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ABSTRACT
The phenomenon of profile mode switching in pulsars, where the stable average pulse profile
changes to another stable state on the timescale of a pulsar’s period, remains poorly understood.
We sought to understand how pulsars undergo profile mode switching through a comparative
analysis of the polarization and geometry of the two different profile modes of PSR B0329+54.
The polarization behaviour and fitted parameters of the rotation-vector model remain constant
between modes, and the emission height remains constant as well. These similarities lend
support to a model of pair production in the surface plasma that would cause a change in the
available electrons and therefore the differential emission intensity.

Key words: polarization – radiation mechanisms: non-thermal – pulsars: general – pulsars:
individual: B0329+54.

1 IN T RO D U C T I O N

Pulsars – rapidly rotating and highly magnetized neutron stars –
are unipolar inductors, and the regions around the neutron stars
can sustain a force-free corotating magnetosphere populated with
a dense electron–positron plasma. This pair plasma is thought
to be created in a local gap or unscreened electric field region
in the magnetosphere. The magnetosphere has closed and open
dipolar field-line regions, and a pulsar’s coherent radio emission
is thought to be excited due to the growth of plasma instabilities
in the relativistic electron–positron plasma flowing along the open
dipolar magnetic field lines. The individual pulses from a pulsar
may assume radically different forms, but when several hundreds
to thousands of pulses are averaged they then produce a stable
pulse profile. Most pulsars form the same average profile over
any period of time; however, some pulsars exhibit more than one
‘mode’ wherein its average profile assumes several distinct forms
due to different populations of individual pulses. The phenomenon
of profile mode switching was first observed in PSR B1237+25
by Backer (1970) and soon thereafter in PSR B0329+54 by Lyne
(1971).

The physical mechanism responsible for mode switching, how-
ever, has remained mysterious. The phenomenon has been primarily
associated with normal longer period pulsars (i.e. pulsars lying in
the period range of a hundred milliseconds or longer), although
mode changing has also been reported for some millisecond pulsars

⋆ E-mail: clbrinkm@uvm.edu

(e.g. Kramer et al. 1999; Mahajan et al. 2018). The mode-switching
time-scale can be within a pulse period or over a few rotations,
and the pulsar typically remains in a particular mode for several
minutes to hours. In some pulsars like PSRs B0031–07 (Smits,
Mitra & Kuijpers 2005) and J1822–2256 (Basu & Mitra 2018), the
pulsar can switch between several stable modes, including a null
state (where no radio emission is seen). Nulling time-scales are
similar to those of moding; however, an extreme nulling time-scale
of weeks or months has been observed in intermittent pulsars such
as PSR B1931+24 (Kramer et al. 2006).

Only recently have theorists attempted to understand moding
effects in terms of a pulsar’s global magnetospheric current con-
figuration. In the presence of copious pair-plasma creation, the
global current flow in the pulsar magnetosphere can be modelled;
however, time-dependent local pair creation processes can alter
the global magnetospheric structure. Timokhin (2010) suggests
that these global magnetospheric changes can manifest as different
viewing geometries and/or current distributions in a given pulsar,
both of which can produce the visible effects of mode changing.
Alternatively, Yuen & Melrose (2017) suggest that mode changing
can reflect transitions of non-corotating to corotating states of a
pulsar’s magnetosphere. On the other hand, Cordes (2013) sug-
gested that state change in pulsars is related to Markov processes in
which state changes occur stochastically, and are decoupled from
the global magnetospheric changes. While a consensus on what
causes mode changing in pulsars has yet to be reached, there are
observational and analytical methods at our disposal to investigate
the phenomenon.
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2726 C. Brinkman, D. Mitra and J. Rankin

Fortunately, we begin this work on a strong foundation. Pulsar
B0329+54 is one of the very brightest radio pulsars in the northern
sky and an exemplar of the moding phenomenon. The pulsar’s
average profile and polarization suggest that it has a five-component
(M class) profile with a central core component and nested inner
and outer conal emission. Since moding was discovered in this
pulsar, several detailed, long-term, and multifrequency studies have
revealed that the mode changing is a broad-band phenomenon that
occurs simultaneously across frequencies, such that B0329+54
spends about 15 per cent of the time in its abnormal mode and
the rest in its normal mode (see Bartel et al. 1982; Chen et al. 2011;
Białkowski et al. 2018; Yan et al. 2018).

Most of these pulsar moding studies, except for Bartel et al.
(1982), were carried out with total intensity. A few detailed single
pulse studies exist for this pulsar’s normal mode (McKinnon &
Hankins 1993; Gil & Lyne 1995; Edwards & Stappers 2004; Mitra,
Rankin & Gupta 2007, hereafter MRG07). Only Gil & Lyne (1995)
and MRG07 were polarimetric, where the burden was to understand
the complex polarization properties of this pulsar, particularly the
peculiar average linear polarization position angle (PPA) traverse
across the pulse. Usually, the PPA exhibits an S-shaped traverse
across the profile, which can be understood using the rotating vector
model (RVM; see Radhakrishnan & Cooke 1969), as evidence
for the emission arising from open dipolar magnetic field lines
centred around the magnetic dipole axis. Gil & Lyne (1995) and
MRG07, based on a detailed single pulse analysis, showed that the
complexity in the average PPA mostly occurred due to the averaging
of the orthogonal polarization modes (OPM), which could largely
be decoupled in the single pulse analysis as two orthogonal PPA
tracks. MRG07 also showed that if only single pulses with weak or
no core-emission were used, then the two orthogonal tracks were
highly compatible with the RVM. This allowed the determination of
two important features of the pulsar’s emission: first, the aberration-
retardation technique (e.g. Blaskiewicz, Cordes & Wassermann
1991; Mitra & Li 2004) could be used to find the conal emission
heights, and secondly, the dominant or the primary PPA traverse
could be associated with the extraordinary (X) propagation mode
and the weaker or secondary PPA track with the ordinary (O)
propagation mode using the proper motion and absolute fiducial
PPA measurements (see Johnston et al. 2005; Rankin 2015; MRG07
for details).

MRG07 also found that when the single pulses with strong core
emission were included, then a ‘kink’-like feature appeared on top
of the RVM-like PPA traverse. The core emission has an intensity-
dependent behaviour wherein the stronger core emission is seen
ever earlier towards the leading part of the component. MRG07
attributed this effect to the higher intensity core emission arising
from higher emission heights. Thus, the A/R effect can both explain
the intensity-dependent core emission and the PPA kink. These
methods then allowed for the determination of the physical emission
heights of the core and conal radiation of B0329+54.

Because pulsar B0329+54 has such illuminating and well-
investigated polarization behaviour, it provides a particularly trans-
parent context in which to compare the radio emission of the pulsar’s
normal and abnormal modes, the goal of our analysis below. For
this purpose, we use archival B0329+54 observations from the
Effelsberg radio telescope, where both the normal and abnormal
modes were detected in polarimetric single pulse sequences. In
Section 2, we describe the set of observations and the analysis
methods, and in Section 3 we outline the detailed investigation
carried out to compare the radio emission properties in the two
modes. We then summarize the results in Section 4.

2 O B S E RVAT I O N S

Abnormal mode intervals are infrequent in B0329+54’s pulse
sequences, and can be difficult to distinguish at lower frequencies.
Therefore, for this work we obtained archival full Stokes single
pulse observations made with the Effelsberg Radio Telescope at
8300, 5000, 2700, and 1400 MHz using the Observatory’s earlier
backend, Effelsberg Pulsar Observing System (EPOS; Jessner
1996). The data were available in the EPOS-format, and we
used codes (provided to us by Ramesh Karuppusamy, private
communication) to convert them to ascii formats. The full Stokes
single pulse data had the pulsed calibration signals as described
in von Hoensbroech & Xilouris (1997), and using the calibration
technique described in von Hoensbroech (1999) we wrote our own
software to obtain calibrated Stokes parameters I, Q, U, and V.

The pulse sequences were then further analysed in a time-
averaged as well as single pulse manner. The average total intensity
profile across profile phase ϕi, was obtained as

I (ϕi) =
n∑

j=1

I (ϕi)/n,

where n is the total number of pulses. The average linear polarization
L(ϕi) was obtained by summing up Stokes Q(ϕi) and U(ϕi) along
each ϕi, and using the relation:

L(ϕi) =

√√√√(
n∑

j=1

Uj (ϕi))2/n + (
n∑

j=1

Qj (ϕi))2.

The L(ϕi) estimated above has a positive bias, and a mean value
of the linear polarization obtained from the off pulse region is
subtracted to obtain the final L(ϕi). The average circular polarization
was obtained using the following relation:

V (ϕi) =
n∑

j=1

Vj (ϕi)/n

The average degrees of linear and circular polarization are defined
as

% L =
∑

i

L(ϕi)/I (ϕi)

and

% V =
∑

i

V (ϕi)/I (ϕi),

where the summation across pulse phase is performed for statisti-
cally significant values with S/N > 3, and the noise was estimated
from the off-pulse region. The error in these average quantities was
estimated using the methods described in Mitra et al. (2016). The
average PPA was obtained as

χ (ϕi) = 0.5 tan−1(
n∑

j=1

Uj (ϕi)/
n∑

j=1

Qj (ϕi))

with only points greater than three times the rms of the linear
polarization baseline level being used. The error in χ (ϕi) was
calculated by propagation of errors of Uj(ϕi) and Qj(ϕi) with their
error obtained from their baseline level.

The width of the average profile was measured in various
ways: namely W3σ widths measured using points on the profile
corresponding to three times the rms values at the leading and
trailing edges of the profile, the W10 and W50 correspond to the
widths measured by using 10 per cent and 50 per cent points of the
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The mode-switching phenomenon in B0329+54 2727

Figure 1. Normal- versus abnormal-mode multifrequency time series and profile shapes. The top panels show the single pulse sequence at 1400 and 8300 MHz
where the mode switch can be seen at around pulse number 1120 and 2750, respectively. The bottom panels show the average profile shape which appears quite
different for the abnormal mode at different frequencies. The plot on the left shows the overlapping normal (solid black) and abnormal (dashed red) modes at
1400 MHz. The plot to the right shows the same at 8300 MHz. The longitude zero for the 1400 MHz plot corresponds to the phase of the steepest gradient
of the PPA obtained by fitting the RVM as discussed in Section 3.2, while for 8300 MHz the peak of the core of the normal mode is used. At 1400 MHz, the
abnormal mode is about 70 per cent brighter than the normal mode; at 8300 MHz, the intrinsic intensities of the two profiles cannot be reliably determined
because of refractive scintillation (see the text).

outer leading and trailing components of the profile, and the errors
in the widths are computed using the method of Kijak & Gil (1997).
To obtain the linear, circular and PPA for single pulses, average
profiles were created by setting n = 1.

3 A NA LY SIS

3.1 Profile mode differentiation

We identified intervals of mode changing in the 1400-MHz obser-
vations as well as those at 8300 MHz, and measured the relative am-
plitudes of the five components in order to quantify the differences

between the normal and abnormal modes. The distinction between
the normal and abnormal modes is most evident in the intensity of
the trailing component relative to the other components: at lower
frequencies (300–1400 MHz) the trailing component diminishes,
whereas at higher frequencies (8300 MHz) it increases, see Bartel
et al. (1981).

The top panels of Fig. 1 show transitions from the normal to
abnormal modes at both 1400 (left) and 8300 MHz (right). These
mode switches occur within about a stellar rotation period (0.714 s),
and the pulsar can remain stable in a particular mode for up to
thousands of pulses. By looking at the average profiles, we can see
that at 1400 MHz the trailing component shrinks from 28 per cent the

MNRAS 484, 2725–2734 (2019)
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2728 C. Brinkman, D. Mitra and J. Rankin

Figure 2. Normal versus abnormal polarization at 1400 MHz. Low (left) and full (right) intensity, average polarization displays at 1400 MHz for the normal
(upper) and abnormal (lower) modes. Each display gives the total intensity (Stokes I; solid curve), the average linear (L; dashed red), the circular polarization
(Stokes V; dotted blue), the fractional linear polarization (L/I; grey points) and a zoomed total intensity (10× I; cyan curve). The PPA histogram (lower panels)
within each 1◦x1-sample cell correspond to samples having errors less than 3σ in L are plotted according to the colour bars at the lower right. The average
PPA traverses (red) are overplotted, and the RVM fit to the PPA traverse is plotted twice for the two polarization modes (magenta dashed) on each panel. The
origin is taken at the fitted PPA inflection point.

intensity of the main pulse in the normal mode to about 19 per cent
in the abnormal. At 8300 MHz, the trailing component grows from
33 per cent of the main pulse strength to 122 per cent. The normal
and abnormal mode average profiles are given in the lower panels
of Fig. 1.

The abnormal mode profiles vary much more strongly with
frequency than those of the pulsar’s normal mode, and we see
that the profile forms we have identified as normal and abnormal
correspond closely with those identified by Bartel et al. (1981).
Table 1 gives the characteristics of the Effelsberg observations for
the two modes: their lengths, the average profile widths, and the
fractional linear and circular polarizations. Strikingly, the profile
widths for the two modes are very similar. The average linear
polarization in the normal mode is marginally lower than the

abnormal mode at 1400 MHz, and the 8.3-GHz profiles are more
depolarized.

The 1.4-GHz abnormal mode observation is longer and of better
quality than its 8.3-GHz counterpart. Also, we can reliably estimate
the relative strengths of the abnormal/normal modes at 1.4 GHz,
whereas refractive scintillation makes this impossible at 8.3 GHz.
We note the relative strengths of the abnormal/normal modes at 13
and 3 cm in the five observations of fig. 3 in Yan et al. (2018). The
relative strengths of the modes vary substantially from run to run
due to their narrow bandwidths, but overall the abnormal mode is
seen to be brighter than the normal mode by a factor of the order
of 50 per cent. Therefore, in the remainder of the analysis of the
polarization below, we will focus on the 1.4-GHz observation for
comparison of the two modes because of its length and quality.

MNRAS 484, 2725–2734 (2019)
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The mode-switching phenomenon in B0329+54 2729

Figure 3. Normal versus abnormal Stokes parameters at 1400 (top) and 8300 MHz (bottom). The four images in each panel above provide a direct comparison
of the intensity, linear polarization, circular polarization, and PPA between the modes. The normal mode quantities are plotted in black while the abnormal
ones are shown in red. The left-hand panel averages the full pulse sequence, while the right-hand panel shows the low core intensity profiles (see the text for
details).

3.2 Polarization properties of B0329+54 at 1.4 GHz

We investigated the single pulse polarization properties of both
modes. The pulse sequences in each mode were separated into
fractions based on the intensity of the core emission using the
technique described in MRG07. In Fig. 2, we show the profile
polarization plots for the lowest intensity population (left-hand
panels) and the full population (right-hand panels), for each
mode. The top panels of each plot represent the average intensity,
linear and circular polarization. The bottom panels show the
distribution of the single pulse phase-resolved PPAs (colour) with
only statistically significant points exceeding three times the off-
pulse noise level, and the average PPAs are overlaid as a red
curve.

We found that overall the full pulse sequences showed little
change in their PPA traverses between the two modes, as shown
in the right-hand displays of Fig. 2. The PPA traverses follow

the RVM closely for the low-intensity population, whereas at
higher intensities the well-known non-RVM ‘kink’ emerges, and
the PPA changes more rapidly under the central core component.
An overlay of the average polarization properties of the lowest
intensity population for 1.4 GHz is shown in the top left panel of
Fig. 3, where clearly the major difference in linear polarization
occurs under the trailing profile component. The abnormal mode
shows a distinct jump in the PPA where there is a dip in the linear
polarization, showing up as a bifurcated feature. The full pulse
sequence includes the effect of the core emission, and the PPA
traverse below the core component for the normal mode appears to
be steeper than the abnormal mode as seen in the overlay plot on
the right-hand panel of Fig. 3. The abnormal mode circular peak
trails that of the normal mode under the central core component and
vanishes in the trailing component. The average linear and circular
polarization appear to change by about 20 per cent between the two

MNRAS 484, 2725–2734 (2019)
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2730 C. Brinkman, D. Mitra and J. Rankin

Figure 4. Normal (upper) versus abnormal (lower) mode intensity-
fractionated profiles at 1400 MHz. Individual pulses are separated into five
different fractions based on their intensity and the averaged fractions plotted
superimposed so that the angular shifts between the highest and lowest
intensity fractions can be clearly seen and measured at some 2◦.

modes (see Table 1). For comparison, the lower intensity and full
profile plots for 8.3 GHz are shown in the bottom panel of Fig. 3.

Next, using a similar method to MRG07, we fitted the PPA
traverse of the lowest intensity pulses to the rotation-vector model
(RVM), given by

χ = χ◦ + tan−1 sin(α) sin(ϕ − ϕ◦)
sin(α + β) cos(α) − sin(α) cos(α + β) cos(ϕ − ϕ◦)

.

Here, α is the angle between the rotation axis and the magnetic axis,
β is the angle between the magnetic axis and the observer’s line of
sight, and χ◦ and ϕ◦ correspond to the PPA and longitude values
of the inflection or the steepest gradient point of the PPA traverse.
We started the fits by fitting the PPA traverse of the normal mode
using the α and β values obtained by MRG07 as our initial guess,
and we found that the best-fitting values converged to α = −35.◦5
± 2◦, β = −2.◦9 ± 0.◦5, χ◦ = −25.◦3 ± 3◦, and we choose ϕ◦ =
0◦ ± 0.◦3. The same values were also found to fit the PPA traverse
of the abnormal mode remarkably well. Therefore, the basic PPA
traverse geometry in the pulsar’s abnormal mode appears identical
to that in the normal mode.

It should be noted that the angles α and β obtained from RVM fits
are highly correlated (about 98 per cent) and hence cannot provide
any meaningful constraint to the geometry (von Hoensbroech &
Xilouris 1997; Everett & Weisberg 2001). However, the quantities
χ◦, ϕ◦, and the steepest gradient evaluated at this point ∥dχ /dϕ∥ =
sin (α)/sin (β) ∼ 11.5 are significantly better constrained in the fits.

3.3 Geometry and emission heights

Since we have determined that the polarization properties are nearly
identical between the two modes, we now proceed to compare the
radio emission heights of the two modes using the technique of
aberration/retardation (A/R) delay (e.g. Blaskiewicz et al. 1991;
Mitra & Li 2004; Mitra & Rankin 2011). In this method, if the
emission across the profile arises from the same height, and the
PPA traverse can be modelled using the RVM, then the negative
phase shift measured between the PPA steepest gradient point and
the profile centre 'ϕ is an emission-height effect, and this allows
us to calculate that height using the following relation:

r = − c'ϕ◦P

4 ∗ 360
, (1)

where P is the pulsar rotation period (Dyks, Rudak & Harding
2004). Measurement of 'ϕ involves determination of the phase of
the leading (ϕl) and trailing (ϕt) edges of the emission profile, with
the steepest gradient point defined as zero longitude, 'ϕ = ϕl +
(ϕt − ϕl)/2. A detailed study for application of this technique can
be found in Mitra & Li (2004).

PSR B0329+54 has been classified as having a multiple profile
(Rankin 1993) with inner/outer cones and central core emission, and
MRG07 systematically applied the A/R method to obtain emission
heights for all three emission regions. We use the same arguments as
MRG07 to find the emission heights for the two modes. The RVM
fits to the lowest intensity pulses allow us to fix the steepest gradient
point as the zero longitude. To find ϕl and ϕt for the inner/outer
cones, it is important to identify the conal emission clearly.

We found that the peaks of the inner-conal components were more
discernible in the lowest intensity profiles, and hence we used these
values as ϕl and ϕt to find 'ϕ. For the outer conal components,
we used the full profile to find ϕl and ϕt, and subsequently 'ϕ. As
was pointed out by Mitra & Li (2004), it is important to use several
profile measures to see the effect of A/R, and thus we have measured
ϕl and ϕt at 3σ , 10 per cent, 50 per cent and peak for the outer
components of the profile (for the inner cone such an exercise was
not possible since only peaks of the components can be identified).
The values for ϕl, ϕt, 'ϕ and the corresponding emission heights r
using equation (1) for the inner and outer cones for various profile
measures are given in Table 2. The emission heights measured for
the two modes are similar, and the minor differences seen can be
attributed to the uncertainties involved in the assumptions used for

MNRAS 484, 2725–2734 (2019)
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The mode-switching phenomenon in B0329+54 2731

Figure 5. Mode-segregated polarization profile displays for the 1400-MHz observation, normal mode (top row) and abnormal mode (bottom row), after
Fig. 2 following the two-way technique described in Deshpande & Rankin (2001). The displays show the aggregate primary polarization mode (PPM, X,
left), and secondary polarization mode (SPM, O, right). The abnormal mode is 70 per cent stronger than the normal mode, and the X/O power ratio is
71 per cent/29 per cent in both modes.

applying the A/R method and measurement of ϕl and ϕt (see Mitra &
Li 2004).

The full intensity profiles were used to determine the locations
of the peaks of the core emission, which were used to find the
emission heights as given in Table 2. Following MRG07, we
took the five intensity fractions and plotted them against each
other to assess the shifts in their pulse centres. Higher intensity
pulses appear progressively earlier due to A/R within the core
component if their larger intensity reflects a larger emission height.
Therefore, if the core component is A/Red by the same amount
in each mode, we have additional confirmation that the emission
height changes little between the modes and thus that the core
emission process is unvarying. The differences in profile centre
of the different intensity fractions for both modes are shown in
Fig. 4. The centre of the maximum intensity fraction was found

to shift by ∼2◦ in both profile modes, highlighting the lack
of change in emission height and the consistent core emission
properties.

3.4 Polarization-mode segregation

As discussed in the Introduction, PSR B0329+54’s average-profile
PPA traverse is quite complex; although, when carefully analysed at
the single pulse level, the PPA traverse can be interpreted as having
two orthogonally separated PPA tracks, with each being compatible
with the RVM. These two tracks are referred to as the primary and
secondary polarization-mode (PPM and SPM) constituents – the
PPM usually meaning the polarization mode dominating the average
PPA traverse. The incoherent addition of the PPM and SPM power

MNRAS 484, 2725–2734 (2019)
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2732 C. Brinkman, D. Mitra and J. Rankin

Figure 6. Longitude resolved fluctuation spectra (LRFs) of the normal
and abnormal modes at 1400 MHz; normal (upper) versus abnormal mode
(lower). The centre panels give the LRFs, the profile is plotted in the left-
hand panels and the integral spectrum at the bottom.

then leads to the depolarization observed in the pulsar’s average
profile.

The PPM and SPM linearly polarized power distribution is
independent of the profile mode changes, and here we provide
an additional measure for assessing them by using two methods
(see Deshpande & Rankin 2001). The first method is called the
two-way separation, where the corresponding single pulse PPA is
first identified with the PPM or SPM, and then the corresponding
linear, circular, and unpolarized power is associated with a particular
polarization mode. Here, unpolarized power is assumed to reflect
equal PPM/SPM contributions. The second method is the three-way

Table 1. Characteristics of the Effelsberg observations.

PSR B0329+54

Period (s) 0.714
Ṗ 2.05 × 10−15

DM (pc/cc) 26.76
RM rad m−2 −63.7
Effelsberg Obs Normal Abnormal
Frequency (MHz) 1400
MJD 51971
Number of pulses 1–1000 1000–3000
W3σ 39.◦7 ± 0.◦4 41.◦8 ± 0.◦4
W10% 27.◦1 ± 0.◦2 27.◦6 ± 0.◦2
W50% 23.◦9 ± 0.◦2 22.◦9 ± 0.◦2
%L 22.8 ± 0.1 26.7 ± 0.1
% V 14.6 ± 0.1 11.3 ± 0.1
Frequency (MHz) 8300
MJD 53184
Number of pulses 1–2700 2700–3000
W3σ 31.◦3 ± 0.◦4 28.◦2 ± 0.◦4
W10% 26.◦4 ± 0.◦2 25.◦8 ± 0.◦2
W50% 22.◦5 ± 0.◦2 21.◦1 ± 0.◦2
%L 9.8 ± 0.5 19.2 ± 2
% V −0.9 ± 0.3 1.8 ± 1.2

separation where after identification of the PPA with the PPM/SPM,
the linear and circular polarized power of the two polarization
modes is accumulated, and the unpolarized power is accumulated
separately. If the unpolarized power in the three-way separation is
significantly small, then it reflects that most of the depolarization in
the average pulse profile arises due to incoherent addition of PPM
and SPM power.

These two methods of polarization-mode-segregated pulse se-
quences were computed for the 1.4-GHz observation according to
the recipes in Deshpande & Rankin (2001). Profiles corresponding
to the two-way segregations are shown in Fig. 5 where the
abnormal/normal mode profiles are on the bottom/top rows, and
the PPM/SPM are on the left-hand/right-hand sides. The three-way
segregations indicated that most of the depolarization was due to
incoherent addition of PPM and SPM power, thus they added no
new information and are not shown. We were earlier able to identify
the PPM with the X propagation mode and the SPM as the O (Mitra
et al. 2007), and we use this identification here.

Fig. 5 shows that the X/O polarization profiles of the two modes
are quite similar. The principal difference is the truncation of X-
mode power on the trailing edge of the profile in the abnormal
mode. This is interesting because the fractions of X-mode power
are identical in the normal and abnormal modes at 71 per cent.
Further, the abnormal mode overall is 1.7 times stronger than the
normal mode.

3.5 Fluctuation spectra

Given that the modes of some pulsars exhibit periodic fluctua-
tions, it seemed important to assess whether this might be so
for B0329+54’s abnormal mode. Longitude resolved fluctuation
spectra (LRFs) are given in Fig. 6 for the pulsar’s normal (upper)
and abnormal (lower) modes at 1400 MHz.

A number of LRFs have been published (e.g. Taylor & Huguenin
1971; Weltevrede, Edwards & Stappers 2006; Weltevrede, Stap-
pers & Edwards 2007; Yan et al. 2018) that do not distinguish
between the pulsar’s modes – however, these will be dominated by
the normal mode and show a broad low-frequency feature peaking

MNRAS 484, 2725–2734 (2019)
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The mode-switching phenomenon in B0329+54 2733

Table 2. The profile widths at 10%, 50%, and 3σ intensity are shown for the conal components, along with the
angular differences between profile centres and the steepest PPA gradient points ('ϕ). For the core component,
the change in this angular difference from low- to high-intensity average profiles provides a 'ϕ value with
which to calculate the A/R height.

Profile measurements
Mode Profile component ϕl ϕt 'ϕ r (km)

Normal Inner Cone (peak to peak) − 9.◦1 ± 0.◦2 3.◦4 ± 0.◦2 − 2.◦6 ± 0.◦2 387 ± 50
Outer Cone (peak to peak) − 13.◦4 ± 0.◦2 7.◦6 ± 0.◦2 − 2.◦9 ± 0.◦2 431 ± 50
Outer Cone (50%) − 14.◦9 ± 0.◦3 9.◦0 ± 0.◦3 − 3.◦2 ± 0.◦3 476 ± 70
Outer Cone (10%) − 16.◦5 ± 0.◦3 10.◦8 ± 0.◦3 − 2.◦9 ± 0.◦3 431 ± 70
Outer Cone (3σ ) − 21.◦7 ± 0.◦4 18.◦0 ± 0.◦4 − 1.◦9 ± 0.◦4 283 ± 80
Core − 1.◦9 ± 0.◦2 283 ± 50

Abnormal Inner Cone (peak to peak) − 9.◦2 ± 0.◦2 2.◦9 ± 0.◦2 − 3.◦2 ± 0.◦2 476 ± 50
Outer Cone (peak to peak) − 13.◦6 ± 0.◦2 6.◦4 ± 0.◦2 − 3.◦6 ± 0.◦2 535 ± 50
Outer Cone (50%) − 14.◦7 ± 0.◦3 8.◦4 ± 0.◦3 − 3.◦2 ± 0.◦3 476 ± 70
Outer Cone (10%) − 16.◦2 ± 0.◦3 11.◦5 ± 0.◦3 − 2.◦4 ± 0.◦3 357 ± 70
Outer Cone (3σ ) − 23.◦4 ± 0.◦4 20.◦2 ± 0.◦4 − 1.◦6 ± 0.◦4 238 ± 80
Core − 1.◦7 ± 0.◦2 253 ± 50

at about 8 c/P. Unfortunately, our normal mode LRFs seem to
be corrupted by RFI, but they do show fluctuation power in this
interval. The abnormal mode LRFs, however, show a character of
fluctuation power identical to that seen in published LRFs (Yan et al.
2018); therefore, we can conclude that there is little or no difference
between the modes in terms of modulation periodicity.

4 R E S U LT S A N D D I S C U S S I O N

We have determined that the normal and abnormal modes of pulsar
B0329+54 exhibit the same basic emission geometry in terms of α

and β from RVM solutions as well as emission altitudes measured
using the A/R method (given in Table 2). Even the same PPA ‘kink’
is seen in the high-intensity pulses of each profile mode. Only
moderate changes in emission properties suggest that nothing about
the overall emission geometry or dipolar magnetic configuration
changes from the abnormal mode to the normal; therefore, these
cannot be responsible for the mode switching. This conclusion is
consistent with the findings of Bartel et al. (1982), where they
also report moderate changes in the pulse shape and polarization
properties during mode changes.

It is generally accepted that the coherent radio emission from
pulsars arises due to growth of plasma instabilities in relativistic
electron-positron plasma streaming along the dipolar open magnetic
field lines. At a height of around a few hundred kilometres, where
the radio emission detaches from the magnetosphere, the magnetic
field is significantly strong and the only plasma instability that
can be generated is the two-stream instability. The coherent radio
emission model of Ruderman & Sutherland (1975) suggests that
an inner accelerating region can develop above the polar cap
where electron–positron pairs can be created, eventually leading
to a non-stationary electron–positron plasma flow in the form of
several localized sparks. In this model, the growth of two-stream
instability and its non-linear evolution can lead to the formation of
charged bunches (relativistic solitons) which can excite coherent
curvature radiation along the curved magnetic fields (Basu & Mitra
2018; Asseo & Melikidze 1998; Melikidze, Gill & Pataraya 2000;
Gil, Lyubarsky & Melikidze 2004; Mitra, Gil & Melikidze 2009;
Lakoba, Mitra & Melikidze 2018) at a characteristic frequency of

νc ∼ γ 3c/ρc,

where γ is the Lorentz factor of the charged soliton, ρc the radius
of curvature of the magnetic field, and c is the velocity of light. The
power radiated from the charged soliton is

P ∼ FQγ 4/ρc
2,

where FQ is a function of plasma parameters and has the dimension
of charge squared (see Melikidze et al. 2000; Basu & Mitra 2017).
The emission from a large number of such charged bunches adds up
incoherently to give rise to the observed radio intensity (Asseo &
Melikidze 1998; Melikidze et al. 2000; Gil et al. 2004). In this
model, the spark-associated plasma column corresponds to the
observed subpulses in single pulses and sometimes components
in a pulse profile.

Let us now apply the soliton curvature radiation model to the
normal and abnormal modes of PSR B0329+54. Here, we have
established that the overall emission at 1.4 GHz across the profile
arises from similar heights for both the normal and abnormal modes,
and hence the underlying ρc(ϕ) is same for both the modes, where
the radius of curvature ρc depends on the longitude ϕ. This in turn
suggests that to obtain same νc(ϕ) for the two modes, γ c(ϕ) should
also be similar, and hence the ratio of the power emitted by the two
modes should be

P (ϕ)abnormal

P (ϕ)normal
∼ FQ(ϕ)abnormal

FQ(ϕ)normal
.

The top panel in Fig. 1 shows that on average the power in the
abnormal mode is roughly 1.7 times more than in the normal mode,
and hence we can infer that for longitude averaged pulses:

F abnormal
Q ∼ 1.7F normal

Q .

Assuming as above that the modes differ in terms of the amount
of charge or pair plasma involved in the radiative processes, it then
seems to follow that power in the X/O modes is proportional as the
power increases, but not uniform in its effects within the pulsar’s
core and conal beams. At 1400 MHz, the trailing X-mode power
decreases, but at higher frequencies it increases as is shown in
Fig. 1, so the change is in the trailing component spectrum, not
overall power. Despite this spectral difference, the overall abnormal
mode power is roughly 70% stronger than the normal mode, and the
X and O modal powers increase proportionately as shown in Fig. 5.

The charge available to produce emission comes from elec-
tron/positron pair-production cascades. Changes in this production
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2734 C. Brinkman, D. Mitra and J. Rankin

or cascade of pair plasma can result in differences in profile shape
without altering the emission height, or the open magnetic field line
geometry. In inner vacuum gap models (Ruderman & Sutherland
1975), as discussed earlier, a potential gap forms on the magnetic
polar cap that gets discharged by pair production. As this discharge
proceeds around the magnetic axis, it changes the electrostatic
conditions in the sparking zone.

If a source could provide additional photons at the very beginning
of this process in a quasi-periodic fashion, these metastable plasma
modes could produce regular and stable differences in profile shape.
This additional source could, in principal, arise from a region outside
the polar gap; alternatively, changes to the magnetic field within the
polar cap could account for a differing quantity of charge along
the electron cascade process. Quasi-periodic fluctuations of these
closed field lines – without changing the open magnetic field region
from where the radiation detaches – could lead to distinct metastable
states of plasma flow and hence explain profile mode changes.

5 C O N C L U S I O N

We investigated the polarization characteristics of one pulsar,
B0329+54, in order to isolate the most probable mechanism for
mode switching. We found that the only possible change that could
produce a difference in the power of the normal and abnormal modes
is a change in the group charge Q. Indeed, we found that the overall
intensity of the abnormal mode is almost twice that of the normal
mode, whereas the radiated X/O power ratio is nearly identical
between the two modes. Thus, the trailing component attenuation
at 1.4 GHz (and increase at 8.3 GHz) is a spectral rather than a
power effect.

Further modelling is needed to show what produces this change
along the electron cascade process. There could be several possible
explanations for what could change the surface energy, therefore
providing a different number of photons for pair production; but
a wider survey of more profile mode-switching pulsars could help
illuminate what exactly causes the pair production to change.
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