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...and the emission is broadband

with exceptions...
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Flux density across frequencies

658 M. Kramer et al.: Simultaneous single-pulse observations of radio pulsars. IV.
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Fig. 2. Equivalent continuum flux densities simultaneously observed
for the full profile of PSR B1133+16. Severe effects of ISS are present
in particular at 626 and 1412 MHz.

pulsar, we estimate ∆tRISS ∼ 80 min at 1412 MHz which is the
same as our observing time for this pulsar. Based on the results
by Stinebring et al. (1996, 2000), Bhat et al. (1999b) and an
expected frequency scaling of mRISS ∝ ν∼0.56 (e.g. Stinebring
et al. 2000), we expect modulation indices due to RISS for
both pulsars of mRISS <∼ 0.4 at 1410 MHz. We note that even
such moderate values can lead to fairly large deviations of the
flux from the mean value at some individual epochs, as the re-
fractive flux density fluctuations usually do not show simple
Gaussian-like distributions. However, lacking information for
epochs adjacent to our observing period, we take the value of
mRISS as a typical 1-sigma fractional error bar. Under the as-
sumption that we can successfully correct for diffractive effects
(see next section), we hence adopt uncertainty estimates for our
flux density measurements of 22% (238, 341, 4850MHz), 30%
(626MHz) and 40% (1412MHz), reflecting RISS and possible
calibration errors.

3.2. Isolating the effects of ISS
In order to correct for the effects of scintillation and to ob-
tain the intrinsic flux density values, published flux density
spectra are usually derived from the mean values of a large
number of independent observations spread over a long time
scale, i.e. years. It is indeed quite reasonable to assume that
this procedure will average out the flux density variations due

Table 2. Measured equivalent continuum flux densities as averages
over the whole observing time.

Frequency B0329+54 B1133+16
(MHz) S (mJy) S (mJy)

238 2900 ± 600 –
341 – 320 ± 60
626 1600 ± 500 120 ± 40
1412 170 ± 70 60 ± 20
4850 11 ± 2 2.4 ± 0.5
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Fig. 3. Spectra computed from equivalent continuum flux densities for
B0329+54 (circles) and B1133+16 (triangles). The open symbols are
values taken from the literature, while the filled symbols were derived
from the single pulse measurements presented here.

to diffractive and refractive ISS, resulting in the intrinsic flux
density value at a given frequency (e.g. Stinebring et al. 2000)

Figures 1 and 2 indicate that we typically observe several
diffractive modulation timescales during our measurements.
Hence, we should expect the average measured flux densities
to be consistent with the values published for a given frequency
within the uncertainties estimated above.

The obtained flux densities are listed for both pulsars in
Table 2. Quoted uncertainties are derived from the error of
the mean and the earlier estimated uncertainties. All values
are plotted in Fig. 3 as filled symbols. The figure also shows
flux densities compiled by Maron et al. (2000) andMalofeev &
Malov (1980) as open symbols. Indeed, our average flux mea-
surements agree very well with the published values.
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Fig. 3. Spectra computed from equivalent continuum flux densities for
B0329+54 (circles) and B1133+16 (triangles). The open symbols are
values taken from the literature, while the filled symbols were derived
from the single pulse measurements presented here.

to diffractive and refractive ISS, resulting in the intrinsic flux
density value at a given frequency (e.g. Stinebring et al. 2000)

Figures 1 and 2 indicate that we typically observe several
diffractive modulation timescales during our measurements.
Hence, we should expect the average measured flux densities
to be consistent with the values published for a given frequency
within the uncertainties estimated above.

The obtained flux densities are listed for both pulsars in
Table 2. Quoted uncertainties are derived from the error of
the mean and the earlier estimated uncertainties. All values
are plotted in Fig. 3 as filled symbols. The figure also shows
flux densities compiled by Maron et al. (2000) andMalofeev &
Malov (1980) as open symbols. Indeed, our average flux mea-
surements agree very well with the published values.

Kramer et al. (2003)

Extrinsic modulation: Single pulses: Average spectra:
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to diffractive and refractive ISS, resulting in the intrinsic flux
density value at a given frequency (e.g. Stinebring et al. 2000)

Figures 1 and 2 indicate that we typically observe several
diffractive modulation timescales during our measurements.
Hence, we should expect the average measured flux densities
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to be consistent with the values published for a given frequency
within the uncertainties estimated above.

The obtained flux densities are listed for both pulsars in
Table 2. Quoted uncertainties are derived from the error of
the mean and the earlier estimated uncertainties. All values
are plotted in Fig. 3 as filled symbols. The figure also shows
flux densities compiled by Maron et al. (2000) andMalofeev &
Malov (1980) as open symbols. Indeed, our average flux mea-
surements agree very well with the published values.

Kramer et al. (2003)

Extrinsic modulation: Single pulses: Average spectra:



Fundamental Physics in Radio Astronomy
Max-Planck-Institut für Radioastronomie

Spectra: normal pulsars

See Maron et al. (2000) – Spectral index mean -1.7

Spectral change at mm-wavelengths?  (e.g. Kramer et al. 1997)
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Spectra: normal pulsars

See Maron et al. (2000) – Spectral index mean -1.7

Spectral change at mm-wavelengths?  (e.g. Kramer et al. 1997)
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FIG. 4.ÈResulting spectra for B0329]54, B0355]54, B1929]10, and B2021]51. Low-frequency data have been taken from available literature (see
text).

GHz (a \ [2.3 ^ 0.2) gives s2 probability as large as 0.27,
strongly suggesting again that the spectrum is changing, i.e.,
Ñattening, at frequencies above 30 GHz.

Finally, we note that the observations presented here
triggered the observations of B0355]54 at 87 GHz (3 mm)
by et al. using the 30 m IRAM radio telescopeMorris (1997)
in Spain. For details we refer to their paper, but is inter-
esting that this pulsar was successfully detected with a Ñux
density of 0.5 ^ 0.2 mJyÈthe same Ñux density as at 43
GHz.

To summarize, we have observed four sources at the
highest radio frequency ever successfully used to study a
sample of pulsars. While we could detect the known mode
changing for B0329]54 at 43 GHz, all pulse widths (if
corrected for smoothing of data applied to increase the
signal-to-noise ratio) do not change between 10 and 43

GHz, conÐrming the results of et al. More-Xilouris 1996).
over, the measured Ñux densities strongly support the exis-
tence of unusual spectral behavior in some pulsars at
millimeter wavelengths, Ðrst reported by et al.Wielebinski

and et al. i.e., a Ñattening of the spec-(1993) Kramer (1996),
trum.
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Spectra: millisecond pulsars
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FIG. 1.ÈFlux density spectra for 20 millisecond pulsars discussed in this work. See text for references.

index for Galactic Ðeld MSPs closer than 1.5 kpc of
[1.76 ^ 0.14. Obviously, we have no reason to believe that
the sample of MSPs studied at high frequencies in this
paper comprises a special subsample of MSPs. In fact,

although we did not apply any special criteria to select our
sources (apart from a modest peak Ñux density at 1.4 GHz),
we detected essentially all the MSPs that we tried to
observe. The derived upper limits for the nondetections

TABLE 4

UPPER LIMITS ON FLUX DENSITIES FOR MILLISECOND PULSARS NOT DETECTED

AT 2.7 AND 4.9 GHZ

Period S2695upper S2695exp S4850upper S4850exp
PSR (ms) (mJy) (mJy) (mJy) (mJy)

J0613[0200 . . . . . . 3.062 0.46 1.08 ^ 0.60 0.40 0.52 ^ 0.31
J0621]1002 . . . . . . 28.853 . . . . . . 0.32 0.07 ^ 0.30
J0751]1807 . . . . . . 3.479 . . . . . . 0.35 0.40 ^ 1.00
B1257]12 . . . . . . . . 6.219 0.38 0.32 ^ 1.00 . . . . . .
B1534]12 . . . . . . . . 37.904 0.05 0.09 ^ 0.04 0.04 0.015 ^ 0.007
B1640]2224 . . . . . . 3.163 . . . . . . 0.44 0.42 ^ 1.10
J2051[0827 . . . . . . 4.509 . . . . . . 0.44 0.3 ^ 0.4

NOTE.ÈValues are calculated for a 5 p detection of the pulse feature that is most
prominent at 1.41 GHz (see Paper I).

Mostly simple power laws
Kramer et al. (1999)
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Nulling 

Kramer (1995)
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Nulling 

Kramer (1995)

N. D. R. Bhat et al.: Simultaneous single-pulse observations. V. 265

Fig. 9. Properties of the high frequency (4850 MHz) emission during LF
nulls (shaded regions) are compared with those of the normal emission
(for the leading component only) at this frequency. These results are for
the data set II. The toppanels are the histograms of S/N and amplitude,
with data binned at logarithmic intervals. The binning is on a linear
scale for the width and longitude distributions (bottom panels).

Fig. 10. Average profiles of the emission at 4850 MHz during the low
frequency nulls (solid curves) overlayed on those of the normal pulses
(dashed curves); left: the data set I, and right: the data set II. The peaks
of the two profiles are slightly offset, indicating a tendency for the
pulses during low frequency nulls to arrive at a slightly earlier phase.

always occur simultaneously at all frequencies. Our observa-
tions uncover a significant number of pulses (≈6%) that null
at the three lower frequencies of our observation, however are
marked by quite narrow and strong pulses at the highest fre-
quency of 4850 MHz. Their properties seem to be quite different
from those of the normal pulses seen at this frequency, but inter-
estingly, show some striking similarities with the subset of the
strongest pulses in such a sample. Our analysis shows some ev-
idence for the number of simultaneous null pulses to decrease
with the frequency coverage of the data, and also suggests that
longer-duration nulls are relatively more common at the lower
observing frequencies. In the remainder of the paper, we review
what has been learnt so far about the nulling behaviour of this
pulsar from past observations and discuss possible implications
for pulsar emission.

Fig. 11. Examples of pulses that null at the lower two observing fre-
quencies, 325 and 610 MHz, while the emission is seen – mostly as
narrow, single-peaked pulses – at the two higher frequencies, 1400 and
4850 MHz. Statistics of this class of pulses is however not good enough
to construct meaningful histograms such as in Fig. 9 (see text). The
pulse intensities are normalised in a manner similar to that in Fig. 7. No
detectable emission is seen at 325 and 610 MHz even upon averaging
all the null pulses at these frequencies.

6.1. Comparison with previous nulling studies

PSR B1133+16 is among the well-studied pulsars since the
early days of pulsar observations (Backer 1972; Ferguson
& Seiradakis 1978; Kardashev et al. 1982; Boriakoff 1983;
Smirnova et al. 1994). Its nulling behaviour is not extreme as
in the case of PSR B0031−07 and PSR B1944+17 (Huguenin
et al. 1970; Deich et al. 1986), which are known for their long
durations of nulling (null fractions of the order ∼50%). In fact,
most null durations of this pulsar are within the range of one to
a few pulse periods, with a moderately large null fraction (∼10
to 20%) over typical observing durations. It is also important to
recognise that most nulling studies to date have been based on
data taken at a single observing frequency. Interestingly, our es-
timates of null fraction at single frequencies (with the exception
of 4850 MHz for data set II and barring the special cases of 610
and 1400 MHz for data set II; see Appendix A), are comparable
to the published estimate of 15 ± 3% from earlier studies (Biggs
1992; Ritchings 1976). However, the null fraction of real “broad-
band” nulls (i.e., nulls that simultaneously occur at all four fre-
quencies of observation) is only ≈7.5%. Thus, in general, most
published estimates for null fraction are likely to be overesti-
mates if broadbandness is adopted as an additional criterion to
define a truly null state.

There have been several single-pulse studies of PSR
B1133+16 in the past based on data from simultaneous ob-
servations at multiple frequencies (Boriakoff 1983; Kardashev
et al. 1982; Boriakoff & Ferguson 1981; Bartel & Sieber 1978;
Backer & Fisher 1974), and it is fairly well established that the
pulse energy and structure of this pulsar are well correlated at
single-pulse, sub-pulse and micro-pulse levels. Specifically, the
works of Boriakoff (1983) and Kardashev et al. (1982) addressed
the broadbandness of micropulse and subpulse structure, while
Bartel & Sieber (1978) focussed on the microstructure of sin-
gle pulses in this pulsar. However, none of these studies were

Bhat et al. (2007)

Not always broadband

Nulling more common at low frequencies?
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Average pulse shape is (usually) stable
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Profile changes:  moding
See Backer (1970)

1.1 Emission properties 9

usually very stable for any observation at the same radio frequency. As
such it can be thought of as a ‘fingerprint’ showing a cross-sectional cut
through each neutron star’s emission beam1. A selection of integrated
pulse profiles is shown in Figure 1.2. The time scale required to achieve a
stable integrated profile varies between a few hundred to a few thousand
pulse periods (Helfand; Manchester & Taylor 1975; Rankin & Rathnas-
ree 1995). This turns out to be a key property for timing observations
which we discuss further in Chapter 8.

Fig. 1.2. Integrated pulse profiles for a sample of nine pulsars. With the
exception of PSR B1237+25, each profile shows 360◦ of rotational phase. An
expanded view of the profile of this pulsar is shown for two different modes.
For PSR B1913+16 we show two 430 MHz profiles taken at separate epochs
to highlight the profile evolution due to geodetic precession. These profiles are
freely available on-line as part of the EPN database (see Appendix 3). For PSR
B1937+21, we show two profiles observed with the Effelsberg radio telescope
at 1.4 GHz. The upper profile was coherently de-dispersed and shows the true
pulse shape. The lower profile was obtained with an incoherent filterbank
system which results in much poorer time resolution (see Chapter 5).

1 As we explain in Chapter 3, the observed pulse shape depends critically on the
size and structure of the emission beam, as well as the angle between our line of
sight and the beam centre.
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total. At 2650 MHz the interpulse was not detected and an upper limit of about 5 per cent 
can thus be attributed to any interpulse at this frequency. 

As has been pointed out by Manchester, Hamilton & McCulloch (1980), the first 
component of the main pulse is somewhat unusual. It has a flatter spectrum and much 
higher polarization (83 per cent) than the second component (11 per cent) at 1720 MHz. 
The present results show that the first component exhibits large fluctuations in intensity and 
it is these which we attribute to a mode change. For example, in some of our 350-pulse 
integrations at 1720 MHz it is undetectable (less than 5 per cent of the second component). 
This behaviour is illustrated in Fig. 1 where a series of nine consecutive integrations, of 350 
pulses each, is displayed. The time at the beginning of each integration and the peak flux 
density are given. Similar behaviour has been observed at 2650 MHz. The time evolution of 
the pulse intensity is shown in Fig. 2. The 2650-MHz intensity recorded in two windows 
centred on the two components of the main pulse is given as a function of time. Ten pulse 
averages have been plotted for a total of 100 pulses. During this time there are two intervals 
when the intensity of the first component drops abruptly, the most marked being at pulse 
number 930. This is very suggestive of a classical mode change as seen for PSR 0329 + 54 and 
PSR1237 + 25. However, in the case of PSR 1822 — 09 both components of the main pulse 
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Summary. A mode change has been detected in the 1720-MHz and 2650-MHz 
radiation from PSR 1822 — 09. At low average intensities the first component 
of the main pulse abruptly drops to very small intensity. To within our 
measurement errors the interpulse remains unchanged. The evidence is 
consistent with a model in which the main pulse and interpulse originate at 
opposite magnetic poles. 

1 Introduction 

This note is to report the detection of a mode change in the radio frequency radiation from 
PSR 1822 — 09. This pulsar may be of special interest in view of unconfirmed reports that it 
may be associated with a gamma-ray source (Pinkau 1979; Mandrou, Vedrenne & Masnou 
1980). It is also remarkable for the presence of an interpulse (Cady & Ritchings 1977). 
Mode changes, i.e. discontinuous but reversible changes in the average pulse profile, have 
previously been detected in the radio emission from PSR 0329+ 54 (Lyne 1971), 
PSR 1237 + 25 (Backer 1970) and PSR0355 + 54 (Morris, Bartel & Ferguson 1980). In these 
cases the mode changes lasted for some hundreds of pulses. Many other pulsars may exhibit 
mode changes of shorter duration, e.g. PSR 1133 + 16 (Helfand, Manchester & Taylor 1975). 
In the case of PSR 1822 — 09, the mode changes are of longer duration (« 350 pulses), more 
akin to those of PSR 0329 +54 and 1237 + 25. 

2 Observations 

The observations were made at both 1720 and 2650 MHz with the 100-m radiotelescope of 
the Max Planck Institute for Radioastronomy. The 1720-MHz observations were made in 
1979 July and consisted of averages of 350 pulses. Single pulses were recorded at 2650 MHz 
in 1975 July. The average pulse profile consists of a double main pulse with an interpulse 
spaced almost 180° away (Morris et al, in preparation) (see the integrated profiles in Fig. 1). 
In fact, the peak of the interpulse is about 167° from the mid-point of the main pulse. If 
the second component of the main pulse is taken as reference point, the spacing becomes 
175° (0.49 periods). At 1720 MHz the energy in the interpulse is about 3.7 per cent of the 
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1.1 Emission properties 9

usually very stable for any observation at the same radio frequency. As
such it can be thought of as a ‘fingerprint’ showing a cross-sectional cut
through each neutron star’s emission beam1. A selection of integrated
pulse profiles is shown in Figure 1.2. The time scale required to achieve a
stable integrated profile varies between a few hundred to a few thousand
pulse periods (Helfand; Manchester & Taylor 1975; Rankin & Rathnas-
ree 1995). This turns out to be a key property for timing observations
which we discuss further in Chapter 8.

Fig. 1.2. Integrated pulse profiles for a sample of nine pulsars. With the
exception of PSR B1237+25, each profile shows 360◦ of rotational phase. An
expanded view of the profile of this pulsar is shown for two different modes.
For PSR B1913+16 we show two 430 MHz profiles taken at separate epochs
to highlight the profile evolution due to geodetic precession. These profiles are
freely available on-line as part of the EPN database (see Appendix 3). For PSR
B1937+21, we show two profiles observed with the Effelsberg radio telescope
at 1.4 GHz. The upper profile was coherently de-dispersed and shows the true
pulse shape. The lower profile was obtained with an incoherent filterbank
system which results in much poorer time resolution (see Chapter 5).

1 As we explain in Chapter 3, the observed pulse shape depends critically on the
size and structure of the emission beam, as well as the angle between our line of
sight and the beam centre.
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Kramer et al. (1999)
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Fig. 1.— Typical profile changes of PSR J1022+1001 as seen during the first measurements

obtained in Effelsberg at 1410 MHz. The error bars are conservative, being the result of 3σ values

calculated from off-pulse data and a performed worst-case analysis (see text for details). The
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after correctly adding the two polarizations. While LHC and RHC profiles are scaled to the same

arbitrary flux units, the total power profiles were scaled to unity amplitude of the trailing pulse peak

(dashed horizontal line). The error bars are conservative, being the result of a worst-case analysis

(see text for details). Measured flux densities noted for each corresponding profile demonstrate

that the profile changes are unrelated to pulse intensity.
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Abstract

Many radio pulsars have stable pulse profiles, but some exhibit mode changing where the profile switches between
two or more quasi-stable modes of emission. So far, these effects had only been seen in relatively slow pulsars, but
we show here that the pulse profile of PSR B1957+20, a millisecond pulsar, switches between two modes, with a
typical time between mode changes of only 1.7 s (or ∼1000 rotations), the shortest observed to date. The two
modes differ in both intensity and polarization, with relatively large differences in the interpulse and much more
modest ones in the main pulse. We find that the changes in the interpulse precede those in the main pulse by
∼25 ms, placing an empirical constraint on the timescale over which mode changes occurs. We also find that the
properties of the giant pulses emitted by PSR B1957+20 are correlated with the mode of the regular emission: their
rate and the rotational phase at which they are emitted both depend on mode. Furthermore, the energy distribution
of the giant pulses emitted near the main pulse depends on mode as well. We discuss the ramifications for our
understanding of the radio emission mechanisms as well as for pulsar timing experiments.

Key words: pulsars: general – pulsars: individual (PSR B1957+20) – radiation mechanisms: non-thermal

1. Introduction

Radio pulsars exhibit variability in emission on a wide range
of timescales, from extremely short bursts like giant pulses to
long-term changes in the emission profile. Most are poorly
understood; though for some, correlations with possible
physical relevance have been found. For instance, giant
pulses seem to occur preferentially in pulsars that have a
high magnetic field strength at the light cylinder radius,

>B 10 GLC
5 (Johnston & Romani 2004; Bilous et al. 2015;

here, the light cylinder radius is pºr cP 2LC ). Recent searches
for giant pulses have had success by targeting pulsars with high
BLC, finding them in the millisecond pulsars PSR J1823-3021A
(Knight et al. 2005), PSR J0218+4232 and PSR B1957+20
(Joshi et al. 2004; Knight et al. 2006).

On the other hand, for “mode changing” and “nulling”—
where pulsars switch between two or more quasi-stable modes
of emissions (with one of the states being an off state in the
case of “nulling”)—no obvious correlations with pulsar
properties have been found (e.g., Wang et al. 2007). Mode
changing and nulling seem intimately related (van Leeuwen
et al. 2002) and are thought to be manifestations of the same
phenomenon: a global reconfiguration of the current flow in the
pulsar’s magnetosphere (Kramer et al. 2006; Timokhin 2010).
They have also been linked to drifting subpulses (e.g., Redman
et al. 2005; Rankin 1986), although with a physical picture that
is less clear.

While pulse-to-pulse intensity modulations and drifting
subpulses have been observed in millisecond pulsars (Edwards
& Stappers 2003), mode changing and nulling have, thus far,
only been observed in normal (or slow) pulsars. This could
reflect selection biases since few extensive single-pulse studies
of millisecond pulsars have been done (Jenet et al. 2001; Bilous
2012; Liu et al. 2015, 2016).

Here, we show that the millisecond pulsar PSR B1957+20
shows mode changing, and that the properties of the giant

pulses that we found earlier (in the same data; Main et al. 2017)
show correlations with the modes.

2. Observations

We observed PSR B1957+20, a 1.6 ms pulsar in an
eclipsing binary, for over 9 hr in four daily ∼2.4 hr sessions
on 2014 June 13–16 at the Arecibo Observatory (as part of
European Very Long Baseline Interferometry (VLBI) Network
program GP 052), using the 327MHz receiver. Details of the
observations and the baseband data obtained from it can be
found in Main et al. (2017). For our analysis here, we first
coherently dedispersed the left- and right-circular polarization
baseband data using a dispersion measure of -29.1162 pc cm 3

(Main et al. 2017). Next, we squared them individually and
formed the Stokes parameters I and V (PSR B1957+20 shows
very little linear polarization; Fruchter et al. 1990), averaging
over the three 16MHz sub-bands in which the pulsar is well
detected (frequency range 311.25–359.25 MHz). We convert to
flux units using a nominal system temperature of 120 K and
antenna gain of 10 K Jy−1.6 As the data was relatively clean,
we did not filter for radio-frequency interference. We ignore
data taken in and around the eclipse due to observed lensing
effects (Main et al. 2018) that make it difficult to characterize
giant pulses and mode changing.
We find that the integrated flux in the pulse profile exhibits

slight variability due to interstellar scintillation and antenna
gain drifts. To compensate for these, we normalize the profiles
using the main pulse flux (which is not affected much by mode
changing) smoothed over a timescale of 10 s—chosen to be
shorter than to the scintillation timescale of ∼84 s (Main
et al. 2017) yet longer than the timescale of ∼1.7 s on which
the mode changes occur.

The Astrophysical Journal Letters, 867:L2 (7pp), 2018 November 1 https://doi.org/10.3847/2041-8213/aae713
© 2018. The American Astronomical Society. All rights reserved.

6 http://www.naic.edu/~astro/RXstatus/327/327greg.shtml

1

Figure 1. Top-left panel: pulse profiles as a function of time for 1 minute of data, with each row the average of 50 pulse periods. The color-scale corresponds to the
vertical axis of the middle-left panel and a corresponding colorbar is shown on the panel. Top-right panel: the 50-profileΔχ2 for the corresponding profiles on the left,
with parts that we define as “transitions” shown in cyan. Bottom-right panel: histogram of the 50-profile Δχ2 for the entire data set. The orange bars indicate the ±1σ
range around the two peaks (as determined from a fit with the sum of two normal distributions). Middle-left panel: pulse profiles in the High and Low modes, in Stokes
I and V. Bottom-left panel: difference between the High and Low mode profiles, in I and V.
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Figure 2. A grey-scale representation of the intensity of 71 profiles, ob-
served at irregular intervals between 2003 and 2011. The peak intensity
of each profile is normalized to unity; the profiles are aligned by cross-
correlation with a top-hat function. The change occurs at profile 23.

phenomenon; there are no contradictory observations at a particular
frequency. This is clearly seen in the representative, high signal-to-
noise ratio (S/N) profiles in Fig. 1, all showing additional leading
edge emission in 2006.

Fig. 2 shows data from 71 pulse profiles taken with the 21-cm re-
ceiver of the Parkes telescope. The profiles, which are not collected
at regular intervals, span a range of dates from 2003 February to
2011 January. The index of each profile as shown on the y-axis is
used for the statistical analysis that follows. The duration of each ob-
servation varies from 120 to 1199 s. All profiles in Fig. 2 have been
normalized to the peak intensity and aligned by cross-correlation
with a top hat function. Although absolute flux density calibration is
not available for all observations, an analysis of the S/N as a func-
tion of observing time reveals that the peak flux density remains
broadly similar, within an ≈20 per cent margin. The crucial change
in the shape of the leading edge can be clearly detected after profile
23 with the ‘new’ component remaining on all subsequent profiles.
Towards the end of the sequence, the new component has grown to
its brightest amplitude.

3 C H A N G E S I N T H E PO L A R I Z AT I O N
PROFILE

As mentioned in Section 1, polarization is a useful diagnostic in the
interpretation of pulsar radio emissions. Fig. 3 shows three aver-
age profiles of PSR J0738−4042, from 2004, 2006 and 2010. It is
immediately obvious that the additional component which appears
between 2004 and 2006 is also associated with a different polar-
ization state. Between pulse phases −20◦ and −10◦, there are three
orthogonal polarization jumps in the 2006 and 2010 profiles, as
opposed to a single jump in the 2004 data. It is also evident that the

Figure 3. Three average profiles of PSR J0738−4042 in full polarization,
from 2004, 2006 and 2010 (top to bottom). The total intensity, linear polar-
ization and circular polarization are shown just below the PA curve (dotted
line). The extra component in the 2006 and 2010 profiles is clearly respon-
sible for the observed additional orthogonal jumps in the leading edge of
that profile. These jumps coincide in phase with local minima in the linear
polarization.

degree of linear polarization in this region of the profile is related to
the total power and that there are local minima directly related to the
orthogonal position angle (PA) jumps. A comparison between the
2004 and 2006 data shows that as the total power increases around
pulse phase −16◦, the linear polarization drops.

We attempted to reproduce the observed changes in polarization
using a simple model. The starting point of the model is the polar-
ization profile obtained from observations in 2004 shown at the top
of Fig. 3. To this, we added a Gaussian component centred at phase
−15.◦47, which is 100 per cent polarized. We computed the total
intensity Ic of the simulated component as

Ic(φ) = A exp[−(φ − 15.47)2/(2σ 2)], (1)

where A is the amplitude, σ is the width of the Gaussian and φ is
the pulse phase. For each pulse phase bin, we set the polarization
of the simulated component to be orthogonal to the polarization of
the 2004 profile, by computing its Stokes parameters (Ic, Qc, Uc,
Vc) relative to the Stokes parameters of the 2004 profile (Io, Qo, Uo,
Vo), taking into account that

Uc

Qc
= Uo

Qo
, Ic =

√
Q2

c + U 2
c + V 2

c . (2)
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The average pulse profiles of pulsars are partially linearly polar-
ized, to a lesser or higher degree. Highly energetic pulsars feature
high degrees of linear polarization (e.g. Weltevrede & Johnston
2008). There is good evidence to suggest that the observed emis-
sion results from the superposition of two orthogonally polarized
modes (OPMs), which arise and propagate inside the pulsar mag-
netosphere (e.g. McKinnon & Stinebring 2000; Karastergiou et al.
2002). Comparable intensities of the modes have been favoured ob-
servationally as the cause for reduced linear polarization in pulsars
at typical (∼1 GHz) observing frequencies. A further observational
consequence is that the changes in the structure of the total power
average profile with observing frequency are often coupled with
particular changes in the degree of linear polarization, reflecting
the spectral behaviour of the orthogonal polarization modes (as dis-
cussed in Karastergiou, Johnston & Manchester 2005; Smits et al.
2006); as the OPMs become more equal in strength, the total power
increases and the polarization decreases.

Pulsar timing models need to incorporate all known physical
phenomena (intrinsic to the pulsar or not) that affect the mea-
sured times-of-arrival, in order to achieve a floor of sensitivity that
would enable the discovery of extremely weak components to the
model, such as gravitational waves (e.g. Hobbs 2008). Pulsar tim-
ing uses template matching and relies on the average profile not
varying with time. Any variability in the profile adversely affects
the timing model. In the following, we present data from a sig-
nificant change in the average pulse profile of PSR J0738−4042.
We show how polarization data reveal details about the change and
discuss possible interpretations. We present a robust statistical tech-
nique to characterize the change and explore its potential physical
origins.

2 TOTAL INTENSITY PROFILE
O F P S R J 0 7 3 8 −4 0 4 2

PSR J0738−4042 was one of the first radio pulsars discovered
(Large, Vaughan & Wielebinski 1968). It has a high dispersion
measure of 160.8 cm−3 pc, and its spin period of P = 375 ms and a
period derivative of Ṗ = 1.61 × 10−15 place it within the bulk of
normal pulsars on the P –Ṗ diagram. Its relatively high flux den-
sity (80 mJy at 1.4 GHz) has made it a consistent observing target
over the 40 yr since its discovery. The most recent polarimetric pro-
files of the pulsar over a wide range of frequencies have been pub-
lished in Karastergiou & Johnston (2006) and Johnston et al. (2006);
Johnston et al. (2007). Average profiles in three separate observing
bands taken in 2004 are shown in Fig. 1 (thin line). The profile
at 1.4 GHz shows one bright component with a shoulder compo-
nent on its leading edge, on what appears to be a broad pedestal of
emission on the leading and trailing edge. Subsequently, the pulsar
was observed as part of a programme to measure accurate rota-
tion measures (Noutsos et al. 2009). The 1.4-GHz profile, taken in
2006, is shown as the thick line in Fig. 1. An additional component,
≈15◦ earlier than the main peak, can be seen on the leading edge
of the 2006 profile, which is almost entirely absent in 2004. This
component is present at all three observing frequencies.

Armed with this result, we looked through the literature for other
published profiles of this pulsar. Table 1 includes a summary of
available data, where the date and observing frequency are given
with a note relating to the presence of the leading component.
Two facts are immediately evident. First, there is a period between
1991 and 2005 where the component is totally absent. Secondly,
the presence or absence of the leading component is a broad-band

Figure 1. The average profile of PSR J0738−4042 as observed with the 50-, 20- and 10-cm receivers at Parkes, in the first half of 2004 (thin line) and the
second half of 2006 (thick line). The change in the leading edge of the profile shape is visible at all frequencies.

Table 1. 40 yr of average profiles from PSR J0738−4042.

Date Frequency (MHz) Component at −15◦ Reference

<1970 1720 Strong and discrete Komesaroff, Morris & Cooke (1970)
<1975 1400 Strong and discrete Backer (1976)
<1977 631 Shoulder to main pulse McCulloch et al. (1978)
<1977 1612 Strong and discrete Manchester, Hamilton & McCulloch (1980)
1979 950 Strong and discrete van Ommen et al. (1997)
1990 950 Weak shoulder to main pulse van Ommen et al. (1997)
1991 800 Absent van Ommen et al. (1997)
1996 1375 Absent Unpublished
1997 1375 Absent Unpublished
2004 1375 Absent Karastergiou & Johnston (2006)
2004 3100 Absent Karastergiou & Johnston (2006)
2005 8400 Absent Johnston, Karastergiou & Willett (2006)
2005 3100 Absent Johnston et al. (2007)
2006 1369 Strong and discrete Noutsos et al. (2009)
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• Impact on timing!
• See also Keith et al. (2013)
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Stairs et al. (2000)

PSR B1828-11



- Distinct phases of radio silence, up to two years!

- First, B1931+24, week/month timescale

- Spin-down changes with changing plasma

- Unique insight into magnetosphere

- Several more now known

- Difficult to find (and confirm)

- Significant fraction of population?

Intermittent pulsars

Kramer et al. (2006)
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Timing noise, mode changing, nulling &  intermittency

Lyne et al. (2010)

Figure 4:
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- Some magnetars visible as transient radio sources
- Radio triggered by outburst?
- Emission properties with similarities to pulsars but also different
- Complementary information to high energies
- First discovery of magnetar in radio blind search

(Levin et al. 2010)
- Four radio-loud magnetars known, one in Galactic Centre

(Eatough et al. 2013, Torne et al. 2015, 2016)
- Timing very noisy – related to profile changes?

Magnetars: almost all radio quiet

Kramer et al. (2007)
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(Gotthelf et al. 2019), which is twice as bright as the max-
imum possible X-ray flux from 2003, when the magnetar
was last observed in outburst, calculated by fitting an ex-
ponential decay model and extrapolating back to the last
non-detection (Gotthelf & Halpern 2007).

Following the 1.52-GHz JBO detection, XTEJ1810–197
has been detected also at a number of other radio telescopes
at centre frequencies ranging from 650MHz up to 32GHz
(e.g. Desvignes et al. 2018; Lower et al. 2018; Joshi et al.
2018; Majid et al. 2019). Dai et al. (2019) report on three
observations using the Ultra Wideband Low receiver at the
Parkes Radio Telescope, that show large variation in the
polarised emission, profile evolution over the band, and a
flat radio spectrum.

In this paper, we will describe the pulse profile vari-
ations and timing parameters derived from data collected
with the Lovell telescope and the E↵elsberg 100-m telescope
since the first detection of the re-activation of XTEJ1810–
197.

2 OBSERVATIONS

In anticipation of a radio re-activation, we have monitored
XTEJ1810–197 since the beginning of 2009, when possible
with 30-minute integrations on an approximately monthly
timescale using the 76-m Lovell telescope at JBO. After
the re-activation was detected, observations with the Lovell
telescope were carried out on a ⇠daily cadence, with 42 ob-
servations spanning 47 days. The length of each observation
varied from 20minutes to several hours, but most (34 of 42)
of the observations were between 30 and 60 minutes long.
The data were collected over a 384-MHz wide band cen-
tered at 1520 MHz and divided into 768 frequency channels.
Each observation was then folded and dedispersed online
with an initial timing ephemeris, which was precise enough
that no significant smearing across each 20-second long sub-
integration was observed. Archive files with 1024 phase bins
across the pulse period were written out with all four Stokes
parameters and 32 frequency channels. The data were man-
ually inspected and cleaned of radio-frequency interference.
Flux density values (plotted in Fig. 6) were measured by cal-
ibrating the raw on-pulse powers with the system equivalent
flux density (SEFD) and the sky temperature in the direc-
tion of the magnetar. The SEFD for JBO was measured as a
function of telescope elevation and applied to each observa-
tion. The sky temperature was estimated as 11.2K using the
Haslam et al. (1981) sky map at 408MHz and extrapolated
to our centre frequency of 1520MHz.

Observations with the E↵elsberg 100-m telescope of the
Max Planck Institute for Radio Astronomy in Germany were
collected using four di↵erent receivers with centre frequen-
cies (and bandwidth) of 2.25 GHz (500 MHz), 4.85 GHz (500
MHz), 6.0 GHz (4000 MHz), and 8.35 GHz (500 MHz). At all
frequencies, all four Stokes parameters were recorded across
multiple (from 128 to 4096) frequency channels. We have
collected 12 observations on 6 separate days, each typically
10–20 minutes long.

Interstellar scattering is not expected to a↵ect the pul-
sar signal significantly at these observing frequencies. This is
confirmed by scattering values estimated with the NE2001
Electron Density Model Cordes & Lazio (2002), which re-

Figure 1. Normalised total intensity profiles for all observations
collected with the Lovell telescope at 1.52GHz, using 1024 pulse
phase bins and displaying 35% of the rotation. The profiles have
been aligned using the timing parameters as reported in Table 1.
Note the presence of a stable oscillatory structure on the top of
the main (brightest) component during the first 10 observations.

turns a value for pulse broadening of 40 µs at our lowest
centre frequency of 1.52GHz, using the position and disper-
sion measure (DM) of XTEJ1810–197 (see table 1).

3 PROFILE EVOLUTION

The pulse profile of XTEJ1810–197 has changed signifi-
cantly since detection. The total intensity profiles at 1.52
GHz from JBO are shown in Fig 1, where each profile has
been normalised by its maximum power. Compared to what
was observed the last time XTEJ1810–197 was active in the
radio band (Camilo et al. 2007b; Kramer et al. 2007), the
profile changes observed during the first two months since
the re-activation are less extreme. The temporal evolution
of the pulse components can be tracked in our daily obser-
vations and are seen to grow and fade with time and drift
in relative position. The main peak of the profile has be-
come narrower during the time since it was first redetected,
with W50=4.4% on MJD58460.6 reducing to W50=2.7% on
MJD=58507.3, where W50 is the pulse width expressed as

MNRAS 000, 1–9 (2019)
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Emission is highly polarised
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recorded on magnetic tape for off-line processing. After the 
removal of baselines, the data were corrected for cross-talk 
in the polarimeter, amounting to about 5 per cent of the total 
power. 

The position angles for each sample were calculated 
according to V;(ï>/) = 0.5arctan[t/(i,y)/ô(/,/)]. Fig. 1 shows 
a grey-scale representation of the frequency of occurrence of 

position angles in different pulses as a function of pulse 
longitude. The 180° position angle range is given twice for 
clarity of presentation. The mean position angle variation 
is shown as a solid line and its complexity is evident. We see 
clearly that most of the radiation comes in one of two, almost 
orthogonal, modes of linear polarization, each consistent 
with a single RVM which is shown for both these modes. 

Longitude (deg) 
Figure 1. Grey-scale representation of the frequency of occurrence of single-pulse position angles as a function of pulse longitude for 2000 
pulses from PSR 0329 + 54 at 408 MHz. Dark areas correspond to high frequency and white areas correspond to low frequency of occurrence. 
The whole range of position angles is presented twice for clarity. The average position angle curve is superposed, together with the fitted RVM 
models for mode I (squares) and mode II (circles) which follow closely the observed distribution of position angles. The RVM models are the 
same for the two modes, separated by 90°, with a = 5Io, ß = - 4° and <p0 = 2°. The integrated total intensity profile is shown in the upper panel. 
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Gil & Lyne (1995)
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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 σ 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

Karastergiou et al. (2001)
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FIG. 13.ÈProÐles of PSR B1937]21 at di†erent frequencies. All pro-
Ðles are aligned by a timing model.

changes might occur at frequencies below 400 MHz.
However, since such data sets are scarce, we can base any
discussion only on the proÐle developments at frequencies
of 400 MHz and above. At the high-frequency end, between
2.7 and 4.9 GHz, the observed changes are fairly small,
although some development can still be observed in a few
cases (e.g., PSR J1022]1001). In total, however, we appar-
ently observe an end of proÐle development around 3 GHz.
This frequency seems to be somewhat lower than the typical
frequency for normal pulsars, which lies usually between 5
and 10 GHz (Xilouris et al. 1996 ; Kramer et al. 1997),
although it is not inconsistent (cf. Sieber, Reinecke, &
Wielebinski 1975). Excluding some possible low-frequency
proÐle changes, which may also include scattering e†ects
imparted on the pulse proÐle, the data shown here appar-
ently represent the whole frequency development of MSPs
in the radio spectrum.

In this light, it is worth emphasizing that there is an
obvious lack of a change in component separation and
MSP proÐle width. This is a signiÐcant di†erence from the
behavior of normal pulsars. In order to demonstrate this
behavior clearly, we followed the example of Foster et al.
(1991) by measuring the component separation or, if distinct
components were not visible, the proÐle width (at a 50%
level) as a function of frequency, l, for all MSPs discussed in

FIG. 14.ÈProÐles of PSR J2145[0750 at di†erent frequencies. The
proÐle at 102 MHz was provided by Kuzmin & Losovsky (1996), and the
proÐles at 410 and 610 MHz by Stairs et al. (1999). The 4850 MHz proÐle
was taken from Kijak et al. (1997). All proÐles above 610 MHz are aligned
by a timing model.

this work (see Table 5 and Fig. 16). For measuring proÐle
widths, we followed the example of Paper I and measured a
50% intensity level with reference to the peaks of the outer-
most resolved components. Consequently, the reference
points used in this work and in Foster et al. (1991) di†er for
two sources common to both samples, PSRs B1620[26
and B1855]09, while for PSR B1937]21 the two results
are in excellent agreement. In addition to the proÐles
shown, we also used data from the literature (e.g., Paper I), if
appropriate (see Table 5), and marked coherently and inco-
herently dedispersed proÐles with circles and triangles,
respectively. We note that a 50% width is not an ideal
measure in some cases (e.g., PSRs J1643[1224 and
J1713]0747, for which the existence of additional pulse
components at low frequencies obviously inÑuence the
measurements), but o†ers the possibility for a direct com-
parison to results published for normal pulsars. For this
purpose, the values obtained are modeled to an expression

by least-squares Ðts, as done for normalW (l) \ a0 ] a1 lc
pulsars by Thorsett (1991) and Xilouris et al. (1996) (see Fig.
16). The indices obtained, c, are given in Table 5. For most
sources, the frequency dependence is so weak that anda0 a1are highly correlated. We therefore quote a width/

Kramer et al. (1999)
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FIG. 16.ÈProÐle width measured at a 50% intensity level ( Ðlled symbols) and component separation (open symbols) for the sources discussed in this work.
Circles mark measurements for which coherently dedispersed proÐles were used, and triangles mark values based on incoherently dedispersed data.
References for the proÐles used are given in the text, Ðgure captions, and Papers I and II.

TABLE 6

SUMMARY OF POLARIZATION OBSERVATIONS

l Bandwidth *teff
%

L
4

SL T
SIT

%
T

4
S(L2 ] V 2)1@2T

SIT
PSR (GHz) (MHz) (ks) (%) (%)

J1022]1001 . . . . . . 1.69 28 16.1 32.7 ^ 3.1 34.0 ^ 3.1
2.69 40 174 16.6 ^ 3.4 18.0 ^ 3.1
4.85 40 33.9 3.7 ^ 3.8 6.5 ^ 5.5

J1713]0747 . . . . . . 2.69 40 6.4 12.5 ^ 1.3 12.7 ^ 1.3
4.85 80 93.1 15.3 ^ 4.5 16.7 ^ 6.0

J2145[0750 . . . . . . 2.69 80 304 5.9 ^ 6.4 12.3 ^ 5.1
4.85 200 132 3.1 ^ 2.2 7.5 ^ 5.5

NOTE.ÈWe quote observing frequency, bandwidth, e†ective resolution, and the degree of
linear, and total polarization,%
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FIG. 17.ÈComparison of the index of proÐle narrowing (blank area)
and component separation change (shaded area) for normal and milli-
second pulsars. The values for normal pulsars were taken from Thorsett
(1991) and Xilouris et al. (1996).

modest or even high degree of polarization at lower fre-
quencies (Paper II ; Sallmen 1998). For comparison, we
compile data from Paper II, Manchester & Johnston (1995),
Navarro et al. (1997), Sallmen (1998), Stairs et al. (1999),
Thorsett & Stinebring (1990), and this work, and plot the
degree of polarization for the linearly polarized intensity as
a function of frequency in Figure 18. In Table 5 we list the
depolarization index, v, which was obtained by Ðtting the
degree of linear polarization as a function of frequency to a
simple power law, i.e., Although the sample is%

L
P lv.

rather small, the data suggest that those sources that are
highly polarized depolarize rapidly, while the weakly pol-
arized MSPs depolarize even further, but apparently with a
slower rate. We stress that the error bars only reÑect instru-
mental uncertainties, which at 2.7 and 4.9 GHz nevertheless

FIG. 18.ÈDegree of polarization for the linearly polarized intensity.
Data were compiled from Paper II, Manchester & Johnston (1995),
Navarro et al. (1997), Sallmen (1998), Stairs et al. (1999), Thorsett & Stin-
ebring (1990), and this work.

include estimates of a possible depolarization due to band-
width averaging (cf. Melrose & Macquart 1998). This is
important, since measuring the polarization of MSPs
apparently involves larger uncertainties than studies of
normal pulsars, since we have discovered in Paper II that
the polarization characteristics can show signiÐcant tempo-
ral variationsÈa result later conÐrmed by Sallmen (1998 ;
cf. in particular PSRs J1713]0747 and J2145[0750) and
Stairs et al. (1999). As a result, the degree of polarization can
vary signiÐcantly for some sources, e.g., occasionally a
proÐle is observed that is much more strongly polarized
than the average one. Single-pulse studies are needed to
address this question further, but we believe that an average
of many independent observation leads to a representative
value.

6. DISCUSSION

We have demonstrated that the time alignment of MSP
proÐles presented in our work for frequencies between 0.9
and 4.9 GHz7 is possible without taking into account
timing irregularities caused by e†ects such as aberration,
magnetic Ðeld sweep-back, magnetic multipoles, or retar-
dation. Complementary MSP proÐles borrowed from the
literature for the sake of completeness of our work were
aligned by visual inspection with the high-frequency pro-
Ðles. All MSPs have been regularly timed at various obser-
vatories in the frequency range between 100 and 1400 MHz,
which overlaps with the frequency coverage in our study.
Irregular frequency-dependent timing behavior has not
been reported so far8 (see e.g., Cordes & Stinebring 1984 for
PSR B1937]21 as the strongest test). We therefore con-
clude that, within the resolution and uncertainties of our
measurements, we do not observe any abnormal frequency-
dependent timing behavior over whole the radio spectrum
observed for MSPs.

6.1. Magnetic Field Structure
This absence of any timing irregularities directly reÑects

on the magnetic Ðeld topology in the radio emission region,
since this could indicate the existence of aberration e†ects
or magnetic multipoles (cf. Phillips & Wolszczan 1992 ;
Kramer et al. 1997). Hence, an undisturbed dipolar struc-
ture of the magnetic Ðeld would be an important result for
pulsar emission physics, since the existence of nondipolar
Ðeld components has been speculated by many authors
(e.g., Chen & Ruderman 1993) in the past and invoked to
account for unusual emission phenomena. Among these are
(1) the smaller than expected emission beams of MSPs com-
pared to normal pulsars, (2) the distorted polarization posi-
tion angle curves, which often exhibit Ñat slopes, (3) the
abnormal proÐle frequency development, and (4) polariza-
tion properties (cf. Papers I and II and references therein),
or (5) ““ notches,ÏÏ such as identiÐed in the proÐle of PSR
J0437[4715 (Navarro & Manchester 1996).

Usually, Ðeld components of higher order than dipolar
existing at the surface decay rapidly with increasing dis-
tance to the neutron star, so that their signiÐcance may be
low in the radio emission region. There are, however, also
two direct contributions to the toroidal component of the

7 These are 0.6 and 4.9 GHz for PSR J1012]5307, respectively.
8 We note that Stairs et al. (1998) discuss an unusual frequency behavior

of the TOAs for B1534]12, which seems, however, to be caused by instru-
mental e†ects.
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(see Section 3.5.1), the model may have difficulties in explaining a num-
ber of very complex profiles observed for some pulsars (see Figure 1.2).
In general, pulse profiles are not very complicated and those of normal
and millisecond pulsars do not differ significantly in their complexity
(Kramer et al. 1998); (see Section 1.1.2.1). Figure 3.7 shows a selection
of normal and millisecond pulsar profiles. Can you guess which panel
corresponds to which set of pulsars? See the footnote2 at the bottom of
this page for the answer.
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Fig. 3.7. A comparison of selected profiles of normal and millisecond pulsars
to demonstrate that both types of profiles generally exhibit similar complexity
(Kramer & Xilouris 2000); (see text for details). All profiles are freely available
as part of the EPN database (see Appendix 3).

If an only partly filled emission region is a good description for millisec-
ond pulsar beams (Kramer et al. 1999a); (see Section 3.4.1), one would
consider this as a patchy beam. However, unlike the nested cone/RFM
approach, this model is usually unable to predict the profile evolution

2 The millisecond pulsar profiles are the ones shown in the upper panel! The pul-
sars are: (upper row) PSRs J0218+4218, J0621+1001, B1534+12, J1640+2224,
J1730−2304, (lower row) PSRs B1831−04, B2045−16, B2110+27, B2016+28,
B1826−17.
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FIG. 7.ÈAverage pulse proÐles for eight MSPs at a frequency of 1.4
GHz. The third component tentatively Ðtted to the low-S/N proÐle of
J2019]2425 at about 104¡ corresponds to component D seen by Nice
(1992).

One measure of the complexity of pulse proÐles is obvi-
ously given by the number of Gaussian components needed
to obtain a representation of the pulse proÐle. Using a
method described by et al. which assuresKramer (1994),
that random noise features are not misinterpreted as spu-
rious pulse components, we follow et al. andFoster (1991)

FIG. 8.ÈAverage pulse proÐles for three MSPs at a frequency of 1.4
GHz. The arrows shown for J2317]1439 point to a detected pre- and
postcursor of the pulse.

FIG. 9.ÈMagniÐed average pulse proÐles for four pulsars in which
additional pulse features have been detected.

have separated the pulse shapes into individual Gaussian
components. For each proÐle, the components obtained are
indicated by the dashed lines in Figures In order to5È8.
compare these to a large sample of normal pulsars, we
applied the same component-separation method to 180
proÐles of normal pulsars presented by et al.Seiradakis
(1995).

Since all proÐles were observed at the same frequency
using the same observing system, EPOS, and applying the
same time resolution, both samples are ideal for a compari-
son of the proÐles of normal pulsars and MSPs. Because of
the very interesting shape of PSR J0437[4715, we also
included in our analysis the 1520 MHz proÐle presented by

et al. which is comparable in quality andBell (1997),
resolution to the E†elsberg data.

Separating MSP proÐles into components, we Ðnd that
they exhibit on average 4.2^ 0.4 Gaussian components.
For normal pulsars, we derive a mean number of com-
ponents that is smaller by one unit, 3.0 ^ 0.1. The sample of
normal pulsars contains a large number of proÐles with
more than Ðve components. This is mostly due to the exis-
tence of multicomponent interpulses (e.g., B1929]10), but
also to such complex proÐles as B0740[28 (Kramer 1996)
or B1237]25, B1742[30, and B1952]29 et al.(Seiradakis

On the other hand, the sample of MSPs contains the1995).
very complex proÐles of J0437[4715 (12 components) and
J1012]5307 (nine components). However, when we
compare the medians of the number of components, we Ðnd
the same result, i.e., a median of 4 for MSPs, compared to 3
for normal pulsars. shows the distribution of bothFigure 10
samples, demonstrating that the majority of MSP proÐles
can be described by only three to four components.

It is important to note that in the analysis described we
included components representing interpulses or post- and
precursors. While only about 2% of all normal pulsars are
known to exhibit interpulses or pre- or postcursors &(Lyne
Manchester et al. et al.1988 ; Seiradakis 1995 ; Taylor 1993),
about 36% of all Galactic MSPs known either emit a post-
or precursor or exhibit an interpulse. This apparent charac-
teristic of MSPs has been noted before, in particular for the
occurrence of interpulses, albeit in a much smaller sample

This is an important distinction between(Ruderman 1991).
these two classes of objects, which also accounts for some of
the di†erence in the complexity. In summary, we conclude
that the di†erence in the complexity of pulse shapes of
MSPs and normal pulsars is surprisingly small (i.e., only
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Figure 2: Beam maps of the radio emission. Two-dimensional contours of the reconstructed
Stokes I emission maps (in log-scale of mJy), as projected on the sky, for the MP (bottom-left
plot) and the IP (bottom-right plot). The red crosses at (0,0) and (180,0) in the MP and IP maps,
respectively, indicates the pulsar’s magnetic pole and the dashed circles the increments by two
degrees in the beam map. The dotted lines represent the lines of sight at a given time with the
year being written on their left part. The hatched area corresponds to the part of the maps that
haven’t been probed. The upper panels from (a) to (e) show the PA measurements (in black)
and the prediction by the RVM (the red curve) corresponding to the lines of sight represented
on the IP map, also noted from (a) to (e).
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Fig. 3.4. Geometry of the pulsar emission beam. The rotation and magnetic
axes are inclined by an angle α. (a) The emission cone with an opening angle
ρ is cut by the observer’s line of sight, the closest approach of which defines
the impact parameter β, measured at the location of the fiducial plane, i.e. at
longitude zero. The position angle of the linearly polarised emission, Ψ, is
measured with respect to the projected direction of the magnetic axis. (b)
The relationship between the polar coordinates of the emission point, (r, θ),
and angular radius of the emission cone, ρ.

(see Section 8.1). One often defines the rotation phase as φ = 0 for this
fiducial point.

If the emission cone is confined by the last open magnetic field lines,
we can relate the opening angle of the cone, ρ, to the polar coordinates
(r, θ) of these field lines. This relationship is given (see, for example,
Gangadhara and Gupta (2001)) by

tan θ = − 3

2 tanρ
±

√

2 +

(

3

2 tanρ

)2

(3.28)

and is shown in Figure 3.4. For regions close to the magnetic axis (i.e. θ <
∼

20◦ and ρ <
∼ 30◦), this relationship simplifies to θ ≈ 2ρ/3. Assuming

Equation (3.23) is valid for the last open dipolar field lines, the opening
angle of the cone

ρ ≈ 3

2
θem ≈

√

9πrem

2cP
radians = 1.24◦

( rem

10 km

)1/2
(

P

s

)−1/2

, (3.29)

where (rem, θem) are the coordinates of the emission point. When θ >
∼ 20◦

and/or ρ >
∼ 30◦ this approximation breaks down and the exact formulae

(Equations (3.23) and (3.28)) must be used.
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example, Smith (1969; 1970)), the generally accepted model of a cone-
shaped beam centred on the magnetic axis (Radhakrishnan & Cooke
1969, Komesaroff 1970) can account for many of the observed profile
properties.

In the simple picture, plasma flows from the surface along the open
field lines, emitting photons in a direction that is tangential to the open
field lines at the point of emission. Consequently, the opening angle
of the resulting conical envelope – usually defined as the half-opening
angle ρ – depends upon the width of the open field region at the emission
height, rem. Conal beams emitted at a lower height are expected to be
narrower than those emitted at a higher altitude. The observed pulse
width, however, depends on geometrical factors, i.e. how the observer’s
line of sight cuts the emission cone.

The geometrical factors are presented in Figure 3.4. The emission cone
of angular radius, ρ, is centred on the magnetic axis, and is inclined to
the rotation axis by an angle α. As the pulsar rotates, the observer’s
line of sight traces a curved path within the beam. The emission along
this path is observed as the pulse profile and the path length as the pulse
width. The observed pulse width, W , measured in longitude of rotation
can be calculated by applying simple spherical geometry:

sin2

(

W

4

)

=
sin2(ρ/2) − sin2(β/2)

sinα · sin(α+ β)
(3.26)

(Gil et al. 1984). Sometimes, the equivalent form

cos ρ = cosα cos(α+ β) + sinα sin(α+ β) cos

(

W

2

)

(3.27)

is more practical. The impact angle or impact parameter β represents
the closest approach of the line of sight to the magnetic axis. One
distinguishes between inner and outer lines of sight. For an outer line
of sight (as shown in Figure 3.4), β is positive for α < 90◦, and negative
for α > 90◦. Correspondingly, an inner line of sight implies β < 0 for
α < 90◦ and β > 0 for α > 90◦. In all cases, |β| ≤ ρ, as the beam
would otherwise be missed. Note that W can be larger than 2ρ due to
the curved path of the line of sight through the beam.

The midpoint of the observed profile is expected to coincide with the
plane that contains the rotation and magnetic axes and the vector point-
ing from the pulsar to the observer. This geometrically defined fiducial
plane represents the proper reference point for timing measurements
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Fig. 3.8. Rotating-vector model of Radhakrishnan and Cooke (1969). (a)
The top plot shows a pole-on view of the magnetic axis. The plane of linear
polarisation is tied to the magnetic field lines resulting in the characteristic
S-shaped curve shown on the lower left. The position angle of the linearly
polarised emission, Ψ, is measured with respect to the projected direction of
the magnetic axis and rotates throughout the pulse by at most 180◦. The
steepest gradient is expected for the location of the fiducial plane. (b) The
expected curves as a function of pulse longitude for a selection of inclination
angles and impact parameters. Also, we have indicated the mean profile width
of 30◦ for the pulsar population by the vertical lines. From this we note: (i)
the steepest gradient increases as β decreases (see Equation (3.35)); (ii) that
inner and outer lines of sight always have a characteristic form (i.e. a continual
rise for the inner line and a roll-over for the outer line); (iii) when sampling
only a small range of pulse longitudes, it is often not possible to discriminate
between inner and outer lines of sight.

A shallow PPA swing curve, on the other hand, generally means that
the beam is cut at its outer edge, i.e. the impact angle is large.

The simple RVM has been extended by including corrections due to
aberration, retardation, magnetic sweep-back and the effects of plasma
currents (Blaskiewicz et al. 1991; Hibschman & Arons 2001a). These ef-
fects can shift the PPA swing both in longitude φ and absolute value Ψ0.
Aberration, for example, advances the total intensity profile in phase,
while the PPA curve is delayed. The resulting shift δφ between the pro-
file and PPA swing δφ = δt/P = 4rem/cP (Blaskiewicz et al. 1991).
The dependence on the emission height provides a means to determine
rem. In almost all studied cases, the PPA is indeed delayed as expected
and the resulting emission heights are consistent with (Blaskiewicz et
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with frequency. The observations seem to provide some direct evidence
for nested cones, as the opening angles for inner and outer profile com-
ponents both follow ρ ∝ kP−1/2 but with different values for the scaling
factor, kinner < kouter (see, for example, Gil et al. (1993) and Rankin
(1993)). However, the interpretation of the data remains controversial
(see, for example, Han and Manchester (2001) and Kijak and Gil (2002)).

3.4.4 Rotating-vector model

Among the best arguments for the cone model is the behaviour of the
linear polarisation observed in integrated profiles. Radhakrishnan and
Cooke (1969) explained the S-shaped sweep of the polarisation position
angle (PPA); (see Chapter 1) by simple geometrical arguments if the
plane of the linearly polarised emission is determined by the direction
of the magnetic field at the point of emission. When the beam sweeps
across the observer, the projected direction rotates with the star and
the measured PPA, Ψ, varies slowly at the outer wings of the profiles
and changes rapidly at the profile centre (see Figure 3.8). The so-called
rotating vector model (RVM) predicts the PPA swing as follows:

tan(Ψ − Ψ0) =
sinα sin(φ − φ0)

sin(α+ β) cosα− cos(α + β) sinα cos(φ− φ0)
, (3.34)

where, as before, φ is the rotational phase (pulse longitude), α is the
magnetic inclination angle and β is the impact parameter. At the lon-
gitude of the fiducial plane, φ0, the position angle Ψ = Ψ0.

While fits of this model to the PPA swing allow in principle a determi-
nation of α and β, in practice the range of pulse longitudes φ with well-
defined position angles usually is limited by the small pulse duty cycle.
As a result, the available data do not always tightly constrain α and β.
This limitation often prevents a distinction between the inner and outer
lines of sight (see Section 3.4.1) which differ significantly in their Ψ(φ)
behaviour for large longitudes φ − φ0 (Narayan & Vivekanand 1982);
(see Figure 3.8). In contrast, the steepest gradient of Equation (3.34)
can be determined easily and is related to α and β as follows:

(

dΨ

dφ

)

max
=

sinα

sinβ
(3.35)

which is measured at the fiducial plane, φ = φ0 (see Section 3.4.1).
Apparently, the gradient is largest if the beam is cut centrally, i.e. β = 0.
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Fig. 3.8. Rotating-vector model of Radhakrishnan and Cooke (1969). (a)
The top plot shows a pole-on view of the magnetic axis. The plane of linear
polarisation is tied to the magnetic field lines resulting in the characteristic
S-shaped curve shown on the lower left. The position angle of the linearly
polarised emission, Ψ, is measured with respect to the projected direction of
the magnetic axis and rotates throughout the pulse by at most 180◦. The
steepest gradient is expected for the location of the fiducial plane. (b) The
expected curves as a function of pulse longitude for a selection of inclination
angles and impact parameters. Also, we have indicated the mean profile width
of 30◦ for the pulsar population by the vertical lines. From this we note: (i)
the steepest gradient increases as β decreases (see Equation (3.35)); (ii) that
inner and outer lines of sight always have a characteristic form (i.e. a continual
rise for the inner line and a roll-over for the outer line); (iii) when sampling
only a small range of pulse longitudes, it is often not possible to discriminate
between inner and outer lines of sight.

A shallow PPA swing curve, on the other hand, generally means that
the beam is cut at its outer edge, i.e. the impact angle is large.

The simple RVM has been extended by including corrections due to
aberration, retardation, magnetic sweep-back and the effects of plasma
currents (Blaskiewicz et al. 1991; Hibschman & Arons 2001a). These ef-
fects can shift the PPA swing both in longitude φ and absolute value Ψ0.
Aberration, for example, advances the total intensity profile in phase,
while the PPA curve is delayed. The resulting shift δφ between the pro-
file and PPA swing δφ = δt/P = 4rem/cP (Blaskiewicz et al. 1991).
The dependence on the emission height provides a means to determine
rem. In almost all studied cases, the PPA is indeed delayed as expected
and the resulting emission heights are consistent with (Blaskiewicz et

inner outer
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New results on relativisitic binary (Desvignes, et al. 2019)
- Our line-of-sight has crossed the pole of interpulse!
-
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Figure 6. Averaged polarization profiles and PA measurements of PSR J1906+0746 for a set of 13 averaged profiles. To improve readabiliy, only the phase
around the MP and IP is displayed. The weigthed MJD of the averaged profiles are written in the upper-right cornel of the upper panels. For each epoch, the
total intensity profile I, the linear intensity L, and the circular polarization V are shown in the upper panel in black, red and blue colours, respectively. In the
lower panel, the data points represent the PA of the linear polarization and the red curve shows the best RVM fit with the results reported in Table 2. The arrows
indicate the fiducial points of the RVM, i.e. φ0.
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Handbook: dipolar field sin2θ/r=const:
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Fig. 3.4. Geometry of the pulsar emission beam. The rotation and magnetic
axes are inclined by an angle α. (a) The emission cone with an opening angle
ρ is cut by the observer’s line of sight, the closest approach of which defines
the impact parameter β, measured at the location of the fiducial plane, i.e. at
longitude zero. The position angle of the linearly polarised emission, Ψ, is
measured with respect to the projected direction of the magnetic axis. (b)
The relationship between the polar coordinates of the emission point, (r, θ),
and angular radius of the emission cone, ρ.

(see Section 8.1). One often defines the rotation phase as φ = 0 for this
fiducial point.

If the emission cone is confined by the last open magnetic field lines,
we can relate the opening angle of the cone, ρ, to the polar coordinates
(r, θ) of these field lines. This relationship is given (see, for example,
Gangadhara and Gupta (2001)) by

tan θ = − 3

2 tanρ
±

√

2 +

(

3

2 tanρ

)2

(3.28)

and is shown in Figure 3.4. For regions close to the magnetic axis (i.e. θ <
∼

20◦ and ρ <
∼ 30◦), this relationship simplifies to θ ≈ 2ρ/3. Assuming

Equation (3.23) is valid for the last open dipolar field lines, the opening
angle of the cone

ρ ≈ 3

2
θem ≈

√

9πrem

2cP
radians = 1.24◦

( rem

10 km

)1/2
(

P

s

)−1/2

, (3.29)

where (rem, θem) are the coordinates of the emission point. When θ >
∼ 20◦

and/or ρ >
∼ 30◦ this approximation breaks down and the exact formulae

(Equations (3.23) and (3.28)) must be used.
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and angular radius of the emission cone, ρ.
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and angular radius of the emission cone, ρ.
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measured with respect to the projected direction of the magnetic axis. (b)
The relationship between the polar coordinates of the emission point, (r, θ),
and angular radius of the emission cone, ρ.
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Emission heights as function of distance to pole
beam,!5° < bMP ≲!22°, after which the emis-
sion is no longer detected. The appearance of
the IP and the disappearance of the MP at the
same jbj suggests that the MP and IP share the
same latitudinal extent of ~22°. We therefore
predict that the IP will disappear from our LOS
around 2028 and will reappear between 2070
and 2090 (fig. S4). The MP should reappear be-
tween 2085 and 2105.
With our determination of the geometry of the

system, we can use the observed pulse profiles
recorded at different epochs, including the re-
processed PMPS data (20), to reconstruct (20)
the sky-projected beammaps of the radio emis-
sion from both magnetic poles (Fig. 3) and its
polarization properties (Fig. 4). Previous attempts
at mapping the pulsar emission have been pub-
lished for other pulsars [e.g., (23)]. Such plots
must not be viewed as strict maps of active field
lines anchored on the polar cap but rather as
projections of the emission on the sky.
The map shows emission from both sides of

the IP magnetic pole, ruling out models predict-
ing that radio emission is restricted to one side
of the pole [e.g., (24)]. The IP emission pattern
is not symmetric in the latitudinal direction or
with the MP. The IP weakens when our LOS
crosses the magnetic pole. This finding matches
theoretical predictions of the current density in
the polar cap for an orthogonal rotator, albeit at
low radio emissionheight (25, 26). Radio emission
is produced at a height above the pulsar where
any higher-order magnetic field components
should have diminished. In a standard scenario
where emission is produced in the entire open
field-line region, wewould expect the radio beam
to be circular. Yet the observed beam is elongated
and smaller than expected in the longitudinal
direction (Fig. 3).
The passage of the LOS over the IP magnetic

pole coincides with a drop in fractional linear
polarization. At the same time, the circular pola-
rization (Stokes V) appears to change sign when
crossing the magnetic pole (Fig. 4 and fig. S5)
(20). The fractional linear polarization of the MP
decreases as our LOS moves away from the cen-
ter of the MP beam, whereas some unpolarized
pulse components are shown to appear and dis-
appear on time scales of months (20).
If we assume that the emission region is sym-

metric around the magnetic meridian and that
the radiation is beamed in the forward direc-
tion of the relativistic charge flow along the mag-
netic field lines, then the rotation of the pulsar
magnetosphere in the observer frame causes the
pulse profile to precede the magnetic meridian
and the PA to lag behind it.
Models predict that the total phase shift DfS

between the midpoint of the pulse profile and
the inflection point of the PA swing is given by
DfS ≈ 4hem=RLC , where hem is the emission
height and the light cylinder radius RLC = cPs/2p,
with c being the speed of light (11, 12). This rela-
tionship is expected to be valid for small emission
heights, hem ≲ 0:1RLC . But these models predict
different contributions to the aforementioned
shifts in the pulse profile and the PA curve. There

is also a shift in absolute value of the PA, but this
can be neglected here as a ~ 90° (27).
Measuring the phase shifts DfSMP;k

for the MP
at a given epoch k [and its impact parameter
b(k)] gives an estimate of the MP emission
heights hemMP;k , assuming all shifts are attribut-
able to rotational effects. The emission heights
for the IP hemIP;k can be derived in the same way,
also using the RVM inflection points for the IP
given by f0IP;k ¼ f0MP;k

þ 180°. These results show
that the emission heights range from close to the
surface of the pulsar, for low impact parameter b
(when our LOS is atop the magnetic pole), to
~320 km for large b, matching the theoretical
prediction (28) (Fig. 5), although this theoretical
prediction only depends on a and b. Deviations
are observed for LOSs close to the beam edge of
the MP, and large b for the IP, where we may
observe a different active patch of the IP beam as
suggested by the polarization properties (e.g., the
sign of Stokes V under the IP has flipped be-
tween 2009 and 2012) (see Fig. 4 and fig. S5).
The latitudinal extent of a pulsar beam deter-

mines the pulsar beaming fraction (i.e., the por-
tion of sky illuminated by the pulsar beam). This
parameter affects the predicted number of Galac-
tic double neutron stars (DNSs) and, hence, the
expected gravitational wave detection rate for
neutron star mergers (29). Usually, the latitudi-
nal extent of the beam cannot be independently
determined and so the expected beam radius r
for a conal emission beam is used. This beam
shape is typically expected, although its internal

structure and/or filling factor is still a matter of
debate (10). On the basis of beam cuts given by
pulsar profiles, various studies [e.g., (30)] have
suggestedr ∼ 6:5°Ps

!0:5, where the dependence
onPs is consistentwith the expectation for dipolar
field lines.
Previous studies that estimated the DNS pop-

ulation number andmerger rate (29) from a sam-
ple of pulsars dominated by only two pulsars
(PSR J0737−3039A and PSR J1906+0746) have
assumed for PSR J1906+0746 a uniform radio
luminosity across a conal beam of r ~ 17°. This
value is smaller than our observed latitudinal
extent of 22° that, combined with aMP = 99°.4,
gives a large beaming fraction of 0.52 but with
substantial luminosity variations. The simple conal
beam model with uniform luminosity cannot be
used to reliably constrain the DNS merger rate
for PSR J1906+0746.
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Fig. 5. Radio emission heights. Phase shift DfS of the PA from Stokes I (left axis) with the derived
emission height (right axis) for the MP (blue data points) and IP (red data points) as a function
of b. The blue and red dashed curves represent the theoretical emission height as a function of b.
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Emission heights as function of distance to polePulsars with interpulse emission 9

is ⇠50% linearly polarization and no circular polarization.
The much weaker interpulse, in contrast has a high degree
of linear and negative circular polarization. The PA swing
is smooth and unbroken for both main and interpulse.

In this pulsar, � is similar for both main and interpulse,
and the value of � is small. The observed width of the in-
terpulse is considerably larger than that of the main pulse.
�0 occurs prior to the main pulse peak again implying that
mainly trailing edge emission is seen. Keith et al. (2010)
show a symmetric solution at a low hem, but in this case
they are forced to have emission from considerably outside
the polar cap region.

Again therefore, even though symmetry arguments
would place the pole near +2� for the MP and 0� for the
IP these solutions are not permitted. We can therefore only
choose the minimum height solution which has the pole lo-
cated at �7�.
PSR J1935+2025: This pulsar has a high degree of lin-
ear polarization and strong negative circular polarization in
both main and interpulse. The PA swings show no signs of
orthogonal mode jumps. There is 190� separation between
the peaks of the main and interpulse emission.

We are unable to obtain a solution for this pulsar which
does not involve emission from outside the nominal open
field lines. The main pulse has a large � and a large width,
but at the same time has �0 relatively close to the peak
of the profile. This is paradoxical, as the former implies a
large emission height is needed to make ⇢ large enough to
match the large W10 yet this also forces the profile beyond
the trailing edge of the beam. The interpulse has similar
problems as �0 occurs before the start of the profile again
pushing the emission far onto the trailing edge of the beam.

3.2 Emission heights

In the section above, we identified a range of preferred solu-
tions for the location of the pulse phase of the magnetic axis
with respect to both the main pulse and interpulse for five
of the pulsars. For the remaining three pulsars only a single
solution (minimum height) was found rather than a range.
In turn then, these solutions imply a height range and, in
conjunction with the geometry determined from the RVM
fits, we can compute the distance from the magnetic pole,
d, to the location of the profile components. The resulting
ranges for the emission heights, in units of light cylinder ra-
dius, and distances from the magnetic axis, d, are shown as
rectangles in Figure 5 for both main and interpulse for five
pulsars. For the other three pulsars we indicate the solu-
tion with concave squares. Based on the ranges, we see that
the emission height tends to be higher at larger distances,
d. This is consistent with results for individual pulsars as
a function of pulse longitude (e.g. Gupta & Gangadhara
2003) or magnetic latitude (Desvignes et al. 2019). This can
be understood on geometrical grounds for an active emis-
sion region bound by dipolar open field lines (e.g. Yuen &
Melrose 2014).

From geometrical considerations, we expect a parabola-
like trend for the emission heights as a function of d
(c.f. Gangadhara 2004; Yuen & Melrose 2014). Conse-
quently, we model the data shown in Figure 5 accordingly,
using a Monte-Carlo method. From the ten ranges in emis-
sion height and distance shown as rectangles, we produce

Figure 5. Emission height versus distance from the magnetic
axis for the pulsars in our sample. The green shaded area indicate
parabolic fits to the data using a Monte Carlo method. See text
for details.

5000 new data sets, drawing new values from uniform dis-
tributions across these ranges. Each of the new data sets is
fitted by a parabola centred on d = 0. The resulting 5000
fits span the green area indicated in the diagram.

Being aware that the exact functional dependence of
the emission height on d will depend also on the individ-
ual geometry of each source, expected to produce a certain
scatter, it is interesting to see that a general trend is nev-
ertheless observed. We point out that the observed trend
implies, not unexpectedly, larger beam radii for larger an-
gular distances (ie. ⇢ ⇠ const. ⇥ d). In order to maintain
a ⇢ / 1/

p
P relationship usually observed for non-recycled

pulsars (e.g. Kramer et al. 1994) this implies that faster
spinning pulsars emit further away from the magnetic axis
and at higher altitudes (Karastergiou & Johnston 2007).

3.3 Beam structure

There are a number of striking conclusions which can be
drawn from our results. First, there is no evidence for any
sort of conal structure in any of these pulsars. Although
the profiles appear symmetrical in some cases, it is clear
that the symmetry point is not the location of the magnetic
pole. This makes conclusions drawn from identification of
so-called ”core” components particularly problematical (e.g.
Maciesiak et al. 2011). Second, we do not see emission out
to the very edge of the beam, either because emission is not
produced there or because the emission height is below that
necessary for the emission to be visible in the Yuen & Mel-
rose (2014) formulation. In either case, evidence from pop-
ulation studies (Keane & Kramer 2008) shows that pulsar
beams cannot be too under-filled; given our low filling frac-
tion in the longitudinal direction, it therefore seems likely
that the beams have a large latitudinal extent such as seen in
PSR J1906+0706 (Desvignes et al. 2013, 2019). Third, there
is no obvious relationship between emission height and spin
period, because the dominant factor in the height of the

MNRAS 000, 1–11 (2018)

beam,!5° < bMP ≲!22°, after which the emis-
sion is no longer detected. The appearance of
the IP and the disappearance of the MP at the
same jbj suggests that the MP and IP share the
same latitudinal extent of ~22°. We therefore
predict that the IP will disappear from our LOS
around 2028 and will reappear between 2070
and 2090 (fig. S4). The MP should reappear be-
tween 2085 and 2105.
With our determination of the geometry of the

system, we can use the observed pulse profiles
recorded at different epochs, including the re-
processed PMPS data (20), to reconstruct (20)
the sky-projected beammaps of the radio emis-
sion from both magnetic poles (Fig. 3) and its
polarization properties (Fig. 4). Previous attempts
at mapping the pulsar emission have been pub-
lished for other pulsars [e.g., (23)]. Such plots
must not be viewed as strict maps of active field
lines anchored on the polar cap but rather as
projections of the emission on the sky.
The map shows emission from both sides of

the IP magnetic pole, ruling out models predict-
ing that radio emission is restricted to one side
of the pole [e.g., (24)]. The IP emission pattern
is not symmetric in the latitudinal direction or
with the MP. The IP weakens when our LOS
crosses the magnetic pole. This finding matches
theoretical predictions of the current density in
the polar cap for an orthogonal rotator, albeit at
low radio emissionheight (25, 26). Radio emission
is produced at a height above the pulsar where
any higher-order magnetic field components
should have diminished. In a standard scenario
where emission is produced in the entire open
field-line region, wewould expect the radio beam
to be circular. Yet the observed beam is elongated
and smaller than expected in the longitudinal
direction (Fig. 3).
The passage of the LOS over the IP magnetic

pole coincides with a drop in fractional linear
polarization. At the same time, the circular pola-
rization (Stokes V) appears to change sign when
crossing the magnetic pole (Fig. 4 and fig. S5)
(20). The fractional linear polarization of the MP
decreases as our LOS moves away from the cen-
ter of the MP beam, whereas some unpolarized
pulse components are shown to appear and dis-
appear on time scales of months (20).
If we assume that the emission region is sym-

metric around the magnetic meridian and that
the radiation is beamed in the forward direc-
tion of the relativistic charge flow along the mag-
netic field lines, then the rotation of the pulsar
magnetosphere in the observer frame causes the
pulse profile to precede the magnetic meridian
and the PA to lag behind it.
Models predict that the total phase shift DfS

between the midpoint of the pulse profile and
the inflection point of the PA swing is given by
DfS ≈ 4hem=RLC , where hem is the emission
height and the light cylinder radius RLC = cPs/2p,
with c being the speed of light (11, 12). This rela-
tionship is expected to be valid for small emission
heights, hem ≲ 0:1RLC . But these models predict
different contributions to the aforementioned
shifts in the pulse profile and the PA curve. There

is also a shift in absolute value of the PA, but this
can be neglected here as a ~ 90° (27).
Measuring the phase shifts DfSMP;k

for the MP
at a given epoch k [and its impact parameter
b(k)] gives an estimate of the MP emission
heights hemMP;k , assuming all shifts are attribut-
able to rotational effects. The emission heights
for the IP hemIP;k can be derived in the same way,
also using the RVM inflection points for the IP
given by f0IP;k ¼ f0MP;k

þ 180°. These results show
that the emission heights range from close to the
surface of the pulsar, for low impact parameter b
(when our LOS is atop the magnetic pole), to
~320 km for large b, matching the theoretical
prediction (28) (Fig. 5), although this theoretical
prediction only depends on a and b. Deviations
are observed for LOSs close to the beam edge of
the MP, and large b for the IP, where we may
observe a different active patch of the IP beam as
suggested by the polarization properties (e.g., the
sign of Stokes V under the IP has flipped be-
tween 2009 and 2012) (see Fig. 4 and fig. S5).
The latitudinal extent of a pulsar beam deter-

mines the pulsar beaming fraction (i.e., the por-
tion of sky illuminated by the pulsar beam). This
parameter affects the predicted number of Galac-
tic double neutron stars (DNSs) and, hence, the
expected gravitational wave detection rate for
neutron star mergers (29). Usually, the latitudi-
nal extent of the beam cannot be independently
determined and so the expected beam radius r
for a conal emission beam is used. This beam
shape is typically expected, although its internal

structure and/or filling factor is still a matter of
debate (10). On the basis of beam cuts given by
pulsar profiles, various studies [e.g., (30)] have
suggestedr ∼ 6:5°Ps

!0:5, where the dependence
onPs is consistentwith the expectation for dipolar
field lines.
Previous studies that estimated the DNS pop-

ulation number andmerger rate (29) from a sam-
ple of pulsars dominated by only two pulsars
(PSR J0737−3039A and PSR J1906+0746) have
assumed for PSR J1906+0746 a uniform radio
luminosity across a conal beam of r ~ 17°. This
value is smaller than our observed latitudinal
extent of 22° that, combined with aMP = 99°.4,
gives a large beaming fraction of 0.52 but with
substantial luminosity variations. The simple conal
beam model with uniform luminosity cannot be
used to reliably constrain the DNS merger rate
for PSR J1906+0746.
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Fig. 5. Radio emission heights. Phase shift DfS of the PA from Stokes I (left axis) with the derived
emission height (right axis) for the MP (blue data points) and IP (red data points) as a function
of b. The blue and red dashed curves represent the theoretical emission height as a function of b.
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Fig. 3.3. Pulsar magnetosphere in the Goldreich–Julian model. The existence
of a polar gap with pair creation cascades is indicated. See text for further
details.

defines an imaginary surface known as the light cylinder with radius

RLC =
c

Ω
=

cP

2π
≃ 4.77 × 104 km

(

P

s

)

. (3.21)

The magnetic field strength at the light cylinder radius

BLC = BS

(

ΩR

c

)3

≃ 9.2 G

(

P

s

)−5/2
(

Ṗ

10−15

)1/2

, (3.22)

where we have assumed the same values for radius and moment of inertia
as in Equation (3.15).

As shown in Figure 3.1, the existence of the light cylinder divides the
dipolar magnetic field lines into two groups: (a) field lines that close
within the light cylinder radius (closed field lines); (b) field lines that
do not close (open field lines). The open field line region defines the
polar cap on the neutron star surface, centred on the magnetic pole. Its
boundary, given by (R, θp), is defined by the ‘last open field line’ which
is tangential to the light cylinder (see Figure 3.3). For a given dipolar
field line, the expression sin2 θ/r is a constant. For the last open field
line, we find

sin2 θ

r
=

1

RLC
=

2π

c P
=

sin2 θp
R

. (3.23)

If the radius of the polar cap measured on the surface, Rp, is not too
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On the emission mechanism

• Radio is only tiny fraction of energetics
• It has to be coherent
• Properties are determined by coherent mechanism
• It may (must) break down at a certain frequency
• It cannot be synchrotron emission
• There is always curvature radiation, but not sufficient
• Plasma radiation process, e.g. free electron maser?
• Current flow is understood 
• New computations are promising

• Questions remain:
beam structure, nulling/moding/drifting, emission height


