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CHAPTER

1

Introduction

1.1 Pulsars - what are they?
The science of radio astronomy was born when the radio engineer Karl Guthe Jansky noticed
“a steady hiss type static of unknown origin” (Jansky 1932) and it was soon clear that the
radio waves orginated from a source outside the Solar system (Jansky 1933). Since then
Radio Astronomy has changed our perception of the Universe profoundly. Examples are the
discovery of the 3K microwave background which is generally accepted as the observational
evidence of the Big Bang theory; the most distant objects called quasars at the edge of the
visible universe and receding at a significant fraction of light speed were first discovered at
radio wavelengths; unprecedented spatial resolution was possible only at radio wavelengths
using a technique known as Global Very Large Baseline Interferometry.
One of the crowning moments in the history of Radio Astronomy was the serendipitous
discovery of radio pulsars in 1967 by the then graduate student Jocelyn Bell. Pulsar is an
abbreviation for Pulsating Source of Radio as coined by a journalist. As the term suggests,
the signal from pulsars is observed as the periodic fluctuation in intensity or brightness of the
received radiation at radio frequencies. The original experiment devised by Jocelyn Bell’s
advisor, Sir Anthony Hewish was to study short time radio intensity variations of quasars
caused by interplenatary scintillation. What was initially suspected to be an undesirable radio
interference turned out to be a remarkable discovery, heralding the arrival of pulsar science.
The arrival of the pulsed signal four minutes earlier every day firmly establised that the source
of the radio waves was outside the Solar system. Together with the periodic nature and small
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Figure 1.1: (a) A section of paper from Joceyln Bell’s chart recorder showing the discovery of PSR
B1919+21, originally called CP 1919 (CP stands for Cambridge Pulsar and 1919 its position on the sky
in right ascension). (b) A high time resolution measurement showing the individual pulses, seen as dips
in the constant baseline with a periodcity of ∼1.34 s.

repetition rates of the signal, it became clear that only a very compact, rotating astronomical
body can be the source of the rapidly pulsating radio waves leading to the first experimental
evidence for the existence of neutron stars. About three decades earlier, Baade & Zwicky
(1934) predicted the possibilty of a neutron star forming when massive stars explode in a
supernova. Interestingly, this statement was made only two years after the discovery of the
neutron as a chargeless subatomic particle by James Chadwick. In what follows one of the
formation scenarios of neutron stars is very briefly reviewed.

1.1.1

Birth of Neutron Stars

Neutron stars are formed during the last stages in the lives of massive stars (9 – 11 M⊙ ), when
these stars exhaust their fuel reserves and explode as a very bright event called a Type II
Supernova. The radiation from a star is powered by the nuclear fusion reactions taking place
in the interior of the star. Normally, a star is supported against the gravitational collapse
due to its own mass by the radiation pressure from the fusion of lighter atoms to heavier
elements which releases energy. However, this “burning” cannot continue indefintely; it ends
when Silicon burning terminates with the production of Nickel-56. This is because, beyond
this point the formation of any heavier nuclei by means of fusion is an endothermic process;
this absorbs energy from the core, thereby altering the temperature and pressure conditions
halting the fusion process. This sudden cessation of the radiation pressure from the nuclear
burning has a disastrous effect on the star, allowing gravitational forces to takeover. The
inevitable gravitational collapse of the star ensues and the result depends on the mass of the
stellar core. For core masses between 1.4 to 3 M⊙ the resulting neutron degeneracy pressure
halts any further collapse and a neutron star of ∼20 km diameter is born; more massive cores
continue to collapse resulting in a black hole. In the case of a neutron star, the original
magnetic flux and angular momentum of the star are conserved. Subsequently, the surface
magnetic field strength and the rotation speed of the collapsed object are greatly amplified
resulting in a highly magnetic, fast spinning neutron star. While the foregoing discussion is
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one of the simplest possible formation scenarios, a large magnetic field in the collapsed star
can also result from dynamo mechanisms similar to that of the Sun or Earth.

1.1.2

Pulsar Science

The radio emission from the pulsar permits the observation of these objects on the Earth, and
is thought to orginate in the region above the magnetic poles of the star. The non-alignment
of the rotational and magnetic axis results in a lighthouse-like effect where the “light” is
seen only if the rotating beam intersects the Earth. The large magnetic field and rotation
result in plasma surrounding the neutron star, and this region is called the magnetosphere. A
complete theory of the pulsar radio emission is lacking despite intense study of these objects.
It is generally thought that the radio emission is a product of the electron–positron pairs that
are accerelated to very high velocities in the magnetosphere of the neutron star. The radio
emission from these objects and one particular aspect of the emission is the focus of this
thesis.
The large mass, small size and the spin make the neutron stars behave like giant flywheels in space. Careful observations of these objects show that the rotation rate decreases
with time, implying that the rotation period increases slightly with time. This loss in angular momentum is due to the braking effect from the rotating magnetized neutron star and is
termed as magnetic dipole radiation. Therefore, the observed increase in pulse period indicates a loss in the rotational kinetic energy which in turn is equal to the energy radiated away
in magnetic dipole radiation. The observed period P and its time derivative Ṗ of the neutron
star can be used to derive some useful quantities. The rotational energy loss is equal to the
energy from the magnetic dipole radiation of a rotating magnet with dipole moment m and
can be expressed as,
dErot
d(IΩ2 /2)
2
=−
= 3 |m|2 Ω4 sin2 α erg s−1
dt
dt
3c

(1.1)

where Ω = 2π/P 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 rotational axis. The right-hand side of equation
1.1 on rearranging results in an expression that relates Ω̇ and Ω as,
Ω̇ = −

 2|m|2 sin2 α 
3Ic3

Ω3

(1.2)

From the expression above, assuming that the pulsar spindown is entirely due to magnetic
dipole radiation, the characteristic age of the pulsar, τc is given by,
τc =

P
P
≃ 15.8 Myr
2Ṗ
Ṗ

(1.3)

The magnetic field strength at a distance r is B ≈ |m|/r3 . Using this and rearranging
equation 1.2, the magnetic field strength at the surface of the neutron star in units of Gauss
(G) is,
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Figure 1.2: The P— Ṗ diagram showing most known neutron stars. The Anamalous X-Ray Pulsars (AXPs) and Soft Gamma Ray Repeaters (SGRs) are the stars with very large magnetic fields.
The symbols shown by dot–circles are binaries, while solitary pulsars are shown by small open circles. The lines of constant characteristic age and surface magnetic field are also shown. This plot
was generated using data from the pulsar database maintained by ATNF and is publicly available at
http://www.atnf.csiro.au/research/pulsar/psrcat/

B sur f =

s

p
3c3
I
PṖ ≃ 1012 G PṖ
2
2
8π R6 sin α

(1.4)

where R is the stellar radius. The values of P and Ṗ are plotted for various pulsars in Figure
1.2. Normally a radio pulsar is born with a small pulse period and large magnetic field. As
the pulsar evolves, it moves to the lower right part of the PṖ diagram. Some pulsars can
be recycled on interaction with another star, and hence be spun up. These pulsars are called
millisecond pulsars. They possess comparatively small surface magnetic fields, periods on
the order of milliseconds and are found in the lower left corner of the PṖ diagram. The
non-interacting or isolated pulsars gradually lose energy and the period increases secularly,
eventually becoming radio-quiet objects.
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The observed increase in pulse period and the corresponding rate of increase is typically
a few nanoseconds per century. Until a few years ago, some pulsars showed rotational accuracies that rivalled the best atomic clocks on the Earth. Only recent developments in atomic
timing standards using the so-called fountain atomic clocks offer improved long term stablity
1,2
. The study of the pulsar by means of regular monitoring of the rotation rate is termed as
pulsar timing and it holds promise in the first direct detection of gravitational waves, providing one more way to test theories of gravity. Timing observations also permits estimation of
the pulsar proper motion and position by transforming the observed arrival times to the solar
system barycentre.
At the time of writing this thesis 1826 pulsars are known, with the fastest rotating at 716
times a second (Hessels et al. 2006), and the slowest rotating once in 8.5 seconds (Young
et al. 1999). The former is a recycled pulsar, which was spun up to a large rotation rate by the
interaction with another star. The latter is a normal middle aged star that will gradually slip
into the radio emission graveyard unless spun up by fortutious stellar interaction. Objects like
the Crab pulsar studied extensively in this thesis are young objects, with typical spin periods
of a few 10’s of milliseconds. Many of these young objects are associated with supernova
remanents. For example, the Crab pulsar is confirmed to have been produced by a star that
exploded in a supernova in 1054 AD.

1.1.3

Pulsar Emission

A simple diagram of a radio pulsar is displayed in Figure 1.3. In the figure, the velocity
of light cylinder is the region surrounding the pulsar within which the corotation velocity
is less than the speed of light. The radius of this cylinder is also the point where the last
open magnetic field line is located and beyond this region the lines open up as the co-rotation
breaks.
The rotating radio pulsar can be compared to a giant rotating magnet. This co-rotating
magnetic field induces a large electric potential near the surface of the neutron star, several
times larger than the gravitational binding potential of the particles to the star. The large
potential in turn strips the electrons from stellar surface which begin to stream along the
open magnetic field lines. These charged particles in the presence of strong magnetic field
results in electron-positron pairs and their motion eventually give rise to the observed radio
emission. The radio emission show intensity variations in the range of less then a nanosecond
to a several days. The nanosecond variations arise from the temporal plasma inhomogenties
while the longer term variations are a result of the changing interstellar medium.
Several models were developed in the past to explain the observed pulsar emission. Currently, a single accepted model does not exist. The main ingredients for pulsar emission to
occur are the presence of charged particles and a mechanism to accerelate these particles.
One of the first model to be proposed was the force-free electrodynamic (FFE) model, that
was initially developed for the aligned rotator (Goldreich & Julian 1969; Komissarov 2002).
1
The NIST-F1 atomic clock’s stability is now measured to be 5 × 10−16 and currently the most accurate. See
http://tf.nist.gov/timefreq/cesium/fountain.htm
2 The PTB’s Cesium based fountain atomic clock is stable up to 1 × 10−15 . See http://www.ptb.de/en/wegweiser
/infoszurzeit/fragen/04.html
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Radio beam

BLC

To observer

Figure 1.3: A cartoon of the radio pulsar. The velocity of light cylinder is shown, and the magnetic
field lines. The radio beam originates above the magnetic poles.

The model is now refined to accommodate the oblique rotator (Spitkovsky 2006) and explains
how charged particles, i.e plasma, engulfs a rotating magnetized neutron star. In this model,
the rotating magnetic field leads to plasma surrounding the star due to the presence of a large
electric field parallel to the stellar surface denoted as E|| , and hence extracts charged particles. The motion of these charges occurs either in the slot-gap or the outer magnetosphere
gap. The extracted charges are then accerelated along the curved magnetic field lines in these
gaps, resulting in curvature radiation (Sturrock 1971; Ruderman & Sutherland 1975). The
radio emission in pulsars is usually explained by the slot-gap (Arons & Scharlemann 1979;
Muslimov & Harding 2004) and the high energy emission e.g γ-ray emission in the the outergap (Cheng et al. 1986; Chiang & Romani 1994) models. In these models, the existence of
E|| is predicted. Depending on the model this results in a charge depleted region either in the
inner polar cap region, or in the outer magnetosphere, and provides a means to accerelate the
charges. Observations with new generation γ-ray telescopes like Fermi (Smith et al. 2008;
Atwood et al. 2009) can be used to contrain these models.
The signal received by the telescope on Earth as result of the pulsar radio emission is
marked by several characteristics. Apart from the first order modulation in the signal’s total
intensity by the stellar rotation, variations are also observed on a wide range of intensities and
timescales. For several applications in pulsar science, e.g pulsar timing, to overcome the weak
nature of the single pulses, the average pulse profile is computed and this shows considerable
evolution with frequency. While the average pulse profile formed at a given frequency by
integrating many individual pulses attains a stable shape with a few hundred to thousand

Introduction

7

pulses, the single pulses themselves are rich in features. Some pulsars emit pulses that shows
intensity variations within a single pulse period, and are variously called as drifting subpulses,
microstructure and giant pulses. Drifting subpulses are features that vary on the order of a
few milliseconds; examples are the ordered pulse-to-pulse intensity variation in PSR B003107 (Huguenin et al. 1970). Drifting appears to occur in a large fraction of bright pulsars as
reported by Weltevrede et al. (2006a). Sensitive analysis methods like the longitude resolved
fluctuation spectrum (Backer 1970) and the 2-Dimensional fluction spectrum (Edwards &
Stappers 2002) developed in the past allows one to test for the presence of drifting subpulses.
One of the observed features is the increase in the width of the average pulse with the
decrease in sky frequency. According to the model above, because of the motion of the
charged particles along the magnetic field lines, the radio emission from these particles are
tangential to the curved field lines. Moreover, the model also predicts that the number density
n of the charged particles vary as r−3 , where r is the height above√the star. If the observed
pulsar radiation is related to the local plasma frequency, then ν p ∝ n. This gives rise to the
so-called radius-to-frequency mapping resulting in lower frequencies emitted higher up in the
magnetosphere, where the number density is smaller than the value near the stellar surface.
Using multifrequency observations, one can thus determine the emission height of various
frequencies.
Intensity variations lasting a few microseconds in some pulsars are quasi-periodic in nature and are called microstructure. In this case, the variations appear to have a characteristic
timescale within the single pulse, like the ∼ 570µs structures in PSR B1133+16 (Hankins
1972). Unlike the average emission profile, the microstructure periodicity was found to be
independent of the observing frequency prompting some authors to suggest two different
emission mechanisms for the pulsed radio emission (Cordes et al. 1990). Various techniques
based on autocorrelation analysis have been used to analyse this phenomena, e.g see Lange
et al. (1998).
Some pulsars emit extreme pulses in the sense that they last only a few nanoseconds and
display extraordinarily large intensities. For example, the giant pulses from the Crab pulsar
are known to have an implied brightness temperature of 1041 K and can be narrower than 0.4ns
(Hankins & Eilek 2007). Similarly, pulses from PSR B1937+21 can be narrower than 15 ns
implying brightness temperatures of 1037 K (Soglasnov et al. 2004). These narrow pulses can
be used as efficient probes of the intervening interstellar medium by studying the observed
scatter broadening in these pulses.
The giant pulse emission has also been observed in a few more energetic pulsars but the
nature of these pulses is still being debated. Observational evidence points to the prevalence
of giant pulse emission in pulsars that have a large value of magnetic field at the velocity of
light cylinder, which is denoted as BLC and is related to B sur f as follows:
BLC = B sur f

 R 3
∝ P−5/2 Ṗ1/2
RLC

(1.5)

where RLC = cP/2π is the light cylinder radius. Currently, a few pulsars with BLC on the
order of ∼ 105 G show these anamalous emission. Another observational feature is the phase
coincidence of the giant pulse emission with the non-thermal high energy emission in some
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pulsars. Some models ascribe the giant pulse emission to magnetospheric instablities that
give rise to plasma waves (Weatherall 1998). Other models propose Compton scattering of
the low frequency radio photons to higher frequencies delivering a large energy in a short
time (Petrova 2004). However, a model that accounts for the broad band and coherence on
the order of sub-nanosecond timescales of giant pulse emission is not present.
One last feature of the pulsed emission is called nulling and is observed as the complete
cessation of the emission that lasts one or more pulse periods. Examples are the nulling
phenomena seen in PSRs B1133+16 (Herfindal & Rankin 2007) and B0031-07 (Vivekanand
1995). A form of nulling results in intermittent pulsars, and Kramer et al. (2006) discuss
one such example in which the emission toggles between on and off states that can last a few
weeks.

1.2 Pulse Dispersion and Scattering
The radio pulsar signal as received by the telescope undergoes two principal propagation effects that smear and broaden the signal as it traverses the ISM. As discussed above, much
information on the pulsar emission is contained in the time variation of the pulsed signal
and therefore any effect that limits time resolution needs to be corrected. The first is signal
dispersion in which the various frequencies emitted by the pulsar travel at slightly different
velocities in the ionized interstellar medium. This results in the higher frequencies arriving
earlier than the lower frequencies here on Earth. Moreover, the weak nature of the pulsars and
the need for high time resolution dictate large bandwidths to improve signal fidelity. However, large observing bandwidths worsen the effect of dispersion smearing, which renders the
pulsar undectectable in some cases. Therefore this effect has to corrected for which accurate,
high speed hardware is important.
The second propagation effect in the pulsed signal results in pulse scattering and scintillation both of which are due to the multiple paths the signal takes to reach the Earth. The
net effect of multi-path propagation in the ISM is the frequency and temporal modulation
of the signal from a few minutes to several days over bandwidths of a few KHz to several
thousand MHz. Even though this effect cannot be corrected, the effect itself can be used to
derive spatial velocities of some pulsars (Cordes 1986).
In what follows, two methods to remove dispersion are reviewed in brief, and more details
are found in chapter 2. The pulsed signal can be dedispersed before or after detection. Postdetection dispersion removal involves breaking down the signal using a filter bank to narrow
frequency channels, and then adding the signal across the frequency after shifting each filter
channel output appropriately. The main aspects of the method is illustrated in Figure 1.4.
While this method is relatively straight forward, the smearing in each filter channel remains
uncorrected. For many pulsars the dispersion measure, pulse period and sky frequency combinations result in a large smearing even within a frequency channel. Also, the true widths of
single narrow pulses cannot be measured using this approach. Therefore, a better method is
needed for high time resolution studies.
Pre-detection removal of dispersion is the only way to fully correct pulse smearing and
an example is shown in Figure 1.5. The method involves inverting the dispersive effect using
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Figure 1.4: Figure showing incoherently dedispersed signal from PSR B0329+54. A 10-second data
stretch was folded at the pulse period of 714.51866398 ms and with 8-channel frequency resolution.
The top panel shows the dispersion smearing in the signal where lower frequencies arrive later than
higher frequencies. The total intensity atop the frequency-phase image shows that the pulse is smeared
by ∼ 200ms if the dispersion is not removed across the channels. The interchannel delay are shown
corrected in the lower panel, but the residual dispersion is still visible within each channel. Note the
improved signal fidelity.

a suitable mathematical model of the ISM. The power of this method was recognized and
microsecond variations in the pulsed signal of PSR B0950+08 were uncovered in the early
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days of pulsar science (Hankins 1971). However, until recently prohibitive computing requirements allowed the application of this technique on either relatively small bandwidths, or
on only a few seconds of the pulsar signal.

Figure 1.5: Same as in Figure 1.4 but the signal is coherently dedispersed. Both intra- and inter-channel
dispersion is removed in this plot. Note the enormous gain in signal-noise-ratio when compared to
Figure 1.4.

1.3 Observing pulsars
The pulsar emission gives rise to a propagating electromagnetic wave which ultimately results
in the signal received by the radio telescope. This signal is in general very weak. As an
illustration, at 1400 MHz sky frequency a pulsar flux density of one Jansky (denoted as
Jy) is considered very bright, where 1 Jy = 10−26 Wm−2 Hz−1 . Even with a very sensitive
observing system comprising of a radio telescope with 100m parabolic reflector and a detector
bandwidth of 20 MHz, this results in a voltage of only 0.3 µV in the antenna probes. This
electric potential has to be amplified several million times to detect it.
The minimum detectable signal S min in a radio telescope is the equivalent power measured
that corresponds to the smallest increase in the system temperature. Following Lorimer, D.
R. and Kramer, M. (2005), this can be expressed as,
S min =

T sys
p

G N p · B · T int

(1.6)

where T sys is the system temperature, N p is the number of polarizations, B is the bandwidth
in Hz, T int is the exposure time in seconds, and G is the telescope gain and is equal to Ae /2kB.
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kB is the Boltzmann’s constant and Ae is the effective telescope area defined as ηA p , where
A p is the physical collecting area and effciency factor η is in range 0.1–0.65 depending on the
telescope design and frequency of operation.
As evident from equation 1.6 and from the discussion in the previous section, for good
sensitivity to the features in pulsar signals one needs a telescope with a large area, a detector
with a large bandwidth and low system temperature. High time resolution is also necessary
to discern the narrow features in the pulsed signal, which necessitates coherent dedisperion.
For these reasons, the pulsed emission from several pulsars in this study were done using the
Westerbork Synthesis Radio Telescope (WSRT) and the Pulsar Machine II (PuMa-II). The
WSRT is shown in Figure 1.6 and consists of 14 telescopes, each of 25m in diameter. Adding
the signals in phase from these telescopes results in the signal equivalent from a telescope
of 93m in diameter. Moreover PuMa-II offers coherent dedispersion as a default mode of
operation offering a time resolution of up to 50 ns. In addition, the WSRT and PuMa-II
combination can offer a bandwidth of 160 MHz resulting in a good sensitivity to narrow and
weak pulsed signals.
With the advent of affordable computing, the design and development of the new pulsar
machine, PuMa-II is discussed in Chapter 2. The PuMa-II instrument (displayed in Figure.
1.6) was specifically built to coherently dedisperse a large bandwidth (up to 160 MHz) in near
realtime allowing pulsar observations up to ∼30 hours. The flexibility and high resolution
offered by the instrument allows one to study various aspects of pulsars. The operation of
PuMa-II results in a large volume of processed data and for this purpose the instrument design
also included a 22-TB archive and a 24-tape back up facility capable of accomodating 9.6 TB
of storage with a fully loaded magazine.

1.4 Thesis outline
The rest of the thesis is organized as follows: Compared to the previous instrument at the
WSRT, PuMa-II improves sensitivity to the pulsar signals by a factor of 4 and provides 50
ns time resolution. This means, a relatively large signal to noise ratio can be acheived in
comparatively little time. The combination of high time resolution, full-coherent dedispersion and a large bandwidth provided an excellent oppurtunity to understand some aspects of
the enigmatic giant pulse radio emission phenomena, especially from the Crab pulsar. Chapters 3 and 5 present a study of the Crab giant pulses at two sky frequencies. Such a large
bandwidth study on a large population of pulses has not been attempted before mainly due to
instrument limitations. The giant pulses from the Crab pulsar proved to be sensitive probes
of the ISM. Scattering and scintillation were also studied at the two frequencies observed in
these chapters.
Within a year of operation of the PuMa-II, the WSRT was equipped with low frequency
front ends (LFFEs) that gave access to the skies in the 115–180 MHz radio frequencies.
Around this time, it was clear that a very unlikely group of pulsars like B0031-07, B1112+50
and J152+2359 showed giant pulse like emission at low frequencies. In addition, an unrelated
experiment at the WSRT showed bright pulses from PSR B1133+16. The emission from
these apparently normal pulsars that showed giant pulse like emission predominantly at long
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Figure 1.6: A few telescopes of the WSRT are shown in the top panel. Each antenna of the array is
parabolic reflector of 25m diameter. Lower panel shows the Pulsar Machine-II (PuMa-II). In the panels
on the lower right of the image, one module of PuMa-II is shown with the top cover removed. Custom
hardware developed as a part of this thesis work is displayed below this computer module.

radio wavelengths could now be effectively studied with the LFFEs and the PuMa-II. The
single pulses collected to examine giant pulse emission also served another purpose – analysis
of other pulse features like drifting subpulses and microstructure. This study forms the subject
matter of Chapter 4.
The flexible processing in PuMa-II means a single observation can be put through multiple passes of data reduction. This feature was made use for the study of giant pulse emission
from millisecond pulsars (MSPs). A few of these pulsars, for example, B1937+21, B1821-24
and J0218+4232 were known to emit giant pulses. Moreover, these pulsars were also routinely observed at the WSRT as a part of the long running pulsar timing programme. The
flexibilty of PuMa-II was now put in use to collect more giant pulses from these sources with
the aim of better characterisation of the giant pulse emission from the MSPs. Chapter 6 details efforts in this direction. In particular, the efficiency of the piggy-back method to collect
additional pulses at nearly no cost is highlighted.
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To summarise, the research questions that are being addressed in this work are: Is it
possible to design and implement a cost-effective instrument to coherently dedisperse pulsar
signals in realtime? Can the time resolution offered by such an instrument provide newer
insights in to the narrow giant pulse emission? How does the giant pulse emission change
with frequency? Do normal low magnetic field pulsars emit giant pulse? How different are
the giant pulse emissions in millisecond pulsars when compared to the Crab giant pulses?
Thus this thesis presents results from a research into giant pulse emission from pulsars in
different stages of the pulsar life cycle - the young ones like Crab pulsars, followed by older
pulsars like B1133+16, B1112+50 and B0031-07, and lastly the very old millisecond pulsars.

CHAPTER
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PuMa-II: A Wide Band Pulsar Machine

Karuppusamy R., Stappers B.W. and van Straten W.
PASP 2008, Volume 120, pp.191-202

Abstract The Pulsar Machine II (PuMa II) is the new flexible pulsar processing backend
system at the Westerbork Synthesis Radio Telescope (WSRT), specifically designed to take
advantage of the upgraded WSRT. The instrument is based on a computer cluster running the
Linux operating system, with minimal custom hardware. A maximum of 160 MHz analogue
bandwidth sampled as 8×20 MHz subbands with 8-bit resolution can be recorded on disks
attached to separate computer nodes. Processing of the data is done in the additional 32nodes allowing near real time coherent dedispersion for most pulsars observed at the WSRT.
This has doubled the bandwidth for pulsar observations in general, and has enabled the use of
coherent dedispersion over a bandwidth eight times larger than was previously possible at the
WSRT. PuMa II is one of the widest bandwidth coherent dedispersion machines currently in
use and has a maximum time resolution of 50ns. The system is now routinely used for high
precision pulsar timing studies, polarization studies, single pulse work and a variety of other
observational work.
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2.1 Introduction
Pulsars are rotating neutron stars and relatively weak radio sources. Observing pulsars requires a large telescope collecting area and wide observation bandwidths in order to improve
sensitivity. Some pulsars have a small rotational period, with the fastest spinning at 716 Hz
(Hessels et al. 2006) and the pulsed emission from these sources is often only a small fraction
of the pulse period, with a duty cycle of 5–10%. Owing to this nature of pulsars, observing
them dictates high time resolution and wide bandwidths as important requirements in pulsar instrument designs. The recent discovery by Hankins & Eilek (2007) of the occurrence of
bright, extremely narrow pulses of 0.4 ns duration in the Crab pulsar further illustrates the importance of high time resolution. High time resolution is also a requirement of high-precision
pulsar timing, an experimental technique with the potential for detecting the gravitational
wave background using an array of millisecond pulsars (Stinebring et al. 1990).
As the radio signals from pulsars propagate through the interstellar medium (ISM), they
undergo dispersion, giving rise to the smearing of signals across the observed spectral band
and limiting the final time resolution. If not corrected, the effect of dispersive smearing can
be severe enough to wipe out the pulsed signal. Dispersion can be corrected before or after
detection of the pulsar signal. In the post-detection method, also called incoherent dedispersion, the pulsar signal is first split into narrow channels and the signal in each channel is
”detected”, i.e the voltage is squared to form the instantaneous source intensity. The detected
time series are then shifted in time with respect to a reference channel, and added to give
an average pulse profile with a high signal-to-noise ratio (S/N). However, this method suffers from the disadvantage that the residual dispersion smearing is still present in the narrow
channels, effectively limiting the maximum time resolution attainable.
A better method in which the dispersion is corrected completely is called coherent dedispersion; it results in a very high time resolution, limited only by the sampling interval, and
better S/N. This technique, pioneered by Hankins (1971), involves sampling and recording
raw voltages and then using digital computers to invert the effect of the interstellar dispersion
on the pulsar signals. In practice, this is done by modeling the ISM as a filter that imparts
a frequency dependent delay on the signal, and convolving the data with the inverse of the
transfer function of the filter.
Even though the second method removes dispersion completely, it is computationally
very intensive. Therefore, incoherent dedispersion was the technique of choice in early pulsar instruments based on mostly analogue filter banks (Stinebring et al. 1992). Other instruments using incoherent dedispersion were based on Acoustooptic spectrometers (Hanado
et al. 1995) and autocorrelation spectrometers (Navarro 1994). Coherent dedispersion in
hardware was implemented, although these systems had limited bandwidth, with a maximum
of 2 MHz (Hankins et al. 1987). In the next generation of machines, a combination of digital filter banks and hardware coherent dedispersion in the narrow channels was implemented
(Backer et al. 1997) allowing high resolution observations with up to 64 MHz bandwidth.
Advances in digital signal processors made digital filter banks possible (Vôute et al. 2002)
allowing even wider bandwidths to be used (up to 80 MHz) and giving a new level of flexibility in terms of a variable number of filter channels and limited baseband recording (up to
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20 MHz, 2-bit data).
Wide bandwidth coherent dedispersion had to wait till technological developments in disk
and tape based storage in the late-90’s that made base band recording more accessible (Jenet
et al. 1997; Stairs et al. 2000; Hotan 2005). With the improvements in storage technology, an
even larger bandwidth can now be baseband recorded, and relatively cheap cluster computers
can be used to coherently dedisperse the data in software. The design of Pulsar Machine II
(PuMa II) has taken advantage of this progress in hardware technology. We describe PuMa
II in the following sections. The rest of this chapter is organized beginning with section 2
describing the WSRT’s interface to pulsar instruments. In section 3 the PuMa II hardware
design, implementation details and software are discussed. Some results illustrating the instrument’s capabilities are presented in section 4. A comparison with other pulsar instruments
is made in section 5 and conclusions are presented in section 6.

2.2 The WSRT Tied Array Interface
The WSRT is a synthesis array telescope (Baars & Hooghoudt 1974). The telescope now
consists of 14 25-m diameter parabolic telescopes on a 2.7 km east-west line. The first ten
telescopes are spaced evenly at 144m and the last four are movable on rails. For synthesis
observations, the movable telescopes can be positioned at various locations on the rails allowing a favorable uv coverage. The recent upgrade of the telescope has resulted in larger
bandwidth, frequency agility, better telescope surface, newer hardware and software, making
the WSRT a very sensitive and flexible telescope. The frontend receivers in each telescope,
called MFFE (Multi Frequency Front End) covers frequencies from 115 MHz to 9 GHz in
both polarizations almost continuously over eight frequency bands. With the highly flexible MFFE design, switching to any of the supported frequency bands can be done within a
minute. The array is most sensitive in the 21cm Band with a system temperature of 27K and
a telescope gain of 1.2 K/Jy.
Pulsar observations in synthesis telescopes are less straight forward when compared to
single dish telescopes. To improve sensitivity to pulsars, the signal from all telescopes in the
synthesis array should be added after the signal from each telescope is delayed appropriately.
In the WSRT this is done by tapping off the digitized signal sent to the correlator and adding
the signal digitally in the Tied Array Adder Module (TAAM). The TAAM provides the added
signal as a digital or analogue output to other backend systems like pulsar machines and
VLBI recorders.
An overview of the WSRT is shown in Figure 2.1. The voltages induced at the probes
corresponding to the two orthogonal polarizations in the frontends are down converted to
intermediate frequency (IF) of 100 MHz at the telescope frontends. All systems following
this stage are equipped to handle these two orthogonal polarization signals. The signal from
the frontends are transported in phase compensated coaxial cables to the receiver room. The
IF signal width is 80 MHz (for F sky < 1 GHz) or 160 MHz ( F sky > 1 GHz) depending on the
band of operation. The signal then passes through an equalizer to compensate for cable losses.
The IF to Video frequency converter (IVC), splits the IF signals into 20MHz-wide subbands
and frequency translates to 20 MHz baseband signals. The signals are then real-sampled
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Figure 2.1: A block diagram of the WSRT. The radio telescopes are equipped with the multi-frequency
frontend, MFFE. Pulsar machines (includes PuMa II) and other backend instruments requiring the tied
array outputs are connected to the Tied Array Adding Module (TAAM). The correlator system computes
all baselines in the array. All systems are synchronized by the Hydrogen maser reference.

at the Nyquist rate in the analogue to digital converter (ADC) units using a 40 MHz clock
and two bit digitizers. In comparison to the complex sampling used in similar instruments,
real sampling of the signal results in better quality due to the non-ideal realizations of the
physical 90◦ phase-shifters required in sampling the quadrature signal. A geometric delay
to the digitized basebands are now applied and are sent to both the correlator system and
to the adder module, TAAM. The TAAM forms the coherent sum of the signals from the
telescopes in the array. From this point onwards, the data distribution is done via optical
fibers. The use of optical links improves noise immunity in the data communication paths of
the backend systems by isolating electrical grounds between the subsystems. This avoids the
formation of electrical ground loops in the system. The net effect of the use of fiber links is
the improvement in signal integrity, thereby improving the overall system quality greatly. The
TAAM adds the 2-bit data from all 14 telescopes in phase, resulting in a signal of equivalent
strength to that from a single dish telescope of 93-m diameter. Addition of the 2-bit signals
from all 14 telescopes results in a 6-bit value. The two 6-bit values corresponding to the
two polarizations are packed as two 8-bit signed integers and sent to the storage nodes in the
PuMa II cluster via optic fibers.
The addition of all telescopes signals results in a fan beam, with the beam width depend-
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ing on the wavelength of operation; at 21cm this is 28′ × 0.3′ . The narrow beam formed by
the phased array has some advantages when compared to the beam of an equivalent single
dish telescope. The synthesized beam is less sensitive to terrestrial radio-frequency interference and is narrow enough to resolve out extended structure in the sky, improving sensitivity
to some pulsars (e.g the Crab pulsar). However, the narrow beam also has the disadvantage
of a small field of view when the array is used for pulsar surveys.

2.3 PuMa II design
2.3.1

Overview
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Figure 2.2: A simplified block diagram of the Pulsar Machine II (PuMa II). The inset shows the details
of a storage node. The PuMa II Interface Card (PiC) is the only custom hardware in the system.

Motivated by the increased bandwidth of the upgraded WSRT, we began searching for a
new pulsar machine concept. It was realized early in 2003 that the technology at that time
had the potential to support the large data rates (≈ 800MB/s) required to sample and store
the entire WSRT bandwidth. It was also clear that a computer cluster would be needed to
record and process this large data rate, with each computer node supporting ≈ 100MB/s.
A technology survey was carried out, and a single node prototype was built using a fast
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computer based on the Supermicro X5DAE motherboard1. The X5DAE was chosen based
on the requirement of two independent Peripheral Component Interconnect (PCI) buses to
support the high data rate. This machine proved to be adequate after a careful choice of XFS2 ,
a high performance filesystem, a fast DMA3 card and a high speed disk pack based on 3Ware4
Redundant Array of Independent Disks (RAID) card. In the prototype, the storage medium
was eight parallel IDE devices tied in a RAID0 configuration to support high throughput. The
XFS filesystem was configured with the real time subvolume option, to support low latency,
high speed data writes to the disk surface. With the real time subvolume option, the block
buffering in Linux kernel 2.4.25 is bypassed, permitting fine grained control of the data writes
to the disk. This configuration allowed a maximum throughput of ≈ 100MB/s. The prototype
design was based on an analogue input to the system. An 8-bit dual converter sampled the
analog signal at 40 MHz. Later in the prototype testing stage, it was realized that the digital
outputs of the TAAM can be used. Therefore an interface card, the PuMa II interface Card
(PiC), was designed to accept the digital input (see next subsection for details).
With the knowledge acquired in the prototyping stage, the final baseband recording system was designed with 8 storage nodes (plus 2 spares) and 32 nodes for computing. Two
nodes each equipped with a 8-tape juke-box were added later for the archiving of reduced
data. The current and final configuration of PuMa II is a cluster of 44 computers connected
by gigabit Ethernet and is shown in Figure 2.2. Each node consists of a S28825 motherboard,
with dual-Opteron processors clocked at 2.0 GHz. A HP Procurve gigabit switch is used for
the cluster network. The storage nodes are equipped with an EDT DMA card, and 3Ware
RAID card, a PiC and 4TB of disk space. The separation of acquisition and processing aspects in the system described above easily meets the high speed sustained recording speeds
of 80 MB/s per node amounting to a total throughput of 640 MB/s for the whole system while
offering near real time coherent dedispersion for a range of pulsars.

2.3.2

PuMa II interface Card

As described above, the optical nature of the subsystem communication links required that a
custom interface card be built. The PuMa II Interface Card (PiC), was designed as an electronic card that integrates well in the PuMa II cluster. The card is compatible with the PCI
bus, a standard connection system in computer motherboards. Figure 2.3 shows a block diagram of the PuMa II Interface card. The card is realized on an 8-layer, short sized printed
circuit board (PCB). The PCB was designed to allow high clock rates, up to 200 MHz and
hence differential signal lines are used extensively. The low voltage differential signaling
(LVDS) technique permits much larger clock rates (up to ≈ 650 MHz), while preserving signal integrity within the PCB. The integrated circuit, PLX 9080 provides the PCI bus interface
on this card. A Field Programmable Gate Array (FPGA) provides board control logic, data
synchronization, error detection and monitor logic. The digital optical signal from TAAM
1 http://www.supermicro.com/products/motherboard/Xeon/E7505/X5DAE.cfm
2 XFS

Filesystem from Silicon Graphics Inc. For more details, see http://oss.sgi.com/projects/xfs/
throughput Direct Memory Access (DMA) card. See http://www.edt.com/pcicda.
4 High performance disk access cards from 3Ware Inc. See http://www.3ware.com/products/serial ata9000.asp
5 Server grade motherboards from Tyan Inc. see http://www.tyan.com/products/html/thunderk8spro.html
3 High
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is converted to electric signals in the serial link receiver unit. This is a piggy back module
used in various subsystems of the WSRT and is designed around an Intel TXN31011 optical
transceiver chip. The output of the receiver module is 2×8-bit digital data that are synchronized in the FPGA using the 0.1 Hz system tick (SYSTICK, derived from the observatory’s
MASER reference). The data from the FPGA are converted to LVDS using differential driver
chips and sent to the EDT DMA card via a short 80-core shielded, twisted pair cable.

60 MHz Clock
Generator

Control
Synchronization
And
Error detection

Serial Link Rx Module
(Data/BOCF)

Serial Data input

Logic

DMA Card
interface
(LVDS)

Spare
input/output
(LVTTL)

DATA
OUT

DATA
OUT

PLX−9080 PCI
Interface

0.1 Hz SYSTICK

Figure 2.3: A block diagram of the PuMa II Interface Card. The DMA interface is implemented using
LVDS drivers and 80-pin high density connector. The 0.1 Hz observatory reference is supplied via a
separate connector, and the serial data stream is connected using 50µm multi-mode fiber. After the card
is plugged in to the PCI slot of the motherboard, all PiC connectors are accessible from the computer’s
back panel. See main text for more details.

The data in the PiC are synchronized in two stages. The first level of coarse synchronization is done when the upper layer software requests a recording to be started. The start
command is honored only if the command arrives before the 9th second of a 10 second synchronization boundary. On receiving this command, the PiC is armed, and waits for the next
possible 10-second hardware trigger, the SYSTICK, to arrive. Once the trigger arrives, the
synchronization is done on the fine grained sync signal called Begin of Correlator Frame
(BOCF) is delivered in the serial data stream. From this moment onwards, the data are allowed to flow into the FIFO in the DMA card. The first sample is then timestamped based
on the 0.1 Hz hardware synchronization signal. A byte count is maintained throughout the
observation, thus providing accurate time stamps for all subsequent samples recorded as data
files on the disk. The data written are monitored by the byte count and a resynchronization
procedure can be initiated if data loss is detected. In practice this is almost never done as the
system reliability easily allows uninterrupted recording of 6 hours, which is determined by
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the largest contiguous disk volume.

2.3.3

System Software

The software in PuMa II consists of three different aspects, providing complete flexibility
of the instrument operation. Figure 2.4 provides an overview of the software components
relevant to PuMa II. Many of the components are not visible to the end user, as the whole
system is abstracted by the top layer software. All software components rely on socket based
communication, except for those within a node, which communicate via shared memory
structures.

MTA
Shared
Mem.

TMS
DTA
MTA
Shared
Mem.
DTA

coordinator

MTA

DTA : Disk Transfer Agent

Shared
Mem.

MTA : Memory Transfer Agent
TMS : Telescope Management System

DTA

Figure 2.4: Software components in the PuMa II baseband recorder. The software abstraction of
various hardware sections are shown. Here, the MTA transfers data from the direct memory access
hardware to the physical memory. The disk transfer agent writes data from the physical memory to the
disk. The coordinator software component shown provides an interface to the Telescope Management
System (TMS).
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Data acquisition software
The data acquisition software runs in the storage nodes, and is responsible for the high speed
baseband recording in PuMa II. This module includes software to control the PiC, EDT DMA
card and data writes to the hard disk. Two multi-threaded processes, the first for memory
transfers and the second for disk transfers, run concurrently. The former controls and transfers
data from the DMA card to a buffer in main memory, while the latter flushes data out from
main memory to the hard disk. Both processes update their progress in a shared memory
area. The buffer in main memory is organized as a collection of shared memory segments
of 800 MB total size and can cope with disk latencies up to 10 seconds. A collection of 16
kernel buffers, each of 4MB size arranged as a ring buffer, are reserved for the DMA transfers.
These DMA transfers are the lowest level of data transfer and they are handled by the Linux
kernel module of the DMA card. The memory transfer agent copies this data to the buffer in
the main memory. Since the ADC units of the WSRT always sample at a 40 MHz rate even
if the input band is selected to be less than 20 MHz, decimation of data can be done at this
point to reduce the amount of data written to the disks. The decimation factor can be 1,2,4,8
or 16 corresponding to input bands of 20, 10, 5, 2.5 or 1.25 MHz respectively. This feature is
useful when observations are done at low sky frequencies, where only relatively interference
free regions of a band are to be recorded. The disk transfer agent waits on a filled buffer, and
it is then written to the disk when the buffer is signaled full by the memory transfer agent.
One thread of the memory transfer process listens to a Unix socket, allowing control
from upper layer software. Using this interface a recording can be started or stopped. Other
status information is also exchanged via this interface. The two processes (disk and memory
transfer agents) run in all storage nodes, and a third software component communicates to
all eight storage nodes. This approach encapsulates the PuMa II baseband system as a single
instrument by the telescope software.
The disk transfer software can be replaced by a network transfer program (still in development). This distributes data directly to the compute nodes in the cluster, allowing network
recording or real time distributed processing of baseband data. In the network storage mode,
each storage node needs to be assigned at least Nn target compute nodes and is determined
by,
Nn =

80
,
Rn

(2.1)

where, Rn is the disk throughput rate in MB/s of the target compute node. For the compute
nodes Rn is ≈ 30MB/s, giving Nn = 3. The assumption here is that network speed is equal
to or better than 80 MB/s, which is true for the gigabit network used in the PuMa II cluster.
In the compute nodes, the disk transfer process can be used to write the data to the disk. The
processing software can be used if the data can be processed in real time.
Processing software
The main objective of pulsar signal processing is the removal of dispersion suffered by pulsar
signals as they propagate through the ISM. The ISM can be seen as a tenuous ionized plasma
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that introduces a frequency dependent delay to the radio waves traveling in them. Dispersion
smears the signal across the observing band, and limits time resolution if uncorrected. The
effect can be modeled with a filter that phase shifts the signal depending on its frequency.
Following Hankins & Rickett (1975), the transfer function of the filter can be expressed as:
H( f0 + f ) = exp i

!
2πD f 2
,
f0 2 ( f0 + f )

(2.2)

where f0 is the mid frequency of the observing band, f is observed frequency band, with
f ≪ f0 and D is the dispersion constant defined by,
Z d
DM
D=
, and DM =
ne dl,
2.41 × 10−10
0
where DM is the dispersion measure in pc cm−3 , d is distance to the pulsar, and ne is
the integrated electron density along the line of sight to the pulsar. The dispersive effect of
the ISM can be undone numerically, if the pulsar signal is recorded as baseband voltages.
This is done by convolving the data with the inverse of expression 2.2 and is called coherent
dedispersion or pre-detection dedispersion.
The coherent dedispersion technique is computationally very intensive and the resulting
time resolution is not required for most pulsar studies. Therefore a combination of synthetic
filterbanks and coherent dedispersion can be used to remove dispersion in a computationally
efficient way. This method is called the coherent filterbank. The synthetic filterbank is formed
in software by computing the Discrete Fourier Transform and can be efficiently calculated using the Fast Fourier Transform (FFT) algorithm (Vaidyanathan 1992). An implementation of
the coherent filterbank is described by Jenet et al. (1997), where an N-channel synthetic filterbank is formed first by segmenting the real data in to sequences of length 2N and FFTed to
give N complex points. The first point from successive transformed sequences form the time
series from the 1st filter channel, the second point is the time series from the 2nd channel
and so on. In the second step, the time series from each of these synthetic filterbank channels are dedispersed by convolving with the dedispersion response function. This removes
the dispersion introduced by the ISM completely in the filter channels. As a last step, the
correction of dispersion across the channels is done by introducing a time shift in the filter
channel, calculated from the center frequency of the channel and the DM of the pulsar.
The coherent filterbank method described above suffers from spectral leakage, where the
power from adjacent filter channels have only 13dB of suppression, or about 20% of the
power from adjacent channels leaks into any given channel. To reduce spectral leakage, one
can take longer FFTs or use a windowing function on the data before taking the FFT. The
former method (van Straten 2003) is used in our software. In our implementation, as a first
step, a large K-point forward FFT is computed, where K = N × Nc and Nc is the number of
filter channels required. In the second step, each N-point segment is multiplied by the dedispersion response function tuned to center frequency of the channel. This is then followed by
Nc inverse N-point FFTs, giving an N-point time series in each of Nc channels. Using the
standard TEMPO timing solution, data is folded at the pulse period in each channel, resulting
in Nc average pulse profiles. If desired, single pulse outputs are written to the disk. The
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method described here is available as an open source package, DSP for Pulsars, DSPSR6 .
The PSRCHIVE7 (Hotan et al. 2004) utilities provide additional analysis and viewing capabilities. Using PSRCHIVE utilities, full Stokes parameters can be formed, reduced data can
be converted to other formats, data affected by interference removed from selected channels,
and reduced data can be viewed.
For single pulse work, the DSPSR reduction software currently allows data reduction up
to a maximum time resolution of 50ns, which is permitted by the sampling clock of the pulsar
signal and the WSRT Tied Array Interface. Data from the maximum possible eight 20MHz
subbands can be combined in software as discussed in Soglasnov et al. (2004), resulting in a
maximum time resolution of 3.125ns. This software is still under development.
The compute cluster in PuMa II is used to process data using this software. The cluster
runs an open source version of Grid Engine utility from Sun Microsystems Inc., with which
the processing tasks are submitted to a job queue. The data are read from the storage cluster,
and reduced in the compute cluster. The results are copied to the archival nodes, and written
to magnetic tapes using another utility.
Telescope software
The WSRT uses a large software application, the Telescope Management System (TMS), to
control telescope tracking, feeds in the frontend, and all of the backend hardware. PuMa II
has a software interface to TMS giving full control over data acquisition. This is done in two
steps.
• prepare a specification file before observation
• specify parameters and start an observation using TMS.
In step 1, the pulsar astronomer specifies details on how the data have to be recorded
which includes the frequency band to be recorded, the down sampling rate and the data disk.
This information is stored in a text file. This will be expanded in the future to include processing details like number of frequency channels needed, folding options and single pulse
dumps. The second step of an observation is the specification of an observation using TMS.
When an observation is fully specified, TMS steers all the telescopes, chooses the right feed
in the frontend, sets the local oscillator in the frontend for the proper sky frequency, and configures the backend hardware to add signals. The correlator backend is enabled by default,
and computes cross correlation products across all possible baselines in the array for all observations carried out at the WSRT. If a pulsar observation was requested, the name of the
file specified in step 1 is sent as a parameter to PuMa II. A sub-program of TMS communicates with PuMa II and monitors it continuously. This combination of TMS and the control
software in PuMa II makes pulsar observations very user friendly. An additional software
component in PuMa II will be added in the future to allow automatic reduction of data.
6 http://dspsr.sourceforge.net/
7 http://psrchive.sourceforge.net/

Chapter 2

26

2.4 Observations
PuMa II obtained first light on the pulsar PSR B0329+54 in April 2004, with a 20 MHz
band. The instrument has undergone several refinements since then to support 8×20 MHz
dual polarization operation and to allow full control of PuMa II by the telescope management
software. Some examples of the observations below gives a flavour of the new instrument’s
capabilities in combination with the WSRT. The data were recorded on PuMa II and processed using the coherent filter bank software and all four polarization products were formed.
The post processing analysis was done using the PSRCHIVE utilities.

2.4.1

PSR B1937+21

Figure 2.5: An image of the dedispersed pulse stack, with phase bins in abscissa and frequency in
ordinate. The equidistant horizontal bands seen at 1320,1340,1360,1380,1400,1420 and 1440 MHz are
due to the roll off in the bandpasses of the eight 20 MHz video filters. The feature seen at 1400 MHz is
due to interference. The upper panel shows the average pulse profile for the 20-minute observation.

PSR B1937+21, the original millisecond pulsar, is the second fastest spinning pulsar, with
a period of 1.55 msec (Backer et al. 1982). The pulsar is an isolated millisecond pulsar, with
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a low spin down rate and is known to emit giant pulses (Cognard et al. 1996). This pulsar
is observed regularly at the WSRT in several frequency bands as a part of the European
Pulsar Timing Array. As an illustration of PuMa II’s capabilities, we present a 21cm band
observation on 10 Nov 2006 at a sky frequency of 1380 MHz with 160 MHz bandwidth in
dual linear polarizations.
The pulsar was observed for 20 minutes and the pulsar signal was baseband recorded as
8×20 MHz subbands. The recorded data were coherently dedispersed in the compute cluster
of PuMa II, using a 64-channel filterbank, resulting in a time resolution of ≈ 6 µs. The
data were then folded to generate an average pulse profile every 10 seconds. The baseband
recording generates an 800 MB file every 10 seconds, and the 20-minute observation resulted
in 120 files amounting 96 GB per node or a total of 768 GB for all eight nodes. The 10second average pulse profiles are integrated in time, and then combined in frequency using
PSRCHIVE utilities. Figure 2.5 shows the results from processed and reduced data. The
typical error in an individual time of arrival (TOA) measurement of PSR B1937+21 with
PuMa II is 60 ns. The best TOA error that could be measured with the PuMa I system, for an
equivalent observation duration, was 150 ns and the typical error was ≈280 ns. We have not
yet been observing with PuMa II sufficiently long to be able to do a clear comparison of the
long term timing solution for any pulsar.

2.4.2

The Crab Pulsar Giant Pulses

The Crab Pulsar emits broadband, narrow and very bright pulses, known as giant pulses (GP).
The pulsar was discovered through the GP emission (Staelin & Reifenstein 1968). It has also
been found that a significant contribution to the average radio pulse profile comes from the
giant pulse emission (Popov et al. 2006a). We observed the Crab Pulsar, B0531+21 at 1400
MHz for 6 hours on 11 October 2004. The results from the analysis of the data is discussed
in chapter 3.
The data were coherently dedispersed based on the Crab Pulsar monthly ephemeris8
maintained by Jodrell Bank Observatory. The data were processed in the PuMa II cluster
using the coherently dedispersed single pulse dump mode with a 32-channel filterbank. The
four polarization products are written to the disk per pulse period with a final time resolution
of 4.2 µs. Even though giant pulses from the Crab are can be as narrow as 0.4 ns (Hankins
& Eilek 2007), at 1380 MHz, scattering broadening limits time resolution to ≈ 4µs (Sallmen
et al. 1999). In addition to this fast dump, an average pulse profile was formed every 10 seconds by folding the data at the pulse period, after dedispersion. A total of 7500 simultaneous
giant pulse events were detected in all observed subbands. A 7σ detection threshold was used
to mark giant pulses. Figure 2.6 shows one of these giant pulses that occurred simultaneously
in all seven bands. The pulse shown at 1410 MHz has a peak S/N of 870.
8 http://www.jb.man.ac.uk/∼pulsar/crab.html
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Figure 2.6: Plot of a broadband giant pulse detected in seven of eight observed bands. The 20 MHz
band at 1430 MHz was not recorded due to hardware failure. Bands at 1311 MHz and 1392 MHz
are non-uniformly offset to circumvent radio frequency interference. The pulses are dedispersed to the
centre frequency of each band. The time resolution is 4.2 µs. The ringing effect seen in the baseline
around the pulse is an artifact of software processing.

2.4.3

PSR B1133+16

PSR B1133+16 is a nearby pulsar with a period of 1.18s and a DM of 4.8649 (Hobbs
et al. 2004; Manchester et al. 2005). Giant pulse like events were reported from this pulsar (Kramer et al. 2003) at 4.85 GHz. PSR B1133+16 was observed at the WSRT on 11 May
2007, at eight 2.5 MHz relatively interference free frequency bands centred at 116.75, 130,
139.75,142.25,147.5,156,163.5 and 173.75 MHz. With a 64 channel filterbank and coherent
9 Pulsar

catalog: http://www.atnf.csiro.au/research/pulsar/psrcat
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dedispersion, the reduced data resulted in a final time resolution of 256 µs. We have seen
giant pulse like features in our data. The narrowest pulse is 1ms wide with an intensity of
2000 Jy and the pulse is shown in Figure 2.7. This is the first detection of giant pulses at
this low frequency and the detection of these narrow features at low frequencies would be a
formidable task with an analog filterbank which would need to have a large number of narrow
filters to correct for dispersion effectively. The utility of software coherent dedispersion aided
by baseband recording is evident in this case.

Figure 2.7: A giant pulse from PSR B1133+16 detected in eight frequency bands centered on 150
MHz. The pulse has a flux of approximately 2000 Jy and a width of 1 ms.

2.4.4

PSR J1713+0747

The baseband sampling nature of PuMa II means that polarization data is obtained routinely.
An example of this is shown in Figure 2.8. The millisecond pulsar PSR J1713+0747 was regularly observed at the WSRT with PuMa I, and we use the ephemeris from these observations
to reduce the data from PuMa II. Pulsar PSR J1713+0747 was observed with the WSRT on
2 December 2006 at 1380 MHz and 160 MHz bandwidth. The signal was recorded in dual
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polarization 8×20MHz basebands on PuMa II. The data were coherently dedispersed and
folded using a 64-channel (in each 20 MHz band) filterbank. All four polarization products
were formed. Comparison with the most recently published polarization profile of this source
by Ord et al. (2004) shows an increased level of linearly polarized flux in the PuMa II data.
This can be understood by considering the two-bit quantization artifact known as scattered
power (Jenet & Anderson 1998), which adds ≈ 12% unpolarized flux to the digitized signal.
To systematically alter the integrated profile, the scattered power must vary as a function of
pulse phase, which is true when the dispersion smearing across the digitized band is less than
the pulsar’s spin period. For the CPSR-II observations of PSR J1713+0747 presented by Ord
et al. (2004) (a 64 MHz band centred at 1373 MHz), the dispersion smearing is approximately
3.3 ms, which is less than the spin period of ≈ 4.57 ms. Therefore, the Ord et al. (2004) result
has been depolarized during two-bit digitization.

Figure 2.8: A polarization plot of PSR J1713+0747. The top panel shows position angle swing across
the pulse period. Total intensity, total linear and circular polarizations are in the lower panel.

The signals from the 14 telescopes of the WSRT are also quantized
√ using two bits; however, because the scattered power does not add coherently, there is a 14 reduction of quantization noise in the signal output by the TAAM. The difference between ≈ 12% depolarization
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of CPSR-II data and ≈ 3% depolarization of PuMa II data can account for the ≈ 10% increase
in the degree of linear polarization observed in Figure 2.8.

2.5 Similar Instruments
Most current generation pulsar machines are fully digital, except for the very first input stages.
The cost of computation has decreased continuously permitting widespread use of coherent
dedispersion. High time resolution can only be achieved if large bandwidths are coherently
dedispersed and this needs raw voltages from the telescope, recorded as baseband signal on
disk or magnetic tape. However this method cannot be used on large bandwidth, multi-bit data
for long recording duration due to the prohibitive date rates and volume. It is therefore useful
to break down large bands into smaller subbands, and then apply coherent dedispersion. The
resulting data rates are more manageable. This has an added advantage of efficient data
reduction by distributing the data in a computer cluster environment. Some of these systems
are compared with PuMa II.
Jenet et al. (1997) built recorders based on magnetic media that provided up to 50 MHz
bandwidth. In van Straten (2003), baseband recorders that allowed up to 128 MHz bandwidth are described. However, all these systems were 2-bit recorders, requiring extensive
quantization correction. Vôute et al. (2002) designed PuMa I, which provided limited baseband recording capability, and a flexible digital filterbank. This was based on the digital
signal processor technology. Instruments like ASP10 offered up to 64 MHz of 4-bit baseband recording. Another coherent dedispersion instrument supporting up to a maximum of
100 MHz bandwidth is COBRA11 , where the signal is sampled using 8-bit and 10×10MHz
subbands. In PuMa II the signal is sampled and recorded as 8-bit values supporting a total
bandwidth of 160 MHz. Coherent dedispersion is the default mode of operation in PuMa II.
Other very wide band (>600 MHz) instruments (Spigot: Kaplan et al. 2005) are based on autocorrelation spectrometers allowing incoherent dedispersion. Such wide band systems are,
however, more common in single dish telescopes, due to complexities in wide band beam
forming in a synthesis array.
Hardware based techniques is another possibility to process large volumes of data efficiently. Such systems were built in the past, based on discrete integrated circuits with limitations in bandwidth that can dedispersed, the observing frequency and the DM of the pulsar
(Backer et al. 1997). Moreover in such systems, the data were averaged immediately which
was not amenable to fast dump modes limiting the detection of single pulses. The progress
in FPGA technology holds some promise in this direction, and is currently being explored
(private communication, Scott N. Ransom, NRAO). This instrument12 (under development),
will support up to 800 MHz of bandwidth with the signal sampled at 8-bit resolution. FPGA
based coherent dedispersion will be done on smaller subbands and a limited range of pulsar
dispersion measures.
10 http://astro.berkeley.edu/∼dbacker/asp.html
11 http://www.jb.man.ac.uk/∼pulsar/cobra/
12 https://wikio.nrao.edu/bin/view/CICADA/NGNPP
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2.5.1

Comparison with PuMa I

PuMa I has been the work horse in all pulsar observations carried out at the WSRT. The
instrument records a maximum of 10 MHz dual polarization signals in the 2-bit baseband
recording mode, or 80 MHz when operating in incoherent filter bank mode. PuMa I can
also operate as a 8-bit baseband recorder, if the bandwidth is reduced to 2.5 MHz. PuMa II
operates only in baseband recording mode, and supports p
8-bit sampling and a 160 MHz of
bandwidth. Since the sensitivity to pulsar signals is ∝ 1/ ∆ f.t, where ∆ f is the bandwidth
used and t is the integration time, the large bandwidth in PuMa II has a clear advantage in
terms of time
√ resolution achievable and sensitivity. The sensitivity improvement in PuMa II
is at least 2, when PuMa I operates in the 80MHz filterbank mode. The improvement is a
factor of 4, when PuMa I is used in the 10MHz baseband recording mode. In practice, PuMa
II is more flexible in operation, whereas the design of PuMa I requires specialist knowledge.
PuMa II is being used successfully in all millisecond pulsar observations with an excellent
time resolution. As discussed earlier, the timing of PSR B1937+21 shows at least a four
fold decrease in time of arrival uncertainty using PuMa II. For pulsars like PSR J0034-0534,
the brightest millisecond pulsar at low radio frequencies, this improvement is even more
pronounced as the advantages of coherent dedispersion are more apparent.
The 8-bit operation of PuMa II has an advantage over the 2-bit baseband mode of PuMa
I. The S/N of the digitized pulsar signal is a function of the number bits used to represent the
signal (Kouwenhoven & Voûte 2001), and hence PuMa II offers a better dynamic range to the
input signal. The improved dynamic range is important when radio-frequency interference
(RFI) rejection algorithms are used to mitigate interference. RFI is detrimental to all radio
astronomy experiments, since they add or remove information from the radio signals of astronomical origin. Stairs et al. (2000) describes a method to combat RFI, where the signal is
cleaned by examining the data in both time and Fourier domains to eliminate broadband and
narrow band interferences respectively. Such techniques are effective when the signal has a
high dynamic range resulting from the multi-bit sampling.
The design of PuMa I and its interface to the WSRT involves sampling of analog voltages
twice in the signal path. This introduces quantization noise, making PuMa I less sensitive,
while PuMa II has a single quantization step in the signal chain improving the noise performance.

2.6 Conclusion
We have built and installed a new pulsar machine, PuMa II at the WSRT. The basic mode
of operation in PuMa II is the distributed baseband recording mode, where a 160-MHz dualpolarization analog band is digitized as 2×8×20 MHz subbands with 8-bit resolution and
stored on disk attached to storage nodes. The data are processed in a separate computer cluster. This is done in PuMa II by the separation of a single cluster into three subclusters: a
10-node storage cluster with large disks for distributed recording, a 32-node compute cluster
for data processing and two nodes equipped with high density tape drives for archiving reduced data. The separation allows a large throughput of 640 MB/s to the disks in baseband
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recording mode, while data are farmed out to the compute cluster for further processing. This
results in a near real time data reduction for most pulsars observed at the WSRT. A total
disk space of 32 TB distributed in 8 storage nodes allows 12 hours of continuous recording.
Software based data processing makes PuMa II a flexible instrument, addressing a wide variety of signal processing tasks. For pulsar science, a software based coherent dedispersion
method offers a routine time resolution up to 50ns. The instrument has excellent performance
in terms of time resolution and flexibility. It also illustrates that large bandwidth baseband
recording is possible, and future technology will offer even larger bandwidths. The software
based processing offers full flexibility in processing the data, including RFI excision, which is
becoming more important as the spectrum is crowded with commercial operators. The modular design of the instrument allows straight forward upgrades, for either larger bandwidth or
longer storage. Possibilities exist to make the instrument even more flexible, with additional
hardware under consideration, for e.g FPGA based hardware polyphase filterbanks. Combined with data averaging, this would reduce data rate, and allow longer integration times.
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Crab Giant Pulses

R. Karuppusamy, B. W. Stappers and W. van Straten
Submitted to Astronomy & Astrophysics
Abstract The pulsar embedded in the bright, young Crab supernova remanant is known for
its giant pulse emission. Past studies have concentrated only on the very bright pulses or
were not sensitive to the faint end of the giant pulse luminosity distribution. With our new instrumentation offering a large bandwidth and high time resolution combined with the narrow
radio beam of the Westerbork Synthesis Radio Telescope, we seek to probe the weak giant
pulse emission regime by a study of large population of giant pulses from the Crab pulsar.
The analysis includes the distributions of the measured pulse widths, intensities, energies and
scattering times.
The Westerbork Synthesis Radio Telescope (WSRT) was used in a phased array mode,
resolving out a large fraction of the Crab nebula. The pulsar signal was recorded using the
PuMa II pulsar backend and then coherently dedispersed and searched for giant pulses. After
careful flux calibration, the data was analysed to study the giant pulse properties. The weak
giant pulses are shown to form a separate part of the intensity distribution. The large number
of giant pulses detected were used to analyse scattering and scintillation in giant pulses. We
report for the first time the detection of giant pulse emission at both the main and interpulse
phases within a single rotation period. The rate of detection is consistent with the appearance
of pulses at either pulse phase as being independent. We use these pulse pairs to determine
scintillation timescales within a single pulse period.

36

Chapter 3

3.1 Introduction
The Crab nebula, identified as the supernova remnant which resulted from SN 1054, is one
of the strongest radio sources in the sky and harbours the young neutron star PSR B0531+21.
The pulsar is visible across the entire observable electromagnetic spectrum; at radio wavelengths it is the second brightest pulsar in the northern sky. PSR B0531+21 was discovered
by Staelin & Reifenstein (1968), soon after the discovery of pulsars. The pulsar is noted
for several features including the near orthogonal alignment of the magnetic and rotational
axis that gives rise to the observed interpulse emission. The average emission profile of the
pulsar, obtained by averaging the radio emission from many rotations of the star, exhibits a
number of features that change quite remarkably with radio frequency (Moffett & Hankins
1994). The individual pulses show a large variation in amplitude and duration as a function
of time. The most enigmatic of these are its occassional intense bursts known as giant pulses
(Heiles et al. 1970; Staelin & Sutton 1970). The giant pulses can be extremely narrow – of
the order of 0.4 ns (Hankins & Eilek 2007) – and the pulse flux can be several 1000 times the
average pulse flux. The ultrashort durations of the giant pulses imply very high equivalent
brightness temperatures (Hankins et al. 2003) indicate that it originates from a nonthermal,
coherent emission process.
The Crab pulsar is one of just a handful of pulsars which have been shown to have giant
pulse emission. Some other pulsars, like the young Vela pulsar also show narrow, bursty
emission called giant micropulses (Johnston et al. 2001). The fluxes of these micropulses
are within a factor of 3 times the average pulse flux. In the pulsars that show giant pulse
emission, the pulse intensity and energy distributions exhibit power-law statistics (Argyle &
Gower 1972) while the giant micropulses give rise to log-normal distributions Cairns et al.
(2001). In contrast the bulk of the pulsar population have pulse intensities and energies that
are normally distributed (Hesse & Wielebinski 1974). This indicates that the giant pulses and
micropulses may form a different emission population.
The Crab giant pulses have been studied by various groups, yet the nature of the emission
process remains elusive. In very early studies at low sky frequencies, the data was afflicted by
dispersion smearing and scattering (Heiles et al. 1970; Gower & Argyle 1972), but the power
law nature of the intensity distribution of giant pulses was identified. The next major study
by Lundgren et al. (1995) discussed a multi-wavelength observation of giant pulse emission,
and noted the possibility of a weak giant pulse emission population at radio wavelengths,
which they were unable to resolve due to insufficient sensitivity. Sallmen et al. (1999) found
that the Crab giant pulses are broad band at radio wavelengths. They also determined giant
pulse spectral indicies in the range of -2.2 to -4.9 using their widely spaced observation
bands and 21 simultaneously detected giant pulses. Observations by Hankins et al. (2003)
revealed that giant pulses at 5.5 GHz contained nanosecond wide subpulses and the presence
of such narrow features had been predicted in numerical modelling by Weatherall (1998). At
these frequencies the radio emission character of the Crab pulsar changes, with the interpulse
emission becoming dominant. A multi-wavelength radio observation of Crab giant pulses
with widely spaced frequency bands (0.43 GHz and 8.8 GHz) was presented by Cordes et al.
(2004), and they discuss the effects of scintillation over a wide range of frequencies. Popov
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& Stappers (2007) and Eilek et al. (2002) investigated pulse width distriutions and found
that narrow pulses tend to be brighter. Bhat et al. (2008) carried out a similar analysis in
addition to scattering and dispersion variations in the nebula. All of these studies point to the
peculiarity of the Crab pulsar and its puzzling emission process, and motivates further study
at finer detail using a large number of pulses. For the work discussed in this chapter, we
utilize the wide band capabilities of the new pulsar machine, PuMa–II described in Chapter 2
and the Westerbork Synthesis Radio Telescope (WSRT) in the coherent tied array mode. At
small hour angles, the synthesized beam of the WSRT effectively resolves out the Crab nebula
reducing the nebular contribution to the system temperature. Thus the WSRT and PuMa–II
combination makes this study much more sensitive in terms of signal-to-noise ratio acheived,
and number of pulses than was possible in the past. The rest of this chapter is organized
as follows: in §2 we describe the observation set up and data reduction. Flux calibration is
discussed in §3. The giant pulse characteristics are discussed in §4. We report detections of
double giant pulses in §5 and the scattering analysis is presented in §3.6.

3.2 Observations and data reduction
The radio observations of the Crab Pulsar reported here were carried out as part of a multiwavelength observation with the Integral γ-ray telescope and the WSRT on 11 October 2005.
The WSRT observations were from UTC 03.h 56.m 50.s to 09.h 36.m 20.s with a break of three minutes in the middle of the observation to switch data disks. The results of the γ-ray observations
will be reported elsewhere.
The pulsar was observed at eight different sky frequencies in the L–Band, which is the
most sensitive front-end receiver at the WSRT (T sys = 30 K). The sky frequencies (see Table.

Parameter

Value

Observation duration . . . . . . . . . . . . . . . . . . . . . .
Start Epoch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Sky frequencies . . . . . . . . . . . . . . . . . . . . . . . . . .

21420 s
53654.726505 (MJD)
1311a, 1330, 1350, 1370, 1392a
1410, 1428a,b, 1450 MHz
8 × 20 MHz
30 K
21′′ × 1741′′ c

Bandwidth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Nominal T sys . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Beam size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
a

These frequencies are not uniformly spaced to avoid interference.

b

This band was not recorded due to disk failure.

c

The beam size varies as a function of the observation time. See text for details.
Table 3.1: Telescope parameters and observation details.
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Figure 3.1: Total intensity of a coherently dedispersed giant pulse at the main pulse phase detected in
all recorded bands at 4.1 µs resolution. The total dispersion delay of 24.9 ms across the seven bands
was removed for this plot. The lower most panel shows the pulse after combining the signal in all seven
bands. The pulses displayed here are scaled relative to the pulse at 1330 MHz.
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Figure 3.2: Total intensity plot for six of the seven recorded bands shown here after coherent dedispersion and combining in software. The striped nature of channels at 1330 MHz and 1390 MHz is due to
the overlap in the adajcent frequency bands. The roll-off of the filters used in the system is also seen as
a reduced intensity at the band edges. A low level extended feature is seen at the edge (also visible in
the top panel as the elevated baseline in the right side of the main pulse) of each band which is due to
the 2-bit quantization noise, and is visible only in long exposures.

3.1) were chosen to be free of radio frequency interference. Two orthogonal polarizations
of 8×20 MHz analogue signals from each telescope were 2-bit sampled at the Nyquist rate
of 40 MHz. The telescope was operated in the tied array mode in which coherent sums of
the sampled voltages were formed in dedicated adder units resulting in 6-bit summed voltages. A coherent sum was achieved by determining the instrumental phase offsets between
the telescopes using observations of a strong calibrator source. These phase offsets, combined with the geometrical phase offsets required for tracking the source are applied to each
telescope. The resultant values were then read off as 8-bit data and recorded in the PuMa–II
storage nodes. This resulted in a total of 13.5 Terabytes of raw data. After the observation the
data were processed offline using the open-source pulsar data processing software package
DSPSR1 . A 32-channel synthetic coherent filterbank was formed across each 20 MHz band
with coherent dedispersion applied across each of the channels using the dispersion measure
(DM) of the pulsar. We obtained the DM (= 56.742) from the list maintained by the Jodrell
1 http://dspsr.sourceforge.net/
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Bank Observatory2 (Lyne et al. 1993) at an epoch closest to our observation. Frequency resolution was preserved so that studies of spectral indices, scintillation and scattering could be
carried out.
From the dedispersed data the total intensity was computed for each pulse. Giant pulses
were detected by computing the peak signal-to-noise ratio denoted by S /N. The giant pulse
detection threshold was set at S /N ≥ 7σ in each band, where σ is the off-pulse root-meansquare noise fluctuation. Pulses below the detection threshold were discarded to ease storage
requirements. The signal was originally sampled at the Nyquist rate resulting in a time resolution of 25 ns. The 32-channel filterbank and the choice of 4.1 µs final time resolution
resulted in 8192 phase bins. The time resolution of 4.1 µs was chosen to match the estimated
scattering time scale available at the time (Sallmen et al. 1999). However, it is known from
recent work by Bhat et al. (2008) that single pulses at these radio frequencies can be as narrow
as 0.5 µs. In addition to the single pulses, average pulse profiles with 128 frequency channels
in each 20 MHz band were formed every 10 seconds.
The reduced data consisted of ∼21000 giant pulse candidates in each recorded band. An
example candidate is shown in Figure 3.1, where the pulse was detected in all bands. In
the offline analysis stage these candidates were combined in software using only pulses that
show the expected dispersion delay. This method ensures that spurious signals are filtered
out in our analysis. After combining in software, 12959 giant pulses were identifed to have
occured simultaneously at all observed sky frequencies. Of the 12959 pulses, 11384 were
detected at the main pulse phase and 1370 at the interpulse phase of the average pulse profile
respectively.
Folding of the data and forming the single pulses was performed using the DSPSR software package and a polynomial determined by using TEMPO (Taylor & Weisberg 1989).
The folded profiles formed in each 20-MHz band were combined in software to validate the
DM used. The combined data is shown in Figure 3.2 as a frequency–phase image and shows
no smearing, confirming that the value of DM is right. A similar procedure was used to
combine simultaneous giant pulses in all seven bands. Some artifacts of the 2-bit systems of
the individual telescopes are visible once the profile is summed for the entire six-hour long
observation. The width of these artifacts match the dispersion smearing in the bands as seen
in the top panel of Figure 3.2. The quantization noise is 12% for a single telescope, whose
signal is sampled using 2-bits (Cooper 1970). Since signals from the 14 telescopes of the
array
were coherently summed, the uncorrelated quantization noise is reduced by a factor of
√
14. The resulting noise of 3.7% is considered too small to be problematic in the analysis
that follows. In many stages of the analysis, extensive use of the PSRCHIVE (Hotan et al.
2004) utilities were made to view and validate the pulsar data and to compute the S/N used
in further analysis.

2 http://www.jb.man.ac.uk/

pulsar/crab.html
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3.3 Flux calibration
To establish a flux scale for the observed giant pulses, the mean system flux needs to be
computed. The mean system flux is proportional to the r.m.s noise variations at the telescope
output and can be expressed by the radiometer equation (Dicke 1946),
S min = p

S sys
N p · B · T int

,

(3.1)

where, S min is the r.m.s system noise in Jy, S sys is the total system noise, N p is the number of
polarizations (= 2), B is the bandwidth in Hz (= 140 MHz) and T int is the integration time in
seconds.
The total system noise in flux density units in equation (3.1) is the total equivalent system
temperature divided by the telescope gain (S sys = T total /G). For the WSRT, when signals
from the fourteen 25-m parabolic dishes are combined, the resulting telescope gain3 is G =
1.2 K.Jy−1 . The term T total , can again be expressed as,
T total = T sys + fν (t) · T cn ,

(3.2)

The term T cn is the contribution of the Crab Nebula to the system temperature, while the
term fν (t) is a time dependent factor explained below. Following Bietenholz et al. (1997),
we express the total flux of the Crab Nebula at frequency ν (in GHz) as S CN = 955ν−0.27,
from which T cn is computed. The WSRT is an east-west array and the coherent addition of
the telescope signals results in a 21′′ × 1741′′ fan beam. The Crab nebula is an extended
source of size Ωcn = 6′ × 4′ . Hence the WSRT’s fan beam resolves the Crab nebula in the
east-west direction. This in turn reduces the nebular contribution to the T sys . However, the
width of the WSRT’s fan beam is not a constant, but is a function of the observation time.
As the source is tracked in hour angle, the effective width of the synthesized beam can be
expressed as ΩA (t) = Ωcn · λ/D · cos(HA). In this expression HA = t − RA, where t is the local
sideral time, the maximum baseline D = 2700m and RA is the right ascention of the Crab
pulsar. The fraction of the nebular contribution can be expressed as fν (t) = ΩA (t)/Ωcn , which
reaches its minimum value of 0.13 at zenith. As the source is tracked toward the horizon,
the projected distance between the dishes decreases and ΩA (t) increases. Consequently, the
observing system becomes less sensitive toward larger hour angles, or when the source rises
and sets. This time dependence of the system noise is included in our flux calibration. The
variation of S min is shown for a bandwidth of 140 MHz, N p = 2 and τ = 4.1 µs in the upper
panel of Figure 3.3. A plot of the pulse intensity during the observation (lower panel of Figure
3.3) confirms this reduction in sensitivity.
The peak flux of the giant pulses were computed using the modified radiometer equation
(Lorimer, D. R. and Kramer, M. 2005) for the pulsar case, S peak = (S /N) · S min . With the
above considerations of the nebular contribution to T total and with T sys = 30K in the WSRT’s
L–Band, the system retained good sensitivity in the first 15000 seconds of the observation.
3 The telescope gain is 1.34 K.Jy−1 for an ideal array combiner. The reduction in gain is attributed to losses in the
formation of the tied array signal.
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Figure 3.3: The upper panel shows the change in minimum detectable signal S min within a 4.1 µs time
interval during the first 5 hours of the 6-hour observation. The hour angle of the source is displayed
in the top ordinate axis. The lower panel is the observed change in peak signal-to-noise ratio of the
detected signal. The dependence of the signal-to-noise ratio on the hour angle of source is discussed in
the text.

Two other factors have been neglected in this calibration procedure which do not contribute
significantly to the T sys : the relative change of the orientation of the WSRT’s fan beam and
the Crab nebula over the course of observation and the partial shadowing of three telescopes
out of the 14 for HA > 54◦ (the last 3 hours of our observation).
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3.4 Single pulse statistics
For the analysis that follows, all pulses that were flux calibrated as described in the previous
section were used. The discussed change in system sensitivity does not limit this analysis
due to our careful flux calibration procedure. While approximately 70% of the pulses were
detected in all seven bands simultaneously, the rest were detected in two or more of the seven
bands recorded. For the results described below, where applicable, only those pulses that
were detected in all seven bands were used and explicitly mentioned.

3.4.1

Pulse intensity distributions

The giant pulse fluxes of the Crab pulsar contribute to the long exponential tail of the single
pulse intensity histograms (Argyle & Gower 1972), while the normal pulsar population show
pulses which have Gaussian intensity distributions (Hesse & Wielebinski 1974). Figure 3.4
shows the average pulse flux distribution for pulses detected in at least two of the seven
recorded bands. The average pulse flux is computed by integrating all emission within the
equivalent width, Weq of the giant pulse (see §3.4.4). This value is averaged over the pulse
period to obtain the average pulse flux. The pulse in √each band was detected based on a
threshold of 7σ. A pulse detected in two bands satisfies 2×7 = 9.89σ limit. In the first three
hours of the observation (when the system was most sensitive), the flux equivalent system
noise in 4.1 µs is 109 Jy. Averaged over the pulse period, a pulse of S /N = 9.89σ corresponds
to an average pulse flux density of 3.9 Jy. Hence, the flux distribution computed here contains
a good fraction of weak giant pulses compared to those reported elsewhere (see Table. 3.2).
The tail of the distribution is well described by a power law curve, NF ∝ F α , where NF is the
number of pulses detected in 1.8 Jy flux intervals of F. The value of α = −2.79 ± 0.01 and
α = −3.06 ± 0.06 was determined from the best fits to the data in the interval 118 Jy ≤ F ≤
2000 Jy and 40 Jy ≤ F ≤ 596 Jy for the giant pulses in the main and interpulse respectively.
Reference

Frequency
(MHz)

Threshold
(Jy)

Lundgren et al. (1995) . . . . . . . . . . . . . . . . . . . . .
Popov & Stappers (2007) . . . . . . . . . . . . . . . . . .
Bhat et al. (2008) . . . . . . . . . . . . . . . . . . . . . . . . .
This chapter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

800
1197
1300/1470
1373

120.0
5.9 a
22.3 b
3.9

a

Equivalent average pulse computed flux from the quoted 6σ peak flux density of 142
Jy, assuming 0.036 pulse duty cycle.

b

Average pulse flux density extrapolated for 7σ threshold, 4.1µs time resolution and
pulse duty cycle ≈ 0.036.
Table 3.2: Reported sensitivity to the Crab giant pulse observations in the literature.
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Figure 3.4: Distribution of the pulse intensity of all giant pulses detected at the main and interpulse
phases in the upper and lower panels, respectively. The long tail results from the giant pulse emission.
The best fit power law curve is shown with slope −2.79 ± 0.01 for the pulses in main pulse phase and
−3.06 ± 0.06 for the pulses in the interpulse phase. The excess seen near 3Jy is due to rounding off in
Weq . [see text for details].

It is worth noting the differences in the intensity distributions displayed in Figure. 3.4.
While the distribution of the giant pulses in the main pulse phase shows a clear turn over
at ∼20 Jy, the emergence of a bimodality in the region containing weak pulses is evident
in the intensity distribution of the interpulse giants. The weak giant pulses and the normal
pulses convolve giving rise to this bi-modal distribution. The distribution corresponding to
the interpulse phase also shows a flattening in the 10–30 Jy region. The clear excess of
weak pulses in both the distributions in the region F ≤ 5 Jy is due to our method of setting
Weq = 4.1 µs (equal to the time resolution). In this case the emission window considered is
dominated by noise or weak and narrow pulses. The slopes of the power law models obtained
here can be compared to the values reported earlier. Figure 4 of Lundgren et al. (1995) shows
for data at 800 MHz, a slope of −3.46 ± 0.04. Cordes et al. (2004) derived a value of ∼ -2.3 at
433 MHz and Bhat et al. (2008) found −2.33 ± 0.14 at 1300 MHz. The value of the slope of
the power law fit to the main pulse intensity distribution reported here is in general agreement
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considering the effect of low number statisics and/or dispersion smearing in the observations
reported elsewhere. We note that while this experiment was sensitive to much lower fluxes,
the long observation time has also enabled the detection of rarer bright pulses.

3.4.2

Pulse energy distributions

Figure 3.5: The cumulative probablity distribution of the energy in giant pulses detected at the main
pulse and the interpulse phases in the upper and lower panel, respectively. The y-axis is the fraction of
the total number of pulses and pulse energy is plotted on the x-axis. Also shown are the occurance rates
per minute, second and hour.

The relative occurance rates of giant pulses is displayed as a cumulative probablity distribution of the individual pulse energies in Figure 3.5. The pulse energy is computed by
multiplying the equivalent width, Weq and the average pulse flux. As described in §3.4.1, we
computed the best fits to the cumulative probablity distributions of the main and interpulse
giants. The power law curve with α = −2.13 ± 0.007 and α = −1.97 ± 0.006 fits the data well
for pulse energies at the main and inter pulse phases, respectively. The break seen at ∼2000
Jy.µs is consistent with the break value reported by Popov & Stappers (2007). We note that
the emission at the interpulse phase shows a somewhat shallower power law.
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It is known from Popov & Stappers (2007) that the power law index has a width dependence, varying from −1.7 to −3.2 as the pulse width increases. Based on this variation, the
index we find is in good agreement with Popov & Stappers (2007) and Bhat et al. (2008)
(−1.88 ± 0.02 at 1300 MHz). However, we fit only a single power-law unlike the two powerlaw fits found by these authors. Partial fits to the low energy pulses yield more than two
components, with shallower power law indicies indicating a simple dual-component fit is insufficient. One explanation for this can be the bias introduced by setting Weq = 4.1 µs for
narrow pulses, overestimating the pulse energy. However this can only be a minor contribution and argues that there is a clear break in the intensity distribution. To compare the
occurance rates we see here, we proceed to derive the rates from the arrival times of the giant
pulses in the next section.

3.4.3

Giant pulse rates

The distribution of the separation times between successive giant pulses is plotted in Figure
3.6. If the giant pulses are mutually exclusive events independent of each other, then the
arrival time separation follows a Poisson process (Lundgren et al. 1995). The probablity of
a giant pulse occuring in the interval x is then given by P(x) = µx.e−µx , where µ is the mean
pulse rate. Since our data consists of only giant pulses, we expected to see an exponential
reduction in the separation time between the pulses. Figure 3.6 shows the fits to the separation
times at both the inter- and main pulse phases.

Figure 3.6: The symbols show the distribution of separation times between successive giant pulses at
the main and interpulse phases and the solid lines are the best fits to the distribution. The top ordinate
axis corresponds to the curve and data for the pulses at the main pulse phase and are offset by 450 for
clarity.

Functions with an exponential decay with time constants 1/τ = 1.1 ± 0.02 and 1/τ =
0.172 ± 0.003 are in excellent agreement with the data at the main and interpulse phases
respectively. From the values of τ, the mean giant pulse rates are: one main pulse giant every
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0.9 seconds and one inter pulse giant every 5.81 seconds observed above our threshold limit of
3.9 Jy. At these frequencies, the interpulse giants are comparatively less numerous as evident
from our data. For comparision, in frequency bands above 5.5 GHz, the inter pulse giants are
brighter and more frequent (Cordes et al. 2004). The combined rate of the giant pulses (fit and
data not shown) is one pulse every 0.803 seconds. The foregoing discussion confirms earlier
predictions that the giant pulse rate increases with frequency for the Crab pulsar (Lundgren
et al. 1995; Sallmen et al. 1999). The effect of the WSRT’s sensitivity reduction towards the
end of the observation, as displayed in Figure. 3.3, may have contributed to the long tail
of the distribution, where fewer pulses were detected in comparision to the first half of the
observation. However, the rate derived here is robust, since the system had a good sensitivity
in the first half of the observation.

3.4.4

Width distributions

The equivalent pulse width, Weq is defined as the width of a top-hat pulse with height equal
to the peak intensity of the pulse. Weq for the giant pulses detected in all seven bands was
computed. The results are displayed in panels on the right in Figure 3.7. We express Weq as,

Weq =

1
Imax

×

n2
X
i=n1

Ii × 4.1 µs

(3.3)

where Imax is the peak intensity, and Ii is the intensity in the pulse emission window defined
by bins i = n1 ..n2 and is equal to 1ms in our case. Thus Weq can be viewed as the equivalent
width of a rectangular pulse in µs that has the same area as the giant pulse, with height Imax .
The giant pulses at these frequencies can be quite narrow. For instance, Bhat et al. (2008)
found pulse widths to be 0.5 µs and (Eilek et al. 2002) found 0.2 µs. Our method of data
reduction allowed a time resolution of 4.1 µs and therefore pulses with Weq < 4.1µs were
taken to have a width equal to 4.1 µs. This results in some pulses being underestimated in
flux and overestimated in equivalent width. The computed equivalent widths range from 4.1
µs to ∼120 µs and we find that bright pulses tend to be narrow as seen in the left side panels
of Figure 3.7. This was also suggested by Sallmen et al. (1999) and shown by Eilek et al.
(2002). Popov & Stappers (2007) found a similar behaviour in addition to a width dependent
break in the power law fits to the pulse energy distribution.
In the seven closely spaced radio bands observed, we note that a vast majority of the
pulses have widths larger than 4.1 µs. This is seen in the pulse width histograms at the two
pulse phases, displayed in the panels on the right in Figure. 3.7. The distribution shows a
peak at ∼16 µs, which is 4 times our ultimate time resolution in the main pulse and the peak
shifts towards narrower timescales for the interpulses. We find less than 9% of the pulses
with Weq = 4.1 µs, indicating that the majority of the pulses show widths wider than our time
resolution. The shape of the width distribution is similar at the both the main and interpulse
phases.The contribution to the tail region of the distribution comes from scatter broadened
pulses.
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Figure 3.7: Plot of intensity against pulse width for the main and interpulse windows in the top left
and lower left panel. A histogram of equivalent pulse widths in the top right and lower right panel. The
distribution has an exponential envelope. For pulses with computed Weq < 4.1 µs due to random noise
fluctuations the widths were rounded off to 4.1 µs.

3.4.5

Spectral index of giant pulses

The data were recorded in 7 different radio bands each 20 MHz wide in the frequency range
1300–1450 MHz; several thousands of pulses were detected simultaneously in all bands. The
spectral index of individual pulses was computed by modelling the flux variation of a giant
pulse as S (ν) ∝ νk . S (ν) is the flux of the giant pulse at frequency ν, and k is the spectral
index. The histograms of the derived spectral indices are displayed in Figure 3.8 for the giants
at both pulse phases. A large dispersion in the spectral index is seen, with values −1.44 ± 3.3
and −0.6 ± 3.5 for the main and interpulse giants respectively.
These spectral index values are quite a bit shallower than those detected previously (see
Introduction) over wider frequency separations. We therefore consider the effects of diffractive interstellar scintillation (DISS) on the spectral index estimates. Strong DISS results in
pulse intensity variations within each of the seven bands. The effect of scintillation is to
modulate the observed pulsar signal in both time and frequency. This is seen as regions of
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Figure 3.8: Histogram of spectral indices for the giant pulses detected at the main pulse (bottom panel)
and the interpulse phase (top panel). The spread in the distributions is indicative of fitting errors. See
text for details.

enhanced or diminished brightness in a grey scale plot of the intensity as function of time
and frequency. These regions are known as scintiles. We estimate the scintillation bandwidth based the pulse scatter timescales, τ s = 395 ± 50µs at sky frequency of 200 MHz,
reported in the work of Bhat et al. (2007). We further make use of their revised τ s ∝ ν−3.5
frequency scaling and that the scintillation bandwidth and scattering timescale are related
by 2π∆νd τ s = C1 , where the constant C1 = 1.05 for a thin scattering screen (Cordes et al.
2004). From these considerations ∆νd ≈ 0.25–0.38 MHz in the 1300–1460 MHz band. On
examining a few giant pulses by eye, it was clear that some of the scintiles are resolved while
some were narrower than our channel width of ∆ν = 0.625 MHz. Thus, in the flux obtained
by integrating the signal in the 20MHz-wide bands, the scintiles tend to average out. This
implies that scintillation does not cause the spread in the spectral indicies of individual giant pulses. Moreover, with such narrow scintillation bandwidths, averaging over many giant
pulse spectral index determinations as we have done here would expect to give an average
spectral index which reflects the true average spectral index.
We note that refractive interstellar scintillation (RISS) cannot corrugate the spectra of sin-
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gle pulses, since the pulse intensity variations due to RISS are only noticeable in observation
on the order of a few days (Lundgren et al. 1995). However, the pulses do have significant
structure intrinsic to the emission process. One example is displayed in Figure. 3.1 and these
pulses do contribute to the spread in the computed spectral indicies. In this figure, it is clear
that the leading short burst shows considerable variation across the seven bands, while the
scattered trailing part of the pulse is correlated across frequency. This is again similar to what
Hankins & Eilek (2007) found, as shown in their Figure 4, but at much higher frequency of
∼9 GHz.
Sallmen et al. (1999) found that the spectral index variation is between −4.9 and −2.2
based on 29 pulses they observed in two bands centred at 1.4 GHz and 0.6 GHz. The spread
in the indicies compute here and that of Sallmen et al. (1999) points to the stochastic nature
of the giant pulse emission process and/or the disturbed plasma flow in the magnetosphere
caused by strong plasma turbulance (Hankins & Eilek 2007). The giant pulses used in this
analysis were detected in all seven bands which is 70% of all detected pulses in our data.
Since each of our bands are 20 MHz wide, detection in seven bands implies an emission
bandwidth of at least ∆ν = 140 MHz. This suggests that the emission bandwidth of Crab
pulsar giants is potentially larger than ∆ν/ν = 0.1, unlike the giant pulse emission from the
millisecond pulsar B1937+21 (Popov & Stappers 2003). We detected a total of 17587 giant
pulses, of which approxmiately 4000 were detected in less than 7 bands. Clearly it is not
possible to include the pulses detected in only a few bands in this analysis as that would
increase the dispersion in the spectral indicies computed. However this lack of detection in
all bands, for pulses which were clearly detected in the other bands, argues that there are
some narrow band effects which appear to modulate the giant pulse intensity.

3.5 Double giant pulses
During direct inspection of some giant pulses it was noticed that there were occassionally
giant pulse emission seen at both the main and interpulse phases within a single rotation
period of the star. To determine how many such pulses there are employed a search algorithm
as follows: First, the giant pulses detected in all seven bands are combined in software across
the frequency bands; The pulses are then averaged over polarisation and frequency to create
a single pulse total intensity profile. The search algorithm was made sensitive to emission at
both pulse phases by traversing each pulse profile twice; in the first pass, the emission peak
and phase information is recorded, following which a search is made for any emission at the
orthogonal pulse phase. All pulses that show signal ≥ 5σ in the second emission window
are collected separately. The pulses returned by the search procedure were examined by
eye to validate the double pulse nature. To our knowledge, this is the first instance that this
phenomena is being reported. A total of 197 pulses that show emission at both pulse phases
were found in our data set above the 5σ detection threshold.
To consider how likely this is to happen by chance, we note that the observation lasted
643263 rotations of the star and 11584 and 1375 pulses were found at the main and interpulse
phases, respectively, above the 7σ detection threshold in each band.√Since these giant pulses
were detected in all seven bands, the effective threshold is now 7 × 7σ = 18σ. If the
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Figure 3.9: Detected double giant pulses shown as a ratio of the main pulse to the interpulse flux. On
the x-axis, time since the start of the observation is shown.

18σ criterion is used to search for the double pulses, a total of 17 pulses are seen. In other
words, only 17 pulses in the 197 detected show S /N ≥ 18σ at the orthogonal phase. Let the
giant pulses occuring at the two pulse phases be mutually exclusive events, with individual
probablitites P(A) and P(B). The chance of two giant pulses occuring within a single rotation
period is the joint probablity P(A, B) = P(A).P(B). Thus the chance of detecting a giant pulse
above the 18σ threshold limit at the main and interpulse phases are P(A) = 11584/643263
and P(B) = 1375/642263 leading to P(A, B) = 3.5 × 10−5 . Hence, we expect to see a total
of P(A, B) × 643263 = 24 pulse periods with pulses at both phases should be present in our
data. The detection of 17 pulses is thus consistent with the expected 24 pulses.
Combining the seven bands improves sensitivity and allows the detection of weaker
pulses. Considering pulses with S/N larger than 5σ in the orthogonal pulse phase within
the double pulses resulted in the detection of an additional 180 double pulses. While the 197
pulses detected are not sufficient to perform meaningful statistics of these pulses, in § 3.6.1
we use our population of double giant pulses to study scintillation and scattering within a 0.5
rotation of the pulsar.
Although the appearance of the pulses in the same rotation period is consistent with the
indivdual occurance rates we compared the GP properties at each phase. In the double pulses,
the emission in the interpulse phase is typically narrower (Weq <
∼ 16 µs) than the emission at
the main pulse phase and pulses at the main pulse phase are typically brighter, as shown in
Figure 3.9. In both cases this is consistent with the known population of GPs at each phase. A
similar analysis to §3.4.3 was done to determine the rate of double pulses and a rate of 1 pulse
in 84 seconds, or one in 2545 rotations of the star was found to have giant pulse emission at
both pulse phases. Thus, given the narrowness and very low occurance rates of these pulses,
they were easily missed in earlier observations.
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3.6 Single pulse scattering
The frequency resolution and large bandwidth of our data benefits scattering and scintillation
checks on the individual pulses in two ways. First, the pulses detected in 7 bands are combined in software to give 224 channels across the 140 MHz bandwidth allowing examination
of scintillation. Second, the large bandwidth of the combined pulse increases sensitivity and
makes it possible to identify low level extended scatter tails. To characterise the scattering
time τ s in the interstellar medium, we computed the extent of pulse broadening in the individual giant pulses. The pulses can be described by a function with a vertical rise and an
exponential decay to the data and is defined by,
f (t) =

(

e−t/τs
0

if t ≥ 0
if t < 0.

(3.4)

This model is appropriate for a pulse scattered by a thin scattering screen located between
the observer and the pulsar (Williamson 1972). It is known from the work of Sallmen et al.
(1999), that a single one-sided exponential is not sufficient to model the complex structure
of the giant pulses at this frequency. However, a large number of pulses in our data show a
single exponential model fits most of the detected pulses within 10% error. Therefore, we
proceeded with the single exponential fits. The value of τ s obtained from the model fits are
shown in the upper panel of Figure 3.10 as a function of observation time. The reduction
in the scattering time towards the end of the observation is consistent with scattered pulses
tending to be dimmer and therefore below the detection threshold. Only sufficiently bright
pulses are detected in the sensitivity limited part of the observation, as discussed in §3.3.
The scatter tail is also not discernible from the system noise in this part of the observation,
limiting the determination of τ s .
The distribution of the scattering times shows an exponential envelope, as seen in the
lower panel of Figure 3.10. The individual pulse scattering time varies from 4.1 µs to ∼90 µs.
The large number of pulses in the distribution with τ s ≈ 4 µs is related to our ultimate time
resolution of 4.1 µs. This also implies that a large fraction of the pulses have scattering time
τ s ≤ 4.1 µs. At an epoch slightly earlier than our observations, Bhat et al. (2007) determined a
value of τ s = 395 ± 50 µs at 200 MHz. Using their revised frequency scaling of τ s ∝ ν−3.5±0.2 ,
the scattering time at centre our band (1373 MHz) is 0.47 ± 0.05 µs. At a slightly later epoch,
Bhat et al. (2008) found a value of τ s = 0.8 ± 0.4 µs at 1300 MHz which contrasts with
the value of 8ms at 111 MHz (or 1.4 µs at 1300 MHz using a ν−3.5 scaling law) reported by
Kuzmin et al. (2008). With our data, we are not sensitive to scatter times less than 4.1 µs,
but the dispersion seen in the histogram of scatter times in Figure. 3.10 shows that variations
can be expected even within a single observation of six hours. We again refer to Figure. 3.1
for an example of the extreme form this variation: the different parts of the same pulse show
different scattering effects, imparting significant structure to the pulse. In their work on DISS,
Cordes & Rickett (1998) emphasize that considering the 1/e time equal to τ s is valid only for
a thin screen and does not always hold. In light of the limited validity in interpreting the 1/e
time and the spread in the values of scatter times found in our analysis, we suggest that the
scattering in the direction of Crab pulsar cannot be modelled by single thin screen. The Crab
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Figure 3.10: The upper panel shows a plot of the values of time constant τs from the fits to the scattering
in the entire duration of observation for those pulses detected at the main pulse phase. The lower panel
displays a histogram of the time constants obtained from exponential fits to the scatter tails of individual
pulses. The values of τs ≤ 4.1 µs are those pulses narrower than our time resolution and are likely to
be free of scattering.

nebula can clearly give rise to a complex screen or changes in the structures in the vicinity of
the pulsar that give rise to the short term changes in scattering time (Backer et al. 2000; Lyne
et al. 2001; Sallmen et al. 1999).
The diffractive scintillation timescale, ∆tDIS S at this frequency was estimated by Cordes
et al. (2004) as 25.5s, based on pairs of single pulses with sufficient S /N. However, the
pulse pairs they used were separated in time by a few pulse periods. Since our data has good
frequency resolution (224 frequency channels in 140 MHz), and we detected several pulses
with multiple components, we proceeded to estimate possible variations of the scintillation
time on shorter timescales.
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3.6.1

Scintillation within single pulses

The scintillation timescale within single pulses were estimated using those pulses that show
well separated components and the double pulses discussed in §3.5. The search for at least
two components in single pulses was carried out based on the component separation of
∼25 µs. This was done by examining the pulses by eye, after an automated first pass. The
first pass provided 451 giant pulse candidates and 368 of those displayed at least two distinct
shots in the main pulse phase, and 18 candidates were found in the interpulse phase. The
197 double pulses were included in this analysis. Assuming that the two shots of pulses are
intrinsic to the pulsar emission, and that the scattering screen remains stable within a pulse
period, any scintillation would affect the two components similarly, introducing a correlated
frequency structure. The scintillation timescale is then the 1/e point along the time axis of the
2-dimensional intensity correlation function, C(δν, τ) = hI(t, ν).I(t+τ, ν+δν)i of the spectrum
(Cordes 1986). The computed correlation coefficients between the two components and the
double pulses are displayed in Figure. 3.11.
The correlation coefficient of ∼0.4 for a large number of pulse component pairs is in
excellent agreement with the value derived by Cordes et al. (2004). They derive a value of
0.33 considering the giant pulses to be 100% polarized, amplitude modulated, scintillated
shot noise. It also implies that these components have undergone similar scintillation effects
ruling out the possibility of any variation in the scattering medium on these timescales. The
average correlation coefficients computed for the double pulses is consistent with the average
value computed for the widely spaced pulse components (pulses in the top panel of Figure
3.11). Since a clear roll-off in the values of correlation coefficient is not seen in the data
presented here, we conclude that the scintillation timescales are larger than 14 ms entirely
consistent with Cordes et al. (2004).

3.7 Discussion
To our knowledge this is the largest collection of high time resolution giant pulse analysis presented in the literature. Even though some features of the giant pulse emission like
the giant nano shots are in the process of being explained (Hankins & Eilek 2007), several
questions still remain on the pulsar emission mechanism in general and the giant pulse phenomena in particular. From the measured pulse widths and the observed structure in many
pulses, it is evident from the analysis presented in this chapter that the giant pulse emission is
a manifestation of temporal plasma changes in the pulsar magnetosphere. The observed giant
pulses rate is further evidence for this temporal variation, because if the mechanism responsible for the giant pulses is active on timescales longer than a pulse period, a clear excess of
giant pulses separated by a single rotation period can be expected. On the basis of the giant
pulse arrival times, it was concluded that the observed giant pulse emission is not due to a
steady emission beam loosely bound to the stellar surface (Lundgren et al. 1995; Sallmen
et al. 1999). We confirm that our data does not support such a model. For if such a beam with
random wobbles operates, a characteristic width in the giant pulses can be expected. In other
words, the distribution of the pulse widths would be normally distributed with a mean width.
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Figure 3.11: Correlation coefficients of the spectra within a single pulse period. Top panel shows
correlation between the two components of giant pulse, while lower panel is the double giants. The
separation between the components τ is shown in the abscissa.

The pulse intensity distributions have shown conclusively that the giant pulses consists of two
distinct populations especially for those pulses found at the inter pulse phase. While there is
evidence of a broadening of the pulses as they weaken in intensity they don’t appear to be as
broad as standard subpulses. In the model derived by Petrova (2004), a clear power law in the
intensity distribution of the giant pulses is explained, but not a weak giant population. The
power law index derived also has implications in the interpretation of giant pulse emission on
the basis of self organized criticality (Bak et al. 1987) suggested by Cairns (2004).
The spectral index of the Crab giant pulses reported in this work suggests that the emission bandwidth is at least ∆ν/ν > 0.1 and may approach the upper limit ∆ν/ν = 0.2 predicted
in numerical models by Weatherall (1998). Hankins & Eilek (2007) found a similar emission
bandwidth at 9.5 GHz. Moreover, the average spectral index of giant pulses at the interpulse
phase is flatter than the giant pulses at the main pulse phase. This possibly explains the dominant and bright nature of interpulse giants at ν > 5 GHz. We note the prominent emergence
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of bimodality in the intensity distribution of the interpulses relative to the main phase pulses.
Furthermore, (Hankins & Eilek 2007) found upward drifting emission bands in the spectrum
of the interpulses giants and not in the main pulse giants. These differences strongly suggests
a different nature to the interpulses. To explain the drifting emission bands, Lyutikov (2007)
derived an excess plasma density of ∼105 and a large Lorentz factor of the emitting particles
on the order of ∼107 and this condition is satisfied close to the light-cylinder over the magnetic equator. However, the model proposed by Lyutikov (2007) is only valid for ν > 5 GHz,
where the emission bands are observed. While results from our observations cannot support
or rule out this model, the difference in pulse intensity distributions we find indicates that the
interpulse giants are different in nature.
It is worth noting that the pulsar signal is a stochastic process that contributes to the
measurement noise of the pulsed intensity. This is especially true in the case of giant pulse
emission, where pulsed flux can exceed 1500 Jy, an order of magnitude greater than the system equivalent flux density (SEFD) of approximately 145 Jy. Source-intrinsic noise increases
the measurement uncertainty of various derived parameters, such as the pulsed flux density,
pulse width, scattering time, and spectral index (van Straten 2009). In addition, any temporal
and/or spectral correlations – either intrinsic to the giant pulse emission or induced by interstellar scintillation – will also affect the uncertainties of any derived parameters. The vast
majority of the pulses presented in this analysis have average flux densities smaller than the
SEFD, and we do not expect that self-noise will significantly alter the results of this analysis.
To accurately quantify the impact of self-noise on parameter distributions (such as those presented in Figures 4,5,7, and 8) would require extensive simulations that are beyond the scope
of the present work but may provide additional insights in a future chapter.
The previously unreported double pulses we found are consistent with the occurance rate
on a purely probablistic basis. Collecting even more of these pulse pairs would allow for
better checks of the statistics of occurance to check that they are chance occurances and not
indicative of some longer term underlying phenomenon driving the giant pulse emisision.
Moreover detecting more of these pulses at higher time resolution would provide further
insight into the nature of these pulses. Hankins & Eilek (2007) found that the giant pulses at
the interpulse phase show an additional dispersion when compared to the pulses at the main
pulse phase. The closest pulse pair they were able to examine were separated by 12 minutes.
Therefore, one may gain new insights into the excess dispersion seen at the interpulse phase
by examining the double giant pulses, which are the closest giant pulse pairs possible. This
analysis was not possible in the current work due to insufficient time resolution.
Scattering analysis of single pulses presented in this chapter show a variety of scattering
times and corroborates with the analysis of Sallmen et al. (1999). They show that scattering
due to multiple screens, or a single thick screen, is excluded because of the observed frequency independence of the pulse component separation. From this it was concluded that
the multiple components that make up the giant pulses are intrinisic to the emission mechanism. Using multiple components and the double pulses, we measured scintillation timescales
greater than 14 ms which indicates that there are no large changes in the number density of
the scattering particles along the line of sight through the Nebula on similar timescales. The
fact that the multiple components we detect in the giant pulses are spaced by at least 25 µs
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implies that the magnetosphere and/or the plasma does not change on these timescales, if the
source intrinsic emission is less than 25 µs. On the other hand, giant pulses may consist of
overlapping nano shots. In this case the competing models make use of plasma turbulance
leading to modulational instablity (Weatherall 1998) or the induced Compton scattering of
low frequency radio waves (Petrova 2004) in the magnetosphere to explain the origin of the
nano shots. While with our data we are not sensitive to the pulses less than 4.1 µs, there is an
indication that the emission bandwidth ∆ν/ν > 0.1 suggesting that the pulses can potentially
have structure as narrow as 3.6 ns at this frequency.

3.8 Conclusions
The large collection of single pulses we have gathered have allowed us to perform a range
of statistics with the data. After careful flux calibration, a detailed analysis of the pulse
intensities, energies, widths and separation times was done by computing distributions of
these quantities. In the single pulse intensity distributions, we find a clear evidence for two
distinct populations in the giant pulses. The giant pulse separation times show a Poission
distribution, and the rate of occurance of giant pulses was determined. Spectral indices for
a large number of giant pulses were computed with the narrowly spaced multi band data.
Significant dispersion in the spectral indicies was found and a small negative average spectral
index was found for the main and interpulse giants, and they are flatter than the average
pulse emission. We also note that in some cases there is evidence for intensity modulation
with bandwidths which are smaller than the full band but not consistent with scintillation
effects. The previously undetected double giant pulses were presented for the first time and
we find that they are not more frequent than would be expected by chance. The scatter time
for a large number of giant pulses was determined by modelling the scatter broadening as
an exponenial function and the distribution of scatter times was computed. Using multiple
emission components either at the main or interpulse phase and the double giant pulses, we
find no evidence for variation of the scattering material on timescales shorter than 14 ms
based on the correlation coefficient computed for emission within a single pulse period.
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A Low Frequency Study of PSRs
B1133+16, B1112+50, B0031−07 and
J1752+2359

R. Karuppusamy, B. W. Stappers and M. Serylak
Submitted to Astronomy & Astrophysics
Abstract We use the low frequency capabilities of the Westerbork synthesis Radio Telescope (WSRT) to characterise a large collection of single pulses from four low magnetic
field pulsars by means of pulse energy and intensity distributions, microstructure and drifting
subpulse analysis. The study examines the presence of giant pulse emission in these pulsars
using the Pulsar Machine II (PuMa-II) to acquire and coherently dedisperse the signals from
the pulsars. Classical giant pulses are reported from PSR B1112+50 and very bright pulses
in PSRs B1133+16 and B0031−07. All three pulsars show a large modulation that points
to rapid changes in the single pulse intensity. Evidence for global magnetospheric effects
are provided by our detection of bright double pulses. Using multi frequency observations,
emission heights in PSR B1133+16 are estimated. We report our non-detection of giant pulse
radio emission from the PSR J1752+2359. We have accurately estimated the dispersion measure of two pulsars and report on the subpulse drift modes in these pulsars.
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4.1 Introduction
Most radio pulsars are characterised by a stable average pulse profile at a given sky frequency.
The average profiles are formed by integrating all pulses emitted by the star over a given time.
The pulsed emission from the star is observed as individual pulses and they carry detailed
information on the physics of the pulsar radio emission. These pulses can be directly detected
in a less than a third of the known radio pulsars, mainly due to their weak nature. One of the
remarkable features in the single pulse emission is the occurance of intense pulses called giant
pulses which are defined as pulses with energy greater than 10 times the average pulse energy.
Furthermore, the giant pulses are very narrow when compared to the width of average pulsed
emssion and result in a pulse intensity distribution described by a power-law. For example, in
the radio emission of the young Crab pulsar, the width of the giant pulses are found to be less
than 0.4 ns wide implying a large brightness temperature of ∼1041 K (Hankins & Eilek 2007)
and the single pulse flux distribution follows a power-law with slope −3.3 (Lundgren et al.
1995). Another example is the emission of single bright pulses from the young Crab-like
pulsar, B0540−69 in the Large Magellanic Cloud; the pulsar is visible at radio wavelengths
only by virtue of the star’s intense giant pulse emission (Johnston & Romani 2003). Similar
bright and narrow pulses were reported in the emission of the very old millisecond pulsars like
PSR B1937+21 (Cognard et al. 1996) and B1821-24 (Romani & Johnston 2001). Concerted
giant pulse searches in these older and short period pulsars have revealed more giant pulse
sources eg. PSRs J1823-3021A and J0218+4232 (Knight et al. 2005, 2006b). The only
common feature in these pulsars is the large magnetic field (BLC ∼105 G) at the velocity of
light cylinder which is the limiting radius where the co-rotation of plasma and magnetic field
lines have a velocity less than the speed of light.
However, some recent studies propose giant pulse like emission in pulsars with a low
magnetic field at the light cylinder e.g BLC ∼4–100 G. For instance, the bright single pulse
emission from PSRs B0031−07, J1752+2359 and B1112+50 at 40 and 111 MHz (Kuzmin
& Ershov 2004; Ershov & Kuzmin 2005, 2003). Similarly, Kramer et al. (2003) report bright
pulses from PSR B1133+16 at 5 GHz. If these bright pulses are similar to the classical giant
pulses, this questions the requirement of a large value of BLC to produce giant radio emission.
After the initial discovery studies of the bright pulses in these low BLC pulsars, a detailed
statisical analysis has not been attempted, unlike the extensive studies on the giant pulses
from the young pulsars and the millisecond pulsars (Lundgren et al. 1995; Kinkhabwala &
Thorsett 2000; Knight 2007; Knight et al. 2006a).
The pulsars in this study show other interesting single pulse behaviour: PSRs B1133+16,
B0031−07 and B1112+50 show drifting subpulses (Backer 1973; Taylor et al. 1975; Wright
et al. 1986) and nulling (Herfindal & Rankin 2007; Ritchings 1976; Wright et al. 1986;
Vivekanand 1995). PSR B1133+16 also shows narrow emission features called microstructure (Hankins 1972; Cordes et al. 1990; Lange et al. 1998). Among the pulsars studied in this
work, PSR J1752+2359 appears to be unique in that the pulsar spends about 70-80% of the
time showing no detectable radio emission (Lewandowski et al. 2004); the emission when
resumed, occurs in bursts that last a few stellar rotations before exponentially decaying to an
off-state over the next few pulse periods.
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Radio pulsars in general show a negative spectrum (Slee et al. 1986) and a low frequency
spectral turnover (Kuzmin et al. 1978; Malofeev et al. 1994). This implies that pulsars are
brighter at low sky frequencies although the sky temperature also increases, contributing
significantly to the background. Moreover, microstrucure and drifting subpulses are better
studied at low frequencies when sufficient telescope sensitivity is available (Cordes et al.
1990). Motivated by the possible presence giant pulses, and a rich single pulse behaviour
and the availability of the Low Frequency Front Ends (LFFEs) at the WSRT we undertook
this study in the 115–180 MHz frequency range. The flexible baseband recorder PuMa-II
described in Chapter 2 and full coherent dedisperion, permitted a detailed single pulse study
with high sensitivity and relatively high time resolution. Although these pulsars have been
studied at low sky frequencies before, with our system we are able to observe much longer
and with much larger frequency coverage. Our long observations are useful in determining
the flux distribution and the occurance rates of bright pulses. Furthermore, the large frequency
coverage permits the computation of the pulsar spectra in this band.
The rest of this chapter is organised as follows: the observations and the estimation pulsar
fluxes and spectra are described in §§ 4.2 and 4.3. We present our revised values of the
dispersion measure (DM) of two pulsars based on the narrow giant pulses in § 4.5. The single
pulse intensity, energy distributions and microstructure are the subjects of discussion in § 4.6.
We proceed with the pulse drift analysis in § 4.8 followed by discussion and conclusions.

4.2 Observations and data reduction
Pulsar
J1752+2359 . . .
B1133+16 . . . . .
B0031−07 . . . . . .
B1112+50 . . . . .

Date

Duration

N pulses

16 Jun 2008
23 Nov 2008
02 Nov 2008
01 Oct 2008

718 min.
280 min.
360 min.
570 min.

∼104700
∼13701
∼22758
14286

Table 4.1: Observation details for the four pulsars.

The pulsars were observed with the Westerbork Synthesis Radio Telescope (WSRT) on
four different days between June and November 2008 (see Table 4.1) using the Low Frequency Front Ends (LFFEs) that can be tuned to any frequency in the 115–180 MHz part of
the radio spectrum. The design of the WSRT backend receiver system allows the selection
of a maximum of eight different radio bands within the frequency range of the front end receiver. Eight 2.5 MHz-wide bands tuned to 116.75, 130, 139.75, 142.25, 147.5, 156, 163.5
and 173.75 MHz sky frequencies were used for these observations. These bands also showed
comparatively little radio frequency interference (RFI). The bands were recorded and processed using the PuMa-II instrument. When possible, the observations were carried out in
the early hours of the day, reducing the effect of RFI. Despite our careful choice of the frequency bands and observing times, some factors that made these observations susceptible to
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RFI were: strong in-band RFI in the passband of the LFFE electronic amplifiers; the presence
of the automatic gain control (AGC) in the WSRT’s signal chain and the 2-bit system design.
Therefore, the data were subjected to an extensive RFI cleaning procedure by a combination
of automated algorithms and visual examination.
The WSRT was operated in the tied-array mode by adding signals from 13 telescopes
each of 25–m diameter. The analogue signals from the individual telescopes were digitally
sampled at 2-bit resolution and a fixed rate of 40 MHz. The 2-bit data were then coherently
added in a dedicated hardware unit to produce the 6-bit tied-array data. Coherent addition improves the signal-to-noise (S/N) ratio by a factor 13, while reducing the array’s field of view.
The summed data was then read into PuMa-II as 8-bit numbers, downsampled by a factor of
8 in realtime and written to disk. Single pulses were generated from the coherently dedispersed baseband data using the dispersion measure in the catalog and based on a polynomial
determined by the TEMPO software (Taylor & Weisberg 1989). The open-source software
DSPSR1 was used to form a 64-channel software filterbank across the 2.5 MHz bands and
the pulsar signal was coherently dedispersed in every channel. The resulting frequency–time
cubes were written to the disk as single pulses. The original time resolution of 2.5 µs and
the formation of a 64-channel synthetic filterbank permitted 2048 samples across the pulse
period of the four pulsars observed and the final time resolutions are in column 4 of Table 4.2.
The large number of frequency channels was used later to correct for the residual dispersion
smearing, as the DMs in the catalog had either changed or were not sufficiently accurate and
it also aided the removal of narrow band RFI in the signal. Extensive use of the PSRCHIVE
package (Hotan et al. 2004) was made in the computation of the total intensity, signal-to-noise
ratio and visual inspection of the single pulses for RFI. Pulse stacks were formed by stacking
individual pulse intensitites one above the other according to their phases. When required,
the signal was flux calibrated using the off-pulse radiometer noise. With the computed fluxes
in each band, various statistical analysis of the data was performed.

4.3 Low frequency flux
4.3.1

Radio frequency interference

The data was cleaned of interference using various cleaning strategies for the three purposes:
estimation of mean flux density, fluctuation analysis and single pulse flux estimates. For the
mean pulse flux computation, the pulses that showed excessive noise, negative drop outs and
large intensity peaks in the off-pulse region were removed. The single pulses were then combined to create pulse stacks which were examined for the second time as time–phase plots;
pulses that were missed by the automated algorithm were now identified and removed. The
remaining pulses were then averaged over the period of integration to compute the average
pulse profile. The number of pulses removed in this method was accounted for in the time
term of equation 4.1 before the profile was flux calibrated. From the calibrated profiles the
spectral indicies were derived.
1 http://dspsr.sourceforge.net/
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For the fluctuation analysis the pulses were first gated to contain at least three times the
width of the average pulse profile at the lowest observed frequency. The gated pulse stack
was then subjected to the two-pass RFI cleaning procedure explained above. Pulse stacks
were inspected by eye and pulses that showed a saturation in the off-pulse phases were now
replaced by zeros. This procedure was repeated until a visually clean image is seen in the
time–phase plane.
The single pulse statistics were computed based on only the bright single pulses in the
eight bands observed. RFI was cleaned from the dedispersed single pulses by visually examining the frequency–phase images within 30◦ of the pulse longitude. For these comparatively
long period pulsars, retaining a narrow phase range of the pulse period has the advantage
of being less sensitive to impulsive RFI affecting other pulse longitudes. Only pulses that
showed the required dispersion were retained. An interactive plot utility was developed to
examine the frequency–phase images of the large S/N pulses.

4.3.2

Flux Calibration

Calibrating pulsar fluxes at low sky frequencies at the WSRT is difficult for three reasons:
First the main contribution to the system noise T sys is from the sky temperature, T sky , which
depends on the position of the pulsar on the sky. Second, the aperture efficiency of the LFFE’s
at the WSRT is poorly constrained and thirdly, the presence of RFI introduces errors in flux
measurements of the calibrators and the pulsars. The system parameters ( telescope gain and
system tempertaure) were derived based on continuum observations of the calibrator source
3C196 made shortly before these measurements. From these measurements, the aperture
efficiency is estimated to be ∼30% translating to an effective telescope collecting area of 1500
m2 . A constant value T sys in the entire 115–180 MHz is used, since the Galactic synchrotron
foreground varying with frequency as ν−2.6 is offset by the frequency dependent amplitude
gains of the LFFEs. The system temperatures derived in this manner are shown in Table.
4.2. Assuming a frequency scaling of ν−2.6 , the sky temperature estimated from the 408 MHz
continuum maps of Haslam et al. (1981) in the direction of these pulsars are consistent within
20% of the system temperatures listed in Table 4.2. The large sky temperature in the direction
of PSR J1752+2359 rendered the pulsar undetectable in our obervations.
Pulsar
B1112+50 . . . . . . . . . . . . . .
J1752+2359 . . . . . . . . . . . . .
B1133+16 . . . . . . . . . . . . . .
B0031−07 . . . . . . . . . . . . . .

T sys (K)

Nbins

τ (µs)

400
600
400
400

2048
1024
2048
2048

809
400
580
460

S min (Jy)
9.0
19.3
10.7
12.0

Table 4.2: Telescope parameters and observation details for the four pulsars observed. The minimum
detectable signal per time sample is based on a 30% aperture efficiency.

Once the telescope gain and system temperature were established, the off-pulse noise
in flux units was computed using the radiometer equation (Lorimer, D. R. and Kramer, M.
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2005),
S av =

q

S sys
,
N p · B · T int

(4.1)

where S sys = T sys/G is the system equivalent flux density in Jy, N p is the number of polarizations summed, and T int is the equivalent integration time. The pulse profile is then flux
calibrated by multiplying by S av . Now, integrating the fluxes in all phase bins and dividing
by the total number of bins gives the mean continuum flux density of the pulsar. While this
method is not as accurate as the absolute flux measurements based on noise generators, this
is the only option in a synthesis telescope like the WSRT for non-imaging observations; it
also yields fluxes comparable to those reported elsewhere.
In our method of detecting the pulsars, the dedispersed signal was written to the disk
as single pulses. Following the formation of total intensities, diagnostic plots of peak S /N
against the phase of the peaks were made. Any pulsed emission now show as bunching of
data points near the nominal emission phase and the corresponding pulses were visually examined. Combining the single pulses in time after removing the RFI afflicted pulses produced
the average emission profiles. Thus, this method is sensitive to any pulsed emission above the
noise floor. We fail to detect any significant emission from PSR J1752+2359 in either single
pulse or averaged pulse emission and it is due to the large system temperature. As evident
from Table 4.2, the system temperature for PSR J1752+2359 is 1.5 times the corresponding
value for the other three pulsars due to its location near the Northern Polar Spur (see Table
4.2). Based on the flux of 3.5 mJy (Lewandowski et al. 2004) at 400 MHz, this pulsar has
a mean flux density of only ∼14 mJy at 116 MHz, if a nominal spectral index of −2 is considered. Moreover, from the work of Ershov & Kuzmin (2005), the pulse energy distribution
has a slope of α = −3.0 ± 0.4. With our system, this implies that a pulse ≥ 10σ will need
an observation length of at least 12 hours. Therefore, the non-detection of the average and
single pulse emission from PSR J1752+2359 is due to our limited system sensitivity and the
low occurance rates of bright pulses in this pulsar. Hence this pulsar will not considered in
the rest of this chapter.

4.3.3

Profile evolution

The average pulse profiles in all recorded bands for the three detected pulsars are displayed in
Figure 4.1. The characteristic age of PSR B1112+50 is 10 Myr, and shows 10% peak widths
W10 = 35.5–38.8 ms in this frequency range. This can be compared to W10 = 35.0 ms at 405
MHz (Lorimer et al. 1995). The single component in the average emission of PSR B1112+50
at these frequencies and at 328 MHz (Weltevrede et al. 2006a) evolves to a two-componenent
average emission profile at 1400 MHz (Wright et al. 1986).
PSR B0031−07 with a characteristic age of 36 Myr shows W10 = 120.2–155.1 ms, while
Lorimer et al. (1995) report a value of 104.5 ms at 405 MHz. The trailing edge in the average
profile of PSR B0031−07 shows a gradual decrease in steepness with frequency and this is
not due to scattering in the ISM. This was confirmed by visual inspection of several single
pulses which show no strong evidence for scatter broadening. However, this change in slope
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Figure 4.1: Average pulse profiles of the three pulsars. The profile changes with sky frequency is
clearly evident. The profile for PSR B1133+16 at 163.5 MHz is not shown, as it was too corrupted by
RFI. The profiles correspond to 0.098, 0.15 and 0.34 stellar rotations of PSRs B1112+50, B1133+16
and B0031−07 respectively. All profiles are normalized by the maximum flux density in the band and
are aligned at the phase of maximum intensity in each band. Profiles at 116.75 and 130 MHz have
comparatively more noise, as up to 15% of pulses were removed due to RFI which reduced the effective
integration time.

is indicative of the emergence of a second emission component at even lower frequencies e.g
at 40 and 62 MHz (Izvekova et al. 1993), which is quite the opposite behaviour of the average
emission profile in PSR B1112+50. Another contribution to the slope of the trailing part of
the average emission profile in PSR B0031−07 could be the vertically drifting subpulses
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seen in this pulsar as discussed in §4.8. The general expectation of a narrower pulse profile
for older pulsars is not valid with respect to these two pulsars, as the impact angle of the
observer’s line of sight with the emission beams from the pulsars may not be equal.
PSR B1133+16 shows a profile width of W10 = 44.0–48.1 ms compared to 41.8 ms at
405 MHz (Lorimer et al. 1995). The component separation of the average profile decreases
with frequency and this phenomenon was successfully explained by the radius-to-frequency
mapping in the pulsar magnetosphere (Cordes 1978). The average profile also shows a double
emission component, with a pronounced bridge emission that rises from 14% to 25% of the
peak flux density at our lowest and highest frequencies, respectively. Similarly, the second
component in the average emission profile reduces from 90% to 70% of the leading component intensity with increasing frequency. Clearly, these variations probe different parts of the
emission beam. Nowakowski (1996) assumed a model in which the pulsar beam consists of
two concentric emission cones to explain the observed two-component emission profile and
the increasing bridge emission with frequency. However, this model is unable to explain why
multiple emission components are not visible at higher frequencies. Polarisation observations of this pulsar over a range of frequencies would offer further insights in to the emission
geometry. As discussed later in this work and by Kardashev et al. (1982), the emission height
of various radio frequencies in the magnetosphere of the pulsar can be derived using the frequency dependence of the component separation. Our analysis shows that a ν−0.30±0.02 scaling
law holds for the component separation in the frequency range considered here and is consistent with ν−0.24 and ν−0.26 scaling laws derived by Backer (1972) and Sieber et al. (1975),
respectively.

4.3.4

Radio Spectrum

The observations here span a reasonably large frequency range and we use the flux of the
pulsar in each of the bands observed to compute the pulsar spectra. The flux of the pulsar used
here is the mean continuum flux density of these sources, computed from the flux calibrated
pulse profiles. The functional form of the radio spectrum of the pulsars was assumed to
follow S (ν) ∝ να , where S (ν) is the pulsar flux at frequency ν and α is the spectral index. The
parameter α was estimated using a least squares fitting procedure and the result is displayed
in Figure 4.2 and Table 4.3 for the three pulsars. To account for the effect of RFI and possible
errors in telescope parameters, a 10% uncertainty in the estimation of the pulsar flux density
in each band is considered which dominates other errors in signal-to-noise ratio estimations
as all pulsars are strongly dectected.
PSR B1112+50 shows a slightly positive spectral index and we find a value of α = 1.12 ±
0.46. Even though this pulsar is the weaker of the three pulsars considered in this section, it
is detected with high significance, as evident from Figure 4.1. Low DM pulsars, as in this
study, are usually in the strong scintillation regime at sky frequencies less than 1 GHz and this
was confirmed for PSR B1112+50 as follows. On visual inspection of several single bright
pulses detected in seven bands, the spectral modulation was always limited to 3–4 channels.
This is less than 10% of the 64 channels in each band. Considering an upper limit of 10% of
the bandwidth, the diffractive scintillation bandwidth ∆νDIS S is ≤ 250 KHz. Since ∆νDIS S is
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Figure 4.2: Spectra for three pulsars in the frequency range 100–200 MHz. Errors bars are correspond
to 10% uncertainty in the pulsar flux estimation. The best fit power law curves are also displayed. For
PSR B1133+16, a broken power-law results in a better fit to the measured fluxes. The flux in the RFI
affected band centred at 163.5 MHz is not included for PSR B1133+16.

much less than the receiver bandwidth, scintillation cannot be a possible cause for the scatter
in the measured fluxes and the variations in intensity are more likely an underestimatation of
the errors. Therefore the poor fit to the pulsar spectra in the band observed is not caused by
fluxes corrugated by scintillation.
For PSR B1133+16, the middle panel of Figure 4.2 can be compared to Figure 4e in
Deshpande & Radhakrishnan (1992) that extends down to 34.5 MHz. Their figure can be
interpreted as indicating a spectral turnover in our frequency range. With this consideration,
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Pulsar
J1752+2359 . . . . . . . . . . . . .
B1112+50 . . . . . . . . . . . . . .
B1133+16 . . . . . . . . . . . . . .
B0031−07 . . . . . . . . . . . . . . .

S (mJy)

α1

α2

< 2.08
460±46
1030±51
821±41

1.12±0.56
2.33±2.55
0.71±0.45

-3.81±2.24
-

Table 4.3: Measured flux density and spectral index of the three pulsars are shown in columns 3 and
4. The flux density quoted here is the value measured at 142.25 MHz. For PSR J1752+2359, the upper
limit quoted is based on a 3σ detection threshold in a 12 hour–integration. For PSR B1133+16 a broken
power-law spectrum results in a better fit.

the spectrum was modelled by a two component power-law defined as,
(
C1 να1
if ν < νb
S (ν) =
C2 να2
if ν ≥ νb .

(4.2)

where, νb is the break frequency, C1 is a constant and normalisation yields C2 = C1 ναb 1 −α2 .
The values of break frequency of 139.75 MHz with spectral indicies α1 = 2.33 ± 2.55 and
α2 = −3.81 ± 2.24 were derived from the best fits to the data. As with PSR B1112+50,
we confirm that scintillation has no effect on the spectral index derived here. As a further
confirmation, the scintillation bandwidth and timescales at this sky frequency were computed
using ∆νDIS S ∝ ν4.4 and ∆tDIS S ∝ ν1.2 scaling laws and the values listed in Kramer et al.
(2003). These “scintiles” with typical widths of ≤ 40 KHz average out within each 2.5 MHz
band and do not contribute to the intensity variations in the 115-180 MHz frequency range.
Combined with the 75% error on 400 mJy at 151 MHz (Sieber 1973) and 900 mJy at 111
MHz (Figure 3; Malofeev et al. 1994), we conclude that our results are consistent with those
reported previously.
We find a relatively flat spectrum for PSR B0031−07 with an index of α = 0.71 ± 0.45.
As for the other two pulsars, B0031−07 has partially resolved scintillation (see Figure 4.3) at
these frequencies that do not contribute to the estimated fluxes. In the work of Malofeev et al.
(1994), they show that the spectral index of this pulsar is α = −1.2 ± 0.26 for ν ≤ 1 GHz.
Excluding the two points near ∼100 MHz in Figure 2 of their work, the data is indicative of
low frequency turn at ∼200 MHz. Considering this and the errors bars in the low frequency
fluxes in Malofeev et al. (1994) the spectral index we derive here is consistent with the former
work.

4.4 Bright single pulses
Several bright pulses were detected from all three pulsars and one example from each pulsar
is shown in Figure 4.3. These pulses are very narrow, restricted to less than 1 ms. Normally,
giant pulses are characterised by their widths, the phase of the pulses with respect to the
average emission profile and the pulse energy (Knight 2007). The classical giant pulses are
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also found to be broad band, for example in B1937+21 ∆ν/ν ∼0.2 (Popov & Stappers 2003),
where ν and ∆ν are the observation frequency and bandwidth. In this study, we find similar
bright, broad band bursts from these pulsars, although they are not as energetic as the classical
giant pulse emitters.

Figure 4.3: Narrow bright pulses from the three pulsars detected at all eight sky frequencies. The total
intensity displayed in the top panels is computed by summing the signal in the 8 bands. The lower
panels show a dedispersed pulse as a frequency–phase plot. Some residual RFI is visible as low-level
intensity modulating across the entire pulse phase in the frequency-phase plots of all three pulsars.

The implied brightness temperature of the single pulses can be computed from (pp. 79;
Lorimer, D. R. and Kramer, M. 2005),
S peak
TB =
2πkB

!

ν∆t
d

!−2

,

(4.3)

where S peak is the peak pulse flux, kB is the Boltzmann’s constant, d is the distance to the
pulsar, ν the sky frequency and ∆t is the pulse width. At 156 MHz, using ∆t values from Table
4.2, and the known pulsar distances2 (Taylor & Cordes 1993), the brightness temperatures for
2 values

are from http://www.atnf.csiro.au/research/pulsar/psrcat/
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the pulses displayed in Figure 4.3 are 3.5 × 1026 K, 3.6 × 1027 K and 2.6 × 1027 K for PSRs
B1112+50, B0031−07 and B1133+16, respectively. The large brightness temperatures point
to a coherent emission mechansism for these pulses. From the frequency–phase plots in
Figure 4.3, clearly these bright pulses are broad-band emission, with ∆ν/ν = 0.3, and can be
compared to the value of 0.1 and 0.2 for the Crab pulsar and PSR B1937+21 at 1400 MHz.
Also visible in this figure are the scintiles in all three pulsars, though it is more evident in
PSRs B1133+16 and B0031−07.

4.5 DM Changes
Pulsar dispersion measures are normally estimated from the multi-frequency multi epoch
timing observations (Phillips & Wolszczan 1992; Backer et al. 1993). However, in some
pulsars the absence of an appropriate fiducial point on the average emission profile introduces
errors in the estimated DM values. Ahuja et al. (2005) used cross correlation of the pulse
profiles at two different frequencies of observation to partially overcome this problem. As
pointed out by these workers, an alternative to estimate the DM is to use multi-frequency
simultaneous observation of the pulsar, and use a fiducial point in the average emission profile
to align the profiles at the two frequencies. Our detection of single, narrow and bright pulses
at low sky frequencies results in an excellent reference to align the pulses and hence compute
the DM very accurately for these low DM pulsars. The frequency resolution of 64 channels
across each 2.5 MHz band gives a total of 512 channels in the 115–180 MHz range which
permits the accurate determination of the quadratic dispersion curve. We generally started
with the catalog DM’s and the DM value was varied until a peak S/N in the combined pulse
profile is attained. The frequency-phase plots were then visually inspected for the pulse
alignment using the new value of DM. To compute the change in the DM at the epoch of
our observations, the dispersion smearing due to the use of an incorrect DM within a single
frequency channel is considered negligible.
From their multi-year timing data, Hobbs et al. (2004) found for PSR B1133+16, a DM =
4.864 pc cm−3 corresponding to epoch MJD 46407 and they also determine |d(DM)/dt| ≈
−0.0008 pc cm3 yr−1 . Our analysis shows that the DM has changed to 4.844±0.002 at epoch
MJD 54793 from our reference DM of 4.871 at epoch MJD 41665. The error estimate is
computed from the DM uncertainty incurred in the misalignment of a broadband pulse by
one phase bin across the 115–180 MHz band. The total change in DM, ∆DM found here
is consistent with the predictions of Hobbs et al. (2004). The somewhat large yearly rate of
change in the DM of this pulsar probably arises from its large proper motion ∼ 630 km s−1 .
The ∆DM = 0.0265 corresponds to 0.5% change in DM and not correcting for this change
results in the peak flux of the bright pulses being underestimated by ∼3%.
For PSR B1112+50, we find that the DM increased from 9.16 at an epoch MJD 50899
to 9.175±0.0001 at epoch of MJD 54795. From this, the total DM change, ∆DM is 0.015 pc
cm−3 . The error in our DM values are derived from pulse misalignment by one phase bin in
a 2.5 MHz band at 147.5 MHz. We again refer to Hobbs et al. (2004) for DM estimates for
this pulsar, where they find DM = 9.195 and a yearly DM rate, |dDM/dt| = −0.004 cm−3
pc yr−1 . These values are inconsistent with the rate of −0.0014 cm−3 pc yr−1 derived from
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our analysis. One reason for this discrepancy could be the high frequency observations at
408–1600 MHz used in the work of Hobbs et al. (2004) compared to our study at much lower
frequencies which is more sensitive to DM changes. The second reason could be that a single
value for |dDM/dt| is insufficient implying higher order terms of the DM time derivative may
be necessary to accurately model the DM variations.
We do not detect a change in the DM of PSR B0031−07 from the reference DM value
of 10.89. The narrow and bright single pulses align with no visible errors when the signal
is dedispersed with this DM. However, the pulsar’s DM of 10.89 is inconsistent with the
value of 11.29 at this epoch expected from the −0.007 cm−3 pc yr−1 listed in Hobbs et al.
(2004). This argues that the DM value and the rate for this pulsar in their work is incorrect.
Furthermore, earlier work by Taylor et al. (1993); Kuzmin & Ershov (2004) and Smits et al.
(2007) have made use of a DM = 10.89 consistent with no change in the DM of the pulsar.

4.6 Single Pulse Analyses
Our long observations resulted in the detection of a large number of pulses, as shown in Table
4.1. Robust statistics can be obtained by computing the distribution of single pulse energies
E and peak intensities S p . A scatter plot of the peak fluxes and the average emission profile
for the three pulsars are shown in Figure 4.4. The 2.5 MHz band at 156 MHz was chosen out
of the eight bands for further study because it showed comparatively less RFI. We note that
after an exhaustive RFI search and removal, all eight bands show similar trends.
The presence of narrow bright pulses was evident when the data was examined visually
in the RFI cleaning stage. Such unusal emission entities would be evident in the single pulse
energy and flux distributions. For example, giant pulses in the emission of the Crab pulsar
results in a power-law in the pulse flux distribution (Lundgren et al. 1995). For the three
pulsars considered here, the distribution of the pulse flux and energy are shown in Figures 4.5
and 4.6, respectively. The pulse energy was computed by summing the emission in a window
of width equal to the average emission profile. The single pulse peak flux was computed as
the product of the peak S /N and S av (equation 4.1).

4.6.1

PSR B1112+50

Giant pulse like emission from this pulsar was reported by Ershov & Kuzmin (2003). The
bright pulses occur in the middle of the average pulse profile, but a slight preference to the
trailing edge is seen (Figure 4.4; top panel). These pulses are also seen in the pulse energy
distributions as those with energies greater than 10 × hEi in Figure 4.5. An indication of the
null emission in this pulsar is visible from the slight turn over in the pulse energy distribution
near 3 × hEi which is similar to the offpulse energy distribution. While this pulsar shows
≥ 60% nulling fraction at 1412 MHz (Wright et al. 1986), with our system sensitivity the
nulling fraction cannot be ascertained. The pulse flux distribution also displays a shallow
power-law like tail in the peak flux distribution (Figure 4.6; top panel) which is due to the
occassional bright pulses in this pulsar.
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Figure 4.4: Single bright pulses and the integrated pulse profiles at 156 MHz for the three pulsars.
The flux scale on the left ordinate corresponds to the peak flux of the single pulses and the scale on
the left ordinate axis corresponds to the average pulse profile. Peak flux densities of the single pulses
are shown. Only single pulses ≥ 20σ are shown in these plots and results in the low flux cut-off in the
fluxes of single pulses.

4.6.2

PSR B1133+16

Kramer et al. (2003) reported bright pulses from this pulsar at a frequency of 5 GHz but not
at 1.4 GHz. We detected bright and narrow pulses in all eight bands in the range 115-180
MHz with peak fluxes larger than 10 times the peak of average flux density ( Figure 4.6;
middle panel). However, the pulse energy distribution (Figure 4.5; middle panel) can be
qualitatively approximated by power-law and does not show pulses with energies >10 × hEi,
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Figure 4.5: Distribution of the single pulse energies for three pulsars. The abscissae show the pulse
energy normalized to the mean pulse energy. Dark and light grey lines correspond to the on-pulse and
off-pulse energy distributions. The clear peak at zero energy is introduced by the RFI affected pulses
replaced by zeros.

which is the normal working definition of giant pulses (Cognard et al. 1996). From the
middle panel in Figure 4.4, a preference for the bright pulses to fall on the inner edge of the
two components is evident. Such bright pulses at 327 MHz were also noted by Herfindal &
Rankin (2007). The turn over in the pulse energy distribution ∼1.0hEi points to the presence
of a bimodal distribution, strongly suggesting the presence of nulling. The pulsar shows
∼20% null fraction at 327 MHz (Herfindal & Rankin 2007), but at our frequency we are
unable to discrimnate the null distribution definitively due to the limited system sensitivity.
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Figure 4.6: Plot of the peak flux distribution of the single pulses for the three pulsars. The dashed line
shows 10 × S av,peak for each pulsar.

4.6.3

PSR B0031−07

Kuzmin & Ershov (2004) reported giant pulses from PSR B0031−07. Our observations reveal
that the bright and spiky pulses do not satisfy the 10hEi criterion but are easily greater than
10 × S av,peak , as seen in Figures 4.4 and 4.6. Figure 4.4 also reveals the emission of bright
pulses on the leading edge of the average pulse profile. The work of Ershov & Kuzmin (2005)
(see their Table 1) suggests that the bright pulses in this pulsar have a steep spectral index.
We also draw the reader’s attention to Figure 4 of Kuzmin & Ershov (2004), where they
report the detection of “double giants” in this pulsar at 40 and 111 MHz. Such pulses were
dectected in our observations, as seen on the right most panel of Figure 4.3. These bright
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subpulses with two distinct peaks show structure spanning a few milliseconds implying that
they are not microstructure in the emission. As with PSR B1133+16, the presence of a turn
over in the pulsar energy distribution ∼1.5hEi indicates the presence of null emission.

4.7 Microstructure
Several single pulses from both PSR B1133+16 and B0031−07 show pulse structures considerably narrower than the width of the average pulsed emission. The presence of pulses
with microstrucure was evident when several thousand pulses were examined in the process
of cleaning RFI from the data. To quantify the microstructure, the autocorrelation function
(ACF) (Cordes et al. 1990) of the single pulses and their averages were computed. The discrete ACF is defined by,

R(τ) =

nbin
X

I(t).I(t + τ)

(4.4)

t=0

where I(t) is the intensity of the pulsar. Figure 4.7 shows R(τ) for a single pulse and the
averaged ACF of several pulses.
For PSR B1112+50, the single pulses were quite narrow, devoid of any feature that can be
recognized as microstructure. Therefore, this pulsar is not considered anymore in this section.
The separation between the two main emission components is clearly seen for B1133+16 as
the feature at correlation lag ∼30 ms, which is ∼9◦ in pulse longitude. The ACF for the pulse
shown in the top most panel shows a periodicity of the microstructure (the local maxima near
correlation lag 5 ms in the middle panel of Figure 4.7). It is known that PSR B1133+16
shows structure ∼8µs and a characteristic intensity fluctuation on the order of ∼575 – 663 µs
in the 111–196 MHz range (Hankins 1972). We note that our final resolution of 580 µs is not
sufficient to resolve narrower structures or permit the estimation of persisent quasi periodic
intensity variations in the averaged ACF.
In the case of PSR B0031−07, single pulses show narrow bursty features. However, the
single pulse ACF in the right middle panel of Figure 4.7 shows no characteristic variations
implying that the pulse consists of non-periodic microstructure. Such nonperiodic features
were also found in PSR B0950+08 (Lange et al. 1998). The average subpulse separation is
seen in the averaged ACFs. This is visible as the local maxima ∼55 ms for PSR B0031−07
and expressed in pulse longitude this is 20◦ which is also the value of P2 found in §4.8.
For the average ACF’s displayed in the lower most panels of Figure 4.7, the pulses chosen
are detected simultaneously in the two bands. The slight shift of local maxima to the left
cannot be measured at a large significance, and indicates the subpulse separation decreases
with frequency as can be seen by comparing the subpulse properties at 328 and 1380 MHz
in Weltevrede et al. (2006a) and Weltevrede et al. (2007). The slight break at ∼10 ms in the
ACF of the single pulse is the width of microstructure in the pulsar. The reason for the lack
of a prominent characteristic timescale in the microstrucure of PSR B0031−07 may be due
to our coarse time resolution.
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Figure 4.7: Intensity autocorrelation functions (ACF) of pulses with structure for two pulsars. The top
most panels display example pulses. The autocorrelations displayed in the middle panel correspond
to the pulses above them. The lower most panels display the averaged ACFs for 120 and 132 pulses
for PSRs B0031−07 and B1133+16 respectively. The averaged ACF’s for two bands centred at 116.75
MHz and 173.25 MHz (dashed line) are shown.

4.8 Fluctuation Spectra
Since the three pulsars under discussion show bright and bursty emission, it is natural to expect considerable pulse to pulse variation. In some pulsars (eg. PSRs B0809+74, B1944+17)
the presence of drifting and persistent microstructure were noticed leading Cordes et al.
(1990) to suggest that these two phenomena are correlated. Moreover, PSRs B1133+16 and
B0031−07 show drifting subpulses at other frequencies. To ascertain the drifting behaviour
at these frequencies, we undertook sub-pulse drift analysis.
In order to perform the analysis presented in this section, the pulse stacks were subjected
to pulse drift analysis based on the following methods: Longitude-Resolved Modulation In-
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dex (LRMI), Longitude-Resolved Fluctuation Spectrum (LRFS) and Two-Dimensional Fluctuation Spectrum (2DFS) (Edwards & Stappers 2002; Weltevrede et al. 2006a). The Sliding
Two-Dimensional Fluctuation Spectrum (S2DFS) was also computed to identify the onset
of the various drift modes (Serylak et. al, 2009, submitted). The resulting plots from the
LRMI, LRFS and 2DFS analysis are shown in Figure 4.8. In this plot, only LRMI values
that are detected with a significance of more than 6σ are shown (top panel; Figure 4.8). In
the LRFS and 2DFS plots, the presence of drifting subpulses result in regions of enhanced
brightness called “features” . The vertical drift rate P3 and the horizontal separation P2 of
the subpulses are measured as the centroid of a rectangular region in the 2DFS containing the
features (Eq. 6; Weltevrede et al. 2006a). The sign of P2 denotes the direction of the drift, i.e.
whether subpulses drift towards the leading (negative) or trailing (positive) edge of the pulsar’s average profile respectively. In what follows the S2DFS analysis results are discussed
only for PSR B0031−07. The analysis of PSRs B1133+16 and B1112+50 using the S2DFS
technique showed results comparable to those obtained from the 2DFS method alone.
The results presented in this section are for the 2.5 MHz band centred at 156 MHz, as
in the previous section. In the RFI cleaning procedure discussed in §4.3.1, less than 2% of
the pulses were replaced by zero, and therefore the effect is considered small enough to be
neglected. The drift analysis was performed on all eight bands, and the results presented
here are representative of the other bands. Within the 115–180 MHz range, there are no
noteworthy changes in drift features. The modulation index was also in general consistent
with the results found in the band reported here but are higher than the values reported in
high frequency studies (see Table 4.4).
Pulsar
B1112+50 . . . . . . . . . .
B1133+16a . . . . .
B0031−07b . . . . .

P3

P2

[P0 ]

[deg]

21cm

92cm

192cm

6±3

5+4
−2

1.5

2.1

3.5

30 ± 5
34+5
−3

−
−

1.4

0.8

2.2

−21+2
−1

1.2

1.4

3.1

12.2+0.2
−0.1

6.7 ± 0.1

m

−21.6+0.5
−0.2

a

Values presented for the leading and trailing component.

b

Values presented for the drift mode “A” and “B”.

Table 4.4: The results from the drift analysis for the three pulsars. Vertical and horizontal separations
of the subpulses are listed in columns 2 and 3 respectively. The modulation indices, m at three different
wavelengths are shown in last three columns. The 1400 MHz values in column 4 are from Weltevrede
et al. (2006a), 328 MHz values in column 5 are Weltevrede et al. (2007), while the results in the last
column are from this work.
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Figure 4.8: Plots of the fluctuation analysis for the PSRs B1112+50, B1133+16, and B0031−07. The
average pulse profile, and the Longitude-Resolved Modulation Index (LRMI) are shown in the top most
panels. The panels directly below the average pulse profile display the Longitude Resolved Fluctuation
Spectrum (LRFS). The Two-Dimensional Fluctuation Spectra (2DFS) are shown in the third and fourth
rows. For PSR B1133+16, the 2DFS plots are shown separately corresponding to the two components
of the average pulse profile. The panels on the left and bottom of the LRFS and 2DFS images contains
the vertically and horizontally integrated spectra respectively.
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PSR B1112+50

This pulsar shows a broad, non-specific vertical drift feature as seen in the panels on the
left in Figure 4.8. Wright et al. (1986) reported the presence of three different drift modes
in this pulsar; the dominant mode in the trailing part of the average pulse profile showed a
periodicity of P3 ∼ 6P0 . At 328 MHz Weltevrede et al. (2007) report P2 = 40−10
+20 degrees and
P3 = 9 ± 5P0 . We detect P2 = 5+4
degrees
and
subpulse
modulation
of
P
=
6 ± 3P0 . We
3
−2
also note increased power in the entire range of P3 centered around P0 /P2 = 0. While the
P3 found here is consistent to values reported elsewhere within the errors, the discrepancy
between the P2 results reported by Weltevrede et al. (2007) and ours can be explained by the
higher S/N ratio of individual pulses in our observations. This results in a more prominent
feature in the spectrum and less convolution with the increased power in the entire range of
P3 centered around P0 /P2 = 0.
It is possible that only the prominent drift mode active at 1412 MHz (mode 2 of Wright
et al. (1986)), is also active at this frequency. The indication comes for this from the similarity in the average profile at our frequency with the average profile computed from 193 pulses
containing drift mode 2 in Wright et al. (1986). In their work, the profile computed from 176
pulses in mode 1 displays a prominent double peak. From the LRMI plot, the modulation
index m ∼ 3.5 is quite high at this frequency. Combined with the values reported elsewhere
(see Table 4.4), this indicates that the pulse-to-pulse intensity variations increase with decreasing frequency. This again suggests that the large amplitude pulses are more common in
this pulsar at lower sky frequencies. The LRFS shows an excess near P0 /P3 ∼ 0 which is due
to the large nulling fraction, ∼60% in the emission of this pulsar (Ritchings 1976) as can be
also seen in Figure 4.5. However, this is only indicative of the presence of nulling which has
some contribution from the zeros introduced by the RFI cleaning procedure, and these plots
cannot be used to measure the pulsar’s nulling fraction.

4.8.2

PSR B1133+16

The results of the analysis presented here confirms the presence of the long-period feature
P3 ∼ 30 at this frequency as was reported at frequencies greater than 300 MHz (Weltevrede
et al. 2006a; Herfindal & Rankin 2007). In Figure 4.8 (middle panel) the horizontal component of the drift feature, P2 is very weak and is consistent with no ordered horizontal
separation of the subpulses. We note that the feature near P0 /P3 = 0.18 is present in both
components of the pulse profile, while there is significant modulation present in the bridge
emission region as seen in the LRMI plot. For the leading component we find P3 = 30 ± 5P0
while for the trailing, P3 = 34+5
−3 P0 . Apart from the aforementioned P3 feature, the LRFS
shows the non-ordered feature that modulates the emission throughout the entire stretch of
the analysed pulse sequence. This is also evident from the elevated baseline of the collapsed
spectra seen in the side panels. The excess power seen near P0 /P3 = 0 is due to the combination of null emission and the pulses replaced by zeros in the process of cleaning RFI, though
as in PSR B1112+50 this cannot be measured reliably from this analysis.
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4.8.3

PSR B0031−07

The three different drift modes in this pulsar were first reported by Huguenin et al. (1970),
two of which are clearly visible in our analysis (Figure 4.8, right-hand panel). The very low
frequency feature at P0 /P3 ∼0.02 is due to the nulls present in the pulse stack which comes
from the combination of null emission and the nulls introduced by RFI cleaning procedure.
We detect this feature in all the eight observed bands. The feature seen at P0 /P3 = 0.15
denotes drift mode “B” which is very prominent and therefore introduces aliasing that appears
as the feature seen at P0 /P3 = 0.3 cpp. The other feature seen at P0 /P3 = 0.08 is the drift
mode “A” and it appears regularly in the pulse stack. The drift mode “C” is not seen in the
2DFS spectrum. We have used the S2DFS method in order to analyse the occurrence rate
of different drift modes. While modes “A” and “B” were clearly dectected in the S2DFS
output, mode “C” remained undetected. The mode “C” has a low occurance rate and is active
only for ∼2.6% of the observation time at 327 MHz (Vivekanand & Joshi 1997). Similarly,
Smits et al. (2005) detect this mode marginally at 328 MHz but not at 4.85 GHz, indicating a
steeper spectral index for the drift mode. Therefore, other than susceptiblity to RFI and lower
sensitivity, it is unclear why this mode is not detected at these frequencies.

4.9 Discussion
The long observations reported in this chapter provide good sensitivity to persistent weak
features in the average emission of the pulsars. We were thus able to test the hypothesis of
interpulse emission in PSR B1112+50 suggested in the work of Wright et al. (1986) at 1400
MHz. Based on the outer gap emission model then proposed, these authors suggest observations at low sky frequencies to detect the inter pulse, as the model predicted large fanbeams.
Our deep exposures at low sky frequencies show no evidence for inter pulse emission with an
upper limit of 3.5 mJy at 156 MHz (see Figure 4.1 ) and this is < 0.6% of the main pulse peak
flux. The non-dection of an interpulse in this pulsar is not very surprising given that only
∼1.5% of the 1847 known pulsars possess an interpulse emission component (Weltevrede &
Johnston 2008). Assuming that the neutron star has a dipolar magnetic field, this suggests
that PSR B1112+50 is not an orthogonal rotator and its alternate magnetic pole never sweeps
across our line of sight. Polarimetric observations of the pulsar might show the inclination of
the magnetic and rotational axis.
The spectral indicies found in this study indicate a turn over in the 115–180 MHz range.
Michel (1978) modelled the pulsar emission as consisting of a coherent part and an incoherent
synchrotron component. This model further predicts a spectral index of −8/3 and a spectral
turn over below 100 MHz based on the finite energy of the injected particles, and the radiation
is dominated by incoherent emission mechanisms. However, this contrasts with the presence
of bright pulses and clear single pulses near the putative turnover frequency which suggests
that the radiation is still of a coherent nature. In the simulations by Gil & Kijak (1992)
based on the model that the pulsar radiation is a result of emission cones, it is seen that the
estimated intensity is very sensitive to the viewing geometry. If the radiation orginates higher
in the magnetosphere (as at low sky frequencies), it is possible that the viewing geometry
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changes quite rapidly. This in turn can give rise to the observed pulse flux near the spectral
turn over resulting in spectra that does not vary smoothly. Detailed polarization studies at
these frequencies can be used to test if the observed frequency dependence of the pulse flux
has its orgins in the viewing geometry, although the pulse shape is quite stable. In summary,
past studies have been inconclusive on the value of spectral index for PSRs B1133+16 and
B0031−07 at low sky frequencies. The results presented in this work can be interpreted as
evidence of the presence of a turn over in the 115-180 MHz range for PSR B1133+16. These
results also indicate that for PSRs B0031−07 and B1112+50, the spectra has already turned
over implying that the maximum intensity of these two pulsars may be at ν > 180 MHz.
As pointed out by other authors, the discrepancies in pulsar DMs stem from the difficulty
in aligning multi frequency pulse profiles and the choice of a fiducial point in the average
profile (Hobbs et al. 2004; Ahuja et al. 2007). The narrow bright pulses at low sky frequencies
in the pulsars studied in this work have permitted a very accurate estimation of the DM. We
note that scatter broadening of the emitted pulses can limit the accuracy of the DMs estimated
by other methods and that of ours. This can be another source of the DM discrepancies.
Owing to the broad band nature of the pulsar emission mechanism, we cannot rule out the
claim that some pulsars may have a slightly different DM in different parts of the frequency
spectrum (Kardashev et al. 1982). Simultaneous broad-band observations with the existing
instruments and LOFAR can address these issues effectively.
Based on their widths and large intensities, the bright pulses in our study show some
similarities with the normal giant pulses suggesting similar emission mechanisms. Sources
of classical giant pulses display a phase correlation of the giant pulses with the high energy
non-thermal X-Ray emission as in the Crab pulsar (Lundgren et al. 1995), PSR B1937+21
(Cusumano et al. 2003) and in other millsecond pulsars (Knight et al. 2006b,a). However
these are energetic pulsars with large values of BLC . It is known the PSR B1133+16 shows
X-ray emission (Kargaltsev et al. 2006), which the authors claim to contain both thermal
and non-thermal components. With their coarse time resolution of 3.2 s and low photon
counts, these workers were unable to extract the pulse profile at X-ray. However, the nonthermal high energy emission could be related to the bright pulses observed in our work. For
PSRs B1112+50 and B0031−07, a deep search in the archival X-Ray data might reveal any
correlation that might exist. The double bright pulses reported here and by Kuzmin & Ershov
(2004) points to the presence of a global magnetospheric phenomena, despite the different
physical locations of the emitting regions. It could be that drifting occasionally brings these
two regions into our line of sight resulting in the double pulses. Detailed analysis of such
double pulses will provide insights into the phenomena that might be active over the whole
magnetosphere.
In the pulsar models forwarded by Ruderman & Sutherland (1975), the radio waves are
emitted tangential to the diverging magnetic field lines by the relativistic electron–positron
pairs. In this model, the width of the observed average profile is then defined by the last
open magnetic field lines. Further, the model predicts that the emitted radio frequencies ν
follows a ν ∝ r−3/2 relation, where r is the radial distance from centre of the star. This leads
to the lower frequencies being emitted higher up in the magnetosphere than the high frequency radio waves, giving rise to a radius-to-frequency mapping (RFM). Our observations
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show a decrease in the component separation in the average pulse profile of PSR B1133+16
with frequency and this scales as ν−0.3 . After correcting for the residual DM smearing, the
retardation and abberation time delays predicted by the RFM model can be measured from
the 116 and 173 MHz average profiles. Using a method similar to Cordes (1978), we find
a lower limit of 5.6 × 105 m for the height of 116 MHz radio emission. Depending on
the methods used, previously measured emission heights were < 105.0 –105.8m and < 104.7 –
105.8 m for the radio emission in the 40–1400 MHz range (Cordes 1978; Matese & Whitmire
1980). The upper limit in these works corresponds to the 40 MHz radiation emitted at radius
r < 105.8 = 6.3 × 105 m. Therefore, the derived emission radius of 5.6 × 105 m for the 116
MHz radiation is consistent with the former results. For the other two pulsars, a reduction in
the profile width is visible in Figure 4.1. The lack of a reliable fiducial point in the average
profiles of these two pulsars hampers robust estimation of the retardation and abberation time
delays, and hence estimation of emission heights.
The drift analysis revealed the large modulation index in all three pulsars at this frequency
and they in fact approach that of the Crab pulsar (m = 5 to 8) as found by Weltevrede et al.
(2006a) and Weltevrede et al. (2007) at 1380 and 382 MHz, respectively. Combined with
the values in their work, the modulation index of the pulsars considered here increases with
decreasing frequency indicating the prevalence of bright and spiky emission. From their
observations in 341–4850 MHz range, Kramer et al. (2003) reported giant pulses in PSR
B1133+16 at 4850 MHz, with a majority of them occuring at the phase of the leading component of the average emission profile. They also report individual pulses at 1412 MHz clearly
distinct from noise, but less than 10 times the average pulse. Furthermore, these pulses were
contemporaneous to the giant pulse emission at 4850 MHz. If the bright pulses we detect
are related to those found at 4850 MHz, then this raises the question of why the mechanism
responsible for the bright pulses is not active at 1412 MHz. A possible reason for this could
be an unusual spectral behaviour of these bright pulses. Alternatively, the average emission
could have a greater contribution from the normal pulses at 1.4 GHz than at 4850 MHz or
at 116 MHz. Simultaneous observation spanning even wider frequencies than Kramer et al.
(2003) could help resolve this issue.
It is interesting to note that the slopes in the edges of the average emission profiles as seen
in PSRs B1112+50 and B0031−07 are indicative of the sub-pulse drifting and the direction
of the dominant drift mode. These pulsars were also identified as drifters by Weltevrede et al.
(2007). From their work, it can also be seen that several pulsars exhibiting coherent drifting
show that one of the leading or trailing edges of the average emission profiles is steeper than
the other (e.g B2012+51, B2310+42, B2016+28 etc.).
The preference of the bright pulse emission to occur at the phase conicident with the
peak in the average emission profile is a feature common to all pulsars in this study. This
argues that these pulses are preferentially emitted further away from the last open magnetic
line in the magnetosphere, which contrasts with pulsars like PSR B1937+21 (Kinkhabwala
& Thorsett 2000). The bright pulses in B0031−07 are more frequent and bright at even lower
sky frequencies when we compare our results in the 115–180 MHz range with those found
by Ershov & Kuzmin (2005) at 40 MHz. This is also valid for the other two pulsars studied
here – bright pulses are more common in these pulsars at lower frequencies. This finding
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contrasts with the models of Petrova (2004) in which the bright and narrow giant pulses
at high frequencies were explained by inverse Compton scattering of low frequency radio
photons. Simultaneous multi wavelength radio observations might help resolve this issue.

4.10 Conclusions
The main conclusion that can be drawn from the pulse energy distributions for PSRs
B1133+16 and B0031−07 is that they show a power-law like form in the frequency range
observed here. PSR B1112+50 shows a pulse energy distribution with a somewhat steeper
power law and several pulses with energy ≥ 10hEi. Even though the pulses detected are much
narrower than the average pulse profile, these characteristics alone do not qualify these pulsars as giant pulse emitters in the classical sense. However, the single pulse analysis in these
pulsars do reveal the large modulation indicies, suggesting that they are similar to the “spiky”
emission as in the in the low frequency observations of B0656+14 (Weltevrede et al. 2006c).
Extending this argument further, this emission may be related to the RRAT-like emissions
(Weltevrede et al. 2006b).
In this work, the spectrum of three pulsars in the 115–180 MHz range were derived and
PSR B1133+16 shows a spectral break in this range, while the spectra of PSRs B1112+50
and B0031−07 show that the spectra peaks at frequencies greater than 180 MHz. From
our detections of narrow and bright pulses, we reported DM changes for PSRs B1112+50
and B1133+16 and no change in the DM of PSR B0031−07. We detect microstrucure in
PSRs B1133+16 and B0031−07, however with our sensitivity we are not able to measure the
characteristic intensity variation timescales. In the drift analysis of the single pulses in PSR
B0031−07, two of the three drift modes were detected. The modulation indices computed
from the pulse stacks of all three pulsars show values larger than those at higher frequencies.
This shows the presence of strong pulse to pulse intensity variations and probably arises from
the combination of dritfing subpulses and the single bright pulses. While the issue of whether
these pulsars emit giant pulses is not conclusive, it is clear that the nature of emission changes
considerably as one moves to lower radio frequencies.
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Crab Giant Pulses at Low Sky
Frequencies

R. Karuppusamy and B. W. Stappers
To be submitted, Astronomy & Astrophysics
Abstract We collect and analyse a large number of Crab giant pulses at very low sky frequencies in the 115–180 MHz range, using a baseband recorder and full coherent dedispersion. From the dispersion-free giant pulses, we derive the scatter timescales and the pulsar spectrum in this frequency range. Our sensitive observations and coherent dedispersion
shows that there is a precursor to the interpulse and that it comprises no giant pulses and so
can be attributed to a similar emission source as the precursor to the main pulse. Together
these precursors might be the normal emission seen from the majority of radio pulsars. More
than 1000 giant pulses are detected at each of the frequencies observed. From this the giant pulse emission rates are found and the scatter timescales are computed in each observed
band.
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5.1 Introduction
The Crab nebula and pulsar are amongst the most intensively studied objects on the sky. The
discovery of the pulsar NP 0531 (now known as PSR B0531+21) in the Crab nebula (also
designated as SN 1054) was the first observational evidence for neutron stars being formed
in the supernova explosion of massive stars (Staelin & Reifenstein 1968). The Crab pulsar
is a bright source of electromagnetic radiation and is detected at all observable wavelengths.
At radio frequencies, the pulsar emission shows a variety of features of which the evolution
of the average pulse profile with increasing sky frequency is readily noticed. For example,
in addition to the main and inter pulse emission visible at most frequencies, other emission
components appear at certain frequencies; the precursor emission component is visibile only
at very low frequencies (Rankin et al. 1970); the low-frequency component appear between
600–4800 MHz and two high-frequency components in the 4000–8400 MHz frequency range
(Moffett, D. A. and Hankins, T. H. 1996). In the latter work, it is also seen that no interpulse
emission is present at 2700 MHz, and reappears slightly earlier in phase above 4700 MHz.
The most enigmatic feature in the radio emission from the pulsar is the intense radio bursts
called giant pulses, which actually led to the discovery of the Crab pulsar (Staelin & Reifenstein 1968). The giant pulses were reported for the first time by Sutton et al. (1971) as
“jumbo” pulses that formed a long tail in the single pulse intensity histogram. Soon after
this work, the individual pulses from the Crab pulsar were extensively characterised and the
power-law nature of the pulse energy distribution was firmly estalished (Argyle & Gower
1972; Gower & Argyle 1972).
Giant pulses are now defined as the pulses with energy greater than ten times the average
pulse energy and have widths very narrow compared to the average pulse emission (Knight
2007). As an example, narrow pulses on the order of 0.4 ns are observed at a sky frequency
of 9 GHz (Hankins & Eilek 2007). However, at low sky frequencies, the signal propagation
effects in the interstellar medium (ISM) blur the narrow pulse considerably; the dispersion
smearing at different frequencies arrive at slightly different times due their travel in the ionized ISM and pulse broadening due to multipath propagation effects (Williamson 1973). In
the past studies, either hardware limitations in correcting the dispersion smearing or less sensitive systems limited the number of giant pulses studied at low frequencies. For example,
the early studies relied on less than 400 giant pulses (Sutton et al. 1971; Argyle & Gower
1972; Gower & Argyle 1972). More recently Popov et al. (2006b) used a sensitive telescope,
but an incoherent dedispersion method and Bhat et al. (2007) coherently dedispersed pulsar
signal, but used a less sensitive system. As an illustration, the dispersion smearing in the
2.5 MHz band at our lowest sky frequency, 116.75 MHz is 766.75 ms, which is ∼23 pulse
periods. Even with a reasonable 64-channel hardware filter bank, the dispersion smearing in
each channel is 11.9 ms, which if not removed allows the detection of only the very bright
pulses.
The Crab pulsar has a rather steep spectrum of α = −3 (Rankin et al. 1970; Maron et al.
2000). This implies that a large number of giant pulses should be detectable at low sky
frequencies, if their occurance rate remains the same as that reported at higher frequencies
(Lundgren et al. 1995). Scattering affects normal pulses and giant pulses alike, but the effect

Low frequency Crab giant pulses

87

is more readily measured in the giant pulses. If the dispersion smearing can be fully removed,
the giant pulse emission rates and the scattering phenomena can be studied in much greater
detail. The observing system we use has the possibility to coherently dedisperse the pulsar
signal. Thus this study marks the first coherently dedispersed study of the emission from the
Crab pulsar with a resonably senstive system, resulting in a large number of giant pulses in
the frequency range 115–180 MHz. The preceeding discussion motivates revisiting the giant
pulse emission at low sky frequencies.
The rest of the chapter is organised as follows: The observations are described in §5.2.
The flux calibration, average radio emission and the spectra of the Crab pulsar are discussed
in §5.3. The single pulse statistics are discussed in §5.4. Scattering in single pulses across the
range of observed frequencies is presented in §5.5, followed by discussion and conclusions.

5.2 Observations and data reduction
For the observations reported in this chapter, we used the flexible baseband recording and processing instrument, PuMa-II (Chapter 2) and the Low Frequency Front Ends (LFFEs) at the
Westerbork Synthesis Radio Telescope (WSRT). The LFFEs were tuned to eight frequencies
each of which was 2.5 MHz wide in the 115–180 MHz frequency range (details in Table 5.1).
The observations were carried out on 2006 May 13, spread over four 15-minute sessions. The
baseband recorded pulsar signal was coherently dedispered at the dispersion measure (DM)
obtained from the Crab pulsar ephemeris maintained by the Jodrell Bank Observatory1. A
32-channel coherent filterbank was formed using the open-source pulsar data processing software package DSPSR2 and all single pulses were written to disk. The PSRCHIVE (Hotan
et al. 2004) software was used to form total intensities and further processing. Single pulses
satisfying the threshold S /N ≥ 4.4σ in total intensity were examined by eye and pulses not
contaminated by RFI were retained for the single pulse analysis.
Separate 10-second stretchs of average pulse profiles were also formed using a 64-channel
coherent filterbank. The average emission in all four sessions for two frequencies are displayed as a grey scale plot in Figure 5.1. The system was also the most sensitive in sessions
II and III, as the sensitivity depends on the hour angle of the Crab pulsar when it was observed
(as explained in the next section).

5.3 Low frequency flux
5.3.1

Flux Calibration

The Crab nebula is a bright extended object with a typical size of 6′ × 4′ and therefore dominates the telescope system temperature when the width of the telescope beam is comparable
to the angular size of the nebula. The frequency dependence of the nebular flux can be expressed as 955ν−0.27 where ν is the sky frequency in GHz (Bietenholz et al. 1997). For these
1 http://www.jb.man.ac.uk/

pulsar/crab.html

2 http://dspsr.sourceforge.net/
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Frequency
(MHz)
116.75 . . . . . .
122.75 . . . . . .
139.125 . . . . .
141.75 . . . . . .
147.50 . . . . . .
157.00 . . . . . .
162.50 . . . . . .
173.85 . . . . . .

Session I
08:59:50

Session II
11:59:50

Session III
14:59:50

Session IV
17:59:50

X
*
X
–
–
X
X
X

X
*
X
–
X
X
X
X

X
*
X
X
X
X
X
X

X
–
–
X
X
–
–
X

Table 5.1: Details of the observations carried out on 13 May 2006. The 15–minute observing sessions
began at the start time in UTC, displayed in the second row. The successful runs are marked with the
symbol ’X’ and failed recording with ’–’. The runs with ’*’ were severely affected by interference and
were ignored in the analysis.

observations, the WSRT was configured to operate in the tied array mode, where the signals
from fourteen 25-m telescopes were coherently added by special purpose hardware. The resulting synthesised beam depends on the source hour angle and sky frequency; in the 115–180
MHz range the beam resolves the nebula at higher frequencies and at small hour angles of
the Crab pulsar. At 116 MHz, the beam is approximately the size of the nebula; the emission
from the nebula is therefore unresolved; this further results in a large system temperature and
hence a less sensitive system. The resulting pulse intensity variation with respect to observation time is displayed in Figure 5.1 and shows the frequency–time dependence of the beam
width.
Observations at low sky frequencies are prone to RFI and the data affected by RFI has to
be removed before calibration of the single pulses or the average pulse profile. To clean the
data of RFI from the average profiles, the 10 seconds subintegrations were inspected visually
as frequency–phase plots and RFI affected data stretchs were removed in this process. The
remaining data was integrated to estimate the average pulse fluxes.
From Figure 5.1, a relatively large signal-to-noise ratio is seen in the observing sessions
II and III. Therefore, we use the average profiles formed from the observing session III to
estimate the average pulse flux. The change in the nebular contribution to the system temperature due to the frequency–time dependence of the beam width was incorporated in the
estimation of pulse fluxes in a manner similar to the method described in §3.3. Since the
former work was at 1400 MHz, we need to use revised values corresponding to the frequency
range considered here. Accordingly, the receiver temperature is taken to be a constant value
of 400 K in the 115–180 MHz range of the frontend receivers. The nominal background sky
temperature spectrum of ν−2.6 is compensated electronically in the amplitude gains of LFFE
amplifiers. To this value, the contribution of the Crab nebula is added to give the system
temperature, assuming a 25% aperture efficiency and a telescope gain of 0.57 K Jy−1 . The
uncertainty in the flux estimates are taken to be 10%, which includes the possible effects due
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Figure 5.1: Plot of total intensity of Crab pulsar against time in the four observing sessions shown
separated by dashed horizontal lines. The left panel corresponds to the band centred at 116.75 MHz,
while the panel on the right is at 157 MHz. The elapsed time shown on the vertical axis is the observation
time within each session. The vertical axis is labelled with the hour angle of the Crab pulsar on the right
side of the second panel and corresponds to the middle of the 15-minute observing sessions.

to the remaining RFI and the uncertainties in the estimation of the Crab nebula’s contribution
to the system temperature.

5.3.2

Average pulse profiles

Figure 5.2 shows the average pulse profiles at several frequencies observed at the WSRT and
the γ-ray profile from Abdo et al. (2009a). It is of interest to note the features in the average
emission at the low sky frequencies. The increase in scatter broadening of the pulses is clearly
visible as one moves down in frequency. We identify at least four emission components
– the precursor to the main pulse, the main and interpulse and the new precursor to the
interpulse (see Figure 5.2). A weak emission brigde that appears to connect the main and
interpulse appears convolved with the scatter tail of the main pulse. These emission features
are discussed below. In the 1400 MHz data, the weak emission that preceeds the main pulse
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Figure 5.2: Plot showing the average emission profiles of the Crab pulsar at several frequencies observed at the WSRT aligned by the peak in the main pulse. The first seven profiles are from the observations reported in this work, while profiles at 382 MHz and 1400 MHz are from the WSRT archives. The
γ–ray profile was provided by the Fermi collabration. The arrow shows the location of new interpulse
precursor emission component.
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is the low-frequency component (Figure 1; Moffett, D. A. and Hankins, T. H. 1996).
Apart from the scattering, a gradual decrease in the ratio of main pulse to interpulse peak
intensity is visible. The emission bridge is convolved with the main pulse scatter tail and
it increases towards lower frequencies. At 116.75 MHz the feature is ∼ 40% of the peak
main pulse intensity. Previous studies have revealed the emission bridge (Rankin et al. 1970;
Manchester et al. 1972; Vandenberg et al. 1973), although it was not very evident as the
signals were affected by dispersion smearing.
The precursor to the main pulse is not resolved below 147.75 MHz due to scatter broadening while vestiges of it are still visible at 139.75 MHz. The precursor appears marginally
weaker in relation to the main pulse for frequencies below 173.85 MHz, while it is fully
resolved at 382 MHz, it is absent at 1400 MHz. The low frequency average emission profiles in Figure 5.2 all show indications of a precursor to the interpulse. However, at lower
frequencies, this component is completely masked by the long scatter tail of the main pulse.
However, the slight increase in emission is clearly visible, as indicated by the small arrow in
the figure.
To the best of our knowledge, this is the first instance that the precursor to the interpulse
is reported. We now draw comparision to the main pulse counterpart. Both features appears
to increase in intensity as we move down in frequency. The new component has no emission counterparts at higher radio frequencies or other wavelengths. This is also true of the
main pulse precursor that disappears for frequencies greater than ∼600 MHz. Other than
the first order comparision, more observations are necessary to ascertain the nature of the
new component. For example, the main pulse precursor is linearly polarized (Campbell &
Heiles 1970) and its intensity varies in time on the order of a few tens of minutes (Rankin
et al. 1970). However, we draw one important conclusion – the new component can be interpreted as comprising of the normal interpulse emission in a similar manner as the main pulse
precursor (Popov et al. 2006a) and this is dicussed in §5.6.
The average γ-ray emission is seen only at the phases coincident with the radio giant pulse
emission phases, and no other emission component is visible. There are no counterparts to
the emission features discussed at very low sky frequencies.

5.3.3

Radio spectrum

The flux calibrated average pulse profiles from the observing session III were used to compute
the mean continuum flux density for the Crab pulsar, as this session was the least affected by
RFI and has the best S /N of the four obsering sessions. The spectrum is displayed in Figure.
5.3 and is derived from the computed mean flux densitites.
The spectrum displayed here can be compared to Sieber (1973), where the low frequency
part of the spectrum in their work was derived from the continuum fluxes. In their work, it is
seen that the spectrum turns over at ∼100 MHz. In the figure above, the 10% uncertainty in
the flux at 116.75 MHz maybe an underestimation, as at this frequency the whole nebula is illuminated by the telescope beam. Therefore, this could be the reason for the somewhat lower
measured flux at 116.75 MHz, and the apparent turnover of the spectrum in this frequency
range. The table in the work of Manchester et al. (1972) shows that the flux density increased
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Figure 5.3: The spectrum of the Crab pulsar in the 115–180 MHz range. The error bars correspond to
10% uncertainty in the flux measurements. The observation from Session III was used to derive the flux
densities shown here.

down to the lowest frequency they observed. the possiblity of flux underestimation in our 116
MHz data means that we can neither confirm nor contradict the results in the former work.

5.4 Giant Pulse Statistics
In this section, the statistics of the giant pulses are examined by means of the mean flux
density distribution of single pulses. We began by searching for the giant pulses based on a
threshold of S /N ≥ 4.4σ, where σ is the off-pulse root-mean-square variation of the noise.
Furthermore, only pulses that showed proper phase association to the average emission profile
were collected. Next, the flux density of single pulses was computed, and then averaged
over the pulse period to compute the average flux density of the single pulses. At low sky
frequencies the scattered giant pulses can occupy a considerable fraction of the pulse period.
For this reason, initially a few giant pulses were examined by eye in every band recorded,
from which a window of suitable size was found to include all pulsed emission from the
star. After calibrating the pulses, the flux was integrated in this window and divided by the
peak value resulting in the equivalent width, Weq of the pulse. The flux of the pulse is then
computed using Weq in the radiometer equation (as discussed in Chapter 3) and then averaged
over the pulse period.
Subsequently, a second level search was undertaken to locate all broad band pulses. Using
the giant pulses at 173.85 MHz and the dispersion delay at other frequencies, simultaneous
pulses were recovered. This resulted in pulses at 173.85 MHz and at least one other frequency.
From these pulses, of the 172 brightest detected at 173.85 MHz, 16 were detected in all seven
bands with S /N > 15σ. These pulses were therefore very broad band, i.e ∆ν/ν ∼ 0.3.
However, these pulses are only a small fraction of the total number of giant dectected at
173.85 MHz, and in the following we rule out scintillation as a possible cause. The diffractive
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scintillation bandwidth, ∆νd at 430 MHz for the Crab pulsar was found to be 24 KHz (Table
3;Cordes et al. 2004). Using a nominal ∆νd ∝ ν4 frequency scaling, we expect ∆νd to be
on the order of 0.12–8 KHz and this is much smaller than the 2.5 MHz bandwidth used.
Therefore, diffractive scintillation cannot be the cause for fewer broad band giant pulses.
Also, refractive interstellar scintillation cannot cause deep modulations across the frequency
band observed as the timescales are on the order of a few days (Lundgren et al. 1995).
The number of pulses at the main and inter pulse phases detected in the first pass are
shown in Table 5.2. The reason for a larger number of detections in the higher frequency
bands is due to the increased sensitivity of the telescope array as discussed earlier in §5.3.1.
At 116.75 MHz, a somewhat larger number of pulses were detected owing to the longer
observation (see Table 5.1).

Figure 5.4: Plot showing the distribution of the average flux density for the pulses found at the main
and inter pulse phases at the band centred at 173.85 MHz. Giant pulses dectected in other bands show
similar a trend. Also shown are the power law fits to the distribution.

Figure 5.4 shows the flux distribution of the giant pulses at 173.85 MHz. The other bands
display similar histograms and are therefore not shown. In all bands we note that, the giant
pulses are more frequent and bright at the main pulse phase compared to those at the inter
pulse phase, and this is entirely consistent with the emission at higher frequencies (Lundgren
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et al. 1995). To derive a rate of emission, the probablity density function is modelled as,
f (S ν ) ∝ S ν−α ,

for S ν > S b

(5.1)

where S ν is the mean flux density at frequency ν, and S b defines the point in the distribution
beyond which a power law emerges. Using a similar method and as displayed in Figure 5.4,
power-law fits to the pulse flux distributions at other frequencies were made, and the slopes
derived are shown in Table 5.2. The slopes of the distributions steepen with frequency except
at 116.75 MHz, which is probably due to an uncertainty in estimation of average pulse flux.
Additionally, in this band the pulse emission occurs over a large fraction of the pulse period
resulting in an insufficient off-pulse region contributing to flux estimation uncertainties. Alternatively, the drastic turn over in the spectra of the pulsar at ∼100 MHz (Rankin et al. 1970
and Figure 5.3 in §5.3.3) might cause a steepening in the distributions.
N pulses

Frequency
(MHz)

MP

IP

116.75 . . . . .
139.125 . . . .
141.75 . . . . .
147.50 . . . . .
157.00 . . . . .
162.50 . . . . .
173.85 . . . . .

1246
581
964
1047
1175
1165
1355

370
206
156
313
409
330

αmp

αip

rate
second−1

2.12±0.09
1.65±0.14
1.51± 0.05
1.78 ± 0.10
1.83± 0.10
2.38 ± 0.15
2.39 ± 0.12

2.7 ±0.29
1.2 ± 0.13
1.6 ± 0.09
1.6 ± 0.12
0.7 ± 0.05
2.05 ± 0.16

14.8 × 10−3
9.6 × 10−3
20.5 × 10−3
16.6 × 10−3
19.3 × 10−3
14.2 × 10−3
15.4 × 10−3

Table 5.2: The number of giant pulses detected, the slopes of average pulse flux histograms and the
giant pulse rate in various bands observed. The number of pulses detected in the bands centred at
139.125 and 141.75 MHz are considerably less than the other bands because only two of the four
observing session contained usable data for these two bands. the giant pulse rate included both the inter
and main pulse giants.

The slopes to the flux distribututions found here can be compared to those reported elsewhere. Argyle & Gower (1972) report a slope of -2.5 and -2.8 for the main and inter pulse
flux distributitons at 146 MHz. These results are based on their 171 pulses in two observations using 46-m and 26-m antennae. The difference in the values we derive are likely due
to the small number statistics and limited sensitivity of Argyle & Gower (1972). We can
also compare the slopes estimated at other frequencies. From our earlier work at 1400 MHz
(Chapter 3), it was shown that the slopes were −3.0 and −2.8 for the main and inter pulses
flux distributions, respectively. Lundgren et al. (1995) reported a value of −3.3 at 800 MHz
and Cordes et al. (2004) reported ≈ −2.3 at 430 MHz and noted that the slope increased with
frequency. Combined with our values at 115–180 MHz, we confirm the general steepening of
the flux distrubtions with increasing frequency. The rate of giant pulses is also higher at low
frequencies. At 173 MHz, a total of 1685 giant pulses above with S /N ≥ 5.2σ were detected
(see Table 5.2). This translates to a rate of one giant pulse in 62 stellar rotations. The rate
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of giant pulse emission (column 7 in Table 5.2) shows no particular trend with frequency.
The complex nature of the telescope beam and the presence of any residual RFI might have
affected the giant pulse rates derived here.
As reported elsewhere, we confirm that there are no giant pulse emitted at other than
the main and inter pulse phases. An extensive search at both the precursor phases resulted
in no giant pulse detections. Additionally, we computed the longitude resolved modulation
index for the longitude range corresponding to the main pulse precursor, and find a value
of ≈ 0.8. The large number of giant pulses at the main and inter pulse phases resulted in
strong intensity variations leading to a correspondingly large modulation index of ≈ 3. This
supports the argument that the main pulse precursor consists of entirely normal pulses, and
hence shows a very small pulse to pulse intensity variation, unlike the emission at the main
and inter pulse phases.

5.5 Scattering Analysis
5.5.1

Scatter timescales

The single bright pulses are excellent probes of the scattering interstellar medium. The propagation of the intrinsically narrow pulse through the interstellar medium and the scattering
material within the Crab nebula results in the observed exponential tail in the low frequency
average profiles and giant pulses. We model the giant pulses as consisting of a Gaussian like
leading edge and an exponential decay. This can be written as,

(t−tm )2



 A · e− 2σ2
f (t) = 
t−t


 A · e− τscm

if t < tm

(5.2)

if t ≥ tm .

where tm is the time where the exponential decay of the trailing edge begins, σ is the width
of the one-sided Gaussian with A as a propotionality constant. The best fit curves to the data
based on equation 5.2 is shown in Figure 5.5. The scattering timescales τ sc , are given by the
1/e decay times which is estimated from the exponential fits to the trailing part of the giant
pulses.
The scattering in the direction of the Crab pulsar is assumed to originate from a single,
thin slab of scattering material giving rise to a Kolgomorov spectrum. This results in the
frequency scaling of the scattering time as ν−4.4 . The average of the derived scatter times
from the individual giant pulses in every observed band was computed. Example fits are
displayed for seven of the observed bands in Figure. 5.5.

5.5.2

Statistics of scatter timescales

The distribution of the scatter times is displayed in the top panel of Figure 5.6 and corresponds
to the band centred at 173.25 MHz. Giant pulses in bands at other frequencies observed
here display qualitatively similar histograms. The spread in the histogram is caused by the
values from fits to weak pulses, which may have larger errors. The average of the scattering
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Figure 5.5: Plot displaying a broad band giant pulse detected in seven of the eight recorded bands. The
observed total intensity of the pulse is modelled using a functional form described in the text.

timescales was computed at each frequency. These values are plotted and the best fit is
shown in the lower panel of Figure 5.6. The spectra of scatter timescales is well-described by
a τ sc ∝ ν−3.2±0.08 relation. At an epoch only 233 days earlier than our observations, Bhat et al.
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Figure 5.6: Plot showing scatter times from the model fits. The top panel shows the distribution of the
scattering timescales in the band centred at 173.85 MHz. The bottom panel shows the average scattering
timescales from the other bands.

(2007) derive a frequency scaling of ν−3.5±0.3 based on τ sc at several frequencies reported
elsewhere and their value at 200 MHz. Therefore, the frequency scaling we derive is in good
agreement with that of Bhat et al. (2007). We also note that the Crab nebula shows abnormal
scattering events where scattering timescales can drastically change with in a few weeks. The
lower index of ∼ −3.2 to −3.5 is inconsistent with the expectation of −4.4 for a Kolgomorov
spectrum. However, the Kolgomorov spectrum is applicable to the distributed interstellar
medium, while most of the scattering in the pulses from Crab pulsar orginates within the
nebula.
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5.6 Discussion and conclusion
The simultaneous average emission profiles at several frequencies in the 115-180 MHz range
are reported for the first time. From the coherently dedispersed signal, we report the previously unidentified interpulse precursor and we compared it to the main pulse precursor. Popov
et al. (2006a) hypothesise the latter emission component as consisting of normal pulses from
the pulsar, and that the conventional main pulse is made of entirely giant pulses. Their arguments were based on the finding that the average profile formed using only giant pulses has
a remarkable similarity to the average emission profile at that frequency and that the phase
of giant pulses trail the average emission in certain pulsars like PSR 1937+21 (Kinkhabwala
& Thorsett 2000). This interpretation was supported by the high-energy emission occuring
coincient with the phase of the giant pulses as seen in PSRs B1937+21 (Cusumano et al.
2003), B1821-24 (Romani & Johnston 2001) and the Crab pulsar (Figure 5.2). The forgoing
discussion and our finding of the new interpulse precursor supports the view of Popov et al.
(2006a) where the conventional main and interpulse emission consists only of giant pulse
emission.
The new emission component can be robustly tested by means of a simulation and will be
done in our future work. This can be done, for example, by assuming a xe−x functional form
of the scattering effects, and a narrow pulse representing the pulse emitted at the source. A
model with interpulse precursor emission component was tested in the work of Manchester
et al. (1972), and this template was smoothed using functions that represent both dispersive
and scattering effects. With our observations, the dispersive effects are completely removed,
and only effects of scattering needs to be tested. Combined with observations at other sky
frequencies, we further confirm that the main and inter pulse precursor components have
very steep spectral indicies. Moreover, these component have no counter parts at other wavelengths. The radio spectrum of the Crab pulsar we derive is qualitatatively consistent with
spectra published in earlier works.
The Crab giant pulse emission is limited to the main and interpulse phases at this frequency, as reported in past studies. The phase of the main and inter pulses has counter parts
at the γ-ray wavelengths. The enhanced emission at optical wavelengths coincident with the
giant pulses reported by Shearer et al. (2003) may be true at the γ-ray wavelengths too. This
hypothesis was tested by Lundgren et al. (1995) and they found no correlation between γ-ray
and giant pulse emission at 800 MHz. However, this can now be tested at a higher significance
with the Fermi telescope and to much higher photon energies. There has been one reported
detection of giant pulse emission at the so-called high frequency component (Jessner et al.
2005), at a sky frequency of 8.35 GHz. Even though we detect the precursor component with
a large S /N, we confirm that no giant pulses are dectected in the longitude corresponding to
the precursor. A low value of modulation index at the precursor phase is further evidence that
the giant pulses donot occur at this frequency or have a extremely low occurance rate.
The finding of some giant pulses with ∆ν/ν ≈ 0.3 suggests that the giant pulse emission
can be very broad band at low frequencies. This value is higher than the value of ∼ 0.1 as
found in Chapter 3 for frequencies of ∼1400 MHz. We note that only a small fraction of
the giant pulses show such broadband emission at these frequencies in contrast to the vast
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majority of the pulses. From the general increase of the slopes of pulse flux distributions
with frequency, it is clear that the giant pulses are more frequent at lower sky frequencies.
Simultaneous multifrequency observations and similar data reduction and analysis techniques
used in this chapter might help resolve the true emission bandwidths of giant pulses.
We have probed the propagation effects in the interstellar medium and the Crab nebula
in the 115-175 MHz range from the scatter tails of the giant pulses. Complete removal of
dispersion smearing allowed a greater experimental precision in the determination of scattering timescales than the previous studies. For the epoch of the observations reported here, the
scattering time scales in the direction of the Crab nebula follow a ν−3.2±0.08 dependence. The
different values for the scattering spectra derived by various authors confirms that a single
Kolmogrov like spectrum is an insufficient description of the scattering medium. A possible
reason for this departure is probably the nebula surrounding the pulsar.
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Giant pulses from Millisecond Pulsars

Abstract This chapter presents the results of a search for giant pulses from a selection of
millisecond pulsars. Utilising the flexibility of a baseband recording based pulsar machine
like PuMa-II we were able to use the high precision pulsar timing data for this search. We
detected giant pulses from PSR B1937+21 but failed to detect them from PSRs B1821−24,
J0218+4232 and B1957+20. In all three cases the lack of detection was consistent with
previous determinations of giant pulse strengths and emission rates. We discuss an improved
technique for searching the PuMa II data for giant pulses which has already resulted in many
more detection from PSR B1937+21. We plan to make GP searches part of the standard
processing pipeline for all MSP observations in the future.
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6.1 Introduction
In this chapter, the results of a study of giant pulses from millisecond pulsars is presented. The
weak nature of the individual pulses from millisecond pulsars (MSPs) makes them difficult to
detect. However, bright narrow radio emission from MSPs are known to occur and provided
a sensitive system, these pulses could be detected. The phenomenon of giant pulses was
reported for the first time from the Crab pulsar (Argyle & Gower 1972) and are defined as
the pulses with energy greater than ten times the average pulse energy and tend to be much
narrower than the average emission from the pulsar. The second source of giant pulses was
PSR B1937+21 (Cognard et al. 1996) and in this pulsar these pulses were found to be occur in
narrow pulse phases trailing the average emission profile. Following this report, Kinkhabwala
& Thorsett (2000) carried out an extensive multifrequency study of B1937+21 giant pulses
to determine the emission rates and Soglasnov et al. (2004) found that these pulses can be
as narrow as 15 ns. The next candidate that showed giant pulse emission was the MSP
PSR B1821−24 (Romani & Johnston 2001), followed by PSRs J0218+4232, J1823-3021A
and B1957+20(Knight et al. 2006b, 2005). In the Crab pulsar, the emission from giants
modulate the whole phase range of the average pulse profile (for an alternate interpretation,
see Chapter 5 and Popov et al. 2006a), while in the MSPs they always occur in narrow pulse
phases separate from the average emission. Another young pulsar in the Large Magellenic
Cloud, PSR B0540-69 was reported to show emission of these anomalous pulses (Johnston
& Romani 2003) and the pulses show characteristics similar to those from the Crab pulsar.
The only common factors in the pulsars mentioned above are their high energy emission, and
large (BLC ≈ 105 G) magnetic field at the velocity of light cylinder.
As noted by Romani & Johnston (2001), giant pulses from PSR B1821-24 shows a remarkable phase coincidence with the high energy pulsed emission and this was confirmed
later in two more MSPs. For example, the giant pulses from PSR B1937+21 coincide with
phase of the non-thermal X-Ray emission (Cusumano et al. 2003). The same behaviour was
noted in PSR J0128+4232 (Knight et al. 2006b). This suggests that the giant pulse and highenergy emission regions are co-located in the pulsar magnetosphere. Therefore, in addition to
large BLC , the presence of pulsed high energy emission appears to be correlated to the radio
giant pulses in a pulsar.
In contrast to the above, recently giant pulse like emission was found in pulsars with
apparently low BLC ∼4–100 G and no high energy counterparts. These pulsars are dealt
with in Chapter 4. These contrasting observations shows that the radio emission from pulsars
is not a very well understood phenomena. The large amount of energy in the single giant
pulses and the association with high energy emission means that the emission process that
generates them is important and interesting. Moreover as indicated by (Petrova 2004), there
is a possible association with the lower energy emission as well. It is also interesting to note
that the result of Shearer et al. (2003), who showed that the correlation with the coherent
and incoherent emission processes may provide us with a further constraint on the properties
of the plasma in the magnetosphere. Therefore, additional observational information on the
giant pulses can possibly uncover the nature of the radio emission mechanism.
Observationally, the giant pulses are seen as bright bursts and differ from the normal
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pulsed emission in terms of their energy and flux distributions. The common characteristics
of the giant pulses from the pulsars mentioned above are that the pulse energy and flux distribution exhibit a power law nature (e.g Lundgren et al. 1995; Kinkhabwala & Thorsett 2000),
quite distinct from the gaussian distribution of the normal pulses (Hesse & Wielebinski 1974).
Past studies on the giant pulses from MSPs were based on ∼200 giant pulses except in PSR
B1937+21. Additional data can be used to characterize these pulses extensively. The results
described in this chapter are derived from a second pass processing of pulsar timing observations, which is carried out every month. Therefore, this method potentially allows one to
access a large population of giant pulses.
The rest of the chapter is organised as follows: the details of the observation and data
reduction are presented in §6.2, followed by the system sensitivity considerations in §6.3.
The giant pulses detected from PSR B1937+21 is presented next, followed by discussion and
conclusion.

6.2 Observations and data reduction
The data used here are from several observations carried out in 2007–2009, primarily acquired as a part of the long running Pulsar Timing programme at the Westerbork Synthesis
Radio Telescope (WSRT). The observational details are displayed in Table 6.1. As discussed
in the previous chapters, voltages from the single telescopes are sampled at 2-bit resolution
and a rate of 40 MHz. These are written as 8-bit baseband data after the coherent addition of
2-bit data from the individual telescopes.
The baseband data is then processed using the open-source package DSPSR. All four
polarization products were formed using an 8-channel coherent synthetic filterbank and the
data was written to disk as single pulses. This frequency resolution permitted 1024 or 2048
phase bins across the pulse period of the pulsars studied here. The total intensity of the
pulses were then computed and searched for giant pulse emission. We chose a criteria of
S /N =7–9 σ, where S /N is the signal-to-noise ratio and σ is the offpulse root-mean-square
fluctuation. The design of the WSRT and PuMa-II results in up to eight 10 or 20 MHz bands
at each observation frequency. The giant pulse search was performed independently in every
recorded band.

6.3 Sensitivity to giant pulses
Below we summarize the giant pulse detections using two methods. In the first method,
giant pulses were detected in each individual 20/10 MHz subbands. Pulses that satisfy the
threshold criteria were retained for further analysis and the rest deleted. In the second method,
single pulses were first formed in all subbands. These pulses were then added across the
frequency bands in software resulting in pulses with an equivalent bandwidth of either 80
or 160 MHz, depending on the sky frequency of the observation. The pulses with larger
bandwidth resulted in a lower radiometer noise and were then searched for giant pulses. This
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Pulsar

Date

Band a,b,c

dd-mm-yyyy

B1937+21

B1821−24

J0218+4232

B1957+20

Duration
minutes

03-02-2007
11-02-2007
25-02-2007
24-03-2008
24-05-2008
22-06-2008
22-06-2008
20-06-2009
20-06-2009

21cm
21cm
21cm
21cm
13cm
21cm
13cm
21cm
13cm

11
21
15
20
20
20
20
35
35

04-02-2007
25-02-2007
24-06-2007
29-03-2008
24-04-2008
22-06-2008
08-10-2008
26-05-2009
20-06-2009

21cm
21cm
21cm
21cm
21cm
21cm
21cm
21cm
21cm

25
20
26
25
35
35
35
29
25

24-05-2008
19-07-2008
26-05-2009
26-05-2009
20-06-2009
20-06-2009

21cm
21cm
92cm
21cm
21cm
92cm

26
25
25
25
25
25

24-05-2008

92cm

30

a

92cm band refers to eight 10 MHz bands at 376.25, 367.5, 358.75, 350, 341.25, 332.5,
323.75 and 315 MHz.

b

21cm band refers to eight 20 MHz bands at 1310, 1330, 1350, 1370, 1390, 1410, 1430
and 1450.

c

13cm band refers to eight 20 MHz bands at 2210, 2228.125, 2246.25, 2264.375,
2282.5, 2300.625, 2318.75 and 2336.875

Table 6.1: Observational details for the millisecond pulsars considered in this study. The last column
is the duration of the observation in minutes.
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method was employed only for the observations done on 20/21–06–2009, since the software
to combine pulses is a new development.

6.3.1

20/10 MHz subband detections

The system sensitivity to the giant pulses from the MSPs observed in the three different bands
at the WSRT are listed in Table 6.2. The minimum detectable signal is computed using the
expression 4.1. The relevant parameters are B = 20 MHz, and T int are listed in column 4 of
Table 6.2. The telescope gains were taken from the the WSRT user’s manual 1 . The system
temperature, T sys = T rx +T sky , where T rx is the receiver temperature. The sky temperature T sys
is computed assuming that the synchrotron contribution from the Galactic background scales
with frequency as ν−2.6 and using the nominal sky temperature from 408 MHz continuum
maps of Haslam et al. (1981).
Pulsar
B1957+20 . . . . . . .
B1937+21 . . . . . . .
B1821−24 . . . . . . .
J0218+4232 . . . . .

Band

T sys (K)

T int (µs)

S min (Jy)

92cm
21cm (13cm)
21cm
92cm (21cm)

204
33 (61)
35
185 (31)

0.78
0.76
2.98
1.13

347
63 (115)
33
295 (48)

Table 6.2: Telescope sensitivity to various pulsars. Observation parameters of pulsars at two different
frequencies are shown in parentheses. The frequencies considered for 92cm, 21cm and 13cm band are
328, 1400 and 2273 MHz, respectively. At 92cm a bandwidth of 10 MHz is considered, and it is 20
MHz at the other two frequencies. The factor S min corresponds to the 8σ detection threshold.

In these observations, we have detected 25 giant pulses from PSR B1937+21 in the 1300–
1460 MHz band. No single pulses were detected from this pulsar in the 2200–2360 MHz
band. From Table 6.2, we can see that the large system temperature in this frequency band
resulted in a lower sensitivity. Moreover, at 2.2 GHz the giant pulse emission rates is also
lower than at 1400 MHz (Kinkhabwala & Thorsett 2000). These two factors resulted in no
giant pulse detections.
From our observations of PSR B1821−24 and J0218+4232 , we did not detect any single
pulse with S /N ≥ 7σ. Therefore, we now derive the emission rate of the giant pulses in these
pulsars and compare with the previous studies. The probability of detecting a giant pulse
above our detection threshold in at least one of the observing sessions is given by,
p=

N
X
1
t /P
i=1 i

(6.1)

where, ti is the time in seconds of the observing session i and P is the pulse period in seconds.
Using the values of ti from Table 6.1, the upper limit of probability of detecting a pulse with
1 http://www.astron.nl/radio-observatory/astronomers/wsrt-guide-observations/
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peak intensity S peak > 33 Jy is p = 1.67 × 10−5 . True emission rates may be less than than
this value.
To compare with the previously published giant pulse emission rates, we convert our
values in terms of the mean pulse energy hEi. In the 21cm band, PSR B1821−24 has a mean
flux of 0.18 mJy 2 (Hobbs et al. 2004). Therefore in our observations a ∼3µs wide pulse with a
peak intensity of 33 Jy corresponds to a pulse energy of 183hEi. Knight et al. (2006a) derive
an expression for the probability of occurrence of a pulse with energy E > E0 as K.E0−1.6 ,
where E0 is expressed in terms of hEi and K = 2.5 × 10−4 . These authors also find a rate of
1.3 × 10−5 for pulses ≥ 28hEi. With their value of K, we compute the rate of a pulse with
183hEi as 6 × 10−8 . The value we derive here is an upper limit, and therefore consistent with
Knight et al. (2006a).
Proceeding in a manner similar to the above, we derive the giant pulse emission probability for PSR J0218+4232 and these values are 6.1 × 10−6 and 3 × 10−6 for 21cm and 92cm
observations, respectively. At 21cm we were sensitive to pulses greater than 48 Jy peak flux
corresponding to a pulse energy of ∼55 Jy.µs. Referring to the ATNF pulsar catalogue, the
mean flux density of this pulsar at 1400 MHz is 0.9 mJy. So, our threshold in mean pulse
energy is 32hEi. This is consistent with the rate of 3.8 × 10−7 derived by Knight et al. (2006b)
for pulses with energy greater than 20hEi.

6.3.2

160/80 MHz detections
Pulsar
B1937+21 . . . . . . .
B1821−24 . . . . . . .
J0218+4232 . . . . .

Band

T sys (K)

T int (µs)

S min (Jy)

21cm (13cm)
21cm
92cm (21cm)

33 (61)
35
185 (31)

0.76
2.98
1.13

16 (29)
8
104 (12)

Table 6.3: Telescope sensitivity to various pulsars - similar to Table 6.2, but the bandwidth is 160 MHz
at 21/13cm and 80 MHz at 92cm. This refers to observations carried out on 20-06-2009. The factor
S min is the 8σ detection threshold.

The method described here is only in use since June 2009, but the effectiveness is evident
from the results presented in the next section. As in §6.3.1, the 8-channel coherently dedispersed pulsar signal in each band was first written as single pulses to disk. Common pulses in
the eight bands were identified based on the dispersion delay and then combined in software.
An example is displayed in Figure 6.1. The resulting pulses have an equivalent bandwidth
of 160 MHz, but a time resolution dictated by the number of channels used in each 20 MHz
band. The resulting time resolutions and sensitivities are listed in Table 6.3.
From PSR B1937+21, a total of 53 pulses were detected at 21cm using a bandwidth of
160 MHz. These pulses are shown in Figure 6.2 and are discussed in the next section. For
the higher frequency observations at 13cm, referring to Figure 9 of Kinkhabwala & Thorsett
2 obtained

from http://www.atnf.csiro.au/research/pulsar/psrcat

Millisecond pulsars

107

Figure 6.1: An example of a narrow bright pulse from the PSR B1937+21 detected in most bands. The
top panel shows the total intensity of the pulse after combining the signal in all eight bands.

(2000), only a single pulse with peak intensity ≥ 30 Jy in 26 minutes is expected. Therefore,
it is not surprising no giant pulses are detected in our 13cm observation.
Our analysis showed no giant pulses from the other MSPs, despite the improved sensitivity brought about by combining multiple subbands. Therefore, we proceed as in §6.3.1
to derive the giant pulse emission rates with the improved sensitivity. From the 25-minute
observation of PSR B1821−24, the probablity of detecting a giant pulse with energy greater
than 44hEi is less than 2 × 10−6 . Since the value here is an upper limit, it is consistent with
the rate of 5.8 × 10−7 derived from expression 1 of Knight et al. (2006a).
Similarly for PSR J0218+4232, the occurrence rates are less than 1.5 × 10−6 for pulses
with energies greater than 1.5hEi and 7hEi for our 92cm and 21cm observations, respectively.
In the case of PSR B1957+20, Knight et al. (2006b) detected a few bright pulses with energies
in the range 4.5–8.6 hEi. However, these are not considered giant pulses, because they do not
seem to possess other characteristics shared by the giant pulses in milliseconds pulsars. The
rate derived in their work is 5 × 10−8 , which is too small for any of the bright pulses to be
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detected in our observations.
The giant pulse search was carried out using a procedure that is common to all pulsars
considered here. The detection of giant pulses only in B1937+21 confirms that the method
is robust and the non-detection of giant pulses in other pulsars is due to the comparatively
smaller observation times that limits sensitivity to giant pulses. Two factors may have impacted our ability to detect giant pulses: possible errors in the value of dispersion measures
(DM) of the pulsars and inadequate time resolution. In the 1400–2200 MHz range, pulses
from PSR B1937+21 on the order of 10–100ns (Popov & Stappers 2003). This implies that
our coarse time resolution of 760
√ ns time resolution can potentially reduce the S /N of a 100ns
giant pulses by a factor of ∼ 7.6. This effect is even more severe in the 13cm observations
of PSR B1937+21.
For PSRs B1821-24 and J0218+4232, the giant pulses are of the order of 1.1 µs at 1700
MHz and 500 ns at 1373 MHz (Knight et al. 2006a,b). Assuming that scintillation in the
interstellar medium broadens the pulses and follows a ν−4.4 scaling law, giant pulses from PSR
B1821-24 are expected to be 2.75 µs at 1380 MHz, and therefore with our time resolution,
the giant pulses were not under resolved. In the case of 328 MHz observations of PSR
J0218+4232, the scaling law used above gives a pulse broadening time of 272 µs, thereby
comfirming that our time resolution was adequate.
The extent of pulse smearing by the use of an inaccurate DM is considered next. At 1400
MHz, the DM of PSR B1937+21 should be better than 71.037±0.0015 to result in smearing
error less than our final resolution of 0.76µs. Similarly, for PSRs B1821-24 and J0218+4232
the accuracy in the DM has to be better than 119.8289±0.00436 and 61.250±0.0022, respectively.

6.4 Giant pulses from B1937+21
From our observations, we detected a total of 78 giant pulses from B1937+21. All giant
pulses detected are shown in Figure 6.2. As noted by Kinkhabwala & Thorsett (2000), the
giant pulses trail the average emission phase. For the main pulse, the giants appear 0.035
later in phase than the peak emission phase and it is 0.041 for the inter pulse phase. These
values are comparable to the phase differences of 0.036 and 0.045 for the main and interpulse
giants as shown in Figures 2 & 3 in the former work.
Significant scintillation was present in the observations of PSR B1937+21, and as seen in
Figure 6.1. In the frequency phase plane, the pulsar signal is absent in bands centred at 1410
and 1450 MHz, which is due to diffractive interstellar scintillation. This effect is discussed
in detail for the case of Crab pulsar in Chapter 3. Similar analysis can be done to derive the
scintillation bandwidth and time scales.
At the time of writing this report, a new software module is being developed, which shall
allow one to combine the signal from the eight bands and then coherently dedisperse. This
will improve the time resolution by a factor of 8 because ∆t = 1/B, where B is bandwidth and
is equal to 160 MHz. Therefore, we will be able to acheive a time resolution of 3.6ns. This
aids giant pulse studies greatly because pulses from B1937+21 are found to be as narrow as
15 ns as reported by Soglasnov et al. (2004).
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Figure 6.2: Narrow bright pulses from the PSR B1937+21. Relevant sections of the top panel are
zoomed in the lower panels.

6.5 Discussion and conclusion
The results reported in this chapter shows an example of the effectiveness of giant pulse
studies from MSPs using data obtained for a totally different purpose. The flexiblity and
the high time resolution offered by the PuMa-II instrument (Chapter 2) have been crucial for
the success of this method as evidenced from giant pulse detections in PSR B1937+21. The
new technique of combining single pulses from the subbands has almost doubled the number
of detections in a single observing session. Similarly, if the software to synthesise the 160
MHz signal from the 8 × 20 MHz signals is perfected, the number of giant pulses detected
can increase even further as this avoids certain software issues in the distributed computing
environment of PuMa-II.
The MSPs considered in this study show typically large dispersion measures (DMs) and
small pulse periods. A very high accuracy in the DMs is required to be sensitive to the narrow
giant pulses. Therefore, the future giant pulse search software needs be made sensitive to the
small changes in DMs.
It is known that the signal from these pulsars have significant propagation effects seen as
interstellar scintillation. Such scintillation affects the giantpulses and the average pulse identically. The average profiles in some of the observations show large intensity variations in the
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160 MHz band. Knight et al. (2006a) further find that the diffractive scintillation parameters
as ∆νd ∼ 0.1 MHz and ∆td ∼ 100s at 1400 MHz in the direction of PSR B1821−24. Both of
the parameters are sufficiently small as to not affect our observations significantly. In addition
to the smaller rates of emission, the non-detections may be due to an unfavourable refractive
interstellar scintillation in our observations. This argument is also valid for PSR J0218+4232.
If the timing observations from these pulsars are searched with the new technique of combining the subbands, we should be able to uncover many of the giant pulses from these two
pulsars, and hence characterize them robustly. The high resolution studies awaits further software development and that would allow us to routinely examine giant pulse emission much
more effectively.
The γ-ray pulsations from PSR J0218+4232 (Kuiper et al. 2000) has a phase coincidence
with its non-thermal X-ray emission (Kuiper et al. 2002). Moreover Knight et al. (2006b) find
a phase correlation between the giant pulse and the X-ray emissions in this pulsar. Therefore,
if the non-thermal γ-ray emission is an indicator of the presence of radio giant pulses then the
discovery of γ-ray emission in PSRs J0030+0451, J0751+1807 and J1614-2230 by the Fermi
consortium (Abdo et al. 2009b) opens up a possiblity of finding new MSP sources of giant
pulses. The forthcomming results from the Fermi observations might reveal more sources of
γ-ray pulsations from radio pulsars, providing additional candidates for the future searchs.
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7.1 Conclusions
In Chapter 2 of this thesis, the design and development of a modern pulsar machine, PuMa–II
was presented based on a distributed recording and computing technique. PuMa–II offers
superior flexibility as a pulsar processing backend system at the Westerbork Synthesis Radio Telescope (WSRT) and it was specifically designed to take advantage of the upgraded
WSRT. The instrument is based on a computer cluster running the Linux operating system,
with minimal custom hardware. A maximum of 160 MHz analogue bandwidth sampled as
8×20 MHz can be recorded on disks attached to separate acquisition nodes. The data can be
processed in the additional 32-nodes allowing near real time coherent dedispersion for most
pulsars observed at the WSRT. PuMa–II doubled the bandwidth and time-resolution (50ns)
for pulsar observations in general, and has enabled the use of coherent dedispersion over a
bandwidth eight times larger than was previously possible at the WSRT. The system is now
routinely used for high precision pulsar timing studies, polarization studies, single pulse work
and a variety of other observational work.
A flavour of the flexibility and power of the instrument was given in the following four
chapters, where the single pulse aspect of a few pulsars was discussed, with a focus on the
giant pulse emission. The pulsar embedded in the bright, young Crab supernova remanent is
known for its narrow giant pulses at higher frequencies. Past studies have concentrated only
on the very bright pulses or were not sensitive to the faint end of the giant pulse luminosity
distribution. With the possibility of a large bandwidth and high time resolution in PuMa–
II, combined with the narrow radio beam of the Westerbork Synthesis Radio Telescope, the
weak giant pulse emission was probed by characterizing a large population of the Crab pulsar
giant pulses. The study revealed the existence of double giant pulses and the spectral index
for a large number of giant pulses is derived.
The flexible processing in PuMa–II and the availability of Low Frequency Front Ends
allowed a sensitive study of Crab giant pulses at very low sky frequencies. A large number
of Crab giant pulses in the 115–180 MHz range were analysed using full coherent dedispersion in PuMa–II. From the dispersion-free giant pulses, the scatter timescales and the pulsar
spectrum in this frequency range was derived. The sensitive observations and better processing method showed that there is a precursor to the interpulse and that it comprises no giant
pulses. Therefore, this can be attributed to a similar emission source as the precursor to the
main pulse. Together these precursors might be the normal emission seen from the majority
of radio pulsars. More than 1000 giant pulses were detected at each band and from this the
giant pulse emission rates, scattering time scales were found and in each observed band.
The LFFEs at the WSRT and PuMa-II were used to characterize a large collection of
single pulses from four low magnetic field pulsars by means of pulse energy and intensity
distributions, microstructure and drifting subpulse analysis. The study examines the presence of giant pulse emission in these pulsars by coherently dedispersing the signals from the
pulsars. Classical giant pulses are reported from PSR B1112+50 and very bright pulses in
PSRs B1133+16 and B0031−07. All three pulsars show a large modulation that points to
rapid changes in the single pulse intensity. Evidence for global magnetospheric effects are
provided by our detection of bright double pulses. From the multi frequency observations
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radio emission heights in PSR B1133+16 were derived. The non-detection of giant pulse
radio emission from PSR J1752+2359 is reported. An accurate estimation of the dispersion
measure of two pulsars and the subpulse drift modes in these pulsars are reported.
Utilising the flexibility and high time resolution of PuMa-II, the high precision pulsar
timing data were examined for giant pulse emission from a selection of millisecond pulsars.
Giant pulses were detected from PSR B1937+21 but none were detected in PSRs B1821−24,
J0218+4232 and B1957+20. In all three cases the lack of detection was consistent with
previous determinations of giant pulse strengths and emission rates. An improved technique
for searching the PuMa–II data for giant pulses resulted in many more detections from PSR
B1937+21 and it is planned that this method will be used to make GP searches part of the
standard processing pipeline for all MSP observations in the future.

7.2 Future work and outlook
PuMa–II is in operation for nearly four years, and a few comments on future pulsar instrumentation follow.
In the short term, PuMa-II can be expanded and improved in the following ways:
• The 14-telescope array produces only 6-bit data, which is read in as 8-bits. Changing
acquisition software to write 6-bit data to disk will immediately allow one to save 25%
disk space. The processing software needs to be adapted to read 6-bit data.
• The distributed recording aspect of PuMa-II can be expanded to include the compute
nodes, which has the potential of achieving true realtime coherent dedispersion.
In order to reduce computational time and quick turn-over of scientific results, a PuMaIIlike machine needs to be augmented with additional hardware. For example in certain applications like the timing of long period pulsars for which a computer cluster is an overkill
and a full-coherent dedispersion may not be required. Therefore, a configurable digital filterbank for comparatively low DM, long period pulsars is adequate. Moreover, for applications
like pulsar surveys, a search in the DM space is much more productive with the filterbank
data. The semiconductor industry led by Xilinx and Altera, have introduced newer reconfigurable silicon chips packed with a few million logical elements in a single Silicon die. These
reconfigurable hardware are given an umbrella term “Flexible Programmable Gate Arrays”
(FPGAs) and are excellent candidates for digital filterbanks. The large number of configurable elements and deterministic compute times in these devices allows real-time processing
capability.
Coherent dedispersion is a necessity for large DM millisecond pulsars and despite faster
computers, the process is still computationally intensive and time consuming in nature.
Therefore, for very large bandwidths, e.g larger than ∼ 100 MHz, the signal needs to be
split into subbands to allow efficient processing. Complementary to the FPGA advances, developments in the computer graphics industry has packed tremendous computing power in
graphics processors, as in nVidia graphics processors. nVidia introduced the Compute Unified Device Architecture (CUDA) method of programming their graphics processing units
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(GPUs) and claim up to 2 TFlops of computational power in one of their multi-processor
GPUs. These products can be extended with more physical memory and the pulsar signal
can be coherently dedispersed. However, the GPUs do suffer from a somewhat lower data
throughput, making them useful only as an off-line coherent dedisperser or to process smaller
chunks of data in real-time.
The computer gaming industry has also pushed the limits of computing power as in hardware like Sony Playstation 3, and Microsoft XBox 360 Elite. These products can be a costeffective solution for computational needs, but they may involve considerable programming
efforts. Secondly, these are proprietary products - hence large scale deployment, as in the
Square Kilometer Array (SKA) might prove expensive when intellectual property costs are
included.
Future Pulsar Machines will probably consist of at least a few elements discussed above
- a large bandwidth baseband recorder, additional computing power with graphics processors
and a FPGA based module for filterbank like applications. What is perhaps needed is a
fresh look at the algorithms used to process pulsar signals. The main idea behind coherent
dedispersion is to deconvolve the pulsar signal with a function that represents the transfer
characteristics of the interstellar medium. This is most easily done in the Fourier domain
involving large FFT operations. This algorithm was introduced in the 70’s and to this day
there are no alternative means to dedisperse. Coherent dedispersion is a “phase shift” filter,
that introduces a frequency dependent phase-shift. Development in this direction can be done
if this technique is applied in time-domain, instead of the FFT-based convolution methods.
Such algorithms allows efficient implementation in FPGAs. Therefore, research in improving
or finding an alternative fast coherent dedispersion method will be a big step forward.
The pulsar science indeed stands to benefit from the advances in observing facility. In
the technique employed to study Crab giant pulses in Chapter 3, the synthesis nature of the
telescope was used to resolve out the Crab Nebula, and to improve sensitivity to weak giant
pulses. Similar technique can be used when the forthcoming projects like the Large European
Array for Pulsars (LEAP) become operational. The LEAP will digitally combine telescopes
across Europe to simulate a Arecibo-like telescope. In observations of the Crab pulsar, the
narrow beam of the LEAP will greatly reduce the effect of Crab Nebula on the system temperature. Therefore, this will allow an even deeper look at the Crab pulsar giant pulse emission
phenomena. The sensitivity of such a fully steerable array will also aid uncover many more
weak giant pulses from the millisecond pulsars and we may finally be able to perform single pulse studies on the MSPs. The sensitivity if LEAP also holds promise in the possible
detection of extragalactic young Crab-like pulsars by detecting giant pulses.
With the forthcoming telescopes like the Low Frequency Array (LOFAR), the low frequency pulsar studies will receive a fresh look. With the most modern methods, and relatively large computational power a whole range of physics can be done, as seen in chapter 4.
LOFAR will offer a wide-band coverage. The narrow subbands can be placed at suitable RFI
free sections of the radio-band in the 120–240 MHz range. Single pulse studies which include
drifting, giant pulse, nulling and microstructure phenomena can be effectively addressed for a
wide variety of pulsars using LOFAR. Similarly, fluxes of several pulsars could be measured
at low frequencies, allowing one to study pulsar spectra at these frequencies.

Concluding remarks

115

The method described in Chapter 6, where piggy-back observing of millisecond pulsars
shows the effectiveness and advantages of flexible computing. The presence of bright pulses
in apparently normal pulsars, discussed in Chapter 4 shows that a blind search for giant pulses
can potentially uncover many more giant pulse sources. Apart from new giant pulse sources,
the piggy-back method can be used to collect many more giant pulses from known sources,
improving the statistics and allowing better characterisation of the giant pulse emission. The
polarization of giant pulses has received somewhat less attention in the literature. This can be
done in a relatively straight forward manner in a instrument like PuMa-II. Detailed polarimetry of the giant pulses can point to their physical locations in the pulsar magnetosphere.
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ÝŒ¾„ ²¼‚è‹

1

«ðó‡ìˆ¬î ðŸPò ï‹ è¼ˆ¶‚è¬÷ ñÁõ®õñ£‚è «ó®«ò£ õ£ùMò™ ªð¼‹ Ü÷M™ àî¾A¡ø¶. 1967-™ Þƒô£‰¶ ï£†¬ì «ê˜‰î ð†ìî£K ñ£íM «ü£úL¡-ªð™ îŸªêòô£è «ó®«ò£ ¶®Š¹è¬÷
è‡ìP‰î£˜. Þ¬î ªî£ì˜‰¶ ïìˆî Ýó£Œ„CJ¡ º®M™, Þ‰î «ó®«ò£ Ü¬ôèœ å¼ M‡ªð£¼O™ Þ¼‰¶ ¶®Š¹ º¬øJ™ ªõOð´A¡ø¶ âù è‡ìPòð†ì¶. «ñ½‹ Þ‰î Ü¬ôèœ «õèñ£è ¶®Šð¶‹, Ü¶ ÌI‚° õ‰¶ Ü¬ì»‹ «ïó‹ ï£À‚°ï£œ ï£¡° GIìèœ
«õÁð´õ¶‹ è‡ìPòð†ì¶. ÞŠð‡¹è¬÷ ªè£‡ì Ü¬ôèO¡ Íô‹ ÅKò‚°´‹ðˆFŸ°‹ ÜŠð£Ÿð†ì¶ âù¾‹, Ü¶ Iè Üì˜ˆFò£ù G¬ôJ½‹, ÜF «õèF™ å¼ ð‹ðó‹ «ð£™ ²ö¡Áªè£‡®¼‚°‹
âù¾‹ èE‚èð†ì¶. «ñŸÃPò è£óíèOù£™ ÞŠªð£¼œ å¼ GÎ†ó£¡ M‡eù£è ñ†´«ñ Þ¼‚è º®»‹ âù GÁõð†ì¶. Þ¶
ð™ê£˜ âù¾‹ Ü¬ö‚èð´Aø¶.
G¬ø ÜFèñ£è àœ÷ M‡e¡èO¡ õ÷˜„CJ¡ º®¾G¬ôJ™
GÎ†ó£¡ M‡e¡ «î£‡ÁAø¶. M‡e¡èO¡ åO ñŸÁ‹ èF˜i„ê½‚° è£óí‹, M‡eQ¡ ¬ñòŠð°FJ™ ï¬ìªðÁ‹ ÜÂè¼ Þ¬ùõ£°‹. ÞF™ à‡ì£°‹ èF˜i„ê¿ˆî‹ ²òG¬ø ß˜ŠHù£™ âŸð´‹
Ü¿ˆîFŸ° êññ£õî£™, M‡eù£ù¶ ðô H™hò¡ Ý‡´èœ Hóèêñ£è àœ÷¶. Þ‰î G¬ô è£ôõ¬óòŸÁ c®‚è Ã®òî™ô. ªð£¶õ£è
ÜÂè¼ Þ¬ùM™ ”âKªð£¼œ” (Þƒ«è ªý†óü¡ + ULò‹) å¼
èíñ£ù ÜÂõ£è à¼ñ£ÁAø¶. M‡e¡èO¡ õ÷˜„CJ¡ º®¾G¬ôJ™ G‚A™ ñŸÁ‹ RLè¡ ñ†´«ñ I…²‹. ÞŠªð£¿¶ ÜÂè¼ Þ¬ù¾ b®ªóù G¡ÁM´Aø¶. ãªù™, G‚A™ ñŸÁ‹ RLèQ™
Þ¼‰¶ èíñ£ù ÜÂ à¼õ£‚è ÝŸø™ «î¬õ. b®ªóù G¡ø ÜÂè¼ Þ¬ùMù£™ èF˜i„ê¿ˆî‹ î¬ìð´Aø¶. Þî£ù£™ M‡eù£ù¶
²òG¬ø ß˜ŠHù£™ C¬îõ¬î ªî£ì˜‰¶ IèIè Hóèêñ£ù Gè›õ£è
1
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ªõ®ˆ¶ CîÁAø¶; Þ‰î Gè›¬õ ÅŠð˜«ï£õ£ â¡ð˜. ÞšõÁ ªõ®‚°‹ M‡e¡ ¬ñòð°F¡ G¬ø 1.4 ºî™ 3 ÅKò â¬ìèœ Þ¼‰î£™
20 A«ô£e†ì˜ M†ì‹ àœ÷ GÎ†ó£¡ M‡e¡ à¼õ£°‹; Þ¬î«ð£¡Á ðô ÅKò â¬ìèœ àœ÷ M‡eQ™ «ñŸ ªè£‡´ ÜNõî£™
è¼‹°Nèœ «î£‡ÁA¡øù. Þšõ£Á à¼ªð¼‹ GÎ†ó£¡ M‡eQ™, è£‰î ð£òº‹ «è£í à‰îº‹ ðó£ñK‚èŠð´õî£™, GÎ†ó£¡
M‡eQ¡ ²ö™ «õè‹ ñŸÁ‹ è£‰î M¬ê ðô I™hò¡ ñìƒ°èœ
ÜFèñ£‚èð´Aø¶.
ÌIJ™ ï£‹ è£µ‹ «ó®«ò£ ¶®Š¹ Ü¬ôèœ ²ö¡Áªè£‡®¼‚°‹ GÎ†ó£¡ M‡eQ¡ è£‰î º¬ùèÀ‚° «ñ™ àœ÷ ð°FJ™
à¼õ£°Aø¶. Þ¬î èôƒè¬ó M÷‚AŸ° åŠHìô£‹; ÞšM÷‚A¡
åO ²ö™ ï£‹ ð£˜¬õ¬ò ê‰F‚°‹ªð£¶, ï£‹ è‡èÀ‚° åOªî¡ð´Aø¶. Ü¬î«ð£™ GÎ†ó£¡ M‡eQ¡ è£‰î º¬ù ÌI¬ò
«ï£‚°‹ ªð£¿¶ «ó®«ò£ ¶®Š¹è¬÷ ï£‹ å¼ «ó®«ò£ ªî£¬ô«ï£‚A Íô‹ àíóô£‹. Þšõ£Á è£‰î¹ô‹ àœ÷ ²ö½‹ M‡e¬ù
å¼ Hóñ£‡ìñ£ù ²ö½‹ è£‰îˆFŸ° åŠHìô£‹. Þ‰î è£‰î¹ô ²öŸCJù£™ M‡eQ¡ è£‰î º¬ùèÀ‚° «ñ™ ð°F™ ªðÁñ÷õ£ù
I¡¹ô‹ à¼õ£°‹. Þšõ£Á ãŸð´‹ I¡¹ôñ£ù¶ âô‚†ó£¡ ñŸÁ‹
ð£C†ó£¡ «ð£¡ø ¶èœè¬÷ ÜF«õèñ£è º®‚AM´Aø¶. Þˆ¶è«÷
ï£‹ è£µ‹ «ó®«ò£ ¶®Š¹ Ü¬ôè¬÷ àI›Aø¶.
Cô êñò‹ Þšõ£Á ãŸð´‹ àI›¾èœ Iè Hóèêñ£è¾‹, Iè
°¬ø‰î àI›«ïóº‹ ªè£‡´œ÷¶. àî£óíˆFŸ°, PSR B1133+16F¡ «ó®«ò£ ¶®Š¹èO¡ Fø¡ ñ£Áð£´èœ ∼ 570µs Ý°‹. Ü«î
«ð£™ PSR B0531+21 0.4 «ï«ï£ Mù£®èÀ‚°‹ °¬øõ£ù ¶®Š¹è¬÷ àI›Aø¶. Þ‰î àI›¾èœ ã¡ ñŸÁ‹ âšõ£Á à¼õ£°A¡øù
âù Iè Ýöñ£è Þ‰ËL™ Ýó£òð†´œ÷¶.
«ó®«ò£ ¶®Š¹ ¬ê¬èò£ù¶ M¡ªõOñ‡ìôˆF¡ õNò£è ÌIJ™ àœ÷ ªî£¬ô«ï£‚A¬ò õ‰î¬ìAø¶. M‡ªõOñ‡ìôˆF™
àœ÷ ÜòQèOù£™ ãŸð´‹ Cîø™èœ Þ„¬ê¬èè¬÷ MKõ£‚A, ñŸÁ‹ ÝŸø¬ô °¬øˆ¶M´Aø¶. ¬ê¬èèO¡ MKõ£‚èˆ¬î è¬÷ò
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¹Fò è¼M å¡Á è‡´®ìð†ì¶. Þ‚è¼M¡ Ü¬ñŠ¹ ñŸÁ‹ MKõ£‚è‹ Þ‰ËL¡ Þó‡ì£‹ ÜˆFò£ˆF™ è£íô£‹. 3-‹ ñŸÁ‹ 5-‹
ÜˆFò£òF™ PSR B0531+21-¡ ÜFHóèêñ£ù ¶®Š¹èO¡ ÝŒM¬ù è£íô£‹. 4-‹ ÜˆFò£òF™ êŸÁ è£‰î¹ô‹ °¬øõ£è è£íð´‹
GÎ†ó£¡ M‡eQèO¡ ¶®Š¹èœ Ýó£òð†´œ÷¶. 6-‹ ÜˆFò£òF™ ÜF«õèñ£è ²ö¿‹ I™Lªê‚è‡´ ð™ê£K¡ ÜFHóèêñ£ù «ó®«ò£ ¶®Š¹èœ Ýó£òð†´œ÷¶.
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Radioastronomie is een relatief jong veld in de sterrenkunde dat al aanzienlijk heeft bijgedragen aan het herzien van onze ideeën over het heelal. Een treffend voorbeeld is de toevallige
ontdekking van radiopulsars in 1967 door Jocelyn Bell, destijds bezig met haar promotieonderzoek, wat het begin van het pulsaronderzoek inluidde. Het woord “pulsar” is een afkorting
van “Pulsating Source of Radio” (pulserende radiobron), een benaming die werd gebruikt
door een journalist toen de ontdekking publiek werd gemaakt. Zoals de term al aanduidt,
wordt het signaal van pulsars op radiofrequenties waargenomen als een fluctuatie in intensiteit of helderheid van de ontvangen straling. Het feit dat het gepulste signaal iedere dag vier
minuten eerder aankwam bevestigde dat de bron van de radiostraling buiten ons zonnestelsel
lag. De periodieke aard en snelle herhaling van het signaal betekende dat alleen een heel
compact en snel roterend astronomisch object de bron van de pulserende radiogolven kon
zijn. Dit was dus het eerste experimentele bewijs voor het bestaan van neutronensterren, dat
3 decennia eerder al was gepostuleerd door Baade & Zwicky (1934).
Neutronensterren vormen één van de eindpunten in de evolutie van zware sterren, dat
wordt bereikt wanneer deze hun gehele brandstofvoorraad hebben uitgeput en exploderen in
een enorm heldere ontploffing genaamd Type II supernova. Normaal gesproken wordt een ster
behoed voor instorting onder invloed van de zwaartekracht veroorzaakt door zijn eigen massa
doordat er stralingsdruk wordt gegenereerd bij de fusie van lichtere atomen tot zwaardere
elementen in het binnenste van de ster. Echter, deze verbrandingsprocessen kunnen niet
oneindig doorgaan; zij komen tot een einde wanneer silicium verbranding resulteert in de
productie van nikkel-56. Voorbij dit punt is de formatie van nog zwaardere kernen door
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middel van fusie een endotherm proces; het zal energie van de sterkern absorberen en daarbij
de temperatuur en druk dusdanig veranderen dat de fusieprocessen stoppen. Het plotseling
wegvallen van de stralingsdruk door verbranding geeft aanleiding tot het instorten van de
ster onder invloed van zijn eigen zwaartekracht, waarbij het eindproduct afhankelijk is van
de massa van de sterkern. Voor sterkernen met een massa tussen 1.4 en ∼3 zonsmassa’s
zal de druk van gedegenereerde neutronen verdere instorting voorkomen, en zo ontstaat een
neutronenster met een diameter van ongeveer 20 km. Zwaardere sterkernen zullen verder
ineenstorten tot een zwart gat. In het geval van een neutronenster zijn de oorspronkelijke
magnetische flux en impulsmoment behouden. Bijgevolg worden het magneetveld aan het
oppervlak en de rotatiesnelheid van het ingestorte object enorm versterkt, wat resulteert in een
sterk magnetische, snel roterende neutronenster. Dit is één van de meest simpele mogelijke
formatiescenario’s. Een sterk magneetveld in de ingestorte ster kan ook het resultaat zijn van
dynamo-mechanismen, zoals in de zon en de aarde.
De radiostraling van de pulsar zorgt ervoor dat we deze objecten op aarde kunnen waarnemen. Men denkt dat deze straling ontstaat in het gebied boven de magnetische polen van de
ster. Het niet samenvallen van de rotatie- en magnetische assen geeft aanleiding tot een effect dat lijkt op het principe van een vuurtoren, waarbij het ”licht” alleen op aarde wordt
waargenomen wanneer de roterende bundel de aarde snijdt. Door het sterke magneetveld
en de snelle rotatie ontstaat een plasma dat de neutronenster omringt; dit gebied wordt de
magnetosfeer genoemd. Ondanks intensief onderzoek bestaat er nog geen complete theorie
voor het radiopulsar-emissiemechanisme. Over het algemeen denkt men dat de radiostraling
een product is van elektron–positron paren die tot zeer hoge snelheden worden versneld in de
magnetosfeer van de neutronenster. De radiostraling van deze objecten en één aspect van de
emissie in het bijzonder (reuzepulsan) staan centraal in dit proefschrift.
Figuur 9.1 geeft een simpele weergave van een radiopulsar. In deze figuur is de lichtcilinder te zien, het gebied rondom de neutronenster waarbinnen de co-rotatiesnelheid kleiner is
dan de snelheid van het licht. De magnetische veldlijnen die binnen deze denkbeeldige cilinder liggen zijn gesloten, maar daarbuiten zijn ze open. De roterende radiopulsar kan worden
vergeleken met een enorme roterende magneet en dit veroorzaakt een grote elektrische potentiaal nabij het oppervlak van de neutronenster. De grote elektrische potentiaal ontdoet
het steroppervlak van elektronen, welke langs de open magnetische veldlijnen beginnen te
stromen. De bewegingen van deze geladen deeltjes leiden uiteindelijk tot de waargenomen
radiostraling.
Als de radiostraling van de pulsar over de tijd wordt gemiddeld geeft dit een gemiddeld pulsprofiel bij een bepaalde frequentie. Echter, de individuele pulsen hebben een
rijk gevarieerd karakter. Sommige pulsars zenden pulsvormen uit die binnen één pulsperiode sterk variëren; hieronder vallen verschijnselen die worden aangeduid als ”drifting
subpulses” (verschuivende subpulsen), ”microstructure” (microstructuur) en ”giant pulses”
(reuzepulsen). Verschuivende subpulsen veranderen op tijdschalen van enkele milliseconden. In sommige pulsars duren de variaties in de intensiteit enkele microseconden; dit wordt
microstructuur genoemd. In zulke gevallen hebben de variaties een karakteristieke tijdschaal
korter dan een enkele puls, zoals bijvoorbeeld de ∼ 570 µs structuren in PSR B1133+16.
Sommige pulsars zenden extreme pulsen uit die slechts enkele nanoseconden duren een
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Figure 9.1: Een schematische weergave van een radiopulsar. De lichtcilinder en de magnetische veldlijnen zijn weergegeven. De radiobundel ontstaat boven de magnetische polen.

een buitengewoon hoge intensiteit hebben. Zo hebben de reuzepulsen van de Krab-pulsar een
helderheidstemperatuur van 1041 K en kunnen ze minder dan 0.4 ns duren (Hankins & Eilek
2007). Pulsen van PSR B1937+21 kunnen korter zijn dan 15 ns, met een helderheidstemperatuur van 1037 K (Soglasnov et al. 2004). Met deze korte pulsen kunnen we efficiënt het
tussenliggende interstellaire medium (ISM) peilen door de pulsverbreding veroorzaakt door
verstrooing te bestuderen. In dit proefschrift zijn technieken gebaseerd op autocorrelatie en
Fourieranalyse gebruikt om deze pulsar-verschijnselen te analyseren.
Het signaal van de radiopulsar zoals dat door telescopen wordt ontvangen heeft zich een
weg gebaand door het ISM en vertoont de effecten van deze voortplanting, zoals verbreding
van de pulsen en uitsmeren van het signaal. Zoals hierboven is besproken, ligt veel informatie
over de pulsar emissie opgeslagen in de tijdsvariaties van het gepulste signaal en daarom moet
voor elk effect dat de tijdsresolutie beperkt gecorrigeerd worden. Het eerste effect is dispersie van het signaal, die wordt veroorzaakt doordat de verschillende frequenties uitgezonden
door de pulsar zich met net iets andere snelheden door het geı̈oniseerde ISM voortbewegen.
Hierdoor arriveren de hogere frequenties eerder op aarde dan de lagere frequenties. Verder
vereisen de zwakke straling van de pulsars en de gewenste hoge tijdsresolutie een grote bandbreedte, om zo de getrouwheid van het signaal te verbeteren. Echter, grote bandbreedten
versterken het effect van uitsmeren door dispersie, waardoor de pulsar in sommige gevallen
niet gedetecteerd kan worden. Daarom moet voor dit effect gecorrigeerd worden en dat vereist
precieze en snelle computerapparatuur.
Om gevoelig te zijn voor zwakke pulsarsignalen is een telescoop met een groot oppervlak
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noodzakelijk. Wegens deze en eerdergenoemde redenen is voor het bestuderen van diverse
pulsars in dit werk de Westerbork Synthesis Radio Telescope (WSRT) met de Pulsar Machine
II (PuMa-II) gebruikt. De WSRT is afgebeeld in Figuur 9.2 en bestaat uit 14 telescopen, elk
waarvan een diameter van 25 m heeft. Het in fase samenvoegen van de signalen van deze
telescopen resulteert in een signaal equivalent aan dat van een telescoop met een diameter van 93 m. PuMa-II is ontworpen en ontwikkeld als onderdeel van het promotieproject
beschreven in dit proefschrift. Het instrument biedt het coherent corrigeren voor dispersie als
een standaardfunctie, met een maximale tijdresolutie van 25 ns. Daarbij kan de combinatie
van de WSRT en PuMa-II een bandbreedte van 160 MHz bieden, wat zorgt voor een goede
gevoeligheid voor korte en zwakke gepulste signalen.

Figure 9.2: Enkele telescopen van de WSRT zijn afgebeeld in de bovenste figuur. Elke antenne van
de keten is een parabolische reflector met een diameter van 25 m. De onderste figuur laat de Pulsar
Machine-II zien. Rechts naast het instrument is één module te zien waarvan de bovenkant is verwijderd. Onder de computer module is aangepaste hardware te zien, welke als deel van dit proefschrift is
ontwikkeld.

Samenvatting
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Dit proefschrift
Dit proefschrift begint met de beschrijving van het ontwerpen en ontwikkelen van de nieuwe
pulsar machine, PuMa-II, in hoofdstuk 2. Het PuMa-II instrument (afgebeeld in Figuur 2)
is speciaal gebouwd om dispersie coherent en vrijwel realtime te corrigeren voor een grote
bandbreedte (tot 160 MHz), wat pulsar waarnemingen tot 30 uur lang mogelijk maakt. De
flexibiliteit en hoge resolutie van het instrument bieden de mogelijkheid om verscheidene
aspecten van pulsars te bestuderen. Het gebruik van PuMa-II resulteert in een groot volume
aan verwerkte data en daarom omvatte het ontwerp van het instrument ook een 22-TB archief
en een 24-tape backup faciliteit, welke 9.6 TB opslagruimte biedt.
Het grote oppervlak van de WSRT en de hoge tijdsresolutie, volledig coherente dispersiecorrectie en grote bandbreedte van PuMa-II boden een uitstekende mogelijkheid om enkele
aspecten van de raadselachtige reuzepulsen te onderzoeken, in het bijzonder in de Krabpulsar. Hoofdstukken 3 en 5 behelzen een studie van de reuzepulsen van de Krab-pulsar bij
twee verschillende frequenties. Een studie over zo’n grote bandbreedte van een grote populatie van pulsen was nog niet eerder gedaan, voornamelijk wegens instrumentele beperkingen.
De reuzepulsen van de Krab-pulsar bleken zeer gevoelig het ISM te kunnen peilen. Ook werden verstrooing en snelle helderheidsvariaties bestudeerd op de twee waarneemfrequenties.
Binnen een jaar na het in gebruik nemen van de PuMa-II werd de WSRT uitgerust met
low-frequency front-ends (LFFEs) die toegang verschaffen tot de hemel in de 115–180 MHz
radiofrequentieband. Het was toen al duidelijk dat tegen alle verwachtingen in een groep
pulsars waaronder B0031-07, B1112+50 en J152+2359 reuzepulsen vertonen bij lage frequenties. Bovendien toonde een ongerelateerd experiment bij de WSRT heldere pulsen aan
in PSR B1133+16. De emissie van deze ogenschijnlijk normale pulsars, die echter bij lange
radiogolflengten emissie gelijkend op reuzepulsen vertonen, kon nu effectief bestudeerd worden met de LFFEs en de PuMa-II. De pulsen die werden verzameld om reuzepuls-emissie te
onderzoeken, dienden ook nog ander doelen – analyse van andere pulseigenschappen zoals
verschuivende pulsen en microstructuur. Dit onderzoek vormt het onderwerp van hoofdstuk
4.
De flexibele verwerking in PuMa-II heeft tot gevolg dat een enkele waarneming op
meerdere manieren verwerkt kan worden. Deze eigenschap is gebruikt voor het onderzoeken
van de emissie van reuzepulsen door milliseconde-pulsars (MSPs). Van enkele van deze
pulsars, bijvoorbeeld B1937+21, B1821-24 en J0218+4232 was bekend dat ze reuzepulsen
uitzenden. Bovendien werden deze pulsars regelmatig waargenomen met de WSRT als onderdeel van het langlopende pulsar timing programma. De flexibiliteit van PuMa-II werd
aangewend om meer reuzepulsen van deze bronnen te verzamelen met als doel de eigenschappen van de reuzepulsen van deze MSPs beter in kaart te brengen. Hoofdstuk 6 gaat
over het onderzoek van dit type. In het bijzonder wordt de efficiëntie van de “piggy-back”
methode uitgelicht die het mogelijk maakt extra pulsen vrijwel zonder kosten te verzamelen.
De waarnemingen en analyses in dit proefschrift bieden dus een overzicht van de emissie
van reuzepulsen door pulsars in verschillende stadia van hun ontwikkeling – van de jonge
pulsars zoals de Krab, via oudere pulsars zoals B1133+16, B1112+50 en B0031-07, tot de
zeer oude MSPs.
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Ershov, A. A. & Kuzmin, A. D. 2003, Sov. Astron. Lett., 29, 91
Ershov, A. A. & Kuzmin, A. D. 2005, A&A, 443, 593
Gil, J. & Kijak, J. 1992, A&A, 256, 477
Goldreich, P. & Julian, W. H. 1969, ApJ, 157, 869
Gower, J. F. R. & Argyle, E. 1972, ApJ, 171, L23
Hanado, Y., Imae, M., & Sekido, M. 1995, IEEE Transactions on Instrumentation and Measurement, 44, 107
Hankins, T. H. 1971, ApJ, 169, 487
Hankins, T. H. 1972, ApJ, 177, L11
Hankins, T. H. & Eilek, J. A. 2007, ApJ, 670, 693
Hankins, T. H., Kern, J. S., Weatherall, J. C., & Eilek, J. A. 2003, Nature, 422, 141
Hankins, T. H. & Rickett, B. J. 1975, in Methods in Computational Physics Volume 14 —
Radio Astronomy (New York: Academic Press), 55–129
Hankins, T. H., Stinebring, D. R., & Rawley, L. A. 1987, ApJ, 315, 149
Haslam, C. G. T., Klein, U., Salter, C. J., et al. 1981, A&A, 100, 209
Heiles, C., Campbell, D. B., & Rankin, J. M. 1970, Nature, 226, 529
Herfindal, J. L. & Rankin, J. M. 2007, MNRAS, 380, 430
Hesse, K. H. & Wielebinski, R. 1974, A&A, 31, 409
Hessels, J. W. T., Ransom, S. M., Stairs, I. H., et al. 2006, Science, 311, 1901
Hobbs, G., Faulkner, A., Stairs, I. H., et al. 2004, MNRAS, 352, 1439
Hobbs, G., Lyne, A. G., Kramer, M., Martin, C. E., & Jordan, C. 2004, MNRAS, 353, 1311
Hotan, A. W. 2005, in Astronomical Society of the Pacific Conference Series, Vol. 328,
Binary Radio Pulsars, ed. F. A. Rasio & I. H. Stairs, 377–+
Hotan, A. W., van Straten, W., & Manchester, R. N. 2004, Proc. Astr. Soc. Aust., 21, 302
Huguenin, G. R., Taylor, J. H., & Troland, T. H. 1970, ApJ, 162, 727
Izvekova, V. A., Kuz’min, A. D., Lyne, A. G., Shitov, Y. P., & Graham Smith, F. 1993,
MNRAS, 261, 865

References

133

Jansky, K. G. 1932, Proceedings of the IRE, 20, 1920
Jansky, K. G. 1933, Nature, 132, 66
Jenet, F. A. & Anderson, S. B. 1998, PASP, 110, 1467
Jenet, F. A., Cook, W. R., Prince, T. A., & Unwin, S. C. 1997, PASP, 109, 707
Jessner, A., Slowikowska, A., Klein, B., et al. 2005, Adv. Space Res., 35, 1166
Johnston, S. & Romani, R. 2003, ApJ, 590, L95
Johnston, S., van Straten, W., Kramer, M., & Bailes, M. 2001, ApJ, 549, L101
Kaplan, D. L., Escoffier, R. P., Lacasse, R. J., et al. 2005, PASP, 117, 643
Kardashev, N. S., Nikolaev, N. I., Novikov, A. I., et al. 1982, A&A, 109, 340
Kargaltsev, O., Pavlov, G. G., & Garmire, G. P. 2006, ApJ, 636, 406
Kinkhabwala, A. & Thorsett, S. E. 2000, ApJ, 535, 365
Knight, H. S. 2007, MNRAS, 378, 723
Knight, H. S., Bailes, M., Manchester, R. N., & Ord, S. M. 2005, ApJ, 625, 951
Knight, H. S., Bailes, M., Manchester, R. N., & Ord, S. M. 2006a, ApJ, 653, 580
Knight, H. S., Bailes, M., Manchester, R. N., Ord, S. M., & Jacoby, B. A. 2006b, ApJ, 640,
941
Komissarov, S. S. 2002, MNRAS, 336, 759
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