987 –
1992. This feature was not detected at 325 MHz in 2006 – 2007 (Mitra & Rankin
2011), nor was it seen by Basu, Mitra & Rankin (2015); the authors report the absence of the transient component in profiles at higher frequency but they do not give
additional information on the observations. Suleymanova & Shitov (1994) attributed
the evolving component to pulsar free precession. As an alternative explanation,
significant DM changes detected towards PSR B2217+47 suggest a strongly inhomogeneous IISM along the pulsar’s LoS (Ahuja et al. 2005). The DM of the source
increased by 0.02 pc cm−3 over ∼ 400 days in 2001 – 2002, decreasing again in the
following ∼ 100 days (Ahuja et al. 2005). This was the only systematic DM variation
among a sample of 12 pulsars reported by Ahuja et al. (2005).
We performed a dense, multi-frequency campaign, with LOFAR observations beginning in 2011. The observations used in this study are described in §4.2 along
with the processing methods employed. In §4.3 we analyse the changes in the pulsar
1 www.epta.eu.org/epndb
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characteristics as a function of time. Different scenarios for the origin of these variations and their implications are discussed in §4.4. An IISM interpretation is favoured
by the observations and we develop the model in §4.5. We conclude the study by
summarizing our findings in §4.6.

4.2

Observations and data processing

The analysis presented in this paper is based on the observations summarised in Table 4.1. Times of arrival (TOAs) between December 1969 and May 1982 were obtained
by Downs & Reichley (1983) using the the NASA Deep Space Network. Jodrell Bank
observations span 32 years, primarily using the 76-m Lovell telescope. Occasional
supplementary observations were made using the 38 × 25-m Mark II telescope. They
are included in the Jodrell Bank data archive of pulsar observations (Hobbs et al.
2004). Detailed information on Lovell and Mark II observations and data analysis are
provided by Shemar & Lyne (1996), Gould & Lyne (1998) and Hobbs et al. (2004).
LOFAR observations span 6 years. Pulsar observing with LOFAR is extensively described by Stappers et al. (2011). All the observations presented here have been
acquired using the high-band antennas (HBAs), which observe at a central frequency
of ∼ 150 MHz. Low-band antenna (LBA) observations, which have a central frequency
of ∼ 50 MHz, were not used because PSR B2217+47 is heavily scattered at these frequencies (Pilia et al. 2016) and this masks the subtle profile variations studied here.
The scattering itself might also be variable, but we were unable to investigate this due
to the small number of available LBA observations and their limited sensitivity. We
used observations acquired with both the LOFAR core and international stations. We
used 5 international LOFAR stations in stand-alone (local recording) mode: DE601
in Effelsberg, DE603 in Tautenburg, DE605 in Jülich, FR606 in Nançay and UK608
in Chilbolton. The observations were taken using different telescope configurations
and different time and frequency resolutions, as summarised in Table 4.1.
Jodrell Bank observations were processed following Gould & Lyne (1998) for early
observations and Hobbs et al. (2004) for more recent observations. A single pulse profile and one TOA were obtained for each observation. We omitted RFI-contaminated
profiles by visual inspection. Only those pulse profiles obtained during the LOFAR
campaign have been used in this study. We processed the LOFAR observations using
the psrchive2 software library (Hotan, van Straten & Manchester 2004; van Straten,
Demorest & Oslowski 2012). All the programs mentioned in the following paragraph
are part of this package unless indicated otherwise. As a first step, we mitigated radio
frequency interference (RFI) present in the datasets using both paz and clean.py
offered by the coast guard package3 (Lazarus et al. 2016). Subsequently, we folded
2 psrchive.sourceforge.net
3 github.com/plazar/coast_guard
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145
139
157
154
149
149
149
158
162
149
167
161 to 164
162
1400
235
325
410
610
925
1400
1520
1625
2388

DE601
DE601
DE601
DE601
DE601

DE603

DE605
DE605

FR606
FR606

UK608
UK608
UK608

Mark II

Lovell
Lovell
Lovell
Lovell
Lovell
Lovell
Lovell
Lovell

Goldstone DSS 13, 14

12

1, 4
8
1, 2, 4, 8
1, 4, 8
8
32, 40, 96
384
32, 40

32

48
36
48

48
78

78
64

78

36
48
61
54
78

2 to 92
78

Bandwidth
(MHz)

TOAs were not calculated for these observations

122 to 151
149

LOFAR core
LOFAR core

*

Centre frequency
(MHz)

Telescope

>5

20
10
10
10
10
10
5
10

10

60
60
60

30
120

70
100

10

15
30
20
13
90

5
10

Typical integration
time (min)

118

3
2
54
70
6
410
128
11

56

11*
3*
22

9
1*

9
22

10

23
7
2*
2*
18

17*
40

N. obs.

Jun – 2013 Jul
May – 2013 Aug
Aug – 2013 Sep
Dec
Aug – 2015 Jun

Sep – 1987 Dec
Feb – 1996 Mar
Sep – 1997 Sep
Sep – 2007 Oct
Feb – 1989 Aug
Aug – 2009 Aug
Aug – 2017 Feb
Feb – 1994 Nov
1969 Dec – 1982 May

1984
1995
1984
1984
1989
1984
2009
1989

2002 Mar – 2003 Aug

2013 Jun – 2013 Nov
2013 Jul – 2015 May
2013 Jun – 2015 Oct

2014 Feb – 2014 May
2014 May

2014 Dec – 2015 Jan
2015 May – 2015 Jul

2014 Feb – 2014 May

2013
2013
2013
2013
2013

2011 Mar – 2012 Nov
2013 Dec – 2017 Feb

Timespan

Table 4.1: Summary of the observations used to form our data set. TOAs were calculated for all the observations
except where indicated otherwise. Pulse profiles were obtained from all the observations after 2011 March.
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each dataset using an initial timing solution obtained by Hobbs et al. (2004). Small
DM variations on timescales of days can be non-negligible at these low frequencies.
Therefore, we initially calculated the best DM value for each observation by maximising the integrated pulse profile’s signal-to-noise ratio (S/N) using pdmp. One
total-intensity profile was obtained from each LOFAR observation. For each LOFAR
station, we used one template of the pulse profile for each group of observations at
the same frequency. The templates were obtained by fitting the main peak of a high
S/N profile with a single von Mises function using paas. A TOA for each profile was
calculated using pat. Highly precise DM values were calculated from observations
performed with the core and German stations using frequency-resolved timing. The
details of this analysis are described in our companion paper by Donner et al. (in
prep.) and the resulting DM time series is replicated in Fig 4.2a. These DM values were applied in our work to correct for the time-variable dispersion both in our
profile-shape investigations and in our long-term timing analysis. TOAs were not calculated for early commissioning and problematic observations (e.g. affected by strong
interference or by software failures). In order to study the pulsar’s profile evolution,
the baseline was subtracted from each profile and each profile was normalised to a
peak amplitude of unity. Pulse profiles were aligned by cross-correlating the main
peak with one single-peaked template.
The 15-minute observation reported by Pilia et al. (2016) has been used extensively
in this study. It is the first high-quality LOFAR observation available, dating back to
2011 October 24, and (coincidentally) was recorded almost simultaneously with the
one known rotational glitch of PSR B2217+47 (Espinoza et al. 2011). This observation
has a central frequency of 143 MHz and a bandwidth of 47 MHz divided into 3840
channels. It shows the transient component well separated from the main peak. It is
also one of the few observations for which we have single-pulse data.

4.3
4.3.1

Data analysis and results
Timing analysis

All available TOAs have been fitted using tempo24 (Hobbs, Edwards & Manchester
2006) to refine the timing model. TOAs before Modified Julian Date (MJD) 45095
are from the NASA Deep Space Network and show an additional scatter in their
residuals that is much larger than the quoted statistical uncertainties. To account for
(the assumed) systematics in the data, we assigned these TOAs an equal uncertainty
of 1 ms estimated from the scatter of their values. The strong timing noise complicated
a global fit. For this reason, we used the Cholesky method presented by Coles et al.
(2011) to whiten the spectrum. We included in our model the one known rotational
4 bitbucket.org/psrsoft/tempo2
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Table 4.2: Ephemeris obtained for PSR B2217+47. Uncertainties in
parentheses refer to the last quoted digits.

Parameter

Value

Right ascension RA (J2000) (h:m:s)
Declination DEC (J2000) (◦ :’:")
RA Proper Motion (mas yr−1 )
DEC Proper Motion (mas yr−1 )
Position Epoch (MJD)

22:19:48.128(4)
+47:54:53.82(4)
−12(3)
−19(3)
49195

Spin period P (s)
Spin period derivative Ṗ (10−15 )
Spin frequency ν (Hz)
Spin frequency derivative ν̇ (10−15 s−2 )
Period Epoch (MJD)

0.53846945053(2)
2.76516(6)
1.85711556896(7)
−9.5367(2)
49195

DM (pc cm−3 )
DM Epoch (MJD)

43.517(3)
49195

Glitch Epoch (MJD)
Glitch ∆ν (10−9 Hz)
Glitch ∆ν̇ (10−18 s−2 )

55859.43a
2.15(2)
−5(1)

Range of observations (MJD)

40585 – 57806

Surface magnetic field B (G)
Characteristic age τ (Myr)
Spin-down energy Ė (erg s−1 )

1.2 × 1012
3.1
7.0 × 1032

a

Value from Espinoza et al. (2011)

glitch of the pulsar (Espinoza et al. 2011). The parameters obtained from this fit are
presented in Table 4.2 and the timing residuals are shown in Fig. 4.1a. The residuals
show a slow modulation over the considered time span, compatible with the analysis
presented by Cordes & Helfand (1980), Hobbs, Lyne & Kramer (2010) and Shabanova,
Pugachev & Lapaev (2013).
It was possible to verify the accuracy of our timing analysis using an independent measurement of the source position obtained from an imaging observation with
the Very Long Baseline Array (VLBA) from the PSRπ pulsar astrometry campaign
(Deller et al. 2011). Assuming an error dominated by systematic uncertainties on the
position of PSR B2217+47 of 5 mas (Deller et al. 2016), the obtained right ascen-
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Figure 4.1: Residuals of the fit for the timing model reported in Table 4.2 (a) and spin-down
variations (b). For both panels, the vertical dashed line indicates the first LOFAR observation and
the vertical magenta line the epoch of a rotational glitch. Long-term DM variations for the source
are shown in panel c. Giant Metrewave Radio Telescope (GMRT) values (red) are from Ahuja et al.
(2005) and the orange point was obtained by Hobbs et al. (2004) using the Lovell telescope. Black
and green points are unpublished values from Jodrell Bank (JB) and LOFAR (core and German
stations), respectively.

sion is 22h19m48.1070(5)s and the declination is +47◦ 54’53.471(5)" on MJD 55569,
consistent with the timing analysis after accounting for the measured proper motion.
In order to investigate a possible connection between the spin-down (ν̇) evolution
of this pulsar and its pulse-shape variations, we used the method developed by Brook
et al. (2016) to compute ν̇(t). This method uses Gaussian Process Regression (GPR)
to model timing residuals and profile variations. We found that the residuals of
PSR B2217+47 were best fit by a single squared exponential kernel (Rasmussen &
Williams 2006) chosen due to its differentiable properties. To allow for uncertainty
on the residuals, we used an additional white noise kernel. The fit is applied to the
residuals by optimising the hyper-parameters θ(λ, σ 2 , σn2 ) associated with the kernels,
where λ is the function smoothness, σ 2 is the average distance of the function from
its mean value and σn2 specifies the noise variance. The optimised hyper-parameters
were λ = 1000 days, σ 2 = 1.4 × 10−4 s and σn2 = 2.1 × 10−7 s. The resulting spindown evolution is shown in Fig. 4.1b, where oscillations are visible on timescales of
the order of 3 years. We find that the overall trend is approximately constant with a
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Figure 4.2: DM (a) and mean flux density (b) of PSR B2217+47 measured by LOFAR. 1-σ error
bars are often smaller than the points in panel (a), which is adapted from Donner et al. (in prep.).

peak-to-peak fractional amplitude ∆ν̇/ν̇ < 0.1%. The low quality of early TOAs did
not permit to perform the analysis before 1988.

4.3.2

DM and flux variations

In our companion paper (Donner et al., in prep.), we present dramatic variations
in the DM towards this pulsar, as measured from the LOFAR data taken with the
international stations in Germany (i.e. the the German Long Wavelength Consortium,
GLOW). In Fig. 4.1c, these DM values are plotted together with archival Lovell data
(see Table 4.1 for details), and other published values5 . DM variations obtained from
GLOW and LOFAR core observations are further highlighted in Fig. 4.2a. The level
of DM variations derived from LOFAR data are ∼ 5 × 10−3 pc cm−3 , roughly an order
of magnitude lower than that reported by Ahuja et al. (2005). However, they are
5 Stovall et al. (2015) reported a significantly different DM value using LWA1. We attribute this
offset to the strong scattering of the pulsar at 50 MHz.
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Figure 4.3: Mean flux density (a) and pulse profiles (b) of PSR B2217+47 measured at 1.5 GHz
by the Lovell telescope. All the profiles are normalised to a peak flux of unity and aligned by crosscorrelating with a standard template (and saturated to 15 per cent of the peak intensity). 1-σ error
bars are often smaller than the points in panel (a).

still significant compared to more typical DM variations observed along other lines of
sight (e.g. Keith et al. 2013, and references therein).
A total of 23 observations obtained from the LOFAR core were suitable for flux and
polarisation calibration. We followed the procedure described in detail by Noutsos
et al. (2015) and Kondratiev et al. (2016). The uncertainties of the resulting flux
densities are conservatively estimated to be 50 per cent (Bilous et al. 2016). The
resulting values are plotted in Fig. 4.2b. Flux densities of recent Lovell observations
are reported in Fig. 4.3a. The scatter of data points is due to scintillation.

4.3.3

Pulse profile evolution

The evolution of the pulse profile in LOFAR observations is shown in Fig. 4.4. It is
very complex, with different components evolving over months, but all trailing the
main peak. The profile evolution can be divided into two different parts, where the
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Figure 4.4: Profile evolution of PSR B2217+47 at 150 MHz during the 6-year LOFAR observing
campaign. All the profiles are normalised to a peak flux of unity and aligned by cross-correlating
with a standard template. LOFAR was in a test phase until 2013 and observed with lower cadence
and sensitivity. In Panel (a), the profiles are saturated to 15 per cent of the peak intensity. Panel (b)
highlights the complex profile evolution, with profiles averaged every 30 days and only those with
S/N > 1000 included. The magenta profile is from Pilia et al. (2016).
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transient component has different characteristics.
1. In early observations, a relatively bright component is present. It shifts towards
the main peak until they overlap, reaching the closest approach in 2015.
2. A weaker component with a more complex structure brightens in 2014 and
evolves with different characteristics, as highlighted in Fig. 4.4b.
The low S/N and complex profile do not permit a robust model of the weaker component 2. Therefore, the component 1 was used in most of the analyses and we refer
to it as the ‘bright component’. None of these transient components is detectable in
pulse profiles obtained at 1.5 GHz during the same period using the Lovell telescope
(Fig. 4.3b), even when using the sensitive GPR method described by Brook et al.
(2016).
Furthermore, we detected a weak precursor in LOFAR observations, visible in
Fig. 4.4b, that has not previously been reported in the literature. It is present during
the whole observational campaign and does not seem to evolve in time. Therefore,
it is likely intrinsic to the (low-frequency) pulsar profile but too weak for previous
detection.
Frequency structure
In order to study the relative DM value of the transient component and its spectral
index, we analysed its evolution as a function of observing frequency. The observation
taken by Pilia et al. (2016) has been used because in this early observation the trailing
component is relatively bright and well-separated from the main peak compared to
the situation in later observations. We manually defined two regions in the pulse
profile for the transient component and the main peak, respectively.
The DM values of the two profile components have been analysed independently.
Their partial overlap did not permit robust and independent cross-correlations with
standard templates in each frequency channel. For this reason, we considered the
peak position of the two components in each frequency channel. A total of 2948
frequency channels contained both components brighter than 3 times the noise level.
Considering an uncertainty of one phase bin, a fit to the frequency structure of the
two components gave a statistically insignificant DM difference ∆DM= (3.9 ± 7.0) ×
10−3 pc cm−3 .
In order to obtain the spectral index of the transient component, we first calculated
its spectral index relative to the main peak. The integrated flux of the two profile
components was calculated for each frequency channel. We then considered the ratio
between them so as to remove frequency structures due to the telescope response
function, scintillation, RFI, etc. A fit of these values in different frequency channels
gave a relative spectral index of the transient component with respect to the main
peak of αrel = −1.60 ± 0.03. Bilous et al. (2016) used LOFAR measurements together
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with multi-frequency values from the literature to obtain a spectral index for the
main component of PSR B2217+47 of αmain = −1.98 ± 0.09. Therefore, assuming
no spectral turnover, the spectral index of the trailing component can be found using
αtransient = αmain + αrel = −3.58 ± 0.09.
The integrated flux of the transient component is 12 per cent that of the main
peak at 150 MHz. Assuming constant values for the obtained spectral indices, these
imply a ratio between the two components of 0.3 per cent at 1520 MHz. Since the
pulsar is detected with S/N ∼ 100 in typical Lovell observations, this steep spectrum
explains the lack of detection of the transient component with Lovell.
We repeated the calculation in order to obtain the spectral index of the weaker
transient component using 15 high-quality observations where it was relatively well
separated from the main peak. These observations were recorded between 2014 October 4 and 2016 May 5. The average value of the spectral indices is αtransient =
−3.73 ± 0.06, with all the 15 single values within two sigma from the average. This
value is compatible with the spectral index of the bright transient component.
Single-pulse analysis
We studied the properties of single pulses from PSR B2217+47 using the observation
reported by Pilia et al. (2016). It includes 1769 single pulses from the pulsar. We
found a strong correlation between the flux density of the main peak and of the
bright transient component in the individual single pulses detected in the observation
(Fig. 4.5), with a Pearson correlation coefficient of 0.97. In order to test this result,
we tried the same analysis on components belonging to adjacent single pulses, i.e.
correlating the flux density of the transient component in each pulse with the flux
density of the main peak in the next pulse. The correlation disappeared in this
additional analysis. The slight deviation from a linear fit of the points visible in
Fig. 4.5 may indicate a second-order effect or could be instrumental in origin.
Polarisation measurements
The same LOFAR observations used to calculate flux densities in §4.3.2 were used to
study polarisation properties. One of the observations was taken at an earlier epoch
and was excluded from the plots for clarity. Fig. 4.6a shows the polarisation angle
(PA) curves. Since a reference polarised signal was not used, an absolute polarisation
calibration was not possible to achieve. Therefore, PA curves were rotated to align
at an arbitrary point in the middle of the plot in order to study the relative slope.
Fig. 4.6b reports the pulse profiles obtained from the same observations for total
intensity and linear polarisation. The obtained profiles are compatible with those
reported in Noutsos et al. (2015).
A random scatter of the values can be observed along the PA curves in Fig. 4.6a,
except for a specific area in the trailing edge of the main peak, which approximately
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Figure 4.5: Scatter plot of the flux density of the transient component and main pulse peak in each
single pulse of a 15-min LOFAR observation. Units are relative to the brightest pulse peak. The
green and red lines are linear and quadratic fits to the points, respectively. The horizontal blue line
represents the null flux density for the transient component and the points below are due to noise
oscillations.

corresponds to the position of the brighter transient component. A higher flux of
the transient component corresponds to a lower PA value in this region. In addition,
the linear polarisation fraction (L/I) across the profile does not evolve significantly in
time. The leading part of the profile shows L/I ∼ 50%, while in the rest of the profile
L/I ∼ 20%.

4.4

Discussion

It is possible that cases of pulse profile evolution are fairly common among pulsars but
are subtle and therefore difficult to observe. Pulse profile evolution could be magnified
at lower frequencies where it may be detected in bright pulsars and with sensitive
telescopes, as in our case. This hypothesis can be tested by regular monitoring of
bright pulsars and will be further verified by the next generation of sensitive radio
telescopes, in particular the Square Kilometre Array (SKA, Han et al. 2015).
Here we consider three effects to explain the observed long-term evolution of
PSR B2217+47’s average pulse profile: (i) a change in the viewing geometry due
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Figure 4.6: Evolution of the polarisation properties of PSR B2217+47. PA curves are shown in
Panel (a). Pulse profiles of total intensity (brighter profiles) and linear polarisation (weaker profiles)
are shown in Panel (b). The profiles have been normalized to the peak value of the total intensity
for each observation. The colour scale indicates the epoch of the observations.

to pulsar precession (as considered by Suleymanova & Shitov 1994), (ii) an intrinsic
variation in pulsar emission related to changes in the magnetosphere (similar to those
found for a sample of pulsars by Lyne et al. 2010) or (iii) variations due to intervening
structures in the IISM (perhaps similar to the pulse echoes seen in the Crab pulsar,
and associated with filaments in its surrounding nebula, by Backer, Wong & Valanju
2000; Lyne, Pritchard & Graham-Smith 2001).

4.4.1

Pulsar precession

A smooth profile evolution is expected from precession due to the variation of viewing
angle towards the magnetic axis and pulsar beam (Cordes 1993). Also, two different
effects contribute to timing noise: the additional pulsar spin induced by precession
and the fluctuation of the torque due to the change in the angle between the spin
and magnetic axes (Cordes 1993). In principle, pulsar precession could be a good
explanation both for the structure of the timing residuals (timing noise) reported in
Fig. 4.1a and for the smooth evolution of the average pulse profile shown in Fig. 4.4.
However, the two effects happen on very different timescales and thus they are difficult
to attribute to the same precession period, even if non-axisymmetric precession of the
neutron star is present. Furthermore, the precession model does not explain the
strong DM variations we detect, which would then be coincidental. Given the paucity
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in the literature of DM variations having the measured intensity in this short period,
such a coincidence seems unlikely. In addition, all the observed profile variations only
affect the trailing part of the profile, while the shape and relative position of the weak
precursor and the main peak are steady. This would be an additional coincidence in
this scenario. Moreover, this model does not explain the correlation between the flux
density of the main peak and of the bright transient component found in §4.3.3.

4.4.2

Variations in pulsar emission

Perturbations in the plasma filling the magnetosphere can cause a variation both
in the average pulse profile (due to changes in particle flux and currents) and in the
spin-down evolution of the neutron star (due to changes in the electromagnetic torque,
Spitkovsky 2004; Kramer et al. 2006a; Lyne et al. 2010). It is unclear whether the
spin-down variations that we measure for PSR B2217+47 and reported in Fig. 4.1b are
related with the observed profile variations visible in Fig. 4.4. However, a model with
two or three separate ν̇ levels as proposed by Lyne et al. (2010) is clearly inconsistent
with our results.
Three models possibly related to changes in the pulsar’s magnetosphere were considered, namely the nested cone model (Rankin 1983), the refractive model (Barnard
& Arons 1986) and an asteroid encounter (Cordes & Shannon 2008), but none of
these models readily explain the observed asymmetry in the pulse profile evolution,
the strong DM variations detected, or the correlation found between the flux density
of the main peak and of the transient component.
The role of the glitch
A connection between pulse profile variations and spin-down evolution has been observed by Weltevrede, Johnston & Espinoza (2011) in PSR J1119−6127, where a
temporary change in the pulse profile was contemporaneous with, and thus likely induced by, a glitch in the pulsar’s rotation. The connection is interesting to consider
in light of the glitch detected in close proximity to the Pilia et al. (2016) observation.
However, the profile of PSR J1119−6127 changed on a weekly time-scale as opposed
to the yearly variations observed in PSR B2217+47. An analysis of the pulse profile
evolution in PSR B2217+47 shows that the occurrence of the glitch only coincides
with a large separation between the bright transient component and the main pulse,
but transient profile components were also detectable before the glitch occurred.
Weltevrede, Johnston & Espinoza (2011) also detected a few strong pulses from
PSR J1119−6127, at a particular pulse phase where no components were present in the
integrated pulse profile, in the first single-pulse resolved observation after the glitch.
We performed a search for bright single pulses away from the profile components in
the LOFAR observation presented by Pilia et al. (2016). We did not find any pulse
above 6 per cent of peak intensity in that observation before a phase of −0.05 or after
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a phase of 0.04 with respect the main peak.

4.4.3

Structures in the IISM

A structure in the IISM close to the LoS could create an additional transient component in the pulse profile by deflecting radio waves back to the observer. The leading
edge of the profile is expected to be unaffected by IISM propagation, as is observed
in all the profile variations detected in PSR B2217+47 (including the one reported by
Suleymanova & Shitov 1994). This is a firm prediction to test this hypothesis with
future observations.
The transient component will have a delay with respect to the direct signal and
its evolution with time is analysed in Appendix 4.A. In most of the practical cases,
this evolution will be quadratic in time (Eq. 4.8). Despite the fact that only the
bright transient component could be analysed in detail, it is plausible to assume
that the multiple transient components observed have the same origin. In the IISM
interpretation, they could arise from a group of structures or from inhomogeneities
in a large structure passing close to the LoS. Since the scattering process is highly
chromatic, the steep spectrum of the transient components is also expected within
this model. The strong DM variations presented in Fig. 4.1c and 4.2a prove that there
is significant variability in the IISM towards this pulsar and the same IISM structures
can explain both the effects. A strong support to this model is given by the correlation
in single pulses between the flux density of the bright transient component and the
main peak discussed in §4.3.3. This is also expected if the transient component is an
echo of the main peak.
Fig. 4.7 shows an infrared image of the field of PSR B2217+47. Clouds of dust
and gas are seen to extend from the Galactic plane. This is thus an inhomogeneous
region of the neutral interstellar medium where ionised structures could possibly form.
On the contrary, there is no clear indication of a bright, compact structure near the
pulsar. Also, no obvious structure is visible in the Hα map presented by Finkbeiner
(2003). X-ray images of the field obtained by ROSAT (Voges et al. 1999) do not show
any significant emission from the pulsar region either.
An echo in a pulsar’s pulse profile has previously been observed in PSR B0531+21
(Backer, Wong & Valanju 2000; Lyne, Pritchard & Graham-Smith 2001), although in
that case the structures are believed to be within the Crab nebula itself and not the
IISM. Fig. 4.8 shows a visual comparison between the evolution of the bright transient
component in PSR B2217+47 and a Crab echo event reported by Lyne, Pritchard
& Graham-Smith (2001). The evolution of the two transient components presents
some similarities. The feature in the Crab shows a parabolic shape in time versus
rotational phase (as expected from Eq. 4.8) and the separation of the component
in PSR B2217+47 seems consistent with such an approach, although the S/N and
number of observations in the earlier eras is insufficient to precisely quantify this.
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Figure 4.7: A three colour mosaic of images of the field around PSR B2217+47 (Miville-Deschênes
& Lagache 2006) obtained with the Infrared Astronomical Satellite (IRAS) through the Improved
Reprocessing of the IRAS Survey (IRIS). Red is the 100 µm band, green 60 µm and blue 25 µm. The
dashed black line indicates the Galactic Plane. The inset is a 60 µm AKARI observation (Murakami
et al. 2007). The white circle is centred on the pulsar location and has a radius of 3000 . The white
box and AKARI image are 4 × 4 arcmin2 .

Also, the relative fractional power in the transient components is of the same order
in the two cases, between ∼ 5% and 10% of the integrated pulse flux. The different
timescales of the two evolutionary paths can be ascribed to different relative distances
between the structure, the pulsar and Earth (Eq. 4.8). The absence of a symmetric
receding arm in the evolution of the bright transient component of PSR B2217+47
may be due to a non-spherical geometry of the IISM structure (e.g. elongated in one
or two directions). About 30% of the Crab echoes reported by Lyne, Pritchard &
Graham-Smith (2001) only show one of the parabolic arms. It is interesting to note
that Osłowski et al. (in prep.) observe with LOFAR a low-frequency profile evolution

86

4.4 Discussion

(a)

(b)
1998.1

2015

2014

1997.9

Year

Year

1998.0

1997.8

2013

1997.7
2012
0 5 10 15 20 250
Phase (ms)

3 6 9 12
Phase (ms)

Figure 4.8: Comparison between the profile evolution of PSR B2217+47 (a) and of the Crab pulsar
(b, Lyne, Pritchard & Graham-Smith 2001). The profiles in Panel (a) are clipped between 5% and
15% of the peak intensity, interpolated with a linear spline and plotted with a logarithmic colour
scale to highlight the evolution of the brightest transient component.

of PSR B1508+55 that presents various similarities to the one reported here. Three
transient components appear at different epochs and shift quadratically in phase over
years with the original detection corresponding to a much larger delay than presented
here. They also attribute the evolution to IISM effects.
The IISM model cannot entirely account for the strong timing noise observed in
PSR B2217+47. Despite the fact that small profile variations can cause timing noise
(e.g. Lentati et al. 2017), most of the timing observations used here were acquired
around 1.5 GHz, where the flux inferred for the transient component is less than 0.3%
of the main pulse, and a GPR analysis found no evidence for profile variability (§4.3.3).
In addition, the peak-to-peak variations in the timing residuals is ∼ 30 ms compared
to a main component width of ∼ 8 ms at 1.5 GHz. Furthermore, the presence of
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timing noise in many slow-spinning pulsars (Cordes & Helfand 1980; Hobbs et al.
2004) supports the hypothesis that the two effects are unrelated.

4.5

Modelling the IISM structure

Among the three interpretations we considered in the previous section, the IISM
model is the one that best explains the characteristics of the observed profile evolution
of PSR B2217+47. Here, we use the observations to infer some properties of the
IISM structure possibly causing the profile evolution. We calculate a distance to
the structure from Earth by using Eq. 4.11 and the separation in pulse phase of the
bright transient component (Fig. 4.4). Around t = 3.5 ± 0.3 years before the closest
approach, the delay of the transient component is τ = 14.5 ± 0.5 ms. The overlap
with the main peak suggests that the IISM structure nearly crosses the LoS, with
a delay τ∗ = 1 ± 1 ms. The timing solution presented in Table 4.2 implies a pulsar
proper motion µ = 20.6 ± 2.9 mas yr−1 and the pulsar distance is estimated to be
r = 2.2 ± 0.3 kpc using the NE2001 model (Cordes & Lazio 2002). The proper
motion of the IISM structure is assumed to be negligible since the pulsar speed is
estimated to be much larger than typical IISM velocities (e.g. Hill et al. 2005) and
the Earth’s orbital speed. From Eq. 4.11, the resulting distance of the IISM structure
from Earth is d = 1.1 ± 0.2 kpc, approximately half the pulsar distance. The error
is dominated by the uncertainty on the pulsar’s proper motion. The distance of the
structure implies a deflection angle δ = 150 ± 25 mas.
We estimated the transverse radius of the IISM structure that causes the DM
variation detected by LOFAR:
R ≈ dµt,

(4.1)

where t in this case is the time span during which the variation is present. Fig. 4.2a
shows the density profile of the IISM causing the DM variation along the axis parallel
to the pulsar’s transverse velocity. The exact structures causing the DM and profile
variation may not be the same, but are likely to belong to the same group, i.e. to be
close in space with respect to the relative distances of the pulsar, IISM structure and
Earth. Therefore, we can substitute the distance from the IISM structure calculated
above. The largest DM variation in LOFAR data lasts for t & 1.5 yr, which implies
R & 34 AU. Under the assumption that the system scale does not change significantly
in two decades, we can repeat the calculation for the DM variation reported by Ahuja
et al. (2005). Considering the bulk of the DM variation to last for t ≈ 400 days,
we obtain R ≈ 25 AU. The observed DM variations imply that most of the IISM
structures are over-dense, in agreement with Romani, Blandford & Cordes (1987)
and Bannister et al. (2016), and in contrast to Pen & King (2012), although one
under-dense region is apparent in Fig.4.1c around MJD 51000, right before the DM
variation reported by Ahuja et al. (2005).
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4.5.1

Ionised blobs

We consider the possibility that the observed profile variations are due to deflection
by approximately axially-symmetric IISM structures (Walker & Wardle 1998). We
calculate the implied electron density using both DM and profile variations. From
the DM variation:
∆DM = Lne ,

(4.2)

where ne is the average electron density of the IISM structure and where L is the
radius of the structure along the LoS. If we assume spherical symmetry, L ≈ R and
the relation can be combined with Eq. 4.1 to obtain:
ne ≈

∆DM
.
dµt

(4.3)

From Fig. 4.2a, we estimate ∆DM ≈ 4 × 10−3 pc cm−3 , which implies ne ≈ 25 cm−3 .
The same calculation for the DM variation reported by Ahuja et al. (2005), ∆DM ≈
0.02 pc cm−3 , implies ne ≈ 170 cm−3 .
Considering a refractive plasma lens, Hill et al. (2005) found the relation between
the mean electron density of the lens ne and the refracting angle δ:
ne =

5.4δ 2
m mas−1 cm−3 ,
λ2

(4.4)

where λ is the observing wavelength, which varies between ∼ 1.5 – 2.5 m across the
LOFAR HBA band. Substituting the values we calculated in the previous section,
we find ne ∼ 130 – 360 cm−3 across the band. This value is in good agreement with
the mean electron density inferred from the DM variation reported by Ahuja et al.
(2005). The obtained electron densities are roughly consistent with standard ESE
models (e.g. Maitia, Lestrade & Cognard 2003; Hill et al. 2005).

4.5.2

IISM structures around hot stars

During the writing of this manuscript, Walker et al. (2017) presented evidence for
ionised clouds around hot stars causing intra-day variability of radio quasar fluxes.
If confirmed, the same structures could generate ESEs and explain the high electron
density required. The distance estimated above for the IISM structure causing the
profile variation of PSR B2217+47 is ∼ 1 kpc, under the assumption that the pulsar
proper motion is much higher than the proper motion of the structure. However,
structures connected with a star will have approximately its same velocity, usually
larger than the average speed of the interstellar medium (e.g. van Leeuwen 2007).
Unfortunately, the large uncertainty in the distance estimated from Eq. 4.11 does not
permit to put constraints on the expected star’s distance.
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Following Walker et al. (2017), we searched for hot stars (spectral types O, B and
A) closer than 2 pc to PSR B2217+47’s LoS in the Hipparcos catalogue (Perryman
et al. 1997). Unfortunately, stellar spectra are not available at distances  100 pc.
Only stars with a reliable parallax measurement (i.e. larger than the 2-σ value) were
selected. Three stars met these criteria, all with a spectral type A.
1. HIP 110422 is at 101 ± 6 pc and ∼ 1.9 pc from the LoS.
2. HIP 110253 is at 230 ± 30 pc and ∼ 1.8 pc from the LoS.
3. HIP 110139 is at 350 ± 70 pc and ∼ 1.8 pc from the LoS.
In order to evaluate the probability of coincident alignment, we considered a 15 ×
15 deg2 sky region centred on the pulsar position. A total of 387 hot stars were
present in the catalogue in this area. Selecting 106 random positions in this area, we
found that on average ∼ 1 hot star was closer than 2 pc to the LoS, in agreement with
Walker et al. (2017). We conclude that this is an interesting hypothesis but our data
does not permit to constrain it.

4.5.3

Scintillation arcs and inclined sheet model

We considered the possibility that the observed profile variation is an effect similar
to scintillation arcs. Similar IISM structures could in principle account for both
effects. In fact, scintillation arcs could be caused by structures closer to the LoS
that deflect higher-frequency radio waves at lower deflection angles. The delay of the
deflected waves will be shorter and they will interfere with the direct waves. The
same structures might deflect lower-frequency waves at higher deflection angles when
farther away from the LoS. In this case, the delay of the deflected waves will be longer
and they will create additional components in the pulse profile, trailing the main peak.
Compared to blobs, corrugated plasma sheets that are nearly aligned with the
LoS require a lower density to deflect radio waves at the required angle (Pen & Levin
2014). The same argument can be used in the current study to explain the strong
DM variations that were detected. Simard & Pen (2017) described a typical plasma
density in the sheet on the order of ne = 0.3 cm−3 . Substituting into Eq. 4.2, this
implies a length L = 104 AU from the DM variation reported by Ahuja et al. (2005)
and L = 3 × 103 AU from the more recent DM variation measured with LOFAR. The
radius R ∼ 30 AU calculated in the previous section would represent, in this scenario,
the projected width of the sheets. It is unclear whether these values are in agreement
with inclined sheet models.
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4.6

Conclusions

We presented the analysis of pulse profile evolution of PSR B2217+47, similar to
an event previously reported by Suleymanova & Shitov (1994). We performed an
intensive, multi-year observing campaign with LOFAR (∼ 150 MHz) and Lovell (∼
1.5 GHz) telescopes. A smooth but complex evolution of the pulse profile was observed
during the entire duration of the LOFAR observing campaign. In addition, we report
for the first time the presence of a weak precursor visible in LOFAR observations,
which remains stable for the whole range of our observing campaign. No profile
evolution was detected during the same timespan at 1.5 GHz with the Lovell telescope.
Significant variations in the ionised interstellar electron density towards this pulsar
are possibly related and are discussed in a companion paper (Donner et al., in prep.).
An earlier episode of large interstellar density variations was reported by Ahuja et al.
(2005).
Both pulsar precession, considered as a possible explanation for the observed profile evolution by Suleymanova & Shitov (1994), and an intrinsic variation in the pulsar
emission do not explain the coincident DM variations, the stability of the leading edge
of the profile, and a correlation between the flux density of the transient component
and of the main peak in the single pulses of one observation. On the other hand, these
characteristics can be attributed to propagation effects in the IISM. Also, there is evidence for a quadratic approach of the transient component to the main peak, which is
expected in this model, although the quality and cadence of early observations do not
permit a robust analysis. Future high-resolution images at 150 MHz could spatially
resolve the IISM structure, and thereby confirm this interpretation. We inferred some
of the properties of the putative IISM structures causing DM and profile variations
and discussed the two main models to explain ESEs (Walker & Wardle 1998; Pen &
King 2012) in this context in §4.5.1 and §4.5.3.
Time-variable dispersion and profile-shape changes affect both the precision and
accuracy of pulsar timing experiments (e.g. Cognard et al. 1993). IISM variations
far less significant than those observed in PSR B2217+47 are already significantly
affecting most of the currently existing high-precision pulsar-timing data sets (Verbiest
et al. 2016). It is therefore a timely effort to investigate and characterise these events
and to constrain their origins and occurrence rates, in order to allow their proper
modelling and treatment in the decades to come.
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4.A

Evolution of the time delay of an echo in the
pulse profile

When a density change in the IISM deflects radio waves from a pulsar back to the
LoS, an echo in the pulse profile may be detected. The delay between the echo and
the normal components in the pulse profile is due to the additional path length. This
is depicted in Fig. 4.9, where a pulsar is moving in the barycentric reference system
with respect to a structure in the IISM. While a blob of plasma is represented in
the cartoon, this model accounts for any deflection that a structure in the IISM may
produce. In fact, the discussion is based on geometrical considerations and does not
depend on the proprieties of the IISM structure or of the deflecting mechanism. We
calculate the distance d between the observer and the IISM structure by considering
two values of the echo delay at different times. These are produced by different
geometrical configurations of the system indicated with black and red colours in the
illustration.
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Figure 4.9: Schematic representation of the geometry causing an echo in the pulse profile (not
to scale). A density variation in the IISM (D) deflects at an angle δ radio waves emitted from a
pulsar (P) back to the observer (O). The pulsar is moving with a velocity v with respect to the IISM
structure and thus the angles α, θ and θ0 evolve with time. Two different epochs are represented: red
symbols indicate the system configuration at the closest approach, i.e. when θ and θ0 are smallest,
while black symbols refer to an arbitrary time t (t < 0 in this example). The distance h of the LoS
to the IISM structure divide the distance r from Earth to the pulsar in two segments r1 and r2 . x
is the distance between the pulsar and the IISM structure D.

In Fig. 4.9, the geometrical delay between direct and deflected radio waves is given
by
τ=

d+x−r
,
c

(4.5)

where c represents the speed of light and the other quantities are defined in Fig. 4.9.
Noting that r = r1 + r2 , this can be rewritten as
τ=

d
x
(1 − cos θ0 ) + (1 − cos θ) .
c
c

(4.6)

In all practical cases, the angles θ and θ0 are very small, therefore we can approximate
the relation as
τ≈

xθ02 + dθ2
.
2c

(4.7)

In the small-angle approximation, the sine law gives xθ0 = dθ which, substituted in
the previous equation, yields


θ2 d d
τ≈
+1 .
(4.8)
2c x
In equation 4.8, the only quantity changing in the considered timespan is θ. We can
assume that θ evolves at a nearly constant rate given the short path travelled by the
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pulsar compared to the system scale. This implies a quadratic variation of the delay
in time across the pulse profile.
To find the distance d as a function of τ and θ, we can substitute x with its
expression from the cosine law, after applying the small-angle approximations. This,
however, leads to a cubic equation in d difficult to invert. We calculate approximated
equations considering three different configurations: (i) an IISM structure local to
the pulsar, (ii) near half-way between the pulsar and the Earth and (iii) local to the
Earth. The delay can be expressed as

2
r
d ≈ r ⇒ τ ≈ rθ
local to pulsar
2c
x +1
drθ 2
0
θ ≈ θ ⇒ τ ≈ 2c(r−d)
half-way
(4.9)

dθ 2 d
x ≈ r ⇒ τ ≈ 2c r + 1 local to Earth,
where we made use of the relations r1 = x cos θ0 and r2 = d cos θ and ignored terms
of higher order to obtain the relation for the half-way configuration.
The angle θ can be estimated by measuring delay values at two different epochs if
one corresponds to the closest approach. We denote quantities measured at the closest
approach with an asterisk. The angle α can be expressed as α = µt, where µ is the
pulsar proper motion and t is the time between the two observation (t∗ = 0). Since
the triangle formed by the pulsar at the two epochs and the structure is right-angled,
we obtain θ2 = θ∗2 + µ2 t2 . Evaluating Eq. 4.8 for τ and τ∗ we get
r
τ
θ = µt
.
(4.10)
τ − τ∗
For structures that cross the LoS, τ∗ = 0 and hence Eq. 4.10 reduces to θ = µt.
By inverting Eqs. 4.9 and substituting Eq. 4.10, we obtain
r 2 µ2 t2
2c(τ −τ∗ )−rµ2 t2
2cr(τ −τ∗ )
2c(τ −τ∗ )+rµ2 t2
q
2cr(τ −τ∗ )
r2
− 2r
4 +
µ2 t2

d≈r−

local to pulsar

d≈

half-way

d≈

(4.11)

local to Earth

Finally, from geometrical considerations and the assumptions made above, the deflection angle δ is given by
q
µt
π
τ
δ ≈ π−θ
=
−
local to pulsar
2
2
q 2 τ −τ∗
τ
δ ≈ 2θ = 2µt τ −τ
half-way
(4.12)
∗
q
τ
δ ≈ π − θ = π − µt τ −τ∗ local to Earth
We applied Eqs. 4.11 to the echoes reported by Lyne, Pritchard & Graham-Smith
(2001) in the Crab pulsar in order to have a comparison between different models.
Considering a delay of 7 ms 50 days before the closest approach, Lyne, Pritchard &
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Graham-Smith (2001) find a distance between the pulsar and the IISM structure of
1.3 pc. Graham Smith, Lyne & Jordan (2011) find a distance for the same event of
5 pc, although they argue that this result could be overestimated. Using their same
parameters, we find x ∼ 2.5 pc using a pulsar distance of 1.7 kpc derived by Cordes
& Lazio (2002). However, this result does not consider the motion of the lens with
respect to the pulsar’s LoS. Given also the large uncertainty expected from the limited
knowledge of the pulsar distance and proper motion, we consider the three values to
be reasonably consistent.
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Abstract
Fast radio bursts (FRBs) are millisecond-duration, extragalactic radio flashes of unknown physical origin. FRB 121102, the only known repeating FRB source, has
been localized to a star-forming region in a dwarf galaxy at redshift z = 0.193, and
is spatially coincident with a compact, persistent radio source. The origin of the
bursts, the nature of the persistent source, and the properties of the local environment are still debated. Here we present bursts that show ∼100% linearly polarized
emission at a very high and variable Faraday rotation measure in the source frame:
RMsrc = +1.46 × 105 rad m−2 and +1.33 × 105 rad m−2 at epochs separated by 7
months, in addition to narrow (. 30 µs) temporal structure. The large and variable rotation measure demonstrates that FRB 121102 is in an extreme and dynamic
magneto-ionic environment, while the short burst durations argue for a neutron star
origin. Such large rotation measures have, until now, only been observed in the vicinities of massive black holes (MBH & 104 M ). Indeed, the properties of the persistent
radio source are compatible with those of a low-luminosity, accreting massive black
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hole. The bursts may thus come from a neutron star in such an environment. However, the observed properties may also be explainable in other models, such as a highly
magnetized wind nebula or supernova remnant surrounding a young neutron star.
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Results

Using the 305-m William E. Gordon Telescope at the Arecibo Observatory, we detected 16 bursts from FRB 121102 at radio frequencies from 4.1 − 4.9 GHz (Table 5.1).
The data recorder provided complete polarization parameters with 10.24-µs time resolution. See Methods for observation and analysis details.
The 4.5-GHz bursts have typical widths . 1 ms, which are narrower than the 2
to 9-ms bursts previously detected at lower frequencies (Spitler et al. 2016; Scholz
et al. 2016). In some cases they show multiple components and structure close to the
sampling time of the data. Burst #6 is particularly striking, with a width of . 30 µs,
which constrains the size of the emitting region to . 10 km, modulo geometric and
relativistic effects. Evolution in burst morphology with frequency complicates the
Rd
determination of dispersion measure (DM = 0 ne (l) dl, Spitler et al. 2016), but
aligning the narrow component in Burst #6 results in DM= 559.7 ± 0.1 pc cm−3 ,
which is consistent with other bursts detected since 2012 (Spitler et al. 2014, 2016;
Scholz et al. 2016, 2017), and suggests that any bona fide dispersion measure variations
are at the . 1% level.
After correcting for Faraday rotation, and accounting for ∼2% depolarization
from the finite channel widths, the bursts are consistently ∼100% linearly polarized
(Fig. 5.1). The polarization angles PA = PA∞ + θ (where PA∞ is a reference angle
at infinite frequency, θ = RMλ2 is the rotation angle of the electric field vector and λ
is the observing wavelength) are flat across the observed frequency range and burst
envelopes (∆PA . 5◦ ms−1 ). This could mean that the burst durations reflect the
timescale of the emission process and not the rate of a rotating beam sweeping across
the line of sight. Any circular polarization is less than a few percent of the total intenR0
sity. Faraday rotation measure is defined RM = 0.81 d Bk (l)·ne (l) dl, where Bk is the
line-of-sight magnetic field strength (µG), l is the distance (parsecs), and ne is the electron density (cm−3 ); by convention RM is positive when the magnetic field points toward the observer. On average, the observed RMobs = (+1.027 ± 0.001) × 105 rad m−2
and varies by ∼ 0.5% between Arecibo observing sessions spanning a month (Fig. 5.2;
Table 5.1). The lack of polarization in previous burst detections at 1.1 − 2.4 GHz
(Scholz et al. 2016, 2017) is consistent with the relatively coarse frequency channels
causing bandwidth depolarization and constrains |RMobs | & 104 rad m−2 at those
epochs.
Confirmation of this extreme Faraday rotation comes from independent observations at 4–8 GHz with the 110-m Robert C. Byrd Green Bank Telescope (GBT), which
yield RMobs = (+0.935 ± 0.001) × 105 rad m−2 at an epoch 7 months later than the
Arecibo detections. The GBT and Arecibo RMobs differ with high statistical significance and indicate that the rotation measure can vary by at least 10% on half-year
timescales (Table 5.1 and Fig. 5.3).
The Faraday rotation must come almost exclusively from within the host galaxy:
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+102521 ± 4
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global
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Table 5.1: Properties of Arecibo and GBT bursts. MJDs are referenced to infinite frequency at the solar system barycentre; their uncertainties
are of the order of the burst widths. Widths have uncertainties ∼ 10 µs. Peak flux densities S and fluences F have ∼ 20% fractional uncertainties.
RMs are not corrected for redshift and PAs are referenced to infinite frequency. Bursts with no individual RM entry (–) were too weak to reliably
fit on their own. The last two columns refer to a global fit of all bursts. All errors are 1σ; see Methods for observational details.
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Figure 5.1: Polarization angles, pulse profile and spectrum of four bursts. A grey, horizontal line
indicates the average PA of each burst. The red and blue lines indicate linear and circular polarization
profiles, respectively, while the black line is the total intensity. Burst numbers are indicated next
to the pulse profiles. Arecibo bursts (a and b) are plotted with time and frequency resolutions of
10.24 µs and 1.56 MHz, respectively. GBT bursts (c and d) are plotted with time and frequency
resolutions of 10.24 µs and 5.86 MHz, respectively.

the expected Milky Way contribution is −25 ± 80 rad m−2 (Oppermann et al. 2015),
while estimated intergalactic medium contributions are . 102 rad m−2 (Akahori, Ryu
& Gaensler 2016). In the source reference frame, RMsrc = RMobs × (1 + z)2 =
+1.46 × 105 rad m−2 and +1.33 × 105 rad m−2 in the Arecibo and GBT data, respectively. The observed variations in rotation measure, without a correspondingly large
change in dispersion measure, imply that the Faraday rotation comes from a spatially compact region with a high magnetic field. Furthermore, that region must be
close to FRB 121102, since it is extremely unlikely that the line of sight coincidentally
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Figure 5.2: Faraday
p rotation in the bursts. a and b: variations of the Stokes Q and U parameters with frequency, normalized by the total linear
polarization (L = Q2 + U 2 ), for the six brightest Arecibo bursts detected on MJD 57747. Different bursts are plotted using different colours.
Only data points with S/N > 5 are plotted, and do not include uncertainties. A black line represents the best-fit Faraday rotation model for
the global values reported in Table 5.1. c: difference between model and measured PA values with 1-σ uncertainties around the central values
indicated with black dots.
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Figure 5.3: RM and PA∞ values of the different bursts. Coloured, 1-σ error bars represent
individual bursts, with central values highlighted by black dots. Horizontal grey regions are values
obtained from a global fit. Values used in the figure are reported in Table 5.1.

encounters a small but un-associated structure with the required high magnetic field.
We can fit all 16 Arecibo bursts with a single PAglobal
= 58◦ ± 1◦ (referenced
∞
to infinite frequency; measured counter-clockwise from North to East) and a single
RMglobal per observation day (Table 5.1); however, we cannot rule out small changes
in the rotation measure (. 50 rad m−2 ) and polarization angle (. 10◦ ) between bursts.
The GBT data are in tension with a single PAglobal
, but this could be an instrumental
∞
difference or reflection of the higher observing frequency. The near constancy of
polarization angle suggests that the burst emitter has a stable geometric orientation
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with respect to the observer. The & 98% linear polarization fraction at a single RM
constrains turbulent scatter σRM < 25 rad m−2 (O’Sullivan et al. 2012) and a linear
gradient across the source ∆RM < 20 rad m−2 , and there is no evidence for deviations
from the wavelength-squared (λ2 ) scaling of the Faraday rotation effect. A Rotation
Measure Synthesis and RMCLEAN analysis also implies a Faraday thin medium (see
Methods).
In the rest frame, the host galaxy contributes DMHost ∼ 70–270 pc cm−3 to the
total dispersion measure of the bursts (Tendulkar et al. 2017). Given RMsrc , this
corresponds to an estimated line-of-sight magnetic field BkFRB = (0.6−2.4)×fDM mG.
This is a lower limit range because the dispersion measure contribution specifically
related to the observed rotation measure (i.e. DMRM ) could be much smaller than the
total dispersion measure contribution of the host (DMHost , dominated by the starforming region), which we quantify by the scaling factor fDM = DMHost /DMRM ≥ 1.
For comparison, typical magnetic field strengths within the interstellar medium of our
Galaxy are only ∼5 µG (Haverkorn 2015).
We can constrain the electron density (ne ), electron temperature (Te ), and length
scale (LRM ) of the region causing the Faraday rotation by balancing the magnetic
field and thermal energy densities (Fig. 5.4). For example, assuming equipartition
and Te = 106 K, we find a density of ne ∼ 102 cm−3 on a length scale LRM ∼ 1 pc,
i.e., comparable to the upper limit on the size of the persistent source (Marcote et al.
2017).
A star-forming region, like that hosting FRB 121102, will contain HII regions of
ionized hydrogen. While ultracompact HII regions have sufficiently high magnetic
fields and electron densities to explain the large rotation measure, the constraints
from DMHost and the absence of free-free absorption of the bursts exclude a wide
range of HII region sizes and densities for typical temperatures of 104 K (Hunt &
Hirashita 2009).
The environment around a massive black hole is consistent with the (ne , LRM ,
Te ) constraints (Quataert, Narayan & Reid 1999), and the properties of the persistent source are compatible with those of a low-luminosity, accreting massive black
hole (Marcote et al. 2017). The high rotation measure toward the Galactic Centre
magnetar PSR J1745−2900 (Fig. 5.5, Eatough et al. 2013), RM = −7 × 104 rad m−2 ,
provides an intriguing observational analogy for a scenario in which the bursts are
produced by a neutron star in the immediate environment of a massive black hole.
However, FRB 121102’s bursts are many orders of magnitude more energetic than
those of PSR J1745−2900 or any Galactic pulsar.
Alternatively, a millisecond magnetar model has previously been proposed for
FRB 121102(Tendulkar et al. 2017; Marcote et al. 2017; Metzger, Berger & Margalit
2017), and in that model one would expect a surrounding supernova remnant and
nebula powered by the central neutron star. The (ne , LRM , Te ) constraints are
broadly compatible with the conditions in pulsar wind nebulae, but dense filaments
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Figure 5.4: Physical constraints from source parameters. Parameter space for electron density (ne ) and length scale (LRM ) of the Faraday region for three different temperature regimes,
Te = [104 , 106 , 108 ] K. The shaded red region indicates parameter space excluded by optical depth
considerations (τf f > 5). The solid black line gives the maximum DMHost permitted, while the
shaded grey region shows the DM down to 1 pc cm−3 . The solid blue line gives RMsrc . The shaded
blue region gives the range 10−4 <= β <= 1. The intersection of grey and blue regions outside of
the red region are physically permitted. The arrows indicates the upper limits on the sizes of the
persistent source (left) and the star-forming region (right), respectively (Marcote et al. 2017; Tendulkar et al. 2017). The parallel dashed lines represent fits to a range of galactic and extragalactic
HII regions (Hunt & Hirashita 2009). The parallel dotted lines represent the evolution of 1 and 10
M of ejecta evolving up to 1000 years at a velocity of 104 km s−1 in the blast-wave phase following a
supernova (McKee & Truelove 1995). The filled downwards triangle and diamond are for the supernova remnants Cas A (Orlando et al. 2016) and SN 1987A (McCray & Fransson 2016), respectively.
The filled circle represents the mean density and diameter of the Crab Nebula, whereas the filled
square represents the characteristic density and length scale of a dense filament in the Crab Nebula
(Davidson & Fesen 1985). The star indicates the density at the Bondi radius of Sgr A* (Quataert,
Narayan & Reid 1999).
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Figure 5.5: Magnitude of rotation measure versus dispersion measure for FRBs and Galactic
pulsars. Radio-loud magnetars are highlighted with red dots, while radio pulsars and magnetars
closest to the Galactic Centre are labelled by name (source: the ATNF Pulsar Catalogue, Manchester
et al. 2005). A green bar represents FRB 121102 and the uncertainty on the DM contribution of the
host galaxy (Tendulkar et al. 2017). Green triangles are other FRBs with measured RM; here the
DM is an upper limit on the contribution from the host galaxy.

like those seen in the Crab Nebula (Davidson & Fesen 1985) may need to be invoked
to explain the high and variable rotation measure of FRB 121102. In a young neutron
star scenario, an expanding supernova remnant could also in principle produce a high
rotation measure by sweeping up surrounding ambient medium and progenitor ejecta
(Harvey-Smith et al. 2010).
A more detailed discussion of these scenarios is provided in the Methods, and more
exotic models also remain possible (Zhang 2017).
Regardless of its nature, FRB 121102 clearly inhabits an extreme magneto-ionic
environment. In contrast, Galactic pulsars with comparable dispersion measures have
rotation measures that are less than a hundredth that of FRB 121102 (Fig. 5.5).
FRB 121102’s RMsrc is also ∼500× larger than that detected in any FRB to date
(Masui et al. 2015). The five other known FRBs with polarimetric measurements
present a heterogeneous picture, with a range of polarization fractions and rotation
measures (Petroff et al. 2016). As also previously considered, FRB 121102 suggests
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Table 5.2: List of ∼ 4.5 GHz Arecibo observations used in this study. These are a subset of all
FRB 121102 observations to date.

Start (MJD)

Duration (s)

N. bursts

57717.2018056
57717.2500000
57747.1172569
57748.1141319
57772.0590509
57806.9996644
57813.9342824
57821.9134144
57858.8624769
57865.8491782
57872.8160417
57900.7106481

4146
2378
6703
6806
5901
2700
5588
2893
2350
1904
2919
2779

0
0
10
5
1
0
0
0
0
0
0
0

that FRBs with no detectable linear polarization may actually have very large |RM| &
104 − 105 rad m−2 that was undetectable given the limited frequency resolution (0.4MHz channels at 1.4 GHz) of the observations (Petroff et al. 2015a).
Monitoring of FRB 121102’s rotation measure and polarization angle with time,
along with searches for polarization and Faraday rotation from the persistent source,
can help differentiate among models. FRB 121102 is peculiar not only because of its
large rotation measure but also because it is the only known repeating FRB. While this
may indicate that FRB 121102 is a fundamentally different type of source compared
to the rest of the FRB population, future measurements can investigate a possible
correlation between FRB repetition and rotation measure. Perhaps the markedly
higher activity level of FRB 121102 compared to other known FRBs is predominantly
a consequence of its environment; e.g., because these magnetized structures can also
boost the detectability of the bursts via plasma lensing (Cordes et al. 2017).

5.2

Methods

The analyses described here were based on the PRESTO (Ransom 2001), PSRCHIVE
(van Straten, Demorest & Oslowski 2012), and DSPSR (van Straten & Bailes 2011)
pulsar software suites, as well as custom-written Python scripts for linking utilities
into reduction pipelines, fitting the data, and plotting.
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Observations and burst search
Arecibo
We observed using the Arecibo ‘C-band’ receiver (dual linear receptors), in the
frequency range 4.1 − 4.9 GHz, and the Puerto-Rican Ultimate Pulsar Processing
Instrument (PUPPI) backend recorder. The full list of observations is reported
in Table 5.2. We operated PUPPI in its ‘coherent search’ mode, which produced
10.24 µs samples and 512 × 1.56 MHz frequency channels, each coherently dedispersed to DM = 557.0 pc cm−3 . Coherent dedispersion within each 1.56-MHz channel
means that the intra-channel dispersive smearing is < 2 µs even if the burst DM is
10 pc cm−3 higher/lower than the fiducial value of 557.0 pc cm−3 used in the PUPPI
recording. The raw PUPPI data also provide auto- and cross-correlations of the two
linear polarizations, which can be converted to Stokes I, Q, U, and V parameters
in post-processing. Before each observation, both a test scan on a known pulsar
(PSR B0525+21) and a noise-diode calibration scan (for polarimetric calibration)
were performed.
Dedispersed time series with DM = 461 − 661 pc cm−3 , in trial steps of 1 pc cm−3 ,
were searched using PRESTO’s single_pulse_search.py, which applies a matchedfilter technique to look for bursts with durations between 81.92 µs to 24576 µs (for any
putative burst that only has a single peak with width < 81.92 µs, the sensitivity will
be degraded by a factor of a few, at most). The resulting DM-time-S/N events were
grouped into plausible astrophysical burst candidates using a custom sifting algorithm
and then a dynamic spectrum of each candidate was plotted for human inspection and
grading. We found 16 bursts of astrophysical origin, and used the DSPSR package to
form full-resolution, full-polarization PSRCHIVE ‘archive’ format files for each burst.
Green Bank Telescope
On August 26, 2017, we observed FRB 121102 using the GBT ‘C-band’ receiver
(4 − 8 GHz, with dual linear receptors) as part of a program of monitoring known
FRB positions. Observations were conducted with the Breakthrough Listen Digital
Backend, which allowed recording of baseband voltage data across the entire nominal
4-GHz bandwidth of the selected receiver (MacMahon et al. 2017). Scans of a noisediode calibration, of the flux calibrator 3C161 and of the bright pulsar PSR B0329+54
supplemented the observations.
In post-processing, a total intensity, low-resolution filterbank data product was
searched for bursts with DM= 500−600 pc cm−3 , using trial DMs in steps of 0.1 pc cm−3
and a GPU-accelerated search package to perform the incoherent dedispersion (Barsdell et al. 2012). We detected 15 bursts with S/N > 10 (Gajjar et al. 2017). Here
we present the properties of just the two brightest GBT bursts in order to confirm
the large RM observed by Arecibo and to quantify its variation in time. A detailed
analysis of all GBT detections is presented in Gajjar et al. (in prep.). A section
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of raw voltage data (1.5 s) around each detected burst was extracted and coherently
dedispersed to a nominal DM of 557.91 pc cm−3 using the DSPSR package. Final
PSRFITS format data products have time and spectral resolutions of 10.24 µs and
183 kHz, respectively.
Data analysis
Calculation of burst RMs
We calibrated the burst ‘archives’ using the PSRCHIVE utility pac in ‘SingleAxis’
mode. This calibration strategy uses observations of a locally generated calibration
signal (pulsed noise diode) to correct the relative gain and phase difference between
the two polarization channels, under the assumption that the noise source emits equal
power and has zero intrinsic phase difference in the two hands. This calibration scheme
does not correct for cross-coupling or leakage between the polarizations. While leakage
must be present at some level, the high polarization fraction, complete lack of circular
polarization, and consistency of the test pulsar observations with previous work all
give us confidence that calibration issues are not a significant source of error for the
RM determination. In addition, the flux density of GBT observations was calibrated
using the flux calibrator.
We initially performed a brute force search for peaks in the linear polarization
fraction (Fig. 5.6), and discovered RMobs ∼ +105 rad m−2 in the Arecibo data. Each
burst was corrected for Faraday rotation using the best-fit RM value for that burst.
Residual variations in the resulting PA(λ) were used to refine the initial values by
fitting
PA(λ) = RMλ2 + PA∞ .
Subsequently, the equation

L̂ = exp i · 2(RMλ2 + PA∞ ) ,

(5.1)

(5.2)

where L̂ is the unit vector of the linear polarization, was used to fit the whole sample
of bursts together, imposing a different RM per day and a different PA∞ per telescope.
The results of these fits are reported in Table 5.1 and an example is shown in Fig. 5.2.
Applying the optimal RM value to each burst, we produced polarimetric profiles
showing that each burst is consistent with being ∼100% linearly polarized after accounting for the finite widths of the PUPPI frequency channels (Figs. 5.1 and 5.7).
In fact, the measured Arecibo bursts are depolarized to ∼98%, consistent with an
uncorrected intra-channel Faraday rotation of
∆θ =

RMobs c2 ∆ν
,
νc3

(5.3)

where c is the speed of light, ∆ν is the channel width, and νc is the central channel
observing frequency. At 4.5 GHz this corresponds to ∼9◦ , and the depolarization
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Figure 5.6: Linear polarization fraction of the bursts as a function of RM. Different colours represent
different observing sessions (see legend). A grey line indicates the average RM yielding the largest
polarization fraction in the first observing session.

fraction is
fdepol = 1 −

sin(2∆θ)
= 1.6%.
2∆θ

(5.4)

We supplemented our above analysis with a combination of RM Synthesis and
RMCLEAN (e.g. Fig. 5.8). Ensuring the presence of minimal Faraday complexity is
possible by integrating across the full bandwidth and taking advantage of a Fourier
~ 2 ) values and the Faraday spectrum (the
transform relation between the observed L(λ
polarized brightness as a function of RM). This approach is commonly known as RM
Synthesis (Brentjens & de Bruyn 2005), and can be coupled with a deconvolution
procedure (RMCLEAN) to estimate the intrinsic Faraday spectrum (Heald, Braun &
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Figure 5.7: Polarimetric properties of the 11 brightest bursts detected by Arecibo. a: linear
polarization fraction of the bursts as a function of frequency. A solid line shows the theoretical
depolarization due to intra-channel Faraday rotation calculated using Eqs. 5.3 and 5.4. b: PA∞ as
a function of frequency. For both panels, values are averaged over 16 consecutive channels. c: PA∞
as a function of time. A time offset is applied to each burst in order to show them consecutively.
Vertical, dashed lines divide different observing sessions. All values in this figure have been corrected
for the RM calculated with a global fit. Grey regions in b and c indicate the 1-σ uncertainty around
the PA value from the global fit.
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Figure 5.8: Example RM Synthesis and RMCLEAN for Burst #8. The relevant RM range is shown for
Burst #8, after RM Synthesis (dashed line) and RMCLEAN (solid line), as described in the text. Only
two clean components (red circles) were required to reach convergence in the deconvolution algorithm
(at 102, 679.5 and 102, 679.75 rad m−2 ; cf. the peak of the final deconvolved Faraday spectrum at
102, 679.65 rad m−2 ). For all bursts, the RM Synthesis and RMCLEAN steps demonstrate an extremely
thin and single-peaked Faraday spectrum.

Edmonds 2009). While RM Synthesis and RMCLEAN can have difficulty in properly
reconstructing the intrinsic Faraday spectrum under certain circumstances, the spread
of clean components is a reliable indicator of spectra that contain more than a single
Faraday-unresolved source (Anderson et al. 2015).
At each observed frequency, we integrated Stokes Q and U values across the pulse
width and normalized using Stokes I. Due to the normalization we only used frequency
bins that had a Stokes I signal-to-noise ratio of at least 5. We computed a deconvolved
Faraday spectrum for each burst separately, on a highly oversampled RM axis (δRM ≈
10−4 of the nominal FWHM of the RM resolution element). We used a relatively
small gain parameter (0.02) and terminated the deconvolution when the peak of the
residual decreased to 2σ above the mean. The algorithm typically required 50 − 80
iterations to converge. This combination of settings permits us to carefully consider
the cumulative distribution of RMCLEAN components along the RM axis, and thus
constrain the intrinsic width of the polarized emission to . 0.1% of the typical RM
uncertainty. We found that this value scales with δRM because the peak of the
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Table 5.3: Results of RM Synthesis and RMCLEAN. RMs were determined by fitting a quadratic
function to the peak of the deconvolved Faraday spectrum. RM uncertainties were determined by
dividing the nominal FWHM of the RM resolution element by twice the signal-to-noise ratio at
the peak of the RM spectrum. RMdisp is the second moment (dispersion) of the RMCLEAN clean
components discovered during the Faraday spectrum deconvolution. Upper limits indicate that the
value scales with RM pixel size. A value of zero means that all clean components fell within the
same pixel, and indicates a Faraday spectrum that is indistinguishable from being infinitely thin.

Burst

RM
rad m−2

RMdisp
rad m−2

1
2
3
6
7
8
12
13
14
15
16
GBT-1
GBT-2

+102805 ± 37
+102685 ± 70
+102667 ± 37
+102642 ± 73
+102643 ± 105
+102680 ± 43
+102585 ± 67
+102484 ± 53
+102440 ± 51
+102701 ± 211
+102986 ± 27
+93572 ± 2885
+93523 ± 237

< 0.12
< 0.05
< 0.12
< 0.11
< 0.04
< 0.12
< 0.02
0
0
< 0.05
< 0.10
0
0

Faraday spectrum rarely lands precisely on an individual pixel. To a high degree of
confidence, there is no evidence for emission at more than one RM value, nor for a
broadened (“Faraday thick”) emitting region; we therefore forego more complicated
QU-fitting (O’Sullivan et al. 2012). Results of this analysis are shown in Table 5.3,
and are consistent with the simplified QU-fitting results described above.
Calculation of burst properties
As in previous studies (Spitler et al. 2016; Scholz et al. 2016), a search for periodicity in the burst arrival times remains inconclusive.
Determining the exact DMs of the bursts is complicated by their changing morphology with radio frequency (Spitler et al. 2016; Scholz et al. 2016). Measuring
DM based on maximizing the peak S/N of the burst often leads to the blurring of
burst structure and, in the case of FRB 121102, an overestimation of DM. We have
thus chosen to display all bursts dedispersed to the same nominal DM from Burst #6
(Fig. 5.1 and Fig. 5.9). Taking advantage of the narrowness of Burst #6, we estimated
its optimal DM by minimizing its width at different DM trials. We measured burst
widths at half the maximum by fitting von Mises functions using the PSRCHIVE
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Figure 5.9: Pulse profiles and spectra of the 16 Arecibo bursts. The bursts are de-dispersed to
DM = 559.7 pc cm−3 (which minimizes the width of Burst #6) and plotted with time and frequency
resolutions of 20.48 µs and 6.24 MHz, respectively.

routine paas (Table 5.1). These widths correspond to the burst envelope in the case
of multi-component bursts.
Flux densities of the Arecibo bursts were estimated using the radiometer equation
to calculate the equivalent RMS flux density of the noise:
σnoise =

T
√ sys ,
G 2Btint

(5.5)

where Tsys ∼ 30 K and G ∼ 7 K Jy−1 are the system temperature and gain of the
receiver, respectively, B = 800 MHz is the observing bandwidth and tint = 10.24 µs is
the sampling time. GBT observations were instead calibrated using a flux calibrator
as discussed above. Due to the complicated spectra of the bursts, we quote average
values across the frequency band (Table 5.1).
The burst dynamic spectra in Fig. 5.9 show narrow-band striations that are con-
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sistent with diffractive interstellar scintillations caused by turbulent plasma in the
Milky Way. Autocorrelation functions (ACFs) of burst spectra show three features: a
very narrow feature from radiometer noise, a narrow but resolved feature corresponding to the striations, and a broad feature related to the extent of the burst across
the frequency band. The striation feature has a half width that varies from ∼2 to
5 MHz from burst to burst and is comparable to the scintillation bandwidth expected
from the Milky Way in the direction of FRB 121102. The NE2001 electron density
model provides an estimate τ ∼ 16 µs for the pulse broadening at 1 GHz (Cordes &
Lazio 2002). This predicts a scintillation bandwidth ∼ ν 4.4 /2πτ that ranges from 5
to 11 MHz across the 4.1 to 4.9 GHz band. We conclude that the measured ACFs and
the NE2001 model prediction are consistent to within their uncertainties and that the
narrow striations are due to Galactic scintillations.
A model for FRB 121102’s rotation measure and scattering measure
RM constraints
The measured RMobs ∼ +1 × 105 rad m−2 implies a source frame value
RMsrc = (1 + z)2 RMobs ∼ +1.4 × 105 rad m−2 .

(5.6)

We can use the previously estimated DMHost ∼ 70–270 pc cm−3 (in the source
frame, Tendulkar et al. 2017) and RMsrc to constrain the properties of the region in
which the Faraday rotation occurs. In the absence of other information, we can set a
constraint on the average magnetic field along the line of sight in the Faraday region
with the ratio
RMsrc
Bk =
= [0.6 mG, 2.4 mG].
(5.7)
0.81DMHost
If only a small portion of FRB 121102’s total DM is from the highly magnetized
region, the field could be much higher.
SM constraints
The best constraint on pulse broadening comes from the measurement of the
scintillation (diffraction) bandwidth of ∆νd ∼ 5 MHz at 4.5 GHz (see above). This
implies a pulse broadening time at 1 GHz:
τ (1 GHz) ≈ (2π∆νd )−1 × (4.5 GHz/1 GHz)4.4 = 24 µs.

(5.8)

This scattering time is consistent with that expected from the Milky Way using the
NE2001 model (Cordes & Lazio 2002) and therefore is an upper bound on any contribution from the host galaxy. Compared to scattering in the Milky Way, this upper
bound is below the mean trend for any of the plausible values of DMHost , especially
when the correction from spherical to plane waves is taken into account (Cordes et al.
2016).
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The ratio host-galaxy τ /DM is a factor (1 + z)2 = 1.42 larger in the source
frame but that is still far from sufficient to account for the apparent scattering deficit
compared to the Galactic τ -DM relation. Given the apparent extreme conditions of
the plasma in the host galaxy, it would not be surprising if its turbulence properties
cause a scattering deficit. For example, scattering is reduced if the inner scale is
comparable or larger than the Fresnel scale, either due to a large magnetic field or a
high temperature.
Constraints on the properties of the Faraday region
Comparison of the magnetic field and thermal energy densities enables us to constrain
the density (ne ), electron temperature (Te ), and length scale (LRM ) of the region
responsible for the observed Faraday rotation. We parametrize this relation with
β

B2
= 2ne kB Te ,
8π

(5.9)

where β is a scaling factor, B is the magnetic field strength, and kB is the Boltzmann
constant. This assumes a 100% ionized gas of pure hydrogen with temperature equilibration between protons and electrons. Under equipartition, β = 1. In more densely
magnetized regions, β  1. Field reversals will reduce the total RM, requiring a
lower value of β in order to match constraints. The absence of free-free absorption
at a frequency of ∼1 GHz sets an additional constraint on the permitted parameter
space.
In Fig. 5.4, we explore a range of physical environments. We consider a smaller
lower limit, i.e. DM = 1 pc cm−3 , on the dispersion measure than the previously
estimated DMHost ∼ 70–270 pc cm−3 (Tendulkar et al. 2017), because not all of the
DM may originate from the Faraday region. Galactic HII regions typically show
|RM| . 3 × 102 rad m−2 and weak magnetic fields with β & 1 (Harvey-Smith, Madsen
& Gaensler 2011), although calculations suggest it is possible for HII regions to achieve
high RMs under some circumstances (Sicheneder & Dexter 2017). Parameter space for
typical HII region plasma at Te = 104 K is almost entirely excluded, and considering
a range of possible HII regions sizes and densities shows that these are incompatible
with the DMHost constraints (Hunt & Hirashita 2009). At higher Te , wide ranges of
parameter space are permitted. In the case of equipartition, we have explicit unique
solutions. For Te = 106 K, we find a density of ne ∼ 102 cm−3 on a length scale
LRM ∼ 1 pc, i.e., comparable to the upper limit on the size of the persistent source.
Higher temperature gas (Te = 108 K) can be extended to LRM ∼ 100 pc. For both of
these solutions, the characteristic magnetic field strength is ∼1 mG.
The large RM of FRB 121102 is similar to those seen toward massive black holes;
notably, RM ∼ −5 × 105 rad m−2 is measured toward Sgr A*, the Milky Way’s central
black hole, and probes scales of < 104 Schwarzschild radii (∼0.001 pc) (Bower et al.
2003; Marrone et al. 2007). The constraints on ne , Te , and LRM are also consistent
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with the environment around Sgr A* (Fig. 5.4). The high RM toward the Galactic
Centre magnetar PSR J1745−2900 (Fig. 5.5), RM = −7 × 104 rad m−2 , at a projected
distance of ∼0.1 pc from Sgr A* (Eatough et al. 2013; Shannon & Johnston 2013),
is evidence for a dynamically organized magnetic field around Sgr A* that extends
out to the magnetar’s distance (Eatough et al. 2013). Notably, ∼4.5 years of radio
monitoring of PSR J1745−2900 has shown a ∼5% decrease in the magnitude of the
observed RM, while the DM remained constant at the ∼1% level (Desvignes et al.,
in prep.). This suggests large fluctuations in magnetic field strength in the Galactic
Centre, on scales of roughly 10−5 parsec.
The high RM and the rich variety of other phenomena displayed by the FRB 121102
system (Spitler et al. 2014, 2016; Scholz et al. 2016; Chatterjee et al. 2017; Tendulkar et al. 2017; Marcote et al. 2017; Scholz et al. 2017; Bassa et al. 2017b) suggest
that the persistent radio counterpart to FRB 121102 could represent emission from
an accreting massive black hole, with the surrounding star formation representing a
circum-black-hole starburst. Given the mass of the host galaxy, and typical scaling
relationships, the mass of the black hole would be ∼104−6 M (Reines & Volonteri
2015). The observed radio brightness, compactness, and the current optical and Xray non-detections are compatible with such a black hole and an inefficient accretion
state (∼10−6 –10−4 LEdd , where LEdd is the Eddington luminosity Tendulkar et al.
2017; Marcote et al. 2017; Scholz et al. 2017).
While models considering the presence of only a massive black hole have been proposed (Vieyro et al. 2017), there is no observational precedent for microsecond bursts
created in such environments. Rather, the FRB 121102 bursts themselves could arise
from a neutron star, perhaps highly magnetized and rapidly spinning, near an accreting massive black hole. The proximity of PSR J1745−2900 to Sgr A* demonstrates
that such a combination is possible. In this model, the black hole is responsible for
the observed persistent source, whereas the bursts are created in the magnetosphere
of the nearby neutron star (Pen & Connor 2015).
Alternatively, the association of FRB 121102 with a persistent radio source has
been used to argue that the radio bursts are produced by a young magnetar powering a
luminous wind nebula (Metzger, Berger & Margalit 2017; Kashiyama & Murase 2017).
This model is not well motivated by Galactic examples, since the most luminous (nonmagnetar powered) Galactic pulsar wind nebula is only 2 × 10−6 times as luminous as
the persistent source coincident with FRB 121102, and Galactic magnetars have no
detectable persistent radio wind nebulae (Hester 2008; Reynolds et al. 2017). Also,
while giant flares from magnetars can produce relativistic outflows (Frail, Kulkarni
& Bloom 1999), an upper limit on the RM from one such outburst is 4 orders of
magnitude below that observed for FRB 121102 (Gaensler et al. 2005).
Nonetheless, under the millisecond magnetar model, the properties of the persistent source constrain the putative magnetar’s age to be between several years and
several decades with a spin-down luminosity of 108 to 1012 times higher than any local
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analog (Metzger, Berger & Margalit 2017). Furthermore, the millisecond magnetar
model predicts that the nebula magnetic field strength scales with the integrated
spin-down luminosity of the magnetar (Metzger, Berger & Margalit 2017; Kashiyama
& Murase 2017). Fig. 5.4 describes a range of sizes, densities, and temperatures for
the Faraday-rotating medium that are consistent with Crab-like pulsar wind nebulae,
known supernova remnants, and a simple model for swept-up supernova ejecta.
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In deze proefschrift, zijn we op zoek naar pulsars en andere soorten radioflitsen afkomstig uit de hemel. In onze zoektochten, hebben we de hemel waargenomen op een
andere manier dan vroeger (b.v. lager of hoger radio frequenties, of grotere blikveld)
om te zien of we bronnen met afzonderlijk eigenschappen kon ontdekken. Pulsars
zijn snel roterend, hoog gemagnetiseerd neutronensterren, waarvan een bundel radio
straling langs onze zichtlijn zwiept, net zoals een kosmische vuurtoren. Dankzij deze
pulsen kunnen we pulsars detecteren en gebruiken als precisie klokken. Verder zijn
er ook andere soorten kortdurig radioflitsen. Bij voorbeeld, sommige pulsars zenden
maar één puls elke uur (of zelf langer) uit. Nog recentelijker ontdekt, de zogenaamd
snelle radioflitsen zijn een andere soort kortdurig astronomische puls. Door de grote
dispersie van snelle radioflitsen (vertraging van lagere frequenties) denken we dat ze
van andere melkwegstelsels komen. Zowel, dan zijn ze veel, veel helderder dan pulsars.
Dozijnen theorieën proberen hun oorsprong te verklaren. We willen graag pulsars en
snelle radioflitsen ontdekken wiens eigenschappen ons iets nieuws kan leren over deze
soort objecten en hun fysische processen.
Hoofdstuk 2 gebruikt data van LOTAAS, het LOFAR Tied-Array All-Sky Survey,
een zoektocht naar pulsars en andere soorten radioflitsen met LOFAR. LOFAR is
het Low-Frequency Array, een interferometrische radiotelescoop werkzaam op radio
frequenties van 10 to 240 MHz. LOTAAS verzameld ∼ 4 TB data per uur om de lage
frequenties goed te kunnen waarnemen over een groot blikveld. Dit groot hoeveelheid
data is een uitdaging voor het archiveren en analyse, waarbij we proberen nieuwe
astronomische signalen te ontdekken. Door menselijk gemaakt storing, zijn er tientallen miljoen keer meer kunstmatig signalen dan echte astronomische signalen in de
data. Daardoor is het onmogelijk om alles handmatig te bekijken. In deze hoofdstuk
gebruiken we dus machine learning technieken om de meest interessant astronomische
signalen uit de data te vissen. Onze methode kan zulke signalen snel en betrouwbaar
identificeren. Met een eerste versie van deze classifier hebben we 7 nieuwe pulsars
ontdekt, en nog ∼ 80 blind teruggevonden in de LOTAAS data. We verwachten dat
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als deze methoden gebruikt woorden op de hele LOTAAS data archief dat nog veel
meer pulsars kunnen worden ontdekt in bestaande data.
Hoofdstuk 3 is een gedetailleerd analyse van 20 pulsars die in het LOTAAS zoektocht zijn ontdekt. Voor elke pulsar, hebben we een zogenaamd timing model berekend
op basis van minstens 10 maanden data van LOFAR en de Lovell telescoop. Zo’n model beschrijft hoe de rotatie van de pulsar veranderd met de tijd, en het geeft ook een
nauwkeurig positie aan de hemel. Sommige van deze pulsars hebben een afzonderlijk
lang draaiperiode (> 2 seconden) en veel hebben ook een buitengewoon klein afgeleid
van de periode (weinig afremming). Deze pulsars zijn dus ouder dan gemiddeld, en
dichtbij de zogenaamd death line, waar we verwachten dat pulsars uitdoven. Verder,
deze pulsars zij in het algemeen veel helderder op lage frequenties (135 MHz), zoals
verwacht bij een zoektocht met LOFAR. Twee van de pulsars laten zien dat hun individuele pulsen een specifieke patroon vormen tussen rotaties van de neutronen ster,
wat drifting sub-pulses wordt genoemd. Andere pulsars uit deze groep laten zien dat
er bij de meest rotaties (> 30%) geen puls te zien is, een fenomeen die nulling heet.
Één hiervan is nauwelijks te zien, met maar één of pas enkele detecteerbaar pulsen
per uur (zulke pulsars zijn vaak ‘rotating radio transients’ genoemd).
Hoofdstuk 4 is gericht op een specifiek pulsar: PSR B2217+47, één van de eerst
ontdekt een helderste pulsars. We hebben deze pulsar waargenomen over een periode
van 6 jaar met LOFAR en de Lovell telescoop. Tijdens deze periode veranderd de vorm
van de puls op lage frequenties (LOFAR), maar niet bij hogere frequenties (Lovell). De
evolutie van de pulsprofiel vindt plaats uitsluitend na de hoogste piek, en er is duidelijk
een correlatie tussen de sterkte van de hoogste piek en deze evoluerende componenten.
Dit wijst naar een weerspiegeling van de puls in de interstellaire stof. Specifiek,
een dicht interstellaire structuur zoals gezien tijdens een extreme scattering event is
misschien de oorzaak. We hebben de eigenschappen van deze structuur berekend, en
deze studie laat zien hoe we deze soort effecten kunnen gebruiken als methode om
zulke structuren in het interstellaire stof in kaart te brengen.
Hoofdstuk 5 is een onderzoek naar de geheimzinnig en repeterende snelle radioflits
FRB 121102. Met data van Arecibo en de Green Bank Telescope (GBT) hebben we
voor het eerst de flitsen van FRB 121102 bestudeerd op relatief hoog radio frequenties
(4 − 8 GHz). Dankzij deze hoge radiofrequenties, hebben wij voor het eerst lineair
polarisatie gedetecteerd van dit bron. Door de effect van Faraday rotatie, kon we ook
de frequentie-afhankelijk richting van polarisatie meten. Dit leidt tot de ontdekking
dat FRB 121102 een extreme rotatie maat (RM) van ∼ 105 rad m−2 heeft. Dit is hoger
dan ooit eerder gezien bij een pulsar of snelle radioflits. Verder is de RM gedaald
met ∼ 10% in 7 maanden. Dit aantoont dat de Faraday rotatie hoog waarschijnlijk
gebeurt in de direct omgeving van FRB 121102. Deze bron zit dus in een extreme
gemagnetiseerd een geïoniseerde omgeving. Het zou in principe een zeer jong een
krachtig neutronenster kunnen zijn, omsingeld door een supernova rest. Nog een
hypothese is dat FRB 121102 in de omgeving van een massieve een accreterende zwarte
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gat zit. Een supernova rest of accreterende zwarte gat zou ook verklaren waarom
FRB 121102 geassocieerd is met een persistente bron van radio golven. Na correctie
voor Faraday rotatie, zien we dat de radio flitsen ongeveer 100% gepolariseerd zijn,
terwijl circulair polarisatie niet detecteerbaar is. De richting van lineaire polarisatie
blijft ongeveer hetzelfde tijdens een flits en tussen flitsen. Deze eigenschappen geven
ook nieuwe inzichten in de mechanismes die de flitsen kunnen produceren.

135

Summary

This thesis is focused on discovering and characterising pulsars and fast radio transients in poorly explored regions of parameter space. Pulsars are rapidly rotating,
highly magnetised neutron stars, which emit radio beams like a cosmic light house.
This allows us to detect these otherwise too-faint neutron stars, and to study them
in detail because the regular pulsed signal is like a precision clock. The term fast
radio transient is given to other types of short-duration pulsed astronomical radio
signals. For example, some types of pulsar are highly intermittent, producing only
one detectable pulse per hour, or less. More recently, a phenomenon termed fast radio burst has been used to describe pulsed radio signals whose large dispersive delay
suggests that they originate from extragalactic distances. If so, they must be many
orders of magnitude brighter than radio pulsars, and dozens of theories have been
proposed to explain their origin. By parameter space, we mean the multi-dimensional
set of parameters that describe an astrophysical event, like its duration, brightness,
and spectrum. This thesis presents searches in poorly explored regions of parameter
space, which is to say that we have searched for new pulsars and fast radio transients
whose novel properties tell us something new about the underlying population and
its physics.
Chapter 2 is based on data from LOTAAS, the LOFAR Tied-Array All-Sky Survey, which is a survey for pulsars and fast radio transients using LOFAR. LOFAR is
the Low-Frequency Array, a radio interferometric telescope sensitive to radio frequencies between 10 − 240 MHz. The huge amount of LOTAAS data generated to explore
the low-frequency, wide-field parameter space (∼ 4 TB per hour) poses problems for
storage, processing and inspection of the candidates. Because of radio frequency interference, the single-pulse search of LOTAAS generates on order of 107 –108 potential
candidates above a signal-to-noise ratio of 5σ per observation. This makes it impossible to investigate all of these candidates manually. In this chapter, we present an
automatic classifier based on machine learning techniques. It is capable of quickly
selecting interesting candidates with high accuracy. Executing a preliminary version
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of the classifier on part of the LOTAAS observations yielded the discovery of 7 new
pulsars and the detection of ∼ 80 known sources. The entire survey data set will be
reprocessed with the latest version of the classifier presented here, and thus future
discoveries are also expected from the existing data.
Chapter 3 presents a detailed analysis of twenty of the pulsars discovered by
LOTAAS. Using more than 10 months of regular observations at multiple frequencies
with LOFAR and the Lovell telescope, a timing model was constructed for each of
them. These timing models describe how the rotation of the pulsar is varying with
time, and the method also provides a precise position. Some of the pulsars have unusually long periods (> 2 seconds) and many have particularly small period derivatives.
This places the pulsars in the P-Pdot diagram near the death line (where pulsars are
expected to shut off) and implies on average an older population than the bulk of
the pulsar distribution. The spectral indices of these sources are generally very steep
(α . −1.4), as would be expected for a survey centred at the low radio frequency
of 135 MHz. Two of the discoveries present drifting sub-pulses and a few have high
nulling fractions (> 30%), with one presenting the characteristics of a typical rotating
radio transient (RRAT).
Chapter 4 focuses on a particular pulsar (PSR B2217+47, one of the brightest
and earliest pulsars discovered) observed over six years with both LOFAR and the
Lovell telescope. The pulse profile is observed to evolve on a monthly timescale at
lower frequencies, while it is stable at higher frequencies. The evolution concerns
peaks in the pulse profile that appear at different epochs trailing the main peak and
evolving along the pulse phase. The intensities of the main peak and of the evolving
components in the pulse profile are strongly correlated, suggesting that the latter are
images of the former created by propagation effects. In particular, a dense structure
similar to those detected during extreme scattering events is thought to generate these
evolving components. A rough estimate of the characteristics of such an ionised interstellar medium (IISM) structure is derived. This study opens the possibility to use a
new method to study the IISM properties over scales rarely investigated before.
Chapter 5 presents a study of the repeating fast radio burst (FRB) source FRB 121102.
We analyse bursts detected with Arecibo and the Green Bank Telescope (GBT) at the
highest frequencies that the source has been detected to date (4−8 GHz). This allowed
us to discover linear polarisation in the bursts, and to detect Faraday rotation, which
changes the angle of linear polarisation as a function of frequency. The channelisation of the telescope bandwidth limits the maximum rotation measure (RM) that can
be measured if the polarisation direction rotates by a significant amount within the
individual channels. Assuming channels of the same widths, this effect is smaller at
higher frequencies (Equation 1.3). Detecting FRB 121102 at high radio frequencies
thus allowed us to measure the largest RM value (∼ 105 rad m−2 ) ever reported for a
pulsar or FRB. In addition, the source RM is found to decrease by ∼ 10% in 7 months,
arguing that the Faraday medium is close to the source and that FRB 121102 is in
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a dynamic environment. These properties, together with the presence of a persistent
radio source and the inferred local dispersion measure (DM), favour models based on a
young neutron star embedded in a powerful supernova remnant or in the vicinity of an
accreting massive black hole. After correcting for the measured RM, all the bursts are
∼ 100% linearly polarised, with no evidence of circular polarisation. The measured
polarisation direction is stable both within and between bursts. The polarimetric
properties provide new input for modelling the emission mechanism itself.
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