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ABSTRACT

Precursors and postcursors (PPCs) are rare emission components detected in a handful of pulsars
that appear beyond the main pulse emission, in some cases far away from it. In this
paper we attempt to characterize the PPC emission in relation to the pulsar main pulse
geometry. In our analysis we find that PPC components have properties very different from that
of outer conal emission. The separation of the PPC components from the main pulse center
remains constant with frequency. In addition the beam opening angles corresponding to the
separation of PPC components from the pulsar center are much larger than the largest
encountered in conal emission. Pulsar radio emission is believed to originate within the magnetic
polar flux tubes due to the growth of instabilities in the outflowing relativistic plasma. Observa-
tionally, there is strong evidence that the main pulse emission originates at altitudes of about 50
neutron star radii for a canonical pulsar. Currently the most plausible radio emission model
that can explain main pulse emission is the coherent curvature radiation mechanism, wherein rel-
ativistic charged solitons are formed in a non-stationary electron-positron-pair plasma. The
wider beam opening angles of PPC require the emission to emanate from larger
altitudes as compared to the main pulse, if both these components originate by the
same emission mechanism. We explore this possibility and find out that the emission
mechanism is probably inapplicable at the PPC emission heights. We propose that the
PPC emission represents a new type of radiation from pulsars with a mechanism different from
that of the main pulse.

Subject headings: pulsars: general — pulsars:

1. Introduction

Pulsar emission is comprised of periodic pulses
with varying shapes and intensities. The inte-
grated profile obtained by averaging a number
of such pulses in phase (usually a few thousand
pulses) is usually a stable feature showing little
variation over time. This pulsed emission usually
has a high degree of linear polarization with the
polarization position angle (PPA) rotating across
the profile with a characteristic S-shaped curve.
Such radio emission is thought to originate within
the open magnetic field lines above the polar cap,

centered around the magnetic axis, and is highly
beamed. The pulsar profile consists of one or
more features, known as components, which ex-
hibit many different configurations and in certain
cases frequency evolution. The morphology and
polarization properties of pulsar profiles are use-
ful for determining the geometrical orientations of
pulsars, the structure of their emission regions,
their radio emission mechanisms, etc (Lyne &
Manchester 1988; Rankin 1983, 1990).

An empirical beam model for the main pulse
radio emission has emerged as a result of a wide
array of studies conducted in the decades following
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the discovery of pulsars (Rankin 1990, 1993a; Mi-
tra & Deshpande 1999; Gil & Sendyk 2000; Mitra
& Rankin 2002). The main pulse emission con-
sists in general of a central core component sur-
rounded by nested inner and outer cones of emis-
sion. The rotating-vector model (Radhakrishnan
& Cooke 1969), which states that the plane con-
taining the magnetic field lines and the rotation
axis determines the orientation of the emitted ra-
diation, accounts for the S-shaped swing of the
PPA. The core and the inner cone inhabit the re-
gions of steeper PPA gradient, where the steepest
gradient point (SG) is believed to fall near the
longitude of the magnetic axis. The outer conal
emission occupies the profile wings with a rela-
tively flat PPA. The core and inner cones show
nearly constant widths and separations in most
cases, whereas the outer conal emission exhibits
radius-to-frequency mapping that shows increas-
ing separation with decreasing frequency (Mitra
& Rankin 2002). The polarization and spectral
properties hint at two possibilities for the location
of the outer and inner cones and core; either the
different emission components originate near the
outer magnetic flux tube boundary in which case
they are emitted at successively lower heights, or
they arise from similar heights but occupy ever
more central regions of the flux tube. Gangad-
hara & Gupta (2001) used aberration retardation
effects to question the viability of the first possibil-
ity while a more theoretical approach to explaining
the emission prefers the later one (Maciesiak et al.

2012). The intensity of the various emission com-
ponents varies, with one or more being weak or
absent in certain pulsars and at high or low fre-
quency, leading to asymmetric profiles known as
“partial cones” (Lyne & Manchester 1988; Mitra
& Rankin 2011).

The precursor and postcursor (PPC) emission
found in a small sample of pulsars is noteworthy
owing to their nonconformity with well understood
conceptions of profile structure, such as the em-
pirical core/double-cone model outlined above. A
precursor appears to be a distinct emission fea-
ture preceding the main pulse emission, whereas
a postcursor follows it. These PPC features are
found further away from the main pulse center
as indicated by the PPA traverse wherein the SG
point falls within the main pulse. The PPCs also
exhibit a high degree of linear polarization and a

relatively flat PPA, so resemble the outer conal
emission. However, unlike outer conal component
pairs they are always asymmetric with respect to
the main pulse profile center. The presence of
such PPCs has been reported in pulsars B0943+10
and B1822–09 by Backus et al. (2010) and also
in B1322+83 and B2224+65 by Mitra & Rankin
(2011) where in each case they fall adjacent to a
main pulse that is consistent with the above em-
pirical model. To our knowledge no previous study
has been conducted to investigate the properties
and geometry of the PPC emission features. In
this paper we endeavor to understand the loca-
tion and physical properties of the PPC features
within the context of the empirical beaming model
developed by Rankin (1993a); Mitra & Deshpande
(1999); Mitra & Rankin (2002). We have carried
out a survey of the pulsar population to identify
PPC features and studied their basic properties as
a foundation for understanding them.

§2 reviews the quantitative geometry of the
empirical core/double-cone emission beam model.
§3 presents the results of our population survey
wherein we attempt to distinguish PPC features
from outer conal components. In §4 we investi-
gate the implications of the PPC emission features
from the perspective of their overall dipolar mag-
netic polar flux-tube geometry as a means of un-
derstanding their radio emission mechanism.

2. Pulsar Emission Beam Structure

Pulsar radio emission originates within the polar
flux tube of open dipolar field lines above the mag-
netic poles. The basic geometry of pulsar emis-
sion is determined by two angles: the so-called
magnetic latitude angle between the rotation and
magnetic axes α and the sightline impact angle be-
tween magnetic axis and observer’s line of sight β.
The rotating-vector model (RVM) describes the
polarization position angle (PPA) χ at any longi-
tude ϕ in terms of this pulsar geometry as:

tanχ =
sinα sinϕ

cosα sin(α + β) − sinα cos(α + β) cosϕ
. (1)

The steepest gradient point of the PPA, according
to the RVM, is related to the geometry as:

(

dχ

dϕ

)

max

=
sinα

sinβ
. (2)
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It is possible to solve for the latitude angle α
and impact angle β by carrying out RVM fits to
the PPA traverse; however, the solutions are found
to be highly correlated (Everett & Weisberg 2001).
An independent means of estimating the latitude
angle α was devised by Rankin (1990) using the
half power widths, Wcore, of core emission com-
ponents as:

sinα = 2.45◦P−0.5/Wcore. (3)

The polar flux-tube radius angle, ρ, delimiting the
emission region can be estimated using the overall
pulse width, W , and the basic pulsar geometry
(Gil et al. 1984) as:

sin2(ρ/2) = sin2(β/2) + sinα sin(α + β) sin2(W/4).
(4)

A series of studies have been devoted to determin-
ing the beam opening angles of the conal emission,
especially in pulsars with associated core emis-
sion, and Rankin (1993a,b) discovered that the
conal emission beams consist of a pair of inner and
outer cones. Mitra & Deshpande (1999) analyzed
around forty pulsars at six different frequencies
and postulated the presence of three concentric
conal beams with frequency evolution given as:

ρr
MHz

= 4.8◦r(1 + (66 ± 10)ν−1±0.1
MHz ) P−0.5, (5)

with radii corresponding to r = 0.8, 1.0, 1.3 to
within error of 0.03.

The outermost conal emission seems to be asso-
ciated with the last open magnetic field lines and
thus provides direct estimates of the correspond-
ing emission heights. Taking into account di-
vergence of the dipolar magnetic field lines
with frequency, the emission height r can
be expressed in terms of the angular size of
the polar cap on the pulsar surface (1.24◦),
the radius of the neutron star RS and the
beam opening angle ρouter.

r = P

(

ρouter

1.24◦

)2

RS , (6)

The main pulse emission based on the above
geometrical analysis is estimated to arise at
heights of about 30-50 RS for a typical pul-
sar (Rankin 1993a; Kijak & Gil 1998; Mitra &
Rankin 2002). Emission-height estimates using
aberration-retardation effects—i.e., conal compo-
nent shifts relative to the profile center as a result

of relativistic beaming, which are independent of
the pulsar geometry—are consistent with those
estimated using the basic geometry above (Blask-
iewicz et al. 1991; Gangadhara & Gupta 2001;
Krzeszowski et al. 2009).

3. PPC Emission and Wide Profiles

We have conducted an extensive population survey
to identify pulsars with broad, asymmetric profile
features that might constitute PPC emission. This
also led to the identification of some additional
pulsars with “partial cones” that appear to be ex-
treme examples of outer conal emission (Mitra &
Rankin 2011). We investigated pulsar profiles at
multiple frequencies using various archival sources
(Gould & Lyne 1998; Seiradakis et al. 1995; Weis-
berg et al. 1999, 2004) as well as unpublished
observations from Arecibo and the GMRT. The
fourteen pulsars we identified with putative PPC
emission are listed in Table 1. The beam opening
angles for the separation of candidate PPC
features from pulsar center were determined
using two times the value of their separations from
the main pulse centers. The extremity of the outer
conal emission (eq. 5) was used to distinguish be-
tween PPC and outer conal components (see Table
1). For three pulsars, B0940+16, J1332–3032 and
B1822–14 we were unable to carry out the above
analysis because their basic emission geometries
could not be modeled. In the remainder of this
section we describe each of the pulsars in more
detail.

B0823+26 exhibits a well established postcursor
feature in addition to its main pulse and inter-
pulse (Hankins & Fowler 1986). Rankin & Rath-
nasree (1995) studied the pulsar’s profile regions
in detail and appeared to confirm an increasing
postcursor separation with frequency. The basic
geometry was modeled by Rankin (1993b) and the
values reported in Table 1. Profiles for this pulsar
including its postcursor have been measured over
the frequency range from 317 MHz to 1.4 GHz and
their various characteristics given in Table 2. The
interpulse to main pulse separation is nearly 180◦

over this band, strongly suggesting an orthogonal
geometry. However, we find that the postcursor
is comprised of three features which have different
spectra as shown in Figure 1. The leading fea-
ture is prominent at lower frequencies but hardly
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Table 1: Emission geometry and beam opening angles at 1 GHz

Pulsar Period Profile α β Ref. separation ρP0.5 Comment
(sec) Class (◦) (◦) (◦) (◦)

B0823+26 0.531 St 84 +1.9 1 41.6 30.2 postcursor
B0940+16 1.087 ? — — 85 — postcursor?
B0943+10 1.098 Sd 11.6 4.31 2 52.3 13.2 precursor
B0950+08 0.253 Sd 16 -11.3 150 10.2 precursor
B1322+83 0.670 Sd 14 5.1 3 42.6 10.5 precursor
J1332–3032 0.650 ? — — 119.0 — precursor?
B1524–39 2.418 D 16.5 -0.4 5 57.7 12.5 precursor
B1530+27 1.125 Sd/D 30 +4.9 3 52 29.2 postcursor
B1742–30 0.367 T 24 6.4 3 14.3 5.5 outer cone
B1822–09 0.769 T 86 0.0 4 14.3 12.5 precursor
B1822–14 0.279 ? — — 26.4 — precursor?
B1929+10 0.227 ? 90 41.8 115 51.6 postcursor
B2217+47 0.538 St 42 4.5 3 42–68 23–35 postcursor
B2224+65 0.683 T1/2 15.2 3.3 5 30.1 7.6 outer cone

1. Rankin (1993b); 2. Rankin et al. (2003); 3. Mitra & Rankin (2011); 4. Backus et al. (2010); 5. this paper

detectable above 1 GHz—thus use of the postcur-
sor peak spacing leads to flawed conclusions about
its frequency evolution. The trailing extremity of
the postcursor provides a better estimator of its
separation. In Table 2 we list the half widths of
the main pulse, the separations of the postcursor
feature (5-σ at the outer edge) from the pulse cen-
ter, and the beam opening angles for both main
pulse and the postcursor separation at all avail-
able frequencies. Therefore, the postcursor sepa-
ration does not appear to vary with frequency con-
trary to Hankins & Fowler (1986) and Rankin &
Rathnasree (1995). The frequency evolution of the
postcursor emission beam and the corresponding
emission height using eq.(6) is shown in Figure 3.

B0940+16 shows what appears to be a postcur-
sor, at 430 MHz, about 85◦ from the center of its
main pulse (Weisberg et al. 2004). The feature
is also present at 1.4 GHz (Weisberg et al. 1999),
though it is much weaker. The PPA shows a rela-
tively flat swing across the main pulse suggesting
conal emission cut obliquely by the sightline. This
pulsar’s geometry has not been adequately deter-
mined, and hence we were unable to use it to inves-
tigate the putative postcursor feature’s geometry
quantitatively.

B0943+10 is well known for its so-called qui-

escent (Q) and burst (B) modes, and its profile
evolution and highly regular subpulse drifting in
the latter establish it as a classic example of conal
emission. Backus et al. (2010) discovered a profile
feature leading the main pulse during only the Q
mode that they identified as a precursor. We had
access to Q-mode profiles at 325, 610 and 1391
MHz which were used for our investigation here.
The pulsar is weaker during the Q mode, and ade-
quately sensitive profiles at higher frequencies are
difficult to obtain owing to its steep RF spectrum.
Rankin (1993b) computed its basic geometry, but
more accurate values come from more recent mod-
els of its subbeam carousel (Deshpande & Rankin
2001; Rankin et al. 2003), and these are the val-
ues reported in Table 1. We have determined the
width of the main pulse, the separation of the pre-
cursor from pulse center and the beam opening
angles as shown in Table 2.

B0950+08 shows the presence of a leading com-
ponent about 150◦ from the main pulse. This lead-
ing component has usually been considered an in-
terpulse, and questions about whether the com-
bination represented a nearly aligned or orthogo-
nal rotator (one- or two-pole configuration) much
debated (Blaskiewicz et al. 1991; Rankin 1993b;
Everett & Weisberg 2001). On its own, however,
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the evidence is strong that the main pulse rep-
resents an outer conal single geometry given the
prominent bifurcation of its profile at low frequen-
cies e.g.,Hankins & Rankin (2010). Moreover, the
very shallow PPA rate and strong indication of a
360◦ traverse over each rotation (e.g.,Blaskiewicz
et al. (1991)) almost definitively signals a small
α and negative β similar to the calculations in
Rankin (1993a,b). The main pulse is joined to
the preceding component via a bridge emission,
which also shows high degree of linear polariza-
tion and is located far away from the SG (located
close to the main pulse peak) suggesting a pos-
sible precursor emission. We used high quality
GMRT and Arecibo data with frequencies ranging
from 111 MHz to 2370 MHz, with the main pulse
showing considerable profile evolution across fre-
quencies. As a result it was difficult to identify the
central point and we used the mid point of the half
widths as reference for determining the separation
between components. The separation between the
two components shows a slight frequency evolution
and increases with increasing frequency (see Fig-
ure 1 and Table 2) which may be due to errors in
determining the pulse centre. We used the outer
conal geometry as estimated by Rankin (1993b)
(with correction of sign in β following the conven-
tion of Everett & Weisberg (2001)) with values of
α = 16◦ and β = –11.3◦. The period normalized
beam width for the leading emission component
at 1 GHz turns out to be 10◦ as seen in other
precursors. The leading emission in this pulsar is
then most likely a precursor but may show a slight
frequency evolution.

B1322+83 was studied in detail by Mitra &
Rankin (2011) at 325 MHz, who interpreted its
profile as having a precursor emission feature.
The main pulse emission exhibits the properties
of a conal single profile similar to the Q mode
of B0943+10. The pulsar also shows signatures
of interstellar scattering which made estimating
the feature widths difficult. The geometry of the
pulsar was determined by Mitra & Rankin (2011)
(see Table 1). The precursor feature is particularly
weak in this pulsar and was only detected at one
other frequency, 610 MHz. We were unable to es-
timate the width of the precursor at 610 MHz due
to its weakness, though its peak could be identi-
fied. The main pulse and precursor widths and
their separation at 325 and 610 MHz are shown in

Table 2 along with the radius of the beam opening
angles.

J1332–3032 The pulsar exhibits a two compo-
nent profile at low frequencies < 1 GHz (325, 430
and 610 MHz). The leading component is 119◦

ahead of the main pulse emission with the separa-
tion remaining constant across frequencies and is
therefore ostensible precursor emission. The pul-
sar is relatively weak and lacks polarization mea-
surements at any of the frequencies. We do not
have any estimate of the pulsar geometry and this
makes it difficult to distinguish between a wider
inner cone and precursor emission.

B1524–39 appears to have an emission feature
about 58◦ ahead of its main pulse. This putative
precursor emission was detected only at 435 MHz
and was not detected at 325 and 610 MHz. The
main pulse profile has a conal double form with a
steep 180◦ PPA sweep across it and shows little or
no width evolution with frequency. The geometry
of the pulsar was determined by fitting the RVM
to the PPA at 325 MHz and is shown in Table
1. The beam opening angle for the separation
of precursor feature from pulsar center was
well outside the conal range (see Table 1). We note
the peculiarity of the precursor detection at a sin-
gle frequency and its absence at both 325 and 610
MHz. This suggests the possibility that the pulsar
has modes like those of B0943+10 wherein precur-
sor emission is present only during a certain emis-
sion mode. The pulsar needs to be observed for
longer durations to assess whether mode changing
could be an issue.

B1530+27 shows weak putative postcursor emis-
sion 52◦ from its main pulse peak. The pulsar has
been studied in detail at 325 MHz by Mitra &
Rankin (2011) where its main pulse was identi-
fied as conal. Its main pulse shows a double form
and a shallow PPA traverse implying a probable
oblique sightline cut through the emission beam.
The above study also determined the pulsar’s ge-
ometry which is given in Table 1. The postcur-
sor feature is also seen at 430 MHz (Weisberg et

al. 2004) at the same separation from the main
pulse. The beam opening angle for the separa-
tion of postcursor emission from pulse cen-
ter is shown in Table 1 which clearly lies outside
the conal range.

B1742–30 A leading component located roughly
15◦ ahead of the main pulse is seen in this pul-
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sar over a wide frequency range. The separation
of this feature from the trailing components in-
creases with wavelength. A low level counterpart
trailing the central component is also visible in
certain higher sensitivity profiles. The geometry
of the pulsar was determined by Mitra & Rankin
(2011) and is shown in Table 1. The beam open-
ing angle at 1 GHz for the separation of the
leading component from the pulse center is
calculated (see Table 1) and lies within the conal
region as per eq.(5). The leading emission compo-
nent is thus identified as outer conal in this pulsar
which exhibits such an unusually broad triple (T)
profile.

B1822–09’s profile also famously exhibits both
a leading precursor and an interpulse in addition
to its main pulse, and these emission features are
seen alternately in its quiescent (Q) and burst (B)
modes. The interpulse appears in its Q mode and
the precursor in the B. However, there are mixed-
mode episodes where both emission components
are present (or absent) simultaneously (Latham et

al. 2012). Gil et al. (1994) studied this pulsar
extensively at several frequencies, interestingly re-
porting microstructures in the leading feature, but
failed to identify it as having the unique properties
of a precursor. Backus et al. (2010) first estab-
lished the core/inner cone character of the pul-
sar’s main pulse in relation to the leading precur-
sor feature. The geometry of this pulsar has been
computed by Mitra & Rankin (2011) and given
in Table 1. We studied the pulsar over a wide
frequency range from 240 MHz to 10.5 GHz with
the various component widths and beam opening
radii summarized in Table 2. The precursor emis-
sion becomes relatively weaker with decreasing fre-
quencies (see Figure 1). The beam opening angle
for the separation of precursor emission from
pulsar center lies well outside the conal region
and does not evolve with frequency (see Figure 3).

B1822–14 shows the presence of a faint emission
feature preceding its main pulse. The pulsar emis-
sion becomes fainter at lower frequencies such that
higher sensitivity profiles are available only at 1.4
and 1.6 GHz. The PPA shows a very shallow swing
across the main pulse suggesting a conal origin
and a peripheral sightline cut through the emis-
sion beam. The geometry of the pulsar is unavail-
able making estimation of the beam opening angle
impossible and hence we were unable to establish

the leading component as precursor emission.

B1929+10’s profile consists of a core/(double?)cone
main pulse and a core-single interpulse. As dis-
cussed in Rankin (1993a,b), the widths of both
cores indicate an orthogonal (two-pole) geome-
try. The main pulse and interpulse are separated
by “bridges” of weak highly linearly polarized
emission over essentially the entire rotation cycle;
however, a somewhat stronger postcursor feature
follows the main pulse. The separation between
the main pulse and interpulse is 187.4◦ and re-
mains constant with frequency (Hankins & Fowler
1986). At odds with this view are RVM fits to
the “bridge” emission (that necessarily ignore the
main pulse; Everett & Weisberg (2001)) suggest-
ing α and β values of some 36 and 26◦. Given
that these values permit no sense to be made
of the main-pulse component structure, we adopt
the above two-pole geometry for our purposes here
(and wonder if the low level “bridge” emission has
a different source). The pulsar’s off-pulse emission
has been studied in detail by Rankin & Rathnas-
ree (1997). The putative postcursor component
is fully linearly polarized, follows the main-pulse
peak by around 115◦, and its position seems to
remain constant with frequency.

B2217+47 The presence of a postcursor compo-
nent in this pulsar at 102.5 MHz was reported
by Suleymanova & Shitov (1994). The postcur-
sor was connected to the main pulse via an emis-
sion bridge and was distinguished by a gradual
time evolution. Its intensity increased with time
(during the observing cycle lasting several years),
and it moved towards the main pulse resulting in
a decreasing separation between the components.
The temporal variations of the postcursor were at-
tributed to precession of the rotation axis. The
postcursor is absent in higher frequencies despite
the presence of good quality profiles. The geom-
etry of the pulsar has been determined by Mitra
& Rankin (2011) with the α and β values shown
in Table 1. The main pulse is classified as core-
single. The corresponding beam opening angle
for the separation of postcursor from pulsar
center has been determined in Table 1 and turns
out to be large like other postcursor emission.

B2224+65 shows a profile with two widely sep-
arated emission components, and several studies
have interpreted these differently: Lyne & Manch-
ester (1988) classified the profile as being a “par-
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tial cone” while Mitra & Rankin (2011) identified
the trailing feature as a postcursor in relation to a
core-single main pulse. The latter study estimated
the geometry of the pulsar as having an α of 27◦

and β of 4.9◦. The core component width (see Ta-
ble 2 and eq. 3) was incompatible with the above
geometry. Using our measured core widths we es-
tablished the corrected geometry for this pulsar to
be α = 15.2◦ and β = 3.3◦.1 The pulsar was stud-
ied over frequencies ranging from 325 MHz to 1.6
GHz and the various component widths and beam
opening angles are shown in Table 2. The trail-
ing component grows stronger and its separation
decreases with increasing frequency (see Figure 1).
In addition the beam opening angles lie on the bor-
der of outer conal beam as seen in Figure 3. We
identify the trailing component to be outer conal
emission, a classic example of partial cone, lying
on the extreme edge of the emission beam.

4. Discussion

4.1. Properties of PPC emission

The PPC emission is asymmetric, without any
counterpart at the opposite side of the pulse cen-
ter, and thereby resembles a partial cone. It is
generally connected to the main pulse with a low
level emission bridge, and exhibits high degree of
linear polarization with a relatively flat PPA tra-
verse. Our analysis carried out assuming all
emission components to originate along the
open dipolar magnetic field lines reveal the
PPCs to be distinct from the outer conal emis-
sion, and we highlight some of their characteristic
features.

Separation of components: PPC emission fea-
tures, much like interpulses or inner conal com-
ponent pairs, show little or no significant spectral
change in their spacing from the main pulse region.
This property serves to differentiate PPC features
from outer conal component pairs, which regu-
larly show the widening with wavelength known
as “radius-to-frequency mapping”. Interpulse and
main pulse emission are expected to originate from
opposite magnetic poles, with the interpulse visi-
ble only for pulsars with an orthogonal geometry.
PPC emission is then quite unlike that from ei-

1We used (dχ/dϕ)
max

= -4.5 from Lyne & Manchester
(1988) in our calculations of β for the pulsar B2224+65.

ther polar flux tube, and it seems likely that it
is emitted at some different location within the
pulsar magnetosphere. However, given that the
PPC-main pulse separations are much less than
180◦, the PPC emission is likely to arise from the
same magnetic pole as the main pulse.

Beam opening angle: Outer conal emission, to
the extent that it originates near the periphery
of the polar flux tube, represents the extremity
of main pulse emission it terms of both open-
ing angle and altitude. The beam opening angle
changes with frequency and is estimated using the
geometry of the pulsar and the longitudinal ex-
tent of the component in question (see eq. 4).
The upper limit for the width of beam of the
outer conal emission turns out to be around 7.5◦

at 1 GHz (eq. 5, here the beam radius is nor-
malized by P0.5). The partial cone in the pulsar
B2224+65 has a beam opening angle of 7.6◦ and
is consistent with the conal width. The precur-
sor emission in B0943+10, B0950+08, B1322+83,
B1524–39, and B1822–09 has beam opening an-
gles between 10–15◦ while the postcursor com-
ponents in B0823+26, B1530+27, and B2217+47
has beam opening angles around 30◦.2 The beam
opening angles based on the separation be-
tween PPC and main pulse are much greater
than the conventional outer conal emission and
form the distinguishing feature between them. It
is interesting to note that the beam radii of the
precursor and postcursor emission are different
with the values for the postcursor being greater
by a factor of two. We have too few examples of
PPC emission to make a more general conclusion
regarding their differences.

Emission Heights: The radio emission in pul-
sars is expected to originate along the open dipolar
magnetic field lines. The outer conal emission lies
in the outermost regions of the emission beam
and its beam opening angle provides an estimate
of emission height. The emission height using eq.
6 turns out to be 40 RS at 1 GHz for a pulsar with
period 1 second. Using the beam opening angle
the emission height for the precursor emission is
calculated to be around 100 RS and the postcursor

2The beam opening angle of postcursor in B1929+10 is
around 50◦ but this value is likely to be lower as we have
used the most extreme case of orthogonal geometry for cal-
culations, see section 3 for details.

7



Table 2: The component spacing, width and beam radius

Pulsar Period ν MP width PC width PC-MP sep ρMP ρPC

(sec) (MHz) (◦) (◦) (◦) (◦) (◦)
317 5.4±0.1 — 41.4±0.4 3.3±0.04 41.3±0.1
408 4.1±0.1 — 42.8±0.8 2.8±0.04 42.7±0.2
430 4.1±0.1 — 42.0±0.4 2.8±0.04 41.9±0.1

B0823+26 0.531 591 5.0±0.1 — 41.7±0.7 3.1±0.04 41.6±0.2
610 4.1±0.1 — 41.2±0.7 2.8±0.04 41.1±0.2

1178 2.7±0.1 — 41.4±0.2 2.3±0.03 41.3±0.1
1404 3.2±0.1 — 42.1±0.7 2.5±0.03 42.0±0.2
1415 3.4±0.1 — 41.8±0.4 2.5±0.03 41.7±0.1
325 12.8±0.1 23.4±1.0 52.8±0.6 4.6±0.05 12.7±0.1

B0943+10 1.098 610 13.2±0.2 14.4±1.2 51.7±0.7 4.6±0.05 12.5±0.1
1391 15.2±0.7 18.7±1.0 50.2±0.8 4.7±0.05 12.3±0.1
111 19.7±0.4 — 144.9±0.9 11.4±0.05 20.0±0.1
317 14.7±0.4 25.2±1.0 146.3±0.4 11.4±0.05 20.1±0.1

B0950+08 0.253 430 14.1±0.4 23.2±1.1 147.3±0.5 11.3±0.05 20.1±0.1
602 12.3±0.3 22.0±1.0 149.1±0.4 11.3±0.05 20.2±0.1

1408 14.4±0.4 15.8±1.8 151.2±0.4 11.4±0.05 20.2±0.1
2307 12.7±0.4 16.9±1.1 153.5±0.8 11.3±0.05 20.3±0.1

B1322+83 0.670 325 9.8±0.2 17.1±1.0 42.9±0.6 5.3±0.1 12.9±0.1
610 10.0±0.4 — 42.2±0.8 5.3±0.1 12.7±0.2
243 8.1±0.4 3.9±0.6 14.4±0.3 4.0±0.2 14.4±0.3
325 7.1±0.2 7.0±0.2 15.2±0.1 3.5±0.1 15.2±0.1
408 6.7±0.4 4.1±0.2 14.8±0.1 3.3±0.2 14.8±0.1
610 7.1±1.1 6.7±0.2 14.6±0.6 3.5±0.5 14.6±0.6
800 6.8±0.1 7.4±0.3 14.5±0.1 3.4±0.1 14.5±0.1
925 5.4±0.1 7.7±0.2 15.0±0.1 2.7±0.1 15.0±0.1

1330 6.5±0.1 7.1±0.1 14.7±0.1 3.2±0.1 14.7±0.1
B1822–09 0.769 1408 5.2±0.1 6.0±0.1 14.7±0.1 2.6±0.1 14.7±0.1

1408 5.5±0.2 5.4±0.1 14.6±0.1 2.7±0.1 14.6±0.1
1410 6.1±0.3 5.6±0.2 13.6±0.1 3.0±0.2 13.6±0.1
1640 5.7±0.3 6.4±1.0 14.9±0.4 2.8±0.2 14.9±0.4
1642 6.0±1.1 5.6±0.1 14.3±0.8 3.0±0.5 14.3±0.8
4750 5.9±0.7 5.1±0.1 14.1±0.4 2.9±0.3 14.1±0.4
4850 4.9±0.1 5.6±0.1 13.9±0.04 2.4±0.1 13.9±0.04

10450 3.0±0.2 5.5±0.5 14.3±0.2 1.5±0.1 14.3±0.2
10550 3.6±0.1 6.3±0.3 14.3±0.1 1.8±0.1 14.3±0.1

325 12.1±0.2 18.7±0.7 33.3±0.3 3.7±0.2 10.0±0.1
400 12.0±0.2 15.1±0.7 32.1±0.3 3.7±0.2 9.7±0.1
408 10.4±0.3 13.4±1.3 32.7±0.6 3.6±0.2 9.9±0.2
610 11.3±0.2 10.9±0.3 31.2±0.1 3.7±0.2 9.5±0.1

B2224+65 0.683 800 12.0±0.5 10.1±0.4 30.5±0.3 3.7±0.2 9.3±0.1
925 11.3±0.5 7.5±0.3 29.9±0.2 3.7±0.2 9.2±0.1

1330 12.3±0.3 8.3±0.4 29.5±0.2 3.7±0.2 9.0±0.1
1408 10.7±0.1 6.7±0.1 29.5±0.2 3.6±0.2 9.0±0.1
1408 11.7±0.2 7.0±0.1 29.3±0.1 3.7±0.2 9.0±0.1
1642 11.5±0.3 6.7±0.1 28.9±0.1 3.7±0.2 8.9±0.1
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Fig. 1.— Frequency evolution of the postcursor in pulsar B0823+26 (top left), the precursor in B0943+10 (top
right), the precursor in B0950+08 (middle left), the precursor in B1822–09 (middle right) and the partial cone in
B2224+65 (bottom left). The precursors in B0943+10 and B1822–09 maintain a constant separation from the main
pulse center with frequency. The precursor is brighter at higher frequencies in the case of B1822–09. The precursor
remains more or less constant in B0943+10 in our frequency range, however, it is known to get considerably weaker
at lower frequencies. The precursor in B0950+08 shows a slight evolution with frequency where the emission grow
stronger and move further away from the main pulse with increasing frequency. However, the main pulse in this pulsar
also show significant frequency evolution and the perceived shift may be a result of erroneous determination of pulse
center at each frequency. The postcursor in B0823+26 consists of three subfeatures, all of which grow weaker with
increasing frequency. The leading feature is most prominent at 317 MHz and is barely detected at 1.4 GHz. However,
the outer edge of the postcursor emission maintains a constant separation from the main pulse. The outer conal
emission in B2224+65 which here is identified as a partial cone becomes more prominent with increasing frequency
compared to the central core component. The separation of the conal component from the pulse center as well as the
component width decreases with increasing frequency.
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Fig. 2.— Polarization characteristics of pulsars with the PPC emission: total intensity I (black line), the
linear polarization L (red broken line), circular polarization V (blue dotted line) as well as the polarization
position angle (PPA). The postcursor in pulsar B0823+26 (top left) shows high linear polarization (> 70
%) and moderate circular polarization (< 40%).The PPA shows no discernible swing across the postcursor
feature. In B0943+10 (top center) the precursor has high linear polarization and low circular polarization
with the PPA remaining flat across the precursor. In the case of the precursor in B1322+83 (top right), once
again we see high linear polarization (> 75%) but low circular polarization (< 10%) and a flat PPA swing.
Pulsar B1530+27’s postcursor (bottom left) exhibits somewhat different polarization characteristics. Its
linear polarization is smaller (< 30%) but with large circular polarization (> 70%). Its PPA swing, however,
is relatively flat across the feature. The precursor in pulsar B1822–09 (bottom center) is characterized by
high linear polarization (> 80%) and minimal circular polarization (< 10%). The PPA is relatively flat
compared to the main pulse but shows a change of about 30◦ across the precursor.
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B2224+65: Partial cone   B1822-09: Precursor   B0823+26: Postcursor

Partial Cone
Precursor

Postcursor

Conal Boundary

Fig. 3.— Evolution of the beam opening-angle radius with frequency for the precursor in B1822–09, postcur-
sor in B0823+26 and the partial cone in B2224+65. The dotted lines correspond to the spread in the beam
radius of the outermost conal component as determined by Mitra & Deshpande (1999) representing the
maximum extent of the dipolar open magnetic field lines. The partial cone component in B2224+65 exhibits
decreasing separation from the pulse center with increasing frequency and has been identified as an extremely
outer region of the beam and not a postcursor component. The precursor and postcursor components are
not consistent with the core-cone morphology, showing no frequency evolution of separation and lie outside
the beam opening angle. In the right hand side we have shown the emission heights for the beam radius
corresponding to the last open magnetic field lines. The PPC components originate much higher up along
the open field lines compared to the main pulse emission.
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emission is more than 500 RS (see Figure 3). The
above estimates should be taken as lower limits
as we do not yet know the exact location of the
PPC components within the emission beam. It is
clear that the PPC emission has a location much
higher up in the pulsar magnetosphere compared
to the main pulse emission. The implications of
the emission height on the underlying mechanism
of emission are discussed in the next subsection.

Polarization Characteristics: The PPC com-
ponents of B0823+26, B0943+10, B1322+83,
B1530+27 and B1822–09 with their polarization
properties are shown in figure 2. The polariza-
tion characteristics of the PPC emission in the
well known pulsars B0950+08 and B1929+10 are
shown in McLaughlin & Rankin (2000) (see their
figure 4 and 5). The PPC emission are associated
with a high degree of linear polarization greater
than 70 percent in most cases. The circular polar-
ization is much lower and is usually less than 20
percent. The notable exception being B1527+30
where the postcursor emission shows relatively low
linear polarization, less than 30 percent, and high
circular polarization, greater than 70 percent. The
PPA remains relatively flat across the PPC com-
ponents compared to the swing across the main
pulse. A closer look reveals the PPA to be not
completely flat but shows some gentle swing with
the change being as much as 20–40◦ across some
PPC components (see Figure 2). The high degree
of linear polarization as well as the absence of or-
thogonal modes in the PPC emission indicate the
likely source of emission to be a pure polarization
mode.

For pulsar B0823+26 we are able to securely
identify the alignment of the dominant postcur-
sor polarization mode. As summarized in Rankin
(2007), Morris et al. (1979) measured the abso-
lute PPA at the peak of the star’s main pulse as
+48(3)◦counter-clockwise from North. Its proper
motion direction was determined by Lyne et al.

(1982) as +146(1)◦. Assuming that the former re-
flects the “fiducial” orientation of the projected
magnetic field at the axis longitude, then the
latter minus the former indicates an orthogonal
98(1)◦ relation between the projected field orien-
tation and the polarization of the radiation, im-
plying that this radiation represents the extraordi-
nary (X) propagation mode. Further, reference to

the Everett & Weisberg (2001) discussion on this
pulsar shows clearly that the postcursor polariza-
tion represents the same mode (X) as the peak of
the main pulse.

4.2. PPC emission in terms of Emission
mechanisms

The lack of frequency evolution of PPC emission
leads to two possibilities about their origin; either
they emanate from a range of emission altitudes
with no discernible frequency evolution (like in
region of the magnetosphere where the magnetic
field lines do not diverge significantly with emis-
sion heights) or the emission mechanism has pro-
visions for emitting different frequencies at similar
location in the magnetosphere. Based on a num-
ber of phenomenological properties of the main
pulse radio emission, the most favourable mech-
anism appears to be the soliton induced curvature
radiation (Melikidze et al. 2000; Gil et al. 2004;
Mitra et al. 2009). Here we will discuss whether
the same mechanism can be applied to the PPC
emission as well.

The soliton model requires the presence of a
nonstationary flow of the plasma along the open
magnetic field lines. The presence of an inner vac-
uum gap above the magnetic poles act as a source
of relativistic plasma (Ruderman & Sutherland
1975; Gil et al. 2003) comprised of singly charged
primary particles (characterised by lorentz
factor γb ∼ 106) and secondary pair plasma (with
lorentz factors γp ∼ 10–1000). The nonstation-
ary flow coupled with the spread in particle en-
ergies results in overlapping clouds of secondary
plasma. This gives rise to the two stream in-
stability which generates electrostatic Langmuir
waves (Asseo & Melikidze 1998). The modula-
tional instability of the Langmuir waves leads to
the formation of relativistic charged solitons which
excite coherent curvature radiation in the ambi-
ent plasma. The condition for coherent emission
requires the wavelength to be greater than the
intrinsic soliton size (Melikidze et al. 2000), i.e

ω < 2
√

γpωp, (7)

where ωp = (4πe2n/me)
1/2 is the plasma fre-

quency; n = χnGJ , with χ ∼ 104.

The characteristic frequency of curvature radi-

12



Table 3: Conditions for coherent curvature radiation in PPC emission.

Pulsar P Ṗ−15 BS Ė rPC νp eq.(9) γc νc γ500

c

s 10−15 s s−1 1012 G 1031 erg s−1 RS MHz γp=200 MHz
B0823+26 0.531 1.71 0.96 45.2 600 21.6 0.011 10 0.001 750
B0943+10 1.098 3.49 1.98 10.4 130 213.1 0.113 45 0.559 450
B0950+08 0.253 0.23 0.24 56 70 392.8 0.209 70 1.950 350
B1322+83 0.670 0.57 0.62 7.4 75 349.8 0.185 65 2.610 375
B1524–39 2.418 19.07 6.87 5.3 110 343.7 0.182 65 1.717 425
B1530+27 1.125 0.78 0.95 2.2 550 16.7 0.009 10 0.0008 725
B1822–09 0.769 52.50 6.43 456 110 589.5 0.311 90 5.052 425
B2217+47 0.538 2.77 1.23 69.9 800 15.7 0.008 10 0.001 825

νp = ωp/2π and νc = ωc/2π. The condition for coherent radio emission requires eq.(9) and νc < 2
√

γpνp. The conditions are
not satisfied in all of the cases, see section 4.2 for details.

ation is given as

ωc =
3

2
γ3

pc/RC , (8)

where RC is the radius of curvature of the mag-
netic field lines. The emission occurs at heights
of 50RS where the radius of curvature of dipo-
lar magnetic field lines can be approximated as
RC ∼ 10 r, here r being the emission height.
The particle energies required for emission at these
heights are γc ∼ 200. The growth of the langmuir
waves is determined by the complex frequency (Γ)
where the instability can grow if the growth time
(1/Γ) is much less than the characteristic time
scale of the plasma cloud to overlap and interact
(1/Γ ≪ φo/c; here φo ∼ 105 cm, is the length scale
of secondary plasma cloud). The inequality is ex-
pressed in terms of typical pulsar parameters as
(Asseo & Melikidze 1998):

(γp/100)−1.5(r/50RS)−1.5(Ṗ−15/P )1/4
≫ 0.1, (9)

where P is the pulsar period, RS the radius of neu-
tron star and Ṗ−15 the period derivative in units
of 10−15 s s−1.

We have applied the soliton induced cur-
vature radiation mechanism to the PPC
emission in eight pulsars and the results
are outlined in Table 3 along with the basic
pulsar properties period, period derivative,
surface magnetic field and spin down ener-
gies. The emission heights are determined
from the radii of the beam opening angle

(using eq.6) and varies from 70–800 RS, see
column 6 in the table, which as we men-
tioned earlier are lower limits. We under-
take the following calculations to determine
the viability of the emission mechanism for
PPC components.
1. The values of the plasma frequency are
determined in column 7 for each pulsar at
the emission height of the PPC compo-
nents. The plasma frequencies are quite
low which already makes it unlikely for the
mechanism to emit higher frequencies (> 1
GHz) where PPC emission is observed (see
eq.7).
2. We checked whether the particles responsible
for the main pulse emission with energies γp ∼
200 can give rise to the detected PPC components.
The condition in eq.(9) is determined for the γp =
200 particles (Table 3, column 8) and turns out
to be low for optimal growth. These clearly im-
ply that the γp ∼ 200 particles in the secondary
plasma are incapable of developing the necessary
instability growth to generate coherent emission
at these emission heights.
3. We next look at the particles in the secondary
plasma which can give rise to optimal growth. We
assumed the condition in eq.(9) to be unity and
determined the particle energies which satisfy the
growth condition at the PPC emission heights.
The particle energies turn out to be be very low,
γc is between 10 to 100 as shown in column 9. We
have determined the frequency of curvature radi-
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ation (νc) at these emission heights using γc for
each of the pulsars, and the emission frequency
is very low ranging from a few kilohertz to a few
megahertz—much below the observing frequency
as shown in column 10 of Table 3. This clearly in-
dicates that the particles in the secondary plasma
which are suitable for growth of instability would
emit at much below observing frequencies.
4. Finally, we have calculated the particle ener-
gies which are capable of curvature radiation in
the observable RF range. We took the radiation
frequency as 500 MHz and using eq.(8) calculated
γ500

c at the heights of PPC emission. The Lorentz
factors ranged from 350 to 825 as shown in the last
column. The Lorentz factors between 350 and 825
would violate eq.(9) which will not lead to coher-
ent emission.

We have demonstrated that the soliton induced
coherent curvature radiation which is responsible
for the main pulse emission is unlikely to emit PPC
components. However, it is noteworthy that
the high linear polarization and pure polar-
ization mode of the PPC emission argues
for a mechanism similar to curvature radi-
ation. This would require a completely dif-
ferent treatment than the main pulse emis-
sion and is outside the scope of our present
studies.

There is another emission mechanism which de-
velops in the outer magnetosphere near the light
cylinder which can give rise to coherent radio emis-
sion (Kazbegi et al. 1991; Lyutikov et al. 1999).
The coherent emission can be generated when the
naturally developing electromagnetic modes in the
clouds of secondary plasma undergo negative ab-
sorption from the highly energetic primary parti-
cles via the cyclotron resonance instability. Re-
cently Basu et al. (2013) have used this mech-
anism to explain the origin of off-pulse emission
from long period pulsars. However, the mecha-
nism suffers from concerns of cutoff frequencies
and fine tuning of plasma parameters similar to
the curvature emission mechanism. This scenario
would further require explanation of the pulsed
nature of the PPC emission and detailed studies
are needed to ascertain its viability as a possible
emission mechanism.

Petrova (2008) has explained the precursor
emission as a result of induced scattering of the
main pulse emission into the background. The

scattered precursor is directed along the magnetic
fields and appears ahead of the main pulse due
to rotational aberration. However, according to
this mechanism the precursor separation does not
exceed 30◦ in longitude for the scattering region
to be within the magnetosphere. In our studies
we have found precursors in pulsars B0943+10,
B0950+08, B1322+83 and B1524–39 with longi-
tudinal separation in excess of 30◦. This study
further does not address the presence of postcur-
sors.

In this work we have demonstrated the precur-
sor and postcursor emission in pulsars to be differ-
ent from the canonical main pulse emission. The
locations of the PPC emission are higher up in
the magnetosphere compared to the main pulse.
It seems likely that the coherent curvature radia-
tion mechanism for the main pulse is inadequate
to explain their origin. The number of pulsars
with precursor components stands at five while
there are four pulsars with postcursor emission.
We have also identified three potential candidates
for PPC emission which we could not fully analyze
due to the lack of high quality observations. De-
tailed studies are required to search for more PPC
emission in the pulsar population and to further
characterize their nature including identifying the
location of the PPC emission within the magneto-
sphere and also looking for an emission mechanism
applicable to them.
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