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Abstract. We present the first results from a programme of multi-frequency simultaneous single pulse observations
carried out as part of the European Pulsar Network. We detail the main data analysis methods and apply them to
simultaneous observations of the strong pulsar B0329+54 at 1.4 and 2.7 GHz using the Jodrell Bank and Effelsberg
radio telescopes respectively. The pulses at different frequencies are highly correlated in their total intensity, as
seen in previous experiments, and generally show consistent position angles of the linearly polarized component. In
contrast, the circularly polarized emission sometimes shows clear differences between pulses received at different
frequencies. These results are unexpected and warrant further follow-up studies to interpret them in the context

of the intrinsic bandwidth of pulsar radiation.
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1. Introduction

Despite significant observational and theoretical progress
since the discovery of pulsars in 1968, there is still con-
siderable uncertainty surrounding the detailed physics of
the emission process responsible for the radio pulses ob-
served in the spectrum between 50 MHz all the way up
to 90 GHz (see Melrose 2000 for a review). Although much
of what we understand has been gleaned from studies of
integrated pulse profiles, further understanding of the ob-
served emission from radio pulsars is perhaps best tackled
by studying individual pulses and their behaviour with
time. Any satisfactory theory of emission has to be able
to explain the following observed properties:

— moding, drifting and nulling: the relevant phenomena
here are the pulse-to-pulse patterns that consist of the
pulsar profile changing, sub-components of the profile
drifting across the pulse or the pulse disappearing al-
together for several periods;
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— microstructure: features seen in the pulse on very small
time scales (1 ms);

— orthogonal polarization modes: here the polarization
position angle executes a jump at certain pulse longi-
tudes, which is often close to 90°.

For further information on these phenomena, see Lyne &
Smith (1998) and references therein.

In the past, a number of experiments have been con-
ducted to investigate the multi-frequency properties of in-
dividual pulses of radio pulsars (see e.g. Bartel & Sieber
1978; Boriakoff et al. 1981; Bartel et al. 1981; Davies et al.
1984; Kardashev et al. 1986; Sallmen et al. 1999). Most
of these observations studied total power only and ad-
dressed questions concerning the bandwidth of the emis-
sion, the correlation of microstructure and the validity of
the cold plasma dispersion law for pulsars. Bartel & Sieber
(1978) simultaneously observed individual pulses of PSR
B0329+4-54 and PSR B1133+16 at 0.3 and 2.7 GHz, using
the Effelsberg radio telescope. The correlation coeflicients
of the time series of the pulse energies at the two differ-
ent frequencies are found to be around 75%, indicating a
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Fig.1. Total power time series of single pulses of PSR
B0329+54 measured at 1.4 GHz (Jodrell Bank) and 2.7 GHz
(Effelsberg). Top two panels show an 11-min long interval. The
long time scale intensity variations between the two telescopes
are caused by interstellar scintillation. Bottom two panels show
a close-up of a few pulses. Off-pulse regions have been zeroed
for clarity. A very good overall correlation is obvious.

broadband nature of the emission. Simultaneous observa-
tions between the Pushchino BSA transit array at 0.1 GHz
and the Effelsberg radio telescope at 1.7 GHz were pre-
sented by Bartel et al. (1981) (PSR B0809+74) and
Kardashev et al. (1986) (PSR B0329+54, PSR B0834+-06,
PSR BI1133+16, PSR B1508+55). Bartel et al. (1981)
also showed that nulling occured simultaneously at both
frequencies at 0.10 and 1.70 GHz for PSR B0809+74.
Simultaneous observations of the same pulsar by Davies
et al. (1984) at 0.10 GHz, 0.41 GHz and 1.41 GHz using
the Lovell telescope at Jodrell Bank and the BSA array
showed that nulls at 0.4 GHz always corresponded to nulls
at 0.1 GHz, but not vice versa. Finally, Sallmen et al.
(1999) simultaneously observed giant pulses of the Crab
pulsar at 1.4 GHz at the VLA and 0.6 GHz in Green
Bank. About 70% of the giant pulses are seen at both
1.4 and 0.6 GHz, implying a broad emission mechanism
bandwidth.

In 1995, a large scale project was launched by
the European Pulsar Network. Simultaneous observa-
tions of individual pulses were conducted between var-
ious collaborating observatories across Europe and the
world (Effelsberg, Jodrell Bank, Bologna, Westerbork,
Puchshino, Ooty, Torun, Arecibo), as individual experi-
ments. The data presented in this paper were obtained
during such a polarimetric experiment between the Jodrell
Bank and Effelsberg radio telescopes observing at the
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Fig. 2. Signal-to-noise ratio distributions of 1912 simultane-
ously recorded single pulses of PSR B0329+54 between Jodrell
Bank (1.4 GHz) and Effelsberg (2.7 GHz). The high quality of
the data allows a polarimetric investigation of the pulses.

frequencies of 1.41 GHz and 2.70 GHz, respectively. In this
paper, we concentrate on the strong pulsar B0329+54 to
introduce our methods which will be also used in future
studies.

In addition to being one of the strongest pulsars in
the sky, and therefore ideal for single-pulse observations,
PSR B0329+54 exhibits many of the typical pulsar emis-
sion features which are not well understood. Its profile
consists of a core component and at least four conal out-
riders surrounding it (e.g. Kramer 1994). The most strik-
ing feature is perhaps its mode changing property (Lyne
1971; Bartel et al. 1982), which is observed at frequen-
cies as high as 32 GHz and 43 GHz (Kramer et al. 1997).
The average profile shows significant amounts of linear
and circular emission across the whole pulse. The posi-
tion angle (PA) of the average linearly polarized emission
shows frequent orthogonal jumps resulting from orthog-
onal polarization modes (OPMs) which are probably si-
multaneously present (e.g. McKinnon & Stinebring 1998).
Indeed, the seemingly complicated PA swing was finally
unravelled by Gil & Lyne (1995) who used single pulse
observations at 0.4 GHz to separate the PA swing in two
different curves representing each OPM.

Despite being studied so well, simultaneous multi-
frequency observations of PSR B0329+54 with full po-
larization information were still missing. Since such ob-
servations are essential to distinguish between emission
properties caused by propagation effects (in the pulsar
magnetosphere) or those intrinsic to the emission process
(cf. Melrose 1995), B0329+54 is an excellent source to be-
gin such a study which is the subject of the rest of this
paper. In Sect. 2 we give details about the observations
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and the telescopes involved, before we describe the data
reduction in Sect. 3. The results are presented in Sect. 4
and discussed in Sect. 5. We summarize the main conclu-
sions in Sect. 6 and give an outlook onto further studies
in Sect. 7.

2. Observations

A sequence of 1912 pulses of very good signal-to-noise ra-
tio (S/N) were recorded simultaneously between the 76-m
Lovell radio telescope at Jodrell Bank at 1.408 GHz and
the 100-m Effelsberg radio telescope at 2.695 GHz, on the
13th of July, 1997. A dual-channel cryogenic receiver was
used on the Lovell telescope, sensitive to both senses of
circular polarization. The system equivalent flux density
was 37 Jy. A 2 x 32-channel filterbank was used, produc-
ing all 4 Stokes parameters for each 1-MHz wide chan-
nel, before data were de-dispersed in hardware for off-
line processing. The effective time resolution was 158 us.
The Effelsberg data were recorded using a cooled receiver
with HEMT amplifiers providing two circular polariza-
tions with a bandwidth of 80 MHz and a system equivalent
flux density of 2.7 Jy. Given the pulsar’s dispersion mea-
sure of 26.776 cm ™2 pc, the smearing time across the whole
bandwidth was 909 us, compared to a sampling time of
550 us. Stokes parameters were formed for the full 80 MHz
and transferred to disk.

In order to calibrate the data, both telescopes perform
observations of standard unpolarized continuum sources
of known flux density together with the signal of a
switched linearly polarized signal injected into the feeds,
as described for Effelsberg by von Hoensbroech & Xilouris
(1997) and for Jodrell Bank by Gould & Lyne (1998). The
average S/N at both observatories was between 100 and
200, with hardly any pulses below 30 (see Fig. 2).

3. Data analysis

Several simultaneous multi-frequency observations of indi-
vidual pulses were made on PSR B0329+54 and a number
of other pulsars, which will be described here and in subse-
quent papers. The data format, starting time of the obser-
vations and time resolution usually differ between the dif-
ferent telescopes. Therefore the raw data were calibrated
and converted into the common EPN-format (Lorimer
et al. 1998). Subsequently, a procedure described below
was used, which aligns and re-bins the data to a common
reference frame and temporal resolution.

3.1. Alignment

Every pulse emitted from the neutron star does not arrive
simultaneously at different telescopes observing at differ-
ent frequencies. The main reason for this is the interstellar
dispersion, which causes the high frequency radiation of
the pulses to arrive earlier, relative to its lower frequency
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Fig. 3. Procedure to re-bin data to any lower time resolution.
This method is applied for the analysis of simultaneous obser-
vations of individual pulses. See text for details.

complement. Further variations arise from the different
path-lengths to the telescopes. Therefore, in order to align
the data from the different telescopes, it is necessary to
transform the site arrival time of the radio pulses to a com-
mon reference frame. This was chosen to be the pulse ar-
rival time at the solar system barycentre, according to the
DE200 ephemeris (Standish 1982). To eliminate disper-
sion effects, the time of arrival of each pulse was referred
to the time of arrival of the pulse at infinite frequency as
is standard practice in pulsar timing experiments (see for
example Manchester & Taylor 1977, 1977).

3.2. Re-binning

The calibrated and aligned EPN-files produced from data
obtained at different telescopes were re-binned to a com-
mon time resolution (Fig. 3). This is usually the coars-
est time resolution among the original files: a common
time interval I. = [Typart, Tutop] is defined around each
pulse, which lies within all individual time intervals I; =
[tstart, tstop)i Of the different original data files, such that
I. C I;, where ¢ denotes each telescope. The common time
interval I. is divided into n. bins of time length At.. The
data contained in all original bins (time length At;), which
fall into the time interval of one common bin At., are
then summed up; those which fall only partly into this
interval are weighted with the fraction which reaches into
At.. Naming the data of the n. common bins d.(j), j =
1...n. and the data contained by the n; original bins
d;(k), k = 1...n;, the re-binned data values can be com-
puted through

N Dy dik) - W (k)
“O) = W W

with W;(k) € [0:1] defining the weight of each original bin
k as the fraction of it which is contained in the common
bin j.

In Fig. 4 an individual pulse of PSR B0329+54 ob-
served at 1.4 GHz in Jodrell Bank is shown. The thin set
of lines corresponds to the original data, the thick lines
represent the re-binned data. One can see that this proce-
dure affects both the total intensity and the polarization
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Fig. 4. An individual pulse from PSR B0329+54 in full polar-
ization as observed with the 1.4 GHz receiver in Jodrell Bank
(top panel contains total power, linear and circular polariza-
tion, the bottom one shows the polarization position angle).
The thin lines correspond to the original high time resolution
data, the thick lines to the data re-binned to a lower time res-
olution using the described routine.

properties to some extent. For instance, changing the effec-
tive time resolution has an impact on our ability to detect
OPM jumps (notice the bins just before 40 ms). Such ef-
fects have been studied by Gangadhara et al. (1999) and
will also be addressed elsewhere (Karastergiou et al. 2001
in prep.). The circular polarization features particularly
studied here are at least a few bins wide and therefore
the rebinning process does not affect our results. After
applying this re-binning technique, the data entries of the
corresponding bins can be directly compared.

4. Results
4.1. Cross-correlation of phase bins

In order to study the correlation between the two observ-
ing frequencies, we conduct a cross-correlation analysis of
the pulse-to-pulse variations of all individual phase bins,
following Popov (1986). This yields a two-dimensional cor-
relation array ¢; ;. Each point (4,7) is the correlation co-
efficient between the time series f;(k) of bin ¢ at one fre-
quency and the time series g;(k) of bin j at the other
frequency with k being the pulse number. For n pulses,
ci, ; is obtained through

n

Z[fi(k) gi(k) — < fi><g;>], (2)

k=1

1
Cij—=—"—""—"—
N-0fi:0g.j
where oy; and o, ; represent the rms deviations of the
time series f;(k) and g;(k) respectively.

Figures 5 and 6 show contour plots of the correlation
arrays for I, L, V and |V|. Those points which fall along
the dashed diagonal line represent the correlation array
elements ¢ = j, i.e. the same phase bins between the two
frequencies. The width of the correlated region around the
diagonal refers to the time— and spatial scale along which
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the intensities are correlated. The width is largest for the
total power contour plot.

The distribution of the correlation maxima is quite dis-
tinct between the different polarizations. In total power
(Fig. 5, left plot) three maxima can be identified, which
correspond to the three main components of the pulse pro-
file. In linear polarization however (Fig. 5, right plot), the
correlation finds its maxima only in the outer components
of the profile. Throughout the middle component — which
is the strongest also in linear polarization, as can be seen
from the integrated profiles at the bottom and the side —
the correlation remains significantly lower.

The circular polarization on the other hand shows the
opposite characteristic. Regarding the “non-absolute” plot
(Fig. 6, left plot), the maximum is clearly situated in the
profile centre. It is accompanied by a negative “side max-
imum” above the diagonal. This corresponds to an anti-
correlation which is caused by the sense reversal of the
circular polarization often observed at the central com-
ponent (also seen in Fig. 7). The other “side maximum”
expected to be seen beneath the diagonal is not visible due
to the selection of contour lines. The outer components are
completely uncorrelated. This is mainly caused by heavy
frequency dependent fluctuations in these components and
especially the opposite handedness, which can be fre-
quently observed (Fig. 7). This can be obviously seen in
the analysis of the absolute circular polarization (Fig. 6,
right plot), where the difference in handedness is ignored.
Some correlation in the outer profile components is now
clearly visible.

We note that the results of our cross-correlation anal-
ysis are not significantly affected by the number of pulses
included in the study. Dividing our sample into sufficiently
large sub-samples (for this pulsar a stable integrated pro-
file is obtained after integrating for a few hundred pulses,
see Table 1 of Helfand et al. 1975) does not change our
findings.

4.2. Individual pulse pairs

To further investigate specific aspects of the cross-
correlation analysis like the disagreement in handedness
of the circular polarization, it is often useful to compare
individual pulse pairs. Figure 7 shows two pulse pairs of
PSR B0329+4-54. The overall morphology of the pulses is
very similar, especially in total power. However, regard-
ing the polarization characteristics, larger deviations are
observed, as revealed by the cross-correlation plots, es-
pecially concerning the circular polarization but also the
polarization position angle.

— Polarization position angle (PPA). Throughout most
phases of the pulse longitude, the PPA is consistent
between the two frequencies. Yet at some localized
phases, significant differences between the PPAs are
measured (e.g. arrows in Fig. 7). These differences in-
dicate the simultaneous presence of both orthogonal
polarization modes at the two frequencies observed.
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Fig. 5. Contour plot of a bin-by-bin cross correlation function in total intensity (left) and linearly polarized power (right). The
pulse-to-pulse fluctuations of each bin at one frequency are correlated against each bin at the other frequency. The profiles in
the bottom- and left panel represent the integrated intensities of the respective Stokes parameter. The contour lines correspond
to constant correlation coefficients, their representations are plotted in the box on the bottom-left.

It is worth noting that the PA difference between the
two modes is not always 90° as noted also by Gil &
Lyne (1995) and von Hoensbroech et al. (1998).

It should again be noted that determining OPMs is
affected by the temporal resolution of the observation.
It is, therefore, quite significant that we can detect the
aforementioned PPA differences after having rebinned
our data (as described in Sect. 3.2).

Circular polarization. The most prominent differences
observed concern the intensity and handedness of the
circularly polarized component of the radiation. In the
trailing component of the left pulse pair in Fig. 7 a high
degree of circular polarization is measured at 2.7 GHz,
but none at 1.4 GHz. The cross correlation plot in
Fig. 6 indicates that these differences occur prefer-
entially in the outer components, while the central
component is well correlated. The fact that the abso-
lute circular polarization is well correlated in the outer
components indicates a degree of anti-correlation in
the circularly polarized power of the outer components.
This is explicitly demonstrated in the right pulse pair

where the encircled regions show a handedness that is
opposite between the two frequencies. Note that the
handedness is in fact swapped in both the leading and
trailing outer components. At the same time, however,
the swing of the circularly polarized power is identical
at the two frequencies for the central component where
we see a change from negative to positive handedness.

5. Discussion

We can summarize the results of our analysis as follows:

— the total intensity is well correlated between the two

frequencies;

— linear polarization is correlated principally in the outer

components of the profile;

— the two different orthogonal polarization modes can

appear simultaneously at the same longitude at differ-
ent radio frequencies;

— in some parts of the profile the sense of circular po-

larization can change from one frequency to the other
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Fig. 6. Contour plot of a bin-by-bin cross correlation function in circularly- (left) and absolute circularly polarized power (right).
See caption of Fig. 5 for representations. Note that the little “island” above the diagonal in the left plot corresponds to an
anti-correlation, i.e. a disagreement in handedness of the circular polarization. The profile for the absolute circular power is
calculated by taking the sum of the absolute circular power of the single pulses and not the absolute of the sum of the circular
power of the single pulses. For this reason, the two profiles look somewhat different.

while it simultaneously remains unchanged at other
parts of the profile.

The good total intensity correlation implies that the
mechanism responsible for emission at one frequency is
also responsible for emission at the other frequency. This
strongly suggests that a single event at the bottom of the
pulsar magnetosphere is responsible for a sub-pulse ob-
served across the spectrum. This can be explained by a
single plasma column streaming along the field lines and
radiating with a large bandwidth. This wide-bandwidth
picture seems to be in some contradiction to a radius-
to-frequency mapping (RFM) model which assumes that
the emission at higher frequencies is created closer to the
neutron star than that at lower frequencies. The con-
cept of a RFM is mainly based on the observations that
pulse profiles become narrower at high frequencies, as
expected for pulses emitted in a dipolar magnetic field
(Cordes 1975). It also receives support from the obser-
vations, that the centre of the PA swing lags the profile
midpoint by an amount usually decreasing with frequency,
which is interpreted as a decrease in emission height

(Blaskiewicz et al. 1991; von Hoensbroech & Xilouris 1997;
Hibschman & Arons 2001). For our observations, this ap-
parent conflict, for a frequency dependent emission height
and radiation with a bandwidth much larger than the
usual observational spacing, can be solved if the particles
creating the radiation at separate frequencies are part of
the same plasma column.

If the previous assumption is correct, what determines
which OPM is emitted at a given frequency? Are OPMs
caused by a propagation effect like birefringence? If we ac-
cept that pulsar emission is always radiated in two com-
peting modes of polarization, orthogonal to each other
(McKinnon & Stinebring 1998), at the same time, then
the PA recorded at each pulse phase will have two pos-
sible values, separated by ~90°. Each set of values forms
an S-shaped curve with pulse phase according to the ro-
tating vector model of Radhakrishnan & Cooke (1969),
the two curves separated by =a90°. Which of the two
PA values is observed would then depend solely upon
which of the competing modes is stronger at every spe-
cific phase. If we could assign a spectral index to the two
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Fig. 7. Two examples of individual pulse pairs of PSR B0329+54, observed in full polarization. The dark-shaded area represents
linearly polarized power and the light-shaded area circularly polarized power. The overall correlation is good, but deviations in
the polarization are larger than those in the total power. The circular polarization, for example, in the wings of the right pulse
pair shows a reversed handedness. Also the arrows in the left pulse pair point to an inconsistency of the PPA between the two
frequencies at a specific pulse longitude. Note, also, that only PA points with a significance level of more than 3 o have been
plotted. The pulse components of the higher frequency in the above pulse pairs appear broader. However, this is not the general
case, since we also see cases where the higher frequency pulse components appear narrower. This fact raises a question about
the spectral indices of pulse components, to be studied in future work.

polarization modes, which may be different, it would be
easy to imagine a situation where one mode is dominant
at the lower frequency and the other at the higher.

If this scenario of competing OPMs with different spec-
tral indices is correct, the following should be observable:
at a particular critical frequency, both modes should be
present with almost equal strength and the degree of linear
polarization should be ~0. Also, at frequencies at the ex-
treme ends of the observed spectrum on either side of this
critical frequency, OPMs would only hardly be observed.
Although existing observations by Stinebring et al. (1984)
found some increase in the occurrence of OPMs at 1.4 GHz
compared to 0.4 GHz, this may not be the general case
(Xilouris et al. 1996), and it clearly needs simultaneous
observations of the kind presented in this work to study
this interesting question in detail. In fact, simultaneous
polarimetric observations, at three or more widely spaced
frequencies, could possibly reveal a spectral behaviour of
the OPMs, also to be investigated in future work.

If the two competing OPMs are created by propaga-
tion effects in the pulsar magnetosphere, the polarimetric
differences observed at the two frequencies originate from

the measured radiation having a slightly different history
at the two frequencies. The observed changes in the hand-
edness in circular polarization are hence very intriguing, as
they can be indeed most convincingly explained by some
propagation effect. A change in the sign of the circular
polarization between two frequencies has been observed in
the integrated profiles of a few pulsars (Han et al. 1998),
but seeing this for individual pulses clearly demands an ex-
planation. The effect however, seems to be dependent on
the pulse longitude, as the central part of the profile is not
affected. In the case of PSR B0329+54, the central com-
ponent is without doubt a core component (Rankin 1983;
Lyne & Manchester 1998), which originates from regions
near the magnetic axis. Rankin (1990) suggested that
core components are emitted from altitudes much lower
than those for conal components, implying that the radi-
ation process may be different. Whilst other authors find
no evidence for a difference in the radiation mechanism
of core and conal components (e.g., Lyne & Manchester
1998; Manchester 1995; Kramer et al. 1999), one would
also naively expect that emission from a lower altitude
should be more prone to plasma effects as it propagates
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through the magnetosphere (see von Hoensbroech et al.
1998). That seems to be in contrast to what is
observed.

Other factors appear to be more important than sim-
ply the radiation’s path length before it escapes the mag-
netosphere. For instance, the magnetic field lines in the
core dominated regions have, naturally, a much smaller
curvature radius than the conal regions where the ob-
served changes take place. It is therefore very tempting
to assume that the location of a given profile longitude
mapped on its actual position within the pulsar beam will
be an important parameter in the understanding of OPMs
and propagation effects in the pulsar magnetosphere. Our
observations of more pulsars simultaneously at different
frequencies can hence provide very valuable insight.

6. Conclusions

The simultaneous observation of individual pulses in full
polarization allows an investigation of the instantaneous
frequency dependence of a localized emission from the pul-
sar magnetosphere. The various types of analyses applied
reveal mainly one fact: the polarization characteristics of
single pulses seem to differ a great deal more than the to-
tal power at different frequencies. This can be seen in the
direct comparison of individual pulses, but also through
various types of cross correlation analyses. It is shown
that the correlation between different frequencies is less
for the polarized intensities, especially for the circular
polarization.

It is clearly shown that the differences in the polariza-
tion properties vary between the central and outer compo-
nents. It seems that the circular polarization is more sta-
ble in the central component. In the outer components,
the circular polarization sometimes even shows reversed
handedness between the two frequencies. This implies that
polarization fluctuations at a specific longitude may de-
pend strongly on the curvature of the magnetic field lines
at that longitude mapped on its position within the pul-
sar beam. This, in conjunction with the various paths of
the radiation through the pulsar magnetosphere, could be
vital in explaining the observed polarization properties.

The quality of the new results presented here under-
line the necessity of more such observations in the future
to confirm the first results, which should establish multi-
frequency simultaneous observations as a first-class tool
for investigating the emission mechanism of radio pulsars.

7. Future work

The present paper is the first in a series of papers con-
cerning simultaneously observed pulsar data, which fo-
cuses on a particular polarimetric experiment between
the Effelsberg and Jodrell Bank radio telescopes. Other
observing runs, that have been carried out within the
frame set of the EPN and coordinated by the pulsar
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group of the MPIfR in Bonn, will be the subject of pa-
pers to follow. These runs mainly consist of total-power,
simultaneous observations between the radio-telescopes in
Bologna, Westerbork, Torun, Pushchino, Ooty, Effelsberg
and Jodrell Bank, and span through a frequency range be-
tween 100 MHz (Pushchino) and 5 GHz (Effelsberg). We
are expecting more polarimetry associated work in the
future with the addition of Westerbork and the GMRT.
Further results from data already taken will be published
in due course.
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