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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 rotating 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 Sculptor 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
1
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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 explosions, 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 neutron 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 discovery 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 instruments (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.
1 CP

stands for Cambridge Pulsar, while 1919 corresponds to the right ascension of the pulsar.
is a contraction of pulsating star coined by A. Hewish shortly after the discovery (Hewish 1968).

2 Pulsar
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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 supernova 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
3 LGM

stands for Little Green Men.
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Table 1.1: Typical parameters of neutron stars that emit in radio as pulsars. All the values here are taken from Lorimer & Kramer (2005) and
the ATNF database (Manchester et al. 2005).

Mass
Radius
Surface Temperature
Surface Density (ρ s )
Core Density (ρc )
Magnetic Field Strength
Periods
Moment of Inertia

1.35 ≤ M⊙ ≤ 2.1
∼ 10 km
∼ 106 K
∼ 106 g cm−3
∼ 1014 g cm−3
108 ≤ B ≤ 1015 G
1.39 × 10−3 ≤ P ≤ 8.5 s
∼ 1045 g cm2

until the formation of 56 Fe and 56 Ni which require the input of energy to fuse. These last elements 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 neutronization 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 emission we observe. This model does not take into account the existence of a corotating magnetosphere 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 review 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
4 Using

a method nowadays called timing (see for example Taylor 1993).
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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)
2
= 3 |m|2 Ω4 sin2 α erg s−1 .
dt
3c

(1.1)

6
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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:
!
2 |m|2 sin2 α 3
Ω̇ = −
Ω .
(1.2)
I
3c3
If the spin down of the pulsar (Ṗ) is entirely due to magnetic dipole radiation, its characteristic 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:
 P  Ṗ !−1
P
τc =
≃ 15.8
Myr.
(1.3)
1 s 10−15
2Ṗ

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):
s
I
3c3
PṖ G.
(1.4)
Bs =
8π2 R6 sin2 α
Substituting the values given in Table 1.1 and seting α = 90◦ it is possible to write:
B s ≃ 10
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Ṗ
10−15

!1/2 

P 1/2
1s

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 synthesises 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)

7

log [ Period derivative ( s s −1)]
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RRATs

Period ( s )
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 neutron 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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Isolated Neutron Stars
Some Rotatioin Powered Pulsars
Dim Isolated Neutron Stars
Central Compact Objects
Some Magnetars (AXPs and SGRs)

Radio
Quiet
Active
Neutron Stars

Binary Neutron Stars
Accretion Powered Neutron Stars
LMXB’s
Intermediate XRB’s
HMXB’s

Isolated Pulsars
Radio
Active

Rotation Powered Pulsars
Rotating Radio Transients (RRATs)
Some Magnetars (AXPs and SGRs)
Isolated Millisecond Pulsars

Pulsars in Binary Systems
Millisecond Pulsars
Double Pulsars / Pulsar−Neutron Star
Pulsar + Main Sequence Star
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 electromagnetic 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 ultimate 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 globular 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 (Manchester 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 intergalactic 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 according 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
5 Note

that some magnetars can spin with even slower periods.

Chapter 1

11

160

300
250

120

Number of Pulsars

Number of Pulsars

140

100
80
60
40

200
150
100
50

20
0

0
1

100

10000

0.01

Period ( ms )

1

100

10000

Age ( Myr )

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).
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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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Figure 1.7: Histograms showing the distribution of the observed luminosities (left panel) and the fluxes
at 400 MHz (right panel). The luminosities were calculated (using Eq. 9), from the fluxes and distances
(estimated mainly from the dispersion measure) at the same frequency for known pulsars in our Galaxy.
Figures prepared with data from the ATNF database (Manchester et al. 2005).
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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
(S m ) 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:
S m = (Weq S p )/P

(1.7)

The flux is related to the luminosity of the pulsar, assuming that the radiation propagates
isotropically, and is given by:
L
Sm =
(1.8)
4πd2 f
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:
Z d
DM =
ne dℓ pc cm−3 .
(1.10)
o

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
p observed
at higher frequencies. The frequency of the ionized cold plasma is f p = e2 ne /πme ≃
1.5 kHz. Neglecting the magnetic field of our Galaxy, the refractive index is defined as:
s
!
fp 2
(1.11)
µ= 1−
f
The dispersion relation requires the observing frequency f , to be f > f p 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:
Z d !
d
dl
− .
t=
(1.12)
v
c
g
0
Substituting the group velocity expression (Eq. 1.12) with the approximation f p / f ≪ 1, we
get:

Z 
Z d
f p2 
1 d 
e2 1
DM
d

t=
(1.13)
ne dl ≡ D × 2 .
1 + 2  dl − =
c o 
2f
c 2πme c f 2 0
f
In the last equation,

D=

e2
= 4.148808 ± 0.000003 MHz2 pc−1 cm3 s
2πme c

(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:


 1
1 
∆t ≃ 4.15 × 106 ×  2 − 2  × DM ms
(1.15)
f1
f2

Sensitive observations require a large bandwidth. Assuming a band between f1 and f2 , observed pulses will be smeared by ∆t, therefore the signals always must be dedispersed in
order to sensitively detect pulsars.
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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 considered 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
X

Ai exp (−2πi jk/N)

(1.16)

j=0

√
where i = −1. For equally-spaced data in the time domain, with sampling time t s , the
frequency of the kth Fourier component is νk = k/T , where T = Nt s is the length of the
observation and 1 < k < N/2. The number of floating point operations to perform a DFT is
N 2 , 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 fundamental 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 signalto-noise ratios, the maximum occurring in the dedispersed time series with a DM being closest 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 confirm 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 observation 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 observing 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 satellites 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 millisecond 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 milliseconds. 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.
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Single pulse searches with the WSRT in
8gr8 mode

In collaboration with:
Stappers, B.W.; Hessels, J.T.W.; Weltevrede, P.;
Edwards, R.T.; Braun, R.; and van Straten, W.

Abstract
We present a new technique to search for single pulses from pulsars and other fast radio transient phenomena when observing with the Westerbork Synthesis Radio Telescope
(WSRT) in the eight-grate (8gr8) mode. This mode enables us to cover a large area of the
sky while keeping a sensitivity almost equivalent to that of the full array. Here we describe
the methods to identify and assess single pulses of astrophysical nature. We also show that
it is possible to determine the position of a repeating bursting source with good accuracy (a
few arc minutes), an advantage that only a few of the current radio telescopes can achieve.
The steps shown here to implement this method, can be extended and applied to the new
generation of radio telescopes that will operate as interferometers when commissioned in the
nearby future such as LOFAR and the SKA.
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Single pulse searches with the WSRT

2.1. Introduction
Radio pulsars, highly magnetized, rotating neutron stars, are characterized by the emission of radio pulses. The regular nature of these pulses has meant that most pulsars discovered so far have been found using periodicity searches, a technique that uses either Fourier
or periodogram algorithms (Lorimer & Kramer 2005). Observations have shown that pulsars
exhibit a very wide variation in the pulse-to-pulse intensities (see for example Weltevrede
et al. 2007). This means that every rotation is not necessarily accompanied by the emission
of a pulse. A well known example of this are the nulling pulsars (Backer 1970). Wide variations in the pulse-to-pulse intensities can weaken the periodic signal since not all the pulses
might be present in the time series. This can introduce noise and consequently, render the
pulsar undetectable in a periodicity search. These issues can lead to missing an important
population of sources that can only be detected by searching for the individual bright pulses
they emit and this technique is what we call a single pulse search (McLaughlin & Cordes
2003).
Single pulses from radio pulsars are bright dispersed bursts of radio that can last between
a few ns and a few hundred ms; they are believed to originate at the magnetic poles of neutron
stars. Detecting these pulses allow us to find new pulsars and perhaps new radio manifestations of them. It was by the detection of single pulses that the very first pulsars were found
by Hewish et al. (1968). This discovery was soon followed by many others such as that of
the Crab pulsar by Staelin & Reifenstein (1968) and the discovery of normal radio pulsars
that were missed by periodicity searches (Davies & Large 1970 and Nice 1999). Only recently have single pulse searches again became a standard part of surveys for pulsars. This
has mainly been triggered by the finding of a new manifestation of neutron stars called Rotating Radio Transients-RRATs (McLaughlin et al. 2006), objects that emit dispersed and very
bright pulses of radio sporadically. We note that the recent surveys have shown that about
1/3th of the entire pulsar population can be seen via single pulses. The importance of searching for these new populations is highlighted by the fact that RRATs may be more numerous
than normal radio pulsars (Keane & Kramer 2008). More recently single pulse searches have
revealed what seems to be a new phenomena that appears as a bright single pulse with a duration of a few milliseconds. It may be of extragalactic origin (Lorimer et al. 2007) and has
been proposed to be associated with the coalescence of two neutron stars (Hansen & Lyutikov
2001) or to the annihilation of a black hole (Rees 1977).
The technique of searching for single pulses consists of recording the brightest pulses
from a dedispersed time series and the final results of these searches, namely the identification of pulses of astrophysical origin, always relies on issues related to i) the form in which
the data is collected and recorded by the telescope, ii) how the time series is produced, iii)
what external factors affect the recording of the data (like radio frequency interference RFI),
iv) how to identify relevant detections in large sets of data and v) how to confirm those relevant detections. Here we discuss each of those issues and present the implementation of
the single pulse search technique for observations made with the WSRT in 8gr8 and normal
pulsar observing mode (i.e. tied-array mode).
This chapter is organized as follows: in §2.2, we discuss briefly the way that the WSRT
works in the 8gr8 mode with special emphasis on single pulse searches. In §2.3 we describe
issues related to the dedispersed time series, how they are produced and corrected. The
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astrophysical assessment of the sources and their verification is described in §2.4 and §2.5
respectively. In the last sections we present conclusions and future applications of this method
to arrays like LOFAR and the SKA.

2.2. Detecting single pulses with the WSRT in 8gr8 mode
A detailed description of the 8gr8 mode, with application to periodic searches can be
found in Janssen et al. (2009). We now present a summary of how this mode works with a
focus on single pulse detection.
The WSRT consists of 14 antennæ each with a diameter of 25 m, arranged in an EastWest linear array. When observing in the 8gr8 mode, 12 of the 14 dishes are placed at equal
separations of 144 m (RT0 to RTB). The dishes are pointed to a target in the sky (as shown in
the left panel of Fig. 2.1) and the signals of each telescope are corrected for geometrical and
instrumental phase delays and combined to form a tied-array. The result of this is a group of
fan beams that henceforth we call a grating group. Each fan beam in the grating group has
the shape of an ellipse with major axis equal to the length of the primary beam and minor
axis inversely proportional to the projected separation of the furthest dishes. The spacing of
each fan beam is given by d = c/(Bν) radians, where ν is the observing frequency and c is
the speed of light. B is the projected baseline, given by B = 1584 cos(θ) m while θ is the hour
angle of the observation given by θ = LST − RA, the LST is the local sidereal time of the
observation and RA is the right ascension. The WSRT has 8 independent signal chains which
allows the formation of 8 grating groups simultaneously. These grating groups are placed
with an offset given by c/(Bν)/8 and they almost tile out the whole area of the primary beam.
This is shown schematically in the middle panel of Fig. 2.2 where we represent 8 fan beams
(one from each of the grating groups). At a later stage, we combine the signals of each fan
beam in software to form elliptical sub-beams. Each sub-beam is spaced in such a way as
to overlap at the half power point of both, the major and minor axes of the ellipse. These
sub-beams entirely tessellate the primary beam (see right panel of Fig. 2.1) and each has a
sensitivity close to that of the 12 telescopes coherently combined, which is approximately
equal to that of a dish of 74 m. The number of sub-beams (Ntotal ) depends on the hour angle
and also the duration of the observation; this number can vary between 300 and 4500.
For a typical observation, the data is digitized using a digital filterbank known as the Pulsar Machine (PuMa; Voûte et al. 2002). Here we convert the analogue data into spectra using
a number of frequency channels equal to that required to reach the highest DM we want to be
sensitive for and time resolution planned for the observation. This data is stored for further
analysis.
The field of view (FoV), i.e. the area of the sky covered by the primary beam of the telescope, depends on the wavelength (λ) and the diameter of each antenna (D) as: FoV ∝ λ/D.
During an observation, D and λ do not change; therefore the length of the major axis of
the fan beams remains constant. In contrast, the projected baseline is hour angle dependent,
changing during an observation and altering the length of the minor axis (i.e. changing the
width of the ellipse) and the separation of the fan beams. Consequently the number of fan
beams in the grating group that covers the primary beam changes. For example one fan beam
from each of the eight grating groups is enough to cover the primary beam when observing
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Figure 2.1: How a single bright pulse is detected using the 8gr8 mode. The left panel shows the layout of the dishes of the WSRT when observing
in this mode. The length of the baseline for this observations is 1584 m (11 ×144 m). All 12 telescopes are pointed at the same position on the
sky. The area covered is called the primary beam and its size depends on the observing frequency and corresponds to the field view of a single
dish. The middle panel shows how the primary beam is completely filled by the fan beams, which will be combined to populate the whole primary
beam with a number of sub-beams (Nb ) as shown in the right panel. A bursting source in the sky would be recorded in some of the fan beams from
a grating group (see text in §2.2). When the signals of each fan beam are combined, the detection will show a pattern like the one shown in the
right panel by the shaded sub-beams. The angle of these linear patterns with respect to North and the number of sub-beams, depends on the hour
angle when the observation takes place. Bursts from the same source detected at a different hour angles will show a completely different pattern
and angles (see Fig. 2.8).
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Figure 2.2: An 8gr8 detection of a single pulse from PSR B1946+35. This pulse was detected in 242
out of 1739 sub-beams with positions represented here by the black circles. The outer circle shows the
approximate size of the primary beam. Notice the strip like pattern corresponding to the orientation of
the grating array (see text). The size of each circle is proportional to the S/N of each detection. Each
circle only represents the location of each sub-beam but not its true shape.

close to the horizon while 5 fan beams per grating group are needed to cover the primary
beam when observing close to the zenith.
The fan beams from a grating group have approximately the same gain, therefore if a
source is present in one of the fan beams, the signal should be present in the other fan beams
from that group (see the right panel of Fig. 2.1). Later when the fan beams are combined
in software, this effect appears again: at this stage a single pulse should be detected in many
sub-beams, exhibiting a characteristic stripe pattern across the primary beam as shown in Fig.
2.2. The stripes of a detection have an inclination with respect to North corresponding to the
hour angle when the detection occurred.
The pattern and orientation of a detection within the primary beam are consequences of
the linear nature of the WSRT and its East-West orientation. The advantage of this is that we
can cover a large area of the sky, but the disadvantage is that we can not accurately locate
the position of a single pulse source within the primary beam since it appears in multiple
locations. However if the source emits multiple pulses, then the pulses detected at later times
will be recorded at slightly different hour angles due to the rotation of the Earth, and thus
modifying accordingly the projected baseline. Thus combining observations made at different epochs allows the accurate position of the source to be derived in the sky, with an error
comparable to the size of the tied-array beam when using the array in normal pulsar observation mode (about 2’). Hereafter the plots like the one shown in Fig. 2.2 will simply be
called beam plots. A detailed description on the localization of a source with this method is
provided in §2.4.
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Figure 2.3: Flow chart showing the steps of our single pulse search pipeline. Once the arrays of DMS/N-time are generated, the analysis of the data can follow two possible paths in this diagram. From
left to right, the dashed line shows the analysis done when detecting a single bright pulse. The solid
black line represents the criteria for a candidate that shows multiple bright pulses at the same DM (see
§2.3). The analysis of the beam forming and sub-beam response is discussed in §2.2. The analysis
of the time series is described in §2.3, while the assessment, location and periodicity analysis of the
sources is discussed in §2.4.
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2.3. Single pulse searches
The outline of our searches is summarized in the flow chart shown in Fig. 2.3 where
we show all the steps needed to arrive to the optimal identification and characterization of
single pulses of astrophysical origin. With these searches we can detect two types of sources,
(1) single bright pulses and (2) multiple single pulses. A bright single pulse is a burst of
radio emission with a significant signal-to-noise ratio (S/N), that does not repeat at the same
dispersion measure (DM) during an observation. Conversely, multiple single pulses are bursts
that repeat at the same DM during an observation. For both cases we apply basically the same
analysis scheme which consists of the following steps: i) correcting the raw time series for
changes in the baseline, ii) preparing the dispersed time series for each sub-beam, iii) analysis
of the time series and iv) assessment of the sources. These steps are discussed in detail below.

2.3.1. Time series Analysis
Correcting for baseline variations.
When an observation is made, the mean and standard deviation are calculated in 40 second intervals and used to set the digitization levels of the hardware. These values might
show variations around an arbitrary mean value during the duration of the observation. In
normal conditions these variations are not too dramatic and the mean of the intensity remains
constant. Unfortunately the observations are sometimes subjected to bright radio frequency
interference (RFI) which produces dramatic changes in the recorded intensity and the level
settings for packing the data into two bits readjust. This can produce sharp edges in the time
series which affects our analysis by producing spurious detections, e.g. individual pulses that
are not dispersed and that appear in multiple beams. To suppress this effect we correct the raw
time-series for baseline variations by fitting for this kind of steps in the data and subtracting
the running mean. After this process the data is packed again in a 8 bit format before we
dedisperse the data.
Preparing the dedispersed time series
Once the raw time series from each of the 8 fan beams has been corrected for baseline
variations, we proceed to prepare the dedispersed time series for each of the fan beams. To
do this we use a modified form of the tree dedispersion algorithm developed by Taylor
(1974). This was implemented by subdividing the total bandwidth of each fan beam into
groups of sub-bands in which dispersion is assumed to be linear. For each of these sub-bands
we compute a time series for all the dispersion measures up to the diagonal DM (the value
of DM where the delay in time due to dispersion across a frequency channel is equal to the
sampling time). The optimal value for the DM step is to set the dispersion delay between the
highest and lowest frequency channels equal to the sampling time of the data. In this way, the
ith DM value (or conversely the ith generated time series) can be written in terms of the total
bandwidth ∆ f (MHz), centre frequency f (MHz) and sampling time t samp (ms) as:
DMi = 1.205 × 10−7 cm−3 pc(i − 1)t samp f 3 /∆ f,

(2.1)

where the case i = 2 is the minimum spacing between two time series and therefore the optimal and minimum DM step (Lorimer & Kramer 2005). For the typical runs with the WSRT
observing at f = 328 MHz, ∆ f =10 MHz, and with sampling times of t samp = 819.2 µs or
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t samp = 409.6 µs we get DM steps of 0.697 and 0.348 pc cm−3 with the respective diagonal
DM located at 340 or 83 pc cm−3 . When this step is computed the data set can be thought of
as a tridimiensional array of intensity vs. DM, frequency and time.
The signals of the 8 fan beams are combined by applying a varying geometric weight over
the total observing time in order to track the different positions in the primary beam, before
summing them and the same structure of the aforementioned array is maintained during this
process. These are the time series that we will now analyze for single pulses. We note that at
this stage of the process, there is one time series for each sub-beam and for each DM.
Searching for single pulses in a time series basically consists of detecting individual
events that deviate by several standard deviations from the mean intensity in data composed
predominantly of Gaussian noise. This can be done using a method called matched filtering
and an extensive description of this method to search for single pulses is given by Cordes &
McLaughlin 2003. To accomplish this step we wrote an extension of the PSE code developed for the Parkes high latitude survey (Edwards et al. 2001) to search for single pulses in
the time series. The analysis starts by finding the mean and the rms of the noise for each
time series, using an iterative process where the strongest pulses are removed until reaching
the expected number of detections given by a Gaussian distribution, and searching again for
pulses above a given threshold of intensity. This process keeps the mean and the rms from
being biased towards very strong pulses. The intensity of each pulse can then be represented
by the signal-to-noise-ratio S/N defined as S/N= (xi − x̄)/σ where xi represents the i-th value
of the time series, x̄ is the mean of the time series and σ is the standard deviation. Because
the S/N of each pulse depends on the pulse width Wi as S/N ∝ Wi−1/2 and we do not know a
priori the width of each pulse, the code written adds between 20 and 27 samples from the time
series in order to cover the following range of pulse widths 0.4096 ms to 104.85 ms, assuming
sampling times of 409.6 µs and 819.2 µs respectively (the typical sampling times used for our
surveys presented in the following chapters). We will call this process smoothing. The output
of this process can be viewed as groups of 8 tridimensional arrays of DM-S/N and time, one
per smoothed time series.

2.4. Analysis and assessment of sources
Once an observation has been fully reduced (all the sub-beams have been generated), we
start to search for relevant detections in all the time series from each smoothing. For each
sub-beam we have a group of DM-S/N-time arrays. As mentioned in §2.2, the number of
sub-beams Nb varies between 300 and 4500. This turns into an enormous number of time
series that has to be searched for candidates. This can not be inspected by hand, it needs
to be refined in order to inspect only potentially good candidates from each sub-beam. The
refinement of the data at this stage is done in an automatized way. This was done by analyzing
the DM-S/N parameter space. We searched for any excess in S/N (hereafter ΣS/N) at a given
DM, by calculating the ΣS/N along the different dispersion measure steps for all time series.
Those detections that showed a significant deviation from the mean of the DM-S/N array
were recorded and their individual pulses were checked for what we call adjacent friends.
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Figure 2.4: Relative S/N as a function of trial DM for a hypothetical data set taken with the WSRT,
using a bandwidth of 10 MHz, and centre frequency of 328 MHz (see Eqs. 2 and 3). The curves
represent the relative S/N for different pulse widths for Wi = 20 , 21 , 23 , 25 and 27 times the sampling
time for pulses with a true dispersion measure of DM = 50 pc cm−3 . Notice how the broadening of
the curve increases with the width of the pulse. An analytic form of each curve was implemented to
estimate the number of DM-bins the source should have above the 50% of its relative S/N (horizontal
line in this figure).

2.4.1. Adjacent friends
Cordes & McLaughlin (2003) discussed the effect that inaccurate dedispersion has on the
individual amplitude of a pulse in the S/N-DM space. For a radio pulse with a Gaussian shape,
they show that the relative S/N degrades for errors in DM, narrow pulses, low frequencies,
and large bandwidths following the expression:
√
S (δDM)
π −1
=
ζ erfζ,
(2.2)
S
2
where
ζ = 6.91 × 10−3 δDM

∆f
.
Wi f 3

(2.3)

In a given observation, the only two parameters that affect the relative S/N of the pulses
are the width of the pulse itself and the fact that the true DM of the source may lie off the
DM grid used to make the trial dispersion measures. This effect is shown in Fig. 2.4, for
a collection of hypothetical bursts that show different widths. All these sources have a true
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DM of 50 pc cm−3 . A dispersed pulse has to show a similar curve, with a maximum S/N at
the DM closest to the true DM of the source and will show detections at adjacent DMs with
lower S/N. We call those adjacent detections adjacent friends. From Fig. 2.4 it is possible
to see that narrow pulses (Wi ∼ 20 × t samp ) will be detected in a few DM-bins (few adjacent
friends), while broader pulses (Wi ∼ 27 × t samp ) will be detected along many DM-bins (a large
number of adjacent friends). We implemented this criteria in our searches for single pulses
by estimating the number of adjacent friends a detection of a given S/N should have with a
tolerance of few DM-bins, according to the width of the pulse. Isolated detections in the S/NDM space were rejected and discarded; only those detections showing the expected number
of adjacent friends were analyzed further. This method reduces the number of detections to
be inspected from few hundred thousands to few hundreds.

2.4.2. Diagnostic Plots
To assess the astrophysical nature of the sources we now produce diagnostic plots that
show all the properties of a detection. These plots were made along the lines suggested by
Cordes & McLaughlin 2003, with some modifications to improve our searches. A diagnostic
plot is composed of 5 panels, each one showing different aspects that allow the detection of
single or multiple pulses during an observation. In Fig. 5.2 we show an example of an optimal
detection of PSR B1946+35 during 2000 s of data. The top panel shows the DM-S/N-time
array. The abscissa of this panel shows the time and the ordinate shows the DM. The size of
the circles is linearly proportional to the S/N with a cut off at S/N = 5. Any bright dispersed
pulse should appear in this panel as a bright collection of circles, all of them detected at
the same time (we apply a correction due to DM delay) and occupying various dispersion
measures, depending on the S/N as explained in §4.1. If the source emits many pulses (as
in the case of the data from the pulsar shown in Fig. 5.2) the pulses should appear along
the same DM and at different times. The second panel from top shows on the abscissa the
time and in the ordinate the cumulative S/N. Bright single pulses will appear here as spikes
with a high relative S/N. The two panels in the lower left half side of the plot, are histograms
that show (1) the Relative S/N vs. DM, and (2) the number of pulses per DM. Any excess
in these two panels would reveal a source that emits repeated dispersed pulses at the same
DM. Finally the histogram in the center-right shows the distribution of pulses according to
S/N. To improve the assessment of weak sources when inspecting the diagnostic plots, we
generated one diagnostic plot per smoothed time series. The advantage of this criteria is
shown in Fig 2.6. In this figure we show how the signature of a detection can be enhanced by
analyzing each smoothing independently. In the top panel we show the histogram of all the
smoothed time series, while in the lower plot we show the histogram corresponding only to
one smoothed time series, showing clearly an excess around DM ∼ 97 pc cm−3 .

2.4.3. Sub-beam response
Once a burst has been identified in the data, we have two ways to verify the detection
in each sub-beam. The first is to check the number of sub-beams in which the source was
detected. The second is to inspect how the pulse was recorded in each sub-beam. This last
verification is done to ensure that each beam recorded the pulse with the same DM and allows
for immediate rejection of data associated to spurious detections or RFI.

Figure 2.5: Diagnostic plot of a single pulse search result for PSR B1946+35, with a DM = 131.38 pc cm−3 . This plot corresponds to 2000 s of
data, with a resolution of 6.5536 ms. The upper panel shows the the smoothed time series, with the size of the circles being proportional to the S/N.
The second panel from top (directly underneath the top plot) shows the same time series, but collapsed along DM in order to show the detection
of very strong pulses. The histograms on the lower left show clearly a broadened peak around the DM of the pulsar. Finally the histogram in the
lower right middle shows the cumulative distribution of pulses with S/N > 5. The dashed line shows the expected number of pulses from purely
Gaussian noise.
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Figure 2.6: Example showing the advantages of analyzing the DM-S/N-time arrays for each smoothings independently. The left panel shows how difficult it is to detect an excess of ΣS/N-DM, when
analyzing all the possible smoothed time series at once; the detections shown correspond to time series where 20 - 27 samples were added. On the contrary, when processing the arrays independently the
ΣS/N-DM excesses becomes clear as shown in the right panel that corresponds only to the time series
where 27 samples were added; an excess of ΣS/N around DM ∼ 97 pc cm−3 is clearly noticeable.

As mentioned in §2.2, when a burst is detected in the 8gr8 mode, it is expected to be
detected in Nb sub-beams. This number basically depends on the intensity of the burst and for
a bright burst (S/N > 7) it should be such that Nmax ≥ Nb ≥ Nmin , where Nmax ∼ 12.5%Ntotal
and Nmin ∼ 0.01%Ntotal , where Ntotal is the total number of sub-beams that fully tile the whole
primary beam. These limiting numbers of sub-beams come from the fact that an astronom-

Table 2.1: Number of beams, dispersion measure, arrival times and S/N of individual pulses recorded
from PSR B1946+35 a pulsar with a DM = 129.07 pc cm−3 . The DMs recorded here (second column)
correspond to the closest DM to that of the pulsar in our trial DMs, spaced by 0.697 pc cm−3 for this
case. These pulses were recorded in observations made at two different epochs MJD 53223.95833 and
MJD 53498.01366 and at hour angles of HA1 = 174.45◦ and HA2 = 201.31◦ . The arrival times quoted
here are in seconds after the start of the observation.

Nb
235
242
213
215
195
154
181
172

DM
(pc cm−3 )
128.8
128.8
128.8
128.8
128.8
128.8
128.8
128.8

t
(s)
6.696960
3700.161741
5344.971162
6469.726208
13.919027
3438.188134
5232.799744
6209.731789

S/N
8.01
7.77
8.91
8.38
8.28
8.67
8.05
8.04
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Figure 2.7: Here we plot the sub-beam number against the DM where a single detection occurred. This
plot shows all the beams in which the first single burst from PSR B1946+35, shown in Table 1 was
detected. The size of the circles is linearly proportional to the S/N. Notice how all the detections occur
around DM∼129, which is the DM of PSR B1946+35. For this data set the DM grid has a step size of
0.348 pc cm−3 . The observation shown here was 2 hours long, and required 1742 sub-beams to fully
populate the primary beam.

ical bursting source should be detected in 1 group of fan beams (1/8 → 12.5%). This is an
efficient way to assess the nature of a real radio burst since the detections that appear in too
many is likely to be RFI. On the contrary detections appearing in too few beams are likely to
be statistical noise. We note that this criteria is not as reliable for weaker bursts (i.e. S/N < 7).
The second criteria is based on verifying if the source was detected at the right DM in all
the beams. This is shown in Fig. 2.7 where we show the sub-beam response to a single burst
from PSR B1946+35 that occurred at a DM = 129 pc cm−3 . As shown in the figure, those
beams in which the single pulse was recorded, show the detection at the right DM. A source
recorded at all DMs for all the sub-beams is likely to be impulsive RFI and can be discarded
at this point.

2.4.4. Localization of a Source
Any good candidate should satisfy all the criteria described up to this point. As shown in
Fig. 2.3 the searches can reveal either single bright pulses, or multiple pulses detected at the
same DM. For the first case, localization of the source within the primary beam is difficult
due to the fact that the source will appear in multiple regions as shown in Fig. 2.2.
In the second case, if multiple pulses are detected at the same DM, in principle it is
possible to establish the position of the source in the sky. Single pulse sources detected at
sufficiently different hour angles during one or multiple observations and showing a handful
of bright bursts, can be localized with an accuracy equivalent to the size of one of the subbeams. This is done by finding the recorded S/N in each of the sub-beams where the bursts
were detected. We then geometrically add the S/N from each sub-beam that lies at the same
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Best position

Position PSR B1946+35

Figure 2.8: Localization of the known pulsar B1946+35 using detections of single bright bursts from
two different observations. The main panel shows a gray scale of the detection regions of each burst
across the primary beam, which was pointed at RA = 19 h 52′ 49.62′′ and DEC = +35◦ 46′ 46.70′′ . The
detections are divided in two groups, one per epoch. Each group consists of four detections and has a
different orientation depending on the hour angle at which the observation was made. The details of
each detection are shown in Table2.1. Each group of bursts is detected as a set of stripes in the primary
beam in the same way described in §2.2. Notice how the groups overlap in some regions. In both panels
L and M show the distance (in degrees) measured from the center of the plots.

position within the primary beam. The result of this addition should show a region where one
or two neighbouring sub-beams show a high S/N. The region with the highest S/N is the most
likely location of a source.
An example of how this method works is shown in Fig. 2.8. Here the withe square
shows the known position of PSR B1946+35 in the primary beam (top panel). The inset is
the zoomed area which shows in which beam the source was the brightest after the addition.
Each observation shown here required a different number of grating fan beams to fully tile
out the primary beam. When combining the S/N of each sub-beam we obtain regions that
are likely to contain the position of the pulsar (the stripe-like patterns). Moreover when
combining two observations, the position of the pulsar is revealed as the region with the
highest S/N, marked here with the withe square in both panels. The inset shows a zoom of
the area which that contains the position of the pulsar B1946+35, RA = 19h48′ 25.01′′ and
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Table 2.2: Brightest five sub-beams of Fig.2.8. We show here the S/N of the brightest beams near the
position of PSR B1946+35. The first two columns show the Right Ascension (α) and the Declination
(δ) of the centers of these sub-beams. The third column shows the distance between the center of the
beam and the position of the pulsar RA = 19.8069h and DEC = 35.8364◦ .

α
(h)
19.8084
19.8076
19.8098
19.8082
19.8090

δ
( deg )
35.6623
35.6950
35.6919
35.7575
35.7247

r
( deg )
0.023
0.027
0.048
0.089
0.063

S/N
24.6
22.1
21.5
20.9
20.9

DEC = +35◦ 40′ 11.06′′ , and the best location found by this procedure (white beam at the
center with the withe square on it). The size of each sub-beam is 5’ × 1’ approximately. The
S/N for position is the combination of the S/N contributions of the 8 single bursts shown in
Table 2.1. The detail of the S/N distribution for the brightest beams is shown in Table 2. In
this table we show the localization of the top five brightest sub-beams and we compare their
positions with respect to the position of the known pulsar calculating the distance between
the two points (r). The brightest sub-beam, with S/N = 24.6 shown with the arrow in the inset
of Fig. 2.8, is the closest to the position of the pulsar 0.023◦ away.

2.4.5. Periodicity analysis
Sporadic pulses with an underlying periodicity are not seen in searches using FFT or
period folding algorithms. Hence the period of these sources can only be found by factorising
the differences of times of arrival (TOA) of the individual pulses. The basic steps to search
for periods using this method consist of finding all the possible differences of TOAs. For
n number of TOAs, there are (n/2)(n − 1) unique TOA differences possible. Once this is
done, we generate trial periods Pt ranging from the sampling time Pt > t s to a number
proportional to the minimum TOA difference Pt < TOAmin . A good trial period is the one
that when dividing it over the TOA differences, produces the largest number of integers (or
close integers). A rule of thumb pointed out by Keane et al. (2009) establishes a minimum
of 8 pulses (28 TOA differences) in a single observation, to obtain a reliable period estimate
at the correct harmonic. As can be seen reliable periods can be found only if the sources
show many bursts during an observation. For sources with less bursts, we can still estimate
a period only if the bursts happen to occur within a very short time scale, as in the case of
PSR J1928+15 a RRAT discovered by Deneva et al. (2009b) in which three individual pulses
were observed separated exactly by 0.403 s. For this case, the best period can be assumed to
be the minimum TOA difference.

2.4.6. RFI excision
One of the major drawbacks of single pulse searches is the continuous presence of RFI
which manifests itself in many different ways when doing single pulse searches. To minimize
its effects on our data sets, we inspected the time series from the 8 fan beams, at the beginning
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of each reduction. Any detection appearing at the same time in the 8 fan beams and in
multiple DMs is likely to be RFI. Events aligned vertically and appearing along all trial DMs
were flagged as RFI and their times recorded in a mask file, in order to excise them when the
single pulse analysis was performed. Finally, the multi-beam nature of an 8gr8 observation,
allows immediate rejection of spurious detections as described in §4.2.

2.5. Conclusions & Further Work
We have developed and implemented a method to detect single pulses using the WSRT
in the 8gr8 mode. This method complements the standard periodicity searches of pulsars
done with the WSRT and now is part of the current surveys. Searching for single pulses
can contribute to enhancing the known population of radio emiting neutron stars, making
possible the detection of RRAT-like objects, intermittent pulsars and millisecond radio bursts.
Through this work we have shown the requirements for the optimal detection of single pulses
in a multi-beam system such as the WSRT operating in the 8gr8 mode. A single pulse
(i) should be bright enough (S/N>5), (ii) should be dispersed, (iii) must be detected in a
reasonable number of sub-beams, and if repeats, (iv) should appear consistently at or around
the same dispersion measure in all the observations. Although the linear nature of the WSRT
limits our ability to locate the position of isolated or very sporadic detections, here we have
shown that a handful of pulses detected at different epochs is enough to find the location
of the source with greater accuracy than typically possible with single dishes. Along the
same lines, a handful of detected pulses are enough to establish the underlying periodicity
of a source. As has been shown by several authors (Keane et al. 2009, Deneva et al. 2009b,
Burke–Spolaor & Bailes 2009), many of the intermittent sources detected in this way are
impractical or impossible to follow up at present with current observing facilities due to the
scarcity of the pulses they emit and the large computational load required to process the data.
To cope with these issues, searching algorithms like the one presented here can be automated
and implemented in the new generation of telescopes being built such as LOFAR, SKA,
or FAST. These arrays are being designed as two-dimensional facilities which will ensure
accurate localization of a source with only one observation.
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Abstract
We present the results of a survey for pulsars carried out with the Westerbork Synthesis
Radio Telescope (WSRT) operating in the 8gr8 (eight-grate) mode, along the Galactic plane
in the direction of the Cygnus region. The survey included both Fourier transform and single pulse based searches to enable the detection of normal radio pulsars and transient radio
emitters such as Rotating Radio Transients (RRATs) and bright galactic or extragalactic radio bursts. We have found no new pulsars beyond those reported by Janssen et al. (2009).
However our single pulse searches have revealed pulses from a few RRAT candidates. Our
searches have also detected all the known pulsars that are within the sensitivity limits of the
WSRT, using both techniques. We discuss the discrepancies between the low number of new
pulsars found by the 8gr8 Cygnus Survey, and the large number of pulsars expected for a
region of our Galaxy where pulsar formation is very likely due to the large number of OB
associations. Our results show that there are no low luminosity pulsars emiting out to 0.85
kpc away and show that they may be less abundant than expected in the direction of our
observations. The results presented here are in agreement with the findings of previous low
frequency surveys.
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3.1. Introduction
Pulsar surveys are made to unveil the magnitude and characteristics of the population
of pulsars in our Galaxy (Manchester et al. 2005) and its satellites (McCulloch et al. 1983,
Crawford et al. 2001 and Manchester et al. 2006). Finding new pulsars provides vital information on the birth rate, velocity distribution, luminosity function, beaming fraction and
magnetic field evolution of rotation–powered neutron stars. By observing large numbers of
pulsars we can also trace the properties of the interstellar medium such as the density of
the free electrons and magnetic field strengths. Moreover pulsar searches are the only way
to prove the existence of rare compact objects such as binary pulsars like PSR J0737–3039
(Burgay et al. 2003) and even rarer and as yet unseen pulsar-black hole systems (Stairs 2003).
Pulsar searches typically employ two different techniques. The first one assumes an underlying periodicity and allows one to detect pulsars that emit pulses on a regular basis, (i.e.
almost every time the pulsar spins). These kind of regular emitters can be detected by performing an FFT or a periodogram analysis of the recorded signals. However not all pulsars
are regular emitters and observations have shown the existence of objects that can only be
detected via their individual pulses. Among these objects we have the extreme end of the
pulsars that null, e.g. objects that emit only for some fraction of the rotations interspersed
with series of rotations with no emission (Backer 1970). Even more extreme are the Rotating
Radio Transients (RRATs), objects that emit non-sequential single bursts with no otherwise
detectable emission at the rotation period (McLaughlin et al. 2006). For these intermittent
and/or weak objects, it is necessary to detect many individual pulsations to find a period.
The total number of radio pulsars discovered to date is more than 1800. Until about the
late 1990s about half of the presently known pulsar population had been found. In the past
pulsar surveys were made at low frequencies (∼ 400 MHz) and the first large scale survey of
pulsars were the Molonglo surveys (Large & Vaughan 1971 and Manchester et al. 1978) made
at 408 MHz and resulting in the discovery of 184 pulsars. Other large scale surveys at low
frequencies were made using different instruments such as the Lovell Telescope (Davies et al.
1973), the Arecibo Telescope (Hulse & Taylor 1974), the Green Bank 92 m radio telescope
(Damashek et al. 1978) and the Parkes radio telescope surveys (Southern Survey Manchester et al. 1996 and Lyne et al. 1998). All of them revealed a few hundred luminous and/or
nearby pulsars. Of special interest for this work is the Princeton-NRAO pulsar survey made
by Dewey et al. (1985) using the Green Bank telescope of 92 m at 390 MHz which resulted
in the discovery of a handful of pulsars, some of them located in an area that overlaps with
our survey. Operating at a higher frequency (1400 MHz) the survey made by Clifton et al.
(1992) with the Lovell Telescope also overlaped marginally with the area of our observations,
resulting in the discovery of a few tens of pulsars.
The number of known radio pulsars was significantly increased with the Parkes multibeam surveys (Intermediate Latitude Survey Edwards et al. 2001, Parkes Multibeam Survey,
Manchester et al. 2001 and Parkes High Latitude Survey, Burgay et al. 2006 and Jacoby et al.
2009b). There are presently a number of large on-going surveys which are contributing with
the discovery of tens of pulsars. These include the Arecibo Pulsar Survey using the multibeam ALFA receiver, carried out at 1400 MHz (Cordes et al. 2006), the GBT350 Survey
made with the Green Bank radio telescope at 350 MHz (Hessels et al. 2008) and the ongo-
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ing GBT 350-MHz Drift Scan Pulsar Survey1. Apart from the GBT surveys, the majority
of modern surveys have been undertaken at frequencies near 1400 MHz. The main reason
for moving to higher frequencies is to suppress the effect of interstellar scattering and dispersion at low galactic latitudes, where most pulsars concentrate. The first effect results in the
broadening of the pulse profiles of pulsars as discussed in Manchester et al. (2001) and can
not be compensated by using narrow bandwidths. Also the dispersion affects the width of the
pulse and limits the effective time resolution of a pulsar search (Cordes & McLaughlin 2003).
From the modern surveys mentioned before, only the GBT350 has recently explored the low
frequencies at large scale, using a bandwidth of 50 MHz. In the case of the survey presented
here we had to go to low frequencies in order to have sufficient frequency channels since our
hardware allows only the recording of 8 bands of 10 MHz bandwidth each.
All these surveys used observations made with single dishes with a trade-off between the
collecting area of the telescope, which is proportional to the square of the diameter of the antenna, and the beam width, which depends on the frequency observed and the size of the dish.
Consequently, these surveys require thousands of pointings to cover significantly large areas
of the sky, thus limiting the speed of the survey. This situation can be partially circumvented
by the use of multibeam receivers that allow single dish telescopes to cover an area equal to a
few primary beams and thus reducing the number of pointings needed. All these limitations
do not exist when using a multi-element telescope such as the WSRT, the GMRT or the VLA.
Normally when multi-element telescopes are used, one gets a very small beam on the sky
due to the long baselines. However when recording multiple beams as described in this paper,
it is possible to cover a much broader area with the sensitivity of a small beam. This technique has been used to search for pulsars and has been used in two pulsar surveys recently.
The first one, the subject of this paper, is the 8gr8 Cygnus Survey at 328 MHz. The first
results of this survey were presented by Janssen et al. (2009) (hereafter J09) and reported the
discovery of three new pulsars. The second survey made using multi-element telescopes was
the GMRT pulsar survey at 610 MHz which also resulted in the discovery of three pulsars
(Joshi et al. 2009). Both searches observed in an area of sky that corresponds to the North
Galactic plane of our Galaxy.
The target area of our survey is a region of the Galactic plane that contains the Cygnus
super-bubble. This super-bubble was discovered by Cash et al. (1980) by observing the distribution of many X-ray sources around the Cygnus OB2 association. Super-bubbles are
cavities filled with hot gas, and they are believed to form from the combined effects from the
ejecta of supernovæ (SN) explosions and stellar winds from OB associations (see Uyanıker
et al. 2001). There have been only three other super-bubbles identified in our Galaxy and
from their size it is possible to estimate the number of SN that have occurred in these regions.
From the total energy measured from observations in the Cygnus super-bubble (∼1054 erg)
and the estimated age of it of about 2 × 106 yr, it is possible to estimate that about 200 supernova explosions may have occurred in this region (Uyanıker et al. 2001). These clouds
are also the place where new stars are born, as shown by observations that revealed many
OB associations inside the Cygnus super-bubble, therefore it is likely to find young pulsars
in this region of our Galaxy. Thus searches like the one presented here can in principle detect
the young pulsars that might be still inside or close by the Cygnus super-bubble if they are
1 http://www.as.wvu.edu/

pulsar/GBTdrift350/
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Figure 3.1: A polar view of the area of our Galaxy covered by this Survey. The numbers labeled in
each side of the figure show the Galactic longitude (ℓ). The hatched area shown in the figure is the
projected region of our Galaxy observed with the WSRT 8gr8 Cygnus Survey. The triangles show the
approximate location of the pulsars discovered in this survey (J09), the squares show the approximate
location of the RRAT detections reported here. The lines are a four-arm logarithmic spiral model
combined with a local arm. The ′′ +′′ sign marks the Galactic center and the position of the Sun is
labeled with the symbol ⊙ (image taken from Cordes & Lazio 2002).

luminous enough. On a broader perspective, surveys like the one presented here can help to
solve the discrepancy between the observed Galactic supernova rate and the number of isolated neutron stars observed in our Galaxy (Keane & Kramer 2008 and Popov et al. 2006).
In this paper we describe the results of our searches for pulsars and radio transients. While
part of the data analysis, and first results were presented in J09, we report here further results
from our periodicity searches and results from our single pulse searches. In §3.2 we give a
detailed description of our observations, the fields observed and we briefly discuss the major
aspects of the data analysis and the limits of sensitivity of our searches, further details about
how the WSRT operates in the 8gr8 mode can be found in the second chapter of this thesis
(hereafter CH2) or in J09. In §3.3 we present the results from our searches. Discussion and
conclusions are presented in §3.4 and §3.5 respectively.

3.2. Observations and Data Reduction
3.2.1. Observations
All the observations were made using the WSRT in the 8gr8 mode between 2004 and
2005 (For a description of the 8gr8 mode see CH2). The 8gr8 Cygnus Survey observed
the region of the Galactic plane located between 40◦ < ℓ < 100◦ and −0.25◦ < b < 7.25◦

Galactic Latitude ( deg )

Galacitc Longitude ( deg )

60

80

100

Figure 3.2: The area covered by the 8gr8 Cygnus Survey. This figure shows an Hammer-Aitoff equal area projection of the region surveyed. The
vertical ellipses show the approximate size of the half power points of each of the pointings used in this survey (2.1◦ ). The crosses show known
pulsars detected in our periodicity searches. The open circles show known pulsars detected in our single pulse searches. Notice that some of the
known pulsars were detected by both methods. The solid squares show the most likely positions obtained for our RRAT-like detections. Finally
the solid triangles show the normal pulsars discovered by this survey and reported in J09. The empty square close to ℓ ∼ 80◦ and b ∼ 1.0◦ shows
the position of J2032+4127 a pulsar found by the FERMI satellite.
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covering an area of the sky equivalent to about 450 square degrees. The projected area covered by our survey in our Galaxy is shown as the hatched triangle in Fig. 3.1. In this figure
the spiral structure of our Galaxy is taken from Cordes & Lazio (2002) and shows with solid
lines the spiral model of the galaxy used by Taylor & Cordes (1993) while the dashed lines
show the four arm logarithmic spiral combined with the local (with respect to the Sun) arms
of our Galaxy according to Wainscoat et al. (1992).
The observations were made at a center frequency of 328 MHz which means that the field
of view of one of the 25 m WSRT dishes is approximately 5.2 square degrees. To cover the
area of interest, we needed to observe 72 pointings, each overlapping at the half power point
of the primary beam. As described in CH2, when observing in the 8gr8 mode, we tessellate
the primary beam with sub–beams. The number of sub–beams depends on the hour angle
when the observation was made, and varies between 400 and 2300. This results in a total of
approximately 100000 sub–beams across the 72 pointings.
A detail of the area of our Galaxy surveyed, including the position of the pointings is
shown in a Hammer–Aitoff projection in Fig. 3.2. Each pointing is shown as a vertical ellipse and their right ascension and declination are listed in Table 3.1. Each field was observed
at least twice for two reasons; the first reason is that nearby pulsars might be missed due to
scintillation, and the second is that by having two observations at different hour angles, we
can in principle determine the position of the new candidates when observing in the 8gr8
mode (see §4.4 of CH2). All the observations were made using the Pulsar Machine (PuMa)
observing hardware (Voûte et al. 2002) over 12 days and each pointing was observed for 6872
s with a sampling time of 819.2 µs. Correspondingly we have about 223 samples per pointing.
In order to be sensitive for the high DM values expected for pulsars from the Cygnus region,
we used 512 channels across a 10 MHz bandwidth.

3.2.2. Data Reduction
We have re-analyzed all the pointings of the survey with two main improvements in our
processing procedure over J09. The first one is the correction of baseline variations. These
baseline variations occur when bright interference causes a readjustment in the level settings
for packing the data into two bits in the pulsar backend. The timescales of these variations
are of the order of tens of seconds and its consequences are the reduction of our sensitivity
to pulsars with periods longer than about a second and the introduction of large numbers of
spurious detections in our single pulse searches. To suppress this effect we correct the (non
dedispersed) raw filterbank data for baseline variations by fitting for the steps in the data and
by subtracting the running mean. After this process the data is packed again in 8 bit format
before we dedispersed the data. Because of the increased number of bits the size of the files
and consequently input-output aspects of the processing time increase accordingly.
For the re-processing of the data for our periodicity searches, the reductions of our data
start by correcting the raw data for these baseline variations. From this point, the periodicity
searches are processed in the same way as described by J09, using the same software developed for the Parkes high latitude survey (PSE; Edwards et al. 2001). Nevertheless we have
also searched over a larger DM range (0 ≤ DM ≤ 1200 pc cm−3 ) than J09.

Name

DAY09PNT01
DAY10PNT01
DAY05PNT01
DAY11PNT01
DAY06PNT01
DAY12PNT01
DAY07PNT01
DAY01PNT01
DAY09PNT02
DAY08PNT01
DAY02PNT01
DAY10PNT02
DAY05PNT02
DAY03PNT01
DAY11PNT02
DAY06PNT02
DAY04PNT01
DAY12PNT02
DAY07PNT02
DAY01PNT02
DAY09PNT03
DAY08PNT02
DAY02PNT02
DAY10PNT03
DAY05PNT03
DAY03PNT02
DAY11PNT03
DAY06PNT03
DAY04PNT02
DAY01PNT03
DAY12PNT03
DAY07PNT03
DAY02PNT03
DAY08PNT03
DAY09PNT04
DAY03PNT03

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

9.370262
11.595114
7.276631
13.819138
9.500378
16.041416
11.722205
7.397552
18.260988
13.941170
9.615939
20.476845
16.156287
11.830369
22.687907
18.366512
14.039834
24.893009
20.570728
16.243267
27.090881
22.767731
18.439524
29.280128
24.956206
20.627368
31.459199
27.134709
22.805455
24.972305
33.626356
29.301640
27.126287
31.455212
35.779638
29.265581

◦

◦

282.777096
283.920716
284.156075
285.075165
285.306897
286.244255
286.469025
286.673617
287.432008
287.646232
287.839237
288.642708
288.842480
289.020242
289.880966
290.061967
290.220512
291.151777
291.309181
291.444134
292.460602
292.588959
292.695452
293.813453
293.906551
293.979121
295.216993
295.267698
295.300159
296.664020
296.678649
296.678714
298.076656
298.146585
298.206750
299.544602

δ (J2000.0)

α (J2000.0)
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 306.25
205.00 – 236.25
205.00 – 306.25
205.00 – 306.25
236.25 – 236.25
236.25 – 236.25
205.00 – 306.25
236.25 – 205.00
236.25 – 205.00
205.00 – 306.25
236.25 – 205.00
236.25 – 205.00
236.25 – 205.00
267.50 – 205.00
236.25 – 205.00
236.25 – 205.00
267.50 – 205.00
267.50 – 205.00
236.25 – 205.00
267.50 – 337.50
267.50 – 337.50
236.25 – 267.50
267.50 – 337.50
267.50 – 337.50
267.50 – 337.50
267.50 – 337.50
267.50 – 236.25
306.25 – 236.25
267.50 – 337.50

◦

H.A .
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

No.
DAY05PNT04
DAY10PNT04
DAY04PNT03
DAY06PNT04
DAY11PNT04
DAY01PNT04
DAY07PNT04
DAY12PNT04
DAY02PNT04
DAY08PNT04
DAY09PNT05
DAY03PNT04
DAY05PNT05
DAY10PNT05
DAY04PNT04
DAY06PNT05
DAY11PNT05
DAY01PNT05
DAY07PNT05
DAY12PNT05
DAY02PNT05
DAY08PNT05
DAY09PNT06
DAY03PNT05
DAY05PNT06
DAY04PNT05
DAY10PNT06
DAY06PNT06
DAY01PNT06
DAY11PNT06
DAY07PNT06
DAY02PNT06
DAY12PNT06
DAY08PNT06
DAY03PNT06
DAY04PNT06

Name
299.679072
299.810680
301.075061
301.284842
301.501051
302.676004
302.973599
303.289915
304.356271
304.756239
305.190982
306.125691
306.645017
307.219876
307.995193
308.653718
309.394401
309.976930
310.797833
311.734807
312.084385
313.094716
314.264020
314.332457
315.563699
316.737500
317.007798
318.226119
319.317286
319.994713
321.105198
322.090837
323.255823
324.225680
325.078070
328.299164

◦

α (J2000.0)
33.593416
37.916815
31.388153
35.713980
40.035331
33.491711
37.814315
42.132242
35.573662
39.891460
44.204129
37.631058
41.942007
46.247006
39.660533
43.962018
48.256201
41.658233
45.946927
50.226212
43.619728
47.891419
52.150541
45.539917
49.789293
47.412919
54.021493
51.633312
49.231949
55.829955
53.415027
50.989191
57.565145
55.124602
52.675667
54.281113

◦

δ (J2000.0)
306.25 – 337.50
306.25 – 267.50
267.50 – 337.50
306.25 – 337.50
306.25 – 236.25
306.25 – 236.25
306.25 – 236.25
306.25 – 236.25
306.25 – 236.25
306.25 – 337.50
337.50 – 236.25
306.25 – 236.25
337.50 – 236.25
337.50 – 236.25
306.25 – 236.25
337.50 – 236.25
337.50 – 368.75
337.50 – 267.50
337.50 – 368.25
337.50 – 267.50
337.50 – 267.50
337.50 – 236.25
368.75 – 267.50
337.50 – 236.25
368.75 – 337.50
337.50 – 267.50
368.75 – 267.50
368.75 – 306.25
368.75 – 306.25
368.75 – 267.50
368.75 – 267.50
368.75 – 267.50
368.75 – 267.50
368.75 – 267.50
368.75 – 267.50
368.75 – 337.50

◦

H.A .

Table 3.1: Pointings in Cygnus. Each column shows the number of the pointing, the name, the position in Right Ascension
and Declination (α and δ) and the hour angles (H.A.) measured in degrees, at which the observations were done.
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The second improvement in our analysis was the implementation of a package to perform single pulse searches. For this purpose, we developed an extension to PSE to search
for single pulses in the dedispersed time series. The full description of the method and its
implementation is described in CH2 and CH4. As mentioned earlier, the 72 pointings were
observed at least twice, and each has between 400 and 2300 sub-beams, henceforth about
2 × 100000 sub-beams had to be searched. This massive computational load was largely done
in the PuMa–II cluster (Karuppusamy et al. 2008) and the HYDRA super–computer of the
Jodrell Bank Pulsar Group. The inclusion of the baseline correction step, the extension to a
wider range of DMs, the single pulse search and the large volume of data led to the need of
using both supercomputers.

3.2.3. Sensitivity of Periodicity Searches
In Fig. 3.3 we show the sensitivity curves for our periodicity searches and we compare
them with the fluxes at 328 MHz of the pulsars with known flux S 400 , in the region. The
fluxes at 400 MHz were obtained from the ATNF pulsar catalogue (Manchester et al. 2005)
and scaled to our observing frequency (ν) using the relation S ν ∝ ν−α , using the published
spectral index when available in the catalogue. For the pulsars with no known spectral index
we used the average value of α = −1.82 (Maron et al. 2000). The curves shown in the figure
were calculated using the radiometer equation derived by Dewey et al. (1985):
r
β S/N Tsys
W
,
(3.1)
S 328 = p
P−W
G n p tint ∆ f

using β = 1.3 as a correction factor (for system imperfections), T sys = Tsky + Trec , and
taking into account the variations of the temperature of the sky (T sky ), for 3 different galactic
latitudes, b1 = 0◦ , Tsky = 398K; b2 = 2.5◦ , T sky = 199K and b3 = 5.0◦ , T sky = 82K
which correspond approximately to the sky temperatures at the galactic latitude of the center
of each beam as shown in Fig. 3.2. The other values used are the center frequency f = 328
MHz, the bandwidth ∆ f = 10 MHz, number of polarizations n p = 2, telescope gain G = 1.0
K Jy−1 (which results from the combination of 12 dishes of the WSRT), receiver temperature
T rec = 125 K, and an integration time tint = 6872 s. In Eq. (1) P is the period of the pulsar
and W represents the observed pulse width defined as follows:
1/2

2
2
,
(3.2)
+ t2scatt
W = Wint
+ t2samp + t2DM + tδDM
where Wint is the intrinsic pulse width assumed to be of 10%P, t samp is the broadening due
to the finite time sampling of the data recorder (t samp = 819.2 µs), tDM is the dispersive
smearing across individual frequency channels, tδDM is the smearing due to the deviation of
a pulsar’s true DM from the nominal DM of the time series used for our searches, and t scatt is
the smearing due to interestellar scattering. The dispersive smearing (assuming the channel
bandwidth δν ≪ νcenter ) accross an individual channel is given by:
!
!
δνchan  νcenter −3
DM
tDM = 8.3
µs.
(3.3)
MHz
GHz
pc cm−3
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Figure 3.3: Sensitivity curves for periodicity searches using the WSRT for an 8gr8 observation calculated using Equations 3.1 and 3.2 and the parameters described in §3.2.3. These curves show the
minimum detectable flux for a detection with a S/N = 8 at different Galactic latitudes, adjusted for T sky ,
and for a range of DMs as labelled. The panel in the lower right shows the same curves shown in the
previous panels. Each different type of line show the sensitivities for different sky temperatures. The
squares show the pulsars with known flux (S 400 ) that are located in the area covered by our survey. The
solid squares are pulsars that were detected and the empty squares are pulsars that were not detected.

while the smearing due to an incorrect DM in the time series is:
"
#
!
νl −2  νh −2
δDM
tδDM = 4.1
−
ms,
GHz
GHz
pc cm−3

(3.4)

where νl and νh are the low and high frequency edges of the bandwidth respectively. Finally
the scattering can be estimated using the empirical formula found by Bhat et al. (2004) given
by the expression:
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Figure 3.4: Sensitivity curves for the WSRT for an 8gr8 observation with the parameters described
in §3.2.3 and §3.2.4 . These curves show the required flux for a detection with a S/N = 6 and adding
different number of samples. As in Fig. 3.3 each curve shows the sensitivity of observations made at
selected T sky values corresponding to different Galactic latitudes at 328 MHz.

log10 (t scatt ) = −6.46 + 0.154 log10 (DM)
ν 


cent
+1.07 log10 (DM) 2 − 3.86 log10
.
GHz

(3.5)

For periodicity searches, the WSRT operating in the 8gr8 mode is sensitive to pulsars with
flux ∼ 3 mJy and with long periods P > 30 ms and DM < 500 pc cm−3 . Any pulsar with a
flux of 3 mJy within this period range observed at the frequency of 328 MHz should appear as
a S/N∼ 8σ detection if located at the center of the beam (see §3.3.1 for off-beam corrections).

3.2.4. Sensitivity to Single Pulses
We are also interested in knowing our sensitivity to single pulses. The parameters for
these detections are the same as those listed in §3.2.3. With these parameters and with the
sampling time used in our survey (t s = 819.2 µs) we can determine the minimum detectable
flux for detections with different intrinsic widths, using the radiometer equation as follows
(McLaughlin & Cordes 2003):
S/N Tsys
(3.6)
S min = p
G n p ∆ f Wi

The sensitivity curves for different smoothings (i.e. adding different number of samples) are
shown in Fig 3.4. Each curve was calculated using different values for T sky as labeled in the
figure and using the same parameters described in the previous section. For narrow single
pulses with a S/N of at least 6 and a Wi ∼ t s we can reach a sensitivity up to 8 Jy, while for
broad single pulses with Wi ∼ 27 t s we have a sensitivity of ∼0.7 Jy. We emphasize that these
calculations are done assuming that the integrated flux of the source changes, assuming that
there is equal signal for the entire pulse width.
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3.3. Results
3.3.1. Known Pulsars
Using the fluxes quoted in the ATNF pulsar catalogue for the known pulsars located in the
area of our observations and scaling them to our observing frequency as described in §3.2.3,
our survey should in principle detect 41 pulsars out of the 113 known pulsars in that area. We
note that the flux density at 328 MHz of these 113 pulsars varies between a few tenths of a mJy
to a few tens of mJy (see lower right panel in Fig. 3.3). Hence not all of them are detectable
within the sensitivity of the WSRT. Note also that the sensitivity curves are calculated for
the center of the beam. The beam-shape correction will be discussed later in this section.
From these 41 pulsars we detected 33. These 33 detections split as follows, 15 were detected
only in our periodicity searches, 10 were detected only in our single pulse search, and 8 were
detected in both search criteria. The remaining 8 pulsars were not detected because they
were too far from the center of the primary beam. Finally, PSR B1937+21 was not detected
because it is a millisecond pulsar and our periodicity searches are not sensitive to pulsars
with such a short period (P = 0.001558 s). Here we explain by which method(s) each of the
known pulsars was detected and the characteristics of the detections. The characteristics of
these 41 pulsars including our detected pulsars are summarized in Table 3.2.
Known pulsars detected in the periodicity searches
Our periodicity searches only detected 23 pulsars out of 41 detectable pulsars located in
the area of the survey. To evaluate the sensitivity of this survey in terms of these detections we
present here the comparison between the expected S/N for each pulsar and the observed S/N.
The expected S/N of the detectable pulsars in our periodicity searches was calculated using
the scaled flux densities at 328 MHz, and the pulse width at 10% (W10 ) taken from the ATNF
pulsar catalogue. We calculated the expected S/N using the radiometer equation (Eq. 3.1)
with the parameters described in §3.2.3. However as noted before, not all of those pulsars
are really detectable because we made the false assumption that the pulsars are located at
the centre of the beam. We therefore have to take into account the decrease of gain of the
telescope away from the centre, which can be quantified by assuming a beam with a Gaussian
shape. For this case the correction was calculated using the following equation (Lorimer et al.
1993):
!
2.77r2
G = Go exp − 2
,
(3.7)
b
where r is the offset from the beam centre in degrees, and b = 1.0672◦ represents the radius
of the half power beam width of the telescope.

The results of these calculations are shown in Table 3.2 where in column 10 we show
the detected S/N for each pulsar and in column 11 the expected S/N. One can immediately
see that all pulsars for which we expect a S/N lower than 8 were indeed not detected. We
also show these results in Fig. 3.5 where we have plotted the detected S/N vs. the expected
S/N. From this figure it is possible to see that 11 pulsars were detected within a factor of 2 of
the expected S/N, 9 were detected within a factor of 5 and 3 were detected at a larger factor
than the expected S/N. PSR B1933+16 is not shown in the figure because although it was
detected, it lies too far (r > 2◦ ) from the center of the beam. This pulsar is the pulsar located
below the searched region in Fig. 3.2. Therefore we assume that this pulsar was detected
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ℓ
(deg)
40.080
44.513
42.890
42.290
39.500
39.810
45.786
51.500
44.830
48.181
51.850
41.520
54.090
44.710
44.560
47.580
48.260
49.096
53.870
60.068

b
(deg)
6.280
5.93
4.220
3.060
0.210
0.340
3.68
5.250
0.990
2.82
4.750
-0.870
4.990
-0.650
-1.020
0.450
0.620
0.86
2.670
6.02

P
(s)
0.381319
1.205303
0.573197
0.005362
0.746577
0.673500
1.830857
1.019092
0.283640
0.996108
0.542451
2.712423
2.232969
0.404540
0.270254
0.281842
0.194631
1.181023
0.821035
0.785522

DM
(pc cm−3 )
49.11
70.61
263.20
13.31
177.49
502.90
75.03
156.72
149.98
119.50
64.48
124.06
88.34
241.69
60.95
237.02
94.54
27.20
153.85
27.62

W10
(ms)
13.7
21.00
50.0
3.0
29.0
136.8
66.00
93.0
13.0
85.00
28.0
735.0
42.0
13.0
14.1
11.0
9.1
29.70
76.9
28.10

S.I. (α)
-2.0
-1.80
-1.82
-1.82
-1.5
-1.7
-1.82
-1.82
-2.5
-1.82
-1.82
-1.7
-1.6
-1.9
-2.3
-1.4
-1.8
-0.20
-2.4
-1.82

S328
(mJy)
29.8
11.4
15.8
44.6
20.3
30.9
0.9
6.6
82.4
1.6
7.8
7.6
8.3
33.6
31.7
15.9
61.7
1.6
54.9
8.6

r
(deg)
2.27
1.77
0.87
0.92
1.76
1.48
0.80
0.95
1.19
0.80
0.73
0.91
0.74
1.16
1.30
1.26
0.79
1.58
1.24
2.06

S/N
obs
△
⋆
14.5
8.2
△
△
⋆
9.8
33.0
⋆
11.0
△
9.0
9.2
11.1
11.1
30.0
⋆
54.3
⋆

S/Nr
exp
<8
<8
16.5
8.1
<8
<8
<8
4.8
21.9
<8
18.5
<8
30.7
9.9
3.9
3.1
85.2
<8
9.6
<8

S/N0
exp
316.7
8.9
101.3
61.6
94.5
59.7
6.1
41.3
669.6
3.9
65.9
16.5
100.3
255.9
231.0
143.4
378.4
10.1
379.0
6.1

YES

YES
YES
YES
YES
YES

YES

YES
YES

YES
YES

FFT

YES
YES
YES

YES

YES
YES

YES

YES

Single
Pulses

Table 3.2: Known pulsars in the Cygnus region with fluxes that enable them to be detected with the WSRT assuming they are at the center of the
beam. Each row shows the pulsar name (1), the Galactic Longitude (2) and Galactic Latitude (3), the period of the pulsar (4), DM (5), the pulse
width at ten percent (6), the spectral index (7), the flux density at 328 MHz (8), the offset of the pulsar with respect to the beam center (9) and in
the last columns we show the observed S/N (10), the expected S/N corrected by the beam offset (11) and the expected S/N as if the pulsar would
be at the center of the beam (12). The last columns (13) and (14) show the method in which the pulsars were detected. The stars (⋆) show pulsars
that were only detected by the single pulse search. The triangles (△) show pulsars that were not detected by any of our search methods (see text).
Pulsar
Name
B1839+09
B1848+12
B1852+10
B1855+09
B1900+05
B1900+06
J1901+1306
J1906+1854
B1907+10
J1909+1450
J1909+1859
J1910+0714
B1910+20
B1913+10
B1914+09
B1914+13
B1915+13
B1916+14
B1918+19
B1918+26

Pulsar
Name
B1919+21
B1920+21
B1922+20
B1924+14
B1924+16
B1929+20
B1930+22
B1931+24
B1933+16
B1937+21
B1946+35
B1952+29
B1953+29
B2000+40
J2002+30
B2002+31
B2011+38
B2027+37
B2106+44
B2111+46
B2148+52

ℓ
(deg)
55.780
55.280
55.022
49.920
51.860
55.570
57.356
59.478
52.440
57.510
70.700
65.924
65.840
76.610
67.917
69.010
75.930
76.900
86.910
89.000
97.520

b
(deg)
3.500
2.930
2.32
-1.040
0.060
0.640
1.55
2.39
-2.090
-0.290
5.050
0.77
0.440
5.290
-0.18
0.020
2.480
-0.730
-2.010
-1.270
-0.920

P
(s)
1.337302
1.077924
0.237790
1.324922
0.579822
0.268217
0.144470
0.813690
0.358738
0.001558
0.717311
0.426677
0.006133
0.905067
0.421794
2.111265
0.230194
1.216805
0.414871
1.014685
0.332206

W10
(ms)
40.8
32.7
28.00
65.4
25.6
40.0
9.20
40.90
17.7
0.19
50.3
17.70
2.2
46.7
N.A.
40.4
40.0
43.9
102.0
152.8
24.9
-1.9
-2.4
-1.82
-1.82
-1.5
-2.5
-1.40
-1.82
-1.4
-1.82
-2.2
0.01
-1.82
-1.8
N.A.
-1.5
-1.1
-2.6
-1.3
-2.0
-1.3

S.I. (α)

S328
(mJy)
83.4
48.5
5.7
12.9
10.8
47.8
10.3
10.8
320.6
345.6
225.1
6.6
21.6
76.0
N.A.
19.6
32.5
30.3
33.7
343.2
20.2

Table 3.2 Continuation
DM
(pc cm−3 )
12.46
217.09
213.00
211.41
176.88
211.15
219.20
106.03
158.52
71.04
129.07
7.93
104.58
131.33
196.00
234.82
238.22
190.66
139.83
141.26
148.93
r
(deg)
0.95
0.82
0.17
1.57
0.61
0.93
0.63
0.57
2.40
1.27
0.90
0.84
0.60
1.02
0.85
0.26
0.98
0.97
2.12
1.29
1.53

S/N
obs
230.0
52.0
⋆
△
12.9
49.9
⋆
⋆
9.9
△
80.0
⋆
18.5
46.4
⋆
59.3
19.3
16.0
△
181.5
△

S/Nr
exp
85.0
95.8
<8
<8
20.0
25.5
<
<
<8
24.5
250.5
<8
16.9
52.6
N.A.
110.5
9.5
29.6
<8
29.9
<8

S/N0
exp
743.1
478.3
3.2
88.5
48.3
203.3
4.9
5.1
2014.7
1204.7
1747.7
8.1
39.4
862.5
N.A.
126.7
95.5
284.0
99.2
1670.2
119.4
YES

YES
YES
YES

YES
YES

YES

YES

YES
YES

YES
YES

FFT

YES

YES
YES

YES
YES

YES
YES

Single
Pulses
YES
YES
YES
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Figure 3.5: Model versus observed S/N ratios for the periodicity search calculated as described in
§3.3.1. The central diagonal line shows equality between theory and observation, while the outer lines
show the range of a factor of 2 and 5. We show here 22 pulsars out of 23 pulsars detected by this
method. PSR B1933+16 is not shown in this figure because although it was detected it lies too far
(r > 2.0◦ ) from the center of the beam in a side-lobe (see text in §3.3.1).

in a side-lobe of the beam, hence the expected S/N is significantly underestimated when using a Gaussian-shaped beam pattern. The discrepancies between the expected S/N and the
observed S/N can in principle be attributed to i) propagation effects such as scintillation that
might change the flux of the pulsar considerably (e.g. Lyne & Rickett 1968), ii) overestimation of the real spectral index when scaling the flux to our observed frequency (especially for
those pulsars with unknown spectral index) which can change considerably the flux at 328
MHz if the pulsar has a very low spectral index (α < −2.0) and iii) changes in the S/N due
to the presence of RFI which might introduce spurious noise in the time series. The first two
issues might introduce some discrepancies in our data, but we argue here that it is likely that
the differences we observe between the observed S/N and the expected S/N in some of the
pulsars, are mainly due to the presence of RFI which was significant during some of these
observations.
To rule out any possible bias of our survey towards certain DM values or periods, we
also investigated the correlations between the expected S/N to detected S/N ratio and the
DMs or the periods of the pulsars we detected. Our statistical analysis shows that there is
no correlation between these parameters. For the first correlation shown in the left panel of
Fig. 3.6, a least squares fit to this data shows a coefficient for linear correlation r2 = 0.0053,
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Figure 3.6: The left panel shows the ratio of the expected S/N over the observed S/N vs. the DM of
the detected known pulsars by our survey. The right panel shows the ratio of the expected S/N over the
observed S/N vs. the periods of the known pulsars detected by our survey. The two millisecond pulsars
detected are PSR B1953+29 and PSR B1855+09.

leading us to conclude that there is no correlation between these parameters. For the second
correlation we show in the right panel of Fig. 3.6 a linear regression to this data. For this case
we obtain a coefficient of linear correlation r2 = 0.00033 implying that there is no correlation
among these parameters.
Known pulsars detected in the single pulse search
Our single pulse search was sensitive to single pulses exhibiting a wide range of intrinsic widths as shown in §3.2.4. This combined with our search criteria, allowed us the
detection of 18 known pulsars using this method. We detected either sporadic bright single pulses or excesses of dim pulses at the same DM. Interestingly, half of these pulsars
were found only by the detection of their single pulses. These pulsars are listed in Table 3.2 and are marked with a black star. The remaining 9 pulsars were detected in both
periodicity and single pulse searches and they are shown in the same table. There have
been studies of the individual pulses emited by some of the pulsars detected. These studies
were made by Weltevrede et al. (2006a, 2007) and references therein and show that 5 of the
pulsars detected in our sample are pulsars with drifting sub-pulses (B1918+19, B1919+21,
B1946+35, B1952+29 and B2111+46), 2 pulsars show a flat (white-noise) fluctuation spectrum (B1920+21, B2002+31) and one is a known nuller (B1848+12). No further information exists on the single pulse statistics for the remaining pulsars (B1909+1450, J1901+1306,
B1918+26, B1930+22, B1931+24) besides the fact that they are too dim to perform single
pulse studies with the WSRT. In addition to its basic parameters such as period and DM, very
little is known about J2002+30 a pulsar discovered by the Princeton-Arecibo DeclinationStrip Survey (Camilo et al. 1996). Although our total number of detected pulsars using the
two methods is not large enough to do sophisticated statistics, the number of detections made
by our single pulse searches is in agreement with the fact that a significant number of the
pulsars detected by periodicity searches should also be detected by single pulse searches
(McLaughlin & Cordes 2003). Finally, the fact that we did detect pulsars with our single
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pulse search which we could not detect using a periodicity search shows once more that
single pulse searches are a powerful tool to detect pulsars.

3.3.2. Further Periodicity Searches
We have re–processed all data sets with the improvements described earlier. Together
with this re-processing we also have performed follow up observations for the best candidates
found so far. No further discoveries besides the three pulsars reported by J09 were found.

3.3.3. Single Pulse Searches
We have conducted a search for single pulses in the region surveyed. These searches
were done applying the method described in CH2, and they allow the detection of i) single
bright pulses and ii) repetitive pulses occurring at the same DM. The first criteria consists of
a search for bright pulses that either do not repeat during one observation or if they repeat,
their timescale is extremely sporadic, occurring at rates longer than the dwell times of our
observations. An example of this kind of detection is the millisecond radio burst detected by
Lorimer et al. (2007) which did not repeat in at least 90 hours. This burst may be of extragalactic origin and to date only one burst has been detected. The second criteria allows the
detection of weaker but repetitive sources with the same DM. Pulsars that exhibit wide range
in their pulse–to–pulse intensities are likely to be detected in this way.
Here we report the detection of four sporadic radio sources that are likely to be RRATs.
These sources showed a few bright (10 > S/N > 7) bursts that were recorded in the same
pointings at two different epochs. The details of these sources are listed in Table 3.3 where
we show the most likely position obtained using the method described in CH2, the DM, the
estimated distance using the NE2001 model, the width of the brightest pulse, the peak flux
(S 328 ), the number of pulses observed and the expected pulse rate based in the dwell time of
our observations.
The brightest single pulses from these candidates are shown in the left panels of Fig. 3.7.
These panels show the detections in the dedispersed time series featuring clearly narrow
bright pulses. In the right panel of the same figure we show all the pulses as they were
recorded in the sub–beam with the highest S/N. All these panels clearly show excesses of
detections clustering at a certain DM value. The many dots in the triangular peaks are caused
by a single pulse seen at multiple DMs, not by many pulses at slightly different DMs. We note
also that two of the sources were detected in the same field of view (Pointing No. 40). This is
shown clearly in the first and third panels where two excesses of detections are obvious at two
different DMs. From these four detections, CRB-04 is the brightest, with one bright pulse
of ∼3.7 Jy and two other pulses brighter than 2 Jy observed during 2 hours. These sources
show DM values between 229 and 308 pc cm−3 , locating them at distances that vary between
8 and 11 kpc according to the NE2001 model. These locations are shown with solid squares
in Fig.3.1. For all our candidates, we report a very low bursting rate (Ṅ < 2.75 h−1 ) as can be
seen in the last column of Table 3.3.
As is explained in CH2, our method for localizing bursting sources is effective only when
we have few pulses in at least two observations made with different hour angles. The fact
that these sources show a low burst rate, makes localization and confirmation difficult. With
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Figure 3.7: RRAT candidates detected by the 8gr8 Cygnus Survey. The left panels shows the time series dedispersed at the DM of each detection.
Each of these panels show the brightest individual burst from the 4 RRAT candidates. The right panels show the all single pulse detections in the
beam where the detection was the brightest. Notice how the S/N of each detection peaks at the DM of the sources. From top to bottom, each
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Fig. 3.7 Continuation. RRAT candidates detected by the 8gr8 Cygnus Survey. From top to bottom, each detection corresponds to
CRB-03 (DM = 291) and CRB-04 (DM = 309). Notice that for CRB-01 (shown in the previous page) and CRB-03 the S/N DM plots are
identical and double peaked. This is because the two RRAT candidates are detected in the same beam.

Power (Arbitrary Units)

CRB-04

CRB-03

CRB-01
CRB-02

Name

RA
(h m s)
–
19 18 03
19 18 21
19 18 05
20 06 50
20 04 54
20 02 54
19 39 40
19 41 04
19 44 05

DEC
(◦ ’ ”)
–
+18 13 40
+18 13 20
+18 05 24
+35 02 30
+34 41 34
+34 58 25
+28 03 01
+27 08 04
+26 50 31
63.14

72.11

ℓ
(◦)
–
52.13

2.88

1.51

b
(◦)
–
2.56

308

291

DM
(pc cm−3 )
229
286

11.3

9.6

d
(kpc)
8.0
9.2

> 0.81

∼26.2

W
(ms)
∼13.1
∼13.1

2.7

3.4

S max
(Jy)
3.7
3.2

5

9

5
11

N pulses

2.3

2.3

Ṅ
(h−1 )
1.25
2.75

Table 3.3: List of the brightest RRAT–like objects detected in the single pulse search. We show the name (1), the most likely
position obtained RA (2) and DEC (3) when available, the galactic longitude and latitude (4 and 5), the DM (6), the distance
calculated from the NE2001 model (7), the width of the brightest pulse (8), the peak flux calculated from the radiometer
equation and assuming a pulse width equal to the sampling time of the time series (9) and the number of pulses observed
and the pulse rate (10 and 11).
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Figure 3.8: A beam plot showing the most likely position (marked with a cross) for CRB-02 obtained
using the method described in CH2. This position corresponds to α = 19h 18′ 03′′ and δ = +18◦ 13′ 40′′ .
The size of the small circles is proportional to the S/N of the combined detections of the individual
pulses. The big open circle represents the size of the primary beam while the small filled circle in the
upper right corner shows the size of the beam when observing with the WSRT array in the pulsar mode
(i.e. tied-array mode).

the pulses detected from each source, we could only obtain good positions for three of the
sources; these positions are shown in the first column of Table 3.3 and with solid squares in
Fig 3.2. A plot showing the best position obtained for CRB-02 is shown in Fig. 3.8. Finally
we note that the low bursting rate shown by these sources and the fact that the recorded bursts
are separated by few hundreds of seconds do not allow us to infer accurately any underlying
periodicity in any of the sources.
We have carried out one set of follow-up observations of the fields listed in Table 3.3.
For these observations we have used the full array of the WSRT operating as in tied–array
pulsar observations. These observations were performed at 350 MHz with 6 × 10 MHz of
bandwidth, using 512 frequency channels and a sampling time of 204.8 µs. Each band was
analyzed separately. Each field of CRB-02 and CRB-04 was observed three times while the
field of CRB-03 was observed once. These observations have dwell times of 30 min, equivalent to 29 samples. With the observed pulse rate we should have expected approximately
at least 1 pulse in these observations, but these observations did not reveal any confirmation
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Figure 3.9: Example of one of our detections showing an excess in the ΣS/N-DM, at DM = 291 pc cm−3 .
This excess was detected in two observations of the pointing No. 42 of our Survey. The horizontal line
shows the mean of the ΣS/N along all the DM range.

of the sources. Our non detection can be attributed to the fact that when observing pulsars
with the WSRT array in the tied-array mode for pulsars, the size of the primary beam is about
2′ × 2′ , much smaller than the allowed region that we get with the method described in CH2.
In Fig. 3.8 the most likely position is indicated with the cross, and the best detection regions
are shown with the empty circles of size linearly proportional to the S/N of the detections.
We also show here the size of the primary beam for the follow–up observation as the circle in
the upper right corner in the figure.
We also report the detection of 138 candidate signals that have shown an excess of counts
in the S/N-DM parameter space. These sources show mainly weak (S/N < 7) dispersed pulses
that repeat sporadically at the same DM in one or two observations. Those pulses that showed
adjacent DM detections (see §2.4.1 of CH2) and appear consistently in at least 1% of the total
number of sub–beams were recorded and inspected. An example of one of these detections is
shown in Fig. 3.9. The detection shown features a peak at DM = 291 pc cm−3 and consisted
of 6 pulses with 5.9 ≤ S/N ≤ 6.52. Other detections of this type consisted of a number of
pulses with S/N slightly above the 5σ threshold of our single pulse search. The weakness
of the individual pulses of these sources makes localization within the primary beam difficult since the pulses can not be distinguished easily from statistical noise or in more extreme
cases from RFI. Follow up observations of these sources is possible only with telescopes with
a large beamwidth. Although processing is computationally intensive, the WSRT in 8gr8
mode is an adequate tool for future observations of these sources.
Finally we report here the detection of about 18 single bright pulses that did not repeat in
any of our observations and that were not related to any of the sources known. None of them
was as bright as the extragalactic millisecond burst of radio reported in Lorimer et al. (2007).
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Figure 3.10: The top panel shows the output of our single pulse search. Here the ordinates represent
the time measured after the start of the observation and the abscissas show the DM. The size of the
circles is linearly proportional to the S/N of each detection. The burst occurred after t= 3200 s. The
horizontal line shows the DM for which the burst was the brightest (DM = 255 pc cm−3 ). The bottom
left panel below shows the dedispersed time series at the DM and the time of the detection, the narrow
pulse is clearly visible. Finally the right panel below shows a plot of the S/N vs. DM, showing clearly
detections with a maximum S/N ∼ 8.5 at DM = 255 pc cm−3 .

These 18 single bright bursts were detected at DMs ranging from 2 to 500 pc cm−3 and with
a S/N varying from 7 to 10. The best example is shown in Fig. 3.10. This was a single bright
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burst detected with a S/N = 8.5 and a DM = 255. This is one of the brightest examples we
have of detections of this type of any previously unknown bursting source. Assuming that the
width of the pulse was equal to the sampling time of the time series, and using Eq. (3.6) we
can set a peak flux for this source of 1.26 Jy.
We note that although the multibeam nature of this survey makes differentiating between
real sources and spurious detections (detections associated to statistical noise or RFI) easier,
a large fraction of our detections was associated with impulsive RFI at low DMs. In total we
detected 54423 single bright pulses with an S/N > 6 from which thousand were associated
still with RFI at low DM, a few thousand more were associated with single pulses of known
pulsars and only 19 were bright enough to be considered real astrophysical bursts. We conclude this section mentioning the fact that single bright bursts are difficult to localize within
the primary beam by the reasons aforementioned (see previous discussion and CH2).

3.3.4. A low frequency search for a radio counterpart of PSR J2032+4127
We performed a search for a radio counterpart for PSR J2032+4127, a gamma–ray pulsar
found by the FERMI satellite (Abdo et al. 2009). With a period P = 143 ms and a DM =
115 pc cm−3 , this pulsar is located at RA = 20h 32′ 13.30′′ and DEC = +41◦ 26′ 06′′ . The
reported coordinates for this pulsar locate it 1.77◦ away from one of our pointings (No. 51).
We have calculated the expected S/N for this pulsar based on the radio observations made
by Camilo et al. (2009), who discovered the radio counterpart of the pulsar. They report a
spectral index of α = −1.9 ±0.4 and a flux density of S = 0.65 mJy at 800 MHz. Even though
the expected S/N for this pulsar at our observing frequency is below our 8σ threshold for our
periodicity searches (due to the low S 328 and its offset from the primary beam) we searched
our data for single pulses at this DM. We have not recorded any significant detection of single
pulses at the DM of this pulsar.

3.4. Discussion
3.4.1. The 8gr8 Cygnus survey compared to the previous surveys for
pulsars
Due to the effects of the sky background at low frequencies and especially at low latitudes
mentioned in §3.2.3, and the effects of the interstellar medium like scattering, a survey of
pulsars like the one presented here is sensitive to i) very luminous (L ≫ 1.4 mJy kpc2 ) and
nearby (d ∼ a few kpc) pulsars. ii) low luminosity (L < 1.4 mJy kpc2 ) and very nearby (d ∼1
kpc) pulsars and iii) normal pulsars that are very bright at low frequencies due to their steep
spectral indices (α < −2). This has been shown by the results of previous surveys of pulsars
made at low frequencies along the Galactic plane. As mentioned in §3.1, part of the area
covered by the 8gr8 Cygnus Survey has been surveyed before (Dewey et al. 1985 hereafter
DTWS) at a frequency of 390 MHz. This survey covered about 6556 square degrees of the
Galactic plane, approximately 14.5 times the area covered by our survey. With a minimum
sensitivity of about 4 mJy, this survey discovered 34 pulsars in total, 4 of them located close
to the area of our survey. These pulsars have fluxes that vary as 20 ≥ S 328 ≥ 9.5 mJy,
about twice the fluxes of the pulsars reported by J09 in the preliminary results of this work
(9.1 ≥ S 328 ≥ 2.5 mJy). These results are consistent with the minimum expected threshold of
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our survey, which is close to a factor of 2 over the survey of DTWS for low galactic latitudes
and much better for short period pulsars (P > 10 ms).

3.4.2. New sources found
The goal of the 8gr8 Cygnus survey is to probe this region of the Galaxy for young
and normal radio pulsars, radio pulsars which only emit sporadically such as the nulling
pulsars and RRATs, and Galactic or extragalactic millisecond radio bursts. Our searches
have resulted in the discovery of 3 new radio pulsars (see J09) and 4 RRAT-like unconfirmed
pulsars. We discuss and compare here the properties of the objects found with the known
population of pulsars and with the characteristics of other radio transient phenomena.
Normal radio pulsars
The details of the three discovered new pulsars are reported and discussed in J09. These
pulsars seem to belong to the main bulk of the pulsar population in our Galaxy which is
characterized by having pulsars with characteristic ages larger than τ > 1 Myr and luminosities larger than L328 > 15 mJy kpc2 . The pulsars discovered by this survey are on average
more luminous (1000 ≥ L328 ≥ 48 mJy kpc2 ) and older (56.3 ≥ τ ≥ 1.7 Myr) although this
is a small statistics. One of them (PSR J2047+5029) shows a very steep spectral index of
α = −3.3, providing evidence for the existence of pulsars with very steep spectra and revealing a potential population of pulsars yet to be found at low frequencies with instruments such
as LOFAR.
RRAT-like pulsars
Our results show the detection of 4 RRAT-like objects. RRATs are objects characterized by their bursty and sporadic radio emission, making them very hard to detect with
conventional periodicity searches (McLaughlin et al. 2006). All the characteristics of our
detections listed in Table 3.3 are consistent with the observed properties of RRATs reported
elsewhere (see refs. in §3.1). Namely, these objects exhibit narrow (∼ ms), bright single
pulses (0.1 < S 328 < 51 Jy) and a low bursting rate (0.7 < Ṅ < 8 hr−1 ). Most of the recent
surveys of pulsars using single pulse searches have been done close to the Galactic plane,
therefore, the information about the distribution of RRATs in our Galaxy is slightly biased
towards low Galactic latitudes and only recently Burke–Spolaor & Bailes (2009) reported
RRATs localized above the Galactic plane (|b| > 30◦ ) thus starting to unveil the real spatial
distribution of these objects. Due to the limitations imposed by our method of observation,
localization of bursting sources is difficult and accurate localization of these objects has not
been possible at the time of writing (see §3.3). In spite of this, from the most likely positions
we obtain for them we can conclude that these objects are localized slightly above the plane
of our Galaxy (3◦ > b > 1.5◦ ). The RRAT-like objects detected by our survey display all
the characteristics listed here for RRATs. Therefore we can conclude that these objects are
likely real and moreover that they form part of the normal RRAT population of our Galaxy.
A program of more observations in the near future will assess their properties with higher
accuracy and has been started.
Regarding the 138 detections showing excesses of counts in the S/N-DM parameter space,
the low S/N and the sporadic nature that they show makes it extremely difficult to locate them
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accurately in the area of the primary beam. Further follow up observations of these sources
may be possible with the WSRT in the 8gr8 mode.
Detectability of millisecond bright radio bursts
This survey provided yet another opportunity to monitor the radio sky for fast transients.
Using the expected number of millisecond bursts given in Lorimer et al. (2007) to be n B =
0.01 day−1 sqr. deg.−1 in combination with the area covered by the primary beam of the
WSRT (Ω = 5.15 sqr. deg.) and the total dwell time of our observations (T t = 12 days)
we expect 0.62 bursts. This number shows that we need to observe for at least 1.6 times
longer in order to expect a detection. Our non detection of this type of sources is therefore
in agreement with this expected number and confirms how difficult it is to observe one of
these events even when observing with a telescope with a large field of view. Telescopes with
larger field-of-views and/or total on-sky time are going to be required for the detection of
these sources.

3.4.3. No low luminosity pulsars in the Cygnus region?
Despite our improved sensitivity over the surveys previously undertaken at low galactic
latitudes and at similar frequencies, the results from the further periodicity searches did not
reveal any new sources. We now discuss these results to estimate some properties of the
nearby population of pulsars in the Cygnus region and the selection effects that limit the detectability of pulsars in radio surveys.
The population synthesis results obtained from the sample of pulsars discovered by the
Parkes Southern Pulsar Survey (Lyne et al. 1998) made at 400 MHz, shows that pulsars display a turn over at low luminosities. From this result they conclude that pulsars may have a
minimum luminosity of L400 = 1 mJy kpc2 . Using α = −1.82 for the mean spectral index of
pulsars to scale the minimum luminosity to the frequency of our survey, we obtain a minimum luminosity of L328 = 1.43 mJy kpc−2 for these pulsars. Taking this number into account
and the fact that we have no further detections of pulsars above our 8σ threshold, we can set
a lower limit on the distance to a nearest hypothetical radio pulsars in the direction of our
observations. Under these assumptions, this distance is d = 0.85 kpc; therefore any normal
radio pulsar having the minimum luminosity quoted here and located at d < 0.85 kpc along
the direction of our observations should be detectable by this survey.
More recent population studies (Lorimer et al. 2006) show that low luminosity pulsars
may be more numerous than the main bulk of normal pulsars (i.e. those with higher luminosities). At the same time, recent findings made by Vranesevic et al. (2004) show that young
pulsars may have very low luminosities and that some of them may still be associated to supernova remnants as Camilo et al. (2002) reported. In consequence, the Cygnus region, an
area with intense stellar activity and a plethora of SNRs, should have many of these pulsars.
Our lack of detections implies that there are no nearby low luminosity pulsars along the line
of sight of our observations or if there is any, i) it emits below this minimum flux, ii) it emits
at a higher luminosity but the emission is scattered along the line of sight, iii) its emission
is not beamed toward us, iv) it is not a radio emiting pulsar anymore or v) it is an extremely
sporadic emiter. We conclude this section stating that the remaining more distant and low
luminosity pulsars located in this region can not be detected by our survey. However they are
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likely to be detected by the new generation of low frequency telescopes such as the Low Frequency ARray (LOFAR; van Leeuwen & Stappers 2009) and the Square Kilometer Array2
(SKA; Cordes et al. 2004b).
More elaborate explanations require to include the selection effects observed in all the
pulsar surveys. These effects are mainly due to i) the radio sky background and ii) the propagation effects in the interstellar medium. The first effect may explain our lack of discoveries
near the Galactic plane. This argument is supported by the fact that the three pulsars discovered are located slightly above the galactic plane (b > 4◦ , see the solid triangles in Fig. 3.2).
If this is the case we simply can not detect them at this frequency because our sensitivity
decreases at low galactic latitudes. For these areas T sky dominates over T sys when observing
at frequencies below 400 MHz (Lorimer 2009). This implies that there might be pulsars detectable at higher frequencies where this effect is less detrimental. A final argument is also
to assume that the pulsars already detected in the Cygnus region constitute a large fraction of
the population of pulsars for that region. Another reason why we might not see them may be
due to the scattering effects. This effect obscures a large fraction (about 15%) of the known
population of pulsars at frequencies below 1 GHz (see Lorimer 2009). We conclude this discussion by stating that none of the recent large scale surveys at higher frequency has revisited
this area of the sky, therefore this question is still open.

3.4.4. Expected number of detectable pulsars
The expected number of detectable pulsars for this survey was calculated using numerical
simulations that are based on the models described in van Leeuwen & Stappers (2009). With
these models, it is possible to estimate the number and type of pulsars that a survey with
given characteristics can detect. These models have shown remarkable agreement with the
previous pulsar surveys made at low frequencies as well as with the surveys undertaken at
higher frequencies such as the Molonglo II and the Parkes Multibeam surveys for example.
Nevertheless the results of our periodicity searches do not agree with the expected number of
detectable pulsars. The discrepancy between the observed number of pulsars with our periodicity searches (26) and the expected number (70) is a factor of 2.7. The simplest explanation
for this discrepancy might be that the number of normal radio pulsars is lower than we expect
for this region of the Galaxy. If that is the case, the observations made with more sensitive
instruments at equal or different frequencies will provide the answer to this question.

3.5. Conclusions & Further Work
We have undertaken a survey for pulsars and radio transients in the direction of the Galactic plane at 328 MHz using the WSRT in 8gr8 mode. In the survey we performed searches
for periodic signals and also for single pulses from pulsars. Our main conclusions are as
follows:
1. The periodicity search has revealed 3 new pulsars (reported in J09) and detected 23
known pulsars that were located close to the central area of the primary beam of the
telescope. These 23 known pulsars were used to verify the sensitivity of our survey
2 We note that due to the location of the SKA in the Southern Hemisphere, this telescope can cover most of the
area surveyed but not all (δ < +45◦ ).
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comparing the expected S/N versus the observed S/N and showing a good agreement.
The observed S/N of our detections did not show any bias towards DM or periods.
Moreover when comparing the number of detected pulsars with the number of known
pulsars in the area, we found that our survey detected all the detectable pulsars at this
frequency (i.e. they were inside the area covered by the primary beam and/or they were
bright enough to be detected). The comparison of our results with the results of the previous periodicity searches of the area made at similar frequencies are also consistent.
These consistency checks lead us to conclude that there was no strong instrumental
bias in our observations or in the data analysis.
2. Our single pulse searches resulted in the detection of 4 RRAT–like objects. Although
we have not confirmed the positions of the RRATs due to the limitations imposed by
our observation method. All the evidence we have for these sources is consistent with
them being RRAT–like pulsars.
3. Similarly our single pulse search detected pulses form 18 known pulsars located in the
area and 10 out of these 18 pulsars were detected only by our single pulse searches.
We also have detected 19 single bright pulses that may be associated with extremely
sporadic RRATs or to pulsars that exhibit large amplitudes in their pulse-to-pulse distributions; none of these candidates showed repeating pulses. Finally we also have
138 candidates that are impractical to follow up with the current observing facilities
due to the enormous bulk of observations required to confirm them. For the moment
all these sources are difficult to locate accurately within the primary beam with only
one detection. Further monitoring with the WSRT in the 8gr8 mode will confirm
their locations. We conclude by emphasizing the importance of including single pulse
searches in any future pulsar survey, and the need for automatized algorithms to handle
the enormous amount of data that searches like this produce.
4. The non detection of extremely bright Galactic or extragalactic millisecond radio bursts
(like the reported by Lorimer et al. 2007) is in agreement with the expected burst rate
for these sources and confirms once more the rarity of this kind of events. These
events might be detected by future continuous all radio sky observations planned for
instruments such as LOFAR, Allen Telescope Array (ATA), Australian SKA Pathfinder
(ASKAP), Karoo Array Telescope (MeerKAT) and the SKA.
5. Our lack of detections in the re–analysis of our data using periodicity searches sets
a limit on the number of observable normal radio pulsars in the direction of the sky
covered by this work. Distant radio pulsars have to be very luminous in order to be
detected at these frequencies. Moreover our lack of dim detections (S/N ∼ 8) shows
that there are no pulsars with luminosities L328 > 1.43 mJy kpc2 at distances below
0.85 kpc in the search region where our survey has the best sensitivity. The increase of
T sky at lower Galactic latitudes reduces our sensitivity, therefore we can not infer further conclusions on the detectability of low luminosity pulsars at low Galactic latitudes
with these observations.
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6. Although low luminosity pulsars (L ∼ a few mJy kpc2 ) do not appear to constitute a
large fraction of the normal pulsar population of the Galaxy that we detect, population
synthesis models predict them to be more numerous and perhaps young, hence they
should be more abundant in the Cygnus region of our Galaxy where large and recent
supernova explosions have occurred. We conclude that if these young pulsars exist in
this area of the sky they are located beyond 0.85 kpc and therefore we can not detect
them with the present survey. Further observations at this or other frequencies will
clarify this point.
7. In spite of the fact that the population synthesis code used to estimate the number of
expected pulsars for this survey has shown agreement with previous surveys made at
low and higher frequencies, it does not agree with the observations by a factor larger
than 2. This calls for a potential revision of the models used to predict these numbers
at low frequencies.
8. The 8gr8 Cygnus Survey has proved to be a pioneering interferometric observing
mode, exploiting the array configuration of the Westerbork Synthesis Radio Telescope.
Although processing and localization of sources is computationally intensive, this technique has proven to be successful and has allowed us to perform the most sensitive survey of pulsars in this area of the Galaxy at 328 MHz. Our findings show that there are
still potential pulsars yet to be found at similar frequencies. We conclude by remarking the important experience that this survey may provide for future pulsar searches at
low frequencies. The data processing and some of the search algorithms employed in
this survey may pave the way for the colossal upcoming surveys that will be done by
LOFAR and SKA at similar frequencies. These facilities operating with superb sensitivities will unveil hundreds of radio pulsars, RRATs and perhaps a few millisecond
radio transients.
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Spheroidal Dwarf Galaxy
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Abstract
We present the results of a search for pulsars in the Sculptor Dwarf Spheroidal Galaxy
made with the Green Bank radio telescope (GBT) at 350 MHz. This galaxy is known to
contain low mass X–ray binaries. As these systems are progenitors of millisecond pulsars it
indicates that such systems may also be found. We have searched for periodic signals in order
to detect millisecond and normal radio pulsars and for single pulses aiming to detect sporadic
emitters. Finding pulsars in spheroidal galaxies may prove that these objects also can be
formed in such environments. No millisecond or normal radio pulsars were detected by our
searches. Our single pulse search revealed the detection of a few radio bursts with durations
of a few milliseconds which exhibit dispersion measures that are consistent with an object
located in the Sculptor Spheroidal Dwarf Galaxy. One of these bursts repeated four times at
a similar DM. Despite the high luminosity derived for this source, few of the characteristics
of these bursts are consistent with those observed in RRATs or pulsars like PSR B0656+14.
Future monitoring can confirm and unveil the true nature of this source.
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4.1. Introduction
Discovered by Shapley (1938) and located at about 90±10 kpc away (Karachentsev et al.
2004), the Sculptor spheroidal dwarf galaxy (hereafter SSdG) is one of the satellites of our
Galaxy. Dwarf spheroidal galaxies have been thought to resemble globular clusters because
they share some similarities. The sizes of the dwarf spheroidal galaxies for example, are
about an order of magnitude bigger than the sizes of the globular clusters and their metallicities appeared at first, to be similar to that of globular clusters (Hodge 1971). Dwarf galaxies
were defined recently as all galaxies that are fainter than MB ≤ −16 (MV ≤ 17) and more
spatially extended than globular clusters (Tammann 1994). Although this gives a good qualitative description it still refers to some underlying connection between dwarf galaxies and
globular clusters. Measurements of the proper motion of stars in dwarf galaxies have shown
that these objects may be dynamically different from globular clusters due to the presence of
large halos of dark matter (Tolstoy et al. 2009). Yet another difference recently found, comes
from the measured metallicities, which vary between −2.7 ≥ [Fe/H ] ≥ −0.97 (Winnick
2003 and Geisler et al. 2005), a factor of about 2 lower than that for globular clusters (Harris
1996). Although both objects have a big population of old stars, globular clusters show large
numbers of low mass X-ray binaries (LMXB’s; Verbunt et al. 1989), while dwarf galaxies
are environments where the production of compact objects such as low mass X-ray binaries
may be comparatively more difficult. In globular clusters, the probability of the formation of
compact objects is higher since stellar encounters are likely to occur due to the high stellar
densities (100-1000 stars pc−3 ) close to the core (Harris 1996).
Nevertheless in 2005 Maccarone et al. (2005) reported the discovery of 5 low mass X–
ray binaries in the SSdG. Three of them were found with highly evolved (giant or horizontal
branch stars) optical counterparts. This finding proves that this kind of objects can exist in an
old stellar population where stellar collisions are unlikely. Their results also show that ∼ 1%
of the giant branch/horizontal branch stars in the SSdG are in systems with accreting neutron
stars or black holes; therefore these systems (dwarf spheroidal galaxies) may contain some
millisecond pulsars and perhaps old normal radio pulsars as we explain below.
Motivated by this recent discovery, we observed the SSdG in order to detect any possible
radio counterparts from this population of LMXBs, namely millisecond pulsars. Millisecond pulsars are characterized by their fast rotation (1 < P < 10 ms), low spin down rate
(Ṗ ∼ 10−20 s s−1 ) and low surface magnetic fields (B ∼ 109 G) when compared to normal
radio pulsars (a pulsar with P > 30 ms). These objects have had a different evolutionary
history when compared to normal radio pulsars; they are believed to be old (τ ∼ 10 Gyr) and
to have been formed in a binary system, spun up by accreting matter and therefore angular
momentum from its companion. Once accretion has ceased and the system has evolved we
find millisecond pulsars in binaries with low mass companions and white dwarfs (see Alpar
et al. 1982 and Bhattacharya & van den Heuvel 1991).
Presently there are about 200 of these systems known, most of them (140) discovered in
26 globular clusters1 (e.g. Freire 2008 and Camilo & Rasio 2005). As mentioned earlier,
the connection between dwarf spheroidal galaxies and globular clusters is not entirely clear
yet, therefore searches for millisecond pulsars in dwarf galaxies can disentangle this question
by providing information about the stellar components of these galaxies. Additionally, it has
1 http://www.naic.edu/∼pfreire/GCpsr.html
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Figure 4.1: A DSS image of the Sculptor Spheroidal Dwarf Galaxy (SSdG). The circle shows the area
covered by the beam of the Green Bank radio Telescope, about 0.6◦ centered at R.A.= 01h 00′ 09.34′′
and DEC.= −33◦ 42′ 30.96′′ . North is up and East is to the left of the image. Distortions due to projection
effects are minimal and not shown in the figure. (Image taken from the ESO Online Digitized Sky
Survey).

been observed that the number of millisecond pulsars observed in globular clusters is very
high and cannot be explained only by the LMXBs observed in these systems, which is much
higher than the number required to explain the millisecond pulsars observed in the disk of
our Galaxy (Lorimer 2009). This is known as the birth rate problem of millisecond pulsars
(Kulkarni et al. 1990). If it is the case that dwarf spheroidal galaxies are similar to globular
clusters then, finding millisecond pulsars might help to understand this problem, by providing evidence about the formation of these objects in a new scenario, different from a globular
cluster or our Galaxy.
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Observations of millisecond pulsars in distant objects (tens of kpc) such as globular clusters or the target of our observations, require instruments with large collecting areas due to
the low luminosities of these objects (L350 ∼ tens of mJy kpc2 ) and sufficient dwell times
to reach high sensitivities. The recent surveys for millisecond pulsars in globular clusters
have mostly, been done at high frequencies. This is due to the fact that many of the globular
clusters are located at low galactic latitudes, therefore the effects of interstellar scattering are
less detrimental than at low frequencies. The recent detections of pulsars in globular clusters
(GCs) can be summarized as follows; the Arecibo observatory at 1400 MHz has discovered
11 pulsars from 22 GCs (Hessels et al. 2007), the GBT (Ransom et al. 2005b) has surveyed
the cluster Ter 5 finding 30 millisecond pulsars (Ransom et al. 2005a and Hessels et al. 2006)
and 6 other GCs finding other 22. Finally the Parkes radio telescope (Possenti et al. 2005)
has an ongoing survey of 61 GCs. The only survey at low frequencies has been made with
the GMRT at ∼ 300 MHz, and has surveyed 10 GCs finding 1 millisecond pulsar (Freire et al.
2004). We also note that observing at low frequencies may allow the discovery of millisecond
pulsars with very steep spectra that cannot be observed at higher frequencies.
A final motivation for this work is that we can probe a low metallicity environment for
old (τ ∼ 1 Gyr) normal radio pulsars e.g. pulsars with longer periods (10 < P < 8500 ms)
and more luminous (L ≫ tens mJy kpc2 ) than the millisecond pulsars; vestiges from the last
star formation event in the SSdG some ∼ 1 Gyr ago (Tolstoy et al. 2009). In our Galaxy for
example, there are a few tens of pulsars with ages τ > 1 Gyr such as J1333–4449, a pulsar
with an estimated age of τ ∼ 10.2 Gyr and a P ∼ 0.340 s). Although the detection of a normal
pulsar at the distance of the SSdG with the GBT is feasible, we note that due to the low mass
of this galaxy and the long time elapsed since the last event of star formation, this detection
is very unlikely.
The only targeted pulsar searches performed so far in the satellites of our Galaxy, have
been those undertaken in the Large Magellanic Cloud (LMC) and in the Small Magellanic
Cloud (SMC) and in the Fornax Spheroidal Dwarf Galaxy. The pulsar searches performed
in the Magellanic Clouds have resulted in the discovery of a few tens of pulsars by McCulloch et al. (1983), McConnell et al. (1991), Crawford et al. (2001) and Manchester et al.
(2006). This high success is because these galaxies are natural places to form pulsars due to
the recent star formation they exhibit (Olszewski et al. 1996). Finally the search done in the
Fornax Spheroidal Dwarf Galaxy by McLaughlin & Cordes (2003), did not reveal any pulsar.
These searches and the one presented here are also excellent tools to enhance our knowledge
on the distribution of the free electrons along the line of sight when a few objects are detected.
We have undertaken our searches applying two methods, periodicity searches and single
pulse searches. The first one exploits the fact that many pulsars appear as periodic emitters.
The second method allows us to detect single bright dispersed pulses from sporadic emitters
such as RRATs McLaughlin et al. (2006).
This paper is presented as follows; in §4.2 we describe the observations, the steps to
reduce the data. and the sensitivity of our searches for pulsars in the SSdG. In §4.3 we show
the results. Discussion and conclusions are presented in §4.4 and §4.5.
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4.2. Observations and Data Reduction
4.2.1. Observations
All our observations were done in September 2005 with the 100 m dish of the Green
Bank Radio Telescope (GBT). The observations were carried out using the Spigot pulsar
backend (Kaplan et al. 2005), at a frequency of 350 MHz, with a bandwidth of 50 MHz,
1024 frequency channels and a sampling time of 81.92 µs. With this spectral resolution, it is
possible to reach dispersion measure (DM) values of about 100 pc cm−3 while keeping a good
sensitivity (S 350 > 0.15 mJy) to millisecond pulsars. These observations consisted of one
pointing with a total dwell time equivalent to about 10 hours. This single pointing is shown
in Fig. 4.1, and is centered at the core of the SSdG with coordinates R.A.= 01h 00′ 09.34′′
and DEC.= −33◦ 42′ 30.96′′. The size of the core of the SSdG on the sky is about 40′ × 31′ ,
an area that can be covered with a single pointing with the beam of the GBT which has a
FWHM of 36′ , and an area equivalent to 0.28 square degrees.

4.2.2. Data Reduction
The data was reduced using the DROP cluster located in the Netherlands Institute for
Radio Astronomy (ASTRON). The reductions were done using the PulsaR Exploration and
Search TOolkit (PRESTO; Ransom et al. 2002). The DM of the SSdG is unknown but we expect it to be within 50-200% of the DM value given by the NE2001 model (Cordes & Lazio
2002). For an object located at the distance of the SSGD (d = 90 ± 10 kpc, Karachentsev
et al. 2004) and at a very high galactic latitude (b = −83◦ ) this number is DM = 28.5 ± 5.8 pc
cm−3 . Our reductions were done in two stages. The first stage was a low resolution analysis
in which we searched for slow pulsars that either might be located along the line of sight or
in the SSdG. This search was done sampling the DM parameter space as 400 > DM > 0
pc cm−3 , using a DM step of 0.2 pc cm−3 . The second search was performed covering a
smaller range of DMs (60 > DM > 25), but using a DM grid with higher resolution (0.02 pc
cm−3 ). This last DM range is where the GBT is most sensitive to millisecond pulsars at this
frequency and at this sampling time.
We used the standard pipeline for data taken with the GBT, along the same lines as described in Ransom et al. (2004). For both periodicity and single pulse searches this pipeline
has some common steps, i) identify Radio Frequency Interference (RFI) and ii) dedisperse the
data and convert it into a time series. To identify the RFI, we used the routine called RFIFIND
which examines the data for narrow and wide band interference and with RFI that might still
be present in some of the individual channels. This is done by investigating the statistics
of the time series that corresponds to zero DM, for time intervals that show extremely high
power levels, above the median of the whole time series (which is not skewed as much by RFI
as the mean). If that is the case these intervals are removed from further analysis. In a similar
way those frequency channels showing high power levels (above the median) are removed
from the analysis. Finally, time intervals or frequency channels that are still contaminated
with RFI (showing large deviations from the mean of the time series) are removed. All these
unwanted times and frequency channel intervals are stored in a mask file that is used later.
The second step in the reductions consists of calculating the dedispersed time series. This
step was done using the routine PREPSUBBAND of PRESTO which, after applying the inter-
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ference masks, dedisperses the data producing one dedispersed time series for each DM step.
The dispersion is done by applying a frequency dependent shift to the frequency channels to
correct for the delay (∆t) given by (Lorimer & Kramer 2005):


 1
1 
6

 × DM,
∆t = 4.15 × 10 ms ×  2 − 2
(4.1)
f
f
ref
chan
where fref is the reference frequency (the highest frequency of our observations in our case
∼ 375 MHz), fchan is the frequency of the i−th frequency channel and DM is the dispersion
measure in pc cm−3 .

The search for periodic signals is made by running a Fast Fourier Transform on each time
series. This was done using the routine REALFFT which performs a single precision FFT on
each time series. All the relevant spectral features are stored in files which will be searched
using the routine ACCELSEARCH which searches on the FFT files and performs an acceleration search summing up to 8 harmonics. For this we have searched up to a Fourier frequency
derivative of z = 100. To be sensitive to pulsars in compact binaries (with orbital periods of
about few hours) our pulsar searches were done in ∼ 12 min segments of the observation. At
this point, all the relevant spectral features are recorded into a list of candidates. From these
lists, those candidates showing detections above 6σ were folded using the routine PREPFOLD,
folding the data at the best frequencies detected and recording all the characteristics of the
detections in diagnostic plots that were further inspected.
For the search for single pulses we use the routine SINGLE PULSE SEARCH which attempts to find single pulses by applying a match filter to the data with a series of boxcar
functions with different widths. For our searches we have added 1, 2, 3, 4, 6, 9, 14, 20,
30, 45, 70 and 100 bins of data in order to be sensitive to pulses with different width (W).
This routine filters duplicate candidates and records only the most significant ones. For our
searches we have recorded all the single pulses with a S/N > 5. This threshold is chosen from
the statistics for single pulses described in Chapter 5 of this thesis. For each pulse we record
the S/N of the detection, the DM, the time at which the pulse occurred, the binning in which
the pulse was detected and the sample number. It is important to notice that when performing
this step, all the times where RFI was identified are excised from the time series. Finally,
from the files containing the single pulses we create diagnostic plots that are later inspected
for candidates.

4.2.3. Sensitivity to Periodicity Searches
The sensitivity limits of our periodicity searches can be calculated by using the radiometer
equation:
r
β S/N T sys
W
·
.
(4.2)
S 350 = p
P
−W
G n p ∆ f tint

Using the parameters for the GBT described in §4.2, together with a minimum S/N=6, a telescope gain G = 2K/Jy, a receiver temperature Trec = 43K, a sky temperature of T sky = 27K,
a degradation factor β = 1.5 an integration time of tint = 720 s and assuming a pulsar’s duty
cycle of 10%. In Eq. (2) W represents the observed pulse width, which results from the com-
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Figure 4.2: Fluxes of known pulsars in our Galaxy if located at the distance of d = 90 ± 10 kpc in
the Sculptor Spheroidal Dwarf Galaxy (SSdG). The solid and empty squares show the millisecond and
normal pulsars with known flux at 400 MHz. (S 400 ). The curves show the minimum sensitivity of the
GBT operating with the parameters described in §4.2 for an 6σ detection at different DMs. The curves
shown in the plot were calculated using the Eqs. listed in §2.3 of Ch. 3.

bined effects caused by the instruments and by the interstellar medium. The most detrimental
of these effects for the search presented here, is the one associated to the dispersive smearing
across individual channels, an effect that is proportional to the DM of the source. This effect
diminishes our sensitivity to pulsars with high dispersion measure and low periods. There are
other effects that also change the width of the pulse such as the scattering and the smearing
due to an incorrect DM in the time series but are less significant (see §2.3 of Ch. 3 for a complete quantitative description of these effects). In figure 4.2 we show curves of our minimum
sensitivities after they have been corrected for these deleterious effects.
Taking into account all these effects, our limiting sensitivity is about S 350 ∼ 0.2 mJy.
We now compare this limiting sensitivity with the known fluxes of the pulsars of our Galaxy
(taken from the ATNF2 database Manchester et al. 2005) as if they were located at the distance
of the SSdG. We scale the known fluxes at 400 MHz (S 400 ) of the population of normal
pulsars and millisecond pulsars, to our observing frequency of 350 MHz with S ν ∝ ν−α .
Once this is done we obtain the results shown in Fig. 4.2. For this calculation we have used
the published spectral indices of the pulsars when available, otherwise we used α = −1.82. In
2 http://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 4.3: Sensitivity curve for the single pulses with a minimum S/N=6 and a finite width according
to the number of samples added when smoothing the time series. This curve was calculated using the
radiometer equation (Eq. 4.3) and assuming a pulse with a fixed flux. The horizontal lines show the
limit of sensitivity for different smoothings. The single pulse package of PRESTO smooths the data,
adding 2, 3, 4, 6. . . 100 samples as labeled.

Fig. 4.2 the empty squares show the flux and the periods of the population of known pulsars,
while the solid squares show the same properties for millisecond pulsars. The horizontal
lines are the limiting sensitivity. As shown in the figure, only 1 millisecond pulsar and only
a fraction of the brightest normal radio pulsars, are detectable with the GBT. Although the
actual population of pulsars expected in the SSdG is smaller than indicated by this figure, it
shows that if there are any bright pulsars they will be detectable.

4.2.4. Sensitivity to Single Pulses
To estimate the sensitivity to single pulses, we use the radiometer equation for time resolved pulses as prescribed by Lorimer & Kramer (2005):
S 350 =

S/N T sys
,
p
G np∆ f W

(4.3)

where W is the pulse width and the other terms are the parameters for the GBT listed in §4.2.
To be sensitive to a wide range of pulse widths, the data is smoothed adding 2, 3, 4, 6 . . .
up to 100 samples. Assuming that we have detections with a minimum S/N = 6 and a finite
width (t s < W < 100 × t s ), the expected flux for single pulses is shown in Fig. 4.3 assuming
that there is equal signal for the entire pulse width.
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Table 4.1: List of the bright sporadic bursts observed in the SSdG. Each row shows the DM, the
distance calculated using the NE2001 model, and the peak flux of the pulse calculated from Eq. 4.3 and
assuming that the width of the pulse is equal to the sampling time of the time series where the brightest
S/N was recorded. In the last column we show the pointing in which the pulses were recorded and its
respective lag.

No.
1
2
3
4
1

DM
(pc cm−3 )
34.62
34.64
35.04
35.42
52.62

S/N
6.88
6.43
8.30
6.53
7.38

d
(kpc)
> 25
> 25
> 25
> 25
> 25

W
(ms)
1.5
1.6
2.5
1.6
8.2

S peak
(mJy)
> 544
> 484
> 477
> 459
> 285

Obs
1/2
1/4
1/13
2/11
14/1

4.3. Results
4.3.1. Periodicity searches
Our periodicity searches described in §4.2.3 did not reveal any pulsar in the SSdG nor
along the line of sight. The implications of our no detections are discussed in §4.3.3.

4.3.2. Single pulse searches
Our searches for single pulses revealed a few interesting individual pulses with significant
S/N. The best of these detections are shown in Figs. 4.4 and 4.5. Four of these detections (the
ones shown in Fig. 4.4) appear to originate from the same object since all of them occur at
very close DMs (35.42 < DM < 34.62 pc cm−3 ). The details of each pulse are shown Table
4.1 for the pulses labeled 1 to 4. The table shows all the pulses were detected in our high
resolution search as described in §4.2.2. The four pulses were observed in different lags of
data, and one of them in an observation made at a different epoch (pulse No. 4). The DM
observed in these pulses is consistent with that of a source in the SSdG located beyond d > 25
kpc away according to the NE2001 model (Cordes & Lazio 2002). These pulses exhibit an
observed width that varies between 2.45 > W > 1.63 ms and show peak fluxes of 450 mJy
after averaging over the pulse widths observed. If this object is indeed located at the distance
of the SSdG, its luminosity must be very high, of the order of a few thousand Jy kpc2 . Since
the detections are too widely spaced in time, a reliable period can not be established.
Other isolated pulses with similar S/N were observed at different DMs but none repeated
in the same way as this detection. One of these non repeating sources is shown in Figure
4.5. This detection occurred at DM ∼ 50 pc cm−3 at t ∼ 9869 s after the start of the first
observation. This pulse has a width of at least W = 8.9 ms and its flux should be about 285
mJy. These details are summarized in the last row of Table 4.1.
For comparison and to show how significant these detections are, in Fig. 4.6 we have
included a plot showing the typical noise observed in our single pulse searches for a wider
DM range (90 > DM > 0 pc cm−3 ). The detections at low DM in this plot are RFI.
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Figure 4.4: Sporadic detections of single pulses detected between 35.42 > DM > 34.62. The left panels show in the x axis the time after the
start of the observation and in the y axis the DM of the detections. The S/N is proportional to the size of the circles. Each block in the left side
represents intervals of 720 s and is sorted in chronological order. The last block corresponds to an observation made in a different epoch. The
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From top to bottom pulse 1, detected after t ∼ 1100 s and pulse 2 after t ∼ 2300 s. The dimmest pulses are indicated with an arrow in the right
panels. The DM step for this search was DM = 0.02 pc cm−3 .
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4.4. Discussion
4.4.1. No luminous millisecond pulsars in the SSdG?
Our searches found no millisecond pulsars in this Galaxy. This lack of detections can be
attributed to one of the following reasons: (i) millisecond pulsars in the SSdG are not bright
enough, or (ii) there are millisecond pulsars with P > 1 ms but they are much less abundant
than in globular clusters and therefore less likely to be found. We now explain each possibility.
If a millisecond pulsar is located at the SSdG, it should exhibit a minimum DM ∼
25 pc cm−3 , taking into account the 20% error on the DM values quoted in the NE2001 electron model by Cordes & Lazio (2002). In Fig. 4.3 we show that for this and higher DM values,
our searches are sensitive to millisecond pulsars with a minimum flux of S 350 ∼ 0.8 mJy if
their periods are lower than P < 2 ms and at least S 350 ∼ 0.2 mJy for those pulsars with
longer periods. These differences are due to the various effects that change the observed
width of the pulses of pulsars which consequently change the detected S/N as explained in
§4.2.3. With the sensitivity limits we just described, we find out that only an extremely luminous pulsar with a period P > 3 ms would be detectable. None of the known millisecond
pulsars of our Galaxy is detectable if located in the SSdG.
The luminosities of the known millisecond pulsars cover 3 orders of magnitude, from PSR
J0030+0451 with L350 = 0.59 mJy kpc2 to PSR B1937+21 with L350 = 21.3 Jy kpc2 . This
wide range of luminosities raises the question: are we seeing in pulsars like PSR B1937+21
the limits of the distribution of luminosities? Moreover, is it possible to form brighter objects? Clearly, the scope of this search can not provide the answer to these questions but we
conclude that searches like the one presented here in other distant objects with more powerful
instruments can provide the answer.
Another argument to explain our non detections may lie in the fact that the population of
millisecond pulsars in the SSdG is smaller than that of a globular cluster. This might reduce
considerably our chances of finding a millisecond pulsar sufficiently bright and beamed towards us. As mentioned in §4.1, the mean density of stars nearby the core of the globular
clusters is about 10 − 100 stars pc−3 (Harris 1996) while at the center of a dwarf spheroidal
galaxy the same number can reach about 1 star pc−3 (Mateo 1998) still higher than in the field
of our Galaxy (< 1 star pc−3 Cox 2000). The stellar density is a crucial factor to take into
account when forming millisecond pulsars since increases the stellar interaction rate among
stars (Pooley et al. 2003). This formation mechanism, which requires that neutron stars are
able to capture companion stars and lead to systems where mass transfer and spinning up can
occur, was pointed out by Verbunt et al. (1987). Therefore, the low stellar density observed in
spheroidal galaxies may considerably reduce the probabilities of stellar encounters and consequently these systems may be less abundant. Despite this, the observed LMXB’s show that
it is possible to form these systems in dwarf spheroidal galaxies. We remark that although the
number of these systems is considerably lower than in globular clusters, it may be higher than
the number for the millisecond pulsars localized in the field of our Galaxy. Further numerical
simulations, for example, may help to predict the probability of forming such a system in a
dwarf galaxy.
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Figure 4.7: Age versus luminosity of the population of known pulsars in our Galaxy. This plot shows
that the most luminous pulsars in our Galaxy are pulsars with ages between 0.01 < τ < 150 Myr. The
horizontal line shows the minimum luminosity detectable for a pulsar located in the SSdG. (Data taken
from the ATNF database).

4.4.2. No normal radio pulsars
The fact that we do not detect normal radio pulsars means that (i) if they exist in the SSdG
they are less luminous than L350 < 1.6 Jy kpc2 and (ii) they are too old and consequently too
dim. From the total of 663 pulsars in the ATNF data base with known fluxes at 400 MHz,
we find that only 59 (8%) of them are detectable if located at the distance of the SSdG (see
Fig. 4.3). Therefore if the SSdG has luminous pulsars we should be able to detect them.
Now we take this comparison a step further; taking into account the age of the pulsars (τ). In
Figure 4.7 we compare this result with the known population of pulsars of our Galaxy. The
figure shows that only pulsars with ages τ < 150 Myr are luminous enough to be detected
by a search like this. Assuming that there are no selection effects to detect old pulsars and
that the observed population of pulsars in our Galaxy is representative, our comparison may
suggest that it is very unlikely to detect an old and luminous pulsar in an environment where
the last stellar formation occurred at least 1 Gyr ago; perhaps the remaining population of
active pulsars in the SSdG must be largely composed by old and low luminosity pulsars. This
question may be clarified by observing this galaxy with a more sensitive instrument at this
and other frequencies.
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4.4.3. A distant and luminous radio transient?
The results of our single pulse searches show the detection of a few isolated pulses. The
most interesting detections consist of a few pulses occurring at a DM ∼ 34.9 pc cm−3 . We
compare the properties listed in Table 4.1 with the properties of RRATs listed elsewhere (see
for example McLaughlin et al. 2006) and with the properties of PSR B0656+14 reported by
Weltevrede et al. (2006b).
RRATs are characterized by narrow pulses (0.3 < W < 100 ms), peak fluxes that range
from 44 > S 350 > 0.1 Jy and they show sporadic but periodic pulses that occur as 320 > Ṅ >
0.6 h−1 . The same behaviour described here for RRATs has been found by Weltevrede et al.
(2006b) for the bright single pulses of a remarkable pulsar of our Galaxy, PSR B0656+14. In
their work they report the detection of single pulses at certain pulse phases that are up to 420
times brighter than the average peak flux of an individual burst from this pulsar. These pulses
are also narrow of about 5 ms and sporadic. PSR B0656+14 shows a pulse rate for very bright
pulses of about Ṅ ∼ 1 h−1 . Based on the aforementioned facts, we conclude that the detection
at DM ≃ 35 could be related to an extremely sporadic and luminous RRAT or perhaps to a
pulsar similar to PSR B0656+14 but even more luminous. The similarities between these
detections are tantalizing, and they bring the question about the upper limits on the possible
peak luminosities for individual pulses from pulsars. If the pulses reported here originate in a
neutron star located at the SSdG, these detections may be a vestige of the last stellar formation
activity that might have occurred less than 1 Gyr ago since these kind of pulses are unlikely
originated by millisecond pulsars (unless P ∼ 10 ms and the width of the pulsar is of the
same order). The present work cannot reveal the true nature of this detection but observations
in the nearby future with longer dwell times and with more sensitive instruments may unveil
its nature.

4.4.4. A large number of objects yet to be explored.
In Table 4.2 we show the list of the other known satellites of our Galaxy and their distances. As mentioned in §4.1, from these galaxies only Fornax, the LMC and SMC have
been surveyed, returning one single pulse from Fornax (McLaughlin & Cordes 2003) and a
few tens of pulsars for the case of the Magellanic Clouds (McCulloch et al. 1983, McConnell
et al. 1991, Crawford et al. 2001 and Manchester et al. 2006). Most of the galaxies shown in
the table are places where little stellar activity have occurred in at least 1 Gyr (Mateo 1998),
many of them (12) are spheroidal dwarfs that may host some millisecond pulsars while the
remaining ones (5) are irregular galaxies that have had more recent stellar activity mainly
due to past galactic encounters with our Galaxy such as the LMC and SMC or tidal disruption (Martin et al. 2004). Some of these objects exhibit higher metallicities and few of them
(like the dwarf galaxy of Canis Majoris) show major signs of recent stellar activity (Martin
et al. 2004). Despite their distances, luminous pulsars are still detectable in a large fraction of
these galaxies with the current radio telescopes. The pulsars we may find in these objects will
bring new insights on the birth places and birth rates of pulsars. We conclude this discussion
emphasizing the fact that all these galaxies still are fertile areas yet to be explored for pulsars
and radio transients.
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Table 4.2: List of the satellites of our Galaxy. Each column shows, the number of the system according
to their distances, the common name, the galactic longitude and latitude, the distance from the Sun in
kpc and the type of galaxy. The abbreviations used are Irr = irregular, dSph = dwarf spheroidal, dIrr
= dwarf irregular. Galaxies marked with a star have been surveyed in the past (see §4.1). The galaxy
marked with † is the subject of this paper.

#

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII

Name

Canis Major
Sagittarius
Ursa Major II
LMC ⋆
SMC ⋆
Boötes
Ursa Minor
Draco
Sextans
Carina
Sculptor †
Ursa Major I
Fornax ⋆
Leo II
Leo I
Leo T
Phoenix

ℓ

b

◦

◦

240.0
5.6
152.5
280.5
302.8
358.1
105.0
86.4
243.5
260.1
287.5
159.4
237.1
220.2
226.0
214.9
272.2

–8.0
–14.1
+37.4
–32.9
–44.3
+69.6
+44.8
+34.7
+42.3
–22.2
–83.2
+54.4
–65.7
+67.2
+49.1
+43.7
-68.9

d
kpc
7
24
30
49
58
60
62
76
79
86
90
101
130
215
273
420
439

Type

Ref.

Irr
dSph
dSph
Irr
Irr
dSph
dSph
dSph
dSph
dSph
dSph
dSph
dSph
dSph
dSph
dIrr/dSph
dIrr/dSph

Martin et al. (2004)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Belokurov et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Willman et al. (2005)
Zucker et al. (2006)
Zucker et al. (2006)
Zucker et al. (2006)
Irwin et al. (2007)
Karachentsev et al. (2004)

4.5. Conclusions & Further Work
Motivated by the discovery of low mass X–ray binaries in the Sculptor spheroidal dwarf
galaxy (SSdG) by Maccarone et al. (2005), we have undertaken a search of pulsars and other
radio transients with the Green Bank radio telescope at 350 MHz in the direction of this
galaxy. We have performed searches for periodic signals from pulsars and searches of individual single bright pulses. We emphasize that both search methods were sensitive enough
to detect any moderately bright object emitting from the SSdG. We present our conclusions
below.
1. Our single pulse searches revealed few isolated and faint radio bursts with a pulse width
of a few ms, with DM consistent with that of a source located in the SSdG. Furthermore, one of these detections repeated more than once during our observations. In
total we have detected four single pulses from this source in about 10 hours of observations. We compared the properties of the four single pulses detected from this source
with those of the known RRATs and also with the single bright pulses emitted by PSR
B0656+14 in our Galaxy. From the comparison we conclude that they show tantalizing similarities and that if these pulses are real, they should belong to an extremely
luminous object of a few thousand Jy kpc2 . We conclude that the present work cannot
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reveal the true nature of this detection and that further observations with longer dwell
times and more sensitive instruments are required.
2. Our periodicity search was sensitive to millisecond pulsars with luminosities larger
than L350 > 1.6 Jy kpc2 . Our non detection shows that there are no bright millisecond
pulsars in the SSdG in compact binaries. Future processing with longer integration
times and full acceleration searches will improve our sensitivity to normal isolated pulsars and binary millisecond pulsars respectively.
3. Despite the fact that our searches were sensitive to luminous normal radio pulsars, our
non detection of these objects suggests that the normal pulsars that may exist in the
SSdG are dim and therefore old. This is consistent with the results from optical observations that show that the last episode of stellar formation occurred about 1 Gyr ago
in the SSdG. This is also supported by the comparison of the observed luminosities
and ages of the observed pulsar population of our Galaxy. If pulsars were formed in
the SSdG 1 Gyr ago and assuming that they evolved in the same way as the pulsars
observed in our Galaxy, they should be old and dim by now, completely undetectable
by these observations. As in (i) future processing with longer integration times or observations with higher sensitivity will clarify the existence of old and low luminosity
pulsars in the SSdG.
4. There are other satellites of our Galaxy like the SSdG yet to be explored for pulsars
and radio transients. Twelve of these systems are spheroidal galaxies and half of them
are located at lower distances than that for the SSdG. This can increase the possibility
of detecting any pulsar with the current radio telescopes. Some of these systems have
experienced tidal disruptions that may have triggered star formation episodes more
recently than in the SSdG. Searching for pulsars in these systems may allow the detection of a few interesting objects that evolved in stellar environments different from our
Galaxy and from globular clusters providing new insights about birth rates and birth
places for pulsars.
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Abstract
We present the results of a survey for pulsars and fast radio transients in the Andromeda
galaxy (M31) and its satellites, using the Westerbork Synthesis Radio Telescope (WSRT) at
a frequency of 328 MHz. We used the WSRT in a special configuration called 8gr8 (eight–
grate) mode, which enabled us to cover a large area of the sky with good sensitivity. We have
searched for periodicities and single pulses in our data, aiming to detect bright normal radio
pulsars and RRATs of both galactic and extragalactic origin. Moreover we are sensitive for
bursts, such as reported by Lorimer et al. (2007). Although our searches did not reveal any
periodic pulsations nor any short but bright extragalactic bursts at cosmological distances,
here we report the detection of a few isolated single events that might originate from neutron
stars inside M31. The implications of our results are compared to a range of hypothetical
populations of pulsars and RRATs inside M31. This allow us to constrain the luminosity law
for pulsars, indicating that unless the pulsar population in M31 is much dimmer than in our
Galaxy, there is no need to invoke any violation of the inverse square law of the distance for
pulsar fluxes. Our findings show that future searches of pulsars in the nearby (up to a few
Mpc) galaxies with modern and planned radio telescopes is feasible.
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5.1. Introduction
Extragalactic pulsars, i.e. pulsars located in galaxies beyond our Galaxy and its satellites,
have so far remained elusive to pulsar searches. This is mainly due to the fact that they are
located at least 100 times more distant than the majority of the known population of radio
pulsars in our Galaxy. To date, the most distant pulsars detected are located inside the Large
Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC), located at distances of 49
and 57 kpc respectively (e.g. Manchester et al. 2006). Several attempts to detect pulsars in
other galaxies have been made in the past. Linscott & Erkes (1980) reported the detection of
highly dispersed radio pulses from M87 with a duration of 50 milliseconds, although these
findings were not confirmed by different searches made later by Hankins et al. (1981), McCulloch et al. (1981) and Taylor et al. (1981). Among the brightest radio bursts known are
the giant pulses from Crab–like pulsars (Cordes et al. 2004a). These pulses are very narrow
(up to a few µs) and very bright (> 104 Jy). Due to this brightness, they in principle may
be detected in other galaxies and recently McLaughlin & Cordes (2003) performed searches
for giant pulses from M33, the LMC, NGC253, NGC300, Fornax, NGC6300 and NGC7793
without any confirmed detection.
Searches for pulsars are typically made following two approaches, namely periodicity
searches and single pulse searches. Until recently, searches for pulsars were mostly carried
out using periodicity searches, a method that relies on (i) an underlying periodicity between
the pulses and (ii) that the majority of pulses have similar intensities, so they all contribute
to the power in the FFT or periodogram spectra. These assumptions can lead to missing a
population of sources that exhibit pulses with a wide range of intensities, as comprehensively
discussed by Cordes & McLaughlin (2003). Single pulse searches can be more powerful
than periodicity searches if the sources emit extremely bright but rare pulses and/or show
a shallow power law pulse energy distribution. In these searches, individual bright pulses
are recorded and subsequently analyzed to establish a possible underlying periodicity, which
does not necessarily show up in a periodicity search.
Single pulse search methods have recently been revisited and are now employed in most
of the on-going pulsar surveys. This has resulted in two important discoveries. The first is
the population of Rotating Radio Transients RRATs (McLaughlin et al. 2006), objects which
are believed to be a new manifestation of neutron stars, and that are characterized by their
sporadic and very bright radio pulses. According to McLaughlin et al. (2006), they are among
the most luminous radio sources known when they emit (L1400 ∼1 - 3.6 Jy kpc2 ), after the
giant pulses from the Crab pulsar and from PSR B1937+21. These sources can account for a
considerable fraction of the active radio-emitting neutron stars in our Galaxy and their high
luminosity might make it potentially possible to detect them in nearby galaxies. The second
discovery is the detection of what seems to be a single radio pulse of extragalactic origin
(Lorimer et al. 2007), a phenomena that appears to be extremely bright (S 1400 ∼ 30 Jy) and
energetic, at high Galactic latitudes and with a high DM (DM ∼ 375 pc cm−3 ) that locates it
well beyond our galaxy (d ≥ 1 Gpc). Other detections of this kind would confirm this type
of sources and hence the existence of a new and very powerful kind of transient phenomena
happening at extragalactic distances.
Finding pulsars in other galaxies can help to improve our understanding of the models
for pulsar populations especially when the star formation rates and stellar evolution histories
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differ from our Galaxy. The current limitations on the sensitivity of radio telescopes means
we are in a position to find only the most luminous pulsars in the nearby galaxies of our local
group. The direct comparison of a pulsar location with that of the known supernova remnants
in M31 such as found by Gelfand et al. (2005), will be difficult due to the small angular size
of these remnants. However if the pulsar age is also determined associations may be possible
if the supernova remnant is still active, emiting synchrotron radiation and steep spectra radio
emission (Narayan & Schaudt 1988). This correlation can help us to establish the formation
ratio of rotation powered pulsars versus other manifestations of neutron stars like magnetars,
and other compact objects like black holes in nearby galaxies. By measuring the DM of
sources in M31 and comparing them with the models of free electrons for our Galaxy, we
can set limits to the contributions in DM due to the medium in M31 (the contribution of the
intergalactic medium is likely to be negligible). Finally by measuring the rotation measure
(RM) it is also possible to obtain an estimate of the magnetic field along the line of sight in
the direction of M31.
The detection of extragalactic pulsars in the closest galaxies of our local group has posed a
big technological challenge to modern pulsar searches. For the case of M31, the galaxy’s disk
covers a considerable area of the sky (190′ × 60′ ) and the pulsars located there are expected
to be extremely faint because of their distance. Therefore, there are minimum requirements
that a search of this kind needs to fulfill such as to cover a large area of the sky (much larger
than the size of the beam of a large radio telescope), using long dwell times and sufficient
bandwidth to achieve adequate sensitivity. Finally, we need to be able to process and store
large quantities of data on reasonable timescales. These issues have been partially overcome
by using the WSRT in a special mode that makes optimal use of the array-configuration in
combination with the Pulsar Machine (PuMa; Voûte et al. 2002). The WSRT can be used
in a special mode that makes optimal use of the array-configuration of the telescopes. This
configuration allows observations which cover a large area of the sky with the relatively large
primary beam, but at the same time having a sensitivity and angular resolution equivalent
to all the dishes combined in a tied-array. The latter property allows for the possibility of
locating new sources with good accuracy (a few arc minutes).
In this paper, we present the results of our searches for pulsar signals in M31, its satellites
or anywhere along the line of sight. The outline of the paper is as follows: in §5.2 we briefly
describe how the observations were performed. In §5.3 we explain the data reduction, the
search methods we used and the methods for radio frequency interference (RFI) excision and
in §5.4 we show the results. In §5.5 we discuss the consequences of our results by comparing
them with our current understanding of the distribution of luminosities for the population of
pulsars in our own Galaxy. We further show that the observations presented here can also be
used as a tool to constrain fundamental physics related to the luminosity of radio pulsars and
to prove the detectability of extragalactic millisecond radio bursts. Finally our conclusions
are presented in §5.6.

5.2. Observations
All the observations were done in October 2005, using the WSRT in a special configuration called the 8gr8 (eight–grate) mode (see also Janssen et al. 2009). In this mode, 12
dishes of 25 m in diameter and equally spaced by 144 m, are used to form an array with an
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Figure 5.1: A digitized sky survey (DSS) image of the galaxy M31. Here we show the position of
the beams used for these observations. North is up and East is to the left of the image. Each circle
represents the half power beam for the WSRT dishes at a wavelength of 92 cm and covers approximately
5.5 square degrees. The solid lines represent the two main pointings of this survey, PNT01 (south) and
PNT02 (north), while the dotted line represents PNT03, a complementary pointing centered on the core
of M31 (see Table 5.1 for reference). M32 and M110 also fit within the beams. The distortions of the
beams due to projection effects are minimal and not shown in this figure.

equivalent collecting area to a dish of 74 m in diameter. When the signals of the telescopes
are added, having corrected for instrumental and geometrical phase delays, we obtain an elliptically shaped fan beam. The major axis of the fan beam spans the entire primary beam
(corresponding to the beam of a 25 m telescope), and the minor axis is inversely proportional
to the separation of the furthest dishes. Due to the homogeneous distribution of the dishes
along the East–West axis, they produce a grating response on the sky with parallel fan beams
equally spaced across the primary beam separated by c/(Bν) radians, where B is the projected baseline between the dishes, ν is the observing frequency and c is the speed of light.
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Table 5.1: Observations of M31. N p is the number of pointings at each location
in the sky. The observations PNT01 and PNT02 started on MJD53707.63924 and
MJD53708.63657. The epoch of PNT03 is MJD54922.55336.

Name
M31 PNT01
M31 PNT02
M31 PNT03

R.A.(J2000.0)
(h.m.s.)
00 41 30
00 44 00
00 42 45

DEC. (J2000.0)
(d.m.s.)
+41 00 00
+41 30 00
+41 15 00

NP
4
4
2

Total Time
(s)
115200
115200
57600

The collective fan beams are referred to as a grating group from now on. Since the WSRT
has eight independent signal chains which can have their own phase tracking centres, we can
form eight simultaneous grating groups on the sky.
These grating groups allow us to almost fully tessellate the entire primary beam when
corrected for the proper delays. At a later stage, the eight grating groups can be linearly
combined in software into Ntotal elliptical sub-beams to populate the whole field of view of
the primary beam by making use of the fact that the grating group rotates in the sky during
the observation. Each of the sub-beams covers an angular size of approximately ∼ 0.03◦ at
an observing wavelength of 92 cm, and is spaced in such a way to have an overlap at the half
power point along both axes. The total number of sub-beams Ntotal varies per observation
between 900 and 1100, and depends on the position of the main beam on the sky and the
length of the observation. They have a sensitivity close to the sensitivity of the coherently
combined 12 telescopes. Each of these sub-beams is searched for pulsed signals and single
bursts. The sub-beams allow us to localize sources with modest precision when (i) at least
two observations are made at different hour angles (i.e. the orientation of the fan beams is
different), and (ii) when the source shows a number of pulses, as in the case of the sporadic
emitters (For details on the localization of sources see Chapter 2).
We observed two main pointings, along the disk of M31 (solid circles of Fig. 5.1) and
one complementary pointing centered on the core of the galaxy (dashed circles of Fig. 5.1).
Each of the main pointings was observed for 32 hours in total, divided in four sets of observations, separated by intervals of approximately one day. The complementary pointing was
observed for 16 hours in total at a different epoch. For each position we have recorded two
polarizations, each with 10 MHz bandwidth at a center frequency of 328 MHz. The data was
converted into spectra of 256 frequency channels using the digital filter-bank PuMa (Voûte
et al. 2002). For each pointing, the observations had a dwell time of 28,800 s (8–hour) and
used a sampling time of t s = 409.6 µs, producing 226 samples per observation. The details of
each observation are summarized in Table 5.1.

5.3. Data reduction
We used two different search techniques (periodicity and single pulse searches) which we
will discuss in detail below. We now discuss the common elements of the analysis.
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The NE2001 model (Cordes & Lazio 2002) predicts a DM = 50 ± 10 pc cm−3 for a
pulsar at the outer edge of our Galaxy, along the line of sight to M31, which is directed
well out of the galactic plane (b = −21◦ ). We want to be able to detect any source located
between us and well inside M31; we therefore searched DM trial values ranging from 0 to
350 pc cm−3 . This DM range covers all the DMs expected for objects located within our
Galaxy (DM < 50), and objects that might be located in M31 which will show a DM > 50.
We assume that any value for DM larger than ∼50 is due to contributions of electrons in M31.
Due to the large data volume, each observation of 8 h long was sub-divided into chunks of
1h. For each chunk, our reduction pipeline starts preparing a partially dedispersed time series
for the trial DMs on each of the 8 sub–sets of data from the grating groups. These time series
were prepared by using a modified version of the tree dedispersion algorithm developed by
Taylor (1974) that consists of dividing the bandwidth of each fan beam into smaller frequency
sub–bands where we assume dispersion to be linear. Finally we form time series for all the
different DMs used in our search (see below) consisting of 223 samples. When this step was
done, we perform a geometrical correction in order to combine in software the data sets from
each of the 8 fan beams into a collection of sub-beams.
Each of the sub-beams is searched for periodicities and for single bright pulses. For this
processing we had a total of 549 DMs with different step sizes of 0.348, 0.697 and 1.392
pc cm−3 respectively, each corresponding to the spacing below the first and second diagonal
DM, located at DM = 83 and 249 pc cm−3 . At the diagonal DM the dispersion delay across
frequency channel is equal to twice the sampling time. The aforementioned step sizes in the
DM were chosen in such a way to set the maximum error in the delay between the highest
and lowest frequency channels, equal to the data sampling interval. For our reduction and
periodicity search we use the PSE code developed by Russell Edwards for the Parkes high
latitude survey (Edwards et al. 2001), with the single pulse search extensions developed by
E.R.H and B.W.S. discussed below in §5.3.2. The way in which the 8gr8 mode works for
single pulse detection is fully explained in the first chapter of this thesis.

5.3.1. Periodicity Search Analysis
We performed a search for periodicities following the same procedure used by Janssen
et al. (2009), but adapted for the properties of the discussed data. We calculated the Fourier
transform, using a Fast Fourier Transform routine (FFT) for the time series corresponding to
each sub-beam; the resultant spectra were cleaned by removing the frequencies known to be
related to RFI. Interpolation of the spectra was used to recover spectral features lying between
the Fourier bins, repeating the process after summing 2, 4, 8 and 16 harmonics. All the spectral features with a signal-to-noise S/N > 7 were filtered, keeping only the signals that were
detected at multiple DMs and appearing to be harmonically related. This was done in order
to find the most significant candidates, and to determine the best DM-frequency combination
for each candidate. Later each of these resultant candidates were analyzed in a more refined
procedure, where the data was folded using periods around the values found in the spectral
search, assuming a maximum error in the pulse frequency equal to the width of one Fourier
bin.
Depending on the frequency and DM of the candidates, those combinations that produced
the highest S/N were stored for later inspection. This process was performed on each of the

Figure 5.2: Diagnostic plot of a single pulse search result. The data has a DM range 0-83 pc cm−3 . The upper panel shows multiple smoothed
DM-S/N-time array, with a time resolution of 3.2768 ms. The size of the circles is proportional to the S/N, with the highest S/N ∼ 7.9, associated
with RFI at low DM. The second panel from top shows the time series collapsed along DM in order to more clearly show at which times strong
pulses occured. The lower left panels show two histograms. The top one is the time series collapsed along time, clearly showing a peak at the DM
of a detection with a DM ∼ 54 pc cm−3 . The lower one shows a histogram where we have collapsed the number of pulses vs. DM at a given time.
The horizontal lines in the bottom left panels show the mean and the 3 and 6 σ limits of each distributions. The histogram in the bottom middle
part of the figure, shows the distribution of pulses with S/N > 5. Notice the logarithmic scale in the y–axis for the number of pulses. The dashed
line in this histogram shows the expected noise distribution.
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Ntotal sub-beams. Once this analysis was completed, a list of all the candidates from the
sub-beams was collated and those candidates with high S/N appearing in more than one subbeam were stored. Later these detections were compared with the lists from the other follow
up pointings, and those candidates that matched with similar periods, DMs and S/N were
inspected.

5.3.2. Single Pulse Search Analysis
We searched for single pulses following two criteria: single bright pulses and multiple
pulses at the same DM. Here we discuss the general algorithm to search for single pulses
while the details of the two methods are discussed below.
As mentioned in §5.3, for each sub-beam dedispersed time series are generated at all
DMs. The analysis to find single pulses basically consists of recording those individual events
which show an amplitude large enough, above some threshold of S/N, to be statistically significant in some of the time series. An extensive description of the method for these searches
can be found in the work done by Cordes & McLaughlin (2003).
To that effect, we developed a code to extract individual pulses from each of the time
series corresponding to different DMs. The first step is to determine the statistics of the
noise in the time series, which contains N samp elements. This step is done by calculating
the mean and the rms using an iterative process where the strongest pulses are removed until
reaching the expected number of spurious detections (Nnoise ) for a Gaussian distribution with
probability P(x), given by Nnoise = N samp P(< 5σ), and searching again for pulses above a
given threshold. This process keeps the mean and the rms from being biased towards very
strong individual pulses. The S/N of a detection in the time series depends on the observed
width of the pulse W as S/N ∝ W −1/2 , the pulses with the highest peak S/N will be those with
an observed width similar to the sampling time (Wi ∼ t s ). Therefore we needed to explore a
range of widths such as Wi ≥ t s , in order to produce optimal detections (i.e. those that match
the width of the pulse) because, (i) we do not know a priori the width and, (ii) the widths of
the pulses are affected by scattering and incorrect dedispersion. Consequently, all the time
series are smoothed by adding iteratively between 20 and 27 adjacent samples, corresponding
to a range in time resolution of 0.4096 – 52.4288 ms. Each of these smoothed time series was
then analyzed for single bright pulses, recording all the pulses that show a peak S/N ≥ 5. For
each pulse detected we also record the DM, the arrival time of the pulse relative to the start of
the observation and its S/N. Hereafter we will call this information DM–S/N–time arrays. The
S/N threshold was chosen based on the expected number of false detections N(> threshold)
above that minimum S/N by assuming that the noise is purely Gaussian distributed with zero
mean and unit standard deviation. For a time series the number of expected false detections,
above a given S/N can be calculated using the relation shown by Cordes & McLaughlin
(2003):
Z ∞


N(> threshold) ≈ 2Nsamp
exp −x2 /2 dx.
(5.1)
S/Nmin
For a not smoothed time series of 1h, we expect N(> 5σ) ∼2700 false detections from all the
time series required to cover all the DM trials. This number decreases as we smooth the data,
and is acceptable since we also want to investigate dim detections (S/N ∼ 5) occurring at the
same DM (see §5.3.4).
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When all the smoothed dedispersed time series have been searched for pulses above the
S/N threshold, we created diagnostic plots like the one shown in Fig. 5.2 for each of the subbeams analyzed to assess the astrophysical nature of the signals. The plot shows an excess at
DM ∼ 54 pc cm−3 . The analysis described here is applicable to any kind of transient radio
signals. When inspecting the diagnostic plots, we searched for two kinds of features, (1)
single bright pulses and (2) multiple weaker pulses with the same DM. As can be seen in
Fig 5.2, the signature of a single bright pulse would appear in the top panel of the figure as
a big circle (RFI between t = 500 and t = 600 s) while the signature of multiple but weak
pulses at the same DM would appear as a broadened peak in any of the two histograms in the
lower left area of the plot.

5.3.3. Single bright pulse search
We searched for all the single pulses with a S/N > 5 in the DM–S/N–time arrays for
each of the smoothed time series produced, keeping only the information corresponding to
those pulses that were detected in a reasonable (12.5% > Nb > 1%) number of beams, as
explained in Chapter 2. The result of this search is a list containing information from each
detection, such as DM, S/N, time of the detection, the number of sub-beams in which the
pulse was detected, and in which sub-beam the detection was strongest. As will be explained
in the next subsection, we then searched for possible associations, i.e. single pulses occurring
at the same DM at later times or other observations. Those sources that did not show any
associations were classified as single bright pulses.

5.3.4. Multiple pulses at the same DM
To search for multiple events occurring at the same DM we performed a statistical analysis, searching for any excess of S/N in the S/N-DM space. Any excess of S/N due to real
pulses would feature broad peaks like those shown in the lower left panels of Figure 5.2. Detections showing features of this kind, and appearing in a reasonable number of sub-beams
(12.5% > Nb > 1%) were recorded in a list for future inspection. As mentioned in §5.2,
we have between 900 – 1100 sub-beams per hour of observation, so the search at this stage
produced a very large number of candidates. In order to reduce the number of candidates
to inspect, we filtered the list by searching for each candidate for a feature that we called
adjacent friends, i.e. detections with a relatively high excess of S/N (hereafter ΣS/N) located
in adjacent DM bins, centered around the DM bin with the maximum ΣSN. This was done
by investigating how the relative S/N (the ratio of S/N of two adjacent detections in DM) of a
signal is affected when it is detected at wrong DM. Cordes & McLaughlin (2003) and Lorimer
& Kramer (2005) show that the relative S/N of the signals degrades when there are errors in
the DM (the pulse is detected at an incorrect DM) or especially if the pulses are narrow. This
is because narrow pulses will be detected in few DM bins, therefore will show few adjacent
friends, while broader pulses are detected along many DM-bins (showing consequently many
adjacent friends). An example of a detection showing adjacent friends is shown in the lower
left panels of Fig. 5.2. This criteria was implemented to estimate the number of adjacent
friends a signal of a given DM should have, given the S/N of two adjacent detections. Once
the data was filtered in this way, the resulting plots were manually inspected.
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Figure 5.3: Minimum detectable flux for single bright pulses as a function of the number of the number
of samples added (smoothings), assuming a pulse with a constant flux (i.e. there is equal signal for the
entire pulse width). The sampling time of our search is ts = 409.6 µs and a threshold of S/N = 5. Each
horizontal line represents the minimum detectable flux for each smoothed time series adding from top
to bottom, 20 to 27 samples.

5.3.5. RFI excision.
One of the major problems in pulsar searches is the continuous presence of RFI. For the
periodicity search, a template containing the frequencies of known RFI sources was used
to remove those unwanted detections from our search. For the single pulse searches, RFI
represents a major problem since it manifests in many different ways. To minimize its effects
in our data, we inspected the DM–S/N–time arrays of each of the 8 sets of data of the different
grating groups at the beginning of the data reduction pipeline. Events aligned in time and
appearing along all trial DMs were flagged as RFI and recorded in a mask file, in order to
excise those time bins when the single pulse analysis was performed.

5.3.6. Sensitivity of the WSRT in the 8gr8 mode
The sensitivity of the WSRT in the 8gr8 mode depends on the kind of search we perform.
For periodicity searches the minimum sensitivity (i.e. the minimum detectable flux) is given
by the radiometer equation as follows (Lorimer & Kramer 2005):
r
S/Nmin T sys
W
S min = β p
.
(5.2)
P−W
G n p td ∆ f

where β is an efficiency factor ∼ 1, S/Nmin is the minimal signal-to-noise ratio threshold of a
detection, T sys is the system temperature given by T sky + T receiver (in K), G is the gain of the
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telescope (in K Jy−1 ), n p is the number of polarizations, ∆ f is the bandwidth, P is the period
of a pulsar and W is the intrinsic width of the pulse. Using T sys /G = 140 Jy and a bandwidth
∆ f = 10 MHz for the WSRT, with n p = 2, a dwell time of td =3600 s and assuming a mean
duty cycle of 5%, we can reach a sensitivity of ∼0.25 mJy for a detection with a S/Nmin = 7.
Correspondingly, for single pulse searches our sensitivity is given by the radiometer equation, assuming matched filtering to a pulse that is temporally resolved, as follows (Cordes &
McLaughlin 2003):
S/Nmin T sys
S min = p
.
(5.3)
G np∆ f W

As can be seen for this case, the minimum detectable flux of a pulse depends on the pulse
width as W −1/2 , assuming a constant flux (i.e. there is equal signal for the entire pulse width).
As described in §5.3.2, we smoothed the data before recording the peak-fluxes in order to
detect pulses with different widths. The sensitivity curves for each smoothing are shown in
Fig. 5.3 for a threshold S/Nmin = 5. It is important to notice that the sensitivity decreases for
broader pulses because we effectively have added more bins above the threshold (i.e. more
noise is mixed with the signal).
Table 5.2: Single bright pulses observed in the direction of M31. The pulses shown in this table
were only seen once at the same spatial location and DM. We indicate here the number of beams in
which each pulse was detected, the DM of each detection, the distance (using the NE2001 model),
S/N, approximate pulse width (W), the arrival times relative to the start of the observation and the start
time of each observation. The last column shows the pointing and the time lag in which the detections
occurred.
# Beams
71
80
129
70
192
127
108
89
84
80
67
102
94
130
90
105
109
107
71
108
94
92
69

DM
(pc cm−3 )
10.1
11.8
14.9
18.1
21.6
27.1
29.6
34.8
38.6
40.0
40.7
41.4
45.2
45.3
46.6
49.8
50.1
52.6
53.6
56.7
57.1
57.8
58.1

Distance
(kpc)
0.7
0.8
0.9
1.0
1.1
1.3
1.4
1.6
1.8
1.9
1.9
2.0
2.2
2.2
2.3
2.5
2.5
2.7
2.8
>3
>3
>4
>4

S/N
7.2
7.1
8.3
7.0
7.2
7.4
7.3
7.1
7.6
7.3
7.4
7.5
7.0
7.1
7.1
7.5
7.2
7.1
7.2
7.6
7.1
7.0
8.4

Width
(ms)
1.64
1.64
13.11
6.55
26.21
1.64
3.28
1.64
3.28
3.28
6.55
6.55
1.64
6.55
6.55
1.64
6.55
13.11
1.64
6.55
13.11
1.64
26.21

Arrival Times
after start Obs. (s)
21328.547226
28212.178739
27872.465510
1825.691238
1288.600781
18938.721280
23036.785869
15914.166682
7734.804070
22331.851162
13266.508800
8273.842586
24262.758810
27454.958592
20364.534784
18631.098573
2684.455322
7510.312141
15459.122381
4357.880422
4136.974950
26309.924250
18512.81183

MJD (2000.0)
at Start Obs.
53707.63924
53711.62824
53711.62824
53711.62824
53708.63657
53713.62292
53707.63924
53709.63368
53713.62292
53711.62824
53709.63368
53707.63924
53709.63368
53711.62824
53711.62824
53709.63368
53707.63924
53707.63924
53717.61192
53707.63924
53711.62824
53710.63113
54922.55336

Pointing
PNT01 1
PNT01 3
PNT01 3
PNT01 3
PNT02 1
PNT01 4
PNT01 1
PNT01 2
PNT01 4
PNT01 3
PNT01 2
PNT01 1
PNT01 2
PNT01 3
PNT01 3
PNT01 2
PNT01 1
PNT01 1
PNT02 4
PNT01 1
PNT01 3
PNT02 2
PNT03 1
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Table 2.2 Continuation.
# Beams
77
95
96
108
94
58
118
17
105
113
109
67
93
121
218
79
61
64
81
126
108
101

DM
(pc cm−3 )
62.3
64.0
64.7
65.8
67.2
67.6
67.5
68.6
70.3
70.7
71.0
87.1
89.9
93.4
104.6
139.4
189.7
202.2
258.7
264.3
267.1
314.5

Distance
(kpc)
>4
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48
> 48

S/N
7.2
7.1
7.1
7.0
7.3
7.0
7.4
7.4
7.7
7.0
7.7
7.3
7.7
7.4
7.9
7.0
7.8
7.7
9.9
7.2
7.1
7.2

Width
(ms)
1.64
1.64
3.28
3.28
3.28
1.64
6.55
1.64
1.64
13.11
3.28
1.64
1.64
13.11
6.55
1.64
13.11
13.11
26.21
1.64
3.28
6.55

Arrival Times
after start Obs. (s)
18518.669926
1141.281587
20590.917427
2932.212531
16470.063514
7617.949286
16216.837325
26166.077645
22793.993830
677.864243
6286.819533
23750.102630
14814.116250
11957.686067
3436.077875
15239.186022
27408.31908
26488.61307
18498.22269
9706.917478
27741.838336
859.103232

MJD (2000.0)
at Start Obs.
53707.63924
53712.62558
53709.63368
53711.62824
53709.63368
53710.63113
53717.61192
53707.63924
53710.63113
53712.62558
53712.62558
53709.63368
53707.63924
53711.62824
53708.63657
53709.63368
54930.30243
54930.30243
54922.55336
53712.62558
53712.62558
53709.63368

Pointing
PNT01 1
PNT02 3
PNT01 2
PNT01 3
PNT01 2
PNT02 2
PNT02 4
PNT01 1
PNT02 2
PNT02 3
PNT02 3
PNT01 2
PNT01 1
PNT01 3
PNT02 1
PNT01 2
PNT03 2
PNT03 2
PNT03 1
PNT02 3
PNT02 3
PNT01 2

5.4. Results
5.4.1. Periodicity searches
As described in §5.3.1, we performed a periodicity search in each 1h chunk of our data.
No periodic sources were found using this method. We also remark that there are no known
pulsars in an area. The closest pulsar is PSR B0053+47, located about 7.11◦ from the center
area of our observations.

5.4.2. Single pulse searches
The search for individual pulses revealed the existence of some interesting candidates. As
explained in §5.3.3 and §5.3.4 we searched for bright single pulses and for multiple pulses
at the same DM. In Figure 5.5 we show a histogram with the distribution of the S/N for the
brightest pulses reported here. We discuss the results of each criteria below.
Single bright pulses
In Table 5.2 we present the brightest single pulse detections recorded during all our observations. A set of plots for selected detections with high DM observed is shown in Figure 5.4.
All these detections were not associated with RFI and showed a S/N > 7. These sources
were detected at a DM varying from 10 < DM < 315 pc cm−3 and with pulse widths of
1 < W < 27 ms.
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Figure 5.4: Example of the events detected as single bright pulses shown in Table 5.2. The panels show from top to bottom single bright pulses
detected at DM = 104 pc cm−3 (t ∼ 3436 s) and DM =264 pc cm−3 (t ∼ 2506 s). The high DM of these detections suggest that they are located
outside our Galaxy. The right panels show the S/N vs. DM plots with the DM of the pulse indicated by the arrows in the upper area of each panel.
Notice the RFI detections at low DM in the two left panels after t= 500 s and after t= 2500 s respectively.
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Figure 5.4 Continuation. The panels show from top to bottom single bright pulses detected at DM = 267 pc cm−3 (t ∼ 2541 s) and
DM = 314 pc cm−3 (t ∼ 859 s) respectively. The high DM of these detections suggest that they are located outside our Galaxy. The
right panels show the S/N vs. DM plots with the DM of the pulse indicated by the arrows in the upper area of each panel. Notice
the RFI along many DMs in the bottom panel, around t= 500 s.
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Figure 5.5: The main panel shows detections recorded with a DM > 10 pc cm−3 following the procedures described in §5.2.3. All the pulses detected here are dispersed, and were detected consistently in
many sub-beams and showed adjacent friends. The inset shows the number of expected false detections
for purely Gaussian noise. The tail of this distribution is shown with the dashed line in the main figure.

Multiple pulses at the same DM
Our search for multiple pulses at the same DM revealed a few events that satisfy the conditions described in §5.3.3 for a real detection. The best detection is shown in Figure 5.2 in
which 7 weak bursts (S/N< 6.5) were recorded during a single hour. The details of each of
these detections are listed in Table 5.3. This is one of the most tantalizing results we got in
our searches. Notwithstanding the long dwell times of our data sets, we did not observe any
other pulses at this or different DMs, with the same burst profusion. However at this DM
other pulses were detected occurring more sporadically at different epochs. The scarcity of
the detections did not allow us to infer any periodicity. We emphasize that the probability
of having a ∼ 5.5σ detection, with adjacent friends is very low and that the probability of
having 7 bursts with adjacent friends is even lower.
We have recorded in total 31 other candidates in which weak pulses repeated with a lower
bursting rate than the one described above. From these 32 we report here those with the highest burst rate. Their characteristics are shown in Table 5.4. These sources have been detected
in the area of the sky where our observations overlap (see Fig. 5.1), and were found by the
significant overabundance of pulses at a specific DM. The signal–to–noise ratio from each
pulse ranges between 5 < S/N < 7. The typical burst rate detected with the WSRT for these
candidates was between 1 and 3 per hour. The DM shown by these sources is consistent with
that of an object located outside our Galaxy. For each of these sources we calculated the most
likely location within the primary beam of each observation, by combining the data from the
individual pulses with the highest S/N of each observation.
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Table 5.3: Arrival times of the individual pulses shown in Figure 5.2. This table also shows the number
of beams in which each detection occurred. All these pulses showed a maximum S/N at a DM = 54.7 pc
cm−3 . All these pulses were detected in the same smoothed time series, and they have an approximate
width of ∼ 3.2 ms. The arrival times are relative to MJD (2000.0) 53711.62824.

DM

S/N

54.7
54.7
54.7
54.7
54.7
54.7

5.6
5.5
5.8
6.2
5.7
5.8

Arrival Times
(s)
623.097446
658.270618
849.045914
1345.661338
1616.590438
2617.511936

# Beams

49
13
24
121
22
53

Table 5.4: Main parameters of the candidates detected in the 8gr8 survey of M31. For each we give the
right ascension (RA), declination (DEC), the number of bursts detected per hour Ṅ, the DM, the inferred
distance (d) using the NE2001 free electron model and the minimum width of individual pulses W. The
numbers in parenthesis represent the uncertainty in the given quantities to the last digit(s) shown.

Name
M31–BC1
–
–

M31–BC2
–
–
M31–BC3
–
–
M31–BC4
–
–

RA(J2000)
hms
00 43 (19)
00 44 (00)
00 43 (52)
00 46 (28)
00 44 (45)
00 39 (05)
00 39 (26)
00 39 (50)
00 37 (52)
00 47 (36)
00 40 (00)
00 45 (50)
00 43 (31)

DEC (J2000)
dms
+40 22 (48)
+40 39 (36)
+40 58 (12)
+41 26 (24)
+41 44 (24)
+41 38 (24)
+41 14 (24)
+40 30 (00)
+40 24 (36)
+40 53 (24)
+40 40 (48)
+40 54 (36)
+40 45 (36)
–

Ṅ
h−1
2.7
–
–
–
–
2.7
–
–
3.0
–
–
1.0
–
–

DM
pc cm−3
54(1)
–
–
–
–
56(1)
–
–
63(1)
–
–
147(2)
–
–

d
kpc
≥4
–
–
–
–
≥4
–
–
> 48
–
–
> 48
–
–

W
ms
∼ 3.3
–
–
–
–
∼ 3.3
–
–
∼ 3.3
–
–
∼ 6.6
–
–

Finally we show the brightest multiple pulse detections we recorded. These detections
consist of bright pulse events that repeated more than once at the same DM and with a similar
pulse width. These detections are listed in Table 5.5.
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Table 5.5: Bright pulses detected more than once at the same DM during 90 hours of observations of
M31. We show the same parameters as in Table 5.2, including the times of the associations.
# Beams
11
117
108
115
20
59
91
91
51
12
99

DM
(pc cm−3 )
19.9
19.9
63.0
63.0
69.3
69.3
69.3
72.1
72.1
72.4
72.4

Distance
(kpc)
1.1
1.1
>4
>4
> 48
> 48
> 48
> 48
> 48
> 48
> 48

S/N
7.7
7.4
7.1
7.4
7.0
7.3
7.2
7.5
7.2
7.4
7.6

Width
(ms)
3.28
3.28
1.64
1.64
1.64
1.64
1.64
13.11
13.11
1.64
3.28

Arrival Times
after start Obs.(s)
25736.956928
20047.882854
31.376998
15098.844774
28002.871501
12399.281562
11378.561638
566.597222
1938.685133
27776.636314
13474.783846

MJD (2000.0)
at Start Obs.
53707.63924
53713.62292
53709.63368
53709.63368
53707.63924
53707.63924
53711.62824
53709.63368
53712.62558
53707.63924
53707.63924

Pointing
PNT01 1
PNT01 4
PNT01 2
PNT01 2
PNT01 1
PNT01 1
PNT01 3
PNT01 2
PNT02 3
PNT01 1
PNT01 1

Localization of the candidates
Due to the sporadic nature of the single pulses detected, and the linear nature of the WSRT
observatory, we were not able to accurately locate any of the sources reported here within the
primary beams shown in Fig. 5.1. For the precise location of a source in the sky, we require
at least a handful of bright single pulse detections from a source, at different hour angles; as
explained in Chapter 2. We show an example of this procedure for the pulses of the candidate
M31-BC1 listed in Table 5.4. Combining the S/N of the detections listed in Table 5.3 we
obtain the two best locations for this source which are shown in Figure 5.7. Applying this
procedure we found the best three locations for the candidates described in §5.4.2.2 and listed
in Table 5.4.
Follow up observations
The best four candidates listed in Table 5.4 were followed up firstly by observations using the WSRT in a normal pulsar observing mode (tied-array). These observations were
preformed at the same frequency and using the same number of frequency channels as in our
observations in 8gr8 mode. In this mode the primary beam has a radius of ∼ 3 arc min,
about twice the size of one of the sub-beams when observing in the 8gr8 mode. Each position was observed for approximately 2 hours. The results of these observations did not reveal
any pulses with the expected DM at the locations listed here. The low S/N of most of these
detections makes differentiation between real pulses and spurious (noise-related) pulses very
difficult, even though the pulses appear dispersed and are recorded in multiple sub-beams.
These two last issues (low S/N and the difficulty differentiating spurious detections from real
ones) might introduce errors larger than the size of the 8gr8 sub-beams when calculating the
best locations.
In order to circumvent this problem we decided to attempt to confirm these sources by
observing the best locations with an instrument that would give us a bigger beam size and a
better sensitivity. Therefore we performed observations of these candidates using the Green
Bank Telescope (GBT). These observations were done at a center frequency of 350 MHz
with the Spigot pulsar backend (Kaplan et al. 2005). Each position was observed for 2 hours,
for a total observation time of 16 hours. The pointings observed with the GBT are shown in
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Figure 5.6: Pointings of the observations made with the GBT telescope. The eight medium size circles
show the position of the beams of the observations made with the GBT with respect to the beams of
the WSRT represented with the big circles. The black dots show the position of the candidates listed in
Table 5.4.

figure 5.6. We used a bandwidth ∆ f = 50 MHz with 1024 lags (frequency channels) and a
sampling time of 81.92 µs. The large gain of the GBT meant an improvement of a factor of 4
over the sensitivity on the observations made previously with the WSRT. At this frequency the
beam size of the GBT covers 0.6 deg approximately. We reduced these observations using the
PRESTO package and applying both periodicity and single pulse searches. These observations
did not reveal any excess of pulses in any of the locations described above. From the burst
rate cited in Table 5.4, we were expecting to observe at least one of these bursts at the DM
quoted there, but no further confirmation could be established from any of our observations.

5.5. Discussion
The results of the extragalactic survey of pulsars for M31 presented here can only be compared with the results of the searches done in the past by McLaughlin & Cordes (2003) for
M33 i.e. no periodical detections and the detection of some sporadic single pulses with DMs
consistent with the respective distances of the galaxies. The survey in M33 was done at a
similar wavelength (∼ 1m) as this work, using the Arecibo radio telescope, the most sensitive
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Figure 5.7: Beam plot of the bursts detected with a DM = 54.7. The size of the circles is proportional to
the S/N of the combined detections. The highest S/N regions are located in the upper left side of the plot
(see crosses) and are RA = 11.62◦ , DEC = +41.44◦ and RA = 11.19◦ , DEC = +41.69◦ respectively.
The big circle represents approximately the size of the primary beam.

instrument for single pulse searches currently available. This comparison can only be done
if we take into account (i) the fact that the M33 galaxy is ∼120 kpc more distant than M31
(Karachentsev et al. 2004) making the flux of any pulsar detectable fainter by a factor of 1.3
with respect to M31, (ii) the Arecibo radio telescope is more sensitive than the WSRT at the
same frequency and (iii) the low mass, different metallicity and stellar formation rate of M33
would only allow for a population of pulsars different but probably smaller than that for our
own Galaxy and M31. Taking into account this differences, it turns out that our results are
consistent with those found by McLaughlin & Cordes (2003) for M33.

5.5.1. Detectability of pulsars and RRATs in M31
We want to investigate the detectability of radio pulsars at the distance of M31 using
the WSRT in the 8gr8 mode. The basic question we want to address is how likely is the
detection of a pulsar and if detected, which of the two methods namely periodicity or single
pulse searches would be more effective. To tackle this question in a quantitative way, we
constructed a simple population synthesis code that recreates some of the parameters of a
whole Galactic pulsar and RRAT population. Using the minimum sensitivity thresholds listed
in §5.3.6 and our synthesis code, we model different populations to find an average expected
number of detectable pulsars and RRATs. For periodicity searches we used integration times
of 1 hour, while for single pulse searches we used 8 hours .
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Modeling pulsars
For our pulsar population models, the parameters we simulate are the distribution of pulsar periods N(P), the distribution of luminosities in terms of the period of the pulsar L(P),
and the distribution of the intensities of the individual pulses for each of the objects in the
model. Each model is made with a population of about 40000 pulsars. This number was
chosen based on the results of the population studies made from the results of the large pulsar
surveys for our Galaxy (see for example Lorimer 2009). We made therefore the assumption
that the number of pulsars in M31 and in our Galaxy is similar. We do not simulate millisecond pulsars because they do not represent the bulk of the population of pulsars in our Galaxy.
For the period distribution we use the same function found by Lorimer et al. (2006):
"
#
(log P − B)2
N(log P) = A exp −
.
(5.4)
2C 2
For the distribution of luminosities we derived an empirical relation from a sample of 663
pulsars with known S 400 which we obtain from the ATNF1 database (Manchester et al. 2005).
We then have fitted a log-log distribution with a normal distribution given by:
log(L) = D log(P) + E + ζ.

(5.5)
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In the last equation ζ is a normal distribution centered at the origin with standard deviation of
0.6. The parameters of our population models are summarized in Table 5.6. An example of
period and luminosity distributions for one of our models for pulsars is shown in Fig 5.8.

4000
3000
2000
1000

1000
100
10
1

0

0.1
10

100

1000
Period ( ms )

10000

10

100

1000
Period ( ms )

10000

Figure 5.8: Example of one of our models for normal radio pulsars. The left panel shows a histogram
for the number of pulsars vs. period. Our models cover periods ranging from a few tens of milliseconds
to few seconds. The right panel shows the distribution of luminosities vs. period. The dotted line
represents the most luminous known pulsar in our Galaxy PSR B1302-64 which has a L328 ∼ 37 Jy
kpc2 .
1 http://www.atnf.csiro.au/research/pulsar/psrcat/
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For each of the pulsars in our model, we randomly generated a distribution for the intensity of its individual pulses. These distributions could be i) normal, ii) log-normal or iii) a
power law. These are the pulse-to-pulse distributions observed in known pulsars (see Cairns
et al. 2001 and Weltevrede et al. 2006c). For the last case, the power law index α was assigned
randomly, with values ranging from very shallow to very steep power laws 1 < α < 4. For all
the distributions, the functions were normalized by setting the mean to be equal to the mean
flux density of each pulsar calculated from the luminosities given by Eq. (5.5), using the definition of luminosity L328 = S 328 d2 , with d = 770 kpc (Karachentsev et al. 2004, the distance
to M31). For the normal distributions of pulses we randomly assigned a σ to simulate narrow
and broad distributions of pulses (100 > σ > 1). Finally for the log-normal we followed the
same approach, assigning randomly a σ that would produce distributions with short and long
tails. For each pulsar we also calculated the number of pulses that we should observe in one
of our observations of 8 hours (given by N p = ti /P). To build these models, the luminosities
of pulsars at 328 MHz (L328 ) have been scaled from those at 400 MHz, following the relation
S ∝ ν−α , where S is the flux at 328 MHz, ν is the observing frequency and α is the spectral
index assumed to be α = −1.82.
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Figure 5.9: Example of one of our models for RRATs. As in Fig. 5.8, the left panel shows the
distribution of the number of RRATs vs. period. The right panel shows the distribution of luminosities
vs. period. The dotted line shows the most luminous RRAT known in our Galaxy, J1819–1458 with
peak luminosity L328 ∼ 5170 mJy kpc2 . The luminosities shown here were scaled with frequency as
explained in the text.

Modeling RRATs
RRATs have been discovered recently and currently we only know of a few tens of these
objects in our Galaxy. In the discovery paper, McLaughlin et al. (2006) attempt to simulate
the size of the population based on the 11 sources they report. Nevertheless no synthesis
models have been made to describe in detail their individual characteristics since our current
understanding of the whole population is still uncertain. To built the model presented here,
we use the measured parameters of 33 known RRATs reported by McLaughlin et al. (2006),
Hessels et al. (2008), Deneva et al. (2009b), Keane et al. (2009) and Burke–Spolaor &

100

A Search for pulsars & Radio Transients in M31

Table 5.6: Summary of the analytic function fit parameters for our pulsar and RRAT models (Eqs. 5.45.8). The numbers in the columns marked d−2 are the fits for the models for pulsars as in our Galaxy
using an inverse square law distance for their fluxes. The columns marked with d and d1.5 show the
coefficients for distributions with fluxes that do not follow the inverse square law as is explained in
§5.3. The spaces marked with “–” indicate that the models did not require those parameters.

Parameter
A
B
C
D
E
F
G

d−2
0.510
2.710
0.340
-0.230
3.212
—
—

Pulsar
d−1.5
0.510
2.710
0.340
-0.211798
2.36363
—
—

d−1
0.510
2.710
0.340
-0.1931
-0.0645
—
—

d−2
-0.467141
679.3115
—
-0.045
2.590
-0.2633
1.91755

RRATs
d−1.5
-0.467141
679.3115
—
-0.0742648
3.47843
-0.2633
1.91755

d−1
-0.467141
679.3115
—
-0.0645126
3.18352
-0.2633
1.91755

Bailes (2009). With this empirical model, we want to describe the general properties of a
whole Galactic population of about 400000 RRATs, in order to estimate the distribution of
periods N(P), luminosities L(P) and pulse rate Ṅ. For the period distribution we use the
following analytic function:
N(P) = A log(P) + B,
(5.6)
while for the luminosity we used the following relation:
log L = D log(P) + E + Γ.

(5.7)

with Γ being a normal distribution with zero mean and standard deviation of 0.4. The sporadic nature of RRATs can be quantified by the pulse rate Ṅ of the individual objects. This
parameter was modeled according to:
log Ṅ = F log(P) + G + Υ

(5.8)

In the last equation Υ is a normal distribution with zero mean and standard deviation of 0.7.
The fitted parameters we find are tabulated in the fifth column of Table 5.6. For each RRAT
in our model we randomly assigned a distribution for the intensity of its individual pulses
with the three distributions used for pulsars, and we have scaled the luminosities in the same
way as described in §5.1.1. The spectral index of RRATs is still poorly known, therefore we
have simulated populations that show an average spectral index like pulsars (α = −1.82).
Monte–Carlo Simulations
We note that observable pulsars located in M31 must be very luminous in order to be
detected. Thus a search for pulsars in a whole galaxy such as M31 is an opportunity to set
upper limits to the maximum luminosity of radio pulsars. To quantify this luminosity, we
performed different simulations of pulsars and RRATs. Each simulation had different luminosity laws, covering a range of luminosities from that of our Galaxy to a population 10 times

L
2×L
5×L
10×L

Model

d−2
0
0
2
5

d−1.5
8
13
80
375

d−1
808
2445
7705
14565

Periodicity Search
FFT

Average # of Pulsars Detected
Single Pulse
Gaussian
Log-Normal
Power Law
1<α<4
2<α<4
d−2 d−1.5 d−1 d−2 d−1.5 d−1 d−2 d−1.5 d−1
0
2
1
2
2
3
2
0
5
0
0
2
2
2
3
4
3
–
–
–
0
2
2
3
5
4
4
–
–
–
0
2
2
2
6
4
6
0
5
0

Table 5.7: Summary of our Monte-Carlo simulations for different luminosity distribution scalings (shown in first column) for pulsars. In the other
columns we show the number of pulsars detected using the different methods, namely periodicity and single pulse searches. We did simulations
using shallow (α ∼ 1) and steep (α ≥ 2) power law indices. For each case we show the number of detectable pulsars using a flux law that scales
as d−2 , d−1.5 and d−1 (see text in §5.3). The spaces marked with “–” indicate that we did not model those conditions since they were intermediate
between the lowest and highest luminosity models.
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Table 5.8: Monte-Carlo simulations made for different luminosity distributions for RRATs and different
laws for the flux. In the first column we show the luminosity law we used. L is the luminosity as seen
for the population RRATs as observed in our Galaxy (L = S d2 ). In the second and third columns we
show the number of RRATs detected as single pulses. We show also the number of detections according
to the distribution of the single pulses. For the case of power laws, we did simulations using shallow
(α ∼ 1) and steep (α ≥ 2) power law indices. As in Table 5.7, the numbers in each column shows
the expected number of detectable pulsars using a flux law that scales as d−2 , d−1.5 and d−1 (see text in
§5.3).

Model

Gaussian

L
2×L
5×L
10×L

0
0
0
0

Average # of RRATs Detected
Single Pulse
Log-Normal
Power Law
1<α<4
2<α<4
d−2 d−1.5 d−1 d−2 d−1.5 d d−2 d−1.5 d−1
0
0
0
0
0
0
0
0
0
0
0
1
1
0
0
–
–
–
1
0
3
0
0
1
–
–
–
1
0
3
0
0
1
0
0
2

brighter in order to establish which luminosity distributions would ensure a detection with the
WSRT. From now on, a model realization is defined as a single population of pulsars. For
each simulation, we produced 100 realizations of populations for pulsars and RRATs. For
each of these realizations, based on the luminosity laws, we calculated the mean flux of each
individual pulsar as if located at the distance of M31. Then we compare the individual mean
fluxes with the minimum sensitivities for our periodicity searches. Similarly we have simulated distributions of individual pulses for each pulsar and RRAT. The brightest pulses of
each distribution were compared with the sensitivity of the WSRT for single pulses.
A detection in our models is any pulsar or RRAT that has a flux above the minimum
thresholds discussed in §5.3.6. Those pulsars or RRATs that were above the minimum threshold were recorded in order to know their fluxes S and their individual pulse intensity distributions. The results of our simulations for normal radio pulsars are summarized in Tables 5.7
and 5.8; they show in each column the average number of pulsars detected during the simulations for the different methods we use to detect them. In the case of single pulse detections,
we also show the details on the power law, normal or log-normal distributions for those cases
where we had a detection. A general result shown by our simulations points out clearly that
normal radio pulsars can be more easily detected than RRAT-like objects.
For the case of normal radio pulsars, Table 5.7 shows that we should be able to detect at
least few single pulses from normal radio pulsars located at the distance of M31 only if the
intensity distribution of their individual pulses shows either a shallow power law (1≤ α ≤2) or
a log-normal distribution. If this is the case, these pulses should represent the tail of the distribution. These results are consistent with the log-normal pulse to pulse distributions observed
in some pulsars (Cairns et al. 2001). As can be seen also in Table 5.7, if the population of
pulsars in M31 would be at least a factor of 5 more luminous than the one for our Galaxy, our
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searches using FFT’s might detect a higher number of pulsars than our single pulse searches.
In this way PSR B1302–64 with L400 = 26 Jy kpc2 , the brightest pulsar known in our Galaxy
(Manchester et al. 1978), could be detected in M31 if it were 5 times brighter.
As mentioned previously in this section, RRATs located in M31 are less likely to be
found, and only those populations exhibiting more than 5 times the observed luminosity of
RRATs in our Galaxy, and having individual pulses with fluxes distributed in either log–
normal or shallow power law would be detected. We note that this result was obtained by
assuming that the average spectral index of RRATs is the same as that for normal radio pulsars. Although unlikely, if this average index is a factor of 2 smaller we might detect at least
1 of these objects in M31. We note that a source like J1819–1458, the most luminous RRAT
known with L328 = 5170 mJy kpc2 (McLaughlin et al. 2006) should have to emit pulses about
25 times brighter to be detected in M31.
The fact that we have not detected any pulsar in our FFT searches can be attributed to a
few reasons. The first could be simply that pulsars are not luminous enough to be detected at
that enormous distance. If that is the case, these observations might imply that there are no
pulsars with luminosities L400 > 130 Jy kpc2 . The second reason could be related to the fact
that the population of pulsars in M31 is smaller than that of our Galaxy. This argument is
supported by the observations made at other wavelengths of this galaxy. These observations
show that M31 has a star formation rate of 0.35 M⊙ yr−1 (Williams 2003 and Barmby et al.
2006) about a factor of 3 lower than the one for our Galaxy. Even though the numbers quoted
here are still uncertain, this might imply that the number of neutron stars being produced in
M31 is less than in our Galaxy and that there are less compact objects being formed recently.
Yet more evidence in favour of a smaller population of radio pulsars comes from the low
metallicity observed in M31, about 2 times lower than that for our Galaxy (Smartt et al. 2001
and Trundle et al. 2002). Photometric surveys made in the disk of M31, have revealed a
large population of old metal-poor stars (Renda et al. 2005) which may mainly form black
holes when they collapse as supernovæ (see Heger et al. 2003). Therefore the population of
existing pulsars in M31 might be old with most of its members being too faint to be detected.

5.5.2. How far can we detect a pulse with the WSRT in the 8gr8 mode?
Searches for bright pulses may allow the detection of Crab–like pulsars in nearby galaxies
and we here present an analysis on its detectability at different distances using the WSRT and
comparing its sensitivity with other current and future instruments. We used the properties of
the Crab pulsar to infer to what distances we would be able to detect similar pulses in other
galaxies in the same way as McLaughlin & Cordes (2003) and Cordes et al. (2004c) proposed
in an earlier work but assuming that the detection shows a non constant flux, i.e. that there is
equal signal for the entire pulse width (i.e. the total flux is proportional to the pulse width),
and that the pulses may be broader than those of the Crab.
We make a balance between the luminosities of single pulses from the Crab pulsar and
those detected from an identical pulsar located at the maximum distance to which a pulse
could be detected with the WSRT. Writing S c DC2 = S min D2max and substituting S min = S/Nmin ·
S sys with S sys = T sys /G into the radiometer equation for single pulses (Eq. 5.3), it is possible
to write:
Dmax = Dc (S c )1/2 (S/Nmin S sys )−1/2 (n p ∆ f W)1/4
(5.9)
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FAST 1315 MHz
ARECIBO 430 MHz
WSRT 328 MHz
GBT 350 MHz
LOFAR 140 MHz
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Figure 5.10: Maximum distances available vs. number of distant detectable pulses for the current and
upcoming radio telescopes. The lines show the maximum distance at which an extremely luminous
pulse with a width of of W ∼ 0.4 ms is detectable with different instruments with a minimum S/N=5.
The area delimited between the horizontal arrows show the range of available distances that can be
covered by this work for a range in pulses widths (0.4096 ≤ W ≤ 52.4288 ms). We are able to detect
narrow pulses up to 0.4 Mpc, and broader pulses up to 1.2 Mpc. It is worth to notice the big increase
in the detectability of pulses that will be available with the new generation of radio telescopes, namely
LOFAR and SKA. The black arrow shows the distance of M31 (dM31 = 0.770 Mpc).

In the last equation the pulses have a width larger or equal to the sampling time (W ≥ t s ),
and the pulses should be dispersed. It is clear from Eq. (5.9) that the maximum distance to
which the pulsar is detectable depends on the width assuming that the detection shows a non
constant flux. The parameters of some of the current and projected radio telescopes are shown
in Table 5.9. The distribution of pulse intensities were scaled using a differential distribution
dN/dS ∝ S −α with index α ∼ 3.5 (McLaughlin & Cordes (2003)). For the scaling of the
frequency for the bright pulses from the Crab, we used the power law S mean ∝ ν−γ with
γ = 4.5 as spectral index, in the same lines as Lundgren et al. (1995) and Sallmen et al.
(1999) noting that this index is not supported by recent observations at lower frequencies
(Karuppusamy 2009). In Fig. 5.10, we show the range of distances over which a bright pulse
can be detected, indicated with the horizontal arrows for narrow and broad pulses in the plot.
For hypothetical pulses with different widths W up to a few tens of ms, we found that in
principle, we can detect narrow pulses (W ∼ 0.5 ms) up to 0.58 Mpc, and broader pulses
(W ∼ 52 ms) up to 1.5 Mpc. The distance to M31 is d M31 ∼ 0.7 Mpc and is labelled in the
figure. This means that the pulses we detect with a width W > 13.10 ms might be located
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somewhere beyond 0.6 Mpc, all the way up to a maximum distance of 1.4 Mpc, assuming
they are emitted by a powerful source like the Crab pulsar.
Table 5.9: Parameters of the current and proposed radio telescopes.

TEL.
SKA
FAST
ARECIBO
GBT
WSRT
LOFAR

Freq.
(MHZ)
1400
1315
430
350
328
140

S sys
(Jy/K)
0.30
1.29
5.00
6.50
140.00
113.00

∆f
(MHz)
350.0
400.0
10.0
50.0
10.0
32.0

Ref.
Carilli & Rawlings (2004)
Smits et al. (2009)
McLaughlin & Cordes (2003)
Hessels et al. (2008)
This work
van Leeuwen & Stappers (2009)

5.5.3. Constraining the d −2 flux law for radio pulsars
Searches for extragalactic pulsars can be used to constrain the inverse square law of radio
pulsars. The observed luminosity of pulsars is strongly biased by the apparent flux densities
we can detect, and both quantities relate as: S ν ∝ Lν /d2 . In this equation Lν is the luminosity
of the pulsar at a given observing frequency, the mean flux of the pulsar measured in mJy at
the same frequency is represented by S ν and d is the distance to the pulsar in kpc. All pulsar
surveys have a limiting flux density therefore, only those objects bright or close enough are
detectable. The luminosity is usually calculated from independent measurements of S ν and
d. The mean flux is calculated from a number of observations of the pulsar, recording the
integrated intensity under the pulse, averaged over the full period. The distance can be found
using three different methods. One of the most accurate methods to find the distance to a pulsar is by measuring its annual parallax, but this is only possible for nearby pulsars (Brisken
et al. 2000). Another method to find the distance to pulsars is by measuring the absorption
and emission features caused by the neutral hydrogen (HI) distribution along the line of sight
as Guelin et al. (1969) proposed. Unfortunately this method can only be applied to pulsars
embeded in HI regions. The third and more widely use method is the NE2001 model (Cordes
& Lazio 2002) that describes the distribution of free electrons in our Galaxy (ne ). This model
is based on a wide range of observations of the ISM of our Galaxy, and it allows distances to
be estimated to an accuracy of at least 20%. Since the model describes the entire distribution
of free electrons in our Galaxy, it is widely used to estimate distances to pulsars using their
measured DM. Hence a large fraction of the known distances for pulsars has been calculated
with the NE2001 model.
Recently, Singleton et al. (2009) made a maximum likelihood analysis using the observed
fluxes and the distances of pulsars d calculated with the NE2001 model. The conclusions of
their analysis are that either i) the distances are radically and consistently incorrect by factors
of 10, or ii) pulsars have a flux that falls off more slowly with distance following a power law
that decays as ∝ d −1 or ∝ d −1.5 . This may be due to the presence of a component in the flux,
originated by the emission of superluminal polarization currents (Ardavan et al. 2008).
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In order to corroborate a deviation from the 1/d 2 law for the pulsar fluxes, we performed
a set of simulations where we defined a new law for the flux as S ν ∝ Lν /dǫ with ǫ = 1 and
ǫ = 1.5. These simulations were done in order to assess the expected number of detectable
pulsars at the distance of M31, within the sensitivity of our survey. We used the same prescriptions described in §5.5.2 with the respective modifications for the calculation of fluxes
(see parameters listed in columns labeled d −1 and d−1.5 Table 5.6). The results of our models
are shown with the numbers in the columns labeled d −1 and d−1.5 of Tables 5.7 and 5.8. Here
we show the number of pulsars that we should detect with the WSRT using different search
techniques. Our results show clearly that we should be able to detect a large number of pulsars regardless of the type of search we perform.
Our observations are in agreement with our simulations using fluxes that scale as the inverse square of the distance. The same can be stated from the results of the observations done
of M33 by Cordes & McLaughlin (2003). The fact that i) our observations and those made
for M33 revealed only a handful of single bright pulses and ii) that our simulations using the
scaling for the fluxes suggested by Singleton et al. (2009) show a large number of detections,
lead us to conclude that the flux of pulsars does not scale as d −1 or d−1.5 but simply as d−2 .
As it is unlikely that the distance model is inaccurate at the factor 10 level, our lack of
detections in M31 argues that some other effect than distance errors or a modified luminosity
law is responsible for the effect seen by Singleton et al. (2009). Observed deviations of the
flux from the standard d−2 law can not be attributed to the inaccuracies introduced by the
NE2001 model to estimate the distances to pulsars. We therefore assume that the observed
deviation must be caused by an unaccounted selection effect in the flux measurements of
radio pulsar surveys.

5.5.4. Detectability of extragalactic millisecond radio bursts
The observations we present here provided an excellent opportunity to detect any extragalactic millisecond radio bursts occurring in the direction of M31 at cosmological distances
(Lorimer et al. 2007). This is due to our very long dwell times, our good sensitivity and our
methods to reject detections associated with RFI. In spite of this, we did not record any of
these events in our observations. These bursts are for example hypothesized to be the coalescence of two neutron stars (Hansen & Lyutikov 2001) or the evaporation of a black hole
(Rees 1977). Here we estimate the number of these bursts that would be observable in our
data. Lorimer et al. (2007) estimated the rate of similar events in the radio sky, by using the
properties of the Parkes Multibeam Survey over an area of 5 square degrees (1/8250 of the
entire area of the sky) at any given time over a 20–day period. Assuming the bursts to be distributed isotropically over the sky, they infer a nominal rate of 8250/20 ≈ 400 similar events
per day. Based on those estimates, the expected number of bright single bursts per day per
square degree (nB) is the nominal rate, divided by the total number of square degrees in the
sky. Hence if these sources do exist we expect n B = 400/41250 ≈ 0.01 bursts day−1 sqr deg−1.
Now we need to take in account the parameters of our observations, to estimate the number of bursts visible in the direction of M31. We observed for a total time of 80 hours (3.33
days). The field of view of the WSRT for a wavelength of 0.92 m and dishes with a diameter
of 25 m is θ = 2.57◦. The area of the sky covered by the primary beam Ω (in square degrees)
can be calculated by finding the area that a spherical cap of radius θ/2 (in deg.) would cover
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in the sky, using Ω = k[1 − cos(θ/2)], with k = 2 · 3283 · π. For the size of our primary beam,
we have Ω = 5.15 sqr. deg. Finally we can make an estimate of the total number of pulses
for our observations as follows:
nB−M31 =

0.01
× 3.33 day × 5.15 sqr. deg. = 0.17
day · sqr. deg.

(5.10)

That implies that we would need to observe for about 6 times the total observed time we
used for this work to detect at least one extragalactic millisecond radio burst in our data from
the direction of M31. All these calculations were done assuming that a cosmological radio
burst can still be detected after crossing M31. If this is the case, the effects of dispersion
and scattering that the intergalactic medium of M31 would produce may render the signal
undetectable. Taking into account this possibility and using as a field of view, the area of the
primary beam that is not covered by the disk of M31 the number of pulses nB−M31 is reduced
by a factor of 3. We note that because we cover a large area of the sky with our primary
beam, we could not position accurately any of these sources while observing in the 8gr8
mode, due to the effects explained in Chapter 2.

5.6. Conclusions
We have presented here the most sensitive search for pulsars and radio transients made
in the direction of M31. In this search we have applied two search methods that would
have allowed us to detect any extremely bright radio pulsar or fast radio transient. We have
detected a handful of single bright pulses with a DM that locates them beyond our Galaxy
and likely within M31. Moreover we detected a few repeating bright pulses that consistently
showed the same width and DM. Some of them have a DM consistent with that of a source
at the distance of M31 while others could be located within our own Galaxy. We present our
conclusions below.
1. Due to the characteristics of the WSRT and the consequences of observing in the 8gr8
mode, we were not able to locate these sources which were detected only sporadically
with higher accuracy within the primary beam. To help to assess the astrophysical
origin of these pulses, we performed numerical simulations using a synthesis code
to estimate the properties of a population of pulsars and RRATs in M31. From our
simulations we can conclude that the only means to detect pulsars in M31 with the
sensitivity of the WSRT in the 8gr8 mode is by detecting the bright pulses if their
intensities are described by a shallow power law or a log-normal distribution. The
detections reported here might be associated with pulsars or RRATs that show these
characteristics.
2. The fact that we do not detect any pulsar in our periodicity searches can be attributed
either to the absence of extremely bright pulsars (L > 130 mJy kpc2 ) or to the fact
that the whole population of pulsars and RRATs in M31 is smaller than that of our
Galaxy. Our results are inconclusive to answer these questions and they only can set
upper limits to the maximum possible luminosity for radio pulsars in M31 and perhaps
in the population of our own Galaxy assuming they are not intrinsically different. We
conclude by emphasizing the importance of future searches with more sensitive instruments such as LOFAR in M31 and SKA for near galaxies in the Southern Hemisphere.
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3. The agreement of our observations and those done in M33 by Cordes & McLaughlin
(2003) together with the simulations presented here lead us to conclude that the flux of
pulsars does not scale as d−1 or d−1.5 , but as the conventional d−2 . Nevertheless there is
an inconsistency that possibly can be attributed to selection effects in the pulsar surveys
which show a bias towards the detection of pulses with low fluxes (Malmquist bias) or
perhaps a combination of this effect with the distance of pulsars. Future observations
with high sensitivity instruments will clarify this point, and sample the population of
dim pulsars.
4. We finally remark on the advantages of observing with the WSRT in the 8gr8 mode.
This is an excellent tool to monitor extended objects for fast radio transients such as
galaxies. As we have shown, the WSRT in the 8gr8 mode has the capability to monitor
most of the galaxies of the local group for single bright pulses (with widths Wint > 13.1
ms) located at distances up to ∼1.2 Mpc. Surveys like the one presented here, with
longer dwell times might confirm more extragalactic millisecond radio bursts.
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Samenvatting in het Nederlands

Wat gij doet, doe het goed en denk aan het einde.
Constantijn Huygens
Dit proefschrift gaat over het zoeken naar een van de meest opmerkelijke soorten objecten
in ons heelal: pulsars. Pulsars zijn snel draaiende en sterk magnetische neutronensterren.
Zij vormen het eindstadium van sterren met een massa van ongeveer 9 tot 25 maal de massa
van onze zon en worden gevormd wanneer deze sterren exploderen in een supernova (zie Figuur 6.1). Neutronensterren zijn relatief klein, ze hebben een afmeting vergelijkbaar met een
stad zoals Amsterdam (een straal van 10 km), maar bevatten ongeveer anderhalf maal zoveel
massa als onze zon. Dit betekent dat ze enorm compact zijn en dat de materie in hun binnenste samengedrukt is tot enkele honderden biljoenen malen de dichtheid van water. Ze zijn zó
compact dat licht nabij een neutronenster geen recht pad volgt, maar wordt afgebogen door
de kromming van de omringende ruimte-tijd. Pulsars draaien ontzettend snel! Van 716 omwentelingen per seconde voor de snelst bekende pulsar tot ongeveer 1 omwenteling elke 8.5
seconde voor de langzaamste. Pulsars zijn ook sterk magnetische sterren, met magneetvelden
die enkele honderden miljoenen malen sterker zijn dan dat van een gewone koelkastmagneet.
Deze sterren maken het voor astronomen mogelijk om merkwaardige vormen van materie te
bestuderen, welke niet in aardse laboratoria kunnen worden geproduceerd. Bovendien bieden
ze de mogelijkheid om fysische processen in een extreem gekromde ruimte-tijd te onderzoeken en ze vormen daarom unieke objecten om fundamentele fysica te bestuderen.
Pulsars zenden verschillende soorten licht uit, door astronomen als straling aangeduid.
De meest gangbare vorm van straling is zichtbaar licht, het zelfde type licht als waarin je
dit boek leest. Er zijn echter ook andere typen straling, zoals radiogolven en röntgen- en
gammastraling. Men denkt dat de straling afkomstig van pulsars zijn oorsprong heeft in de
magnetische polen van de neutronenster en in een nauwe bundel wordt uitgezonden. Dit
creëert een vuurtoren-effect, wat het mogelijk maakt een puls van straling te detecteren, elke
keer wanneer de magneetpool van de ster in de richting van de aarde wijst. Door middel
van deze detectie van radiostraling kunnen pulsars worden gevonden en bestudeerd. Waarnemingen van pulsars worden uitgevoerd met veel verschillende instrumenten, zoals krachtige
radio- en optische telescopen, en röntgen- en gamma-satellieten, om zo de zwakke straling
die ze uitzenden te detecteren.
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Figuur 6.1: De Krabnevel. Deze nevel is het produkt van een sterexplosie die werd waargenomen in
het jaar 1054. Jaren later is het residu nog steeds zichtbaar. De nevel herbergt één van de jongst bekende
pulsars in onze Melkweg, PSR B0531+21. Deze afbeelding is genomen door A. Block KPNO, NOAO,
NSF.

In onderstaande tabel geef ik een overzicht van de meest extreme pulsars die zijn ontdekt
in onze Melkweg (zoals bekend ten tijde van het schrijven van dit proefschrift).
Kenmerken
Langzaamste
Snelste

Naam
PSR J2144–3933
PSR J1748–2446ad

Periode
∼ 8.5 s
∼ 1.3 ms

Ontdekkers
Young et al. (1999)
Hessels et al. (2006)

Kenmerken
Oudste
Jongste

Naam
PSR J1333–4449
PSR J1846–0258

Leeftijd
∼> 1 Gyr
∼ 728 yr

Ontdekkers
Jacoby et al. (2009a)
Gotthelf et al. (2000)

Kenmerken
Zwakste
Helderste

Naam
PSR J2127+11G
PSR B0833–45

Helderheid bij 400 MHz
∼ 0.1 mJy
∼ 5 Jy

Ontdekkers
Anderson (1992)
Taylor et al. (1993)

Kenmerken
Minst lichtkrachtige
Meest lichtkrachtige

Naam
PSR J0006+1834
PSR B1302–64

Lichtkracht
∼ 0.1 Jy kpc2
∼ 26 Jy kpc2

Ontdekkers
Camilo et al. (1996)
Manchester et al. (1978)

Kenmerken
Dichtste bij
Verste weg

Naam
PSR J0437-4715
PSR J0131-7310 (In de GMW)

Afstand
∼ 0.16 kpc
∼ 60 kpc

Ontdekkers
Johnston et al. (1993)
Manchester et al. (2006)

In dit proefschrift presenteer ik de resultaten van het onderzoek dat ik in de afgelopen vier
jaar heb uitgevoerd en waarin ik de data van radiowaarnemingen heb doorzocht om pulsars te
ontdekken. Radiopulsars kunnen worden gedetecteerd door in de gegevens van radiowaarnemingen te zoeken naar periodieke signalen, of door het opsporen van de helderste individuele
pulsen die deze objecten uitzenden. De eerste methode maakt het mogelijk normale radiopulsars te vinden, waarvan we vrijwel elke omwenteling een puls ontvangen (afhankelijk van de
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Figuur 6.2: De Westerbork Synthesis Radio Telescope. Deze telescoop bestaat uit 14 antennes met
een diameter van 25 m. De afbeelding toont 4 van de schotels. De rij van telescopen is oost-west georiënteerd. De meeste waarnemingen gepresenteerd in dit proefschrift zijn met dit instrument uitgevoerd.
Deze afbeelding is afkomstig van MERLIN JBCA.

omwentelingssnelheid enkele honderden tot enkele miljoenen pulsen per uur). Door middel
van de tweede methode is het mogelijk om zeldzame pulsars te vinden, waarvan we slechts
enkele pulsen per uur detecteren.
Het eerste onderdeel van mijn onderzoek is beschreven in Hoofdstuk 2 en bestaat uit de
implementatie van een methode om zogenaamde “enkele pulsen” van radio pulsars met de
Westerbork Synthesis Radio Telescope (WSRT; zie Figuur 6.2) te detecteren in een speciale
waarneem-modus genaamd 8gr8 (eight–grate). Deze modus maakt het mogelijk om een
groot deel van de hemel te bestrijken, terwijl de gevoeligheid nagenoeg gelijk blijft aan die
van alle antennes samen. Dit hoofdstuk is volledig gewijd aan het opsporen en beoordelen van deze enkele pulsen met een astrofysische oorsprong. In dit hoofdstuk beschrijf ik
dat het mogelijk is de positie van uitbarstende bronnen, zoals RRATs, te bepalen met een
nauwkeurigheid van slechts enkele boogminuten, een resultaat dat slechts een paar van de
huidige radiotelescopen kunnen bereiken bij het waarnemen van enkele pulsen van pulsars.
Toekomstige interferometers zoals de LOw Frequency ARray (LOFAR) en de Square Kilometer Array kunnen voordeel hebben van het beschreven algoritme wanneer dit in de nabije
toekomst wordt geı̈nstalleerd.
Daarna, in Hoofdstuk 3, pas ik beide zoekmethoden toe om nieuwe pulsars in kaart te
brengen langs het galactisch vlak, in de richting van het sterrenbeeld Zwaan (Cygnus); een
gebied in onze Melkweg met veel actieve sterren. De eerste resultaten van deze zoektocht bestaan uit de detectie van 3 nieuwe pulsars, welke gerapporteerd zijn door Janssen et al. (2009),
maar verder onderzoek heeft geen nieuwe normale radio pulsars opgeleverd. Het zoeken naar
enkele pulsen heeft wel geleid tot het vinden van pulsaties van 4 RRAT kandidaten; dit is een
zeer zeldzaam type pulsar, dat incidenteel zeer heldere enkele pulsen op radiogolflengten uitzendt. Door gebruik te maken van de twee technieken beschreven in de vorige paragraaf,
zijn in dit onderzoek bovendien alle bekende pulsars gedetecteerd die binnen de detectie-
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gevoeligheid van de WSRT liggen. In dit hoofdstuk bespreek ik ook het contrast tussen het
lage aantal nieuwe pulsars dat daadwerkelijk gevonden is en het grote aantal dat verwacht
was voor dit gebied in onze Melkweg, waar pulsars zouden moeten worden gevormd in een
groot aantal jonge ster-associaties. Het resultaat van deze zoektocht laat tevens zien dat er
zich geen lichtzwakke pulsars binnen 0.85 kpc bevinden en dat deze in het waarneemgebied
mogelijk minder abundant zijn dan verwacht.
In Hoofdstuk 4 presenteer ik de resultaten van een diepgaande zoektocht naar pulsars in
één van de satellietstelsels van onze Melkweg; een oud (sferoı̈daal) dwergstelsel in het sterrenbeeld Beeldhouwer (Sculptor). Voor deze waarneming heb ik gebruik gemaakt van één
van de grootste telescopen ter wereld, de Green Bank radio Telescoop, welke een schotel
heeft van 100 m diameter. Dit onderzoek heeft de detectie van een aantal krachtige radio
uitbarstingen opgeleverd, welke mogelijk hun oorsprong vinden op het oppervlak van neutronensterren die zich in dit melkwegstelsel bevinden. Dit is de eerste diepgaande zoektocht
naar pulsars in een melkwegstelsel van dit type.
Dezelfde technieken als in hoofdstukken 2 en 3 worden toegepast om voor het eerst naar
pulsars te zoeken in de Andromedanevel (M31), het meest nabijgelegen grote melkwegstelsel, op een afstand van 770 kpc van onze Melkweg. Dit onderzoek, besproken in Hoofdstuk
5, maakt gebruik van data verkregen met de WSRT in de 8gr8 modus bij een frequentie
van 328 MHz. Hoewel mijn zoektocht geen periodieke signalen, noch andere, korte en heldere extragalactische uitbarstingen op kosmologische afstanden onthult, rapporteer ik in dit
hoofdstuk de detectie van een aantal geı̈soleerde enkele pulsen, welke mogelijk afkomstig
zijn van zeer heldere en ver weg gelegen neutronensterren in M31. Ik vergelijk mijn resultaten met een scala aan hypothetische populaties van pulsars en RRATs binnen M31. Dit staat
mij toe om de helderheidswet voor pulsars af te leiden. Tenslotte rapporteer ik in dit hoofdstuk dat met moderne en reeds geplande radiotelescopen zoektochten naar pulsars in andere
melkwegstelsels van onze lokale groep binnen afzienbare toekomst mogelijk zullen zijn.

Resumen en Castellano

Toda obra, cualquiera que sea, literaria, polı́tica, cientı́fica,
debe estar respaldada por una conducta.
Miguel Ángel Asturias
Esta tesis trata principalmente sobre la búsqueda de uno de los objetos más extraordinarios que es posible encontrar en nuestro Universo: los púlsares. Los púlsares son estrellas de
neutrones que giran a gran velocidad sobre su eje, con campos magnéticos bastante intensos.
Estos objetos representan el estadı́o final de estrellas con masas entre 9 y 25 veces la masa
de nuestro Sol y se forman cuando una de estas estrellas explota como supernova (ver Fig.
7.1). Las estrellas de neutrones son bastante pequeñas, de unos 10 kilómetros de radio, tienen
aproximadamente el tamaño de una ciudad como Ámsterdam pero con una masa equivalente
a una vez y media la masa del Sol. Esto significa que la materia en su interior es muy compacta, comprimida hasta el punto de encontrarse con una densidad equivalente a varios miles
de billones de veces la densidad del agua. Estas estrellas son tan compactas que un rayo de
luz no sigue un camino recto al desplazarse en su vencindad, sino que se curva al igual que
el espacio-tiempo a su alrededor. ¡Los púlsares rotan muy rápido! El púlsar más veloz da 716
vueltas en un segundo, mientras que el más lento tarda 8 segundos y medio en dar una vuelta
completa (la Tierra tarda 86400 segundos en dar una vuelta sobre su eje). Como mencioné al
principio, los campos magnéticos en estas estrellas alcanzan unos cuantos cientos de millones
de veces el campo magnético producido por un imán común como el que se encuentra en la
puerta del refrigerador de una casa. Estas estrellas permiten a los astrónomos estudiar formas
muy densas de materia que no se pueden crear en los laboratorios terrestres y el estudio de
las leyes de la fı́sica en un espacio tiempo curvo, es por ello que son objetos muy importantes
para estudiar las leyes fundamentales de la fı́sica.
Los púlsares emiten diferentes tipos de luz que los astrónomos llaman radiación. El tipo
más común de radiación es la luz visible, que es el tipo de luz que le permite a usted leer
este libro pero existen otros tipos de radiación tales como las ondas de radio, los rayos X y
los rayos γ. La radiación que observamos proveniente de los púlsares se origina en los polos
magnéticos de la estrella de neutrones y es emitida en un haz hacia una dirección particular.
Debido a esto, la radiación crea un efecto semejante al de un faro, permitiendo la detección
113
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Figura 7.1: La Nebulosa del Cangrejo. En el año de 1054 A.D, una estrella explotó como supernova
en esta región del cielo. Muchos años después, aún es posible ver el remante que se muestra en ésta
imagen. El centro de la nebulosa alberga uno de los púlsares más jóvenes conocidos en nuestra Galaxia,
PSR B0531+21, conocido también con el nombre de púlsar del Cangrejo. Imagen tomada de A. Block
KPNO, NOAO, NSF.

de un pulso de radio cada vez que la estrella rota y el haz de radiación apunta hacia la Tierra.
Los púlsares pueden ser observados utilizando una amplia gama de instrumentos, tales como
poderosos radiotelescopios, telescopios ópticos y también por medio de satélites de rayos X y
rayos γ que permiten detectar la débil radiación emitida por éstos objetos. Es posible estudiar
las caracterı́sticas de los púlsares tales como la edad caracterı́stica y el campo magnético por
ejemplo, a partir de la detección de los pulsos de radio.
En la tabla de abajo se muestran las caracterı́sticas de los púlsares más extremos descubiertos en nuestra Galaxia al momento de escribir esta tesis.
Caracterı́stica
más lento
más rápido

Nombre
PSR J2144–3933
PSR J1748–2446ad

Perı́odo
∼ 8.5 s
∼ 1.3 ms

Descubridor
Young et al. (1999)
Hessels et al. (2006)

Caracterı́stica
más viejo
más joven

Nombre
PSR J1333–4449
PSR J1846–0258

Edad
> 1 Gyr
∼ 728 yr

Descubridor
Jacoby et al. (2009a)
Gotthelf et al. (2000)

Caracterı́stica
más débil
más brillante

Nombre
PSR J2127+11G
PSR B0833–45

Magnitud a 400 MHz
∼ 0.1 mJy
∼ 5 Jy

Descubridor
Anderson (1992)
Taylor et al. (1993)

Caracterı́stica
menos luminoso
más luminoso

Nombre
PSR J0006+1834
PSR B1302–64

Luminosidad a 400 MHz
∼ 0.1 Jy kpc2
∼ 26 Jy kpc2

Descubridor
Camilo et al. (1996)
Manchester et al. (1978)

Caracterı́stica
más cercano
más lejano

Nombre
PSR J0437-4715
PSR J0131-7310

Distancia
∼ 0.16 kpc
∼ 60 kpc (Pequeña Nube de Magallanes)

Descubridor
Johnston et al. (1993)
Manchester et al. (2006)
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Figura 7.2: El radiotelescopio de Westerbork en los Paı́ses Bajos. Este radio telescopio está compuesto
por 14 antenas de 25 metros de diámetro cada una. La imagen muestra 4 de las antenas. El observatorio
de Westerbork está alineado de Este a Oeste. Gran parte de las observaciones realizadas para esta tesis
fueron realizadas utilizando este instrumento. Fotografı́a tomada de MERLIN JBCA.

En esta tesis presento los resultados de la investigación que llevé a cabo durante los últimos
4 años, buscando nuevos púlsares en observaciones de radio. Los radio púlsares pueden ser
detectados mediante dos métodos. El primero consiste en buscar señales periódicas y permite detectar objetos que emiten de manera regular, es decir, aquellos de los que recibimos
un pulso cada vez que la estrella de neutrones rota, como los púlsares normales que emiten
entre unos pocos cientos y varios millones de pulsos por hora. El segundo método permite la
detección de pulsos individuales de púlsares que emiten de forma esporádica, aquellos que
emiten algunos pulsos brillantes por hora.
La primera etapa de mi investigación, descrita en el Capı́tulo 2, consistió en la implementación de un método para detectar pulsos individuales provenientes de púlsares, utilizando
el interferómetro de Westerbork, localizado en los Paı́ses Bajos (ver Fig. 7.2), en un modo
de observación llamado 8gr8. Este modo de observación permite cubrir un área bastante
grande en el cielo (equivalente a unas 5 lunas llenas) y al mismo tiempo permite tener una
sensibilidad equivalente al interferómetro completo. Asimismo muestro que es posible determinar la posición del objeto pulsante con una precisión de unos pocos minutos de arco.
Ésta es una ventaja que pocos de los modernos radiotelescopios pueden conseguir cuando
detectan pulsos individuales. Los interferómetros ahora en construcción, tales como LOFAR
(LOw Frequency ARray) y SKA (Square Kilometer Array), podrı́an beneficiarse de los algoritmos de búsqueda presentados en este trabajo, cuando comienzen observaciones en un
futuro cercano.
La siguiente etapa, presentada en el Capı́tulo 3, consistió en aplicar los dos métodos de
búsqueda mencionados previamente para detectar nuevos púlsares en el plano Galáctico, en
la dirección de la región de Cygnus (la constelación del Cisne); un área de nuestra Galaxia
caracterizada por una gran actividad estelar. Los primeros resultados de este survey consisten
en la detección de 3 púlsares nuevos que fueron dados a conocer por Janssen et al. (2009).
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Búsquedas posteriores de púlsares utilizando FFT no revelaron ningún objeto nuevo. Sin
embargo, la búsqueda de pulsos individuales reveló pulsos provenientes de 4 candidatos de
RRATs (del inglés Rotating RAdio Transient), un tipo de púlsar que emite pulsos individuales muy brillantes de forma muy esporádica. Éstas búsquedas también han detectado todos
los pulsares previamente descubiertos en la región y que son suficientemente brillantes para
ser detectados con el radiotelescopio de Westerbork. En este capı́tulo también describo las
discrepancias entre el bajo número de púlsares descubiertos y el gran número de púlsares esperado para una región de nuestra Galaxia donde la formación de pulsares es común debido
al gran número de asociaciones estelares. Los resultados de este survey también muestran que
no existen púlsares emitiendo al menos en 0.85 kpc en la vecindad solar y que por lo tanto,
estos objetos son menos abundantes que lo esperado en la dirección de las observaciones.
En el Capı́tulo 4, presento los resultados de otra búsqueda de pulsares realizada en una de
las galaxias satélites de nuestra Galaxia, una galaxia esferoidal enana en la constelación del
Escultor. Para estas observaciones he utlizado datos tomados con uno de los radio telescopios
más grandes del mundo, el radio telescopio de Green Bank, Estados Unidos, con una única
antena de 100 m. Esta búsqueda dió como resultado en la detección de un puñado de pulsos
de radio que podrı́an estar originados en la superficie de una estrella de neutrones localizada
en el interior de esta galaxia. El resultado presentado en este trabajo es el primero realizado a
esta escala en una galaxia de éste tipo. Además de los resultados presentados, este proyecto
ha mostrado que éste tipo de galaxias esferoidales enanas son una área fértil que aún debe ser
explorada.
Las mismas técnicas descritas en los capı́tulos 2 y 3, fueron utilizadas para realizar la primer búsqueda de púlsares en la galaxia de Andrómeda (M31), la galaxia más cercana a nuestra Vı́a Láctea, localizada a unos 770 kilopársecs de distancia. Para esta búsqueda, presentada
en el Capı́tulo 5, utilizé datos tomados con el radiotelescopio de Westerbork, operando en el
modo 8gr8 a una frequencia de 328 MHz. A pesar de que ésta búsqueda no reveló ninguna pulsación periódica ni ningún destello de origen cosmológico en radio, en éste capı́tulo
reporto la detección de varios pulsos de radio brillantes aislados que podrı́an haber sido originados por estrellas de neutrones extremadamente brillantes y distantes, localizadas en M31.
Estos resultados permitieron restringir la ley de luminosidad de los púlsares, mostrando que
a menos que la población de púlsares en M31 sea más débil que la de nuestra Galaxia, la
radiación de púlsares debe de disminuir con el cuadrado de la distancia. Finalmente en este
capı́tulo muestro que es posible detectar púlsares en otras galaxias del grupo local con los
radiotelescopios actuales y futuros.
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