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CHAPTER 1

Introduction

1.1 The discovery of pulsars

The discovery of pulsars, which started a new era of Radio Astronomy, was made on the
6th of August 1967 by the then graduate student, Jocelyn Bell. She studied, together with
her Ph.D. advisor Dr. Antony Hewish, interplanetary scintillation by measuring the intensity
fluctuations in the radio signals coming from distant radio sources. During these observations
they detected a strange source of radio emission, which they at first considered to be unwanted
radio interference (see Fig. 1.1). However, the appearance of the “scruff” at the same sidereal
time in the following days led to the conclusion that the origin of the signal is extraterres-
tial. The signal had strange characteristics; it consisted of pulses with a repetition rate of
1.34 seconds and was, somewhat in jest, given a designationLittle Green Men 1. Soon after-
wards, in December the same year, a second source (PSR B1133+16) was discovered and it
became clear that a new class of radio astronomical objects, dubbedpulsars1, became known
to mankind. The serendipitous discovery of the first pulsar by Hewish et al. (1968) was soon
followed by the discovery of more sources (Pilkington et al. 1968) and astronomers began
to search for a explanation of their nature. In 1974, Antony Hewish and Martin Ryle were
awarded the Nobel Prize in Physics2, “for their pioneering research in radioastrophysics”,
with for Hewish the addition, “for his decisive role in the discovery of pulsars”.

1Pulsar is a contraction ofpulsating starcoined by a journalist from the Daily Telegraph.
2http://nobelprize.org/nobelprizes/physics/laureates/1974
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The work which laid the first foundations of the theory of thesenew objects was done
much earlier by Baade & Zwicky (1934). They studied the properties of cosmic rays, which
they proposed to originate in supernova explosions. In addition, they introduced a hypothesis
that supernovae represented the transition stages between ordinary stars andneutron stars
consisting mainly of neutrons. This hypothesis was mentioned by Gamow (1939) who in
his work on scenarios of stellar evolution, considered supernovae and neutron stars as one of
the possible final stages following the collapse of a star, applicable to stars within a sharply
defined mass range. In 1939, Oppenheimer & Volkoffderived an equation which constrained
the structure of a spherically symmetric body of isotropic material which is in static grav-
itational equilibrium. This equation could be solved by using the Einstein equations for a
general time-invariant, spherically symmetric metric. This resulted in the first upper limit to
the mass and radius of neutron stars. The authors showed that these exotic objects would be
very small, too small to be observed.

During 1968 more and more new pulsars were discovered. The discovery which finally
proved the connection with supernovae, and showed that pulsars had to be rotating neutron
stars was that of two pulsars in the centre of two supernova remnants. The first, the Crab
Pulsar, as it is called today, was detected by Staelin & Reifenstein (1968) in the Crab Nebula,
the remnant of the supernova explosion in 1054 A.D. (Biot 1841; Duyvendak 1942a,b). The
second source, that resided in the Vela Supernova Remnant was discovered by Large et al.
(1968). Both pulsars had very short periods of only 33 and 89 milliseconds, respectively,
and the only objects which could rotate that rapidly and emit radio emission werehighly
magnetised rotating neutron stars(Gold 1968).

1.2 Formation of neutron stars

Neutron stars are the result of the evolutionary path of stars with large masses (&8−11M⊙),
which ends in a violent explosion which is called a Type II Supernova. During the lifetime
of stars, their radiation is generated by the nuclear fusion happening in their interiors. Their
large masses allow these stars to fuse the elements heavier than hydrogen and helium, some-
thing which cannot be done by the lighter stars like the Sun. The radiation pressure sustained
by the fusion supports the star against gravitational collapse due to its own mass. The evo-
lution of the star continues until the fusion of lighter to heavier elements reaches a limit in
which a core of nickel and iron is formed. The star is now at a pre-supernova stage and has
a shell-like structure composed of a nickel-iron core surrounded by layers of burning sili-
con, neon, oxygen, carbon, and helium, and a vast mantle of hydrogen. Due to convection,
these shells tend to mix up. The nickel and iron are elements which cannot fuse further and
the core builds up its mass until it reaches the limit of 1.44M⊙ which is well known as the
“Chandrasekhar mass”. At this point the fusion process starts absorbing energy from the
core altering the pressure and temperature conditions. Eventually fusion halts and the lack of
radiation pressure from the burning of elements allows the gravitational forces to take over.
The degeneracy pressure of electrons present in the core is exceeded and the core collapses
until it is halted by neutron degeneracy pressure, causing the implosion to bounce outward.
The energy of the bounced shock wave has a catastrophic effect on the surrounding stellar
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Figure 1.1: Left: Pen chart showing the discovery observation made on the 6th of August 1967 of the
first pulsar, CP 1919, where CP stands for Cambridge Pulsar and 1919 is its right ascension.Right:
Pen chart with higher time resolution, presenting the first observations of single pulses emitted by the
CP1919, which can be seen as “dips” in the constant baseline with periodicity of∼1.34 s. Figure is
taken from Hewish (1975).

material, detaching it from the core and forming a supernova explosion. The neutron degen-
eracy pressure stops the core from further collapse. During the collapse of the progenitor star,
its magnetic flux and angular momentum are conserved. When a neutron star is formed, it
retains only a percentage of its predecessor’s mass (about 1.4M⊙) and radius (about 10 km),
which results in a greatly amplified surface magnetic field and rotation rate. The presented
scenario illustrates the basic aspects of the formation of a typical neutron star. However in
the process of formation there is in addition also a dynamo effect which can play a role by
greatly enhancing the magnetic field strength and thereby forming another type of neutron
star.

This type of neutron star is called amagnetar. Its formation proceeds in a similar way as
in the case of a canonical pulsar, up to a certain point. Unlike normal neutron stars where we
think that the field originates simply due to the conservation of magnetic flux, in magnetars
the field is amplified by a dynamo process in the core. This is closely connected with the
idea of the convection of gas. It is known that gas can circulate by convection within a star.
That is, the warm bundles of ionised gas rise up into the higher parts of the star while the
cold ones sink. The ionised gas is a very good conductor which result in a dragging of the
magnetic field lines by the moving gas. This means that in favourable conditions the magnetic
field can be amplified. The dynamo effect is considered to be responsible for generating the
magnetic fields of stars and planets. Duncan & Thompson (1992) put forward the magnetar
theory, using the finding of Burrows (1987), that the same convection takes place in a newly
formed neutron star, which coupled with its fast rotation can increase the strength of the
magnetic field of newborn neutron stars by three orders of magnitude when compared to
normal pulsars. Subsequently, the fast rotation rate rapidly decreases significantly, as a result
of the large electromagnetic torque excerted by the rotating magnetic field, and the neutron
star becomes a magnetar. During the following years the magnetar theory has been accepted
as a likely explanation for Soft Gamma Repeaters (SGRs) and Anomalous X-ray Pulsars
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Figure 1.2: A plot depicting the main features in the radio emitting neutron star. The plot presents
the major terms and regions used in the discussion in this chapter. Figure is taken from Rubio-Herrera
(2010).

(AXPs).

1.3 Properties of radio emission

The radio emission from neutron stars is believed to originate from above their magnetic
poles. The emission is directed towards the Earth in beams which are aligned with the pulsar
magnetic axis as shown in Fig. 1.2. The pulsed nature of the emission from a pulsar comes
from the fact that the spin and magnetic axes are in general non-aligned. Once per stellar
rotation the beam of radiation sweeps across the Earth and a pulse of radio emission is seen.
This is called thelighthouse effectand the time which passes between the consecutive sweeps
of the beam is called thepulse period. If a sufficient number of pulses is added thogether then
an integratedor average pulse profileis formed. Average pulse profiles have different shapes
for each pulsar and are very stable for any observation at the same radio frequency (Helfand
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et al. 1975). These profiles bear the information about the structure of the emission beam and
can be thought of as a characteristic “fingerprint” of a pulsar. The average pulse profiles show
various levels of complication and can assume the simplest forms resembling a Gaussian up
to very complicated profiles composed of many peaks, so-calledcomponents. However, the
majority of the information about the radio emission of pulsars is revealed through the study
of their individual pulses which vary in shape and intensity on a pulse-to-pulse basis.

In order to visualise and investigate these variations it is best to use a so-calledpulse stack
which is formed by taking consecutive pulse profiles and plotting them one above the other.
The vertical and horizontal axes of this two-dimensional representation of a pulsar signal are
now described bypulse numberandpulse longitude, respectively. An example of a pulse
stack is presented in Fig. 4.1 in Chapter 4. It can be seen from the plot that the successively
appearing pulses are composed of subpulses which form an extraordinary pattern. This pat-
tern was first spotted in the observations of pulsars B2016+28 and B1919+21 made by Drake
& Craft (1968). Soon the phenomena ofmarching(Sutton et al. 1970) ordrifting subpulses
(Huguenin et al. 1970) was found to be quite common among pulsars and could be described
as a constant change of the phase of successively appearing subpulses within a fixed longitude
range. The drifting subpulse phenomenon can be best seen in Fig. 4.1 in Chapter 4, where the
subpulses formdrift bandsquantified by two values,P3 andP2, which describe the vertical
and horizontal separation of the drift bands, respectively. The drifting subpulse phenomenon
is also known to be closely connected with two other phenomena. The first is called adrift
mode changein which two (or more) drift rates are exhibited by the pulsar. In Fig. 4.1 in
Chapter 4, two drift modes are seen clearly and they are separated by the manifestation of
another phenomenon which is known asnulling. Nulling is observed as a cessation of pul-
sar emission for a certain number of pulse periods. Just from this example it is clearly seen
that the pulsar radio emission is very complicated and requires a very sophisticated theory in
order to explain it.

1.4 Physics of radio emission

The first approach to explain the radio emission mechanism of neutron stars was made by
Sturrock (1971), who has shown that electron-positron pairs are formed in the strong mag-
netic fields of pulsars due to curvature radiation and these pairs are responsible for the ob-
served radio emission. This interpretation, however, was incomplete as it did not consider
a magnetosphere comprised of charged particles corotating with the neutron star as first de-
scribed by Goldreich & Julian (1969). The model of Ruderman & Sutherland (1975) used
the previous works and proposed the first explanation of the phenomenon of drifting sub-
pulses. Their model assumed the presence of a magnetospheric quasi-steady vacuum gap
above the surface of the neutron star in which sudden and momentary discrete discharges of
particles take place. These so-calledspark discharges, orsparksgenerate electron-positron
pairs which flow out in bunches along the curved magnetic field lines, where, at a height
which is estimated to be tens of stellar radii (Cordes 1978), they produce a secondary pair
plasma which is believed to produce the radio emission. Additionally, the sparks circulate
together in an organised manner in what is called thecarousel of sparks, around the magnetic
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Figure 1.3: The P − Ṗ diagram showing the different types of neutron stars as depicted in the lower
right corner. The lines showing constant magnetic fieldB, characteristic ageτc and spin down energy
loss rateĖ are shown. The hashed region is occupied by “Vela-like” pulsars and the double hashed, by
“Crab-like” pulsars. The regions in gray denote the areas where the radio pulsars are not predicted to
exist by the present theoretical models. Figure is taken from Lorimer & Kramer (2005).

axis due toE × B drift. Each of the sparks gives rise to a drift band, since they rotate slower
in the carousel than the pulsar rotation rate. This is now considered to be the most developed
model describing the pulsar emission mechanism. An excellent example of a study of pulsar
emission using the carousel model as being responsible for drifting subpulses is a series of
papers on PSR B0943+10 (Deshpande & Rankin 2001; Asgekar & Deshpande 2001; Rankin
et al. 2003). Extensiveobservational studies on subpulse modulation and polarisation proper-
ties are well explained in the light of the aforementioned model. However, it is important to
note, that the curvature radiation proposed to be responsible for the radio emission is an inef-
ficient process (Lesch et al. 1998) and emission by bunches of particles has been completely
dismissed by Melrose (1981) as being too slow and too unstable to occur. Morover, the Ru-
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derman and Sutherland model cannot explain certain phenomena observed in the emission
of pulsars, i.e. non-linear drift bands or very long carousel circulation times (van Leeuwen
et al. 2003). Over the years, further developments have been proposed which could account
for those phenomena (e.g. Gil & Sendyk 2000; Gil et al. 2003). Other models propose the
maser emission mechanism as responsible for pulsar radiation. This emission is generated by
particles which undergo linear acceleration resulting in coherent radiation (Rowe 1995).

For a long time pulsars were thought to be the only class of neutron stars which could
emit pulsed radio emission. However, Camilo et al. (2006) detected emission from XTE
J1810−197, the first magnetar to emit pulsed radio emission. This discovery, soon followed
by two more: 1E 1547.0-5408 (Camilo et al. 2007b) and PSR J1622-4950 (Levin et al. 2010),
gave rise to a whole new class of radio emitting neutron stars. Magnetars are a class of X-ray
and gamma-ray emitting slowly rotating neutron stars which are thought to be powered by
the energy stored in their extremely intense magnetic fields (higher than 1014 G, two orders of
magnitude greater than for an average radio pulsar). The peculiar radio emission properties
of these sources defied a theoretical explanation until Thompson (2008a,b) gave an exten-
sive explanation of the pair creation processes and proposed the model of a dynamic outer
magnetosphere as an explanation for the radio emission from magnetars.

The third class of sources which joined the radio emitting neutron stars are Rotating
Radio Transients (RRATs) which sporadically emit very bright radio pulses. Apart from their
very sporadic emission they share most of their properties with radio pulsars (Kramer 2008)
and the idea was put forward by Weltevrede et al. (2006) that RRATs can be explained as
distant normal radio pulsars which are seen thanks to their strongest pulses. The observations
and studies of radio emitting neutron stars illustrate the diversity of their properties. It is
important to study all the different manifestations in order to understand their nature and find
the common origin of their radio emission.

1.5 Characteristic quantities

The characteristic features of a radio pulsar, that is large mass, small diameter, strong mag-
netic field and high spin frequency reveals their extreme physical properties. The observations
of the Crab pulsar by Richards & Comella (1969) showed for the first time that the star was
spinning down, increasing its period with time. The rate at which the pulsar is increasing
its period is given by the period derivativėP. The rotating magnetised neutron star looses
its angular momentum by the emission of magnetic dipole radiation. This braking effect is
evident from the increase of the pulse period. The magnetic dipole radiation of a rotating
magnet with dipole momentm leads to a loss of rotational kinetic energy of:

Ė = −d(IΩ2)/2
dt

=
2

3c3
|~m|2Ω4 sin2α erg s−1, (1.1)

whereΩ is the angular frequency,c is the velocity of light,I is the moment of intertia and
α is the angle between the magnetic and rotation axis. Calculating the time derivatives and
rearranging Eq. 1.1, an expression that relatesΩ andΩ̇ is obtained:



10 Chapter 1

Ω̇ = −
(

2
3c3

|~m|2 sin2α

I

)

Ω3. (1.2)

The relation betweenΩ andΩ̇ can be expressed more generally as a power law, withΩ

given in terms of spin frequency,ν:

ν̇ = −Kνn. (1.3)

The value of the braking indexn is usually assumed to be 3, as expected for magnetic
dipole braking, but its measured value can be lower (e.g. Lyne et al. 1996). Integrating
Eq. 1.3 will yield the formula to obtain the age of pulsar:

T =
P

(n− 1)Ṗ

[

1−
(PB

P

)n−1]

, (1.4)

wherePB is the spin of a neutron star at birth. If the spin down of the pulsar is assumed to
be entirely due to magnetic dipole radiation (n= 3) and the rotation period at birth is signif-
icantly smaller than the present value (PB ≪ P) then Eq. 1.4, can be written in a simplified
form and the characteristic age,τc, of a pulsar can be calculated as:

τc =
P

2Ṗ
≃ 15.8 Myr

(P
s

)

(

Ṗ

10−15

)−1

. (1.5)

From Eq. 1.2 it is possible to estimate the strength of the surface magnetic field (BS) of
the neutron star. Remembering that at a distancer the magnetic field strength is:B = 2|~m|/r3,
Eq. 1.2 gives:

Bsur f =

√

3c3

8π2
I

R6 sin2α
PṖ. (1.6)

For typical values of a neutron star with substituted; moment of inertiaI = 1045 g cm2,
radiusR= 10 km andα = 90◦ Eq. 1.6 can be written in a simpler form:

Bsur f ≃ 1012

(

Ṗ

10−15

)1/2
(P

s

)1/2

G. (1.7)

The P − Ṗ diagram (Fig. 1.3) is used to compare pulsars. We can see that the pulsar
population splits into different groups defined by ages and magnetic field strengths. The
evolution of a canonical isolated pulsar starts with its birth in a supernova explosion. Once
it turns on as a radio pulsar its rapid rotation and slow-down rate mean that it is located
in the upper left corner of theP − Ṗ diagram. As the pulsar ages according to Eq. 1.5 it
moves towards the right and down crossing the lines of constant characteristic age along the
way. The hatched and cross-hatched regions in the diagram denote the pulsars which are
often found to be associated with supernova remnants. Eventually, after about 105−6 years
the pulsar will reach the main pulsar population located in the middle of the diagram. As the
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pulsar ages further, the slow down results in a decay of its emission and the pulsar moves
toward the “graveyard” area where after 107−9 years its radio emission shuts off.

In the case of the magnetars, the evolution is still a mystery. It is thought that their
evolutionary paths start in the top left corner of the plot with small pulse periods which are
quickly reduced from initial values due to the strong magnetic braking, also their spin-down
rates are so high that they evolve very quickly across theP− Ṗ diagram. In scenario presented
the active life of a magnetar is short. Their strong magnetic fields are thought to decay after
about 104 years, after which their magnetar activity ceases.

1.6 Summary: a guide to this thesis

In this thesis I present the results of studies of the modulation properties of radio emitting
neutron stars. The first chapter is devoted to the study of the radio emitting magnetar AXP
XTE J1810−197. Using the 76-m Lovell, the 94-m equivalent Westerbork Synthesis Radio
Telescope and the 100-m Effelsberg radio telescopes in May and July 2006 I performed the
only simultaneous single-pulse observations so far of XTE J1810−197 at frequencies of 1.4,
4.9 and 8.35 GHz. Then I applied a number of techniques in order to study the properties
of this radio emitting magnetar and compare them to those of ordinary radio pulsars. The
simultaneous observations of the magnetar at three different frequencies proved to be very
useful for characterising the properties and understanding the radio emitting mangetars in
the light of the present knowledge of neutron stars. Its modulation properties show multiple
spiky subpulses equally separated in the pulse profile and a lack of drifting, which shows that
the radio emission mechanism of magnetars must be of different origin than that of pulsars.
These observations further reveal that the radio emission from the magnetar, at least in its
very bright phase, is unlike that of the radio pulsars.

The rest of this work is focused on radio emitting pulsars. The next two chapters of the
thesis (Chapters 3 and 4) are dedicated to the study of the temporal properties of drifting
subpulses from radio pulsars. In Chapter 3, I introduce a new technique, called the Sliding
Two-Dimensional Fluctuation Spectrum, used for detecting and characterising the temporal
changes of drifting subpulses from radio pulsars. In order to test this method I used simulated
data and the archival data of three pulsars, B0031−07, B1819−22 and B1944+17. The results
from the analysis of these data sets show, that the S2DFS method is robust and complemen-
tary to the other fluctuation spectral methods in detecting and characterising the temporal
changes in drifting subpulses from radio pulsars.

In the fourth chapter I present the results from the largest study so far of temporal mod-
ulation properties of radio pulsars using a large number of archival observations of pulsars
made, with the WSRT at two frequencies. Using the novel S2DFS technique introduced,
in Chapter 3, I was able to perform a detailed investigation of the temporal properties of
phenomena like aliasing, null-induced mode changing and the behaviour of multicomponent
pulse profiles.

I also investigated the results, from the high-quality simultaneous dual-frequency full-
polarisation observations of the highly peculiar pulsar B0826−34, with the 64-m Parkes radio
telescope at 685 and 3094 MHz (Chapter 5). This pulsar shows the phenomenon of drifting
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across its extremely wide average pulse profile. I confirm the presence of weak emission
during what was previously thought to be nulling, at the higher frequency. The average pulse
profile produced in the weak stage at the higher frequency is very similar in shape to that of
the lower frequency.

To summarise, the work done in this thesis focuses on the rich manifestation of the phe-
nomenon of subpulse modulation. By studying the magnetar I have shown that despite the
extremely strongS/N and pulsed radio emission, the source is unlike normal radio pulsars.
The observations of the unusual pulsar B0826−34 shows that simultaneous dual-frequency
observations improve the interpretation of its unusual weak-mode emission and the results
from the polarisation studies suggest that the current models aiming to explain polarisation
of the pulsar signals require further work. The work I have done on the properties of sub-
pulse modulation of a large sample of pulsars shows this type of the temporal changes is
common among pulsars. The method used to characterise the temporal modulation proper-
ties is shown to work efficiently. However, in order to explore the temporal modulation in
even greater detail, a new improved method of analysis is required.



CHAPTER 2

Simultaneous multi-frequency single-pulse
properties of AXP XTE J1810−197

M. Serylak, B. W. Stappers, P. Weltevrede, M. Kramer, A. Jessner,
A. G. Lyne, C. A. Jordan, K. Lazaridis and J. A. Zensus

Monthly Notices of the Royal Astronomical Society, 2009, 394, 295

Abstract We have used the 76-m Lovell, 94-m equivalent WSRT and 100-m Effelsberg ra-
dio telescopes to investigate the simultaneous single-pulse properties of the radio emitting
magnetar AXP XTE J1810−197 at frequencies of 1.4, 4.8 and 8.35 GHz during May and
July 2006. We study the magnetar’s pulse-energy distributions which are found to be very
peculiar as they are changing on time-scales of days and cannot be fit by a single statisti-
cal model. The magnetar exhibits strong spiky single giant-pulse-like subpulses, but they
do not fit the definition of the giant pulse or giant micropulse phenomena. Measurements
of the longitude-resolved modulation index reveal a high degree of intensity fluctuations on
day-to-day time-scales and dramatic changes across pulse phase. We find the frequency evo-
lution of the modulation index values differs significantly from what is observed in normal
radio pulsars. We find that no regular drifting subpulse phenomenon is present at any of the
observed frequencies at any observing epoch. However, we find a quasi-periodicity of the
subpulses present in the majority of the observing sessions. A correlation analysis indicates
a relationship between components from different frequencies. We discuss the results of our
analysis in light of the emission properties of normal radio pulsars and a recently proposed
model which takes radio emission from magnetars into consideration.
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2.1 Introduction

Anomalous X-ray Pulsars (AXPs) and Soft Gamma-ray Repeaters (SGRs) form a class of
slowly rotating neutron stars with rotational periods ranging from 2 to 12 seconds, called
magnetars. Magnetars are characterised by properties such as: emission over a wide spectrum
of wavelengths (γ-ray, X-ray, optical, near infrared and radio), rapid spin-down and a very
high magnetic field (higher than 1014 G, which is two orders of magnitude higher than for
a radio pulsar of the same age and three orders of magnitude greater than for an average
radio pulsar). These properties are very peculiar compared to the normal rotating neutron
star behaviour and are best understood in the context of the magnetar model first discussed
by Duncan & Thompson (1992).

The AXP XTE J1810−197 was serendipitously discovered in 2003 as an X-ray pulsar
by Ibrahim et al. (2004) in data taken with theRossi X-Ray Timing Explorer (RXTE)while
observing the known Soft Gamma-ray Repeater SGR 1806−20. A search in the archivalXTE
data showed that it produced an outburst around November 2002 with a persistent decline
of its X-ray flux since then. The reported X-ray pulsar spin period was 5.54 s with a spin-
down rate∼ 10−11 s s−1 which, using standard methods, implied a magnetic field strength of
∼3 ·1014 G (Ibrahim et al. 2004). Due to this unusual long-term flux variability (outburst and
exponential decline) it was classified as the first transient magnetar.

In 2004 a radio source with a strong flux density of 4.5± 0.5 mJy was found at the exact
position of XTE J1810−197 by Halpern et al. (2005) in data from the VLA MAGPIS survey
at 1.4 GHz. Archival data were searched for any earlier detections but only upper limits could
be estimated. Observations made by Camilo et al. (2006) at the Parkes radio-telescope and
the Green Bank Telescope discovered the presence of the first pulsed radio emission from a
magnetar. In a following series of papers, Camilo and collaborators investigate the magne-
tar’s properties including: polarisation, flux density and pulse morphology variations in the
radio regime (Camilo et al. 2007a & Camilo et al. 2007d) and broadband observations (radio,
infrared to X-ray; Camilo et al. 2007c). The results show large variations in pulse morphol-
ogy and flux with an overall tendency for the flux to decrease during mid-2006 observations.
In the latter paper the authors report the detection of single pulses at 88 GHz with the IRAM
30 m telescope and an infrared counterpart with variable flux and is uncorrelated with either
X-ray or radio fluxes.

In their recent papers, Kramer et al. (2007) and Lazaridis et al. (2008) presented re-
sults from the first, full polarisation, simultaneous multi-frequency observations of XTE
J1810−197. Although the magnetar shares some properties observed in ordinary radio pul-
sars, some distinct differences were also found. The most peculiar is the very flat and variable
spectrum with an average spectral indexα = 0.00± −0.08, which makes it the brightest neu-
tron star emitting at frequencies above 20 GHz. Another difference is the variability of the
pulse profile. Its extreme changes of shape on time-scales of less than a day, makes it quite
unusual when compared to normal radio pulsars which typically need only several hundred
individual pulses to obtain a stable pulse profile. Moreover the high degree of linear polarisa-
tion in the main pulse (∼90%) and the position angle evolution with time provides evidence
of a clear difference in the magnetar emission mechanism compared to normal radio pulsars.
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Table 2.1: Summary of observing sessions.

Session Date Telescope Frequency BW Total number Component
MJD/dd.mm.yy (GHz) (MHz) of pulses presence

1 53886/31.05.06 Lovell 1.418 32 2101 M1 M2− −
WSRT 4.901 80 2151 M1 M2 M3−

Effelsberg 8.350 1000 972 M1 M2 M3−

2 53926/10.07.06 Lovell 1.418 32 1947 M1 M2− −
Effelsberg 8.350 1000 2583 M1 M2 M3 IP

3 53933/17.07.06 Lovell 1.418 32 2275 M1 M2 M3 IP
WSRT 4.896 80 3855 M1 M2 − IP

Effelsberg 8.350 1000 2454 M1 M2 M3 IP

Thanks to the initially extremely bright nature of XTE J1810−197 we are able to de-
tect its single pulses, by analysis of which, we will try to understand the long-term pulse
morphology and if it shows any correspondence with the single-pulse properties of normal
radio pulsars. We report simultaneous multi-frequency single-pulse observations conducted
at frequencies of 1.4, 4.9 and 8.35 GHz during observing sessions in May and July 2006.
We present the results of our search for subpulse modulation of XTE J1810−197. We also
investigate the pulse-energy distributions at all frequencies and epochs and the pulse-to-pulse
correlation properties between the simultaneous single pulse observations. We then consider
these properties in light of the emission characteristics of normal and giant pulses from ordi-
nary pulsars.

2.2 Observations

The observations were made using the 94-m equivalent Westerbork Synthesis Radio Tele-
scope (WSRT) in the Netherlands, the 76-m Lovell radio telescope at Jodrell Bank Observa-
tory of the University of Manchester, UK and the 100-m radio telescope of the Max-Planck
Institute for Radioastronomy (MPIfR) at Effelsberg, Germany, which are working in the Eu-
ropean Pulsar Network (EPN) collaboration. The detailed discussion of the observing sys-
tems and calibration procedures is described by Kramer et al. (2007), while Table 2.1 sum-
marises the details of the observing sessions used in this paper.

2.3 Analysis and results

Observations of individual pulses from XTE J1810−197 allowed us to perform a variety of
analysis techniques which we describe below. Before performing the analysis, all data sets
have been corrected for any RFI present. In the case of the Lovell and WSRT observations
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Figure 2.1: An example of an average pulse profile of XTE J1810−197 from the observation made with
the Effelsberg radio telescope during session 3. This plot shows the component naming convention used
in this paper.

re-binning was applied to increase the signal-to-noise ratio and to match the 5.4 ms time
resolution of the Effelsberg data set. If more than one dataset was present per telescope per
session, they were aligned in longitude and appended together to improve the statistics. This
was done only for pulse-energy distributions, because any interruption (i. e. missing pulses)
between consecutive data sets affects fluctuation and correlation analysis results. For the
correlation analysis we aligned the data in phase and pulse number. Starting from session 2
we identify two emission regions in the average pulse profile, labelled asmain pulse(MP),
andinterpulse(IP) according to the classification of Kramer et al. (2007). The MP region can
be divided into at least three separate longitude regions containing separate components as
marked in the panels in Fig. 2.1. The average profile from the 1.4 GHz Lovell data in session
1 and 2 lacks the third component visible in the 4.9 GHz WSRT and 8.35 GHz Effelsberg
data sets. The IP is not present in the first session and is only visible in the Effelsberg data in
the second session. It is however visible in all three data sets in the third session. For the full
list when the components are present see Table 2.1.

2.3.1 The shape and stability of the pulse profile

Fig. 2.2 presents an example of a sequence of pulses from XTE J1810−197 observed at a
frequency of 8.35 GHz during session 1. The plotted pulse-longitude range corresponds to
the whole range of MP as can be seen in Fig. 2.1. One can easily see that the subpulses
are much narrower than the width of the average profile and appear at the longitude ranges
corresponding to different components (see for instance the subpulses around pulse number
50). Also, it is worth noticing, that the subpulses associated with M1 are stronger than the



Single-pulse properties of AXP XTE J1810−197 17

Figure 2.2: An example of sequence of successive single pulses from the MP phase of XTE J1810−197
from the observation made at 8.35 GHz with the Effelsberg radio telescope during session 1.

subpulses from the remaining MP components, at any observed frequency and epochs, except
the 8.35 GHz Effelsberg data set in session 3 where M2 becomes the strongest component in
the MP longitude range (see Fig. 2.1). The strong and spiky subpulses tend to be separated
by ∼4◦ (∼61 ms) throughout the data.

2.3.2 Fluctuation analysis

It was first shown by Drake & Craft (1968) that for some pulsars, subpulses exhibit “drifting”
across the pulse window in an orderly fashion. This phenomenon forms “drift bands” as
can be seen in the “pulse-stack” formed when one takes successive pulses and plots them on
top of one other. The techniques used in this paper to investigate this phenomenon involve
the Fourier transform and are known as the longitude-resolved fluctuation spectrum (LRFS;
Backer 1970a) and two-dimensional fluctuation spectrum (2DFS; Edwards & Stappers 2002).
The procedure for the fluctuation analysis of our data sets is identical to those presented by
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Figure 2.3: Fluctuation analysis results shown for frequencies of 1.4 GHz (left), 4.9 GHz (middle) and
8.35 GHz (right) from session 1 (MJD 53886). The upper panels show the integrated pulse profile (solid
line) with the peak amplitude normalised to 1, and the longitude-resolved modulation index, LRMI
(solid line with error bars). The lower panels show the 2DFS where the ordinate of the resulting spectra
are given in cycles per period (cpp) which corresponds toP0/P3 (P0 is the pulsar period andP3 denotes
the vertical separation of possible drift bands) and the abscissa is also in cpp but now it corresponds to
P0/P2 (P2 denotes the horizontal separation of possible drift bands in longitude units). The greyscale
intensity of 2DFS corresponds to the spectral power. The presence of a significant spectral feature with
a value ofP3 and a positive or negative value ofP2, indicates that the subpulses appear with a preferred
periodicity of P3 pulsar periods and horizontal separation given in longitude units. The side panels
correspond to horizontally (left panel) and vertically (bottom panel) integrated spectrum.

Weltevrede et al. (2007), so we will present only a basic summary here.
The first step in the fluctuation analysis is to form an average profile from a pulse-stack

by vertically integrating each phase bin within the same longitude along consecutive pulses.
Fig. 2.3 shows the results from analysis at frequencies of 1.4, 4.9 and 8.35 GHz from session
1, where the average profile is drawn with the solid line in the top panel. The abscissa denotes
the pulse phase in degrees. The top panel also presents the longitude-resolved modulation
index (LRMI; solid line with error bars). The longitude-resolved modulation index is a basic
method to estimate the presence of subpulse modulation. We only show LRMI values when
the error in the LRMI is less than 0.5.

To investigate whether this modulation is systematic or lacks organisation, the 2DFS has
to be calculated. This is done by dividing the pulse-stack into blocks of 512 pulses1 and
applying the Discrete Fourier Transform (DFT) along lines with different slopes in the pulse-
stack. After averaging the spectra from each transformed block the final spectra is produced

1Wherever the number of pulses was sufficient, otherwise shorter transforms was used.
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(Fig. 2.3, panels below average profiles). If the pulsar exhibits subpulse drifting this will
be visible in its spectra as a region, so-called feature, of enhanced power in the greyscale.
The vertical separation of possible drift bands is denoted byP3 which is expressed in pulsar
periods,P0. The information about the horizontal separation of the possible drift bands, and
thus whether the subpulses are drifting over a certain longitude range, is denoted byP2 and
is expressed in longitude units. A positive or negativeP2 value of a feature in the 2DFS
denotes the separation of the subpulses, indicates that the subpulses appear later or earlier in
successive pulses respectively.

We present the average profiles, LRMI and 2DFS from all telescopes from session 1 in
Fig. 2.3. Results from our fluctuation analysis show no visible spectral features indicating
that there is no regular drift patterns in any of our observations. However, one can see that
there are spectral features in the 2DFS plots indicating subpulse modulation not associated
with drifting subpulses, which will be discussed below. The LRMI in the 8.35 GHz Effelsberg
data set shows a significant drop in the middle of M1, while towards its trailing edge the LRMI
values increase. Inspecting the pulse stack indicates that this drop is caused by the frequent
occurrence of many strong and narrow subpulses with similar intensities at that pulse phase.
Similar behaviour appears in all the data sets in this session, but it is less visible in the 1.4
GHz Lovell and the 4.9 GHz WSRT data sets. In both the WSRT and the Effelsberg data
sets the LRMI values are larger than the Lovell data set by a factor of two. The vertically
integrated 2DFS (lower panels in Fig. 2.3) show similarity in shape across all the frequencies
but change in intensity. There are two bumps and a strong peak in the middle of the vertically
integrated 2DFS. We interpret the bumps as apparent subpulse separation, i.e. subpulses tend
to be equally separated in the pulse profile throughout the observation. The peak is not related
to the magnetar behaviour but indicates a baseline variations due to effects extrinsic to the
source and instrumental effects due to the weather. This peak is also visible in the vertically
integrated 2DFS from the WSRT data set, but it is weaker. In the Effelsberg data set the peak
is no longer visible, while the bumps increase in intensity.

In session 2, the 2DFS plots show no visible spectral features indicating there is no pre-
ferred periodicity. The average profiles indicate small changes from session 1 to session
2 indicating that the subpulse separation is now less regular. The 2DFS plots made from
the 8.35 GHz Effelsberg data sets for both the MP and IP show a strange wave-like pattern
(Fig. 2.4, middle panel). Further analysis showed that this rapid pattern is due to interference
and may be caused by the convolution of the interfering signal from the alternating stray mag-
netic fields of the fans used to cool the telescope receivers with the actual on-pulse magnetar
signal. The pattern is stronger in the IP 2DFS plots due to the lower IP on-off-pulse signal
ratio. This can easily be seen in the off-pulse region of the average profile of the MP (Fig. 2.9,
lowest panel).

The LRMI values increase by a factor of about four in the 1.4 GHz Lovell data sets and
a factor of two in the 8.35 GHz Effelsberg data sets for the two first components compared
to those measured in session 1. Moreover, instead of the dip in the LRMI values shown in
the previous session there is only a peak indicating high variability in the intensity of the
observed pulses at the same pulse phase. The modulation indices for the Effelsberg IP tend
to be lower towards the trailing edge of the IP profile. Due to the presence of the IP, there are
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Figure 2.4: Fluctuation analysis results shown from data obtained with the Effelsberg radio telescope
at frequency of 8.35 GHz during all 3 sessions. The results from different longitude ranges covering the
main pulse and the interpulse are shown in the upper and lower rows respectively. For MP from session
2 (MJD 53926) only first two components are shown. The notation is the same as in Fig. 2.3.

two 2DFS plots, in Fig. 2.4. The features visible in the vertically integrated 2DFS plots from
session 1 do not appear in session 2.

In session 3 the 1.4 GHz Lovell data set (not shown) demonstrates a significantly large
value of the LRMI at the trailing edge of the MP first component. This indicates infrequent



Single-pulse properties of AXP XTE J1810−197 21

0.0001

0.001

0.01

0.1

1

N
i/N

to
t

0.0001

0.001

0.01

0.1

1

N
i/N

to
t

-5 0 5 10
E/<E>

0 2 4
E/<E>

0.0001

0.001

0.01

0.1

1

N
i/N

to
t

-5 0 5 10
E/<E>

M1 M2 M3

M1 M2 M3

M1 M2

Figure 2.5: Main pulse pulse-energy distributions from the 1.4 GHz Lovell (bottom row), 4.9 GHz
WSRT (middle row) and 8.35 GHz Effelsberg (top row) observations from session 1. The components
of the main pulse region are compared starting from first (M1;left column) through second (M2;mid-
dle column) ending with third component (M3;right column). The horizontal axis denote energies
which are normalised and scaled to the average pulse energy of the component. The off-pulse energy
distributions of the components are shown with dashed lines.

emission of very strong subpulses. The LRMI for the IP (not shown) was not calculated
because of the large error in the measurement in modulation indices due to a small number
of bright pulses. Because of the lowS/N ratio in the 4.9 GHz WSRT observations, there
are only a few values of the LRMI calculated for the MP and none for the IP. The 8.35 GHz
Effelsberg data set LRMI for the MP is two times lower than for the session 2 data set, hence
is similar to the data set from session 1 (Fig. 2.4, right panel). The M2 LRMI values become
lower than those in M1 and M3. This indicates smaller intensity fluctuations of subpulses
appearing in the middle component and larger variations on the side components throughout
the observation. The LRMI for the IP rises until it peaks in the middle of the average IP
profile, which means that there are large intensity variations at this longitude.
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2.3.3 Pulse-energy distributions

The results of the fluctuation analysis described in the previous section clearly give evidence
of intensity fluctuations over short periods of time, even within the same observing session.
To study the pulse-amplitude characteristics of XTE J1810−197 we have made pulse-energy
distributions for all frequencies and epochs for both the MP and the IP. Then, for each of
the components of the MP and for the IP we fit their pulse-energy distributions with two well
known models. Because the emission of XTE J1810−197 shows strong and spiky giant-pulse-
like subpulses, we used power-law statistics to model this behaviour as shown by Lundgren
et al. (1995), while for the “normal” pulses the lognormal statistic was used as discussed by
Cairns et al. (2001):

Ppowerlaw(E) ∝ Ep, (2.1)

Plognormal=
〈E〉
√

2π σE
exp
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− µ
)2
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Since the power-law distribution integral is infinite, we introduced the parameterEmin, a
minimum energy of the pulses, which together withp is used for fitting the power-law. The
lognormal model is fit withµ andσ. The average energy of the model distribution,〈E〉 was
set to match that of the observed distribution. In our analysis, we also took into account the
effect of the noise. Since the noise in some of our observations was not pure Gaussian, due
to the RFI present (e.g. 8.35 GHz Effelsberg data sets) we convolved the observed noise with
the model distributions. The derived parameters were optimised for the best fit by minimising
theχ2 using the Amoeba algorithm (Press et al. 1986) and are compared in Table 2.2. The
detailed description of the procedure of the fitting is well described by Cairns (2004) and
Weltevrede et al. (2006). We discuss specific cases below, but we note here that in general it
was not possible to fit the distributions well with a single model.

Fig. 2.5 presents the main pulse energy distributions for all the telescopes from session
1. The lowest row shows pulse-energy distributions from 1.4 GHz with ascending frequency
towards the top row. The components of the main pulse region are compared starting from
M1 (left column) through M2 (middle column) ending with M3 (right column). For this
session, only the M1 from the Lovell and WSRT data sets is best fit by lognormal pulse-
energy distributions. The remaining components and the whole 8.35 GHz Effelsberg data set
follows power-law-like statistics. The Effelsberg M1 is very strong and separates itself from
the noise in the pulse-energy distribution (Fig. 2.5; top left-most plot). We emphasise that the
Effelsberg M1 pulse-energy distribution is clearly a power-law without weaker underlying
emission. This is different from the case of normal radio pulsar emission, where the of giant
pulses result in power-law tail extending from the pulse-energy distribution.

In session 2 the 1.4 GHz Lovell pulse-energy distribution is best fit by lognormal be-
haviour. However, it also shows a long tail in the M1 pulse-energy distribution. M1 and
M3 in the 8.35 GHz Effelsberg data set show similar behaviour (Fig. 2.6). This introduces
some complexity to the pulse-energy distribution fitting. Those pulse-energy components
with long tails, cannot be fit with a single fit of either power-law or lognormal distribution.
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Figure 2.6: Main pulse energy distributions from the 8.35 GHz Effelsberg radio telescope observations
from session 1 (bottom row), session 2 (middle row) and session 3 (top row). The components of
the main pulse region are compared starting from first (M1;left column) through second (M2;middle
column) ending with the third component (M3;right column). The horizontal axis denote energies
which are normalised and scaled to the average pulse energy of the component. The off-pulse energy
distributions of the components are shown with dashed lines.

To try to get better fits, the distributions were split into two halves, the weak and strong pulses
in terms of intensity, and then both halves of the distribution were fit with either lognormal
or power-law distributions, like the giant pulse tails of normal radio pulsar distributions are
usually fit (Lundgren et al. 1995). The Effelsberg IP (Fig. 2.7; left plot) shows a peak and
a flat tail in its pulse-energy distribution, but it is possible to fit its pulse-energy distribution
with a lognormal pulse-energy distribution.

Session 3 is the only one, where the IP becomes present in all the data sets. Unfortunately,
the IP subpulses from the 1.4 GHz Lovell data set are not seen above the noise level in the
pulse-energy distribution, despite their appearance in the pulse stack. This is due to the weak
S/N ratio and interference present in that data set. The M1 from the Lovell is best fit by a
lognormal distribution, while M2 is best fit by a power-law distribution. The 4.9 GHz WSRT
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Figure 2.7: The interpulse energy distributions from the 8.35 GHz Effelsberg radio telescope obser-
vations from session 2 (left) and session 3 (right). The off-pulse energy distributions are dashed lines.
The horizontal axis denote energies which are normalised and scaled to the average pulse energy of the
component. The off-pulse energy distributions of the components are dashed lines.

pulse-energy distributions show a power-law-like behaviour in all the components. A very
strong IP is visible in the 8.35 GHz Effelsberg data set, its pulse energy distribution is similar
to the data set from session 2. The MP and the IP pulse-energy distributions show lognormal-
like behaviour. Similarly to the previous session both the M2 and M3 pulses show a complex
pulse energy distribution and the IP shows a peak, indicating many pulses with flux close
to the average energy of the IP, and a long tail in the pulse-energy distribution. Especially
the Effelsberg data set shows long tails. Considering only the Effelsberg strong pulses above
5 times the average energy of the component, their pulse-energy distribution is statistically
insignificant because of the low number of pulses. The fit to the IP data from Effelsberg is
also not significant.

To better illustrate the strong intensity fluctuations of XTE J1810−197 and to investigate
any longitude-dependence of its strong subpulses, we have produced contour plots of the
longitude-resolved cumulative pulse-energy distributions. Fig. 2.8 (left column) presents the
distributions calculated for all the telescopes from session 1. The average profile is drawn
with the thick line, while different linestyles denote the contours of the cumulative pulse-
energy distribution at the energy levels of 1%, 10% and 50%, normalised by the average
peak energy〈Ep〉 of the average pulse profile. The 10% contour, for example, shows the
energy level of the pulse-energy distribution above which 10% of pulses can be found. The
second type of plot (right column; Fig. 2.8) indicates the brightest time samples of each pulse-
longitude bin (dashed line) scaled to the average intensity at that pulse-longitude bin, plotted
on top of the average pulse profile (solid line).

In the 1.4 GHz Lovell observation of session 1, subpulses appearing in the first component
do not vary much, which indicates stable emission, this behaviour changes in M2 (Fig. 2.8;
left column, top row) and this behaviour is repeated in session 2 where it becomes very weak,
although there are still some spiky subpulses present. The 4.9 GHz WSRT observation shows
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Figure 2.8: The contour plot of the longitude-resolved cumulative pulse-energy distributions from the
1.4 GHz Lovell (top row), 4.9 GHz WSRT (middle row) and 8.35 GHz Effelsberg (bottom row) radio
telescope observations from the session 1.Left: the thick solid line is the average pulse profile. The
dashed line shows the brightest time sample for the each pulse-longitude bin. The other lines are the
contours of the longitude-resolved cumulative pulse-energy distributions at the energy level of the 1%,
10% and 50% compared to the average peak energy〈Ep〉 of the average pulse profile.Right: the thick
solid line is pulse profile. The dashed line shows the brightest time sample for each pulse-longitude bin
compared with the average intensity〈Ebin〉 at that pulse longitude.
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Table 2.2: The parameters of the best fits of the model distributions. Besides power-law,p and lognor-
mal,µ, σ distribution parameters, also theχ2, the number of degrees of freedom,Nd.o. f and significance
probability,P(χ2) are shown.

Observation Telescope p µ σ χ2 Nd.o. f P(χ2)
day & component

53886/31.05.06 Lovell M1 2.28 0.26 346 125 3× 10−4

Lovell M2 -2.81 463 176 7× 10−5

WSRT M1 11.10 0.63 304 95 3× 10−5

WSRT M2 -2.35 130 62 2× 10−5

WSRT M3 -2.15 191 86 9× 10−3

Effelsberg M1 -1.85 390 149 3× 10−8

Effelsberg M2 -1.89 438 125 2× 10−5

Effelsberg M3 -1.41 448 147 4× 10−10

53926/10.07.06 Lovell M1 1.91 2.99 382 107 9× 10−3

Lovell M2 -7.68 285 103 8× 10−10

EffM1 Strong 5.38 2.88 120 123 3× 10−3

EffM1 Weak -0.49 3.27 1704 121 8× 10−9

Effelsberg M2 -0.54 0.53 357 90 7× 10−2

EffM3 Strong -0.89 41 123 3× 10−1

EffM3 Weak -7.29 1.25 402 103 7× 10−3

Effelsberg IP -1.97 2.36 1446 93 0.0

53933/17.07.06 Lovell M1 1.46 0.97 423 116 3× 10−11

Lovell M2 -2.10 558 92 1× 10−10

WSRT M1 -2.86 279 74 2× 10−7

WSRT M2 -2.86 281 84 5× 10−12

WSRT IP -1.78 440 261 6× 10−6

EffM1 Strong∗ − − − − − −
EffM1 Weak -1.98 0.99 463 103 1× 10−12

Effelsberg M2 -0.59 0.48 276 98 1× 10−3

EffM3 Strong∗ − − − − − −
EffM3 Weak -0.11 4.12 557 83 0.0
Effelsberg IP -1.86 2.41 1241 118 0.0

(∗) insufficient number of pulses to do the fitting

strong subpulses in M1 only, and the emission is stable throughout the rest of the profile
during all sessions.

To illustrate the session-to-session changes we used observations from the Effelsberg tele-
scope. The strong signal and the presence of the IP, as can be seen in Fig. 2.9, show how the
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Figure 2.9: The contour plot of the longitude-resolved cumulative main pulse energy distributions from
the 8.35 GHz Effelsberg radio telescope observations from session 1 (top row), session 2 (middle row)
and session 3 (bottom row). The notation is the same as in Fig. 2.8.
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emission from different components changes in time. M1 in the MP is always strong and the
contour plots show a strong stable emission (shown by 50% energy level contours). It is also
worth noticing that there are two peaks emerging in time. M2 grows stronger from session to
session, and it always shows stable and strong emission. M3 is weak and is dominated by the
presence of a few strong spiky subpulses.

2.3.4 Single pulse correlation

The last stage of our analysis was to perform a single pulse correlation. Before the analysis,
we needed to align the data. The reason for this is the interstellar dispersion which causes
the pulses received at higher frequencies to arrive earlier than the lower frequencies and the
different path-lengths to the telescopes. Therefore all pulse arrival times have been corrected
to a common reference frame. We transferred the times of the pulses to the solar system
barycentre, using the DE200 ephemeris (Standish 1982). Then, the overlapping data sets at
the different frequency pairs were taken for alignment, which was done by comparing the
times of arrival of the pulses. Each data set was aligned in time with a one phase bin accuracy
for each frequency pair. With the time resolution of 5.4 ms, the data sets were sufficiently
aligned and all the telescope-specific delays were negligible. We applied two techniques of
single pulse correlation, the longitude-resolved linear correlation (LRLC) and the longitude-
resolved cross-correlation (LRCC). Both methods are complementary and give interesting
results as we will show below.

The longitude-resolved linear correlation is based on a method first introduced by Popov
(1986). In order to produce the so-called “linear correlation map” of the pulse-to-pulse vari-
ations, the linear correlation arrayCi, j as presented in the work of Karastergiou et al. (2001)
needs to be calculated according to the following formula:

Ci, j =
1

n× σ f ,i × σg, j

n
∑

k=1

[ fi(k) × g j(k) − 〈 fi〉〈g j〉], (2.3)

where fi(k) andgi(k) are time series of a bini from two distinctive frequencies withk being
the pulse number, whileσ f ,i andσg, j being their standard deviations respectively.

The region of the highest linear correlation is expected to fall on the region around a
diagonal which represents the time and spatial scale along which the subpulse intensities are
linearly correlated. The LRLC method provides a good insight into linear dependent intensity
variations of individual pulses at different observed frequencies. However it does not take into
account phase, shape information and non-linear dependencies between the components of
the pulse from the different frequencies. The presence of low-intensity but persistent RFI in
one of the data sets causes the appearance of a wave-like pattern in the linear correlation map
as can be seen in the lower panel of Fig. 2.10.

An example of the total intensity linear correlation between the 1.4 GHz Lovell and 4.9
GHz WSRT (upper plot) and the 1.4 GHz Lovell and 8.35 GHz Effelsberg (lower plot) data
sets can be seen in Fig. 2.10. The linear correlation of M1 is always strong between all fre-
quency pairs. Most of the correlation regions in our results are very narrow. This confirms the
results from previous analysis steps, of strong and moderately stable emission from M1 at all
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Figure 2.10: The plots of linear correlation between the 1.4 GHz Lovell and 4.9 GHz WSRT (left), and
the 4.9 GHz WSRT and 8.35 GHz Effelsberg data sets (right) from session 1. The contrast of the image
was increased by showing only part of the cross-correlation coefficient range. The bottom and left
panel hold the average profiles of the correlated data sets. The bar on the right side of the plot denotes
the different levels of the linear correlation coefficient. The value of−0.2 means 20% negative linear
correlation while 0.85% positive linear correlation is denoted by 0.85 value. The maximal and minimal
values of the linear correlation coefficients are shown in the left lower part of plots. Characteristic
wave-like pattern visible in the lower plot is a result of the correlation of the signal from the Lovell with
the RFI present in the Effelsberg data set.

frequencies and at all epochs. Surprisingly, the linear correlation of M2 is not as high despite
the results showing it as the region with lowest intensity fluctuations which is characterised
by low modulation indices in all our analysis. It is also interesting to note that the correla-
tion seems to increase again towards the trailing edge of the pulse profile. The IP is visible
only in the last two sessions, however in the case of session 2 the IP appears only in the 8.35
GHz Effelsberg data set. This constrains the IP correlation analysis to the last session only.
Unfortunately, the IP in the 1.4 GHz Lovell data set is very weak and the correlation results
comprising this data set are unreliable. The linear correlation of the remaining data sets is
equally strong across the whole IP range and higher than that of MP.

Information on the shape and non-linear dependencies can be obtained by applying the
LRCC method. This method of analysis is also more resistive to the presence of the periodic
RFI in the 8.35 GHz Effelsberg data. The principle of producing the cross-correlation map is
somewhat similar to the LRLC but instead of Eq. 2.3 we first apply the Fast Fourier Transform
to both data sets. The next step is to multiply the first transformed data set by the complex
conjugate of the second one. This produces a complex result of which the imaginary part is
zero. Taking only the real part of the resulting cross-correlation coefficients matrix, the cross-
correlation map is made as in the LRLC method. Examples of the results from the LRCC
are presented in Fig. 2.11. The results of the cross-correlation analysis are similar to that of
linear correlation. In session 3 we noticed the presence of a weak cross-correlation between



30 Chapter 2

Figure 2.11: The plots of cross-correlation between the 1.4 GHz Lovell and 8.35 GHz Effelsberg (left),
and the 4.9 GHz WSRT and 8.35 GHz Effelsberg data sets (right) from session 3. The contrast of the
image was increased by showing only part of the cross-correlation coefficient range. The profiles in
the bottom and left panel represent the average profiles. The bar on the right side of the plot denotes
the different levels of the cross-correlation coefficient normalised for clarity. The value of 0.0 means
no cross-correlation while 50% positive cross-correlation is denoted by 0.5 value. The maximal and
minimal values of the cross-correlation coefficients are shown in the left lower part of the plots.

the different components. Further analysis revealed that the occurrence of regions of higher
correlation outside diagonal is caused by the RFI present in the 8.35 GHz Effelsberg data set.
The region of correlation along the diagonal is very narrow in all of the correlated data sets.
Similarly to the LRLC the cross-correlation is strong in M1 in all of the LRCC results, and
can be explained by the similarities in shape and of the components at different frequencies.
The next two components M2 and M3, are well correlated only between 4.9 and 8.35 GHz
data sets (Fig. 2.11, right panel). The correlation results of 1.4 GHz with 4.9 or 8.35 GHz
data sets do not show any correlation in M2 and M3 components.

2.4 Summary and conclusions

We have analysed the data from the simultaneous multi-frequency single-pulse observations
of XTE J1810−197 conducted at the frequencies of 1.4, 4.9 and 8.35 GHz, during observing
sessions in May and July 2006. The phenomena revealed by our analysis indicate that the
radio emission is clearly different to the known radio pulsar properties. Previous work by
Camilo et al. (2007a), Camilo et al. (2007c), Kramer et al. (2007) and Lazaridis et al. (2008)
has shown an interesting overview of peculiarities of the pulsed radio emission from the
magnetar, e. g. flat spectral index,α = 0.0± 0.5, high degree of polarisation or long-term
evolution of the polarisation angle swing with time. The results presented in our work confirm
that the mechanism responsible for the magnetar radio emission appears to have a different
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origin or perhaps even multiple origins, compared to the normal radio pulsars.

XTE J1810−197 has a broad, multi-component profile with the IP only becoming present
after session 1. Results from Kramer et al. (2007) show that the separation between the MP
and the IP is less than 180◦ which may be caused by an extremely wide MP beam (ρ∼44◦)
or by a non-dipolar magnetic field structure. The evolution of the average pulse profile takes
place on day-to-day time-scales. This is clearly visible in the highest frequency data where the
first component decreases in intensity, while the second and third become more prominent.
Kramer et al. (2007) postulate, after examining the average pulse profiles of XTE J1810−197
from a greater number of observing sessions, that the magnetar requires an unusually long
observing time to obtain a stable profile or even lacks one, perhaps like PSR B0656+14
known for its bursting behaviour (Weltevrede et al. 2006).

The modulation index values change dramatically from one component to another even
within a single observing frequency. Weltevrede et al. (2007) define the modulation index to
be the longitude-resolved modulation indexmi at the pulse longitude bini wheremi has its
minimum value. In most of the sources used in their analysis the LRMI shows a minimum
in the middle of the pulse profile with a typical value ofm ∼ 0.5, where the total intensity
is relatively high. We also find that tendency in our results, but the magnitude of the values
is somewhat closer to the values reported for the Crab Pulsar (m= 5). This agrees with
the conclusion that due to the infrequent occurrence of the strong subpulses with narrow
widths and broad distribution of the subpulse intensities, the modulation index is on average
significantly larger in XTE J1810−197. We must note however, that in few cases, frequent
occurrence of many strong and narrow subpulses with similar intensities at certain pulse
phases of MP, results in lower LRMI values. The lowest values of the modulation indices
occur during session 1, but even in this session they increase with increasing frequency as can
be seen in Fig. 2.3 (upper panels). Such behaviour is in contrast to the normal radio pulsars
where the LRMI values from lower frequencies are on average higher than that at higher
frequencies (Weltevrede et al. 2007). As we move in to session 2 the intensity fluctuations
grow stronger with minimum modulation indices at values of around 4 for the 1.4 GHz Lovell
data sets. For the 8.35 GHz Effelsberg data, we calculate the minimum modulation indices to
be 1 in the MP and 2 in the IP region. It is remarkable, that for both data sets in this session the
modulation indices in the MP peak at values of 7.5 and 10 for the Lovell and Effelsberg data
respectively. These values are extremely high and except for the Crab Pulsar, unprecedented
in the results from modulation analysis from normal radio pulsars (Weltevrede et al. 2007).
In session 3, for the 4.9 GHz WSRT data sets due to the low signal-to-noise ratio, the LRMI
values are not sampled densly throughout the whole pulse profile range, but available values
are comparable with session 1. The Lovell and Effelsberg LRMI values are similar to that
of session 1. The longitude-resolved modulation analysis results presented above show the
variation of the LRMI values on day-to-day time-scales and dramatic changes with pulse
phase. In all session we find the frequency evolution of the LRMI values in contradiction
with proprieties of normal radio pulsars.

The following step of our analysis, the 2DFS, do not show any regular drifting behaviour
in any sessions or any frequencies. However, we find phenomenon manifesting itself as
characteristic bumps in the XTE J1810−197 vertically collapsed 2DFS. We interpret this
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phenomenon as the tendency of the subpulses to be equally separated in the consecutive
pulses’ profiles throughout observation. We also notice the presence of a peak visible in the
vertically collapsed 2DFS at 1.4 GHz Lovell, 4.9 GHz WSRT from session 1 (Fig. 2.3, left
and middle panels) and 8.35 GHz Effelsberg from session 3 (Fig. 2.4, right panel in the upper
row) data sets. We interpret the peak as a signature of the baseline variations in those data
sets. The lack of regular drift from the magnetar might be associated with its rapidly changing
emission properties and young age (τ <10 kyr). In their work, Weltevrede et al. (2007) have
shown that the fraction of young pulsars showing regular drifting is very low. Although, one
could also argue that the strong radio variability might mask any regular structures or the
physics of the magnetar’s radio emission is different from radio pulsars.

The high variability of the magnetar emission is also reflected in its pulse-energy distri-
butions. For all sessions at all observed frequencies we have made pulse-energy distributions
for each of the main-pulse components as well as for the IP (whenever present). We fit each
of the pulse energy distributions with models based on a power-law or lognormal statistics for
comparison between our observations and existing pulsar emission models. As justified later
in this section, propagation effects in the interstellar medium are negligible for our data anal-
ysis and are therefore ignored. Table 2.2 presents the results of the best fits. The significance
of the best fits are low due to the oversimplified models, but changes in the best-fit models
of the components in different sessions are nevertheless, very peculiar. We interpret that as
indicating the possible presence of multiple emission mechanisms with different statistical
behaviour embedded in the same pulse phases.

In a series of papers, Cairns and collaborators (Cairns et al. 2001, Cairns et al. 2003,
Cairns et al. 2003, Cairns et al. 2004) investigate different possible models of the emission
physics using observations of PSRs B0833−45 (Vela Pulsar), B1641−45 and B0950+08.
They show that the models of emission vary with changing pulse phase in the analysed
sources. They find in these pulsars, that longitude-resolved pulse-energy distributions which
appear to be lognormal and are representative of the normal pulsar radio emission, can be
fit with a single emission model, or convolution of Gaussian-lognormal or double lognor-
mal models. This multi-model manifestation is explained as two non-related waves coupling
together in the inhomogeneous plasma in the pulsar magnetosphere. While Carins et al. suc-
cessfully fit the longitude-resolved pulse-energy distributions with lognormal statistics, in
many cases it is also valid to use it to fit the integrated pulse-energy distributions (Johnston
& Romani 2002). The presence of approximately power-law distributions is caused by these
different phenomena. The origin of these phenomena can be identified based on the values
of power-law indices and can be associated with (i) giant pulses i. e. pulses which have inte-
grated flux density greater than 10 times the integrated flux density of the average profile, (ii)
giant micropulses, which have a peak flux density that is 10 times the peak flux density of the
average profile at the same phase, but less than 10 times integrated flux density of the average
profile, (iii) so-called precursor emissions occurring just before the MP as for Crab Pulsar
(Cordes et al. 2004, Moffett & Hankins 1996), which have power-law distributions that are
non intrinsic and caused by Gaussian distributions from the background normal pulsar emis-
sion convolved with higher energy lognormal components. We argue that in the case of the
magnetar, M1 consists of strong and narrow giant-like subpulses followed by a components
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of weak precursor-like subpulses.

The giant pulse and giant micropulse phenomena are known in a few radio pulsars like
PSRs B0531+21 (Crab Pulsar; Staelin & Reifenstein 1968), B0833−45 (Vela Pulsar; John-
ston et al. 2001), B1937+21 (Soglasnov et al. 2004) or B1133+16 (Kramer et al. 2003). The
emission of these pulses can be characterised by the power-law energy distributions, broad-
band emission or occurrence within narrow pulse phases. These phenomena are believed to
be associated with the high-energy emission in the outer magnetosphere (Johnston & Ro-
mani 2002, Cairns 2004). In the case of XTE J1810−197 we also see strong spiky subpulses
which could be associated with the giant pulse phenomenon, but their widths are larger than
that of giant pulses of normal radio pulsars. Also, their occurrence, which covers the whole
longitude range of that component, stand in contradiction to this definition. The most promi-
nent example illustrating the above phenomenon in our observations is the first component,
especially in the Effelsberg data sets from sessions 2 and 3 as can be seen in Fig. 2.6. This
component has many strong and spiky subpulses appearing within its whole longitude range,
which dominates the high-energy tail in its pulse-energy distributions. This makes fitting
the pulse-energy distributions with only one law impossible. However, the attempt to de-
couple the component distribution into low and high energy parts also did not result in good
fits. A similar case occurs for PSR B0656+14 (Weltevrede et al. 2007), where weak emis-
sion is coupled with a component responsible for high energy bursts. In the case of XTE
J1810−197 there may be more than two models contributing at one phase in the observed
distributions. As shown later the magnetars’ very dynamic magnetosphere may be an expla-
nation for such multi-component pulse-energy distributions. This argues that the emission is
in general broadband, but the degree of variability is very different. Those components av-
erage together in pulse-energy distributions, which makes them difficult to fit properly using
known statistical models.

Despite the changes in the pulse profile and pulse-amplitude characteristics on short time-
scales, the correlation analysis gave results which contradict the overall picture of unstable
emission from XTE J1810−197. The LRLC analysis shows significant correlation results in
the majority of the frequency pairs used. The narrow and high correlation regions denote
significant dependence between the intensities of the subpulses on small time- and spatial
scales. The correlation always occurs between the first components in all of the analysed
frequency pairs, with sporadic correlation between the third components. In contrast, the
second component, is found to be a stable emission region with lower modulation indices,
was very weakly correlated. To examine the non-linear dependence between frequencies we
used the LRCC method. The correlation is weaker when compared to the LRLC method, but
correlated regions are also very narrow, showing that there are similarities in the phase and
shape of the subpulses at different observed frequencies.

While the larger time-scale flux variations might be normally attributed to interstellar
scintillation, they have been rejected in the work of Camilo et al. (2007c) and Lazaridis
et al. (2008) as being responsible for the variability over short time scales. This points to
the intrinsic behaviour of the magnetar as a cause. The lack of a regular drift, broad pulses,
the presence of subpulses with quasi-periodic modulation, difficulties with fitting the data
with single lognormal or power-law models allow us to draw a conclusion of non-stable
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emission due to the possible turbulent magnetar magnetosphere. A model explaining that
emission has been proposed very recently. In his work, Thompson (Thompson 2008a,b)
gives an extensive explanation of the pair creation processes in ultra-strong magnetic field and
particle heating in a dynamic magnetosphere. He considers the details of the QED processes
that create electron-positron pairs in high magnetic fields of the order of 1014 G. He discusses
the possibility of a strong enhancement of the pair creation rate in the open-field circuit and
outer magnetosphere by instabilities near the light cylinder. Thompson also refers to the flat
radio spectra as a possible result of the high plasma density in the open magnetic field lines.
One of the model explanations of the magnetar’s broad pulse profile, is its beam geometry.
In normal radio pulsars, wide pulse profiles are usually caused by the alignment between
rotation and magnetic pole axis. The line of sight of the observer stays within the emission
beam for a large fraction of the pulse period resulting in the long duty cycle. In the case
of XTE J1810−197 the solution of fitting the position angle swing with the Rotating Vector
Model (Radhakrishnan & Cooke 1969) results in non-aligned geometry (α= 44◦, β = 39◦),
but the beam radius inferred from the MP pulse has a width of aboutρ ∼ 44◦ as shown by
Kramer et al. (2007). This result excludes viewing geometry as a reason for a wide pulse
profile in XTE J1810−197. The model of the dynamic outer magnetosphere has a promising
application in explaining the radio emission from the magnetars and is consistent with the
magnetars’ emission features such as flat radio spectra, broad pulses and rapid variability.

Since the detection of radio emission from XTE J1810−197, its relation to the new class
of objects called Rotating RAdio Transients (RRATs, McLaughlin et al. 2006) was suggested.
The lack of X-ray counterpart in any of known RRAT sources argued against this hypothesis
until Reynolds et al. (2006) reported the first X-ray detection from RRAT J1819-1458. This
RRAT was known to emit radio bursts with 4.26 s spin period based on its timing analysis
and the inferred dipole surface magnetic field of about 5· 1013 G. The detection of the pe-
riodic X-ray pulsations aligned with the radio bursts by McLaughlin et al. (2007) allowed
the comparison of its X-ray emission proprieties with XTE J1810−197 and excluded a close
relationship with this RRAT. However, it would be very interesting as proposed by Rea et al.
(2008) to search for the RRAT-like radio bursts from XTE J1810−197 at its quiescence level.
This could investigate the hypothesis of a link between the magnetars, RRATs and young
radio pulsars.
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Abstract We introduce a new technique, called the Sliding Two-Dimensional Fluctuation
Spectrum, used for detecting and characterising the temporal changes of drifting subpulses
from radio pulsars. The method was tested using simulated data as well as archived obser-
vations made with the Westerbork Synthesis Radio Telescope (WSRT) at wavelengths of 92
and 21 cm. The drifting subpulse phenomenon is a well known property of radio pulsars.
It has been studied extensively since their discovery, however the properties of the temporal
behaviour of drifting subpulses are not fully explored. The drifting can also be non-coherent
and the presence of effects like nulling or drift rate changing can mask the drifting behaviour
of the pulsar. The S2DFS is a robust method for investigating this phenomenon and by intro-
ducing it we aim to expand our knowledge of the temporal drifting subpulse properties. Our
new analysis method uses horizonally collapsed fluctuation spectra obtained with the Two-
Dimensional Fluctuation Spectrum (2DFS) method. Stacking the collapsed spectra obtained
in a 256 pulse window which slides by a pulse at a time produces a map of the collapsed
fluctuation spectrum (S2DFS plot). By analysing the maps one can easily determine the pres-
ence of any temporal drift changes. Simulated data showed that the technique can reveal the
presence of any temporal changes in drift behaviour like mode changing or nulling. We have
also analysed data of three pulsars, PSRs B0031−07, B1819−22 and B1944+17, which were
selected based on the quality of the data and their known drift properties. All three sources
are known to exhibit mode changes which could easily be seen in the S2DFS. The results
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from the analysis of the data sets used in this paper have shownthat the S2DFS method is
robust and complimentary to the 2DFS method in detecting and characterising the temporal
changes in drifting subpulses from radio pulsars.
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3.1 Introduction

In the years following the serendipitous discovery of pulsars (Hewish et al. 1968), the results
from analysis of long sequences of pulses revealed characteristic “second periodic pulsa-
tions” seen in the plots of the subpulse intensity (Drake & Craft 1968). This phenomenon,
called “class 2 period” (denoted byP2, see Fig. 3.1), expressed itself as a constant change
of the phase of successively appearing subpulses within a fixed longitude range. In order to
investigate this new phenomenon, numerous studies were conducted (e.g. Lovelace & Craft
1968; Taylor et al. 1969; Lang 1969; Sutton et al. 1970; Cole 1970). The authors performed
fluctuation-spectral analysis using Fourier techniques which revealed another type of char-
acteristic frequency at which a significant amount of power was present in the fluctuation
spectra of pulsars and provided evidence of a periodic modulation of pulse intensities. These
intensity modulations were described by a pattern periodP3 (see Fig. 3.1), which is the time
between the successive appearance of subpulses at a particular pulse phase, expressed in
pulsar periods,P0 (Sutton et al. 1970). Although very useful, these techniques had their
limitations, and a better technique was needed.

The work of Backer (1970a,b, 1973) and Backer et al. (1975) systematised the knowl-
edge and introduced a better fluctuation-spectral analysis technique by applying the Discrete
Fourier Transform (DFT) to regions narrower than the pulse width, that are “Pulse Phase
Boxes” and which insight into the properties of subpulse modulation within a pulse profile.
This technique, known as the Longitude-Resolved Fluctuation Spectrum (LRFS), became
very widely used in the analysis of the subpulse drift properties of pulsars. Apart from dis-
covering and characterising theP3 values, the LRFS method could not resolve information
about subpulses drift (i.e.P2 value). This insformation was obtained by applying the Fourier
transform to a series of pulses, but it was often replaced by a visual inspection of high signal-
to-noise ratio (S/N) observations. Edwards & Stappers (2002) presented a new technique, the
Two-Dimensional Fluctuation Spectrum (2DFS) which could easily determine theP2 value.
The 2DFS is an extension of the LRFS, in a sense, where, as well as applying the DFT along
vertical lines of constant phase in the pulse stack (the result of which gives the LRFS), a
second DFT is applied to each row of the complex version of the LRFS, thus producing the
two-dimensional power spectrum. While this results in the loss of pulse longitude informa-
tion, it provides theP2 value. The LRFS and 2DFS techniques have proven to be robust and
effective for discovering and characterising subpulse drifting from radio pulsars as shown
in the recent work by Weltevrede et al. (2006, 2007). The Harmonic-Resolved Fluctuation
Spectrum technique, called HRFS, developed by Deshpande & Rankin (2001), can also be
used for subpulse drifting analysis and is mathematically equivalent to the 2DFS.

In their work, Weltevrede and collaborators examined a large sample of pulsars observed
at two frequencies in order to study their subpulse modulation properties. A large fraction
of all pulsars (about 40% of a total sample of 185 sources) were reported to exhibit the
drifting subpulse phenomenon. Those pulsars whoseP3 values were well defined have been
classified as coherent drifters, while the sources for whichP3 could not be well defined, were
assigned to the diffuse class. Due to various reasons like lowS/N, interstellar scintillation
effects, severe radio frequency interference during observations or conditions intrinsic to the
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observed source, not all pulsars in the sample were observed to exhibit the drifting subpulse
phenomenon (Weltevrede et al. 2006).

Let us now consider the pulsar intrinsic effects: the first intrinsic property that might pre-
vent the detection of drifting is the viewing geometry. In this case the line of sight cuts the
magnetic pole centrally and only longitude stationary subpulse modulation is expected. The
second intrinsic property can be assigned to the refractive properties of the pulsar magneto-
sphere leading to a distorted pulsar signal. We will now focus on the other effects potentially
responsible for the lack of drifting: nulling and mode changing.

Nulling characterises itself as a sudden diminishing or cessation of pulse energy below
the level of detection for a certain amount of time, and was first reported by Backer (1970c) in
the observations of PSRs B0826+06, B1133+16, B1237+25 and B1929+10. In Fig. 3.1 one
can see an example of a null between pulses 31 and 38 in the pulse stack of PSR B0031−07.
Studies which followed this discovery (e.g. Ritchings 1976; Rankin 1986; Biggs 1992; Wang
et al. 2007) have shown that nulling can occur on random timescales while the duration
can vary between one or more periods to longer timescales of hours to days. The “Nulling
Fraction”, which is the percentage of time for which the pulsar nulls ranges from almost zero
(for the Vela pulsar) up to 93% (for PSR J1502−5653) as shown by Wang et al. (2007). It
is also worth noting that although nulling is a broadband effect, nulls do not always occur
simultaneously at different simultaneously observed frequencies (Davies et al. 1984; Bhat
et al. 2007).

Pulsars are known to form extremely stable profiles made after averaging just a few hun-
dred pulses (Helfand et al. 1975; Rathnasree & Rankin 1995), but in some cases they change
the shape of their average profiles as first observed in PSR B1237+25 and reported by Backer
(1970b). This behaviour, called mode changing, is known to happen in about 12 pulsars,
mostly with multicomponent average profiles (Bartel et al. 1982; Rankin 1986; Wang et al.
2007). The mode changing happens suddenly, it can include two or more modes and can last
from a few to thousands of pulse periods. It is also important to note that mode changing is
closely connected with the nulling and drifting subpulse phenomena. For example, Huguenin
et al. (1970) have first shown that PSR B0031−07 changes its drift rate in each of its modes,
while PSR B0809+74 after many or all nulls, emits in a mode different from the normal one
(van Leeuwen et al. 2002a).

The presence of the above mentioned effects can disrupt the subpulse drift of the pulsars
and change their subpulse modulation periodicities which, depending on the magnitude of the
effects and theS/N of the observation, can influence the fluctuation analysis. We introduce
an extension of the 2DFS technique called the S2DFS for discovering and characterising the
temporal changes of drifting subpulses from radio pulsars. We begin with a more detailed
description of the 2DFS technique for analysing subpulse modulation phenomena. We then
introduce the new technique and apply it to the simulated and archival data of a few well
known pulsars observed with the Westerbork Synthesis Radio Telescope (WSRT). Finally,
we discuss the implications of the application of our method to pulsars with unstable drifting
behaviour, multiple drift modes or those affected by the nulling phenomenon.
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Figure 3.1: An example of sequence of one hundred successive single pulses of PSR B0031−07 ob-
served at 92 cm. The subpulses appear earlier with increasing pulse number and are arranged into
so-called drift bands. Two successive drift bands are vertically separated byP3 and horizontally byP2.

3.2 Methods of analysis

3.2.1 2DFS

In order to analyse the subpulse modulation phenomena using the methods described in this
work, for each data set, a so-called pulse stack has to be formed. To create a pulse stack, a
de-dispersed time series is transformed into a longitude and time-resolved representation of
the pulsar signal. This is done by stacking time samples from consecutive pulses, according
to their phases, as calculated using an ephemeris and the TEMPO software package1. Fig. 3.1
presents an example of a pulse stack of one hundred pulses from PSR B0031−07 plotted one
above the other, where the pulse longitude is plotted on the horizontal axis and the pulse num-
ber on the vertical axis. One can easily see that the subpulses appear earlier with increasing

1http://www.atnf.csiro.au/research/pulsar/tempo
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pulse number and are arranged into so-called drift bands.

The basic method to estimate the presence of subpulse modulation is to calculate the
longitude-resolved modulation index (LRMI; Edwards & Stappers 2002). The LRMI is the
measure of the factor by which the intensity varies from pulse to pulse for each pulse longi-
tude. In the right-hand plot in Fig. 3.2 the average profile and the LRMI are shown in the top
panel for a simulated pulse stack. The solid line corresponds to the average profile, which is
normalised to the peak intensity, while the solid line with error bars denotes the LRMI values.
We only show LRMI values that are detected with a significance more than 3σ.

Although the LRMI is the first evidence of subpulse modulation, it does not indicate
whether this modulation is systematic or lacks organisation. To obtain such information the
LRFS has to be calculated. This is done by dividing the pulse stack into blocks of 2n pulses
and applying a DFT at each pulse longitude bin in each block (for details of the analysis we
refer to Edwards & Stappers 2002, 2003). The final spectrum is produced by averaging each
of the longitude-resolved spectrum in each block. If the pulsar exhibits subpulses which are
periodically modulated, then a region, so-called feature, of enhanced power will be visible as
a dark region in the greyscale of the power in the LRFS. The vertical position of the feature is
given in cycles per period (cpp) and corresponds to a period of modulation,P3 expressed in
pulsar periodsP0, while the horizontal position denotes the pulse longitude position at which
the modulation occurs. In the right-hand plots in Fig. 3.2 the LRFS of the simulated pulse
stack is shown below the top panel.

While the LRMI allows one to detect the presence of subpulse modulation, and the LRFS
determines whether subpulse modulation is disorganised or periodic, the information about
whether the subpulses are drifting and with what rate is not resolved. Such information
can be acquired by applying the 2DFS. The procedure is similar to the calculation of the
LRFS where, except now after applying the DFT to the pulse stack along the vertical lines
of constant phase, the DFT is applied again, but now across each row of the complex LRFS
spectrum. In the right-hand plot in Fig. 3.2 the 2DFS for simulated pulse stack is plotted
in the panel below the LRFS plot. The vertical axis of the resulting spectrum is the same
as in the LRFS, but the horizontal axis is now given in cycles per period and corresponds
to a horizontal separation of the drift bands (P2 expressed in pulse periods). If the feature is
significantly offset from the vertical axis (P0/P2 , 0) it means that subpulses drift in a certain
longitude range have a preferred drift direction. A negative or positive value ofP2 denotes the
direction of the drift, i.e. whether subpulses drift towards the leading or trailing edge of the
pulsar’s average profile respectively. The power of the 2DFS is vertically (between dashed
lines) and horizontally integrated, resulting in the plots in the side and bottom panels, which
are used for better understanding the structure of the feature. To measure values ofP2 andP3

one has to calculate the centroid of a rectangular region in the 2DFS containing the feature
(Eq. 6; Weltevrede et al. 2006), while errors for those values are estimated by applying the
same procedure to an equivalent rectangular region containing only noise.
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Figure 3.2: The analysis results shown for a simulated pulse stack assuming the coherent drifting sce-
nario. Left: The S2DFS. The vertical axis is given inP0/P3 (cpp) and corresponds to the vertical
separation of drift bands. The horizontal axis is given in blocks, where each block is a curve obtained
from the vertically collapsed 2DFS where the DFT window of 256 pulses “slides” along the pulse
stack. Subsequently, all curves are stacked together producing maps of the collapsed fluctuation spec-
tra. Right: The fluctuation analysis results. The top panel shows the integrated pulse profile (solid line),
the longitude-resolved modulation index, LRMI (solid line with error bars). The middle panel shows
the LRFS where the ordinate of the resulting spectrum is given in cycles per period (cpp) which corre-
sponds toP0/P3 (P0 is the pulsar period andP3 denotes the vertical separation of drift bands) and the
abscissa denote pulse phase given in degrees. The bottom panel represents the 2DFS where the ordinate
is the same as the LRFS but the abscissa is in cpp (P0/P2) (P2 denotes the horizontal separation of drift
bands). The greyscale intensity of the 2DFS corresponds to the spectral power. The presence of a sig-
nificant spectral feature with a negative or positive value ofP2 indicates that the subpulses appear with
a preferred direction of drifting subpulses with periodicity ofP0 pulsar periods. The side panel corre-
sponds to the horizontally (left-hand panel) and vertically (bottom panel) integrated spectrum between
the dashed lines.
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Figure 3.3: The analysis results shown for a simulated pulse stack assuming a drift rate change in
combination with nulling. For the explanation of the plots we refer to Fig. 3.2 and the text.

3.2.2 S2DFS

The 2DFS method is a very effective tool for subpulse drift detection and analysis. Its advan-
tage over other methods lies in a process of averaging multiple fluctuation spectra, obtained
from consecutive blocks of pulses, into a final fluctuation spectrum. This can overcome the
problem of lowS/N observations. However, for pulsars which are affected by phenomena
like drift mode changing, nulling or other effects, the results of the aforementioned spectral
analysis do not show pure drift features. The process of averaging also results in a loss of
temporal information, making the detection and characterisation of any time-related changes
very difficult. In this section we propose an extension to the 2DFS technique which can
resolve temporal changes of drift rates of subpulses.

We call this method the Sliding Two-Dimensional Fluctuation Spectrum (S2DFS). The
spectrum is obtained in the same way as in the 2DFS but instead of dividing a pulse stack,
which consists of N pulses, into consecutive blocks of equal length, the 2DFS is applied to
a block of M pulses, and a spectrum is calculated. The spectrum is collapsed horizontally
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producing a one-dimensional curve (see for example the left-hand side panel of the 2DFS
plot in Fig. 3.2, right-hand plot). Subsequently, the DFT “window” is shifted by one pulse
and the whole process is repeated. The application of the sliding DFT window to the pulse
stack results inN − M + 1 curves, which are stacked together to produce a so-called “map”
of the collapsed fluctuation spectra (see Fig. 3.2, left-hand plot). Changing the position of
the DFT window and calculating the 2DFS allows one to resolve any changes of drift over
relatively short timescales. The choice of the length of the DFT window is crucial for the
resolution and sensitivity of the maps. If the size of sliding window, and hence the length
of the Fourier transform, is too small, the resulting details will not be resolved due to the
insufficient resolution inP0/P3 space, but if the size of the window is too large then the
method will not be sensitive enough, and any short-lasting events visible in the pulse stack
will not be sufficiently prominent in the maps due to the reducedS/N per spectral bin. In our
work we have decided to use a DFT window size of 256 pulses and as will be shown later
it has proven to be a good compromise between resolution and sensitivity. We note that in
order to generate the aforementioned maps of the collapsed fluctuation spectra one can also
use the LRFS method. We have decided to use 2DFS-based procedure, because collapsing
the fluctuation spectra vertically can be used to obtain the information regarding changes of
P2 values. However, the maps of vertically collapsed fluctuation spectra, holding information
about theP2 temporal changes, usually leads to results comparable to those from the 2DFS
method alone.

3.3 Simulated data

To test the new technique of subpulse modulation analysis we have generated a number of
artificial pulse sequences. We used an emission model where the emission is generated by a
rotating “carousel” of discharges, or so-called “sparks”, which circulate around the magnetic
axis due toE × B drift (Ruderman & Sutherland 1975). We know there are many problems
with the carousel model, but it proves to be sufficient for generating pulse stacks for testing
our new algorithm, and we are not at this stage, concerned about the origin of the mechanism
that produces the drifting subpulses. We have chosen the set of elementary model parameters
used to generate the pulse stacks to be similar to the pulsar PSR B0809+74. These parameters
are kept identical in all the pulse stacks in order to make comparison between the data sets
easier. Specifically, we used the following pulsar geometry: the angle between rotation and
magnetic axes of the pulsar,α = 9◦ and the angle between rotation axis and the line of sight,
ζ = 13.5◦. The pulse stacks consist of a total of 2048 pulses with a period ofP0 = 1 s. The
period value is not used in our calculations and has no importance for the analysis presented
in this paper. We set the number of sparksN = 5 and we have chosen a drift rate value
P3 = 10 P0. Each subpulse has a full width at half-maximum (FWHM) ofw50 = 5◦. The
pulse period is divided into one thousand longitude bins and the average pulse profile has a
FWHM of w50 = 12◦ andS/N = 100.

The pulse sequences have been arranged into a few types of emission scenarios to in-
vestigate the effects of nulling, changing drift rates and mode changing on the S2DFS. In
addition, to each emission scenario we introduced several effects which alter the fluctuation
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Table 3.1: The details of the analysed pulsars. The last two columns hold results presented in the work
of Weltevrede et al. (2006, 2007).

Name Date ν P0 Npulses P3 P2

PSR MJD/dd.mm.yy (MHz) (s) (P0) (deg)

B0031−07 51780/24.08.2000 328 0.9430 7666 6.7± 0.1 −21.9+0.2
−0.1

53239/22.08.2004 1380 1204 8.3± 0.3 −40+2
−50

B1819−22 53182/26.06.2004 328 1.8743 1095 16.9± 0.6 −17+2
−6

53188/02.07.2004 1380 1096 9.8± 0.6 −9.1+0.1
−1.0

B1944+17 52706/08.03.2003 328 0.4406 3990 13.5± 0.9 −30+5
−10

51977/09.03.2001 1380 2056 13± 0.5 −11.7+0.3
−0.3

analysis results. The first effect was pulse-to-pulse intensity modulation with a normally dis-
tributed range of subpulse amplitudes. This makes the modulation pattern less pure, hence it
broadens the feature in the spectra, making it more difficult to detect. The second effect was
a steady emission component with a FWHM ofw50 = 12◦ and an amplitude of 10% of the
average pulse profile. In some cases we also combined both the steady emission component
and pulse-to-pulse modulation thogether.

3.3.1 Coherent drifting

The first emission scenario is a simulation of coherently drifting subpulses with a chosen
drift value ofP3 = 10 P0. The 2DFS of this scenario (see Fig. 3.2, right-hand plot) showed a
very strong and narrow (<0.05 cpp) feature, at 0.1 cpp, corresponding to aP3 = 10 P0 with
P2 = 20 cpp (corresponding to 360◦/20 cpp= 18◦ pulse longitude). As expected, as there
were no distorting effects, the S2DFS plot shows no change of drift rate over time in any of
the simulated sequences.

The introduction of pulse-to-pulse modulation, a steady emission component or both ef-
fects combined did not strongly affect the spectral results (not shown). However, after in-
troducing pulse-to-pulse modulation we noted the presence of a very weak, low-frequency
feature aroundP0/P3 and P0/P2 = 0 in the 2DFS plots of the analysed pulse stacks. We
also note that despite the relatively lowS/N all of the above spectral results showed second
and third harmonics of the main drift feature in this scenario (see Fig. 3.2). We interpret this
as being due to the coherence and non-sinusoidal shape of the drift bands as discussed in
Edwards & Stappers (2002).

In the next scenario, we introduced nulling to the pulse stack. The null lengths and posi-
tions were randomly generated with a minimum nulling length of 5 pulses and total nulling
fraction, NF= 22.9%. As in the coherent drifting scenario, the 2DFS showed a strong and
narrow feature withP3 = 10 P0. We also note the presence of a low-frequency feature in the
2DFS plots (not shown), which we identify as being due to the presence of nulls. This feature
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Figure 3.4: The analysis results shown for a simulated pulse stack assuming null-induced mode
changes. For the explanation of the plots we refer to Fig. 3.2 and the text.

is similar to the feature corresponding to the presence of pulse-to-pulse intensity modulation.
We note that nulling, due to its timescales and occurrence rates, can be seen as an extreme
form of intensity modulation, hence it is seen as a feature close to theP0/P3 = 0 border.
Also, due to the nulling only the second harmonic was visible in both the 2DFS and S2DFS
plots in this scenario due to the weaker coherence of the modulation pattern.

3.3.2 Drift rate change

The next two scenarios included a constant change of drift rate, where the initial value of
P3 = 8.5 P0 changes to a value ofP3 = 4.5 P0 after 2048 periods, and in the case of the
second scenario nulling was also introduced with a nulling fraction of NF= 22.9%. In both
cases the 2DFS plots showed eight closely located drift features spanning 0.1 cpp, along the
P0/P3 axis and in the second scenario a low-frequency feature as in the coherent drift with
nulling scenario is seen (see Fig. 3.3, right-hand plot). These unusual looking spectra are
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caused by the constant change ofP3 and a property by which the 2DFS is calculated. This
property is related to the process of calculating and averaging multiple spectra to obtain the
final spectrum. When the pulse stack is divided into blocks of pulses and the DFT is applied
to each consecutive block, each block’s spectrum shows spectral features offset in the vertical
direction from the spectrum of the first block. Those features correspond to the different
values of the changingP3. The resulting block spectra were averaged together to form the
final 2DFS plot. What determines the number of spectral features in the 2DFS is the number
of pulses in the pulse stack and the size of the block of pulses used in the DFT.

In the case of the lowS/N data it is very difficult to inspect the pulse stack by eye, making
the spectral analysis the only reliable method to determine the initial drift rate or the speed
of its change. However, from the 2DFS alone one is not able to determine such drift rate
variations. The S2DFS technique allows one to circumvent this problem as the process of
averaging is replaced by a moving DFT window. In the left-hand plot of Fig. 3.3 an example
S2DFS plot is presented where one can easily see the “tracks” corresponding to the changing
value of the main drift feature and its second harmonic. By analysing the S2DFS plot it
is quite straightforward to determine the initial value ofP3 and its rate of change. Also
inspection of the S2DFS plot can reveal the presence of nulling. This can be seen in the
S2DFS plot (Fig. 3.2, left-hand plot) between blocks 100 to 200 or 1400 to 1500 at 0.02 cpp.

3.3.3 Null-induced mode change

For the final simulated pulse sequence we investigated the null-induced mode change sce-
nario. The generated pulse stack had two drift modes, mode “A” withP3 = 10 P0 s, and
mode “B”, P3 = 6 P0 s, where the numbers of pulses in each mode was randomly chosen.
The mode change was induced after a sequence of null pulses. The null lengths were also ran-
domly generated. The minimal nulling length which triggered the change of the drift modes
was set to eight periods, the overall nulling fraction was, NF= 32.4% and the calculated
numbers of pulses in the drift modes “A” and “B” contained 797 and 587 pulses respectively.
The return to the preceeding drift mode was executed abruptly without recovery time.

Fig. 3.4 (bottom right-hand plot) presents the 2DFS of this case where a pulse-to-pulse
modulation and a steady emission component were also introduced to the pulse stack. In
the spectrum one can easily see many features present betweenP0/P3 = 0.05 and 0.35 cpp.
In the side panel showing the horizontally collapsed spectrum, the peak atP0/P3 = 0.05
cpp is the most prominent and we identify it as caused by the nulls. The next two peaks at
0.1 and 0.166 cpp we identify them as the main drift features (P3 = 10 P0 andP3 = 6 P0

respectively), whereas the pair of peaks visible atP0/P3 = 0.2 and 0.33 cpp are their second
harmonics. Inspection of the S2DFS plot (Fig. 3.4, left-hand plot) allows us to determine the
“A” mode as being the most prominent. One can easily see the change from the “A”-mode to
“B”-mode around block 1100. We also note that in first 700 blocks both drift modes are not
easily seen in the S2DFS plot. We interpret this as being due to the frequent changes between
drift modes, which resulted in a decrease of the spectral power of features corresponding to
the drift modes. The S2DFS plot also explains the remaining features present around 0.1 cpp
(e.g. block 400) as being created during the abrupt switch between the drift modes.
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Figure 3.5: The analysis results shown for PSR B0031−07. For the explanation of the plots we refer to
Fig. 3.2 and the text.

3.4 Observations

The above results clearly present the S2DFS technique as a compliment of the 2DFS method
for detecting and analysing the drifting subpulses phenomenon, particularly for sources with
multiple or changing drift rates. To test the new method using real observations, we have
selected a number of archival data sets taken at the 94-m equivalent Westerbork Synthesis
Radio Telescope (WSRT) in the Netherlands. The three selected pulsars, PSRs B0031−07,
B1819−22 and B1944+17, were observed between 2000 and 2004 at two wavelengths of 21
and 92 cm. Specifically, we have used the PSR B0031−07 data from the work of Smits et al.
(2005), while the data of PSR B1819−22 and PSR B1944+17 were taken from Weltevrede
et al. (2006, 2007). We have selected these sources based on the quality of data and the
well known properties of these pulsars. This will allow us to compare the results from the
2DFS analysis with the new S2DFS technique. For a detailed discussion of the observing
system and data reduction procedures see Voûte et al. (2002) and Weltevrede et al. (2006),
while Table 3.1 summarises the details of the observing sessions and results from the 2DFS
analysis presented in Weltevrede et al. (2006, 2007).

3.4.1 PSR B0031−07

This pulsar shows a broad drifting feature in its 2DFS and S2DFS at 92 cm (Fig. 3.5, left-
hand and middle plot). In the case of the S2DFS plot we only show first 1500 blocks in
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Figure 3.6: The analysis results shown for PSR B1819−22. For the explanation of the plots we refer to
Fig. 3.2 and the text.

order to keep the figure legible as the whole data set has 7411 blocks. Three drift modes have
been found for this pulsar by Huguenin et al. (1970) at 145 and 400 MHz. In the work of
Weltevrede et al. (2007) most of the power in the 2DFS at 92 cm is due to the “B”-mode drift
(P3 = 6 P0) at 0.15 cpp. The slope of the drift bands changes slightly from band to band
(e.g. Vivekanand & Joshi 1997), causing the feature to extend vertically in the 2DFS plot.
The results from the S2DFS analysis confirm the “B”-mode drift as the most prominent one.
One can see that the region, in the S2DFS plot, corresponding to the “B”-mode drift seems
to consist of three separate tracks. We interpret this as being caused by the changing slopes
of the drift bands.

The “A”-mode drift (P3 = 12 P0) is visible as a downward extension of the main drift
feature to 0.08 cpp as can be seen in the 2DFS greyscale plot (Fig. 3.5, bottom panel of
middle plot). During the “A”-mode the pulsar signal becomes weaker which can be directly
seen in the pulse stack and as a decrease of spectral power of the feature in the S2DFS plot. In
the case of the S2DFS an exact location and duration of the track corresponding to this drift
mode can be seen in the left-hand plot of Fig. 3.5 between blocks 750 and 1000 at 0.08 cpp.
Two more regions (not shown), denoting the presence of the “A”-mode drift, were revealed
after visual inspection of the whole S2DFS plot for this pulsar. We note the presence of
a low-frequency feature, located close toP0/P3 = 0 border. We identify both pulse-to-
pulse modulations and nulling responsible for the presence of this feature as confirmed in the
results from the analysis of simulated data. However, during the presence of the “A”-mode



S2DFS: Analysis of temporal changes of drifting subpulses 49

Figure 3.7: The analysis results shown for PSR B1944+17. For the explanation of the plots we refer to
Fig. 3.2 and the text.

drift the low-frequency feature disappears. We interpret this as follows: the region in the
pulse stack corresponding to the presence of the slow drift mode shows no nulling as well
as a decrease of the modulation index reaching the value of 1.3, which indicates low pulse-
to-pulse modulation. The “C”-mode drift at 0.25 cpp (P2 = −19◦+2

−1 andP3 = 4.1± 0.1 P0)
reported by Weltevrede et al. (2007) as seen in the 2DFS is also visible, although weakly, in
the S2DFS plot (not shown). In both methods the feature at 0.3 cpp is the second harmonic
of the main drift feature.

In the 21-cm data, Weltevrede et al. (2006) report the “A”-mode dominated over the “B”-
mode which is visible, although weakly, while the “C”-mode was not detected in the 2DFS. In
the case of results using the S2DFS (not shown for the 21 cm data) only the “A”-mode is seen
in the plot. The remaining “B”- and “C”-drift modes were not detected as the insufficientS/N
makes it difficult to discriminate the features responsible for the drift from the noise in the
S2DFS plot. The behaviour of this pulsar in the 92 cm and 21 cm observations is consistent
with the multifrequency study of Smits et al. (2005); Smits et al. (2007).

3.4.2 PSR B1819−22

The results from the 21 cm data show a feature in the 2DFS plot (Fig. 3.6, bottom panel of the
central plot) which is double-peaked and corresponds to the two separate drift modes. The
slower drift mode, present at 0.06 cpp and fast drift mode present at 0.16 cpp (Weltevrede
et al. 2006). In Fig. 3.6 (left-hand plot), the S2DFS plot clearly shows that the fast drift
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mode appears between blocks 300 and 600 at 0.16 cpp, corresponding to P3 = 8 ± 4 P0

and P2 = −50◦+110
−15 as reported by Weltevrede et al. (2007) (see Table 3.1). We note that

the visual inspection of the pulse stack revealed sparsely present fast mode drift bands in
the whole pulse stack. In the case when only solitary drift bands are present one cannot see
any contribution in the S2DFS, while just few consecutive drift bands can be resolved by the
S2DFS as can be seen in Fig. 3.6 (left-hand plot, e.g. blocks 80 to 100). We also note that the
drift mode change is preceded by a null, that can last from few down to a single pulse period
and can be seen only after a visual inspection of the pulse stack.

We note several regions, in the S2DFS plot, where one cannot see clear tracks denoting
drift (Fig. 3.6, left-hand plot, e.g. blocks 100 to 170), we interpret this as either the presence
of nulling or rapidly changing drift modes causing smearing out in the DFT because a too
long transform length was used. However, introducing shorter transform length decreased
the spectral resolution of the spectra and changed theS/N per spectral bin. This made the
identification of features marking rapidly changing drift modes unattainable.

The 2DFS and S2DFS of this pulsar at 92 cm very clearly show a drift feature at 0.06 cpp
(Fig. 3.6, bottom panel of the right-hand plot) which corresponds toP3 = 16.9± 0.6 P0 and
P2 = −17◦+2

−6 as reported by Weltevrede et al. (2007). This feature corresponds to the feature
denoting the slow drift mode present in the 21 cm data while the fast drift mode is not present
in the 92 cm data. There is a low-frequency excess present in the 2DFS plot (Fig. 3.6, bottom
panel of the right-hand plot) and it is stronger than in the 21 cm data. We interpret this as
being due to the frequent nulls appearing in the pulse stack instead of a fast drift mode pulses.

3.4.3 PSR B1944+17

This pulsar shows drift features in its 2DFS at 92 and 21 cm (Fig. 3.7, middle and right-hand
plot) and the drifting can clearly be seen by eye in pulse stacks at both observed wavelengths.
The features in the 2DFS plot are broadened because this pulsar shows drift-mode changes
(Deich et al. 1986, at both 430 and 1420 MHz). TheP3 = 13 P0 “A”-mode drift is visible in
the 2DFS plot at 0.075 cpp at 92 and 21 cm.

The results from the S2DFS analysis for both wavelengths showed the presence of tracks
in the S2DFS plot revealing the presence of the aforementioned drift mode. The sparse
occurrence and very short duration times of the tracks (of the order of one hundred blocks)
were caused by the frequent occurrence of nulls disrupting the drift bands. In the left-hand
plot of Fig. 3.7 we show the S2DFS plot of 1300 out of 3735 blocks with the most prominent
example of tracks denoting “A”-mode drift present at 92 cm.

One can easily see that between block 3100 and 3150 there is a region where power in the
S2DFS plot is dominated by fluctuations across the wholeP0/P3 range. The visual inspection
of the pulse stack revealed the presence of a group of pulses, which did not show any partic-
ular organised order, in between two long nulls disrupting the “A”-mode drift. We interpret
this as follows: the DFT window sliding through the long null, enclosed the group of pulses,
and thus produced fluctuations across theP0/P3 range in the collapsed fluctuation spectra.
One can also see that after block 3500 the low-frequency feature decreases its spectral power.
We explain that as being caused by similar behaviour as in PSR B0031−07.
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We also note that after this null the position of the track in the S2DFS plot denoting
the “A”-mode drift (Fig. 3.7, left-hand plot, block 3150 to 3450) changes its position with
respect to the track before the null. The 2DFS analysis of the pulse stacks containing the
drift bands from the aforementioned region revealed that the drift rate value changes from
P3 = 13.5± 0.9 P0 to P3 = 14.3± 0.6 P0. Without the use of the S2DFS it would not be
possible to see that these changes are discrete changes in drift rate and not smooth. It also
shows that PSR B1944+17 belongs to the class of null-induced drift mode changing pulsars.

The P3 = 6.4 P0 “B”-mode drift (0.16 cpp) did not appear in the 2DFS plot as a peak,
although the centroid of the power was offset from the vertical axis by up to at least 0.2 cpp in
the vertical direction at the wavelength of 21 cm (see Fig. 3.7, right-hand plot) indicating its
presence is either weak or only very sporadic. This drift mode was only visible in the S2DFS
plot in the 21 cm observation. We note the low-frequency excess in both observations due to
the presence of nulling.

3.5 Summary and conclusions

We have presented a new technique called the Sliding Two-Dimensional Fluctuation Spec-
trum (S2DFS), which is a good supplementary tool to the 2DFS and is capable of discovering
and characterising the temporal changes of drifting subpulses from radio pulsars caused by
e.g. null-induced mode or drift rate changes, something which cannot be done using the 2DFS
method alone. We note that for the S2DFS method theS/N of the analysed data and length
of the DFT window play a crucial role in obtaining sufficient quality of the maps of the col-
lapsed fluctuation spectra. We have chosen the size of the DFT window to be 256 pulses
which proved to be the best compromise between the resolution of the spectra (and hence the
S2DFS plot) and sensitivity of the method to the short-lasting events like e.g. mode changes
or nulls.

In order to test the S2DFS method we have generated a number of artificial pulse stacks.
The emission models comprised of five scenarios: coherently drifting subpulses, coherently
drifting subpulses with nulling, drift rate change, drift rate change with nulling and null-
induced mode change. The set of pulse stacks generated for testing purposes comprised
of the aforementioned different emission scenarios with additional effects like steady emis-
sion component or a pulse-to-pulse modulation introduced to the pulse stacks. These pulsar-
intrinsic emission effects are known to disrupt drift bands and alter the results of spectral
analysis. The maps of the collapsed fluctuation spectra allowed us to recover occurrence
times of mode changes in the case of the null-induced mode change scenario and we were
also able to resolve which one of the modes was more prominent. The simulated drift rate
changes were easily revealed, something that could not have been done by the 2DFS only.

We have also used data sets from archival WSRT observations at wavelengths of 92 and
21 cm. We have analysed three pulsars, PSRs B0031−07, B1819−22 and B1944+17, which
were selected based on the quality of the data and their known drift properties. All three
sources are known to exhibit mode changes which is most prominent in the case of PSR
B1819−22 at the wavelength of 21 cm and could be easily seen in the S2DFS plot. The
usefulness of the new method is especially apparent in the case of short periods of different
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drift modes, where it is easier to find the moment of change, relative strength or coherence
of the drift mode without having to visually inspect the pulse stack. Moreover, inspection
of the pulse stack does not directly give the drift rate values. By applying this method to
a large sample of pulsar such analysis would help to understand when and why drifting is
non-coherent in different sources. We also note the potential of this method when applied to
millisecond radio pulsars. If drift rate changes are discovered in recycled pulsars it would
give significant insight into the pulse profile evolution of millisecond pulsars. This knowl-
edge could be used for the construction of more precise timing models and hence, improving
timing precision.
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Abstract We present the results from an investigation into the temporal properties of sub-
pulse modulation of 107 pulsars using archival observations performed with the Westerbork
Synthesis Radio Telescope (WSRT) in the Netherlands at an observing wavelengths of 21
and 92 cm. Using the novel analysis technique called the Sliding Two-Dimensional Fluc-
tuation Spectra presented in the previous chapter we were able to perform the largest study
of the temporal properties of phenomena like drifting subpulses, aliasing and null-induced
mode changing. We find that the changes in the drift characteristics of pulsars are com-
mon and present in all pulsars. We have defined three parameters characterising: drift rate,
variations in drift rate over time and the length of periodic modulation over time. We then
searched for possible correlations with parameters describing pulsar spin properties. We find
that the pulsars exhibiting well organised drifting subpulses have larger characteristic ages,
but those pulsars where the drifting properties are more variable, do not show this correlation
with the characteristic age. We find that the average temporal properties of the drifting sub-
pulses in null-induced mode changing pulsars show no relationship with the null properties of
these pulsars. Pulsars with multicomponent pulse profiles show simultaneous changes in drift
rate but exhibit either identical or different drift rate changes between components. We also
present results on some interesting individual sources like PSR B0820+02 that shows both
straight and curved drift bands in the pulse stack, or PSR B1839−04 which exhibits opposite
drift senses in different components.
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4.1 Introduction

Soon after the serendipitous discovery of radio pulsars (Hewish et al. 1968), the single pulses
they emit were shown to exhibit some interesting properties. Unlike the average pulse profiles
of pulsars, which are usually made up of hundreds or thousands of pulses integrated together
and are in general very stable, intensities and shapes of single pulses vary significantly on a
pulse-to-pulse basis. In some pulsars this modulation exhibited an extraordinary arrangement
that was originally called the “class 2 periodicity” (Drake & Craft 1968) where subpulses
were seen to be “marching” (Sutton et al. 1970) or “drifting” (Huguenin et al. 1970) across
the average pulse profile window. This phenomenon, called “drifting subpulses”, manifests
itself as a constant change of the pulse phase of successively appearing subpulses within a
fixed pulse phase range. If one plots a so-called “pulse stack”, where successive pulses are
plotted on top of one another, it can be easily seen that due to the drifting phenomenon,
subpulses form “drift bands” (Fig. 4.1). The drifting subpulse phenomenon is, in general,
considered to be ubiquitous among pulsars (Weltevrede et al. 2006) and in order to quantify
this type of modulation in individual sources one uses two characteristic values: the time
between which two subpulses appear successively at a particular pulse phase is described by
a pattern periodP3 and is expressed in pulsar periodsP0; the horizontal separation of the drift
bands is denoted byP2 and is expressed in pulse longitude units. A positive or negativeP2

value indicates that the subpulses appear later or earlier, in successive pulses, respectively.

In the case of certain sources, their radio emission can exhibit two effects which are
clearly discontinuous: nulling and mode changing. The first effect, nulling, is a complete ces-
sation of pulse energy for a certain amount of time. It was first reported by Backer (1970c) in
the observations of PSRs B0826+06, B1133+16, B1237+25 and B1929+10. In Fig. 4.1 one
can see an example of a null between pulses 80 and 85 in the pulse stack of PSR B1819−22.
A number of following studies, revealed that nulling varies in many of its properties. When
it occurs, nulling affects the emission from all the components of a pulsar and it is believed
to be a broadband effect (e.g. Rankin 1986). However, Bhat et al. (2007) showed that for
PSR B1133+16 nulls do not allways occur at all frequencies simultaneously. Also, the works
of Page (1973) and van Leeuwen et al. (2002b, 2003) have shown that the longitudes of the
subpulses were perfectly conserved over a null for PSR B0809+74. Nulling is characterised
by the parameter called the “Nulling Fraction” (NF). It is the percentage of time for which
the pulsar is in a null state and can reach values up to 93% (for PSR J1502−5653) as shown
by Wang et al. (2007). A possible extreme version of this class of sources is an intermittent
pulsar B1931+24, which remains in the so-called offstate for 25 to 35 days (Kramer et al.
2006). However, we must stress that the association of this behaviour with nulling is not yet
clear. The correlation of nulling with pulsar characteristic age,τc = P0/2Ṗ0, was thought
to be strong (Ritchings 1976), and indeed, Rankin (1986) and Wang et al. (2007) showed
that young pulsars are not observed to null, and that the nulling is more common among the
pulsars residing in the older part of the population. However, Rankin (1986) has also shown
that there is no direct relation between the nulling and age within the considered population
of pulsars. Also, the random appearance and the timescales of duration of nulls in the pulse
stack were called into question when a study of 18 nulling pulsars conducted by Herfindal &
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Rankin (2009) proved that 11 of them showed periodicities in the nulling timescale.

The second discontinuous effect listed above, is mode changing. This effect was first
reported by Backer (1970b) in the observations of PSR B1237+25, where the complicated,
five-component profile of the pulsar was shown to exhibit sudden and complete changes of
shape. The mode change phenomenon is believed to be a broadband effect (e.g. Bartel et al.
1982; Gil et al. 1994), it can include multiple modes that last up to thousands of pulse periods.
Mode changing is known to happen in about a dozen pulsars, with the majority of sources
exhibiting multi-component average profiles (Bartel et al. 1982; Rankin 1986; Wang et al.
2007).

All three effects described above: drifting subpulses, nulling and mode changing, are very
closely connected: PSRs B1112+50 and B2303+30 are good examples (Wright et al. 1986;
Redman et al. 2005), with both sources exhibiting multiple modes of emission entwined with
nulling. In the case of PSR B1112+50 the NF is very high, reaching 60%, in the case of
B2303+30, nulls occurr more often in one of the modes.

This fine and complex modulation, that is drifting subpulses, together with the aforemen-
tioned effects i.e. nulling and mode changing, have, until recently been subjected to close
scrutiny for only a relatively small number of sources. The first systematic search for drifting
subpulses in a large sample of pulsars was performed by Weltevrede et al. (2006, 2007). In
their work, the authors used data obtained with the 94-m equivalent Westerbork Synthesis
Radio Telescope (WSRT) in the Netherlands at wavelengths of 21 and 92 cm. In the total of
245 sources observed, drifting subpulses were found in 112 sources, and pulsars detected to
have any sort of modulation were assigned to classes based on the behaviour of their drift.
The most stable drifters, that is with the least variableP3 values were called the coherent
drifters (e.g. PSRs B0320+39, B0809+74, B0818−13) and classified as the “Coh” class. Pul-
sars with diffuse drift, were dubbed diffuse drifters and this category was divided into two
subclasses depending on whether the drift was close to the alias border, that is, theP0/P3

value was close to 0.5 cycles per period (cpp) or close to 0 cpp (class “Dif∗”) or not (class
“Dif”). Sources which showed subpulse modulation with periodicityP3, but without signifi-
cantP2 were called longitude stationary drifters (class “Lon”). Using these results the authors
showed that, if the observations that had little chance of detecting the drifting phenomenon
due to insufficientS/N are ignored, then 55% of the pulsars are drifting. This suggests that
drifting subpulses might be an intrinsic mechanism of pulsars, and the non-detection of drift-
ing in a particular pulsar could be due to the viewing geometry, refractive properties of the
pulsar magnetosphere, nulling or insufficientS/N of the pulsar signal. The lack of any cor-
relation between the drifting phenomenon and the magnetic field strength together with the
high precentage of sources exhibiting drifting subpulses, allowed them to conclude that the
physical conditions required for drifting subpulses and the pulsar emission mechanism itself
cannot be very different.

Although drifting subpulses, nulling and mode changing can be detected just by visual in-
spection of the pulse stack, this can only be done for the brightest pulsars. The work of Backer
(1970a,b, 1973) and Backer et al. (1975) introduced a method, known as the Longitude-
Resolved Fluctuation Spectrum (LRFS) which gave insight into the properties of subpulse
modulation as a function of pulse longitude. Apart from discovering and characterising the
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Figure 4.1: An example of a sequence of one hundred successive single pulses of PSR B1819−22
observed at the wavelength of 21 cm. The subpulses appear earlier with increasing pulse number and
are arranged into so-called “drift bands”. There are two distinct drift modes visible: the slow mode,
occupying the first 60 pulses and the fast mode in the following 20 pulses. Two successive drift bands
vertically separated byP3 and horizontally byP2 are indicated for the slow drift mode. The fast drift
mode is followed by a null starting at around pulse 80.

P3 values, the LRFS method could not resolve all the information about subpulse drift (i.e.
P2 value). Edwards & Stappers (2002) presented a new technique, the Two-Dimensional
Fluctuation Spectrum (2DFS), as an extension of the LRFS, which was more sensitive to the
presence of drifting subpulses by combining all the pulse longitudes and allowed one to better
estimateP2 values. Both these methods, used by Weltevrede et al. (2006, 2007), proved to be
effective for discovering and characterising subpulse drifting from radio pulsars.

The presence of nulling and mode changing is known to disrupt the subpulse drift and
change the response in the fluctuation spectra as was shown in Chapter 3. The authors
provided a way to study drifting by introducing a new technique called the Sliding Two-
Dimensional Fluctuation Spectrum (S2DFS). The new method, based on the 2DFS, allows
the drifting subpulses properties to be resolved in the temporal domain, thus giving informa-
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tion about the temporal changes of the drifting subpulses from radio pulsars caused by e.g.
null-induced mode or drift rate changes.

Weltevrede et al. (2006, 2007) showed that, out of 112 pulsars found to exhibit the drifting
phenomenon, 74 sources were associated with the diffuse class drifters. In Chapter 3 we have
analysed archival data of a few pulsars well known for their drifting subpulse properties. We
noticed that in the case of PSR B1944+17 the drift properties in one particular drift mode
were slightly changing after the nulling. Using the S2DFS map we were able to show that
these changes were caused by separate drift modes, detect their drift rates and determine their
durations. This behaviour raises an important question about the drifting phenomenon. Do
all drifters behave in a similar way? What are the temporal properties of drifters? If we find
those changes to be present in the data, can we identify what triggers those changes? Having
archival data from a large sample of pulsars used by Weltevrede et al. (2006, 2007) at our
disposal, can we find if there are properties of pulsars which could identify particular types
of drifters? In the next section we briefely discuss the data sample chosen for the analysis,
followed by a more detailed description of the analysis. Next we present the results and
finally, we discuss the implications of the application of our analysis to a large sample of
pulsars.

4.2 Observations

All the sources were observed with the WSRT in the Netherlands at wavelengths of 21 and
92 cm between 1999 and 2006. The sources were selected based on the following criteria: all
pulsars had to have a declination above−30◦ (J2000) and an average pulse profile withS/N of
130 for the 21 cm data, achievable in the maximal observation time calculated for each source
according to Eq. 1 in Weltevrede et al. (2006). Due to the detection of drifting subpulses in
many pulsars with a lowerS/N at 21 cm, the criterion for sources at 92 cm was changed, so
that all the pulsars with average pulse profileS/N that exceeds 50 in an observation of less
than half an hour, were included. Besides the highS/N, a single observation also required a
large number of pulses in order to gather a sufficiently large number of drift bands for the clear
detection of drifting subpulses and this limit was set to be no less than one thousand pulses.
In total, 245 sources met these criteria, out of which 138 were observed at both wavelengths,
53 only at 21 cm and 54 only at 92 cm. For a detailed discussion of the observing system and
data reduction procedures we refer to Voûte et al. (2002) and Weltevrede et al. (2006).

4.3 Analysis

4.3.1 Fluctuation spectra

The techniques used to analyse the data (LRFS, 2DFS and S2DFS) are identical to those
described in Weltevrede et al. (2006) and in Chapter 3, so we will only mention them briefly
here. The first step of our analysis is to calculate the LRFS. The pulse stack is divided into
adjacent blocks of 2n pulses, wheren is an integer number, and a Discrete Fourier Transform



58 Chapter 4

Figure 4.2: An example showing the results of an analysis using the LRFS, 2DFS and S2DFS tech-
niques for PSR B1819−22.Right: The LRFS and 2DFS results at both 21 and 92 cm. The top panel
shows the integrated pulse profile (solid line) and the longitude-resolved modulation index, LRMI (solid
line with error bars). The middle panel shows the LRFS where the ordinate of the resulting spectrum
is given in cycles per period (cpp) which corresponds toP0/P3 and the abscissa denote pulse phase
given in degrees. The bottom panel shows the 2DFS where the ordinate is the same as the LRFS but
the abscissa is in cpp (P0/P2). The greyscale intensity of the 2DFS corresponds to spectral power. The
presence of a significant spectral feature with a negative or positive value ofP2 indicates that the sub-
pulses appear with a preferred direction of drifting. The left-hand panels correspond to the horizontally
integrated spectra, and the bottom panels to the vertically integrated spectra between the dashed lines.
Left: The P3 S2DFS map made from the observation at 21 cm. The vertical axis is given inP0/P3

(cpp). The horizontal axis is given in blocks, where a block corresponds to a vertically collapsed 2DFS.
Periodic subpulse modulation is indicated by the “tracks” in the greyscale plots.

(DFT) is applied at each pulse longitude bin in each block. The final spectrum is produced
by averaging the longitude-resolved spectra of all blocks. Pulsars exhibiting periodically
modulated subpulses will have a region, so-called feature, of enhanced spectral power visible
as a dark region in the greyscale in the LRFS. The vertical position of the feature is given in
cpp and corresponds to a period of modulation,P3 expressed in pulsar periodsP0, while the
horizontal position denotes the pulse longitude at which the modulation occurs.

The quantity calculated next is the longitude-resolved modulation index (LRMI; Edwards
& Stappers 2002). The LRMI is the measure of the amount by which the intensity varies from
pulse to pulse for each pulse longitude. In the right-hand plots in Fig. 4.2 the average pulse
profiles and the LRMI are shown in the top panel for PSR B1819−22 for both observing
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Figure 4.3: The P2 S2DFS maps for the artificially generated pulse sequences shown in Fig. 4.12.
The vertical axes are given inP0/P2 (cpp) and the horizontal in blocks. Each block corresponds to the
vertically collapsed 2DFS of 16 pulses and each new block is shifted by one pulse later in the pulse
stack. Both plots present the effect of periodical changes of the drift direction.

wavelengths. The solid lines correspond to the average profiles, which are normalised to the
peak intensity, while the solid lines with error bars denote the LRMI values. We only show
LRMI values that are detected with a significance of more than three sigma.

The LRFS provides information on whether subpulse modulation is disorganised or peri-
odic. In order to characterise whether the subpulses are drifting in pulse phase and at which
rate, the 2DFS is applied. The method is similar to the calculation of the LRFS, but the DFT
is applied twice. First, to the pulse stack along the vertical lines of constant pulse longitude,
then the DFT is applied again, but now across each row of the complex LRFS spectrum. In
the right-hand plots in Fig. 4.2 the 2DFS for observations of PSR B1819−22 at 21 cm and 92
cm are plotted in the panel below the LRFS plots. The vertical axes of the resulting spectra
are the same as in the LRFS, but the horizontal axes are now given in cpp and correspond to
a horizontal separation of the drift bands (P0/P2). If the 2DFS spectrum exhibits a feature
which is significantly offset from the vertical axis (P0/P2 , 0) it means that the subpulses
drift has a preferred direction. The power of the 2DFS is vertically (between dashed lines)
and horizontally integrated, resulting in the side and bottom panels which are used for bet-
ter understanding the structure of the feature, respectively. To measure the values ofP2 and
P3 one can calculate the centroid of a rectangular region in the 2DFS containing the feature
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(Eq. 6; Weltevrede et al. 2006).

All the aforementioned methods are very robust and effective for detecting and analysing
subpulse modulation. Averaging of multiple fluctuation spectra obtained from consecutive
blocks of pulses increases the spectral power of the resulting spectrum. However, as shown
in previous chapter, neither one of these techniques resolves the drifting subpulse behaviour
in the temporal domain. To approach this problem we have developed a new technique called
the S2DFS. This method is an extension to the 2DFS in a sense that instead of dividing
a pulse stack into consecutive blocks of equal length, the 2DFS is applied to a block of
a chosen number of pulses and a spectrum is calculated. The spectrum can be collapsed
horizontally or vertically producing an one-dimensional curve (see for example the left-hand
side or bottom panels of the 2DFS plots in Fig. 4.2, right-hand plots). Subsequently, the DFT
“window” is shifted by one pulse and the whole process is repeated. The application of the
sliding DFT window to the pulse stack results inN − M + 1 curves, whereN is the number
of pulses in the pulse stack andM is the length of the DFT. The curves are stacked together
to produce a so-called “map” of the collapsed fluctuation spectra. The maps produced by
stacking curves from horizontally or vertically collapsed 2DFS are calledP3 S2DFS orP2

S2DFS maps, respectively. In the left-hand plot of Fig. 4.2 an example of theP3 S2DFS
map is presented where one can easily see the “tracks”, these are regions of enhanced power
visible as a dark region in the greyscale of theP3 S2DFS map. This region corresponds to
the periodic modulation which changes in time. Fig. 4.3 presentsP2 S2DFS maps, where
one can see the features alternating between negative and positive part of theP2 S2DFS map,
denoting the changes in the drift direction resolved in temporal domain.

The choice of the length of the DFT window is crucial for the resolution and sensitivity
of the maps. To calculate theP3 S2DFS maps presented here we have decided to use a DFT
window size of 256 pulses which we showed in Chapter 3 is usually the optimal size of the
DFT window. In the case of a shorter Fourier transform, and hence a smaller DFT window,
theP3 S2DFS maps would lack the spectral resolution inP0/P3 space required to resolve the
changes in the drift rates. Conversely a longer Fourier transform, larger DFT window, would
reduce the sensitivity to any short-lasting events, due to the reducedS/N per spectral bin but
also because of the window function associated with the transform length. In order to resolve
the quick changes of drift direction in theP0/P2 plane, we have used a short, 16-pulse, DFT
length. With this choice of DFT length the spectral resolution of theP3 S2DFS map will
decrease to only 8 spectral bins making it very coarse, resulting in a change of the vertical
drift band separation,P3 becoming unresolved. However, the spectral resolution in theP0/P2

axis depends only on the number of longitude bins over which the signal of the pulsar is seen.
This makes theP2 S2DFS map very useful for the detection and characterisation of alias
border crossings. We also emphasise that due to the short DFT “window” containing only
16 pulses, the resulting spectral power is highly dependent on theS/N of pulses taken to
calculate the DFT.

Both the 2DFS and the S2DFS have their strengths and weaknesses in analysing the
subpulse modulation and we consider them to be complimentary. The 2DFS method is an
ideal tool for detecting and characterising drifting subpulses from sources even with lowS/N
thanks to the averaging of many consecutive spectral power blocks in the final spectrum. It
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cannot, however, resolve the temporal drifting subpulses behaviour. On the other hand, in the
S2DFS method, the lack of averaging requires a higherS/N in the observation in order to
detect any drifting.

4.3.2 Processing of the fluctuation spectra

We have applied our technique to 245 sources and the resulting S2DFS maps were carefully
inspected visually and the candidates containing tracks with sufficient spectral power were
selected for further analysis. This resulted in 107 sources of which 44 sources were observed
at both wavelengths, 31 only at 21 cm and 32 only at 92 cm. We have inspected theP3 S2DFS
maps of the sources and selected the regions in theP0/P3 space, populated by tracks which
correspond to the positions of features present in the 2DFS plots. Next, for each region we
fitted each block independently. We have tried two different types of functions for fitting:
Gaussians and Lorentzians. The Lorentzian is a narrower function towards its centre than
the Gaussian. It also does not fall offas rapidly as the Gaussian function. At a distance of
three times the half-width at half-maximum (HWHM) from its centre the amplitude of the
Lorentz function is about 10% of its maximum, while the amplitude of the Gaussian at the
same point is almost zero. Comparing theχ2 values of fits to the tracks indicates that the
Lorentzian function gives in general better fit results and we have therefore chosen it as the
best for fitting the features in theP3 S2DFS maps.

During the visual inspection of theP3 S2DFS maps we have noticed that there are in-
stances where tracks with differentP3 values occur simultaneously. We have therefore de-
cided to fit the data with more than one Lorentzian and three Lorentzians gave the lowestχ2

values, therefore we have decided to use only those results in the following analysis. The
final fit function consisted of a superposition of three Lorentzians in the following form:
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whereµi specifies the location of the peak of each function component,γi represents the
scale parameter corresponding to the HWHM value andI i is the height of the peak.

Using the fit parameters optimised by minimising theχ2 using the downhill simplex
method (algorithm; Press et al. 1986), for each of theP3 S2DFS maps we have
calculated aP3 S2DFS map which is spectrally noise-free. In addition we only consider com-
ponents with amplitudes greater than three times the spectral noise of the real data. These
spectral noise-free maps were then carefully inspected and we have recorded the location of
the tracks inP0/P3 space and their lengths. With these positions we were able to calculate
two parameters for eachP3 S2DFS map. The first parameterP3, the weighted mean ofP3,
was calculated using theP3 values of the individual drift tracks weighted by their average
spectral power. The second parameter,QP3, is then given by:

QP3 =
P3

∆P3
, (4.2)
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Figure 4.4: The durations of the drift modes in the simulated pulse stack (horizontal axis) plotted
against the average value of the drift track lengths in the S2DFS from each scenario discussed in the
text (vertical axis).

where∆P3 denotes the difference between the maximum and minimumP3 values of the
tracks present in a given data set. TheQP3 parameter can be interpreted as a quality factor
of the P3 modulation and is a measure for the degree of coherence of the drifting subpulses
exhibited by the pulsar. The pulsars with highQP3 will have narrow spectral features in
P0/P3 space, and are mostly represented by the ”Coh“ class of pulsars. A low value of the
QP3 parameter is common among pulsars which belong to the ”Dif“ and ”Dif∗“ class as their
spectral features are quite wide inP0/P3 space.

4.3.3 Analysis of the drift tracks

To quantify the variations inP3 over time, we need to consider the fits to the spectral features
in the P3 S2DFS maps calculated from the observations. From the spectral-noise freeP3

S2DFS maps we measure the lengths of the drift tracks at a givenP3 as well as the spectral
strength. As we want to analyse the lengths of the tracks in these data, we need to under-
stand what a measured track length means and in order to do that we performed a series of
simulations.

First, we generate a series of pulse sequences with a rapid change between two drifting
modes. The first mode, which we have used in all the simulations, had a drift rate ofP3 =

10 P0. It was then switched abruptly, without a null, to a second mode. For this mode we
have selected a range of different values ofP3 which we have set to: 2.5, 4, 5, 15, 25, 35 and
43 P0. Such a wide range ofP3 values allowed us to sample theP0/P3 space evenly. Having
prepared 7 different scenarios we were ready to introduce changes of the duration times of
the second mode. In order to do that, for each scenario we generated a number of datasets
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with different durations of the second drift mode. We have set the shortest duration of the
second mode to be 20 periods and increased the duration by 20 periods up to a maximum
duration time of 280 periods. We note that for the last three drift rate scenarios we have set
the shortest duration of the second mode to be above 20 periods in order to obtain at least one
drift band in the pulse stack. After the second mode there is an abrupt switch back to the first
mode. In our simulations we have kept the intensity of the single pulses in the two modes the
same. Afterwards, each of the datasets was analysed using the S2DFS method. The resulting
P3 S2DFS maps were fitted in exactly the same way as described in Section 4.3.2.

Next, we have visually inspected the spectral noise-freeP3 S2DFS maps and measured
the lengths of the drift tracks. Fig. 4.4 shows the relationship we find between the measured
drift track length of the second mode and the duration of the mode. The horizontal axis
represents the duration times of the second mode in the pulse stack expressed in pulse periods,
while the vertical axis, the average value of the corresponding measured drift track lengths
and its standard deviation, that is error, from each scenario. The shortest drift track we
could measure in the spectral noise-freeP3 S2DFS map was 225± 10 pulses long and this
corresponds to a duration of the mode of 60 pulses long in the simulated data. We can explain
the difference between the lengths of drift modes as measured in theP3 S2DFS map and the
actual simulated pulse sequence as being due to the window function of the DFT of 256
pulses, convolved with the spectral properties of the simulated pulse sequence. Therefore,
when calculating and considering track lengths, we only consider those tracks which are
longer than 225 blocks.

We note however that there are cases where pulsars in our observations show shorter
drift tracks. One possible cause of such behaviour is that sometimes much largerS/N of the
subpulses during those sequences which generate the short spectral track power is increased
sufficiently. This behaviour has been found, for example, for PSRs B0809+74 (Lyne & Ash-
worth 1983), B2303+30 (Redman et al. 2005) and in the observations of PSR B1819−22 at
21 cm used in our work, where the pulses from the faster drift mode are significantly brighter
compared to that of the slower one. To confirm the role of brighter pulses we have generated
a single pulse sequence using the same setup as in the previous simulations. We have used
two drift modes, the first one withP3 = 10 P0, which was abruptly switched to a second
mode withP3 = 4 P0 that lasted for 20 periods after which there was an abrupt switch back
to the first drift mode. Additionally, we have set the intensity of the pulses in this mode to
be 100% stronger than in the slower one. We then analysed the pulse sequence according
to the aforementioned procedure. The results of our simulation have shown that despite the
significant increase of theS/N, the length of the drift track is consistent with the result from
our previous simulations, that is 225± 10 pulses. Therefore we cannot confirm that the drift
of strong single pulses is resulting in a shorther drift tracks present in theP3 S2DFS maps.
Further simulations are required to test this effects.

Another explanation of short drift track lengths might be related to drift tracks separation
in theP0/P3 range. In theP3 S2DFS maps of pulsars which are classified as coherent drifters,
changes in which the difference between twoP3 values of the drift tracks are less than 2
spectral bins can be seen occasionally. We expect that in the case of such small difference the
spectral power from one of the drift modes could contribute significantly to the spectral power



64 Chapter 4

of the other one during the calculation of theP3 S2DFS map. In order to investigate this we
have simulated a set of pulse sequences with two drift modes similar to the aforementioned
simulations. Here the primary mode is abruptly interrupted by the short mode and after a
given time the primary mode is reestablished. We have set theP3 values of the secondary
mode to be 1 spectral bin apart from the primary mode. The duration of the secondary mode
is increased by 20 pulses, starting from 20 up to 280 pulses. We then have performed the
fitting and inspected the data as mentioned before. The inspection of the results revealed that
we were able to measure drift tracks as short as 80 blocks which correspond to the secondary
drift mode duration time of 40 pulses. Our finding determines that some short drift tracks
visible in theP3 S2DFS maps, especially of coherently drifting pulsars, could be the result
of the aforementioned effect, thus masking the drift track lengths which would be measured
without the presence of this effect.

The results of our simulations show that the S2DFS method is suitable for characterisation
of temporal properties of drifting phenomenon in pulsars, however it depends on two factors
which are strongly connected to each other. The first factor is related to the way in which the
S2DFS maps are calculated, that is the length of a DFT window. The selection of the window
length influences the spectral resolution of the resulting S2DFS plot but is also responsible
for the sensitivity of the method to the events occurring on various timescales. The choice
to use a DFT window of 256 pulses to calculateP3 S2DFS maps resulted in good spectral
resolution. However based on the results of our simulations, that length prevents us from
considering the drift track lengths of less than 225± 10 pulses in our further analysis.

4.4 Results

The results of our analysis are presented in Table 4.1 which includes the drift type classi-
fication of the pulsars made by Weltevrede et al. (2006, 2007). In the remaining columns
we show: pulse period (3), its dimensionless time derivative (4), pulsar characteristic age
τc = P0/2Ṗ0 (5), surface magnetic field strengthBS ≃ 1012G

√

P0Ṗ0 (6), magnetic field
strength at the light cylinder radiusBLC ≃ 9.2GP−5/2

0 Ṗ1/2
0 (7), spin-down energy loss rate

Ė ≃ 3.95· 1031ergs−1Ṗ0P−3
0 (8), where in all formulaeP0 is given in seconds anḋP0 in units

of 10−15. The nulling fraction, NF, for 45 of the pulsars is shown in column 9 and the values
were taken from the references listed in the table. For the pulsars reported by Biggs (1992)
as exhibiting nulling, but with only upper limits on their NFs, the values in our table are
half the reported upper limits. Column 10, shows the inclination angle between rotation and
magnetic field axes,α given in degrees (Lyne & Manchester 1988 and Rankin 1990). If an
α value for a specific pulsar is present in these references we have included the value from
the work of Lyne & Manchester (1988). In column 11 we show the observing wavelength
and in column 12 the number of pulses in the observation. In the case of the multicomponent
average pulse profiles, we show the component numbers taken in our analysis, in column
13. The last two columns hold parameters, that is theP3 values and the drifting subpulses
coherence parameterQP3, derived from the fitting of theP3 S2DFS maps as described in
Section 4.3.2. In Appendix are theP3 S2DFS maps and 2DFS plots for all the pulsars as
presented in Table 4.1.
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4.4.1 Pulsars with low frequency modulation

The pulsars presented in Table 4.1 have been classified based on the results from the 2DFS
analysis (Weltevrede et al. 2006, 2007), however, there is a group of 15 sources present
in our sample which have been reported to exhibit only low frequency modulation or no
significant spectral features in their 2DFS plots. This might be due to the process of making
the 2DFS plot, during which the individual spectra from the adjacent parts of the pulse stack
are averaged together when forming the final spectrum. The process of averaging will reduce
the spectral power coming from possible events, like clusters of strong pulses, thereby causing
a lack of spectral features in the final 2DFS plot.

We have closely inspected theP3 S2DFS maps of these sources to search for tracks re-
sulting from subpulse modulation. We have found that there are instances in which strong
tracks are seen mostly towards the low frequency part of theP3 S2DFS map indicating that
this modulation is likely related to random pulse-to-pulse intensity modulation. Close in-
spection of the associated pulse stacks revealed the presence of instances in which clusters
of stronger single pulses are seen to be interwoven with the emission of less intensive pulses.
In Fig. 4.5 we present two examples of such behaviour, where one can see tracks present
towards the low frequency part of theP0/P3 space. In the case of the first pulsar B0740−28,
we can see strong tracks appearing around blocks 1050, 2800 and a weaker track around
block 3800. This quasi-periodic appearance can be explained by the scintillation of the pul-
sar signal. The inspection of the pulse stack has shown that there are three instances when
the pulsar signal gradually increases its intensity. The pulse-to-pulse intensity modulation is
then resolved by the S2DFS method. The right hand plot of Fig. 4.5 presents theP3 S2DFS
map of PSR B1758−03. This pulsar exhibits a lot of tracks towards the low frequency part of
the P3 S2DFS map. An inspection of the pulse stack of this source reveals its bursting-like
behaviour with clusters of strong pulses present in the data. Both examples show that the
S2DFS method can be successfully used in finding events of subpulse modulation in pulsars.

In the case of seven other pulsars, there are differences in classification at different fre-
quencies which we would also like to investigate briefly. Pulsars B0950+08, B1112+50 and
J2346−0609 are recognised as members of the ”Dif∗“ class using only observations from
one frequency. The observations conducted at the other wavelength resulted in a lowS/N
which precluded us from confirming the source class at the other wavelength. In the case of
the remaining four sources, PSRs B0149−16, B1952+29, B2255+58 and B2319+60 we see
changes of class as a function of frequency (see Table 4.1), which are possibly also due to
S/N issues.

4.4.2 The LTR parameter

In Section 4.3.3 we have established the minimum lengths of events which can be identified
by our method. We will now focus on possible correlations of the lengths of the drift tracks
with other known pulsar parameters. In order to do that, we have defined a parameter char-
acterising drift track lengths for each observation. The parameter, calledLTR is defined as an
average value of all drift tracks lengths taken from an observation.LTR is the average time
during which the drift rate remains the same. We note that in the course of our work we
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Figure 4.5: The P3 S2DFS maps showing results from pulsars exhibiting low frequency modulation
according to the Weltevrede et al. (2006) scheme.Left: TheP3 S2DFS map of B0740−28 where strong
tracks, denoting the pulse-to-pulse modulation present in the pulse stack, appear around blocks 1050,
2800 and a weaker track block 3800.Right: The P3 S2DFS map of B1758−03 with a lot of tracks
towards the low frequency part of theP3 S2DFS map. Inspection of the pulse stack of this source
reveals strong single pulses clustered in a burst-like behaviour. For the detailed explanation of the plots
we refer to Fig. 4.2 and the text.

will present theLTR parameter expressed in pulse periods, denoted asLTR(P0), or in seconds,
LTR(s) = P0 · LTR(P0). As mentioned before, the shortest track lengths we have used for
calculating theLTR parameter was 225± 10 pulses. In cases where the pulsar exhibits multi-
ple profile components, theLTR is calculated separately for each component. In Fig. 4.6 we
present theLTR(P0) plotted againstP0. One can immediately see that all points are scattered
in the plot indicating that the average drift track length expressed in pulse periods is indepen-
dent of pulse period. Next, we investigate any possible correlation ofLTR(P0) with each of
the pulsar parameters presented in Table 4.1. First, we consider the relation ofLTR(P0) with
the magnetic field strength at the light cylinder radius,BLC (Fig. 4.7). A negative correlation
is present in this plot and this is exactly what we expect to see, as theLTR(P0) is uncorrelated
with pulse period and the correlation seen in this plot is dominated by theBLC ∝ P−5/2

0 Ṗ1/2
0

relation. Since the strength of the magnetic field at the neutron star surface,BS scales as
√

P0Ṗ0, while the spin-down energy loss rate,Ė asṖ0P−3
0 , we expect to see, and do, similar

correlations in the corresponding data sets confirming no dependencies from these relations
when comparingLTR(P0) to both the quantitiesBS andĖ directly.
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Figure 4.6: The pulse period,P0, plotted against the average drift track length,LTR expressed in pulse
periods.
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Figure 4.7: Average track length,LTR, expressed in seconds, plotted against the magnetic field strength
at the light cylinder radius,BLC.

4.4.3 Properties of subpulse modulation

Let us now focus on another aspect related to the drift tracks, that is, their timescales of
changes and relation of those to the classes of pulsars. In the work of Weltevrede et al.
(2006, 2007) the classes of ”Dif“ and ”Dif∗“ were introduced to describe pulsars with spectral
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features in their 2DFS plots, extending over more that 0.05 cpp in theP0/P3 range. One might
suspect that the drifting in pulsars from these classes might be coherent but with a gradual
evolution of the drift rate in the temporal domain. In Chapter 3, we have pointed out that a
moving DFT window will be sensitive to such gradual changes of the drift rate of subpulses.
A large sample of pulsars gave us the possibility to study the drifting behaviour of ”Dif“ and
”Dif ∗“ classes of pulsars. For all those pulsars, we report that we do not see slopes denoting
slow and gradual changes in theP3 S2DFS maps. This is somewhat unexpected as such slow
gradual changes are well known for e.g. PSR B0943+10 where the pulsar slowly changes its
P3 values from 36P0 to 38 P0 over the characteristic time of several hours (Suleymanova
& Rankin 2008). Another example is PSR B0809+74, which shows gradual changes in the
carousel rotation rate (van Leeuwen et al. 2002a). However, we note that in both cases these
changes are quite small and would be missed due to the insufficient spectral resolution of
our P3 S2DFS maps. Additionally, in the case of PSR B0809+74, those changes occur over
timescales of about 20 periods, which is substantially less than the shortest recoverable drift
track length. We do see, however, in the majority of ”Dif“ or ”Dif∗“ class pulsars a lot of
drift tracks spread over a wideP3 range in theirP3 S2DFS maps. Such a spread can be seen
in the second component of PSR B0450+55 (Fig. 4.23, right hand panel). Also, in the case
of pulsars with highS/N which belong to the ”Coh“ class we see that the coherent drift can
slightly change its drift rate during the observation.

The next feature of the subpulse modulation we discuss is connected with the coherence
of the features in the fluctuation analysis. We define the coherence to be the width of the spec-
tral feature present in the 2DFS plot or the range ofP3 values the drift tracks exhibit in the
P3 S2DFS maps. It has been proposed that there is a relation between drifting subpulses co-
herence and the pulsar characteristic age. The works of Wolszczan (1982), Ashworth (1982)
and Rankin (1986) reported the existence of a weak positive correlation betweenP3 and the
characteristic age of a pulsar. Weltevrede et al. (2007) examined this relation using a sample
of pulsars with the highestS/N. Knowing that theP3 is invariant with respect to the observed
frequency, they combined the observations at both wavelengths to increase the size of their
sample to 90 pulsars and report that there is no evidence for a correlation between theP3 and
τc. They have also shown that theτc histogram representing ”Coh“ class pulsars is skewed to-
wards higher characteristic age values. This suggests that there exists a trend in which young
pulsars have the most disorganised subpulses and with time subpulses become ordered.

Our analysis shows that the pulsars with wide spectral features in their 2DFS plots show,
as mentioned before, a considerable number of short drift tracks with constantly changing
P3 values. This gives possible evidence of a non-stable rotation of the carousel of sparks.
With the aforementioned arguments in mind we can revisit the possible relation between
the coherence of the drifting subpulses and the characteristic age of a pulsar (Fig. 4.8). In
order to increase the legibility of the plot we assign different symbols to different classes of
pulsars. One can see that the ”Coh“ class pulsars, which are annotated with ”+“ symbol, are
mostly concentrated in the upper-right part of the plot, that is in a region with highQP3 and
τc values. This confirms the finding of Weltevrede et al. (2007) that there is a correlation
between coherence of pulsar drifting subpulses and characteristic age.

In their work, Tauris & Manchester (1998), present evidence for the evolution ofα in time.
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Figure 4.8: The coherence parameter,QP3, plotted against the characteristic age of pulsars in our
sample where we have divided the sample according to the observed wavelength and classes according
to the Weltevrede et al. (2006) classification. The meaning of each symbol is explained in the key of
the plot. The subscripts next to the names of the classes denote the observing wavelength.

Weltevrede & Johnston (2008), using the statistics of pulsars which exhibit interpulses, have
shown that the inclination angle beetween rotation and magnetic axes decreases on an average
timescale of∼ 107 years. We therefore expect that pulsars in our sample will show a negative
correlation betweenα and their characteristic ages. Together with the aforementioned result
that pulsars which exhibit coherently drifting subpulses are usually older, we expect those
pulsars to have smallα values. Indeed, as can be seen in Fig. 4.9, the ”Coh“ class pulsars
have smallerα values compared to the whole sample.

4.4.4 Pulsars with high Ė

Pulsars with highĖ, that is greater than 1034 erg/s, have different radio emission properties
compared to pulsars with loẇE. Amongst other things this can be observed in e.g. a sig-
nificant change in the linear and circular polarisation (Johnston & Weisberg 2006) compared
to the normal pulsars. Some higḣE pulsars have also been detected in other parts of the
electromagnetic spectrum, namely in X- andγ-rays (Abdo et al. 2010). The properties of
high-energy emission, like spectral behaviour or profile shapes, can be used to validate dif-
ferent high-energy emission models which propose various schemes for particle acceleration
or pair production. All of those models predict that highĖ pulsars should have brighterγ-ray
emission. The threshold value ofĖ above which theγ-ray pulsars were found by EGRET
(the Energetic Gamma-Ray Experiment Telescope) on board of the Compton Gamma-Ray
Observatory waṡE ≃ 3 · 1034 erg/s (Thompson et al. 1999). However, the geometry of the
pulsar beam introduces a large uncertainty in the relation between the minimumĖ and the
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Figure 4.9: The inclination angle,α, between the rotation and magnetic axes, plotted against the char-
acteristic age of pulsars in our sample where we have divided the sample into classes according to
Weltevrede et al. (2006) classification. The meaning of each symbol is explained in the key of the plot.

expectedγ-ray flux (e.g Smith et al. 2008). The detectability of pulsars inγ-rays was thought
to be proportional to

√
Ė/d2, whered is the distance to the observed pulsar. The pulsars so far

detected inγ-rays by the Large Area Telescope (LAT) on theFermi Gamma-ray Space Tele-
scope provide evidence that for the brightest pulsars, theγ-ray emission arises in the outer
magnetosphere (Abdo et al. 2010). In contrast the emission responsible for the normal radio
emission is believed to originate closer to the surface of the neutron star (e.g. Kuijpers 2009).
We must note that the spin down energy can also indicate unusual radio emission properties
as in the case of PSRs B0656+14 (Weltevrede et al. 2006) and J1119−6127 (Weltevrede et al.
2010). In our sample, there are 7 pulsars havingĖ > 1034 erg/s with two of them reported
to be detected inγ-rays byFermi (Abdo et al. 2010). We wanted to examine possible corre-
lations betweeṅE and parameters we have derived from the analysis ofP3 S2DFS maps. In
Fig. 4.10 and 4.11 we plotP3 andQP3 againstĖ for all the pulsars in our sample. One can
see that there is a tendency for pulsars with lowĖ to assume highQP3 values. This relation is
confirmed by Fig. 4.8 where we can see that the pulsars with the highQP3 values have large
characteristic age values. We explain this as due to the relation between the characteristic
age,τc andĖ.

4.4.5 Aliasing pulsars

Among the pulsars exhibiting the drifting phenomenon there are sources where the drifting
is either very fast, with drift band separation on the order ofP3 = 2P0, or very slow, with
the drift rate sometimes reaching the longitude stationary state (P3 = ∞). To illustrate this
phenomena and in order to compare the results of the S2DFS method to those of the 2DFS,
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Figure 4.10: The average drift rate,P3, plotted against loġE of all the pulsars in our sample for which
P3 could be calculated.

0.1 1 10 100
Q

P
3

30

32

34

36

38

lo
g 

E
 (

er
g/

s)

21 cm
92 cm

Figure 4.11: The coherence parameter,QP3, plotted against loġE of all the pulsars in our sample for
which QP3 could be calculated.

we have used the data artificially generated in the work of Weltevrede et al. (2006). The
authors generated two pulse sequences (see Fig. 4.12, left-hand plots) of a pulsar that exhibits
drifting from the trailing to the leading edge of the pulse profile with a variable drift rate of
the drifting subpulses. In the left sequence the separation of the drift bands is close to 2P0,



72 Chapter 4

Figure 4.12: Sections of pulse stacks and the derived fluctuation spectra made from artificially gener-
ated pulse sequences illustrating the effect where the drifting subpulses appear to be constantly crossing
the alias border. The drifting in the left pulse stack constantly crosses theP3 = 2P0 alias border and
the right pulse stack constantly changes its apparent drift direction via longitude stationary subpulse
modulation. For the explanation of the plots we refer to Fig. 4.2 and the main text.

while on the right theP3 is much larger. The drift rate of the first pulse sequence becomes
smaller with increasing time, eventually reaching the Nyquist border,P3 = 2P0, around pulse
20. This can be seen as a characteristic chequered pattern in the pulse stack. Further increase
of the rotation speed of the carousel of sparks makes the drift bands reappear around pulse
25 with the opposite apparent drift direction. Finally, the drift rate slows down and the drift
bands assume their previous drift direction completing the cycle around pulse 50. The authors
generated multiple cycles for the pulse sequence drift rate by varying it by 40% around its
mean value.

The resulting 2DFS plot of this pulse sequence is shown in the right-hand plot of Fig. 4.12.
In the LRFS plot one can see that for this scenario the drift feature extends towards the
P3 = 2P0 alias border and the 2DFS shows a split of the feature by theP0/P2 = 0 cpp
axis. This is due to the two apparent drift directions in the pulse sequence (in simulations the
rotation of the carousel of sparks was set up to be the same throughout the pulse sequence).
The greater power of one of the peaks present in the horizontally collapsed spectrum visible
under the 2DFS plot gives evidence to more frequent negative drift of subpulses in the pulse
stack. Subsequently, we applied the S2DFS method to the dataset to compare the results.
In the left-hand plot of Fig. 4.3 we present the results from the S2DFS analysis for the fast
drifting subpulses scenario. The plot presents only the first 128 blocks where it is clearly seen
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Figure 4.13: Subpulse modulation analysis results shown for PSR B0820+02.Right: The LRFS and
2DFS plots. The spectral power in the LRFS plot is mostly concentrated betweenP0/P3 = 0.0 and
0.3 cpp. The strongest feature betweenP0/P3 = 0.1 and 0.28 cpp corresponds mostly to a positive
drift direction as can be seen in the pulse stacks in Fig 4.14. The panel below the 2DFS plot with the
collapsed vertically (between dashed lines) spectrum, reveals a clear double peak denoting possible drift
direction changes.Left: A sequence of 128 blocks from theP2 S2DFS map. Strong and abundant drift
features, responsible for positive drifting are seen between e.g. blocks 110 and 115. The negative side
shows weaker features seen between e.g. blocks 1 and 20 or 30 and 50. For the detailed explanation of
the plots we refer to Fig. 4.2, Fig. 4.3 and the text.

that this pulsar exhibits periodic changes of drift direction. The spectral power and the length
of the features located with the negative values ofP0/P2 confirms the claim that the pulsar
exhibits negative drift more frequently.

For the second scenario in Fig. 4.12 the pulse sequence appears to have a lower drift
rate compared with the previous one. The resulting pulse stacks shows periodic changes in
the drift direction separated by a sequence of pulses with an apparent longitude stationary
modulation (P3 = ∞). Again the rotation of the carousel of sparks assumed at the start of
the simulation does not change during its course. In the right-hand plot of Fig. 4.12 one can
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see the resulting LRFS and 2DFS plots, and can notice that in this case the power of the
drift feature is located close to theP0/P3 = 0 cpp axis and the feature is again split by the
P0/P2 = 0 cpp axis. The collapsed 2DFS plot shows more spectral power in the right-hand
peak denoting an excess of positive drifting, that is drifting towards the trailing edge of the
pulse profile. TheP2 S2DFS map containing the first 256 blocks for that scenario is seen in
the right-hand side of Fig. 4.3. Similarly like in the previous scenario the features responsible
for drifting are clearly seen in the plot. One can notice that there are regions in the plot where
there is no spectral power present (e.g. between blocks 30 and 40). This is caused by the DFT
window “sliding” into the region in the pulse stack where consecutive pulses, of very similar
intensity, appear at the same pulse phase, thereby exhibiting small longitude stationary mod-
ulation. We have generated a sequence of pulses exhibiting longitude stationary modulation
in order to test this conclusion. After applying our spectral analysis we have confirmed that
low pulse-to-pulse modulation and the presence of longitude stationary modulation does not
generate a low frequency excess in the S2DFS maps.

In Fig. 4.3 one can see that the features denoting both the positive and negative drift in the
P2 S2DFS maps, alternate. Thus, we expect an anticorrelation between the spectral powers of
positive and negative drift features. In order to measure this anticorrelation we have selected
regions equidistant from theP0/P2 = 0 cpp axis in theP2 S2DFS map where the spectral
power from features is the strongest. Then we took spectral bins from selected regions and
formed two sequences, each with spectral power values from each block. Finally we calcu-
lated their Pearson product-moment correlation coefficient (PMCC, Press et al. 1986). We
repeated this procedure for the both scenarios. In the first scenario we have calculated the
PMCC to be ρ = −0.80, while for the second,ρ = −0.87. Both results show, as expected,
strong anticorrelation. The PMCC of the first scenario is lower due to the longer negative
drift features.

From the sample of 107 pulsars, we have selected a subset of sources which show the
described characteristic splitting of the feature in the 2DFS plot. We have decided to use
the observations at wavelength of 92 cm for the following pulsars: B0105+65, B0820+02,
B2303+30 and B2310+42 because of the highS/N and low RFI occurrence. In the case of
PSRs B0037+56 and B2148+63 we have used 21 cm data because of the higherS/N. For
each of the selected sources we have performed the aforementioned analysis using the S2DFS
technique followed by the calculation of the PMCC. As we mentioned before the length of
the DFT used to produceP2 S2DFS maps is only 16 pulses. This translates into low spectral
power in theP2 S2DFS maps made for the pulse sequences. The pulse sequences of the pul-
sars B0820+02, B2310+42 and B2303+30 had sufficientS/N of individual pulses in order to
give good results. We have tried to increase the length of the DFT to 32 pulses for the remain-
ing pulse sequences, but despite the increase of the spectral power, the effect of “smearing” of
the drift features concealed all the information about alias border crossing. In the following
subsections we present the results for PSRs B0820+02, B2303+30 and B2310+42.

PSR B0820+02

This source has been reported to exhibit positive drifting by Backus (1981) at 430 MHz.
Weltevrede et al. (2007) confirm the presence of drifting subpulses with a clear detection
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Figure 4.14: Two 100-pulse sections of the pulse sequence from PSR B0820+02.Left: A section
showing the main, fast drift mode as reported by Weltevrede et al. (2007), with well organised drift
bands.Right: A second section showing a slower, disorganised mode as reported in this work. Varying
horizontal and vertical separation of the drift bands can be easily seen. Curved drift bands, that is drift
bands with changing slope with successively appearing pulses can be seen starting at pulse numbers 40
and 70.

in the 2DFS at 92 cm. In the LRFS plot (right-hand plot in Fig. 4.13) one can see that the
spectral power is spread along the wholeP0/P3 axis with the excess concentrated between
P0/P3 = 0.0 and 0.3 cpp. The feature is strongest betweenP0/P3 = 0.1 and 0.28 cpp and
corresponds mostly to a positive drift direction in the pulse stack. The panel below the 2DFS
plot shows the vertically collapsed (between dashed lines) spectrum, revealing a clear double
peak. This means that the drift direction could be changing during the observation. It is also
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Figure 4.15: The analysis results for PSR B2303+30.Right: The LRFS and 2DFS plots. The clear
double-peaked feature in the 2DFS is seen close to theP0/P3 = 0.5 cpp alias border. The panel below
the 2DFS plot with the collapsed vertically (between dashed lines) spectrum, reveals a clear double
peak denoting drift direction changes.Left: A sequence of 200 blocks from theP2 S2DFS map. The
drift features alternate between the negative and positive part of theP2 S2DFS map. A region around
block 80, where power in theP2 S2DFS map is dominated by spectral power fluctuations across the
whole P0/P2 range, is caused by a null. For the detailed explanation of the plots we refer to Fig. 4.2,
Fig. 4.3 and the text.

worth noting that the strongest part of the drift feature is shifted towards the largerP0/P2

values compared with the weaker double peaked feature close toP0/P3 = 0.0 cpp axis.
Our analysis has revealed that the pulsar exhibits different modes. The main mode re-

ported by Weltevrede et al. (2007) with values ofP2 = 10◦+2
−1 andP3 = (4.5± 0.5)P0 is the

fast mode with well organised drift bands. The second drift mode becomes visible when the
drift bands become disorganised, with varying horizontal and vertical separation. In some
cases we observe the drift bands to be curved, that is the slope of the drift band changes with
successively appearing pulses. In Fig. 4.14 we present two 100-pulse sections of the pulse
sequence where both modes are shown. The left-hand plot presents an example where the
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pulsar exhibits the stable drift mode, while in the right-hand plot we show the disorganised
mode, where the curved drift bands can be seen towards the end of the pulse stack. For the
next step of the analysis we have produced theP2 S2DFS map. We have used only part of the
P0/P3 range, between 0.0 to 0.1 cpp, when producing theP2 S2DFS map in order to show
possible alias border crossing. The left-hand plot in Fig. 4.13 shows part of theP2 S2DFS
map which is 128 blocks long. One can see strong and abundant drift features, e.g. between
blocks 110 and 115, responsible for positive drifting. The negative side shows weaker fea-
tures between blocks 1 and 20 or between 30 and 50. One can also see a very short feature,
of the order of few blocks, around block 70. Close inspection of the pulse stack showed
no drifting subpulses reversals resembling those present in the second artificially generated
data (see Fig. 4.12). We noticed however that occasional strong single pulses, interlaced with
short and curved drift bands, created a pattern which resembles drift bands with the opposite
drift direction. We interpret that pattern as being responsible for the negative features in the
P2 S2DFS map. The calculation of the PMCC results in a negative correlation with the value
of ρ = −0.39.

PSR B2303+30

In Fig. 4.15 we show the results of the 2DFS and S2DFS analysis for PSR B2303+30. The
clear double-peaked feature in the 2DFS is seen exactly at the alias border. This suggests that
the apparent drift direction changes during the observation because the alias order changes
constantly. The change of drift direction can clearly be seen by eye in the pulse-stack and also
in the pulse-stacks shown in Redman et al. (2005). They show that, besides thisP3 ≈ 2P0 B
drift mode, aP3 ≈ 3P0 Q drift mode can be seen if theS/N is high enough. TheP2 S2DFS
map shows drift features alternating between negative and positiveP0/P2 values (of which
an example of 200 pulses are shown in left-hand plot in Fig. 4.15), which reflects the crossing
of the alias border. Around block 80 one can see a region where power in theP2 S2DFS map
is dominated by spectral power fluctuations across the wholeP0/P2 range caused by a null.

When inspecting theP2 S2DFS map we have noticed regions with no spectral power, de-
spite single pulses being present in the pulse stack at the corresponding locations. Examples
of those breaks can be seen in Fig. 4.15 around blocks 110 and 180. We have used this data for
additional analysis and have found two different origins of this behaviour. The first case when
there is no spectral power in theP2 S2DFS map happens directly after a null. The subsequent
pulses are not drifting in longitude, i.e. they exhibit longitude stationary drift. This behaviour
has been discussed previously in the case of the second artificially generated data and similar
“breaks” can be seen in the right-handP2 S2DFS map in Fig. 4.3. In the second case the
pulses are arranged in a checkerboard pattern that means the drifting subpulse pattern is very
close to the alias border. We have made an additional simulation of a pulsar signal where we
have set theP3 value to be exactly 2P0 and applied the fluctuation analysis. We have found
that because of the properties of the FFT algorithm used for calculating the DFT, the Nyquist
component of the spectrum is not calculated correctly. This means that the spectral signal of
a pure aliased pulsar, that is havingP3 = 2P0 will neither be shown correctly in the 2DFS
nor S2DFS maps. We have tried to resolve that problem by oversampling the data. Since our
sampling rate is constrained by the pulsar rotational period, we have modified the data sets
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Figure 4.16: The analysis results for the second component of PSR B2310+42.Right: The LRFS and
2DFS plots. The 2DFS shows the features close to the alias borders. The feature close toP0/P3 = 0.5
cpp denotes drift with the dominant positive direction.Left: A sequence of 200 blocks from theP2

S2DFS map. Four strong drift features associated with the positive drift can be seen. In two cases, the
features starting at blocks 105 and 160, arise directly after short nulls. Those features have a sharp,
non-gradual start unlike the feature at block 50. For the detailed explanation of the plots we refer to
Fig. 4.2, Fig. 4.3 and the text.

in such a way that each pulse in the pulse stacks was produced twice. This oversampled the
data by a factor of 2, thus all the signal at the Nyquist frequency moved from 0.5 cpp to 0.25
cpp. After analysis and inspection of oversampled data (not shown) we have confirmed the
presence of the signal previously not visible in the spectra. We have to mention that this is
more problematic in the case of short DFTs used to calculate the fluctuation spectra. In the
case of longer DFT, the pulses which are used to calculate the spectra are exhibiting varia-
tions over theP0/P3 range, which is further from the alias border, thus masking the lack of
theP3/P0 = 0.5 cpp feature. Calculation of the PMCC, the last stage of the analysis, gave a
negative correlation with the value ofρ = −0.33.
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PSR B2310+42

This source is a double component pulsar with drifting subpulses present in both components.
This pulsar is known to exhibit nulls with the NF≈ 10% (Ashworth 1982). The 2DFS shows
a drift feature close to the alias border with the dominant positive drift direction as reported
by Ashworth (1982). Weltevrede et al. (2007) found that the low frequency features show
drift with preferred direction. In the case of the leading component two signals were detected
at theP2 = 240◦ ± 50◦, P3 = (15.7± 0.6)P0 andP2 = −50◦ ± 30◦, P3 = (60± 7)P0, while
for the trailing component theP2 = −130◦ ± 20◦, P3 = (19± 2)P0. In order to create the
P2 S2DFS maps we have selected theP0/P3 ranges to be between 0.38 and 0.5 cpp. This
ensured that the low frequency modulation would not mask possible alias border crossing in
the selectedP3 range. In theP2 S2DFS map (left-hand panel of Fig. 4.16) one can see four
strong drift features associated with the positive drift. In two cases the features arise directly
after the null which can be identified both by the spectral power fluctuations which dominate
over the wholeP0/P2 range and a sharp, non-gradual start of the features (blocks 105 and
160) different from the feature at block 50. Close inspection of the pulse stack formed from
the observations at 92 cm revealed interesting behaviour closely connected with the nulling.
Immediately after the null the pulsar shows a significant increase of flux for about 5–6 rotation
periods during which the drift organises itself into an even-odd pattern. Subsequently the
flux decreases to the level of that before the null and the drift becomes more chaotic. This
behaviour has also been reported in the case of pulsar B0818−41 (Bhattacharyya et al. 2010).
The calculation of the PMCC resulted in correlation for both of the components with the
value of ρ = 0.02.

4.4.6 Nulling pulsars

We now consider those pulsars which are known to null. It is well known that the sudden
cessation of a signal emitted by a pulsar can be followed by a change of drift rate, as in the
case of PSR B0809+74 as reported by Taylor & Huguenin (1971). This close interaction
between nulling and subpulse drift changes has been confirmed in some sources, e.g. Wang
et al. (2007) found this relation for six southern sky pulsars. However, no study of a relatively
large sample of pulsars has been carried out to date.

We have used the references given in Table 4.1 to identify sources in our sample known
to null. We have selected 45 sources, which are reported as nulling pulsars. Next, we have
closely examined theP2 S2DFS maps for these pulsars to identify regions where one can see
spectral power fluctuations over the wholeP0/P2 range, which might be caused by a nulling
event. In Fig. 4.17 this can be seen around block 1835 and 1970 where the fluctuations
aroundP0/P2 = 0 cpp are strongest. Using this identification we will be able to find the
effect of null-induced changes on the subpulse drift, that is, a change of the position of the
track denoting the drift rate. However, we notice that the pulsars with short nulls, up to a few
rotational periods of the pulsar, do not show characteristic features in theP3 S2DFS map.
This is due to the length of the DFT window used in the calculation of theP3 S2DFS maps.
We have also made theP3 S2DFS maps using a DFT window length of 128 or less pulses.
We have found that although the temporal resolution of theP3 S2DFS map has increased to a
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Figure 4.17: TheP3 (left-hand plot) andP2 (right-hand plot) S2DFS maps for PSR B0818−13. In the
left-hand plot theP3 S2DFS map is shown where the null-induced drift mode with theP0/P3 = 0.219
cpp is denoted by a track present between blocks 1900 and 1980. One can easily see that when re-
assuming the slower drift mode, the pulsar slightly increases itsP3 value. In the right-hand plot the
exact locations of the nulls are shown in theP2 S2DFS map around blocks 1835 and 1970. For the
detailed explanation of the plots we refer to Fig. 4.2, Fig. 4.3 and the text.

level in which the presence of the nulls could be easily traced, the reduced spectral resolution
prevents the detection and characterisation of possible closely spaced, gradual changes of the
drift rates which the nulls might introduce. Therefore, we have decided, in the case ofP3

S2DFS maps, to mainly use the 256-pulse DFT window and study the influence of longer
nulls.

In the previous section, we have shown that theP2 S2DFS map showed characteristic
fluctuations of spectral power over the wholeP0/P2 range during a null, as in the case of the
pulsar B2303+30 (see Fig. 4.15). Using theP2 S2DFS maps we have found the locations of
the nulling events, which allows us to search for the aforementioned null-induced changes of
P3. In some cases close inspection of theP3 S2DFS maps revealed that, despite the detection
of the null both in the pulse stack andP2 S2DFS map, we did not find significant changes
in the P3 S2DFS maps after or before a null. After inspecting all 45 candidates we have
selected 14 in which we have found the presence of null-induced mode changes in theP3

S2DFS maps. In the following subsections we present our results and compare them with
previous analyses for well known sources PSRs B0809+74, B0818−13 and B2319+60 and
then consider the sample as a whole.
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PSR B0809+74

This pulsar was discovered to exhibit the drifting phenomenon by Alexeev et al. (1969). How-
ever, the first detection of a drift rate change was reported by Cole (1970). Soon after, Taylor
& Huguenin (1971) showed that nulls, lasting a few rotational periods of the pulsar, always
preceded drift rate changes. Another very important feature connected with the nulling was
reported by Unwin et al. (1978). They showed that after every null, when the pulsar resumes
emitting, the subpulse position does not jump in phase. Instead, the subpulses appear with
phases preserved as if there was no null, and drifting had continued in an orderly fashion.

Lyne & Ashworth (1983) later found that the dimming of pulses just before a null is not
followed by a gradual recovery, but instead, the pulses appearing immediately after a null
outshine the average ones. The results from the simultaneous multi-frequency observations
made by Davies et al. (1984) confirmed the presence of the curved drift bands found by
Page (1973), similarly to the aforementioned case of PSR B0820+02. In their work, van
Leeuwen et al. (2002a) report a null-induced mode change in which, after many or all nulls,
the pulsar drifts in a slower mode. The results from the 2DFS analysis presented in the work
of Weltevrede et al. (2007) confirm that behaviour. The drift feature in their 2DFS plot clearly
shows a vertical split, which corresponds to the main drift mode and the aforementioned
slower drift mode, which is about 7% slower. In Fig. 12 of Lyne & Ashworth (1983) a
similar split of the feature can be seen in the LRFS.

We have closely inspected theP2 S2DFS map to search for the characteristic features
responsible for the presence of nulls. We then used these locations to find potential corre-
sponding null-induced drift changes in theP3 S2DFS map. We have found that after a null
the track denoting the main drift value steeply decreases in its spectral power as the DFT
window “slides” over an increasing amount of drift bands from the slower mode. At the same
time the track with the value corresponding to the slower mode starts to appear. When the
DFT window slides past the region with the slower drift mode in the pulse sequence, the track
assumes stable normal drift mode. This can be seen in theP3 S2DFS map as a small shift
of the track in theP0/P3 direction , which confirms a characteristic split of the feature in the
2DFS plot. We therefore confirm the finding of van Leeuwen et al. (2002a) of a null-induced,
slower drift mode with theP0/P3 = 0.089 cpp.

PSR B0818−13

Lyne & Ashworth (1983) found that the nulling in this pulsar affects the drifting subpulses in
such a way that the drift rate increases after a null. Janssen & van Leeuwen (2004) confirmed
this effect and argued that the drift in this pulsar is aliased. If one assumes that the drift of
this pulsar is non-aliased, then the carousel of sparks that possibly underlies the subpulses
emission should be speeding up. If one assumes an aliased drift, then the carousel of rotating
sparks should slow down. Weltevrede et al. (2007) reported the presence of a sharp feature
in the LRFS which peaks at atP0/P3 = 0.211 cpp. This feature also exhibits another over-
lapping component that peaks atP0/P3 = 0.219 cpp and may correspond to a drift mode that
is 4% faster. However, due to the low spectral power of this feature, the authors considered it
too weak to be significant.
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In Fig. 4.17 we presentP3 (left-hand plot) andP2 (right-hand plot) S2DFS maps of an
example section of 200 blocks from the observation of this pulsar at the wavelength of 92 cm.
In the right-hand plot there are two instances when one can see the null appearing in theP2

S2DFS map. This is recognisable by features of enhanced power visible as a dark region in
the greyscale of the power appearing along theP0/P2 = 0 cpp axis: The first null is visible
at block 1835 and a second longer null occurs at block 1970. This can be seen in theP3

S2DFS map as the track between blocks 1920 and 1970 located atP0/P3 = 0.219 cpp. This
confirms finding of Janssen & van Leeuwen (2004) that that after a null the pulsar changes
drift mode to the faster one. This is the exact value of the weak peak seen in the side panel
of the LRFS as reported by Weltevrede et al. (2007). In reality this drift track is longer, of
the order of about 100 pulses, as the track weakens due to decreasing spectral power. The
length of that track is shorter than those we were able to measure in our simulation. We note
here that, although our simulations suggest that we cannot consider these short drift tracks as
coming from a different drift mode, in the pulse stack we see a change of the mode which
correspond to 120 pulses in the pulse stack. This suggests that our simulations do not probe
the full range of possible scenarios. We also notice that after the null the main drift feature
changes to a slightly faster drift rate as found by Janssen & van Leeuwen (2004). This can
be seen as a shift of the track, starting at the block 1930, towards higher frequency. These
occasional changes are not permanent and the slower drift rate resumes to the original value
after another next null-induced drift mode change.

PSR B2319+60

This pulsar has one of the highest NF within our sample, 25%, as first reported by Ritchings
(1976). It is also a multicomponent pulsar, known to exhibit very distinctive mode changes,
where its three overlapping profile components change shape and relative intensity depend-
ing on the mode as reported by Wright & Fowler (1981). These authors, after carefull ex-
amination, have found three distinctive drift modes for this pulsar: the most stable mode, the
“A”-mode, with estimatedP3 = 8P0, and the “B”-mode, withP3 = 4P0. The pulse profiles
of these two modes are very similar, unlike the last, abnormal “ABN”-mode, withP3 = 3P0.
The change between the three modes follows certain rules at 1415 MHz. The authors estimate
theP3 with an accuracy of 1P0 due to intrinsic variations.

Weltevrede et al. (2006) report clear drifting of the trailing component of the pulse profile
at the wavelength of 21 cm. In the 2DFS there is only evidence for the “A”-mode because of
the length of the observation which was too short to record the other modes. The inspection
of both theP2 andP3 S2DFS maps and pulse stack revealed many bursts of well-organised
emission entwined with nulls, both of varying length. As found using the 2DFS, the most
prominent is the “A”-mode, and we do not see tracks denoting the other subpulse drift modes.
We do notice a decrease of theP3 value of the “A”-mode by about 8% towards the end of
the observation which is too short to see the recovery of the drift back to its original value.
There is also a low frequency feature, related to nulling, present atP3 ≃ 130P0. Due to its
timescales and occurrence rates, nulling as in the case of PSR B2319+60, can be seen as an
extreme form of intensity modulation in the results of the fluctuation spectral analysis giving
rise to the aforementioned long periodicities.
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Table 4.2: The details of the pulsars showing null-induced drift rate changes.

Name λ P0 Npulses α NF Component P3 QP3

PSR (cm) (s) (deg) (%) (P0)

B0031−07 92 0.94 7666 3h 37.7a 6.8 9.4

B0301+19 92 1.39 2541 31.9i 10b I
II

B0751+32 92 1.44 2445 34c

B0809+74 92 1.29 15984 3i 1.42d 11.0 7.8

B0818−13 92 1.24 8686 90i 1.01d 4.7 13

B1112+50 21 1.66 1599 60e I 73.3 1.7
II

B1133+16 21 1.19 1514 51.3i 15e I
II

B1237+25 92 1.38 5219 48.8i 6e I 2.8 23.1
II 2.8 13.2
V 2.8 15.2

B1917+00 21 1.27 4106 78.2i 0.05b

B1944+17 21 0.44 3990 1.8j 55e

B2303+30 92 1.58 1685 26f 10f 2.0 31.1

B2310+42 92 0.35 5260 33.5i 0.1g I 2.1 20.4
II 2.1 13.4

B2319+60 21 2.26 1041 19i 25c I
II
III

References.(a) Huguenin et al. (1970); (b) Rankin (1986); (c) Weisberg et al. (1986); (d) Lyne & Ash-
worth (1983); (e) Ritchings (1976); (f) Redman et al. (2005); (g) Ashworth (1982); (h) Smits et al. (2007);
(i) Lyne & Manchester (1988); (j) Kloumann & Rankin (2010).

Remaining pulsars

We are now going to focus on a group of 14 pulsars present in our sample which exhibit
null-induced mode changes. In Table 4.2 we present the parameters of these pulsars. The
distribution of the NF of these pulsars is very wide, ranging from 0.01% as in the case of
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Figure 4.18: Theα, an inclination angle between rotation and magnetic axes, plotted against the NFs
of 11 nulling pulsars showing null-induced drift rate changes.

B1822−09 up to 60% for B1112+50, with the average value of NF≈ 8%. We also notice, that
due to the threshold of minimal drift track lengths which we are considering in our analysis,
the values ofP3 and QP3 have been calculated for only 7 pulsars. Firstly, we investigate a
relation the NF andα, the angle between the rotational and magnetic axes of a pulsar. In
Fig. 4.18 we plot the values ofα against the NF values for 11 pulsars, that is those for which
both of the quantities were possible to obtain from the literature. We can see from the plot
that, although there are more pulsars withα values below 45◦, there is no specific trend in the
plot. This indicates that pulsars selected for null-induced mode changes do not indicate any
particular relation between NF andα.

We now investigate whether there is a relation between the drift properties and the prop-
erties of nulling in this sample of pulsars. In Fig. 4.19 we compare theP3 and NF for pulsars
with null-induced mode changes. One can see, that despite the low number of data points,
there is a possible correlation, such that smaller values ofP3 appear in pulsars with high val-
ues of NF. We argue that in pulsars exhibiting null-induced mode changes, a higher NF often
results inP3 changes, thereby decreasing the drift coherence, defined by theQP3 parameter.
In order to confirm this, we have plottedQP3 againstP3 in Fig. 4.20. One can clearly see that
the pulsars with smallP3 values, that is with smaller vertical separation of the drift bands,
tend to have higherQP3 values.

As we have described above, pulsars not only have different nulling fractions but they
often have different null lengths. A given pulsar might display a range of null lengths and
different pulsars have quite different null length distributions. Considering our sample of 14
pulsars we can compare the average null length to the width of the distribution ofP3 values
as parameterised byQP3. To determine null lengths we identify when nulls occur in our
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Figure 4.19: The average drift rateP3, plotted against the NFs of 14 nulling pulsars showing null-
induced drift rate changes. We have plotted data from all the pulsar components taken to the analysis.

P2 S2DFS maps and then look at those times in the pulse stack to determine the length of
the null. We define the length as being the number of pulses where there is no discernable
emission at the expected pulse phase, which is more than three times that expected from the
root-mean-square deviation of the off-pulse noise. We then compute the average null length
over the observation and compare that toQP3 in Fig. 4.21. There is no correlation discernable
indicating that these average quantities reveal no relationship between each other. It is beyond
the scope of the present work, but it would be interesting to compare directly the magnitude
of the changes inP3 with the corresponding null durations for a large sample of nulls, either,
of a given pulsar, or across a number of pulsars.

4.4.7 Pulsars with multiple components

Pulsars are known to form extremely stable profiles made after averaging just a few hundred
pulses (Helfand et al. 1975; Rathnasree & Rankin 1995). Average pulse profiles come in a
wide variety of shapes and these shapes are thought to be formed from a combination of view-
ing geometry and the shape of the beam. These profiles are specific to each pulsar and can
be made up from one up to multiple pulse profile components (Manchester & Taylor 1977).
The stability of the pulse profile components, phenomena like mode changing or nulling, is
in contrast to the highly variable signal seen in individual pulse sequences. Each compo-
nent represents a region in the pulse profile where one can observe consecutively appearing
subpulses. These subpulses are constrained to a particular pulse longitude, therefore they
must originate from a particular region in the pulsar magnetosphere. Many different attempts
to classify pulse profile origin have been tried. Radhakrishnan & Cooke (1969) proposed a
hollow cone beam model, improved by Komesaroff(1970) and the work of Rankin (1983)



86 Chapter 4

1 10 100
Q

P
3

1

10

100

P
3 (

P 0)

Figure 4.20: The coherence parameter,QP3, plotted against the values of the average drift ratesP3 for
13 nulling pulsars showing null-induced drift rate changes. We have plotted data from all the pulsar
components taken to the analysis.

introduced the idea of emission arising from very close to the magnetic pole (core emission)
and concentric rings around the magnetic pole of the star (cone emission). Lyne & Manch-
ester (1988) postulated that the emission cone is patchy with emission occurring at random
locations in the beam. More recently Karastergiou & Johnston (2007) have presented a new
empirical model of the pulsar beam combining the ideas from the works of Rankin, Lyne
and Machester and postulating emission over a wide range of emission heights at a particular
frequency rather than a wide range of longitudes as in the aforementioned models.

It is known that the drifting subpulse phenomenon can vary its characteristics in a pulsar
depending on the pulse profile morphology. We now will discuss three cases of the line of
sight cutting through emission beam to illustrate this better. In the single component profile,
when the line of sight cuts the emission cone tangentially this results in a well organised
drifting pattern with periodic intensity fluctuations. These fluctuations are caused by the
subpulses changing their intensity as they drift towards the trailing or leading edge of a pulse
profile. In the case of a double component profile the line of sight traverses the emission cone
more centrally. These pulsars can be generally characterised by a lack of well defined drift
direction which manifests itself as longitude stationary subpulse modulation. The last type
is occupied by pulsars with triple or multicomponent pulse profiles where the line of sight
cuts the core of the emission. Well organised longitude stationary modulation of subpulses
is predominantly seen in the outer components with less organised modulation seen in the
central components. In this section we study the temporal properties of drifting subpulses
with an emphasis on multicomponent pulse profiles. Particularly we want to address the
following questions: what is the behaviour of drifting subpulses in the regions assigned to
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Figure 4.21: The coherence parameter,QP3, plotted against the average null length for 12 nulling
pulsars showing null-induced drift rate changes. We have plotted data from all the pulsar components
used in the analysis.

Figure 4.22: The P3 S2DFS maps showing PSR J1901−0906. Each map spans the same pulses and
shows the result of the S2DFS analysis for a different pulse component. For the detailed explanation of
the plots we refer to Fig. 4.2, Fig. 4.3 and the text.
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Figure 4.23: The P3 S2DFS maps showing 1500 blocks for PSR B0450+55. Each map shows the
result of the S2DFS analysis for different component. For the detailed explanation of the plots we refer
to Fig. 4.2, Fig. 4.3 and the text.

different average pulse profile components? Is there any relation between changes in the drift
rates in separate components? Are those changes occurring simultaneously?

For our analysis we have selected 38 sources with average pulse profiles consisting of
more than one component. Besides the visual inspection of average pulse profiles we have
chosen sources based on the results from a fluctuation spectral analysis. In the case of a drift
feature, with complicated structure, that is pulse long structure seen in the LRFS we have split
the pulse profile into separate components accordingly. We also closely examined the 2DFS
plots and rejected those pulsars without at least two pulse components exhibiting sufficient
spectral power. This left us with 26 pulsars of which 10 were observed at both frequen-
cies. Besides double component profiles our sample consists of a number of sources which
exhibit average pulse profiles with 3 (PSRs B1508+55, B2045−16) or 5 (PSRs B1237+25,
B1857−26) components. We would like to note that in the case of PSR B1857−26, the aver-
age pulse profile changes significantly with observing frequency. At 92 cm the components
are well separated and we were able to analyse each of them separately. However, at 21 cm,
only the outer components could be taken for analysis.

In the case of dual frequency observations we see the change in the component separa-
tion between the frequencies expected from a radius-to-frequency mapping model (Cordes
1978) for PSRs B0148−06, B0301+19, B0834+06, B1133+16, B2020+28, B2310+42 and
B2319+60. However, there are exceptions in pulse profile behaviour to this model. The
exemplary pulsar in our sample is B1919+21, where its components in the 21 cm profile
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are clearly separated while at 92 cm, they are not. In the case of B1952+29, we see a sig-
nificant average profile evolution with decreasing frequency, such that, at 92 cm its trailing
component decreases in intensity, making only the leading component useful for fluctuation
analysis. At both observed wavelengths the leading component has the sameP3 value. While
the trailing component shows a spectral feature offset from theP2 = 0.0 cpp axis, clearly
denoting the presence of the drifting subpulses.

We examined theP3 S2DFS maps of the pulsars in our sample to search for possible si-
multaneous changes in the temporal behaviour of drifting subpulses in different components.
After visual inspection of theP3 S2DFS maps, in the case of 16 sources we have found
changes in the drift rates between components but none of them was simultaneous. This is
best seen in the case of pulsar J1901−0906 which is classified as a coherent drifter. This pul-
sar has two strong components both exhibiting coherent drift which Weltevrede et al. (2006)
report to beP3 = (6.9± 0.3)P0 andP3 = (3.1± 0.1)P0 as shown in Fig. 4.22. We notice
that despite the fact that the components of this pulsar do not exhibit simultaneous changes
in the drift rates, both share a feature, which can be seen both in the 2DFS and S2DFS at
P0/P3 ≈ 0.19 cpp. Another example of a lack of simultaneous changes of the drift rates
between components is shown in Fig. 4.23 in which we present PSR B0450+55, pulsar with
two components which are located close to each other. From its LRFS plot we can see that
most of the spectral power is in the feature which corresponds to the trailing component.
The inspection of the 2DFS plots shows that the leading component exhibits low frequency
features, which are related to nulling and random pulse-to-pulse intensity modulations. The
drifting is only present in the trailing component and as can be seen from theP3 S2DFS map
the drift tracks are present over a wideP0/P3 range.

For the 10 remaining sources, we have found simultaneous changes of the drift rates
between their components. The properties of theses sources indicate, that we can assign them
to two groups. Both groups do exhibit simultaneous changes of the drift rates present in their
components, however the attributes of the changes differ noticeably. The first group, includes
pulsars where the duration, theP3 values as well as their changes occur simultaneously, and
consists of pulsars: B0148−06, B0834+06, B1237+25, B1839−04 and B1919+21. Except
PSR B1237+25, all the pulsars in this group have double component average pulse profiles.
Pulsars B0148−06 and B1839−04 are known to be strong coherent drifters (Biggs 1992;
Weltevrede et al. 2006) and they nicely illustrate the properties of simultaneous drift rate
change. The latter source exhibits simultaneous drift rate changes, but also the subpulses
drift in opposite directions. This behaviour is also observed in the case of PSR J0815+09
(McLaughlin et al. 2003). In Fig. 4.24 we show 2000 blocks in theP3 S2DFS maps for this
pulsar for both components. It is immediately apparent that both components exhibit strong
coherent drift withP3 = (12.4± 0.3)P0, as reported by Weltevrede et al. (2006). We can also
see that the drift tracks denoting the coherent drift, disappear between blocks 300 and 900 and
1800 and 2000 in both components. Close inspection of the pulse stack reveals that the pulsar
also exhibits mode changing. The mode changes are not preceded by nulling events, but
rather the pulsar decreases intensity when the transition to another mode takes place. During
the new mode, which we will call “abnormal”, the pulsar does not display drifting subpulses
but longitude stationary subpulse modulation, during which, the components decrease their
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Figure 4.24: The P3 S2DFS maps showing 2000 blocks for PSR B1839−04. Each map shows the
result of the S2DFS analysis for different component. For the detailed explanation of the plots we refer
to Fig. 4.2, Fig. 4.3 and the text.

separation. This behaviour closely resembles that of PSR B1237+25 (Backer 1970c). For
PSR B1237+25 only the outer components show simultaneous drift rate changes and this
behaviour can be seen at both frequencies. Contrary to that, in the case of PSRs B1919+21
and B0834+06 changes are only seen at the lower observing frequency because of the lower
S/N at higher frequency.

The second group, that is the group of pulsars which have components exhibiting different
drift rates but undergoing simultaneous changes, consists of the following sources: PSRs
B1857−26, B1946+35, B2020+28, B2310+42 and B2319+60. The majority of these sources
have double component average pulse profiles. Unlike in the previous group, the pulsars here
exhibit significant profile evolution with frequency. A prominent example, PSR B1857−26,
which has a high frequency profile that shows two components, changes completely to a
five component pulsar at 92 cm. The next two sources, PSRs B2310+42 and B2319+60,
both described in Section 4.4.5, also exhibit simultaneous changes of the drift rates. The
drifting in those pulsars is more significant in the trailing components and the duration times
of individual tracks are short, as opposed to sources from the first group.
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4.5 Summary and conclusions

We present results from a detailed study of the temporal properties of subpulse modulation
of a large sample of pulsars visible from the WSRT. We have used a novel method, called
the Sliding Two-Dimensional Fluctuation Spectrum, which together with the 2DFS method,
is capable of discovering and characterising the temporal properties of drifting subpulses
from pulsars. In our analysis we have used a large sample of 245 pulsars observed at two
wavelengths from the works of Weltevrede et al. (2006, 2007). After calculation of the S2DFS
maps for all the pulsars in the sample we have carefully visually inspected the resulting plots
and chosen 107 datasets with the best spectralS/N, out of which 44 sources were observed
at both wavelengths, 31 only at 21 cm and 32 only at 92 cm.

The spectral and temporal sensitivity of the S2DFS method is dependent on the length of
the DFT window used to calculate the fluctuation spectra. In order to obtain good spectral
resolution of theP3 S2DFS maps the DFT should be as long as possible, however, increasing
the length of the DFT window decreases its temporal sensitivity and detecting and character-
ising short-time events like short nulls or mode changes could be impossible. In our analysis
we have decided to use the DFT window length of 256 pulses, a good compromise between
the spectral and temporal resolution. The minimal drift track length we considered in our
analysis is 225±10 pulses. According to simulations these tracks could originate from a drift
mode of 60 pulses long. All events which happen on a timescales of less than 60 periods will
not be resolved in theP3 S2DFS map. However, we emphasise that the S2DFS can still be
used to detect shorter events by using theP2 S2DFS maps. TheP2 S2DFS calculated using
a window length as low as 16 pulses can therefore be successfully used in the detection and
characterisation of nulling events as well as studying the modulation properties of the aliasing
pulsars.

We have looked for relations between drifting and the parameters characterising the pul-
sar emission, such asBLC, BS or Ė. To do this we define three parameters to describe the
properties of drifting:LTR denotes the average drift track length,P3 which is the weighted
mean ofP3, where the weights are the spectral powers of the drift tracks andQP3, which is
the quality factor of theP3 modulation, and is a measure of the coherence of the drift ex-
hibited by the pulsar. We have found thatLTR, expressed in pulse periods is independent of
the pulse period itself and the plots ofLTR expressed in pulse periods, with eitherĖ, BLC

or BS are dominated by the relations of these parameters with pulse period. There is also
no relation betweenLTR and Ė. Pulsars which are assigned to the “Coh” class of pulsars,
that is exhibiting coherent drifting subpulses, are expected to have the highestQP3 values as
opposed to the “Dif/Dif∗ classes which have diffuse spectral features in their 2DFS plots. We
have found a relation betweenQP3 for pulsars in the ”Coh“ class and their characteristic age,
τc which indicates that pulsars which have the most coherent drift properties, are on aver-
age older. This confirms the earlier result of Weltevrede et al. (2006, 2007). The remaining
classes of pulsars show no such correlation. We also find that pulsars with higher spin-down
energy loss rates have lowerQP3 values, which suggests that more energetic pulsars do not
show coherent drifting.

We were able to explore drift aliasing by using 2DFS plots to identify the pulsars which



92 Chapter 4

show the characteristic double peaked features denoting drifting subpulses in both directions.
The S2DFS method can resolve the drift mode crossing the alias border and was used to
produceP2 S2DFS maps to investigate the aliasing for three pulsars B0820+20, B2303+30
and B2310+42. For PSR B0820+20 we show that the pulsar exhibits two modes, something
which was not reported before. Besides the normal mode, in which well organised coherent
drift bands appear with well definedP2 = 10◦+2

−1 andP3 = (4.5± 0.5)P0, there is a second
disorganised mode. The new mode exhibits clusters of strong pulses and varying drift band
separation which occasionally become curved. The presence of the curved drift bands in the
pulse stack can be explained by the carousel model, however, only with the use of certain
geometries which excludes the possibility of the presence of both curved and straight drift
bands in the pulse stack (Wright 1981). The presence of sharp, non-gradual sign changes
of the features in theP2 S2DFS map visible in the observations of PSR B2310+42 can be
explained by strong pulses which occur just after the null.

It has been known from the previous works of Ritchings (1976), Rankin (1986) and Wang
et al. (2007) and others that nulling influences the drifting subpulses. The relation between
nulling and pulsar characteristic age, was shown for our sample to not be supported. The use
of theP2 S2DFS maps allowed us to find null-induced mode changes in the 14 known nulling
pulsars. Our results have shown that the behaviour of these pulsars is also not directly related
to any of the parameters derived in the course of our analysis. However, we would like to note
that our sample was limited to 7 sources for which we could calculate theQP3 andP3 values.
The number of sources we have used might have not been large enough to provide statistical
significance to correlations between the parameters we have used in our analysis. We also
emphasise that what might be considered nulls, with length of the order of a few stellar
rotations, in reality can be so-called pseudo-nulls, that is “empty” sightline passes through a
regularly rotating carousel of sparks, as proposed by Herfindal & Rankin (2007). This has
been shown for PSRs B1737+13 (Force & Rankin 2010), B1944+17 (Kloumann & Rankin
2010), B2303+30 (Redman et al. 2005) and B1133+16 Herfindal & Rankin (2007). With
no found correlations between null-induced mode changes and the three parameters used in
this work, we would like to revisit the idea of nulls as events inducing mode changes. We
argue that the nulls might not represent the cessation of the emission mechanism, but rather
a reconfiguration of emission to a new mode. We could say then, that instead of null-induced
mode changes there should be mode changes inducing nulls.

The last stage of our analysis included the temporal properties of drift in pulsars with
multicomponent pulse profiles. We have found that those pulsars show changes of drift rates
which can occur at different times or are synchronised such that they occur simultaneously
in their separate profile components. The first group is best represented by PSR B0450+55
which has two components that are barely separated, of which only one exhibits drifting and
the other longitude stationary modulation. The double-peaked average pulse profile suggests
that we see two parts of the carousel of sparks. Another interpretation would be that the
longitude stationary modulation in the leading edge of the profile is related to the core emis-
sion (Rankin 1986). The second group are pulsars with multicomponent pulse profiles whose
components undergo simultaneous changes of drift rates. Such behaviour suggests that the
emission of both components could originate from opposite sides of the carousel. If the line
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of sight cuts the carousel of sparks and we see the emission from two sides of the carousel
we should see two components in the pulse profile. In that case, we expect that the change of
the rotation rate of carousel must be reflected in both of its components at the same time, like
is observed for PSR B1839−04.

The explanation offered for the simultaneous changes of drift rate in different profile com-
ponents is straightforward in light of a carousel model. However, simultaneous changes of
the different profile components but with different drift rates in those components is quite
challenging for this model. This problem can possibly be answered by using the empirical
model of Karastergiou & Johnston (2007), in which emission from the pulsars at particular
frequencies comes from different discrete heights which is different for different profile com-
ponents. This model, however, explains only the properties of average pulse profiles and does
not focus on single-pulse emission. And: this explanation fails in light of previous findings
of Weltevrede et al. (2006) who, using the same population of pulsars, have shown that the
values ofP3 are strictly independent of observing frequency. Nevertheless one could pos-
tulate thatP3 depends on emission height, thereby allowing different profile components to
have differentP3 values.
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Table 4.1: The results from all the analysed pulsars. The classification of the pulsar is in the second column, where “Coh” is a coherent drifter,
“Dif” and “Dif ∗” are diffuse drifters with or without drift features which are clearly separated from the alias borders and “Lon” are pulsars showing
longitude stationary subpulse modulation. The next columns are: pulse period (3), its dimensionless time derivative (4), pulsar characteristic age
(5), surface magnetic field strength (6), magnetic field strength at light cylinder radius (7), spin-down energy loss rate (8). Those parameters were
taken from the ATNF Pulsar Catalogue (Manchester et al. 2005). The remaining columns are: nulling fraction (9), inclination angle between
rotation and magnetic field axes (10), observing wavelength (11), the number of pulses in the observation (12) and number of analysed component
seen in a multicomponent average pulse profile (13). The last three columns hold parameters derived from the results of the fitting of theP3 S2DFS
maps as described in Section 4.3.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3

(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B0031−07 Dif 0.94 0.41 3.66 0.06 7.02 31.3 37.70a 3.0
21 1204
92 7666 390 6.79 9.43

B0037+56 Dif∗ 1.12 2.88 0.62 0.18 12.20 31.9 – – 21 2049 350 25.90 0.5

B0052+51 Dif 2.11 9.54 0.35 0.45 4.50 31.6 – – 21 1112 II

B0105+65 Coh 1.28 13.10 0.16 0.41 18.40 32.4 – 27.9 92 1363 251 2.06 31.00

B0136+57 Dif∗ 0.27 10.70 0.04 0.17 801.00 34.3 – 53.7
21 3432
92 6303

B0148−06 Coh 1.46 0.44 5.20 0.08 2.43 30.7 2.50b 15.5

21 1400 I
21 1400 II
92 1180 I
92 1180 II

B0149−16
Coh

0.83 1.30 1.02 0.11 17.10 31.9 – 90.0
21 1024 I

Dif 92 1026 I

B0301+19 Dif∗ 1.39 1.30 1.70 0.14 4.76 31.3 10.00c 31.9

21 1263 I
21 1263 II
92 2541 I
92 2541 II

B0320+39 Coh 3.03 0.64 7.60 0.14 0.47 30.0 – –
21 7169 331 8.42 10.13
92 3545 375 8.45 15.14
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3

(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B0329+54 Dif∗ 0.71 2.05 0.55 0.12 31.50 32.3 0.12d 30.8

21 19969 I 272 9.04 10.13
21 19969 II 261 11.99 0.3
21 19969 III 263 10.10 0.4
21 19969 IV 253 12.61 0.3
21 19969 V 272 7.83 0.4
92 16379 III 250 7.70 0.6

J0421−0345 Dif 2.16 1.16 2.94 0.16 1.49 30.7 – – 92 1090

B0450+55 Dif∗ 0.34 2.37 0.23 0.09 216.00 33.4 – –
21 2664 I
21 2664 II

J0459−0210 Coh 1.13 1.40 1.28 0.13 8.21 31.6 – – 92 3123 261 2.36 15.5

B0523+11 Dif 0.35 0.07 7.63 0.02 34.40 31.8 0.03e 49.1
21 14849 I 296 3.00 6.51
21 14849 II 277 3.03 6.10

B0540+23 – 0.25 15.40 0.03 0.20 1240.00 34.6 – 35.0
21 3073 321 18.00 0.84
92 3481 267 44.78 0.95

B0621−04 Coh 1.04 0.83 1.98 0.09 7.86 31.5 – – 21 1536 309 2.05 124.6

B0628−28 Dif∗ 1.24 7.12 0.28 0.30 14.70 32.2 0.15b 15.8
92 1397 I
92 1397 II

B0656+14 – 0.38 55.00 0.01 0.47 766.00 34.6 12.00b 8.2 21 2065

B0740−28 – 0.17 16.80 0.02 0.17 3430.00 35.2 0.10b – 92 4317

B0751+32 Dif∗ 1.44 1.08 2.12 0.13 3.95 31.2 34.00f –
21 774 I
21 774 II
92 2445 I

B0756−15 Lon 0.68 1.62 0.67 0.11 31.40 32.3 – – 92 5212 299 20.04 1.06

B0809+74 Coh 1.29 0.17 12.20 0.05 2.05 30.5 1.42g 3.0
21 13092 406 11.17 7.64
92 15984 443 11.00 7.76

B0818−13 Coh 1.24 2.11 0.93 0.16 8.07 31.6 1.01g 90.0
21 2251
92 8686 386 4.71 13.58

B0820+02 Dif∗ 0.86 0.10 13.10 0.03 4.41 30.8 0.03e – 92 15905 244 4.68 1.82

B0823+26 Dif∗ 0.53 1.71 0.49 0.10 60.50 32.7 2.50d 13.1
21 1596
92 1617

B0834+06 Dif∗ 1.27 6.80 0.30 0.30 13.50 32.1 7.10d 60.7

21 704 I
21 704 II
92 2314 I 306 2.18 117.17
92 2314 II 341 2.17 58.9
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3
(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B0942−13 Dif∗ 0.57 0.05 20.00 0.02 8.22 31.0 – 45.0 92 1503

B0950+08 Dif∗ 0.25 0.23 1.75 0.02 141.00 32.7 2.50d 5.9
21 1311
92 16395 294 66.52 0.3

B1039−19 Dif 1.39 0.94 2.32 0.12 4.07 31.1 – 33.80

21 929 I
21 929 II
92 1258 I
92 1258 II

B1112+50 Dif∗ 1.66 2.49 1.05 0.21 4.24 31.3 60.00d –
21 1599 I 302 73.37 1.74
21 1599 II
92 1055

B1133+16 Dif∗ 1.19 3.73 0.50 0.21 11.90 31.9 15.00d 51.3

21 1514 I
21 1514 II
92 3999 I 526 41.90 1.22
92 3999 II 307 37.67 1.36

B1237+25 Dif∗ 1.38 0.96 2.28 0.12 4.14 31.2 6.00d 48.8

21 1265 I
21 1265 II
21 1265 III
21 1265 IV 250 2.61 7.56
21 1265 V 263 2.66 19.23
92 5219 I 302 2.76 23.16
92 5219 II 311 2.76 13.25
92 5219 V 266 2.79 15.29

B1508+55 Dif∗ 0.74 5.00 0.23 0.19 45.10 32.7 – 80.0
21 4808 279 24.41 0.46
92 10486 I 268 3.40 3.43
92 10486 III 302 2.45 4.36

B1540−06 Coh 0.71 0.88 1.28 0.08 21.00 32.0 – –
21 5121 I 331 3.05 10.5
21 5121 II 282 3.03 8.44
92 5130 267 3.05 20.99

B1604−00 Dif∗ 0.42 0.31 2.18 0.04 45.40 32.2 0.50d –
21 2012 I
21 2012 II 295 54.33 4.71
92 2225

B1607−13 Dif∗ 1.02 0.23 7.02 0.05 4.35 30.9 – – 92 1710

B1612+07 Dif∗ 1.21 2.36 0.81 0.17 9.11 31.7 2.50f – 92 1455

B1642−03 Dif∗ 0.39 1.78 0.35 0.08 135.00 33.1 0.12d 68.2
21 3118 278 11.16 2.55
92 14587 272 12.41 1.29

J1650−1654 Coh 1.75 3.20 0.87 0.24 4.19 31.4 – –
21 1002
92 1002
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3

(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

J1652+2651 Dif∗ 0.92 0.65 2.22 0.08 9.56 31.5 – – 92 3875

B1700−18 Dif 0.80 1.73 0.74 0.12 21.50 32.1 – – 92 1067

B1702−19 Coh 0.30 4.14 0.11 0.11 395.00 33.8 – 90.0
21 11071 I 304 10.67 3.43
21 11071 II 362 10.61 12.06

B1730−22 Coh 0.87 0.04 32.30 0.02 2.76 30.4 – 16.1 92 3027 344 24.13 2.12

B1732−07 Lon 0.42 1.21 0.55 0.07 91.80 32.8 – – 92 2047

B1738−08 Dif∗ 2.04 2.27 1.42 0.22 2.40 31.0 – 28.7

21 859 I
21 859 II
92 1003 I
92 1003 II

B1749−28 – 0.56 8.13 0.11 0.22 114.00 33.3 0.70d 57.8 21 1285

B1753+52 Dif 2.39 1.56 2.42 0.20 1.34 30.7 – –
21 784 I
21 784 II
92 1474 II

B1758−03 – 0.92 3.31 0.44 0.18 21.20 32.2 – – 92 3855 283 88.39 0.97

B1800−21 – 0.13 134.00 0.002 0.43 16800.00 36.3 – – 21 6210 414 61.92 0.59

B1804−08 – 0.16 0.03 9.01 0.01 148.00 32.4 – 46.7 21 5241 269 11.21 0.85

B1811+40 Lon 0.93 2.55 0.58 0.16 18.10 32.1 – 69.6 92 3811

B1818−04 Dif∗ 0.60 6.33 0.150 0.20 86.30 33.1 0.13b 82.0 92 4943 314 23.36 0.91

B1819−22 Coh 1.88 1.35 2.19 0.16 2.30 30.9 – 17.0
21 1096 262 10.17 1.01
92 1095

B1821−19 – 0.19 5.23 0.06 0.10 1390.00 34.5 – 27.7 21 4105 369 39.93 0.64

B1822−09 Dif∗ 0.77 52.30 0.02 0.64 132.00 33.7 0.01c 86.0
21 1180 I
21 1180 II

B1826−17 – 0.31 5.55 0.09 0.13 428.00 33.9 – 29.0 21 2764

J1830−1135 Dif∗ 6.22 47.70 0.206 1.74 0.68 30.9 – – 21 1004

B1839−04 Coh 1.84 0.51 5.73 0.10 1.47 30.5 – –
21 5988 I 289 16.39 0.74
21 5988 II 327 16.80 0.73

B1839+56 Dif∗ 1.65 1.49 1.75 0.16 3.30 31.1 – 56.6 92 1052

B1841−04 Coh 0.99 3.91 0.40 0.20 19.20 32.2 – – 21 1551

B1844−04 Coh 0.60 51.70 0.02 0.56 247.00 34.0 – 32.0 21 1240 315 10.39 4.93

B1845−01 Dif∗ 0.66 5.25 0.20 0.19 61.60 32.9 – 36.4 21 1031
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3
(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B1845−19 – 4.31 23.30 0.29 1.01 1.19 31.1 – 59.8 92 1029

B1846−06 Lon 1.45 46.20 0.05 0.83 25.40 32.8 – –
21 1208
92 1002

B1857−26 Dif 0.61 0.20 4.74 0.04 14.60 31.5 10.00d 20.9

21 1339 I
21 1339 II
21 1339 III 408 7.16 35.77
92 3196 I 277 7.53 8.50
92 3196 II
92 3196 III 268 7.07 6.04

B1900+01 Dif∗ 0.73 4.03 0.29 0.17 41.90 32.6 – 90.0
21 1171
92 2395

J1901−0906 Coh 1.78 1.64 1.72 0.17 2.86 31.1 – –
21 785 I
21 785 II

B1905+39 Dif∗ 1.24 0.54 3.62 0.08 4.11 31.1 – 31.4
92 1176 I
92 1176 II

B1907+00 – 1.02 5.52 0.29 0.24 21.40 32.3 – 85.0 92 1139

B1907+10 Lon 0.28 2.64 0.17 0.09 360.00 33.7 – 90.0 92 3024 273 14.59 2.51

B1910+20 Lon 2.23 10.20 0.35 0.48 4.06 31.6 – – 92 1095

B1911−04 Dif∗ 0.83 4.07 0.32 0.19 30.90 32.5 0.25d 71.2 21 2082

B1914+13 – 0.28 3.65 0.12 0.10 430.00 33.8 – 50.0 21 4096 344 33.14 0.59

B1917+00 Dif∗ 1.27 7.67 0.26 0.32 14.40 32.2 0.05c 78.2 21 4106

B1918+19 Coh 0.82 0.90 1.45 0.09 14.70 31.8 – 14.9 92 1397

B1919+21 Dif 1.34 1.35 1.57 0.14 5.33 31.3 0.12d 45.4

21 1033 I
21 1033 II
92 466 I
92 466 II

B1920+21 – 1.08 8.18 0.21 0.30 22.50 32.4 – 47.2 92 1350

B1924+16 – 0.58 18.00 0.05 0.33 157.00 33.6 – 34.0 21 2514 427 11.92 4.3

B1929+10 Dif∗ 0.23 1.16 0.31 0.05 418.00 33.6 0.50b 6.0 92 13044 274 11.69 5.48

B1933+16 Dif∗ 0.36 6.00 0.09 0.15 302.00 33.7 0.03b 64.9
21 2613 284 8.21 2.4
92 4791

B1944+17 Dif∗ 0.44 0.02 29.00 0.01 11.40 31.0 55.00d 1.8
21 2056
92 3990 401 34.35 0.5



T
he

tem
poralproperties

ofsubpulse
m

odulation
ofpulsars

99
Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3

(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B1946+35 Lon 0.72 7.06 0.16 0.23 57.80 32.9 0.35d 43.1
21 1161 I
21 1161 II
92 2396 346 54.99 2.33

B1952+29
Dif ∗

0.43 0.00 395.00 0.00 3.30 29.9 – 23.6
21 1536 I
21 1536 II 342 12.48 10.3

Lon 92 5755 I 295 18.53 0.8

B1953+50 Dif∗ 0.52 1.37 0.60 0.09 57.30 32.6 – 36.0
21 1635
92 1650

B2011+38 Lon 0.23 8.85 0.04 0.14 1110.00 34.5 – – 21 3722 310 32.21 1.14

B2016+28 Dif∗ 0.56 0.15 5.97 0.03 15.70 31.5 0.12d 40.4
92 25909 I 260 3.53 2.07
92 25909 II 250 4.96 0.83

B2020+28 Dif∗ 0.34 1.89 0.29 0.08 189.00 33.3 1.50d 71.2

21 3759 I 271 2.31 8.54
21 3759 II 282 2.26 9.44
92 6857 I
92 6857 II 254 2.44 5.51

B2021+51 Dif∗ 0.53 3.06 0.27 0.13 81.50 32.9 2.50d –
21 20326 278 5.38 1.9
92 3471

B2043−04 Coh 1.55 1.47 1.67 0.15 3.87 31.2 – –
21 1025
92 1521

B2045−16 Dif∗ 1.97 11.00 0.28 0.47 5.83 31.8 10.00d 36.7
92 896 I
92 896 II
92 896 III

B2053+21 Dif∗ 0.82 1.34 0.96 0.11 18.30 32.0 – –
92 2497 I 343 55.05 0.78
92 2497 II

B2053+36 Dif∗ 0.22 0.37 0.95 0.03 250.00 33.1 0.35f 34.0 21 3594

B2106+44 Lon 0.42 0.09 7.620 0.02 25.10 31.7 – 20.4 21 2067 332 25.33 0.9

B2110+27 Dif∗ 1.20 2.62 0.73 0.18 9.68 31.8 – –
21 1032
92 2041

B2111+46 Dif 1.02 0.71 2.25 0.09 7.73 31.4 12.50d 8.6
21 3083 I
21 3083 II

B2148+63 Dif∗ 0.38 0.17 3.58 0.03 43.70 32.1 – 12.9 21 2256

B2154+40 Dif∗ 1.53 3.43 0.70 0.23 6.12 31.6 7.50d 22.4 92 1140

B2217+47 Dif∗ 0.54 2.77 0.31 0.12 74.10 32.8 1.00d – 92 4934 253 4.90 290
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3
(s) (10−15) (106 yr) (1012 G) (G) (erg/s) (%) (deg) (cm) (P0) (P0)

B2255+58
Dif

0.37 5.75 0.10 0.15 277.00 33.7 – 4.0
21 2305 308 10.28 6.2

Dif ∗ 92 6705 252 11.16 0.8

B2303+30 Coh 1.58 2.89 0.86 0.22 5.18 31.5 10.00h 26
21 1109 241 2.07 41.3
92 1685 281 2.05 31.2

B2310+42 Coh 0.35 0.11 4.93 0.02 44.10 32.0 0.10i 33.5

21 5006 I 264 2.08 20.51
21 5006 II 269 2.08 20.52
92 5260 I 266 2.09 20.42
92 5260 II 370 2.12 13.44

B2315+21 Coh 1.45 1.05 2.19 0.12 3.87 31.1 3.00f 20.0 92 1214 287 5.03 16.95

B2319+60
Coh

2.26 7.04 0.51 0.40 3.29 31.4 25.00d 19.0

21 1041 I
21 1041 II
21 1041 III

Lon
92 1568 II
92 1568 III 230 6.69 1.60

B2324+60 Dif∗ 0.23 0.35 1.05 0.03 213.00 33.0 – 40.9 21 3633 311 25.17 0.6

B2327−20 – 1.64 4.63 0.56 0.28 5.89 31.6 12.00b – 21 1024

J2346−0609 Dif∗ 1.18 1.36 1.37 0.13 7.30 31.5 – –
21 770 I
21 770 II
92 2972 I 287 95.89 0.7

B2351+61 Dif∗ 0.95 16.30 0.09 0.40 44.10 32.9 – – 21 7655 304 18.62 0.5

References.(a)Huguenin et al. (1970); (b) Biggs (1992); (c) Rankin (1986); (d) Ritchings (1976); (e) Backus (1981); (f) Weisberg et al. (1986); (g) Lyne & Ashworth (1983); (h) Redman
et al. (2005); (i) Ashworth (1982); (i) Rankin (1990); (j) Lyne & Manchester (1988); (k) Smits et al. (2007).
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A stirring pulsar B0826−34
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Abstract We present results from high-quality simultaneous dual-frequency full-
polarisation observations of the highly peculiar pulsar, B0826−34 with 64-m Parkes radio
telescope at 685 and 3094 MHz. This pulsar shows the phenomenon of drifting across its
extremely average pulse profile. We confirm that at high frequencies the pulsar emits a weak
emission during what was previously thought to be nulling. The resulting profile resembles
the pulse shape observed at low frequencies. Using single-pulse data we study the pulsar’s
subpulse drift pattern where we find the drift rate value,P3 = (35± 1)P0. Using the simulta-
neous full-polarisation observations we study the polarisation properties of PSR B0826−34
. We find that the polarisation characteristics are quite complicated. The source exhibits
unusual evolution of the position angle profiles at both frequencies and such differences go
beyond of interpretation of purely geometrical origin.
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5.1 Introduction

The average pulse profiles of pulsars, which are typically made up of hundreds up to thou-
sands of single pulses, are regarded as very stable and constant in time, however, the individ-
ual pulses reveal sub-structure orsub-pulseswhich appear to be significantly modulated in
both amplitude and pulse longitude on a pulse-to-pulse basis. For some pulsars, this modu-
lation manifests itself in a well organised way such that the sub-pulses appear to bedrifting
(Huguenin et al. 1970) across the average pulse profile window with successive pulses, cre-
ating so-calleddrift bands. This behaviour, first noted by Drake & Craft (1968), is demon-
strated in Fig. 3.1 of Chapter 3.

The first explanation of the phenomenon ofdrifting subpulseswas proposed by Ruder-
man & Sutherland (1975). Their model assumes the presence of a magnetospheric quasi-
steady vacuum gap above the surface of the neutron star in which a sudden and momentary
discharges of particles occur. These, so calledspark discharges, orsparksgenerate electron-
positron pairs which flow out along the curved magnetic filed lines, where, at a height which
is estimated to be tens of stellar radii (Cordes 1978), they produce a secondary pair plasma
which is believed to produce the radio emission. Additionally, the sparks circulate together
in an organised manner in what is called thecarousel of sparks, around the magnetic axis due
to E×B drift. Each of sparks give rise to a drift band, since they rotate slower in the carousel
than the pulsar rotation rate. This canonical model has its limitations as it does not account for
the long carousel circulation times or non-stable, varying in time drift rates (Kuijpers 2009).
However, further developments of the spark model account for those phenomena (e.g. Gil
et al. 2003). Alternative explanations involve non-radial pulsations of neutron stars (Clemens
& Rosen 2004), plasma instabilities in the upper magnetosphere (Spitkovsky & Arons 2002)
or diocotron instability in the pair plasma on the open field lines (Fung et al. 2006).

The drifting subpulse phenomenon, as was shown immediately after its discovery, is inti-
mately connected to another phenomenon, that isnulling (Backer 1970c). A null corresponds
to the cessation of pulsar emission for a certain number of pulse periods, as can be seen in
Fig. 1 of Chapter 3. The fraction of time in which the pulsar is not detectable in the radio
domain, called theNulling Fraction(NF), is known to vary significantly from pulsar to pulsar
and essentially can last from single pulse periods up to hours or days. It has been shown by
Backer (1970b) that a pulsar which exhibits drifting subpulses can also display significant
changes of the drift pattern due to the nulling. Studying this effect, callednull-induced mode
changingalong with nulling and drifting can be regarded as a potential way to differentiate
between the aforementined models for drifting subpulses.

PSR B0826−34 is among those pulsars which are considered to display extreme examples
of these effects. This relatively old (30 Myr) and long period (1.8489 s) pulsar was discovered
in the second Molonglo pulsar survey by Manchester et al. (1978). Soon after its discovery
it was reported to have an exceptional pulse profile, where emission from the pulsar extends
almost throughout the entire pulse period. The NF value for this pulsar was reported to be
very high, about 70% (Durdin et al. 1979; Biggs et al. 1985). In 2004, Gupta et al. presented
the results from observations of PSR B0826−34 with the GMRT at a frequency of 318 MHz.
The authors conducted a detailed analysis of the very complicated emission properties of this
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Figure 5.1: Two exemplary sequences of pulses from PSR B0826−34 from the observation made at
3094 MHz during the first observing session.Left: A pulse stack with 250 successive individual pulses
where weak regular drift bands are seen from pulse 3050 to 3150. A drift reversal occurs around pulse
3100 where the drift sign changes from positive to negative, i.e. after the change the subpulses are
drifting towards the leading edge of the profile. The drift pattern is interrupted by a null at around
pulse 3210, that lasts for about 10 pulses.Right: A sequence consisting of 150 sub-integrations, where
each sub-integration comprises the sum of 5 pulse periods, which were formed in order to increase
the signal-to-noise ratio (S/N) in the main pulse ((220 - 320 degrees) region. This reveals very weak
multiple drift bands which are best seen around sub-integration 870.

pulsar and argued that the extremely wide pulse profile must be caused by an aligned rotator
geometry where the angle between rotation and the magnetic axes of the pulsar,α, must be
less than 5◦. Such a small angle implies that our line of sight traces a circle within the pulsar
beam at all times. When the pulsar was not in the null state, it was found to show multiple drift
bands in the main pulse profile, which are argued to be associated with a rotating carousel
of 15 sparks. The drift behaviour of PSR B0826−34 is variable in nature. Normally, the
apparent drift rates change significantly and show drift reversals, the drift changing sign. The
drift reversals show two types of behaviour, smooth from negative to positive drift direction
and abrupt from positive to negative drift direction. Gupta et al. (2004) also compared all the
published average pulse profiles of PSR B0826−34 which led them to the conclusion that the
pulsar shows significant evolution. The profile of the pulsar at a wavelength of 21 cm shows
the dominance of an interpulse which suggests the presence of a second, outer ring of rotating
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Table 5.1: Summary of observing sessions.

Session
Date

Backend
λ BW Frequency Sub-integrations/

Sub-integration
MJD/

(cm) (MHz) channels pulses analysed
time

dd.mm.yy (s)

1 54595/09.05.08 CPSRII 10 64 1024 274 80
DFB2 50 1024 128 437 60
AFB 10/50 32 256 14771 –

2 54596/10.05.08 CPSRII 10 64 1024 410 80
DFB2 50 1024 128 495 60
AFB 10/50 32 256 16004 –

sparks. The evolution of the intensity of the pulse profile components can be explained as
follows: the inner ring of sparks is crossed by the line of sight at the lower frequencies of
∼300 MHz, and as the frequency increases the outer ring comes into the line of sight and
is crossed eventually at∼1 GHz, in a similar manner as discussed for PSR B0031−07 by
Smits et al. (2007). The investigation of the separation of the contiguous drift bands, which
is denoted by the parameterP2, has shown variations across the pulse window. This has been
interpreted as being due to two rings of sparks which are not circulating around the pulsar
magnetic axis, but a point which lies about one degree away.

Esamdin et al. (2005) used observations made with the 64-m Parkes radio telescope at
a frequency of 1374 MHz to observe PSR B0826−34 and obtained two long sequences of
6 and 3.9 hours with sampling times of 2 and 0.5 ms, respectively. They show that at this
frequency there is strong emission over most of the pulse period and that the pulsar emits
strong bursts of pulses which are interrupted by long nulls. Using a phase-tracking method
they investigated the drifting subpulses throughout the complete trace of line of sight within
the beam of radio emission. That resulted in the detection of 13 drift bands which were
arranged in a coherent pattern across the whole longitude range. Based on the difference
between the horizontal separation of the drift bands (P2, expressed in degrees) from different
regions of the pulse profile the authors have calculatedα to be 0.5◦. Esamdin et al. (2005)
also argue that the observed direction of drift is a reversal within polar cap as opposed to
aliasing with the rotation period proposed by Gupta et al. (2004). We note, however, that
the claim that drift is reversing its direction in motion, made by Esamdin et al. (2005), is not
possible in the model proposed by Ruderman & Sutherland (1975). But the most exciting
result came from the study of what was thought to be the long nulling events exhibited by
PSR B0826−34 . The authors presented a profile made by integrating the apparent nulls and,
surprisingly, they discovered that there is weak radio emission coming from the pulsar during
what now must be called theweak mode. What is most intriguing is the shape of the average
pulse profile at 1374 MHz in the weak mode. It strikingly resembles the average pulse profile
from the strong mode as seen at low observing frequencies.

In their recent work, Bhattacharyya et al. (2008), report the non-detection of the weak
mode of PSR B0826−34 in observations with the GMRT at frequencies of 157, 325, 610 and



A stirring pulsar B0826−34 105

1060 MHz at separate epochs, and simultaneously at 303 and 625MHz. Their observations
did not detect the weak-mode emission down to a limit, defined relative to thepeak flux
densityof the strong mode, and being∼1.3%,∼1.2% and∼0.5% at frequencies of 157, 610
and 1060 MHz respectively. These observations were a factor of a few less sensitive than the
observations of Esamdin et al. (2005), who reported clear detection of the weak mode at a
level given in units of themean intensityof the profile in the strong mode which was∼ 2%.
Moreover it is also important to emphasise that the observations of the pulsar in the weak
mode by Esamdin et al. (2005) were significantly longer, totalling about 9400 pulses.

The detection of this weak mode, the multiple drift bands and variations ofP2 as a func-
tion of time and profile longitude raise a series of questions about the emission properties
of this pulsar. Why does the weak mode profile at higher frequencies look like the strong
mode profile at lower frequencies? Is there a similar effect where the profile at weak mode at
lower frequencies resembles that of the strong mode at higher frequencies? What would be
the transition frequency?

Motivated by the interesting results of Esamdin et al. (2005), we have observed PSR
B0826−34 with the 64-m Parkes radio telescope using simultaneous dual-frequency, full-
polarisation observations at 685 and 3094 MHz. The low frequency observations allowed
us to compare our results with those of Bhattacharyya et al. (2008) and the simultaneous
observations enabled us to probe the broadband nature of the emission properties. The organ-
isation of this paper is as follows: in Sect. 5.2 we provide the details of the radio observations,
in Sect. 5.3 the description of the data analysis and the results. In Sect. 5.4 we discuss the
implications of our results.

5.2 Observations

The observations used in our analysis were carried out on the 9th and 10th of May 2008
with the 64-m Parkes radio telescope located in Australia. We have used a dual-frequency
receiver system capable of observing simultaneously at the wavelengths of 50 and 10 cm,
with equivalent system flux density of 57 and 49 Jy on cold sky, respectively (Granet et al.
2005). The receiver has two orthogonal linear feeds and also has a pulsed calibration signal
which can be injected at a position angle of 45◦ to the probes. The signal from the receiver
was sent to three backend systems. In order to record the data in the simultaneous dual-
frequency single-pulse mode, we have used the analogue filterbank, AFB, which can record
only the total intensity signals. The data recorded with the AFB resulted in two uninterrupted,
long-duration single-pulse sequences for both frequencies for each of the observing days.
The observations on May 9th (session 1) lasted 7.4 hours and those on May 10th (session
2) lasted 8.2 hours. The data were dedispersed with the dispersion measure (DM) value
of 52.2 pc cm−3 as determined in a careful analysis by Bhattacharyya et al. (2008). Next,
the data were visually inspected for radio-frequency-interference (RFI) and any interfering
signals were removed from the observations. Finally, the timeseries were converted into two-
dimensional pulse-longitude versus pulse-number arrays (pulse stack) using the topocentric
pulsar period, which resulted in a sequence of 14771 and 16004 individual pulses for session
1 and 2, respectively.
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Figure 5.2: Average pulse profiles for PSR B0826−34 in the strong (upper panels) and weak modes
(lower panels) observed at 685 MHz (left-hand panels) and 3094 MHz (right-hand panels) during ses-
sion 1. The profiles have been aligned after correction for dispersion delay. The marked regions denoted
by MP, IP and OP denote main pulse, interpulse and off-pulse, respectively. The detection of the weak
mode at 3094 MHz is clearly seen in the bottom right-hand plot. The units of intensity are relative.

To perform simultaneous dual-frequency full-polarisation observations, two digital back-
ends were used. For the higher frequency, the DFB2 filterbank was used to generate Stokes
parameters, which were resampled and folded at the pulse period using 512 phase bins per
pulse period. Data were recorded to disc at 60-s intervals. The raw voltages were sampled at
Nyquist rate, coherently dedispersed to form a 1024 channel coherent filterbank for each of
the Stokes parameters and folded at the pulse period and integrated for 80 s using the CPSRII
backend. Offline analysis was done using the PSRCHIVE software package (Hotan et al.
2004). Before each observation, a calibration signal, injected into the feed, was recorded
which was then used to determine the phase delay and relative gain between the two polarisa-
tion channels. The data were first checked for narrow band RFI using an automatic procedure
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Figure 5.3: Average pulse profiles for PSR B0826−34 observed at 685 MHz (upper panel) and 3094
MHz (lower panel) during session 2.

to identify the affected frequency channels in the calibration observations. The flagged chan-
nels were left out of all the observations. The remaining frequency channels were added
and the resulting sequence of profiles was then visually inspected for impulsive RFI. The
sub-integrations where RFI was particularly strong, were left out for further data processing.
The polarisation calibration for the 10-cm observations was carried out using the PSRCHIVE
software package in an identical fashion to that described in Weltevrede & Johnston (2008).
For the 50-cm band, we have used the method introduced by Edwards & Stappers (2004)
which can determine the differential phase and gain of the observing system and is based on
the Faraday rotation across the observing band. Table 5.1 provides a summary of all the main
parameters for each of the observations presented in this paper.
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5.3 Analysis and results

5.3.1 Average pulse profiles

In order to form the average pulse profiles, we have decided to use the data recorded with
CPSRII and the DFB2. This means that the profile will be formed by summing the sub-
integrations instead of the single-pulse data from the AFB. By using the data recorded with
the digital backends we will be able to make use of larger bandwidth resulting in higher
signal-to-noise ratios (S/N) of the profiles thanks to the abilities of the CPSRII and DFB2
to process larger bandwidths. In session 1 both strong and weak modes are present, with the
weak mode being significantly longer as reported by Durdin et al. (1979). The strong mode
lasted for about 2.2 hours, but because of the strong RFI presence we have used 1.7 and 2.1
hours of observing time in order to form the average pulse profiles at 685 and 3094 MHz,
respectively. In Fig. 5.2 we present the average pulse profiles obtained from observations
made during session 1 where strong mode profiles are shown in the upper panels and the
weak mode profiles in the lower panels. All profiles have been time-aligned after correction
for the dedispersion delay. We have divided the average pulse profile into three main regions:
the main pulse (MP), interpulse (IP) and off-pulse (OP). The relative intensities of both MP
and IP as well as their widths change significantly with observing frequency. The comparison
of the average pulse profiles in the strong mode at the frequency of 3094 MHz, with the one
presented in the work of Bhattacharyya et al. (2008), at 1060 MHz, shows similarity in their
shapes: the peak of the MP is at the level of nearly half the peak of the IP. In our observation
at 3094 MHz the peak of the MP is much lower, at about 15% of the intensity of the peak of
the IP. The lack of more significant profile evolution between 1060 and 3094 MHZ suggests
that the transition from the pulse profile dominated by the emission coming from the MP
region to one at which the IP becomes the dominant region, occurs between 0.6 and 1.0 GHz.

The weak mode

In the lower panels of Fig. 5.2 we present the average pulse profiles during its weak mode.
In the case of the higher frequency observation (bottom right-hand plot) it can be clearly
seen that the weak mode pulse profile is similar to the low frequency profile. Therefore, we
can confirm the detection of the weak emission during the weak mode at higher frequency,
as reported by Esamdin et al. (2005). However, we notice that there are differences in the
relative intensities of the components between the weak mode at high frequency and strong
mode at low frequency. It can be seen in Figs 5.2 and 5.3 that the last peak in the MP region
is strongest in strong mode at low frequency, while in the weak mode at high frequency the
first peak is now the strongest. Also, the IP appears to be weaker in the weak mode at low
frequency. We have found, using the average pulse profiles in the strong mode from the
observations of PSR B0826−34 presented by Bhattacharyya et al. (2008), that their average
pulse profile from observations made at 303 MHz is the most similar in shape and relative
intensity of components to the average pulse profile in the weak mode at higher frequency
from our observations. The lack of detection of the weak mode reported by Bhattacharyya
et al. (2008) must be attributed to the lower sensitivity of their observations. We also report
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that the low frequency average pulse profile shows a weak emission, where the location of
the components in the profile are comparable to the strong mode at this frequency. Since we
have used the observations which consisted of 80-s sub-integrations instead of single pulses,
we note that there might be short instances, on timescale smaller than the sub-integration
windows, in which the pulsar is emitting in the strong mode. These pulses can therefore
contribute to the average pulse profile. This, however, assuming a broadband nature of radio
emission from pulsars, would mean that pulses associated with the strong mode would also
be present in the simultaneously recorded high frequency weak-mode data. Nonetheless, we
do not see any feature in the high frequency weak-mode pulse profile introduced by the strong
mode pulses.

During the observations in session 2 we have not been able to detect the pulsar in the
strong mode. This allows us, with the long observation time of 8.2 hours, to increase our
detection sensitivity in order to confirm our finding of the emission in the weak mode at 685
MHz. Fig. 5.3 presents the average pulse profiles made for that session at the frequencies of
685 MHz (upper panel) and 3094 MHz (lower panel). The upper panel presents the average
pulse profile formed after integrating 7.6 hours of observations, as the remaining 0.6 hours
were rejected due to RFI. It can be seen that there is no emission in the weak mode as detected
in the previous observing session at low frequency. The high frequency observations show
the average pulse profile with the same shape as the one obtained in session 1. TheS/N of
the weak mode in session 2 is significantly higher thanks to the longer observing time.

5.3.2 Fluctuation analysis

Since PSR B0826−34 exhibits very interesting drifting behaviour with phenomena like drift
reversals or changes ofP2 as a function of time, we have performed a subpulse drift analysis.
We have selected sequences of consecutive pulses from the strong mode present at both fre-
quencies. From Fig. 5.2 it can be seen that due to the wide pulse profile of PSR B0826−34
the region which we use as off-pulse (OP) for baseline calibration is very small. This intro-
duces significant difficulties when correcting the signal for the baseline variations. At lower
frequency this effect is extremely difficult to remove due to the rapid baseline variations down
to pulse-to-pulse timescales. We managed to correct the observations recorded with CPSRII.
However, our attempts to overcome this problem in the case of the single-pulse data recorded
with the AFB proved to be unsuccessful. Therefore we have only performed our analysis
on the sequence of 3989 consecutive individual pulses from the 3094 MHz observations per-
formed in session 1.

The pulse stack was the subject of an analysis based on the Longitude-Resolved Modula-
tion Index (LRMI), Longitude-Resolved Fluctuation Spectrum (LRFS) and Two-Dimensional
Fluctuation Spectrum (2DFS) (Edwards & Stappers 2002; Weltevrede et al. 2006). The re-
sulting plots from the LRMI, LRFS, and 2DFS analyses are shown in Fig. 5.4. In these plots
are shown only LRMI values that are detected with a significance of more than 3σ. If the
pulsar exhibits drifting subpulses, then a region of enhanced spectral power will be visible as
a dark region in the greyscale of the spectral power, so-calledfeature, in both the LRFS and
2DFS. The vertical position of the feature in both plots is given in cycles per period (cpp) and
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Figure 5.4: Fluctuation analysis results for a sequence of 3989 individual pulses from the strong mode
observed at 3094 MHz during session 1.Left: The results for the interpulse (IP) region. In the top plot
the integrated pulse profile (solid line) and LRMI (solid line with error bars) are shown. The middle
panel shows the LRFS and the bottom panel represents the 2DFS. The greyscale intensity of the spectra
corresponds to the spectral power. The side panels correspond to the horizontally (left-hand panel) and
vertically (bottom panel) integrated spectrum between the dashed lines.Right: The results of the main
pulse (MP) region. For this region the analysis was done using a dataset with a decreased number of
phase bins in order to increase theS/N per bin. The panel below the 2DFS plot of both MP and IP,
reveals two symmetric peaks with the sameP2.

corresponds to the period of the modulation,P3 expressed in pulse periodsP0, while the hor-
izontal position in the LRFS denotes the pulse longitude at which the modulation occurs, and
for the 2DFS the horizontal axis is given in cycles per period and corresponds to a horizontal
separation of the drift bands (P2). If the feature is significantly offset from the vertical axis
(P0/P2 , 0) it means that subpulses have a preferred drift direction. A negative or positive
value ofP2 denotes the direction of the drift, i.e. whether subpulses drift towards the leading
or trailing edge of the pulsar’s average profile, respectively.

In Fig. 5.4 we present the results from the LRMI, LRFS and 2DFS analysis of the inter-
pulse and main pulse regions in the left-hand and right-hand plots, respectively. We note that
in the case of the fluctuation analysis of the main pulse region we have decreased the number
of phase bins in order to increase theS/N per bin. The LRMI values for this pulsar are simi-
lar across the whole pulse region and are centred around the value of 1 which is higher than
the value expected for pulsars which show only drifting subpulses (Fig. 8; Weltevrede et al.
2006). As can be seen in the LRFS plot of the interpulse, there is spectral power present along
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the wholeP0/P3 range, with increasing values towards the low frequency part of the spec-
trum. In the case of the main pulse, strong spectral power is present along the wholeP0/P3

range with a very weak peak at 0.03 cpp. We note that the peak appears to be weak due to
the strong longitude stationary modulation. The 2DFS plots, also show an excess of spectral
power in the low frequency part of the spectrum for both regions. Calculating the centroid of
a rectangular region in the 2DFS of interpulse containing the feature (Eq. 6; Weltevrede et al.
2006) gives the period of the modulation,P3 = (35± 1)P0. The panel below the 2DFS plot
with the vertically collapsed spectrum, reveals two symmetric peaks which lie away from
the central peak at aboutP0/P2 = ±15 cpp, denoting the separation of the subpulses to be
P2 = 25◦ ± 3◦. This value is slightly more but still consistent with what was reported by
Esamdin et al. (2005). These authors report for this region the value ofP2 to be from 19◦

to 23.5◦. This P2 value is associated with the aforementionedP3 value and is related to the
drifting changing its direction as can be seen in the left-hand plot in Fig. 5.1.

In order to characterise the temporal behaviour of the drifting subpulses, like drift rate
changes, variations ofP2 or drift reversals, we have used the Sliding Two-Dimensional Fluc-
tuation Spectrum (S2DFS; Chapter 3). To perform an investigation of the temporal changes
in both P3 andP2, we have applied the S2DFS method to the pulse stack twice. We used
different DFT lengths forP3 andP2, because resolving the temporal drift rate changes with
sufficient spectral resolution in theP3 S2DFS map, requires the DFT length of about 256
pulses, while in order to trace quick changes of drift direction, we must use a much shorter,
16-pulse DFT length. Using a window of 16 pulses will drastically decrease the spectral res-
olution of theP3 S2DFS map making it unusable for further analysis. However, the spectral
resolution of theP2 S2DFS map depends only on the number of longitude bins in the pulse
profile, therefore the shorter DFT length will not decrease the resolution of theP2 S2DFS
map. This feature of the S2DFS analysis method, makes it very useful for characterisation
of possible drift reversals or any event lasting for a few pulse periods only, like very bright
pulses or RFI.

In Fig. 5.5 we present the results of our analysis applied to the pulse sequence of 3989
individual pulses from the strong mode observed at 3094 MHz during session 1. TheP2

S2DFS map shown in the left-hand plot corresponds to the sequence of pulses shown in the
left-hand pulse stack in Fig. 5.1. The horizontal axis of the map is given in blocks, where
each block is a curve obtained from the vertically collapsed 2DFS, as can be seen in the
lower panels of the 2DFS plots in Fig. 5.4. A region around block 3210, where power in the
P2 S2DFS map is dominated by spectral power fluctuations across the wholeP0/P2 range,
is caused by the switch of the pulsar to the weak mode. We note, however, that due to the
low S/N of individual pulses at high frequency and the length of the DFT used to produce
P2 S2DFS maps, we do not see the expected features denoting drift reversals as seen in the
pulse stack and in the vertically collapsed 2DFS plot. The right-hand plot in Fig. 5.5 presents
the P3 S2DFS map where the horizontal axis is given in blocks, but unlike theP2 S2DFS
map, each block is a curve obtained from the horizontally collapsed 2DFS (side panels of
the plots in Fig. 5.4), where the sliding DFT window now has 256 pulses. The tracks which
correspond to modulating subpulses are seen to populate the lower frequency part of the map,
between 0.0 and 0.04 cpp and can be split into two groups. The tracks which lie between 0.02



112 Chapter 5

Figure 5.5: The time-resolved fluctuation analysis results shown for different parts of a sequence of
3989 individual pulses from the strong mode observed at 3094 MHz during session 1.Left: The P2

S2DFS map containing 250 blocks as shown in Fig. 5.1.Right: TheP3 S2DFS map containing 1000
blocks, where the part corresponding to Fig. 5.1 is between blocks 3050 and 3300. The vertical axis is
given in P0/P3 (cpp) and is related to the horizontal separation of the subpulses. The horizontal axis
is given in blocks, but unlike theP2 S2DFS map, each block is a curve obtained from the horizontally
collapsed 2DFS (side panels of the plots in Fig. 5.4), where the sliding DFT window has now 256 pulses.
The tracks are seen to populate the lower frequency part of the map, between 0.0 and 0.04 cpp. The
tracks which correspond to modulating subpulses are best seen from block 3300 to 3600, and between
0.02 and 0.03 cpp. The tracks below 0.02 cpp are related to pulse-to-pulse amplitude modulation. For
more detailed explanations we refer to the main text.

and 0.03 cpp (best seen from block 3300 to 3600) are related to the modulation reported in
the 2DFS plot, withP3 = (35± 1)P0, while the tracks below 0.02 cpp are related to random
pulse-to-pulse amplitude modulation.

5.3.3 Polarisation

The last stage of our analysis was to investigate the polarisation properties of PSR B0826−34.
First, we would like to investigate the polarisation properties of the weak mode detected at
high frequencies. In order to do that, we have used the observation from session 2 where the
pulsar was not present in the strong mode for the whole time of its duration. Unfortunately,
despite the use of the longest observation in the weak mode the obtainedS/N was too small to
provide us with good polarisation plots. Therefore we will constrain our analysis to the data
collected in the strong mode during session 1. This resulted in two sequences lasting 1.7 and



A stirring pulsar B0826−34 113

Figure 5.6: Average pulse profiles for PSR B0826−34 observed at the frequencies of 685 MHz (upper
plot) and 3094 MHz (lower plot). The solid, dashed and dotted lines represent, respectively, the total
intensity and the amount of linear and circular polarisation (Stokes parametersI, L =

√

Q2 + U2 andV).
The lower panels show the position angles (PA = 1

2 arctan(Q/U)) for bins where theS/N of the linear
polarisation>3, which have been corrected for rotation measure to their values at infinite frequency.

2.1 hours at 685 MHz and 3094 MHz, respectively. The difference in the length of the two
sequences is due to the strong RFI present in the low frequency observation, which forced
us to reject the affected sub-integrations. Next, we have applied the calibation procedures to
the data which are mentioned in Sect. 5.2. We would like to note, that due to the baseline
variations the polarisation calibration in the case of this pulsar can give erroneous results. In
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the case of the higher frequency observations, we have taken advantage of the strong inverse
dependence of the flux density on observing frequency (Sieber 1973), which results in a
larger off-pulse region. In the case of the low frequency observations the method introduced
by Edwards & Stappers (2004) was used to calibrate our observations.

In Fig. 5.6 we present the results from the polarisation observations made at 685 and 3094
MHz, in the upper and lower plot, respectively. We have decreased the number of phase bins
in both of the observations in order to increase theS/N per bin. In the MP region at the lower
frequency the degree of circular polarisation is quite high with a significant change in the
handedness across the pulse profile where the sign of the circular polarisation changes from
negative (right-hand circular) to positive (left-hand circular) in the saddle region of the main
pulse. The position angle (PA) shows a S-shaped curve in the MP region of the low frequency
average pulse profile. Flattening of the PA curve in the IP region can be seen exactly at the
same phase where the circular polarisation changes sign. These results are in agreements with
the results from the polarisation observations presented by Biggs et al. (1985) and Gould &
Lyne (1998). We note that the linear polarisation at the trailing edge of the MP region at lower
frequency is lower when compared to the published results. This might be due to the problems
with calibration caused by the small offpulse region. The PA-swing for the interpulse region
is much more complicated, and is disrupted by two jumps at pulse longitudes of about 50◦

and 115◦, which can be explained by the presence of orthogonally polarised modes (OPMs)
in the pulsar emission (e.g. Manchester et al. 1975; Backer et al. 1975; Cordes et al. 1978).
We note that the jumps coincide with the drops in the linear polarisation as should be the
case for mixing of two linear polarised waves with equal intensity which are orthogonally
polarised.

The high frequency profile has no corresponding observations in the published literature,
however its total intensity shape is very similar to that of those published by Gould & Lyne
(1998) and Esamdin et al. (2005). At this frequency the degrees of linear and circular po-
larisations are substantially smaller. The PA shape is different when compared to the low
frequency observations, where the S-shaped curve is now seen in the interpulse region and
flat in the main pulse region. The PA profile exhibits a jump at the position which coincides
with one of the jumps at the low frequency (pulse longitude of about 45◦). As expected the
linear polarisation drops to zero, and the circular changes its sign. Comparison with the 1.4
GHz result of Gould & Lyne (1998) allows only a tentative comparison, as their results have
significantly lowerS/N. We can see, however, that the linear and circular polarisation at 3094
MHz is in agreement with the 1.4 GHz results.

5.4 Summary and conclusions

We have analysed data from dual-frequency observations of PSR B0826−34 at 685 and 3094
MHz, obtained during two observing sessions on the 9th and 10th of May 2008. The use of
three backends allowed us to record the simultaneous single-pulse and full polarisation data.

The pulsar exhibited both the strong and weak modes during session 1 and was only in the
weak mode in session 2. We have confirmed that PSR B0826−34 is exhibiting weak emis-
sion in, what were previously thought to be nulls, during our high frequency observations,
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as earlier reported by Esamdin et al. (2005). The simultaneous dual-frequency observations
also allowed us to search for possible emission present in the high frequency observations.
The presence of weak emission in the high frequency data could mean that the emission at
low frequencies leaves a low-level imprint of its modulation pattern in the magnetosphere
that influences the emission at high frequencies. This behaviour would contradict our under-
standing of the pulsar emission mechanism, e.g. in the radius-to-frequency mapping model
(Cordes 1978), the lower frequency radio emission originates at higher altitudes than the high
frequency emission. This would mean that low level emission should be detected also in the
weak mode at low frequencies, with a resemblance to the strong mode at high frequencies.
Searching the low frequency data from session 2, during which the pulsar was in the weak
mode for 8.2 hours, resulted in a non-detection. Therefore, we propose another interpreta-
tion of the presence of weak emission in the low frequency observations: the high frequency
weak-mode profile is the signature of seed particles travelling through the high frequency
emission region before fully radiating at low frequencies. The emission in the weak mode
in the high frequency observations gives then possible evidence for the empirical model for
the beams of radio pulsars presented by Karastergiou & Johnston (2007), where the emission
arises from discrete locations within the entire range of emission heights.

The second stage of our analysis was to investigate the modulation properties of PSR
B0826−34 using the fluctuation analysis. The profile of PSR B0826−34 , one of the widest
in the known pulsar population, causes problems when correcting the signal for the baseline
variations especially in the low observing frequency. Despite our attempts, we were not able
to fully remove this effect which prevented us from using the low frequency observations in
the fluctuation analysis. The results from the observations made at 3094 MHz using the 2DFS
method show that there is a modulation which can be assigned to drifting subpulses with a
periodicity ofP3 = (35± 1)P0. The separation of subpulses at 3094 MHz isP2 = 25◦ ± 3◦

which is in agreement with previously published results. To resolve the temporal behaviour
of the modulation properties of PSR B0826−34 we have applied the S2DFS method. The
resultingP3 S2DFS maps show features giving evidence of the drift present in the pulse
stack. However due to theS/N of individual pulses and length of DFT used to calculate the
P2 S2DFS map we are not able to detect the drift reversals present in the interpulse region in
the high frequency observations.

The results from the previous polarisation observations showed only the S-shaped curves
at the low frequencies (Biggs et al. 1985), which are well explained by the rotating-vector-
model (RVM) developed by Radhakrishnan & Cooke (1969). This model explains the pulsar
radiation which is polarised along the open magnetic filed lines. When the emission beam
sweeps the line of sight to the observer, the PA of the linear polarisation rotates resulting in
the S-shaped curve. The two angles which determine the sweep of the PA are theα and the
impact parameterβ, which defines the closest approach of the line of sight and the magnetic
axis. Therefore RVM model can be used to derive the geometrical angles from polarisation
observations. However, the overall shapes of PA swings in our observations, are very com-
plicated and not similar to each other as is expected in the RVM model. The PA profiles at
high and low frequencies exhibit S-shapes in the IP and MP regions and flat parts in the MP
and IP regions, respectively. We note that the shape of the PA-curve in the IP region at the
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low frequency without orthogonal jumps is quite similar to the one in the MP region of the
high frequency. Such complication in the shapes of both PA profiles prevent us from deriving
a reliable fit with the RVM model.

The geometrical interpretation of Esamdin et al. (2005) showed that the pulsar rotation
and magnetic axes must be nearly aligned, that is with a very smallα value, such that the line
of sight must be close to the edge of the polar cap. The authors found the existence of four
regions, the MP and the IP in the average pulse profile, where the strong drifting subpulses
could be detected, separated by two bridge regions of emission with weak subpulses. This
resulted in them interpreting this behaviour as due to the presence of two rings of sparks
circulating the magnetic pole of the pulsar (Fig. 10; Esamdin et al. 2005). Our observations
have shown that the PA curve is S-shaped in the regions in which the line of sight cuts the
circulating sparks as described by Esamdin et al. 2005 while in the remaining parts of the
profile the PA is either flat as in the high frequency polarisation or exhibits orthogonal jumps.
The next step in exploration of the properties of PSR B0826−34 , that is search for the drifting
subpulses present in the weak mode would give us further clues about the interpretation of
the pulsar geometry made by Esamdin et al. (2005).
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Samenvatting in het Nederlands

De ontdekking van pulsars

Radiosterrenkunde is een relatief jong onderzoeksveld binnen de sterrenkunde. Het begon
allemaal in 1928 toen Karl Jansky, een ingenieur bij ’Bell Telephone Laboratories’, de op-
dracht kreeg om het gebruik van radiotransmissie voor trans-Atlantische telefoondiensten te
onderzoeken. Zijn rol was in het bijzonder om te onderzoeken welke mogelijke bronnen
van interferentie de radiotransmissies zouden kunnen verstoren. Hij bouwde een antenne die
werd gebruikt om radiosignalen op een frequentie van 20.5 MHz te ontvangen. Na enige
maanden werk kon Jansky de radiobronnen in twee hoofdcategorieën indelen: bliksem van
onweersbuien en “... a steady hiss type static of unknown origin” (statische ruis van onbe-
kende oorsprong). Na een jaar van verder onderzoek werd deze ruis geı̈ndentificeerd als het
radiosignaal dat afkomstig is van het centrum van onze Melkweg. Jansky stelde voor om
een grotere antenne te bouwen om deze ontdekking verder te onderzoeken, maar de telefoon-
maatschappij was niet geı̈nteresseerd en het project werd beeı̈ndigd. Bijna 10 jaar later was
het de ontdekking van Jansky die Grote Reber, een amateur-astronoom, motiveerde om een
radiotelescoop in zijn achtertuin te bouwen. Hij was de eerste die de radiostraling van de
hemel in kaart bracht, wat resulteerde in een wetenschappelijke publicatie. Tegenwoordig is
radiosterrenkunde een bloeiend onderzoeksveld waarin elk jaar nieuwe ontdekkingen worden
gedaan die van groot belang zijn voor ons begrip van het heelal.

De oorsprong van de pulsar-sterrenkunde ligt in de toevallige ontdekking van de toen-
malige promovenda Jocelyn Bell in augustus 1967. Samen met haar promotor, dr. Antony
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Figuur 6.1: Links: Grafiekpapier van de waarneming gemaakt op 6 augustus 1967, waarop de eerste
pulsar, CP1919, werd ontdekt. De afkorting CP staat voor Cambridge Pulsar en 1919 is de rechte
klimming, wat de hemel-equivalent is van de lengtegraad op Aarde.Rechts: Grafiekpapier waarop
een waarneming met hogere tijdsresolutie te zien is, welke de eerste waarneming van de afzonderlijke
pulsen uitgezonden door CP1919 laat zien. Iedere puls is zichtbaar als een “dal” en de pulsen herhalen
zich op een tijdschaal van∼1.34 seconde. Deze figuur is afkomstig van Hewish (1975).

Hewish, onderzocht zij ver weg gelegen radiobronnen. Al snel na aanvang van de waarnemin-
gen ontdekte Jocelyn Bell een vreemde bron van radiostraling (zie Fig.6.1). In eerste instantie
werd gedacht dat dit signaal afkomstig was van de Aarde, maar al snel werd duidelijk dat de
radiobron met de sterren meebewoog. Dit leidde tot de conclusie dat het radiosignaal zijn
oorsprong buiten de Aarde had. Het onderscheidende karakter van het signaal, pulsen die
zich iedere 1.34 seconden herhaalden, bleef met verbazingwekkende precisie gehandhaafd.
Het signaal kreeg de humoristische benaming “Little green men 1” (“Kleine groene manne-
tjes 1”), omdat wetenschappers rekening hielden met de mogelijkheid dat een buitenaardse
beschaving op deze manier contact probeerde te leggen met de Aarde. Er werd echter geen
verband gevonden met de beweging van een hypothetische buitenaardse planeet en daarom
werd deze mogelijkheid uitgesloten. Tegen het einde van datzelfde jaar werd een tweede
radiobron met een periodiciteit van 1.18 seconden gevonden en werd het duidelijk dat er
een nieuwe klasse van astronomische radiobronnen, depulsars1, bestond. In 1974 ontving
Antony Hewish (samen met Martin Ryle) de Nobel Prijs voor de natuurkunde2 “voor hun
baanbrekende onderzoek in radiosterrenkunde en Hewish voor zijn doorslaggevende rol in
de ontdekking van pulsars”. De toevallige ontdekking van de eerste pulsar en de daaropvol-
gende vondst van meer dezelfde soort bronnen leidde tot de vraag wat de verklaring van deze
bijzondere bronnen is.

1Pulsar is een samentrekking van pulserende sterren bedacht door een journalist van de Daily Telegraph.
2http://nobelprize.org/nobelprizes/physics/laureates/1974
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De vorming van neutronensterren

De achterliggende theorie van pulsars werd al bijna 35 jaar voor de ontdekking van de eerste
pulsar geformuleerd. In 1934 publiceerden Baade en Zwicky hun onderzoeksresultaten over
de eigenschappen van kosmische straling. Zij opperden dat kosmische straling zijn oorsprong
had in supernova explosies. Daarnaast stelden zij voor dat een supernova een overgang zou
zijn van een gewone ster naar en eenneutronenster. Een neutronenster bestaat voornamelijk
uit neutronen. Zo een ster wordt gevormd in een supernova explosie en heeft een kleine straal
en een extreem hoge dichtheid. Tegenwoordig weten we dat neutronensterren de eindstadia
vormen van de levenscyclus van massieve sterren die een massa hebben van ongeveer 9 tot
11 maal de massa van onze zon. Een dergelijke ster begint zijn leven als een wolk van gas
die voornamelijk uit waterstof bestaat. Zodra de dichtheid van de gaswolk groter wordt,
begint deze in te storten onder invloed van zijn eigen zwaartekracht. Dit resulteert in een
toename van de druk en temperatuur en als deze een zeker kritisch punt bereiken komen
er processen op gang waarin twee of meerdere atoomkernen samensmelten, of “fuseren”.
Hierbij worden zwaardere atoomkernen gevormd: in dit geval wordt helium gevormd uit de
fusie van waterstof. De fusieprocessen gaan door en helium wordt omgezet in zwaardere
elementen, wat uiteindelijk leidt tot de vorming van ijzer en nikkel. Het vormen van nog
zwaardere elementen zou energie kosten in plaats van energie opleveren, en daarom vindt het
niet plaats in sterren. Het ijzer begint zich daarom op te hopen in de kern van de ster en dit
gaat door totdat de massa van de kern ongeveer 1.4 maal de massa van de zon bereikt. De
kern kan op dat moment geen weerstand meer bieden aan de zwaartekracht en zal instorten.
Tijdens het instorten worden electronen in protonen gedreven waarbij neutronen ontstaan en
zo wordt een nieuwe neutronenster gevormd. Een typische neutronenster heeft een massa
die ongeveer 1.4 maal zo groot is als die van onze zon, een straal van 10 km, een zeer sterk
magnetisch veld. Neutronensterren roteren vrij snel om hun as, van honderden rotaties per
seconde tot een paar seconden per rotatie tot een aantal seconden per rotatie. Het overblijfsel
van de ster dat de kern omhult zal worden weggeblazen en wordt zichtbaar als supernova
explosie. Supernovae zijn enorm krachtige explosies en kunnen net zo helder worden als het
sterrenstelsel waarin zij zich bevinden.

Radiostraling van neutronensterren

Er bestaat een groep van neutronensterren die een eigenschap hebben die het mogelijk maakt
om ze op Aarde te zien: ze zenden radiostraling uit. Het mechanisme dat verantwoordelijk
is voor het uitzenden van radiogolven vanaf pulsars wordt niet goed begrepen, maar het is
duidelijk dat het gerelateerd is aan de draaing van de ster. Boven de magnetische polen van
pulsars worden radiogolven opgewekt. De pulsars roteren en daarom zwiepen deze bundels
van radiogolven door de ruimte zoals de lichtbundels van een vuurtoren. Dit effect wordt
veroorzaakt doordat de draaiingsas van pulsars niet samenvalt met de magnetische as. Wan-
neer de stralingsbundel van van een pulsar de Aarde kruist wordt een puls van radiostraling
waargenomen. Een ander type neutronensterren die radiostraling uitzenden zijnmagnetars.
Dit zijn langzamer roterende neutronensterren die radiostraling uitzenden door het verval van
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Figuur 6.2: Een voorbeeld van een serie van afzonderlijke pulsen van PSR B0818−13. De sub-pulsen
verschijnen steeds eerder voor toenemend pulsnummer en zijn gegroepeerd in zogenaamdedrift bands
(afdrijvende banden). Beginnend bij puls 60 is een abrupt verdwijnen van de pulsar emissie te zien, wat
als eennull (nul) wordt aangeduid. Het gemiddelde pulsprofiel, dat voor elke pulsar karakteristiek is, is
afgebeeld in de bovenste grafiek.

het extreem hoge magneetveld, dat sterker is dan dat van ieder ander type object dat ooit in
het heelal is waargenomen. Magnetars zenden voornamelijk hoog-energetische straling uit,
dat wil zeggen r̈ontgen- en gamma-straling, maar er zijn drie magnetars gevonden die ook
radiogolven uitzenden.

De radiopulsen die door pulsars of magnetars worden uitgezonden komen in regelmatige
intervallen, hunrotatie-of pulsperiode. De rotatieperiode van neutronensterren neemt op den
duur langzaam toe. De mate van toename wordt deperiode afgeleidegenoemd en is samen
met de pulsperiode de meest belangrijke eigenschap waaruit men verschillende parameters
kan afleiden, zoals bijvoorbeeld de leeftijd van de pulsar of de sterkte van het magneetveld.
De afzonderlijke pulsen die we van een pulsar of magnetar ontvangen kunnen worden opge-
teld tot eengemiddeld pulsprofiel. Deze profielen, opgebouwd uit honderden honderden of
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duizenden afzonderlijke pulsen, hebben verschillende vormen en worden soms de “vingeraf-
druk” van een pulsar genoemd. Dit is omdat hun vorm uniek is voor elke pulsar en stabiel is
voor waarnemingen die bij dezelfde radiofrequentie worden uitgevoerd. De bovenste grafiek
in Fig. 6.2 geeft het gemiddelde pulsprofiel van de pulsar B0818−13 weer bij een frequentie
van 328 MHz. De gemiddelde pulsprofielen kunnen worden gebruikt om eigenschappen te
bestuderen die de emissie van de pulsar op langere tijdschaal karakteriseren. Om meer te
begrijpen van de emissie van pulsars kan men individuele pulsen bestuderen. In tegenstelling
tot gemiddelde pulsprofielen zijn individuele pulsen verschillend: elke puls heeft een andere
vorm. Sommige pulsen vertonen een ongeordend en chaotisch patroon terwijl andere wel
degelijk een bepaalde ordening hebben. Een voorbeeld van dergelijk gedrag is weergegeven
in de onderste afbeelding van Fig. 6.2, waar een reeks van 80 opeenvolgende pulsen van PSR
B0818−13 is afgebeeld. Men kan zien dat de afzonderlijke pulsen steeds eerder aan lijken te
komen en als het ware systematisch “afdrijven” in de richting van het begin van een profiel,
waarbij zich rangschikken ze rangschikken in zogenaamdedrift bands(afdrijvende banden).
Dit specifieke type modulatie staat bekend als hetdrifting subpulse(afdrijvende sub-pulsen)
fenomeen. Het fenomeen van de afdrijvende sub-pulsen kan worden verklaard door aan te
nemen dat de bundel radiostraling van de pulsar een specifieke structuur heeft en uit meerdere
kleine bundels bestaat, welke om de magneetpool van de neutronenster cirkelen als op een
caroussel. Er is echter een effect dat het patroon van afdrijvende sub-pulsen kan verstoren,
zoals men kan zien bij puls 60 in de puls-reeks van Fig. 7.2. Dit effect, genaamdnulling
(nullen), wordt gekarakteriseerd door het plotselinge verdwijnen van de pulsar emissie. Pul-
sars nullen op verschillende tijdschalen, wat kan variëren van individuele pulsen tot uren of
zelfs dagen. Het nullen gaat vaak gepaard metmode changing(verandering van toestand).
Dit effect kan het beste worden herkend aan een verandering van de snelheid waarmee de
sub-pulsen afdrijven tijdens de waarneming van een pulsar. De verandering in afdrijfsnelheid
kan zeer snel plaatsvinden en kan ook gepaard gaan met een nul. Men denkt dat deze drie fe-
nomenen (afdrijven sub-pulsen, nullen en verandering van toestand), nauw samenhangen met
het radiopulsar emissiemechanisme. Onderzoek naar veranderingen in deze effecten over de
tijd speelt daarom een belangrijke rol bij pogingen om meer inzicht te krijgen in radiostraling
van neutronensterren.

Dit proefschrift

In dit proefschrift presenteer ik de resultaten van onderzoek aan de modulatie eigenschappen
van radiostraling afkomstig van neutronensterren. Door deze eigenschappen te bestuderen
wil ik meer inzicht krijgen in het gedrag van neutronensterren die radiostraling uitzenden.
In het bijzonder wil ik te weten komen of de radiostraling van magnetars vergelijkbare ei-
genschappen heeft als van normale pulsars. Vertonen alle neutronensterren die radiostraling
uitzenden tijdsvariaties in hun afdrijvende sub-pulsen? Waarom zenden pulsars alleen op
bepaalde frequenties uit, maar wel niet op andere?

Het tweede hoofdstuk is gewijd aan onderzoek naar de magnetar AXP XTE J1810−197,
welke radiostraling uitzendt. Gebruik makend van de 76-m Lovell, de aan 94-m equivalen-
te Westerbork Synthesis Radio Telescope (WSRT) en de 100-m Effelsberg radiotelescopen
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heb ik in mei en juni 2006 de eerste en tot dusver enige simultane waarnemingen van XTE
J1810−197 bij frequenties van 1.4, 4.9 and 8.35 GHz uitgevoerd. Ik heb een aantal technie-
ken toegepast om de eigenschappen van deze radio-magnetar te bestuderen en te vergelijken
met normale pulsars. Mijn simultane waarnemingen van de magnetar bleken zeer nuttig te
zijn om de eigenschappen van de radiostraling te onrafelen en de radio-magnetars te plaat-
sen in het kader van onze huidige kennis van neutronensterren. De modulatie eigenschappen
vertonen meerdere piekerige sub-pulsen op gelijke afstand in het gemiddelde pulsprofiel en
geen afdrijving. Deze waarnemingen onthullen bovendien dat de radiostraling van magnetars
tijdens de hele heldere fase niet hetzelfde is als die van radiopulsars.

De rest van dit werk is meer georiënteerd op radiopulsars en het volgende gedeelte van
dit proefschrift (hoofdstukken 3 en 4) betreft onderzoek naar de veranderingen van afdrij-
vende sub-pulsen in de tijd. In Hoofdstuk 3 introduceer ik een nieuwe techniek, genaamd
“Sliding Two-Dimensional Fluctuation Spectrum” (S2DFS), welke wordt gebruikt voor het
detecteren en karakteriseren van de tijdsvariaties van afdrijven-de sub-pulsen in radiopulsars.
Om deze methode te toetsen heb ik gesimuleerde en archief data gebruikt van drie pulsars:
B0031−07, B1819−22 en B1944+17. Hieruit blijkt dat de S2DFS methode robuust is en
toegevoegde waarde heeft naast andere methoden die worden gebruikt voor het detecteren en
karakteriseren van de tijdsvariaties in afdrijvende sub-pulsen van radiopulsars.

In het vierde hoofdstuk presenteer ik de resultaten van het meest omvangrijke onderzoek
tot nu toe naar hoe de modulatie eigenschappen veranderen tijdens de waarnemingen van
radiopulsars. Hierbij maak ik gebruik van een groot aantal archief waarnemingen van pul-
sars van de WSRT bij twee frequenties. Door gebruik te maken van de S2DFS techniek,
gëıntroduceerd in Hoofdstuk 3, was ik in staat om gedetailleerd onderzoek te doen naar tijds-
variaties van fenomenen zoals afdrijvende sub-pulsen, nullen, toestandsveranderingen of het
gedrag van pulsprofielen met meerdere componenten.

Ik heb ook waarnemingen onderzocht van de hoogst uitzonderlijke pulsar B0826−34,
gemaakt met de 64-m Parkes radiotelescoop bij frequenties van 685 en 3094 MHz. Deze pul-
sar vertoont het verschijnsel van afdrijvende sub-pulsen over het extreem brede gemiddelde
pulsprofiel. Onderzoek uit het verleden suggereerde dat deze pulsar nullen vertoont. In 2005
werd echter aangetoond dat het nullen in werkelijkheid een toestand van de pulsar is waarin
deze zeer zwakke radiosignalen uitzendt. Gebruik makend van waarnemingen met de Parkes
radiotelescoop bevestig ik de aanwezigheid van zwakke emissie tijdens wat men vroeger als
nullen beschouwde.

Samengevat richt het werk in dit proefschrift zich op de rijke manifestaties van van de
modulatie van sub-pulsen. Door de magnetar te bestuderen heb ik aangetoond dat deze bron
anders is dan normale radiopulsars. Simultane waarnemingen op verschillende frequenties
van de uitzonderlijke pulsar B0826−34 verbeteren de interpretatie van de ongewoon zwak-
ke emissie en de resultaten van polarisatie-studies suggereren dat de huidige modellen voor
de polarisatie van pulsar signalen voor verbetering vatbaar zijn. Mijn werk aan de eigen-
schappen van sub-puls modulaties van een grote groep pulsars toont aan dat de waargenomen
tijdsvariaties een algemene eigenschap zijn van pulsars.
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Podsumowanie

Odkrycie pulsarów

Radioastronomia jest jedna֒ z młodszych dziedzin astronomii. Jej pocza֒tki sie֒gaja֒ 1928 roku,
kiedy Bell Telephone Laboratories nazywany też Bell Labs, oddział badawczy i wdrożeniowy
przedsi֒ebiorstw telekomunikacyjnych Western Electric oraz American Telephone & Tele-
graph, zapocz֒atkował program badawczy maja֒cy na celu uruchomienie transatlantyckiego
poła֒czenia telefonicznego przy użyciu transmisji radiowej. Karl Jansky, inżynier pra-
cuja֒cy wówczas dla Bell Labs, został skierowany do badaniaźródeł mog֒acych powodowác
zakłócenia przy transmisji radiowej głosu na dalekie odległości. Jansky zbudował duża֒ an-
tene֒ do odbioru fal radiowych o cze֒stotliwósci 20.5 MHz i po kilku miesi֒acach pracy był w
stanie zidentyfikowác dwa gł́owne typy zakł́océn: wyładowania atmosferyczne podczas burz
oraz “... zakł́ocenia nieznanego pochodzenia”. Po kolejnych miesia֒cach pracy, Jansky ziden-
tyfikował owe zakł́ocenia jako pochodz֒ace z centrum naszej galaktyki, czyli Drogi Mlecznej.
Aby dokładniej zbadác to niezwykłe zjawisko, Jansky zaproponował budowe֒ wie֒kszej, a
przez to bardziej czułej anteny. Niestety Bell Labs nie było zainteresowane dalszym prowa-
dzeniem badán, projekt został zarzucony, a Jansky skierowany do innych zadań. Prawie 10
lat później Grote Reber, astronom amator, zainspirowany odkryciem Janskyego, zbudował
w przydomowym ogŕodku radioteleskop i przeprowadził pierwsze pomiary promieniowania
radiowego. Naste֒pnie opublikował rezultaty z pomiarów w formie pierwszej mapy promie-
niowania radiowego, która wywołała du̇ze zainteresowanie ẃswiecie nauki. W dzisiejszych
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czasach radioastronomia jest pre֒żna֒ gał֒ezia֒ astronomii, kt́ora przynosi nowe, wȧzne odkrycia
pozwalaj֒ace zgł֒ebíc i zrozumiéc tajemnice otaczaja֒cego nas Wszechświata.

Radioastronomia pulsarów, jako gał֒aź radioastronomii zaistniała po przypadkowym od-
kryciu dokonanym w sierpniu 1967 roku przez Jocelyn Bell, wówczas doktorantk֒e Uni-
wersytetu Cambridge. Razem ze swoim promotorem, dr Antony Hewishem, przeprowa-
dzali badania nad scyntylacja֒ sygnału radiowego odległych radioźródeł spowodowanych
struktura֒ ósrodka mi֒edzyplanetarnego, czyli gazów i pyłów wypełniaja֒cych przestrzén
mie֒dzyplanetarn֒a, a powstał֒a np. wskutek zderzeń meteoroid́ow. Krótko po rozpocz֒eciu
regularnych obserwacji, Jocelyn Bell odkryła osobliweźródło promieniowania radiowego
(patrz Rys. 7.1). Pocz֒atkowo Bell i Hewish, rozwȧzali pojawienie si֒e sygnału jako zakłócenia
pochodzenia ziemskiego. Aby to potwierdzić, sprawdzili tak̇ze archiwalne obserwacje i od-
kryli, że za kȧzdym razemźródło pojawiało si֒e w tym samym miejscu na niebie. Fakt
ten pozwolił odrzucíc hipotez֒e o ziemskim pochodzeniu sygnału i doprowadził do wnio-
sku, że zagadkowézródło musi znajdowác sie֒ poza Układem Słonecznym. Sygnał składał
sie֒ z bardzo regularnie pojawiaja֒cych si֒e impulśow radiowych w odst֒epach, co około 1.34
sekundy. Niezwykła i niespotykana precyzja sygnału spowodowała,że badacze brali pod
uwag֒e mȯzliwość istnienia pozaziemskiej cywilizacji szukaja֒cej kontaktu z Ziemi֒a, co po-
skutkowało nadaniem sygnałowiżartobliwej nazwy “Małe Zielone Ludziki 1”. Jednakże brak
efekt́ow towarzysz֒acych ruchowi hipotetycznej planety pozasłonecznej kazała zweryfikować
przypuszczenia, co do pochodzenia sygnału. Pod koniec tego samego roku, w grudniu, od-
kryto kolejneźródło (PSR B1133+16) o okresie 1.18 sekundy i podobnej charakterystyce
emisji, po czym stało sie֒ jasne,że istnienie nowej klasy obiektów radioastronomicznych,
to jestpulsarów1, zostało ujawnione ludzkości. W 1974 roku, Antonyemu Hewishowi oraz
Martinowi Ryleowi została przyznana Nagroda Nobla w dziedzinie fizyki2 “za ich pionier-
skie badania w dziedzinie radioastrofizyki, a Hewishowi za jego decyduja֒ca֒ role֒ w odkryciu
pulsaŕow”. Przypadkowe odkrycie pierwszego pulsara i naste֒puja֒ce po nim kolejne odkrycia
zapocz֒atkowały pytania o nature֒ tych niezwykłych obiekt́ow.

Formowanie się gwiazd neutronowych

Teoria, kt́ora wyjásniała pochodzenie pulsarów została zaproponowana prawie 35 lat
przed ich odkryciem. W 1934 roku Baade i Zwicky opublikowali rezultaty badań nad
właściwósciami promieniowania kosmicznego. Wysune֒li hipotez֒e, że promieniowanie ko-
smiczne powstaje podczas wybuchu supernowych, kosmicznych eksplozji, które podczas
swojej najjásniejszej fazy s֒a jásniejsze od galaktyki, w której si֒e znajduj֒a. Dodatkow֒a uwag֒a
w swojej pracy, była sugestia,że supernowe s֒a stadium przejściowym pomi֒edzy masywn֒a
gwiazda֒ agwiazda֒ neutronow֒a. Gwiazda neutronowa składa sie֒ głownie z neutrońow, czyli
cza֒stek b֒eda֒cych składowymi j֒ader atomowych i jest jedyna֒ mȯzliwa֒ stabiln֒a postaci֒a mate-
rii, która mȯze tworzýc gwiazd֒e o małym promieniu i bardzo dużej ge֒stósci. Dzisiaj wiemy,
że gwiazdy neutronowe sa֒ wydarzeniami kóncza֒cymi cykl ewolucji masywnych gwiazd,

1Pulsar to skŕot słów pulsuja֒ca gwiazdawymyślony przez dziennikarza gazety Daily Telegraph.
2http://nobelprize.org/nobelprizes/physics/laureates/1974
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Rys. 7.1: Po lewej:Wykres pokazuj֒acy zapis sygnału z obserwacji wykonanej 6-tego sierpnia 1967
roku, podczas, której dokonano odkrycia pierwszego pulsara, CP1919, gdzie CP oznacza Cambridge
Pulsar, a 1919 oznacza jego rektascensje֒, jedna֒ ze wsṕołrze֒dnych astronomicznych, określaja֒cych
położenie ciała niebieskiego na sferze niebieskiej w układzie współrze֒dnych astronomicznych.Po pra-
wej: Wykres z obserwacji, podczas których zarejestrowano pojedyncze impulsy wyemitowane przez
CP1919, widoczne, jako charakterystyczne zagłe֒bienia pojawiaj֒ace si֒e w odst֒epach, co∼1.34 sekundy.
Rysunek zaczerpnie֒ty z pracy Hewisha 1975).

znacznie masywniejszych niż Słónce. Masywne gwiazdy zaczynaja֒ sweżycie od obłoku
gazowego składaja֒cego si֒e w du̇zej mierze z wodoru oraźsladowych ilósci pierwiastḱow
cie֒żkich. Obłok gazu zaczyna robić sie֒ coraz g֒estszy podczas zapadania sie֒ w skutek dzia-
łania sił grawitacyjnych. Wzrost ge֒stósci z kolei powoduje wzrost ciśnienia i temperatury,
które w pewnym momencie osia֒gaja֒ wartósci krytyczne po czym zaczyna sie֒ proces, pod-
czas, kt́orego dwa (lub wi֒ecej) ja֒dra atomowe ł֒acza֒ si֒e razem w reakcji termoja֒drowej (fuzji
termoja֒drowej) w jedno ci֒eższe. Fuzja przebiega dopóki dochodzi do zamiany ja֒der pier-
wiastḱow lżejszych w ci֒eższe i kónczy si֒e na etapie formowania ja֒der niklu orażzelaza. Jako,
że ja֒dra tych dẃoch pierwiastḱow maja֒ najwi֒eksza֒ energi֒e wia֒zania, fuzja termoja֒drowa
tych pierwiastḱow nie powoduje uwolnienia energii - przeciwnie proces ten wymagałby do-
starczenia energii. W centrum gwiazdy zaczyna sie֒ akumulacjȧzelaza i post֒epuje doṕoki
jego masa osia֒ga około 1.4 masy Słońca. J֒adro gwiazdy nie jest w stanie akumulować wie֒cej
masy i zapada sie֒. Podczas kolapsu elektrony zderzaja֒ si֒e z protonami formuj֒ac neutrony.
Tak powstaje nowa gwiazda neutronowa, której masa wynosi około 1.4 masy Słońca, pro-
mień około 10 km, bardzo silne pole magnetyczne i całkiem znaczna֒ rotacj֒e, kt́ora przyjmuje
wartósci od kilkuset obrot́ow na sekund֒e do jednego obrotu w cia֒gu kilku sekund. Pozostała
cze֒́sć gwiazdy, kt́ora otacza j֒adro zostaje odrzucona podczas eksplozji supernowej.

Gwiazdy neutronowe emitujące promieniowanie radiowe

Spósród wszystkich gwiazd neutronowych istnieje grupa gwiazd maja֒ca specjaln֒a
właściwósć, która pozwala na ich obserwacje z Ziemi, to jest emisje֒ promieniowania ra-
diowego. Mechanizm odpowiedzialny za emisje֒ fal radiowych przez gwiazde֒ neutronow֒a
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Rys. 7.2: Przykładowa sekwencja pulsów indywidualnych pulsara B0818−13 (dolny panel). Wraz ze
wzrastaj֒acym numerem pulśow, subpulsy pojawiaja֒ si֒e wczésniej i składaj֒a si֒e na tzw. ścieżki dryfu
subpulśow. Nagły zanik emisji pulsara, lub tzw.nul jest widoczny od pulsu numer 60. Profilśredni
pulsara, kt́ory jest charakterystyczny dla każdego pulsara jest przedstawiony w górnym panelu.

nie jest do kónca poznany, ale uważa si֒e, że mechanizm ten jest zwia֒zany z rotacj֒a gwiazdy.
Fale radiowe generowane sa֒ ponad biegunami magnetycznymi pulsara. Podczas rotacji pul-
sara, wi֒azka promieniowania omiata niebo w sposób podobny dóswiatła latarni morskiej.
Jésli wia֒zki promieniowania radiowego omiota֒ Ziemi֒e, wtedy zaobserwować mȯzna impuls
promieniowania radiowego. Efekt ten zachodzi dzie֒ki faktowi, że osie rotacji i pola ma-
gnetycznego pulsarów nie sa֒ równoległe, lecz nachylone do siebie pod pewnym ka֒tem w
wie֒kszósci przypadḱow. Kolejnym typem gwiazdy neutronowej, która tak jak pulsary emi-
tuje promieniowanie radiowe jestmagnetar. Magnetary sa֒ wolno rotuj֒acymi gwiazdami,
posiadaj֒acymi bardzo silne pole magnetyczne, silniejsze niż jakikolwiek obiekt dotychczas
zaobserwowany we Wszechświecie. Gł́ownym rodzajem promieniowania wysyłanego przez
magnetary jest promieniowanie gamma i rentgenowskie, jednakże odkryto trzy magnetary,
które emituj֒a promieniowanie radiowe.
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Pulsy pojedyncze promieniowania radiowego emitowane w regularnych odst֒epach ozna-
czaja֒ ich okresy rotacji. Okresy gwiazd neutronowych nie powtarzaja֒ si֒e, lecz powoli
zwie֒kszaj֒a. Miara wzrostu jestpochodn֒a okresu, kt́ora razem z okresem pulsara jest ważna֒
wielkościa֒, kt́ora֒ mȯzna u̇zyć do wyznaczania parametrów charakteryzuj֒acych wiek lub sił֒e
pola magnetycznego pulsara. Pojedyncze pulsy emitowane przez pulsary lub magnetary pod-
dane zabiegowi úsredniania tworz֒a tzw. średnie profile. Profile te składaja֒ si֒e z setek lub
tysie֒cy pulśow pojedynczych, maja֒ różne kształty dla ŕożnych pulsaŕow i czasami nazy-
wane s֒a “odciskami palćow” pulsaŕow jako, że sa֒ bardzo stabilne dla obserwacji na danej
cze֒stotliwósci. Górny panel na Rys. 7.2 ukazujeśredni profil pulsara B0818−13 zaobserwo-
wanego na cz֒estósci 328 MHz. Profile úsrednione s֒a najcz֒ésciej u̇zywane do studiowania
właściwósci sygnał́ow w du̇zych przedziałach czasowych. Natomiast, aby dowiedzieć sie֒
czegós wie֒cej o “charakterze” emisji pulsara studiuje sie֒ pulsy pojedyncze, które sa֒ silnie
zmodulowane tzn. ich kształt, intensywność oraz ilósć komponent́ow zmieniaj֒a si֒e z pulsu
na puls. Niekt́ore z tych pulśow ułożone w sekwencje nie wykazuja֒ żadnej regularnósci. Inne
przyjmuja֒ zorganizowan֒a forme֒, kt́orej przykład jest przedstawiony w formie sekwencji 80
pulśow pojedynczych pulsara B0818−13 w dolnym panelu Rys. 7.2. Na rysunku tym widać,
że subpulsy pojawiaja֒ si֒e wczésniej wraz z kolejnymi pulsami lub tez “dryfuja֒” w kierunku
lewej cz֒ésci profilu średniego i układaja֒ si֒e w tzw. ścieżki dryfu. Ten specyficzny rodzaj
modulacji nazywany jest zjawiskiemdryfu subpulsów. Fenomen ten może býc wyjásniony
tym, że wia֒zka promieniowania radiowego emitowanego przez pulsar ma specjalna֒ struktur֒e
i składa si֒e z mniejszych wi֒azek, kt́ore okra֒żaja֒ biegun magnetyczny gwiazdy jak na karu-
zeli. Jednak̇ze istniej֒a efekty, kt́ore mog֒a zmieniác dryf pulśow. Pierwszym efektem, który
widoczny jest w okolicy 60 pulsu w sekwencji pulsów widocznych na Rys. 7.2 jest efekt na-
zywanynulingiemi charakteryzuje sie nagłym wstrzymaniem emisji sygnału pulsara. Pulsary
wstrzymuja֒ emisj֒e sygnału w bardzo różnych zakresach czasu i przyjmuja֒ zakres od pojedyn-
czych pulśow poprzez godziny skónczywszy na dniach podczas, których pulsar nie emituje
promieniowania radiowego. Nuling jest także poła֒czony z drugim efektem,zmiana֒ modu
pulsara. Efekt ten najlepiej widoczny jest pod postacia֒ różnych ka֒tów nachyleniásciėzek
dryfu subpulśow w różnych cz֒ésciach obserwacji tego samego pulsara. Zmiana nachylenia
ściėzek dryfu mȯze przebiegác nagle i mȯze býc tėz poprzedzona wstrzymaniem emisji pul-
sara. Te trzy wẏzej wymienione zjawiska uważane s֒a za powi֒azane z mechanizmem emisji
promieniowania radiowego pulsarów. Dokładne zbadanie ich oraz zmian zachodza֒cych w
czasie, gra istotn֒a role֒ w pŕobie zrozumienia natury pulsarów.

Podsumowanie pracy

W niniejszej pracy przedstawiam wyniki badań nad włásciwósciami zmiennósci pulśow po-
jedynczych gwiazd neutronowych emituja֒cych promieniowanie radiowe. Celem tych badań,
jest poprawa stanu wiedzy dotycza֒ca gwiazd neutronowych, takich jak pulsary czy magne-
tary znanych z emisji promieniowania radiowego. W szczególnósci istotnym pytaniem do-
tycza֒cym magnetarów jest: czy włásciwósci emisji sygnału radiowego sa֒ podobne do tego
emitowanego przez pulsary? Czy wszystkie gwiazdy neutronowe emituja֒ce promieniowanie
radiowe wykazuj֒a zmiany dryfu subpulśow w czasie? Dlaczego sygnał wyemitowany przez
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niektóre pulsary jest wykrywany tylko na jednej cze֒stotliwósci, podczas gdy na drugiej nie?

Pierwszy rozdział mojej pracy jest poświe֒cony badaniom nad magnetarem AXP XTE
J1810−197. W roku 2004 magnetar ten został odkryty, jako silneźródło promieniowania
radiowego. Przed kóncem 2008 roku sygnał ten osia֒gna֒ł stan sprzed 2004 roku. Przy użyciu
trzech radioteleskoṕow, Lovell o średnicy 76 metŕow usytuowanego w Anglii, interferome-
tru radiowego Westerbork Synthesis Radio Telescope ośrednicy 94 metŕow w Holandii i
100 metrowego radioteleskopu Effelsberg w Niemczech przeprowadziłem obserwacje XTE
J1810−197 w maju i lipcu 2006 roku. Obserwacje te jako jedyne przeprowadzone zostały jed-
noczésnie na trzech cze֒stotliwósciach: 1.4 GHz, 4.9 GHz i 8.35 GHz. Użyłem ŕożnorodnych
metod analiz danych, aby zbadać i porównác włásciwósci emisji sygnału radiowego ma-
gnetara z pulsarami. Wyniki badań okazały si֒e bardzo przydatne w interpretacji właściwósci
emisji magnetaŕow w świetle obecnej wiedzy dotycza֒cej gwiazd neutronowych. W rezultacie
wyniki badán dowiodły,że włásciwósci emisji sygnału radiowego magnetara w najsilniejszej
fazie nie s֒a podobne do włásciwósci pulsaŕow.

Pozostała cz֒ésć pracy skupia sie֒ na włásciwósciach pulsaŕow. Kolejne rozdziały
póswie֒cone s֒a badaniom nad zmianami dryfu subpulsów w czasie. W rozdziale dru-
gim, przedstawiam now֒a metod֒e nazwan֒a Sliding Two-Dimensional Fluctuation Spectrum
(S2DFS), kt́ora stworzona została do detekcji i oszacowania zmian w dryfie subpulsów pul-
saŕow. Do przetestowania tej metody użyte zostały dane zasymulowane jak i archiwalne
obserwacje trzech pulsarów: B0031−07, B1819−22 i B1944+17. Rezultaty analizy tych
danych, dowodz֒a, że metoda S2DFS jest dobra, prosta w użyciu i uzupełnia inne metody
używane w detekcji zmian w dryfie subpulsów pulsaŕow.

W rozdziale trzecim zaprezentowane zostały rezultaty z najwie֒kszego przegla֒du
właściwósci dryfu subpulśow pulsaŕow, przy u̇zyciu du̇zej ilości archiwalnych danych otrzy-
manych z obserwacji dokonanych interferometrem WSRT na dwóch cz֒estósciach radiowych.
Wykorzystuja֒c nowatorsk֒a technik֒e S2DFS przedstawiona֒ w poprzednim rozdziale, przepro-
wadziłem szczeǵołowa֒ analiz֒e włásciwósci dryfu subpulśow, nulingu oraz zmiany mod́ow.
Przeprowadziłem tak̇ze analiz֒e danych, otrzymanych z obserwacji szczególnie interesuj֒acego
pulsara B0826−34, przeprowadzonych przy użyciu 64 metrowego radioteleskopu Parkes w
Australii na dẃoch cz֒estósciach, 685 i 3094 MHz. Pulsar ten wykazuje dryf subpulsów na
całej szerokósci jego ekstremalnie szerokiego profiluśredniego. Opublikowane wyniki po-
przednich badán sugerowały,̇ze pulsar ten wykazuje efekt nulingu. Jednakże w 2005 roku
dowiedziono,̇ze w rzeczywistósci zamiast nulingu pulsar ten emituje słaby sygnał radiowy.
Przy u̇zyciu danych z obserwacji wykonanych radioteleskopem w Parkes potwierdziłem ist-
nienie wspomnianego sygnału. Profilśredni otrzymany z obserwacji pulsara, podczas tzw.
modu słabego na wyższej cz֒estotliwósci, jest bardzo podobny do profilúsredniego w tzw.
silnym modzie na ni̇zszej cz֒estotliwósci. Włásciwósci polaryzacji sygnału radiowego pul-
sara B0826−34 maja֒ bardzo nietypow֒a natur֒e, kt́ora nie podlega interpretacji na podstawie
modelu czysto geometrycznego, opisuja֒cego jedynie relacje geometryczne pomie֒dzy wia֒zka֒
emisji sygnału radiowego a osia֒ rotacji pulsara.

Podsumowuj֒ac, niniejsza praca skupia sie֒ na interpretacji fenomenu dryfu subpulsów.
Badaja֒c włásciwósci magnetara pokazałem,że pomimo silnego sygnału radiowego nie przy-
pomina on ẇzadnym stopniu sygnału pulsara. Symultaniczne obserwacje pulsara B0826−34
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przeprowadzone na dẃoch cz֒estósciach poprawiły nasze rozumienie niezwykłego zjawiska,
jakim jest emisja słabego sygnału na jednej z cze֒stósci. Wyniki analizy polaryzacji sygnału
radiowego tego pulsara sugeruja֒, że obecne modele wyjaśniaja֒ce polaryzacje֒ wymagaj֒a dal-
szej pracy. Badania przeprowadzone nad właściwósciami modulacji du̇zej ilości pulsaŕow
dowodza֒, że zmiany dryfu subpulsów w czasie s֒a cz֒esto spotykane. Nowatorska metoda
użyta do detekcji zmian dryfu subpulsów w czasie jest bardzo użyteczna i prosta w zastoso-
waniu.
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Figure A. 1: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 2: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 3: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 4: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 5: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 6: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 7: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 8: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 9: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 10: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 11: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 12: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 13: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 14: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 15: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 16: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 17: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 18: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 19: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 20: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 21: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 22: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.



154 Figures

Figure A. 23: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 24: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 25: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 26: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 27: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.



Appendix: Figures 159

Figure A. 28: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 29: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 30: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 31: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 32: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 33: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 34: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 35: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 36: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 37: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 38: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 39: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 40: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 41: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 42: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 43: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 44: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 45: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 46: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 47: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 48: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 49: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 50: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 51: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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Figure A. 52: TheP3 S2DFS (left-hand) and 2DFS (right-hand) plots for sources presented in Table 4.1.
In case of long observations with more than 3500 pulses, only first 3500 blocks are shown inP3 S2DFS.
See the main text and Fig. 3.2 for further details about the plots.
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bowałem. Troch֒e już razem przeszliśmy i jeszcze wi֒ecej przed nami. Francja czeka!



References

Abdo, A. A., Ackermann, M., Ajello, M., et al. 2010, ApJS, 187,460
Alexeev, Y., Vitkevich, V., & Shitov, Y. 1969, Astron. Circ. Acad. of Sci. USSR, N495, 4
Asgekar, A. & Deshpande, A. A. 2001, MNRAS, 326, 1249
Ashworth, M. 1982, PhD thesis, The University of Manchester
Baade, W. & Zwicky, F. 1934, Proc. Nat. Acad. Sci., 20, 259
Backer, D. C. 1970a, Nature, 227, 692
Backer, D. C. 1970b, Nature, 228, 1297
Backer, D. C. 1970c, Nature, 228, 42
Backer, D. C. 1973, ApJ, 182, 245
Backer, D. C., Rankin, J. M., & Campbell, D. B. 1975, ApJ, 197, 481
Backus, P. R. 1981, PhD thesis, The University of Massachusetts
Bartel, N., Morris, D., Sieber, W., & Hankins, T. H. 1982, ApJ, 258, 776
Bhat, N. D. R., Gupta, Y., Kramer, M., et al. 2007, A&A, 462, 257
Bhattacharyya, B., Gupta, Y., & Gil, J. 2008, MNRAS, 383, 1538
Bhattacharyya, B., Gupta, Y., & Gil, J. 2010, MNRAS, 1101
Biggs, J. D. 1992, in The Magnetospheric Structure and Emission Mechanisms of Radio

Pulsars, IAU Colloquium 128, ed. T. H. Hankins, J. M. Rankin, & J. A. Gil (Zielona Góra,
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