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CHAPTER 5

A stirring pulsar B0826−34

M. Serylak, B. W. Stappers, P. Weltevrede, M. Kramer, A. G. Lyne and J. M. Smits

To be submitted to Monthly Notices of the Royal AstronomicalSociety

Abstract We present results from high-quality simultaneous dual-frequency full-
polarisation observations of the highly peculiar pulsar, B0826−34 with 64-m Parkes radio
telescope at 685 and 3094 MHz. This pulsar shows the phenomenon of drifting across its
extremely average pulse profile. We confirm that at high frequencies the pulsar emits a weak
emission during what was previously thought to be nulling. The resulting profile resembles
the pulse shape observed at low frequencies. Using single-pulse data we study the pulsar’s
subpulse drift pattern where we find the drift rate value,P3 = (35± 1)P0. Using the simulta-
neous full-polarisation observations we study the polarisation properties of PSR B0826−34
. We find that the polarisation characteristics are quite complicated. The source exhibits
unusual evolution of the position angle profiles at both frequencies and such differences go
beyond of interpretation of purely geometrical origin.
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5.1 Introduction

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

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

The drifting subpulse phenomenon, as was shown immediatelyafter its discovery, is inti-
mately connected to another phenomenon, that isnulling (Backer 1970c). A null corresponds
to the cessation of pulsar emission for a certain number of pulse periods, as can be seen in
Fig. 1 of Chapter 3. The fraction of time in which the pulsar isnot detectable in the radio
domain, called theNulling Fraction(NF), is known to vary significantly from pulsar to pulsar
and essentially can last from single pulse periods up to hours or days. It has been shown by
Backer (1970b) that a pulsar which exhibits drifting subpulses can also display significant
changes of the drift pattern due to the nulling. Studying this effect, callednull-induced mode
changingalong with nulling and drifting can be regarded as a potential way to differentiate
between the aforementined models for drifting subpulses.

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

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

Session
Date

Backend
λ BW Frequency Sub-integrations/

Sub-integration
MJD/

(cm) (MHz) channels pulses analysed
time

dd.mm.yy (s)

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

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

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

Esamdin et al. (2005) used observations made with the 64-m Parkes radio telescope at
a frequency of 1374 MHz to observe PSR B0826−34 and obtained two long sequences of
6 and 3.9 hours with sampling times of 2 and 0.5 ms, respectively. They show that at this
frequency there is strong emission over most of the pulse period and that the pulsar emits
strong bursts of pulses which are interrupted by long nulls.Using a phase-tracking method
they investigated the drifting subpulses throughout the complete trace of line of sight within
the beam of radio emission. That resulted in the detection of13 drift bands which were
arranged in a coherent pattern across the whole longitude range. Based on the difference
between the horizontal separation of the drift bands (P2, expressed in degrees) from different
regions of the pulse profile the authors have calculatedα to be 0.5◦. Esamdin et al. (2005)
also argue that the observed direction of drift is a reversalwithin polar cap as opposed to
aliasing with the rotation period proposed by Gupta et al. (2004). We note, however, that
the claim that drift is reversing its direction in motion, made by Esamdin et al. (2005), is not
possible in the model proposed by Ruderman & Sutherland (1975). But the most exciting
result came from the study of what was thought to be the long nulling events exhibited by
PSR B0826−34 . The authors presented a profile made by integrating the apparent nulls and,
surprisingly, they discovered that there is weak radio emission coming from the pulsar during
what now must be called theweak mode. What is most intriguing is the shape of the average
pulse profile at 1374 MHz in the weak mode. It strikingly resembles the average pulse profile
from the strong mode as seen at low observing frequencies.

In their recent work, Bhattacharyya et al. (2008), report the non-detection of the weak
mode of PSR B0826−34 in observations with the GMRT at frequencies of 157, 325, 610 and
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1060 MHz at separate epochs, and simultaneously at 303 and 625 MHz. Their observations
did not detect the weak-mode emission down to a limit, definedrelative to thepeak flux
densityof the strong mode, and being∼1.3%,∼1.2% and∼0.5% at frequencies of 157, 610
and 1060 MHz respectively. These observations were a factorof a few less sensitive than the
observations of Esamdin et al. (2005), who reported clear detection of the weak mode at a
level given in units of themean intensityof the profile in the strong mode which was∼ 2%.
Moreover it is also important to emphasise that the observations of the pulsar in the weak
mode by Esamdin et al. (2005) were significantly longer, totalling about 9400 pulses.

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

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

5.2 Observations

The observations used in our analysis were carried out on the9th and 10th of May 2008
with the 64-m Parkes radio telescope located in Australia. We have used a dual-frequency
receiver system capable of observing simultaneously at thewavelengths of 50 and 10 cm,
with equivalent system flux density of 57 and 49 Jy on cold sky,respectively (Granet et al.
2005). The receiver has two orthogonal linear feeds and alsohas a pulsed calibration signal
which can be injected at a position angle of 45◦ to the probes. The signal from the receiver
was sent to three backend systems. In order to record the datain the simultaneous dual-
frequency single-pulse mode, we have used the analogue filterbank, AFB, which can record
only the total intensity signals. The data recorded with theAFB resulted in two uninterrupted,
long-duration single-pulse sequences for both frequencies for each of the observing days.
The observations on May 9th (session 1) lasted 7.4 hours and those on May 10th (session
2) lasted 8.2 hours. The data were dedispersed with the dispersion measure (DM) value
of 52.2 pc cm−3 as determined in a careful analysis by Bhattacharyya et al. (2008). Next,
the data were visually inspected for radio-frequency-interference (RFI) and any interfering
signals were removed from the observations. Finally, the timeseries were converted into two-
dimensional pulse-longitude versus pulse-number arrays (pulse stack) using the topocentric
pulsar period, which resulted in a sequence of 14771 and 16004 individual pulses for session
1 and 2, respectively.
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Figure 5.2: Average pulse profiles for PSR B0826−34 in the strong (upper panels) and weak modes
(lower panels) observed at 685 MHz (left-hand panels) and 3094 MHz(right-hand panels) during ses-
sion 1. The profiles have been aligned after correction for dispersion delay. The marked regions denoted
by MP, IP and OP denote main pulse, interpulse and off-pulse, respectively. The detection of the weak
mode at 3094 MHz is clearly seen in the bottom right-hand plot. The units of intensity are relative.

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

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

5.3.1 Average pulse profiles

In order to form the average pulse profiles, we have decided touse the data recorded with
CPSRII and the DFB2. This means that the profile will be formedby summing the sub-
integrations instead of the single-pulse data from the AFB.By using the data recorded with
the digital backends we will be able to make use of larger bandwidth resulting in higher
signal-to-noise ratios (S/N) of the profiles thanks to the abilities of the CPSRII and DFB2
to process larger bandwidths. In session 1 both strong and weak modes are present, with the
weak mode being significantly longer as reported by Durdin etal. (1979). The strong mode
lasted for about 2.2 hours, but because of the strong RFI presence we have used 1.7 and 2.1
hours of observing time in order to form the average pulse profiles at 685 and 3094 MHz,
respectively. In Fig. 5.2 we present the average pulse profiles obtained from observations
made during session 1 where strong mode profiles are shown in the upper panels and the
weak mode profiles in the lower panels. All profiles have been time-aligned after correction
for the dedispersion delay. We have divided the average pulse profile into three main regions:
the main pulse (MP), interpulse (IP) and off-pulse (OP). The relative intensities of both MP
and IP as well as their widths change significantly with observing frequency. The comparison
of the average pulse profiles in the strong mode at the frequency of 3094 MHz, with the one
presented in the work of Bhattacharyya et al. (2008), at 1060MHz, shows similarity in their
shapes: the peak of the MP is at the level of nearly half the peak of the IP. In our observation
at 3094 MHz the peak of the MP is much lower, at about 15% of the intensity of the peak of
the IP. The lack of more significant profile evolution between1060 and 3094 MHZ suggests
that the transition from the pulse profile dominated by the emission coming from the MP
region to one at which the IP becomes the dominant region, occurs between 0.6 and 1.0 GHz.

The weak mode

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

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

5.3.2 Fluctuation analysis

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

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

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

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

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

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

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

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

S2DFS map shown in the left-hand plot corresponds to the sequence of pulses shown in the
left-hand pulse stack in Fig. 5.1. The horizontal axis of themap is given in blocks, where
each block is a curve obtained from the vertically collapsed2DFS, as can be seen in the
lower panels of the 2DFS plots in Fig. 5.4. A region around block 3210, where power in the
P2 S2DFS map is dominated by spectral power fluctuations acrossthe wholeP0/P2 range,
is caused by the switch of the pulsar to the weak mode. We note,however, that due to the
low S/N of individual pulses at high frequency and the length of the DFT used to produce
P2 S2DFS maps, we do not see the expected features denoting drift reversals as seen in the
pulse stack and in the vertically collapsed 2DFS plot. The right-hand plot in Fig. 5.5 presents
the P3 S2DFS map where the horizontal axis is given in blocks, but unlike the P2 S2DFS
map, each block is a curve obtained from the horizontally collapsed 2DFS (side panels of
the plots in Fig. 5.4), where the sliding DFT window now has 256 pulses. The tracks which
correspond to modulating subpulses are seen to populate thelower frequency part of the map,
between 0.0 and 0.04 cpp and can be split into two groups. The tracks which lie between 0.02
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Figure 5.5: The time-resolved fluctuation analysis results shown for different parts of a sequence of
3989 individual pulses from the strong mode observed at 3094 MHz during session 1.Left: The P2

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

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

5.3.3 Polarisation

The last stage of our analysis was to investigate the polarisation properties of PSR B0826−34.
First, we would like to investigate the polarisation properties of the weak mode detected at
high frequencies. In order to do that, we have used the observation from session 2 where the
pulsar was not present in the strong mode for the whole time ofits duration. Unfortunately,
despite the use of the longest observation in the weak mode the obtainedS/N was too small to
provide us with good polarisation plots. Therefore we will constrain our analysis to the data
collected in the strong mode during session 1. This resultedin two sequences lasting 1.7 and
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Figure 5.6: Average pulse profiles for PSR B0826−34 observed at the frequencies of 685 MHz (upper
plot) and 3094 MHz (lower plot). The solid, dashed and dotted lines represent, respectively, the total
intensity and the amount of linear and circular polarisation (Stokes parametersI, L =

√

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

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

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

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

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

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

5.4 Summary and conclusions

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

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

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

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

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

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