
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Modulation properties of radio-emitting neutron stars

Serylak, M.

Publication date
2011

Link to publication

Citation for published version (APA):
Serylak, M. (2011). Modulation properties of radio-emitting neutron stars. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/modulation-properties-of-radioemitting-neutron-stars(cafd01c8-13c7-4edd-b2f8-20218aab2e0a).html


CHAPTER 4

The temporal properties of subpulse
modulation of pulsars

M. Serylak, B. W. Stappers and P. Weltevrede

To be submitted to Astronomy& Astrophysics

Abstract We present the results from an investigation into the temporal properties of sub-
pulse modulation of 107 pulsars using archival observations performed with the Westerbork
Synthesis Radio Telescope (WSRT) in the Netherlands at an observing wavelengths of 21
and 92 cm. Using the novel analysis technique called the Sliding Two-Dimensional Fluc-
tuation Spectra presented in the previous chapter we were able to perform the largest study
of the temporal properties of phenomena like drifting subpulses, aliasing and null-induced
mode changing. We find that the changes in the drift characteristics of pulsars are com-
mon and present in all pulsars. We have defined three parameters characterising: drift rate,
variations in drift rate over time and the length of periodicmodulation over time. We then
searched for possible correlations with parameters describing pulsar spin properties. We find
that the pulsars exhibiting well organised drifting subpulses have larger characteristic ages,
but those pulsars where the drifting properties are more variable, do not show this correlation
with the characteristic age. We find that the average temporal properties of the drifting sub-
pulses in null-induced mode changing pulsars show no relationship with the null properties of
these pulsars. Pulsars with multicomponent pulse profiles show simultaneous changes in drift
rate but exhibit either identical or different drift rate changes between components. We also
present results on some interesting individual sources like PSR B0820+02 that shows both
straight and curved drift bands in the pulse stack, or PSR B1839−04 which exhibits opposite
drift senses in different components.
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4.1 Introduction

Soon after the serendipitous discovery of radio pulsars (Hewish et al. 1968), the single pulses
they emit were shown to exhibit some interesting properties. Unlike the average pulse profiles
of pulsars, which are usually made up of hundreds or thousands of pulses integrated together
and are in general very stable, intensities and shapes of single pulses vary significantly on a
pulse-to-pulse basis. In some pulsars this modulation exhibited an extraordinary arrangement
that was originally called the “class 2 periodicity” (Drake& Craft 1968) where subpulses
were seen to be “marching” (Sutton et al. 1970) or “drifting”(Huguenin et al. 1970) across
the average pulse profile window. This phenomenon, called “drifting subpulses”, manifests
itself as a constant change of the pulse phase of successively appearing subpulses within a
fixed pulse phase range. If one plots a so-called “pulse stack”, where successive pulses are
plotted on top of one another, it can be easily seen that due tothe drifting phenomenon,
subpulses form “drift bands” (Fig. 4.1). The drifting subpulse phenomenon is, in general,
considered to be ubiquitous among pulsars (Weltevrede et al. 2006) and in order to quantify
this type of modulation in individual sources one uses two characteristic values: the time
between which two subpulses appear successively at a particular pulse phase is described by
a pattern periodP3 and is expressed in pulsar periodsP0; the horizontal separation of the drift
bands is denoted byP2 and is expressed in pulse longitude units. A positive or negative P2

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

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

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

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

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

value was close to 0.5 cycles per period (cpp) or close to 0 cpp(class “Dif∗”) or not (class
“Dif”). Sources which showed subpulse modulation with periodicity P3, but without signifi-
cantP2 were called longitude stationary drifters (class “Lon”). Using these results the authors
showed that, if the observations that had little chance of detecting the drifting phenomenon
due to insufficientS/N are ignored, then 55% of the pulsars are drifting. This suggests that
drifting subpulses might be an intrinsic mechanism of pulsars, and the non-detection of drift-
ing in a particular pulsar could be due to the viewing geometry, refractive properties of the
pulsar magnetosphere, nulling or insufficientS/N of the pulsar signal. The lack of any cor-
relation between the drifting phenomenon and the magnetic field strength together with the
high precentage of sources exhibiting drifting subpulses,allowed them to conclude that the
physical conditions required for drifting subpulses and the pulsar emission mechanism itself
cannot be very different.

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

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

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

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

4.2 Observations

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

4.3 Analysis

4.3.1 Fluctuation spectra

The techniques used to analyse the data (LRFS, 2DFS and S2DFS) are identical to those
described in Weltevrede et al. (2006) and in Chapter 3, so we will only mention them briefly
here. The first step of our analysis is to calculate the LRFS. The pulse stack is divided into
adjacent blocks of 2n pulses, wheren is an integer number, and a Discrete Fourier Transform
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Figure 4.2: An example showing the results of an analysis using the LRFS, 2DFS and S2DFS tech-
niques for PSR B1819−22. Right: The LRFS and 2DFS results at both 21 and 92 cm. The top panel
shows the integrated pulse profile (solid line) and the longitude-resolved modulation index, LRMI (solid
line with error bars). The middle panel shows the LRFS where the ordinateof the resulting spectrum
is given in cycles per period (cpp) which corresponds toP0/P3 and the abscissa denote pulse phase
given in degrees. The bottom panel shows the 2DFS where the ordinate isthe same as the LRFS but
the abscissa is in cpp (P0/P2). The greyscale intensity of the 2DFS corresponds to spectral power.The
presence of a significant spectral feature with a negative or positive value ofP2 indicates that the sub-
pulses appear with a preferred direction of drifting. The left-hand panels correspond to the horizontally
integrated spectra, and the bottom panels to the vertically integrated spectra between the dashed lines.
Left: The P3 S2DFS map made from the observation at 21 cm. The vertical axis is given in P0/P3

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

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

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

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

The LRFS provides information on whether subpulse modulation is disorganised or peri-
odic. In order to characterise whether the subpulses are drifting in pulse phase and at which
rate, the 2DFS is applied. The method is similar to the calculation of the LRFS, but the DFT
is applied twice. First, to the pulse stack along the vertical lines of constant pulse longitude,
then the DFT is applied again, but now across each row of the complex LRFS spectrum. In
the right-hand plots in Fig. 4.2 the 2DFS for observations ofPSR B1819−22 at 21 cm and 92
cm are plotted in the panel below the LRFS plots. The verticalaxes of the resulting spectra
are the same as in the LRFS, but the horizontal axes are now given in cpp and correspond to
a horizontal separation of the drift bands (P0/P2). If the 2DFS spectrum exhibits a feature
which is significantly offset from the vertical axis (P0/P2 , 0) it means that the subpulses
drift has a preferred direction. The power of the 2DFS is vertically (between dashed lines)
and horizontally integrated, resulting in the side and bottom panels which are used for bet-
ter understanding the structure of the feature, respectively. To measure the values ofP2 and
P3 one can calculate the centroid of a rectangular region in the2DFS containing the feature
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(Eq. 6; Weltevrede et al. 2006).

All the aforementioned methods are very robust and effective for detecting and analysing
subpulse modulation. Averaging of multiple fluctuation spectra obtained from consecutive
blocks of pulses increases the spectral power of the resulting spectrum. However, as shown
in previous chapter, neither one of these techniques resolves the drifting subpulse behaviour
in the temporal domain. To approach this problem we have developed a new technique called
the S2DFS. This method is an extension to the 2DFS in a sense that instead of dividing
a pulse stack into consecutive blocks of equal length, the 2DFS is applied to a block of
a chosen number of pulses and a spectrum is calculated. The spectrum can be collapsed
horizontally or vertically producing an one-dimensional curve (see for example the left-hand
side or bottom panels of the 2DFS plots in Fig. 4.2, right-hand plots). Subsequently, the DFT
“window” is shifted by one pulse and the whole process is repeated. The application of the
sliding DFT window to the pulse stack results inN − M + 1 curves, whereN is the number
of pulses in the pulse stack andM is the length of the DFT. The curves are stacked together
to produce a so-called “map” of the collapsed fluctuation spectra. The maps produced by
stacking curves from horizontally or vertically collapsed2DFS are calledP3 S2DFS orP2

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

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

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

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

4.3.2 Processing of the fluctuation spectra

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

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

values, therefore we have decided to use only those results in the following analysis. The
final fit function consisted of a superposition of three Lorentzians in the following form:

f (x) =
3
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, (4.1)

whereµi specifies the location of the peak of each function component, γi represents the
scale parameter corresponding to the HWHM value andI i is the height of the peak.

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

QP3 =
P3

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

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

4.3.3 Analysis of the drift tracks

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

S2DFS maps we measure the lengths of the drift tracks at a given P3 as well as the spectral
strength. As we want to analyse the lengths of the tracks in these data, we need to under-
stand what a measured track length means and in order to do that we performed a series of
simulations.

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

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

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

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

Another explanation of short drift track lengths might be related to drift tracks separation
in theP0/P3 range. In theP3 S2DFS maps of pulsars which are classified as coherent drifters,
changes in which the difference between twoP3 values of the drift tracks are less than 2
spectral bins can be seen occasionally. We expect that in thecase of such small difference the
spectral power from one of the drift modes could contribute significantly to the spectral power
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of the other one during the calculation of theP3 S2DFS map. In order to investigate this we
have simulated a set of pulse sequences with two drift modes similar to the aforementioned
simulations. Here the primary mode is abruptly interruptedby the short mode and after a
given time the primary mode is reestablished. We have set theP3 values of the secondary
mode to be 1 spectral bin apart from the primary mode. The duration of the secondary mode
is increased by 20 pulses, starting from 20 up to 280 pulses. We then have performed the
fitting and inspected the data as mentioned before. The inspection of the results revealed that
we were able to measure drift tracks as short as 80 blocks which correspond to the secondary
drift mode duration time of 40 pulses. Our finding determinesthat some short drift tracks
visible in theP3 S2DFS maps, especially of coherently drifting pulsars, could be the result
of the aforementioned effect, thus masking the drift track lengths which would be measured
without the presence of this effect.

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

4.4 Results

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

√

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

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

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

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

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

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

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

4.4.2 The LTR parameter

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

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

0 Ṗ1/2
0

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

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

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

4.4.3 Properties of subpulse modulation

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

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

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

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

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

4.4.4 Pulsars with high Ė

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

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

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

detected inγ-rays by the Large Area Telescope (LAT) on theFermi Gamma-ray Space Tele-
scope provide evidence that for the brightest pulsars, theγ-ray emission arises in the outer
magnetosphere (Abdo et al. 2010). In contrast the emission responsible for the normal radio
emission is believed to originate closer to the surface of the neutron star (e.g. Kuijpers 2009).
We must note that the spin down energy can also indicate unusual radio emission properties
as in the case of PSRs B0656+14 (Weltevrede et al. 2006) and J1119−6127 (Weltevrede et al.
2010). In our sample, there are 7 pulsars havingĖ > 1034 erg/s with two of them reported
to be detected inγ-rays byFermi (Abdo et al. 2010). We wanted to examine possible corre-
lations betweeṅE and parameters we have derived from the analysis ofP3 S2DFS maps. In
Fig. 4.10 and 4.11 we plotP3 andQP3 againstĖ for all the pulsars in our sample. One can
see that there is a tendency for pulsars with lowĖ to assume highQP3 values. This relation is
confirmed by Fig. 4.8 where we can see that the pulsars with thehigh QP3 values have large
characteristic age values. We explain this as due to the relation between the characteristic
age,τc andĖ.

4.4.5 Aliasing pulsars

Among the pulsars exhibiting the drifting phenomenon thereare sources where the drifting
is either very fast, with drift band separation on the order of P3 = 2P0, or very slow, with
the drift rate sometimes reaching the longitude stationarystate (P3 = ∞). To illustrate this
phenomena and in order to compare the results of the S2DFS method to those of the 2DFS,
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Figure 4.10: The average drift rate,P3, plotted against loġE of all the pulsars in our sample for which
P3 could be calculated.
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Figure 4.11: The coherence parameter,QP3, plotted against loġE of all the pulsars in our sample for
which QP3 could be calculated.

we have used the data artificially generated in the work of Weltevrede et al. (2006). The
authors generated two pulse sequences (see Fig. 4.12, left-hand plots) of a pulsar that exhibits
drifting from the trailing to the leading edge of the pulse profile with a variable drift rate of
the drifting subpulses. In the left sequence the separationof the drift bands is close to 2P0,
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Figure 4.12: Sections of pulse stacks and the derived fluctuation spectra made from artificially gener-
ated pulse sequences illustrating the effect where the drifting subpulses appear to be constantly crossing
the alias border. The drifting in the left pulse stack constantly crosses theP3 = 2P0 alias border and
the right pulse stack constantly changes its apparent drift direction via longitude stationary subpulse
modulation. For the explanation of the plots we refer to Fig. 4.2 and the main text.

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

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

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

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

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

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

PSR B0820+02

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

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

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

values compared with the weaker double peaked feature closeto P0/P3 = 0.0 cpp axis.
Our analysis has revealed that the pulsar exhibits different modes. The main mode re-

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

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

PSR B2303+30

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

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

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

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

This source is a double component pulsar with drifting subpulses present in both components.
This pulsar is known to exhibit nulls with the NF≈ 10% (Ashworth 1982). The 2DFS shows
a drift feature close to the alias border with the dominant positive drift direction as reported
by Ashworth (1982). Weltevrede et al. (2007) found that the low frequency features show
drift with preferred direction. In the case of the leading component two signals were detected
at theP2 = 240◦ ± 50◦, P3 = (15.7 ± 0.6)P0 andP2 = −50◦ ± 30◦, P3 = (60± 7)P0, while
for the trailing component theP2 = −130◦ ± 20◦, P3 = (19± 2)P0. In order to create the
P2 S2DFS maps we have selected theP0/P3 ranges to be between 0.38 and 0.5 cpp. This
ensured that the low frequency modulation would not mask possible alias border crossing in
the selectedP3 range. In theP2 S2DFS map (left-hand panel of Fig. 4.16) one can see four
strong drift features associated with the positive drift. In two cases the features arise directly
after the null which can be identified both by the spectral power fluctuations which dominate
over the wholeP0/P2 range and a sharp, non-gradual start of the features (blocks105 and
160) different from the feature at block 50. Close inspection of the pulse stack formed from
the observations at 92 cm revealed interesting behaviour closely connected with the nulling.
Immediately after the null the pulsar shows a significant increase of flux for about 5–6 rotation
periods during which the drift organises itself into an even-odd pattern. Subsequently the
flux decreases to the level of that before the null and the drift becomes more chaotic. This
behaviour has also been reported in the case of pulsar B0818−41 (Bhattacharyya et al. 2010).
The calculation of the PMCC resulted in correlation for bothof the components with the
value of ρ = 0.02.

4.4.6 Nulling pulsars

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

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

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

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

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

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

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

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

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

PSR B0818−13

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

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

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

PSR B2319+60

This pulsar has one of the highest NF within our sample, 25%, as first reported by Ritchings
(1976). It is also a multicomponent pulsar, known to exhibitvery distinctive mode changes,
where its three overlapping profile components change shapeand relative intensity depend-
ing on the mode as reported by Wright & Fowler (1981). These authors, after carefull ex-
amination, have found three distinctive drift modes for this pulsar: the most stable mode, the
“A”-mode, with estimatedP3 = 8P0, and the “B”-mode, withP3 = 4P0. The pulse profiles
of these two modes are very similar, unlike the last, abnormal “ABN”-mode, with P3 = 3P0.
The change between the three modes follows certain rules at 1415 MHz. The authors estimate
theP3 with an accuracy of 1P0 due to intrinsic variations.

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

Name λ P0 Npulses α NF Component P3 QP3

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

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

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

B0751+32 92 1.44 2445 34c

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

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

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

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

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

B1917+00 21 1.27 4106 78.2i 0.05b

B1944+17 21 0.44 3990 1.8j 55e

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

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

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

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

Remaining pulsars

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

B1822−09 up to 60% for B1112+50, with the average value of NF≈ 8%. We also notice, that
due to the threshold of minimal drift track lengths which we are considering in our analysis,
the values ofP3 andQP3 have been calculated for only 7 pulsars. Firstly, we investigate a
relation the NF andα, the angle between the rotational and magnetic axes of a pulsar. In
Fig. 4.18 we plot the values ofα against the NF values for 11 pulsars, that is those for which
both of the quantities were possible to obtain from the literature. We can see from the plot
that, although there are more pulsars withα values below 45◦, there is no specific trend in the
plot. This indicates that pulsars selected for null-induced mode changes do not indicate any
particular relation between NF andα.

We now investigate whether there is a relation between the drift properties and the prop-
erties of nulling in this sample of pulsars. In Fig. 4.19 we compare theP3 and NF for pulsars
with null-induced mode changes. One can see, that despite the low number of data points,
there is a possible correlation, such that smaller values ofP3 appear in pulsars with high val-
ues of NF. We argue that in pulsars exhibiting null-induced mode changes, a higher NF often
results inP3 changes, thereby decreasing the drift coherence, defined bytheQP3 parameter.
In order to confirm this, we have plottedQP3 againstP3 in Fig. 4.20. One can clearly see that
the pulsars with smallP3 values, that is with smaller vertical separation of the drift bands,
tend to have higherQP3 values.

As we have described above, pulsars not only have different nulling fractions but they
often have different null lengths. A given pulsar might display a range of null lengths and
different pulsars have quite different null length distributions. Considering our sample of14
pulsars we can compare the average null length to the width ofthe distribution ofP3 values
as parameterised byQP3. To determine null lengths we identify when nulls occur in our
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Figure 4.19: The average drift rateP3, plotted against the NFs of 14 nulling pulsars showing null-
induced drift rate changes. We have plotted data from all the pulsar components taken to the analysis.

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

4.4.7 Pulsars with multiple components

Pulsars are known to form extremely stable profiles made after averaging just a few hundred
pulses (Helfand et al. 1975; Rathnasree & Rankin 1995). Average pulse profiles come in a
wide variety of shapes and these shapes are thought to be formed from a combination of view-
ing geometry and the shape of the beam. These profiles are specific to each pulsar and can
be made up from one up to multiple pulse profile components (Manchester & Taylor 1977).
The stability of the pulse profile components, phenomena like mode changing or nulling, is
in contrast to the highly variable signal seen in individualpulse sequences. Each compo-
nent represents a region in the pulse profile where one can observe consecutively appearing
subpulses. These subpulses are constrained to a particularpulse longitude, therefore they
must originate from a particular region in the pulsar magnetosphere. Many different attempts
to classify pulse profile origin have been tried. Radhakrishnan & Cooke (1969) proposed a
hollow cone beam model, improved by Komesaroff (1970) and the work of Rankin (1983)
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Figure 4.20: The coherence parameter,QP3, plotted against the values of the average drift ratesP3 for
13 nulling pulsars showing null-induced drift rate changes. We have plotted data from all the pulsar
components taken to the analysis.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

It has been known from the previous works of Ritchings (1976), Rankin (1986) and Wang
et al. (2007) and others that nulling influences the driftingsubpulses. The relation between
nulling and pulsar characteristic age, was shown for our sample to not be supported. The use
of theP2 S2DFS maps allowed us to find null-induced mode changes in the14 known nulling
pulsars. Our results have shown that the behaviour of these pulsars is also not directly related
to any of the parameters derived in the course of our analysis. However, we would like to note
that our sample was limited to 7 sources for which we could calculate theQP3 andP3 values.
The number of sources we have used might have not been large enough to provide statistical
significance to correlations between the parameters we haveused in our analysis. We also
emphasise that what might be considered nulls, with length of the order of a few stellar
rotations, in reality can be so-called pseudo-nulls, that is “empty” sightline passes through a
regularly rotating carousel of sparks, as proposed by Herfindal & Rankin (2007). This has
been shown for PSRs B1737+13 (Force & Rankin 2010), B1944+17 (Kloumann & Rankin
2010), B2303+30 (Redman et al. 2005) and B1133+16 Herfindal & Rankin (2007). With
no found correlations between null-induced mode changes and the three parameters used in
this work, we would like to revisit the idea of nulls as eventsinducing mode changes. We
argue that the nulls might not represent the cessation of theemission mechanism, but rather
a reconfiguration of emission to a new mode. We could say then,that instead of null-induced
mode changes there should be mode changes inducing nulls.

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

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

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

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

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

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

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

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

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

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

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

B0149−16
Coh

0.83 1.30 1.02 0.11 17.10 31.9 – 90.0
21 1024 I

Dif 92 1026 I

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B1844−04 Coh 0.60 51.70 0.02 0.56 247.00 34.0 – 32.0 21 1240 315 10.394.93

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B1944+17 Dif∗ 0.44 0.02 29.00 0.01 11.40 31.0 55.00d 1.8
21 2056
92 3990 401 34.35 0.5
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Pulsar Class P0 Ṗ Age BS BLC log Ė NF α λ Npulses Component LTR P3 QP3

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

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

B1952+29
Dif ∗

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

Lon 92 5755 I 295 18.53 0.8

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

B2255+58
Dif

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

Dif ∗ 92 6705 252 11.16 0.8

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

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

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

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

B2319+60
Coh

2.26 7.04 0.51 0.40 3.29 31.4 25.00d 19.0

21 1041 I
21 1041 II
21 1041 III

Lon
92 1568 II
92 1568 III 230 6.69 1.60

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

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

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

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

References.(a)Huguenin et al. (1970); (b) Biggs (1992); (c) Rankin (1986); (d) Ritchings (1976); (e) Backus (1981); (f) Weisberg et al. (1986); (g) Lyne & Ashworth (1983); (h) Redman
et al. (2005); (i) Ashworth (1982); (i) Rankin (1990); (j) Lyne & Manchester (1988); (k) Smits et al. (2007).


