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CHAPTER 1

Introduction

All men have the stars . . .
but they are not the same things for different people.

For some, who are travelers, the stars are guides.
For others they are no more than little lights in the sky.

For others, who are scholars, they are problems.

A. de Saint-Exupéry

1.1. Outline

This thesis presents the results and methods associated with the search for one of the
most remarkable types of objects known in our Universe: pulsars. Pulsars are rapidly ro-
tating and highly magnetized neutron stars that can emit radiation in different parts of the
electromagnetic spectrum such as radio, optical, X-rays and γ−rays. The radiation is thought
to originate near the magnetic poles of the neutron star and to be constrained in opening angle
by the dipolar nature of the magnetic field. This creates a lighthouse effect, allowing us to
detect a pulse of radiation every time one the magnetic poles of the star points towards the
Earth. It is by the detection of pulses of radio that the majority of pulsars can be found and
studied. Pulsar observations are made using a variety of sensitive instruments such as large
radio and optical telescopes, as well as X-ray and γ-ray satellites to detect the weak radiation
they emit.

The first stage of my research (Ch. 2) was the implementation of a method to detect single
bursts from radio pulsars using the Westerbork Synthesis Radio Telescope (WSRT). I later
applied this technique to perform pulsar searches along the Galactic plane in the direction of
the Cygnus region resulting in the detection of new sporadic pulsars, i.e. those that emit only
non-sequential single bursts with no otherwise detectable emission at the rotation period (Ch.
3). I conducted a deep search for pulsars in one of the satellites of our Galaxy, the Sculp-
tor Spheroidal Dwarf Galaxy using data taken with the Green Bank Telescope. This search
also resulted in the detection of a few radio bursts that are potentially emitted by neutron
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2 Introduction

stars located in the Sculptor Dwarf Galaxy (Ch. 4). Finally the same techniques applied for
the Cygnus search were used to conduct a deep search for pulsars in the Andromeda galaxy
(M31) resulting in the detection of a few sporadic radio bursts that may have been emitted by
extremely distant neutron stars (Ch. 5).

Below I present a short review of the most important aspects of pulsar science required to
provide context to the content of this thesis. An overview of the science papers is presented
at the end of this section while a summary describing the contents of this thesis in Dutch and
Spanish is presented at the end of the book.

1.2. Prelude and discovery of neutron stars

Shortly after the discovery of the neutron by Chadwick (1932), Baade & Zwicky (1934)
proposed the existence of neutron stars and that they could be formed in supernova explo-
sions, encouraging the scientific community to pursue “further careful studies” on the topic.
These studies came (and keep on coming after 76 years!) when Oppenheimer & Volkoff
(1939) solved the Einstein field equations for a spherically symmetric space-time described
by the Schwarzschild metric, and a cold Fermi gas composed of a mixture of atomic nuclei
and neutrons. The result they obtained was the first analytical model for the interior of neu-
tron stars and it promptly led to the realization that these stars are ideal objects in which the
properties of curved space time and high density matter could be investigated in great detail
(Zwicky 1938).

For a long time it was thought that neutron stars may not be detectable, mainly due to
the small radius predicted by the models and the lack of knowledge about the mechanisms
by which they might emit observable radiation. Little attention was therefore given to the
field for about 20 years. The subject was rejuvenated by Cameron (1959) who developed a
set of numerical models for neutron stars by integrating the Oppenheimer-Volkoff equations
assuming different types of fluids and more importantly, predicted the existence of a neutron
star inside the Crab nebula. The topic remained latent and when quasars were discovered
(Schmidt 1962) they were at first interpreted to be neutron stars since the observed highly
redshifted spectra were assumed to be a consequence of the extreme gravitational field of the
neutron star (Burbidge 1963).

The interest in the detectability of neutron stars was significantly sparked by the discov-
ery of X-ray sources such as Sco X-1 (Giacconi et al. 1962) and one associated with the Crab
nebula (Bowyer et al. 1964). Subsequently many theories attributed the origin of the X-rays
to a variety of emission processes associated with neutron stars (see Morton 1964, Finzi 1965,
and Bahcall & Wolf 1965). However, due to the low spatial resolution of the X-ray instru-
ments (a few deg.), these results did not provide a definitive proof of the existence of neutron
stars.

The first clear evidence that neutron stars do exist came with the serendipitous discovery
of CP19191 later known as PSR B1919+21, the first radio pulsar2 discovered. This discovery
was made in July 1967 by J. Bell, then a graduate student under the supervision of A. Hewish.

1CP stands for Cambridge Pulsar, while 1919 corresponds to the right ascension of the pulsar.
2Pulsar is a contraction of pulsating star coined by A. Hewish shortly after the discovery (Hewish 1968).
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They were investigating the short time variations in the intensity of the signals from quasars
caused by interplanetary scintillation. The highly regular emission of CP1919 (one pulse
every 1.37 s) caused the researchers to briefly consider that they had found an astronomical
beacon of extraterrestrial origin and they named the source LGM3. Shortly afterwards, in
December of the same year, another source was discovered, PSR B1133+16, and four more
were identified in the following months. This revealed that these sources were of natural
origin and probably related to a new class of astronomical object. An independent and more
secret discovery of pulsars occurred in August 1967 when C. Schisler detected 10 pulsars
from the Ballistic Missile Early Warning Site in Alaska, USA and furthermore, managed to
recognize that one of the signals came from the Crab nebula. These findings were declassified
and released only after the recent deactivation of the radar system (Schisler 2008).

The announcement of the discovery (Hewish et al. 1968 and Pilkington et al. 1968) was
soon followed by the theoretical interpretation of the regular pulses observed as originating
in rapidly rotating neutron stars (Pacini 1968 and Gold 1968). This discovery triggered many
pulsar searches in the following decades, which returned very exciting discoveries such as
the first double neutron star PSR B1913+16 (Hulse & Taylor 1975), the first millisecond
pulsar (Backer et al. 1982), the discovery of pulsars in the Magellanic Clouds (McCulloch
et al. 1983), the discovery of the first pulsar in a globular cluster (M28, Lyne et al. 1987),
and the discovery of a double pulsar system PSR J0737–3039 (Burgay et al. 2003 and Lyne
et al. 2004). In all the objects mentioned so far, we detect, typically, a burst of radio emission
every time the neutron star rotates. Since the first pulsar was found, 1864 pulsars have been
discovered (Manchester et al. 2005) and this number will increase substantially with the new
generation of radio telescopes now under construction. However, at the end of my first year
as a graduate student yet another manifestation of radio emitting neutron stars was found.
These new objects are called Rotating Radio Transients (RRATs, McLaughlin et al. 2006)
and they are characterized by the sporadic emission of bursts of radio, just a few per hour.
These objects seem to be potentially more numerous than the population of pulsars because
of the observational biases in seing them (McLaughlin et al. 2006), and yet their nature is not
well understood due to the small number discovered so far.

1.3. How neutron stars are formed

Shortly after the discovery of pulsars, two of these objects were discovered inside super-
nova remnants. The first was the Crab pulsar, PSR B0531+21 (Staelin & Reifenstein 1968),
which is believed to have formed during the explosion of the supernova which occurred in
1054 A.D. (Collins et al. 1999) forming the Crab nebula. The second was PSR B0833–45,
known as the Vela pulsar (Large et al. 1968) which is associated with the supernova remnant
G263.6-02.8. These two associations, and many more found later, confirmed the original idea
proposed by Baade & Zwicky (1934) that neutron stars are born during supernova explosions.
Neutron stars can be formed from single stars if they are massive enough to undergo a Type
II supernova explosion. The ultimate fate of the star mainly depends of two factors, its mass
and its metallicity. According to Heger et al. (2003), neutron stars are likely to be formed
from massive stars (9 - 25 M⊙) with low metallicicity ([Fe/H] < [Fe/H]⊙). Starting with the
fusion of hydrogen into helium, these massive stars will successively fuse different elements
over a period of about 107 yr resulting in the increase of temperature. This process continues

3LGM stands for Little Green Men.
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Table 1.1: Typical parameters of neutron stars that emit in radio as pul-

sars. All the values here are taken from Lorimer & Kramer (2005) and

the ATNF database (Manchester et al. 2005).

Mass 1.35 ≤ M⊙ ≤ 2.1

Radius ∼ 10 km

Surface Temperature ∼ 106 K

Surface Density (ρs) ∼ 106 g cm−3

Core Density (ρc) ∼ 1014 g cm−3

Magnetic Field Strength 108 ≤ B ≤ 1015 G

Periods 1.39 × 10−3 ≤ P ≤ 8.5 s

Moment of Inertia ∼ 1045 g cm2

until the formation of 56Fe and 56Ni which require the input of energy to fuse. These last ele-
ments have the highest binding energy per nucleon. Consequently the production of radiation
(energy) in the core stops. At this time, a star of about 15 M⊙ will have a radiative core of
about 1.5 M⊙. At this point the partial dissociation of the iron nuclei combined with the neu-
tronization of the core cause the gravitational collapse of the star. This gravitational collapse
of the core is only stopped by the onset of the neutron degeneracy pressure. It is assumed
that angular momentum and magnetic flux are conserved during this process, therefore after
the collapse a highly magnetic, rapidly rotating object of about 10 km in radius is left, and a
neutron star is born.

1.4. Properties of neutron stars and pulsars

Sturrock (1971) showed that electron-positron pairs are formed in the strong magnetic
fields of pulsars because of curvature radiation and that these pairs generate the radio emis-
sion we observe. This model does not take into account the existence of a corotating magne-
tosphere described by Goldreich & Julian (1969), who showed that rotating neutron stars can
not be surrounded by vacuum. The magnetosphere consists of corotating charged particles
streaming along the magnetic field lines away from the magnetic poles (see Fig. 1.1). It is
important to note that there are various emission mechanisms proposed and that all models
have great difficulty explaining the observations. To date this problem remains unsolved and
is one of the biggest challenges of modern astrophysics (Bahcall & Ostriker 1997). A re-
view with most of the recent proposed models explaining pulsar emission mechanisms can
be found in Lyubarsky (2008). From the observational point of view, the main working model
for pulsars assumes that the magnetic field is not aligned with the rotation axis of the neutron
star, creating a lighthouse effect every time the beam of radiation sweeps across the line of
sight as shown in Fig. 1.1.

When finding a new pulsar, the most important quantity measured is the period P. After
the initial discovery, careful measurements of the arrival times of the pulses4 showed that the
period of pulsars increases with time (i.e. the star spins down) at a rate given by the period

4Using a method nowadays called timing (see for example Taylor 1993).



Chapter 1 5

Star

Observer

Open field lines

Radio beam

Neutron

Closed field lines

Light Cylinder

Magnetic

Pole

Rotation AxisMagnetic Axis

Figure 1.1: Cartoon of a rotating neutron star and its magnetosphere. Normal pulsars have a light

cylinder with a larger radius than millisecond pulsars. This drawing shows the main regions and terms

discussed throughout this Chapter.

derivative Ṗ. The bulk of the rotational kinetic energy loss of the pulsar (Ė) is converted
into high-energy radiation (such as X-rays and γ-rays), pulsar wind, which is a plasma of
charged particles emitted from the pulsar (Gold 1969) and magnetic dipole radiation (Pacini
1967, 1968). Only a small fraction of Ė is converted into radio emission. By comparing
the amount of kinetic energy lost with the magnetic dipole radiation emitted (see Shapiro &
Teukolsky 1983) it is possible to determine important parameters of the neutron star, such as
the characteristic age (τ) and the magnetic field strength (B). Assuming that we can measure
P, and that Ṗ is due to the loss of rotational kinetic energy, it is possible to estimate τ and B.
This comparison can be expressed as:

Ė = −
d(IΩ2/2)

dt
=

2

3c3
|m|2Ω4 sin2 α erg s−1. (1.1)
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Here the term with the time derivative represents the rotational kinetic energy and the last
term is the magnetic dipole radiation. In this equation Ω = 2π/P is the angular frequency,
I is the moment of inertia of the neutron star, c is the velocity of light, |m| is the magnitude
of the magnetic moment and α is the angle between the magnetic axis and the rotation axis.
Calculating the time derivatives and rearranging Eq. (1) we obtain an expression that relates

Ω and Ω̇:

Ω̇ = −
(

2

3c3

|m|2 sin2 α

I

)

Ω3. (1.2)

If the spin down of the pulsar (Ṗ) is entirely due to magnetic dipole radiation, its character-
istic age can be obtained using the typical values listed in Table 1.1. These parameters are
measured from observations or estimated from analytical models of neutron stars. Assuming
an inclination angle α = 90◦, the characteristic age can be calculated integrating Eq. 1.2 over
time in terms of P and Ṗ. The solution of the integration can be expanded in a Taylor series
assuming that the spin period at birth P0 is much shorter than the present period (P0 ≪ P),
allowing us to write:

τc =
P

2Ṗ
≃ 15.8

(

P

1 s

)

(

Ṗ

10−15

)−1

Myr. (1.3)

From Eq. 1.2, it is possible to estimate the magnetic field of the neutron star, using the relation
between the magnetic moment and magnetic field strength at a distance r, given by B =
2|m|/r3. Substituting this value in Eq. 1.2 we obtain a general expression for B, at the surface
of the neutron star (r = R):

Bs =

√

3c3

8π2

I

R6 sin2 α
PṖ G. (1.4)

Substituting the values given in Table 1.1 and seting α = 90◦ it is possible to write:

Bs ≃ 1012

(

Ṗ

10−15

)1/2
(

P

1 s

)1/2

G. (1.5)

1.5. The known population of pulsars

1.5.1. Evolution of pulsars

Similarly to the way in which the Hertzsprung–Russell diagram for visible stars synthe-
sises much of the observational information about stellar evolution known, most of what we
know about pulsars can be synthesised in a plot called the P-Ṗ diagram. Fig. 1.2 shows one of
these diagrams for the majority of the known pulsars. The main feature of this diagram is the
clear distinction between the normal pulsars with P ∼ 0.5 s and Ṗ ∼ 10−15 s s−1 that occupy
the main island of points and millisecond pulsars with P ∼ 3 ms and Ṗ ∼ 10−20 s s−1 that
populate the lower left corner of the diagram. Magnetars are isolated neutron stars with very
long periods and extremely high magnetic fields (∼ 1015 G) and are thus found in the upper
right hand side of this diagram and they also can emit radiation at wavelengths other than
radio, appearing as Anomalous X-ray pulsars (AXP’s) and Soft Gamma Repeaters (SGR’s).
RRATs have a wide range of periods and some of them have high magnetic fields (∼ 1013 G)
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Figure 1.2: The P-Ṗ diagram showing the different manifestations of neutron stars as labelled. Lines

showing constant characteristic age τ, magnetic field B and spin down energy Ė are shown. The single

hashed area shows Vela-like pulsars while the double hashed area shows Crab-like pulsars. RRATs are

located in the upper right area of the main pulsar island. The gray regions are areas where radio pulsars

are not predicted to exist. Figure taken from Lorimer & Kramer (2005) and modified by the author.

and for this reason, they sometimes have been associated with other classes of isolated neu-
tron stars that emit at other wavelengths such as magnetars (McLaughlin et al. 2006). A chart
showing the different varieties of neutron stars is shown in Fig. 1.3.

The evolution of a normal isolated pulsar in the P-Ṗ diagram would be as follows. Some
time after the supernova explosion, the young pulsar should appear spinning with a short
period in the upper left area of the P-Ṗ diagram, where for example young pulsars like the
Crab and Vela are located. As the pulsar slows down in about 105−6 yr, it will move into the
region where the majority of normal pulsars are located. After about 107−9 yr and for reasons
not fully understood they become unobservable, and they enter into the region of the diagram
known as the graveyard.
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Radio
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Accretion Powered Neutron Stars

Isolated Millisecond Pulsars

Rotating Radio Transients (RRATs)

Rotation Powered Pulsars

Isolated Pulsars

Binary Neutron Stars

Dim Isolated Neutron Stars

Central Compact Objects

Millisecond Pulsars
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Figure 1.3: The zoo of active neutron stars (i.e. those we can detect). This chart shows the different

types of active neutron stars detected in our Galaxy. Active neutron stars emit some form of electro-

magnetic radiation that allow us to detect them. Radio quiet neutron stars are those that we can not

detect in radio because it is likely that their radiation is not beamed towards us or they do not emit radio

at all, but still, can be detected in other windows of the electromagnetic spectra.

The difference between normal and millisecond pulsars, besides the magnetic field strengths
and spin periods, is mainly due to the presence or absence of a companion. Less than 1% of
normal pulsars are in binary systems, while about 80% of the known millisecond pulsars are
in binary systems with companions including white dwarfs, main sequence stars and other
neutron stars. The millisecond pulsars have period derivatives which indicate that they are
old with typical ages of about a few Gyr. A mechanism that explains the formation of these
systems assumes an evolutionary scenario involving two main sequence stars with different
masses (e.g. Bhattacharya & van den Heuvel 1991). The more massive one (primary) evolves
faster, subsequently exploding as a supernova and forming a neutron star. About 90% of the
binary systems are disrupted after the supernova explosion due to the enormous mass loss
(Ivanova et al. 2008). If the binary system survives the explosion, the neutron star will spin
down as a normal radio pulsar for about 106−7 yr, while the companion star (the secondary)
evolves until it becomes a blue or red giant. The giant will overflow its Roche lobe, therefore
the neutron star will accrete matter and thus the accretion disc will produce X-rays making
the system visible as an X-ray binary (van den Heuvel & Heise 1972, Tutukov & Yungel’Son
1974 and Whelan & Iben 1973). An example of an object that might evolve into such a sys-
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Figure 1.4: A Hammer-Aitoff projection showing the position in our Galaxy of the 1864 pulsars known

at the time of writing this thesis. The grid lines of Galactic latitude are spaced every 30◦ while the grid

lines of Galactic longitude are spaced every 60◦. Pulsars concentrate along the Galactic plane. The two

clusters of points below and to the right of the Galactic center are the pulsars located in the Magellanic

Clouds. Data taken from the ATNF data base (Manchester et al. 2005). Figure kindly prepared by

M.H.M. Heemskerk.

tem is the pulsar PSR B1259–63 discovered by Johnston et al. (1992), which is orbiting a Be
star. During the exchange of material, the transfer of orbital angular momentum spins up the
neutron star and the resulting pulsars are therefore called recycled pulsars. From here the ul-
timate fate of the system depends on the mass of the secondary star. If the stars remain bound
after the second supernova explosion it may form a double neutron star in a highly eccentric
orbit, with each component displaying different magnetic fields and periods (Bhattacharya &
van den Heuvel 1991). The double pulsar PSR J0737–3039 seems to fit this scenario (Burgay
et al. 2003 and Lyne et al. 2004). Alternatively, if the secondary star is not massive enough
to undergo a supernova but instead forms a white dwarf, the mass transfer will last longer
ending in a neutron star-white dwarf binary system.

A model to explain isolated millisecond pulsars such as PSR B1937+21 assumes that
the neutron star is accompanied by a dwarf companion. When accretion starts, initiating the
X-ray phase of the binary system, the neutron star can ablate its companion with the strong
relativistic particle wind powered by the spin down of the compact object until it disappears
(Ruderman et al. 1989). In this model the ablation can occur also once the pulsar turns on as
a radio emitter.

1.5.2. Population properties.

With the exception of the few pulsars found in the Magellanic Clouds (McCulloch et al.
1983, Crawford et al. 2001 and Manchester et al. 2006), and about a hundred found in glob-
ular clusters (Freire 2008) all the pulsars known are in the field our Galaxy. The whole
distribution of the population of known pulsars distributed through our Galaxy is shown in
Fig. 1.4.
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Figure 1.5: Histograms showing the distribution of the number of pulsars with Galactic latitude (left

panel) and Galactic longitude (right panel). As the figure shows most pulsars are located at low Galactic

latitudes (|b| < 6◦) and have been detected at low Galactic longitudes (|ℓ| < 75◦). The peak of detections

at ℓ ∼ −25◦, is due to the large number of discoveries made by the Parkes Multibeam Survey (Manch-

ester et al. 2001). Histograms prepared with data from the ATNF database (Manchester et al. 2005).

In this figure we can distinguish two features. (i) the high concentration in the number of
pulsars around low Galactic latitudes (|b| < 10◦) and (ii) that pulsars are detected at relatively
low Galactic longitudes (|ℓ| < 75◦). Pulsars concentrate at low Galactic latitudes because this
is where most of the OB associations of young stars that later form pulsars are located. This
is clearly shown in the left panel of Fig. 1.5 where a high number of pulsars a low Galactic
latitudes |b| < 6◦ is evident.

As shown in the right panel of Fig. 1.5, pulsars have been detected mostly at low Galactic
longitudes. The low number of detected pulsars at high Galactic longitudes is because the
low concentration of stars and gas of our own Galaxy there since at large longitudes we see
away from the center of our Galaxy. At low Galactic latitudes and longitudes, the intergalac-
tic medium scatters and disperses the signals from all pulsars, especially at low frequencies,
making difficult the detection of distant and/or low luminosity pulsars. The first effect can be
circumvented by performing searches that employ high frequencies (> 1 GHz) such as for
example Deneva et al. (2009a) did when searching for pulsars at the center of our Galaxy.

As mentioned in §1.5.1, pulsars can be classified as millisecond and normal pulsars ac-
cording to the observed periods. The distribution of the known pulsars in our Galaxy shown
in Fig.1.6 clearly features this separation in the population, with most of millisecond pulsars
having periods of P ∼ 3 ms and most of normal pulsars P ∼ 0.5 s. The fastest pulsar known
is the millisecond pulsar PSR J1748–2446ad (Hessels et al. 2006) with a period of about 1.4
ms, while the one with the longest period5 is PSR J2144–3933 with a period of about 8.5 s
(Young et al. 1999). The typical ages of the known pulsars in our Galaxy range between less
than 1000 yr to a few Gyr, with most pulsars being about 1 Myr old. The distribution of ages
for the pulsars in our Galaxy is shown in the right panel of Fig. 1.6. With an age of more
than 700 yr, PSR J1846–0258 is the youngest pulsar known and it is located at the core of the

5Note that some magnetars can spin with even slower periods.
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Figure 1.6: Histograms showing the distribution of measured periods (left panel) and ages (right panel)

for the known population of pulsars in our Galaxy. Figures prepared with data from the ATNF database

(Manchester et al. 2005).

supernova remnant Kesteven 75 (Gotthelf et al. 2000). PSR J1333–4449, located high above
the Galactic plane, is the oldest normal pulsar known with an age of about 1 Gyr (Jacoby
et al. 2009a).

The observed fluxes and luminosities for the pulsars in our Galaxy are important since
they determine the detectability of pulsars (the luminosity is defined below in §1.5). The
luminosity of pulsars is intrinsic to the individual sources and is important for population
studies. It varies a lot in the observed sample as shown in the left panel of Fig. 1.7. With
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a typical luminosity at 400 MHz of ∼ 70 mJy kpc2 pulsar luminosities at this frequency can

vary from that measured for PSR BJ0006+1834 with L400 = 0.1 mJy kpc2, the pulsar with

the lowest luminosity observed (Camilo et al. 1996), to PSR B1302-64 L400 = 26 Jy kpc2 the
most luminous pulsar in our Galaxy (Manchester et al. 1978).

The flux is a relevant property in the detection of pulsars; as shown in the right panel of
Fig. 1.7, the mean flux (S 400) we observe at 400 MHz for the pulsars in our Galaxy is about
10 mJy. However, the known pulsars have fluxes that range across a few orders of magnitude
from the dimmest pulsar PSR B2127+11G in the globular cluster NGC7078 (M15), with
S 400 = 0.1 mJy (Anderson 1992), to the brightest PSR B0833–45 (also known as the Vela
pulsar) with S 400 = 5 Jy (Taylor et al. 1993).

1.6. Observing pulsars at radio wavelengths

Most of what we know about pulsars comes from observations made at radio wavelengths.
The flux of pulsars varies with frequency; at high frequencies pulsars are dimmer while at low
frequencies they are brighter. This indicates that the relation between the flux of the pulsar
and the observing frequency (ν) can be approximated by a power law as follows:

S ν ∝ ν−α, (1.6)

where α is the spectral index and is positive varying as 0 ≤ α ≤ 4 with a median of 1.8 ± 0.2
(Maron et al. 2000). The individual pulses detected from pulsars have a finite width (W) that
varies from nanoseconds (ns) for pulses like the giant pulses from the Crab pulsar (Cordes
et al. 2004a) to milliseconds (ms), like for those emitted by normal pulsars. The maximum
intensity measured for an individual pulse is defined as the peak flux (S p). The individual
pulses of pulsars vary greatly in shape and intensity but if a large enough number (typically a
few thousand) of them are averaged then a unique characteristic of the pulsar called the pulse
profile appears. Taking advantage of this property and assigning an equivalent width to the
pulse profile Weq, the intensity of pulsars is expressed using a quantity called the mean flux
(Sm) which is defined as the integrated intensity under the pulse averaged over the full period
and can be expressed in terms of the peak flux as:

Sm = (WeqS p)/P (1.7)

The flux is related to the luminosity of the pulsar, assuming that the radiation propagates
isotropically, and is given by:

Sm =
L

4πd2 f
(1.8)

Here d is the distance to the pulsar and f is a beaming factor. This factor is due to the
fact that pulsars do not radiate over 4π sr (hence we see only a fraction f of the total active
population). This factor was calculated by Gunn & Ostriker (1970) to be about 1/6. For
convenience a quantity called pseudo luminosity is used instead, and is defined as:

L = S d2 (1.9)
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The approximate distance to pulsars can be inferred from a quantity known as dispersion
measure (DM), defined as:

DM =

∫ d

o

nedℓ pc cm−3. (1.10)

Here ne is the electron number density, and ℓ represents the path along the line of sight. The
name dispersion measure, comes from the fact that the electromagnetic waves are dispersed
while traversing the interstellar medium, which can be considered as a cold ionized plasma for
this purpose. Pulses observed at lower frequencies therefore arrive later than those observed

at higher frequencies. The frequency of the ionized cold plasma is fp =
√

e2ne/πme ≃
1.5 kHz. Neglecting the magnetic field of our Galaxy, the refractive index is defined as:

µ =

√

1 −
(

fp

f

)2

(1.11)

The dispersion relation requires the observing frequency f , to be f > fp for the propagation
of the waves and is the case when performing radio observations. The group velocity, given
by vg = µc, is lower than the speed of light c and the signals emitted at a distance d will be
delayed. The expression for the time delay gives the difference in light travel time between
the wave propagating in the medium and in the vacuum:

t =

(
∫ d

0

dl

vg

)

− d

c
. (1.12)

Substituting the group velocity expression (Eq. 1.12) with the approximation fp/ f ≪ 1, we
get:

t =
1

c

∫ d

o















1 +
f 2
p

2 f 2















dl −
d

c
=

e2

2πmec

1

f 2

∫ d

0

nedl ≡ D ×
DM

f 2
. (1.13)

In the last equation,

D = e2

2πmec
= 4.148808± 0.000003 MHz2 pc−1cm3 s (1.14)

is the dispersion constant (Lorimer & Kramer 2005). From here it follows that the delay
between two observing frequencies f1 and f2 (both in MHz) is given by:

∆t ≃ 4.15 × 106 ×












1

f 2
1

− 1

f 2
2













× DM ms (1.15)

Sensitive observations require a large bandwidth. Assuming a band between f1 and f2, ob-
served pulses will be smeared by ∆t, therefore the signals always must be dedispersed in
order to sensitively detect pulsars.
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Single pulse search

Periodicity search Candidate selection
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DedispersionMulti channel
Search data

Collect the Data

Figure 1.8: Flow chart showing the essential steps in a pulsar search and the most common analysis

methods. More details on the algorithms and radio frequency excision are not shown for clarity but are

explained in detail in the main chapters of this work.

1.7. Finding new pulsars

Here I describe the essential steps to find a pulsed signal with an unknown dispersion
measure. A summary with the essential steps in any pulsar search is shown in Fig. 1.8. Once
the observations have been made, the data collected with the radio telescope can be consid-
ered as an array of time samples and frequency channels. The first step in any pulsar search
is to correct for the dispersion effects from the data. When searching for new pulsars the
quantity DM is not known, therefore a wide range of DMs must be tried to dedisperse the
signals in order to maximize the signal to noise ratio of any pulsed signal present. Hence Eq.
1.15, is of capital importance and constitutes the first step in the processing pipeline of pulsar
search codes. One dedispersed time series is formed, per DM trial.

The next step consists of a search for (i) periodic signals and (ii) single bright pulses in
the time series. The second method is described extensively in Chapters 2 and 5 of this thesis.

The most common technique to search for periodic signals is by calculating the Fourier
transform of the time series and examining the resulting spectra in the frequency domain
(for other methods see Lorimer & Kramer 2005). For a time series Ai with N independent
samples, the discrete Fourier transform (DFT) of the kth element is given by:

Fk =

N−1
∑

j=0

Ai exp (−2πi jk/N) (1.16)

where i =
√
−1. For equally-spaced data in the time domain, with sampling time ts, the

frequency of the kth Fourier component is νk = k/T , where T = Nts is the length of the
observation and 1 < k < N/2. The number of floating point operations to perform a DFT is
N2, which can turn into a very computationally intensive process for typical long time series
consisting of N > 223 elements. This number of operations can be reduced to N log2 N when
using the fast Fourier transform (Cooley & Tukey 1965, Press et al. 1992). Once the FFT has
been performed there are further techniques to improve the power of the spectra obtained.
The finite size of the frequency bins results in an effect called scalloping which reduces the
sensitivity to signals away from the center of the bins. This can be corrected by interbinning
the data calculating the half integer power of neighbouring bins (Ransom et al. 2002). The
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non sinusoidal character of the pulses results in the distribution of the power over the fun-
damental frequency and its harmonics. In order to take into account the power contained in
these harmonics a technique called incoherent harmonic summing was devised by Taylor &
Huguenin (1969).

Once the FFT has been calculated for each dedispersed time series, a list of candidates
containing the frequencies of the highest signal-to-noise detections is generated for all the
dedispersed time series. A real pulsar will appear a few times in this list with different signal-
to-noise ratios, the maximum occurring in the dedispersed time series with a DM being clos-
est to the true DM of the pulsar. At this stage, the data is folded at the best period of the
candidate to produce a diagnostic plot for human inspection. Further observations will con-
firm the candidate and constrain with high accuracy P, Ṗ, DM and its position in the sky
among other characteristics.

1.8. About This Thesis

I now describe briefly the main content of this thesis. This work contains 4 main chapters.
The first of them is devoted to single pulse searches, while the rest of this work is devoted to
the search for pulsars in different stellar environments.

1.8.1. Single pulse searches with the WSRT

Chapter 2 deals with single pulse searches and describes the implementation for data
taken with the Westerbork Synthesis Radio Telescope (WSRT) in a special mode of observa-
tion called 8gr8 (eight–grate). This mode enables us to cover a large area of the sky while
keeping a sensitivity almost equivalent to that of the full array. In this chapter I present the
method for the identification and assessment of the reality of single pulses of astrophysical
nature. I also describe how to determine the position of sources with an accuracy of a few
arc minutes, an advantage that few of the current radio telescopes can achieve when observ-
ing single pulses from pulsars. Future interferometers such as the LOw Frequency ARray
(LOFAR), and the Square Kilometer Array may benefit from the algorithm described here.

1.8.2. A search for pulsars in the Cygnus region of the Milky Way

Chapter 3 presents the results of a survey undertaken in the direction of the Galactic
plane in an area of about 450 square degrees, known as the Cygnus region. This survey was
undertaken using the WSRT at 328 MHz. It made use of the single pulse and FFT methods
mentioned above. The preliminary results of this survey, the discovery of 3 new pulsars,
were reported earlier by Janssen et al. (2009). No new pulsars were found in the reprocessing
of the data using the FFT search; however the single pulse search revealed pulses from 4
RRAT candidates. These searches have also detected all the known pulsars that are within
the sensitivity limits of the WSRT using both techniques. I also discuss the discrepancies
between the low number of new pulsars found and the large number of pulsars expected for
this region of our Galaxy, where pulsar formation is very likely due to the large number of
young massive stellar associations. Our results show that there are no low luminosity pulsars
located less than 0.85 kpc away and show that they may be less abundant than expected in
the direction of these observations.
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1.8.3. A search for pulsars in the Sculptor spheroidal dwarf galaxy

A search for pulsars in the Sculptor Dwarf Spheroidal Galaxy (SdSG), one of the satel-
lites of our Galaxy located about 80 kpc away is presented in Chapter 4. This search was
performed using the Green Bank Radio Telescope at 350 MHz. This galaxy is known to
contain low mass X-ray binaries and because these systems are the likely progenitors of mil-
lisecond pulsars indicating that they may also be present. I searched for periodic signals
in order to detect millisecond and normal radio pulsars and also for single pulses aiming to
detect sporadic emitters. This search is one of the first deep surveys for pulsars in a dwarf
spheroidal galaxy ever made. No millisecond or normal radio pulsars were detected but the
single pulse search detected a few significant radio bursts with durations of a few millisec-
onds. The dispersion measures of these detections are consistent with an object located in the
SdSG. One of these bursts repeated four times at a similar DM. A few of the characteristics
of these bursts, such as pulse widths and the observed pulse rate are consistent with those
observed in RRATs or pulsars like PSR B0656+14. Only future monitoring can confirm the
true nature of these sources.

1.8.4. A search for pulsars in the Andromeda galaxy

In Chapter 5, I present a search for pulsars in the direction of the Andromeda galaxy
(M31) and its satellites located at ∼ 770 kpc, using the Westerbork Synthesis Radio Telescope
(WSRT) in the 8gr8 mode at a frequency of 328 MHz. I have searched for periodicities
and single pulses in the data, aiming to detect bright normal radio pulsars and RRATs of
both Galactic and extragalactic origin. This survey was also sensitive to extragalactic bursts,
such as those reported by Lorimer et al. (2007). Although my searches did not reveal any
periodic pulsations nor any short but bright extragalactic bursts at cosmological distances, in
this chapter I report the detection of a few single events that might originate from neutron stars
inside M31. The implications of the results I obtained are compared to a range of hypothetical
populations of pulsars and RRATs inside M31. This allowed me to constrain the luminosity
law for pulsars, indicating that unless the pulsar population in M31 is significantly dimmer
than in our Galaxy, there is no need to invoke any violation of the inverse square law of the
distance for pulsar fluxes as proposed by Singleton et al. (2009). This result also constrained
the luminosity function of pulsars in M31. I also find that future searches for pulsars in the
nearby (up to a few Mpc) galaxies with modern and planned radio telescopes is in principle
feasible.


