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ABSTRACT

Context. Since the launch of the Fermi gamma-ray telescope, several hundred radio-loud gamma-ray pulsars have been detected,
many belonging to millisecond pulsars but some belonging to the young pulsar population with spin periods longer than 30 ms.
Aims. Observing simultaneously pulsed radio and gamma-ray emission from these stars helps to constrain the geometry and radiation
mechanisms within their magnetosphere and to localize the multiple photon production sites. In this paper we fit the time-aligned
gamma-ray light curves of young radio-loud gamma-ray pulsars. We assume a dipole force-free magnetosphere where radio photons
emanate from high altitudes above the polar caps and gamma rays originate from outside the light cylinder, within the striped wind
current sheet.
Methods. We computed a full atlas of radio and gamma-ray pulse profiles depending on the magnetic axis obliquity and line-of-sight
inclination with respect to the neutron star rotation axis. By applying a χ2 fitting technique, we were able to pin down accurately
the magnetosphere geometry. Further constraints were obtained from radio polarization measurement following the rotating vector
model, including aberration and retardation effects.
Results. We find a good agreement between our model and the time-aligned single- or double-peaked gamma-ray pulsar observations.
We deduce the magnetic inclination angle and the observer line of sight with respect to the rotation axis within a small error bar. The
distinction between radio-loud or radio-quiet gamma-ray pulsars or only radio pulsars can entirely be related to the geometry of the
associated emitting regions.
Conclusions. The high-altitude polar cap model combined with the striped wind represents a minimalistic approach able to reproduce
a wealth of gamma-ray pulse profiles for young radio pulsars. Based on self-consistent force-free simulations, it gives a full geomet-
rical picture of the emission properties without resorting to detailed knowledge of the individual particle dynamics and energetics.

Key words. magnetic fields – polarization – magnetohydrodynamics (MHD) – radiation mechanisms: general – stars: neutron –
gamma rays: stars

1. Introduction

The observed pulsed emission properties of pulsars in the radio
and high-energy bands, like their light curves and spectra,
are very sensitive to their global geometry. This geometry is
defined by their electromagnetic field topology and the angles,
on the one hand between the rotation axis and the magnetic
dipole axis, and on the other hand between the rotation axis
and the line of sight. A good first guess about the electro-
magnetic field was given by the now comprehensive simula-
tions of dipole force-free magnetospheres for aligned rotators
(Contopoulos et al. 1999; Komissarov 2006; Parfrey et al. 2012;
Cao et al. 2016a) and oblique rotators (Spitkovsky 2006; Pétri
2012) and (Kalapotharakos et al. 2012). More detailed models
include some dissipation through resistivity, like those done
in Li et al. (2012), Kalapotharakos et al. (2017) and Cao et al.
(2016b). Even kinetic simulations are available (Cerutti et al.
2015). However, a force-free fluid approach already suffices to
construct realistic radio and gamma-ray pulse profiles, furnish-
ing severe constraints on the underlying geometry.

Several works in the past indeed showed that a simultane-
ous radio and gamma-ray light curve fitting is valuable to pin
down the geometry. For instance, Pétri (2011) showed that in
the framework of a force-free split-monopole solution, simple

analytical expressions for the radio time lag and the gamma-
ray peak separation can be derived. Meanwhile, Seyffert et al.
(2011) used an emission model for gamma rays (relying on outer
gaps or two-pole caustics) and the constraints from radio polar-
ization to deduce the geometry of several pulsars, soon after
the publication of the first Fermi gamma-ray pulsar catalogue
(Abdo et al. 2010). Pierbattista et al. (2015) performed a com-
prehensive analysis of light curve modelling of young gamma-
ray pulsars assuming different geometries like polar cap, slot
gap, outer gap, and one-pole caustic but did not include the
striped wind. They also pointed out the importance of joint
radio–γ-ray fit to constrain the geometry. Some refinements of
this approach are due to Pierbattista et al. (2016). A complete
atlas of gamma-ray pulse profiles for several magnetospheric
models, summarizing the pulse properties and merits of each of
them can be found in Watters et al. (2009).

Other useful constraints on the emission sites come from
detailed radio polarization observations. However, if they come
from millisecond pulsars, these polarization data are difficult
to interpret because of the presence of strong non-dipolar
fields at the photon production sites. Nevertheless, Benli et al.
(2021) were able to put constraints on some of these millisec-
ond pulsars by fitting the time-aligned gamma-ray light curves
without resorting to accurate radio pulse profile modelling.

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A106, page 1 of 20

https://doi.org/10.1051/0004-6361/202141272
https://www.aanda.org
http://orcid.org/0000-0003-3790-8066
mailto:jerome.petri@astro.unistra.fr
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0


A&A 654, A106 (2021)

Their model is based on accurate dipole force-free magneto-
sphere simulations. Fortunately, the situation is drastically bet-
ter for young radio-loud gamma-ray pulsars. Thanks to radio
polarization measurements following the rotating vector model
(Radhakrishnan & Cooke 1969), aberration and/or retardation
effects (Blaskiewicz et al. 1991) help to localize the altitude of
radio emission which is about 5% of the light cylinder radius
for the sample studied in Mitra (2017). In this paper we apply
the fitting procedure used by Benli et al. (2021) to young pulsars
for which the radio emission height is better constrained and the
polarization data reasonably follow the rotating vector model,
thus relying on a pure dipole field with high confidence.

In this paper we re-explore the work done by Pétri (2011)
by using a realistic dipole force-free magnetosphere solution
extracted from our numerical simulations. The paper is orga-
nized as follows. Section 2 summarizes the radio observations
using polarization data to constrain emission heights and the
geometry. Section 3 summarizes the emission properties of the
current sheet within the force-free split monopole framework of
Michel (1973) and Bogovalov (1999). Time-aligned radio and
gamma-ray light curves are computed for geometric configura-
tions and summarized in several sky maps. Then we generalize
this approach to the more realistic dipole field, smoothly joining
the stellar surface to the striped wind and referred to as the dipole
force-free magnetosphere. Section 4 shows the results of our fit-
ting procedure for a good sample of young pulsars, constraining
their geometry. We draw our conclusions in Sect. 5.

2. Radio observations

Pulsars are broadband emitters and various frequencies emanat-
ing from different parts of the pulsar magnetosphere. The loca-
tion of the broadband emission is best constrained for the pulsed
radio emission, which is thought to arise from regions near the
neutron star polar cap, and the γ rays, which are thought to arise
near the light cylinder. Magnetospheric simulations of pulsars
assume a star-centred dipolar magnetic field configuration, and
are restricted to fast rotating pulsars (roughly 10 ms) due to lim-
itation in numerical resolution and computation time. Thus, to
compare simulation results with observations, ideally it is best
to use millisecond pulsars (MSP) to identify emission zones in
pulsars where the magnetic field is dipolar. Similar studies have
been done (see e.g., Benli et al. 2021); however, in the case of
MSPs it is difficult to constrain both the location and magnetic
field structure in the radio emission region, and as we discuss
below the young pulsar population can be used to obtain signifi-
cantly better constraints.

Radio polarization observations are particularly useful in this
regard since the polarization properties can be used to find both
the location of the emission site and its magnetic field geometry.
The polarization position angle (PPA) of the pulsar linear polar-
ization shows a characteristic S-shape across the pulse profile.
The PPA traverse can be interpreted in terms of the rotating vec-
tor model (RVM, Radhakrishnan & Cooke 1969), which states
that the PPA traverse reflects the change in the diverging dipolar
magnetic field line planes as the pulse profile sweeps past the
observer. According to the RVM, the PPA as a function of the
pulse phase φ is given by

Ψ(φ) = Ψ◦ + arctan
(

sinα sin (φ − φ◦)
sin ζ cosα − sinα cos ζ cos (φ − φ◦)

)
, (1)

where α is the angle between the rotation axis and the dipole
magnetic axis, β is the angle between the magnetic axis and the

observer line of sight, and ζ = α + β is the angle between the
rotation axis and the observer line of sight; Ψ◦ corresponds to the
steepest gradient point of the RVM which occurs at the longitude
φ◦, such that

dΨ

dφ

∣∣∣∣∣
φ◦

=
sinα
sin β

. (2)

While in principle fitting Eq. (1) to the PPA traverse in pulsars
can constrain the magnetic field geometry α and β, in practice
these parameters are highly correlated, so they remain uncon-
strained (see e.g., Everett & Weisberg 2001). Nonetheless a good
fit of the observed PPA to the RVM indicates that the pulsar radio
emission arises from regions of dipolar magnetic field regions.

In this study we focus on 31 young pulsars with periods
longer that 50 msec (see Table 1). Young pulsars are gener-
ally known to be highly polarized, and their PPA are often con-
sistent with the RVM. Of the 31 pulsars in our sample, we
could obtain archival polarization data for 21 pulsars at 1.4 GHz
from Johnston & Kerr (2018) and Theureau et al. (2011). Fur-
thermore, we could reliably fit the RVM given by Eq. (1) for
17 pulsars. The reduced χ2 values for the fits corresponding to
the α and ζ = α + β values given in Table 2 are given in Col. 7
of Table 1, and in most cases they indicate that the RVM is a
good fit to the PPA traverse. The large reduced χ2 value for PSR
J0908–4913 and J0835–4510 mostly occurs due to certain abrupt
changes in the PPA traverse towards the edge of the profiles.
Such changes in pulsar average PPA traverse can occur due to
orthogonal polarization moding or emission across the profile
arising due to a range of heights (see Mitra & Seiradakis 2004;
Mitra et al. 2007). However, for both these pulsars the over-
all PPA traverse is consistent with the RVM when these kinky
regions are excluded.

For some pulsars mentioned as ‘No RVM’, it was
not possible to constrain the RVM either due to scatter-
ing (PSR J0248+6021, PSR J1019–5749, J1730–3350), low
polarization (PSR J1509–5830), or extremely flat PPA tra-
verse (PSR J1016–5857, J1028–5819). For several pulsars in
our sample, RVM fits and χ2 contours have been reported
by Rookyard et al. (2015), Weltevrede & Wright (2009) and
Kramer & Johnston (2008), and our results are in good agree-
ment with these earlier studies. For the cases where RVM fits
were possible, it can be concluded that the radio emission arises
from regions of dipolar magnetic field lines. While it is desirable
to model the polarization for all the pulsars in our sample, in the
absence of such data we currently assume that this conclusion is
applicable for our whole sample of young pulsars.

Next we turn our attention to finding the location of the radio
emission region. It has been suggested by Blaskiewicz et al.
(1991) that due to rotation of the pulsar a delay (∆φ) is
introduced between the centre of the pulse profile and the
steepest gradient point of the PPA, as a result of the aberration–
retardation (A–R) effect. This delay, in the linear approximation,
is related to the radio emission height h from the stellar sur-
face and the pulsar period P as ∆φ = 1440 h/c P (deg), where
c is the velocity of light. The radio emission heights using the
A–R delay has been estimated in a large sample of pulsars by
several studies (e.g., Blaskiewicz et al. 1991; Mitra & Li 2004;
Weltevrede & Johnston 2008). The emission height as a func-
tion of pulsar period calculated using the A–R method is found
to originate about 500 km above the neutron star surface (see
Mitra 2017). As the emission height appears to be constant over a
wide period range, the value of ∆φ is expected to be much larger
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Table 1. Radio profile of Young radio-loud gamma-ray pulsars extracted for the Fermi second pulsar catalogue.

PSR P δ ∆ φl φt χ2 φ◦ ∆φ Height (h)
(J2000) (ms) (deg) (deg) (deg) (deg) (km)

J0248+6021 217 0.336 ± 0.017 – −7.7± 0.2 65.4± 0.2 NO RVM
J0631+1036 288 0.497± 0.022 – −7.7± 0.3 14.4± 0.3 1.16 14± 2 11± 2 660± 120
J0659+1414 385 0.224 ± 0.010 – −18.9± 0.4 15.5± 0.4 2.05 22± 7 23± 7 1884± 561
J0742–2822 167 0.627 ± 0.005 – −12.6± 0.3 17.5± 0.3 42.7 8± 2 6± 2 208± 69
J0835–4510 89 0.129 ± 0.001 0.433± 0.001 −38.6± 0.2 37.6± 0.2 3245 4.3± 0.5 5± 1 93± 20
J0908–4913† 107 0.102± 0.005 0.501± 0.006 −15.8± 0.3 12.3± 0.3 1466 3.4± 1 5± 1 111± 22
J1016–5857 107 0.143± 0.003 0.423± 0.004 −19.3± 0.3 10.2± 0.3 NO RVM
J1019–5749 162 0.482± 0.010 – −10.5± 0.3 52.7± 0.3 NO RVM
J1028–5819 91 0.195± 0.001 0.475± 0.001 −1.8± 0.4 0.4± 0.3 NO RVM
J1048–5832 124 0.125± 0.001 0.426± 0.001 −16.2± 0.3 20.4± 0.3 6.6 3.5± 1 1± 1
J1057–5226† 197 0.304± 0.003 0.307± 0.004 −13.7± 0.3 23.2± 0.3 11.09 0.0± 18 −4± 18
J1119–6127 408 0.285± 0.015 0.204± 0.020 −15.1± 0.3 15.8± 0.3 1.5 26.0± 10 25± 10 2125± 850
J1357–6429 166 0.359± 0.028 – −15.8± 0.3 16.2± 0.3 1.33 2.5± 100 2± 100
J1420–6048 68 0.196± 0.011 0.312± 0.015 −39.7± 0.3 12.3± 0.3 1.9 −10.7± 3 3± 3
J1509–5850 89 0.271± 0.011 0.264± 0.013 −7.1 ± 0.3 8.1± 0.3 NO RVM
J1648–4611 165 0.261± 0.010 0.298± 0.082 −14.7± 0.3 9.1± 0.3 1.6 −9.6± 10 −6± 10
J1702–4128 182 0.397± 0.038 – −11.9± 0.3 16.5± 0.3 1.4 −17.9± 30 −20± 30
J1709–4429 102 0.239± 0.001 0.244± 0.002 −30.9± 0.3 29.5± 0.3 1.07 10.3± 3 11± 3 233± 64
J1718–3825 75 0.397± 0.009 – −10.9± 0.3 38.6± 0.3 1.26 21.4± 5 9± 5 140± 78
J1730–3350 139 0.128± 0.007 0.419± 0.007 −11.6± 0.3 50.8± 0.3 NO RVM
J1747–2958 99 0.181± 0.003 0.392± 0.005 NRP
J1801–2451 125 0.060± 0.005 0.496± 0.020 −10.4± 0.3 10.9± 0.3 0.87 −8.6± 6 −9± 6
J1835–1106 166 0.139± 0.006 0.421± 0.011 −11.2± 0.3 11.2± 0.3 1.37 4.2± 5 4± 5
J1907+0602 107 0.209± 0.003 0.389± 0.004 NRP
J1952+3252 39 0.161± 0.002 0.478± 0.003 NRP
J2021+3651 104 0.132± 0.001 0.478± 0.001 NRP
J2030+3641 200 0.269± 0.010 0.309± 0.014 NRP
J2032+4127 143 0.099± 0.001 0.516± 0.001 NRP
J2043+2740 96 0.132± 0.007 0.432± 0.010 NRP
J2229+6114 52 0.187± 0.007 0.299± 0.008 NRP
J2240+5832 140 0.118± 0.014 0.476± 0.014 −8.6± 0.2 7.4± 0.2 1.93 3.7± 10 4± 10

Notes. The data for PSR J2240+5832 and PSR J0248+6021 are from Theureau et al. (2011). The rest of the data are from Johnston & Kerr (2018),
and the abbreviation ‘NRP’ stands for cases where no radio profile was available for analysis. The abbreviation ‘NO RVM’ corresponds to cases
where the RVM fit was not possible for the data. The pulsars flagged with superscript † are interpulsars, where the φ◦, ∆φ, and h in the table is
estimated for the region below the main pulse.

in younger pulsars than older pulsars. As a result more robust
radio emission heights can be obtained in the younger pulsar
population.

However, there are certain limitations in applying the A–R
delay method for emission height estimates. In order to estimate
∆φ the longitude at the leading (φl) and trailing (φt) edge of the
profile is obtained, as well as the longitude corresponding to the
steepest gradient point (φ◦) of the PPA traverse from RVM fits.
The A–R effect predicts a positive ∆φ, where ∆φ = φ◦ − (φt −

φl)/2. It has been noted in several studies (e.g., Mitra & Li 2004;
Weltevrede & Johnston 2008) that there are pulsars for which ∆φ
is negative, and hence do not reflect the A–R effect. The limita-
tions stem from the fact that the A–R method requires φl and φt
to correspond to the last open magnetic field line which is sym-
metrically placed with respect to the magnetic axis. However, φl
and φt are measured at a few times above the noise level at the
edge of the profile, and this can lead to errors due to weak emis-
sion near the profile edges. Mitra & Rankin (2011) showed that
single pulse studies can be beneficial to estimate profile edges,
as some single pulses (where the edge emission is brighter and
more prominent) can be significantly stronger than the average
profile. In addition, the φ◦ measurements can also be affected

due to the presence of orthogonal polarization modes, and sin-
gle pulses can be used to model the RVM significantly better by
disentangling the orthogonal polarization moding effects.

Our sample pulsars, however, has only average profile data,
and in Table 1 we give the φl and φt measured at 5 times the
rms level measured in the off-pulse region. The fiducial points
φ◦ obtained by the RVM fits are also given in the table. Using
these values we estimated the emission heights h as shown
in Table 1. A reliable h value could be estimated for eight
cases, and was found to lie below 10% of the light cylinder
radius, which we assume to be a good estimate for our pulsar
sample.

3. Split monopole versus dipole magnetosphere

Computing multi-wavelength light curves relies on some
magnetosphere models. In this paper we exclusively consider
force-free models based on either a split-monopole or a dipole
magnetic field. Before showing the results of the dipole mag-
netosphere fitting the observations, it is instructive to compare
the split-monopole expectations to the more realistic dipole
field.
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Table 2. Best fit values for the geometry of each pulsar according to the
analysis of their gamma-ray light curves.

PSR α (in ◦) ζ (in ◦) φs

J0248+6021 30 42 −0.07
J0631+1036∗ 40 36 0.01
J0659+1414∗ 45 32 −0.23
J0742–2822∗ 140 136 0.16
J0835–4510∗ 65 58 −0.1
J0908–4913∗ 95 92 −0.08
J1016–5857 40 64 −0.02
J1019–5749 30 42 0.07
J1028–5819 75 64 −0.01
J1048–5832∗ 60 68 −0.12
J1057–5226∗ 25 44 −0.01
J1119–6127∗ 60 40 −0.06
J1357–6429∗ 20 34 −0.09
J1420–6048∗ 45 56 −0.08
J1509–5850 40 24 −0.06
J1648–4611∗ 60 42 −0.05
J1702–4128∗ 155 148 −0.05
J1709–4429∗ 40 56 −0.1
J1718–3825∗ 30 38 −0.06
J1730–3350 20 36 −0.05
J1747–2958 45 68 −0.07
J1801–2451∗ 85 72 −0.12
J1835–1106∗ 30 36 0.03
J1907+0602 45 68 −0.04
J1952+3252 60 84 −0.06
J2021+3651 60 80 −0.09
J2030+3641 20 42 −0.07
J2032+4127 85 72 −0.08
J2043+2740 45 68 −0.06
J2229+6114 35 44 −0.03
J2240+5832∗ 60 80 −0.09

Notes. Pulsars flagged with superscript ∗ are those that have radio polar-
ization RVM fits (see Table 1) using the α and ζ values given above
(except for PSR J1057−5226, as discussed in Sect. 4.3).

3.1. Split monopole

The split monopole is a simple but elegant exact 3D force-free
solution of a neutron star magnetosphere at large distances r �
rL, well outside the light cylinder, in the wind zone. We note
however that the magnetic field strength decreases only like a
monopole, that is with B ∝ r−2 and not with B ∝ r−3, as for a
dipole field. This is of no concern in the present study because
we focus essentially on geometrical properties and not on the
energetics related to the electromagnetic field strength or dissi-
pation and the associated particle dynamics. The most important
feature of the split monopole is the position of its equatorial cur-
rent sheet. This infinitely thin sheet is actually accurately local-
ized by a simple expression given by a two-dimensional surface
expressed in spherical polar coordinates (r, ϑ, ϕ) as

rs(ϑ, ϕ, t) = βv rL

[
± arccos(− cotϑ cotα) +

c t
rL
− ϕ + 2 ` π

]
, (3)

where Ω is the stellar rotation rate, c the speed of light, α the
inclination of the split monopole, βv = V/c the wind speed,
rL = c/Ω the radius of the light cylinder, t the time as measured
by a distant observer at rest, and ` an integer. The current sheet
is connected to the stellar surface by monopolar magnetic field

Fig. 1. Time lag δ between the radio and the closest gamma-ray peak for
the split monopole model (dots) and for the dipole model (solid lines)
for α = {15◦, 45◦, 75◦}.

lines. To a very good approximation we assume that the wind
moves radially at exactly the speed of light, V = c.

The simultaneous time-aligned radio and gamma-ray pulse
profile evolution with the geometric configuration are exten-
sively computed in Pétri (2011). The main features of this emis-
sion was a radio time lag δ connected to the gamma-ray peak
separation ∆ (if both gamma peaks are visible) expressed by

δ ≈
1 − ∆

2
. (4)

Moreover, the gamma-ray peak separation ∆ depends only on α
and the inclination of the line of sight ζ = α+β. These parameter
were found to be related by

cos(π∆) = | cot ζ cotα|. (5)

These expressions are derived analytically with some approx-
imations detailed in Pétri (2011). According to Eq. (4) the
gamma-ray peak separation ∆ is not independent of the radio
time lag δ. This formula is actually a simple consequence of
the geometrical behaviour and symmetries of the striped wind
emission properties related to the polar cap radio emission. It
assumes that the radio emission emanates from deep within the
light cylinder. In reality, as we show in this paper, we must add an
additional delay due to the variable radio emission height from
pulsar to pulsar. Equation (5) correlates α and ζ depending on
the peak separation ∆ independently of the radio properties. Here
again, this formula is derived from pure geometrical considera-
tions related to the current sheet structure as given by Eq. (3).

In the present work we compute numerically the radio and
gamma-ray light curves assuming a Gaussian beam shape around
the polar cap for radio emission up to the actual emission height
at approximately 0.05 rL and a thin current layer around the cur-
rent sheet depicted by Eq. (3) for several inclination angles α.
The results for the radio time lag δ are shown as coloured dotted
points in Fig. 1 for α = {15◦, 45◦, 75◦}. The associated gamma-
ray peak separation ∆ is shown as coloured dotted points in
Fig. 2, which shows the good agreement between our simula-
tions and the analytical expectation in Eq. (5), also shown as
dashed coloured lines. The solid lines correspond to the dipole
model, see below.

As a check of the accuracy of relation Eq. (4), we plotted the
sum δ + ∆/2 in Fig. 3. It always lies around 0.55, and therefore
remains close to the expected value of 0.5 whatever the geometry
of the magnetosphere (arbitrary ζ and α).
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Fig. 2. Gamma-ray peak separation ∆ for the split monopole model
(dots) and for the dipole model (solid lines) for α = {15◦, 45◦, 75◦}.
The dashed lines represent the expectations from Eq. (5).

Fig. 3. Sum δ + ∆/2 for the split monopole model (dots) and the dipole
model (solid lines) for α = {15◦, 45◦, 75◦}. The horizontal line shows
the expect theoretical value of 1/2.

3.2. Dipole magnetosphere

The split monopole gives a good first guess to the structure of
the striped wind. However, it does not properly connect the sta-
tionary region in the vicinity of the stellar surface to the wave
zone outside the light cylinder. A more realistic case must take
into account the dipole nature of the field inside the light cylin-
der and not a split monopole. Therefore, in order to estimate
the discrepancy between the split monopole results shown in the
previous section and the physical situation of a true magneto-
sphere, we use the solutions from force-free numerical simu-
lations of pulsar magnetospheres, treating self-consistently the
electromagnetic field, and relying on our previous publications
in Pétri (2012).

However, we note that young radio pulsars with periods
above several tenths of milliseconds are difficult to model
numerically because the ratio of the neutron star radius R to the
light cylinder radius rL is very low a = R/rL � 1. Because
the simulation box must resolve all scales from the neutron star
size to the light cylinder length, numerical simulations require
very high resolutions in 3D rendering it impossible to reckon the
electromagnetic field with a decent computational time. There-
fore, in all simulations the ratio R/rL is artificially increased
to millisecond periods in order to get tractable runs. However,

Fig. 4. Gamma-ray sky maps for the split monopole, left column, and
the dipole magnetosphere, right column for α = 15◦, 45◦, 75◦.

such high ratios will not significantly impact the global mag-
netospheric geometry because variations are expected to scale as
(R/rL)2. For instance, in the Deutsch solution (Deutsch 1955) the
spindown correction introduces a factor (1− a2); meanwhile, the
polar cap size decreases as

√
a without significant changes in

their shape (homothetic transformations) (see e.g., Pétri 2018).
Therefore, without loss of precision, we can use a ratio a = 0.2,
as was done in our force-free runs to compute young pulsars
emission properties to good accuracy. An additional time lag can
be added if necessary due to time of flight propagation effects.

We constructed a set of pulsar dipole magnetospheres with
a = 0.2 and obliquities α ranging from 0◦ to 90◦ in steps of 5◦.
Then we computed the polar cap shapes, localizing the last open
field lines as well as the current sheet outside the light cylinder.
The observer line of sight ζ ranges from 0◦ to 180◦ in steps of
2◦. Some relevant sky maps for split monopole and dipole mag-
netospheres are shown in Fig. 4.

As done in the previous section for the split monopole, we
computed the radio time lag δ, shown as coloured solid lines in
Fig. 1. The associated gamma-ray peak separation ∆ is plotted
as coloured solid lines in Fig. 2. Here again, we found a good
agreement between the dipole model and the analytical expec-
tations in Eqs. (4) and (5). We finally also checked the devia-
tion for the simple law Eq. (4) by computing δ + ∆/2 for all
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configurations. Remarkably, we found only a small deviation
with a value between 0.46 and 0.5 instead of the theoretical value
of 0.5 (see the coloured solid lines in Fig. 3).

Consequently, we have a simple tool to quickly guess the
geometry of any radio loud gamma-ray pulsar by measuring its
radio lag δ and gamma-ray peak separation ∆. However, the
angles ζ and α remain degenerate because a continuum of cou-
ples (ζ, α) give the same results. In order to leave the degeneracy,
we must scrutinize individually each pulsar by fitting its gamma-
ray light curve. Then, as an a posteriori check, we verify its com-
patibility with measurements of the radio polarization position
angle. This helps to drastically narrow down uncertainties in the
geometrical configuration.

The emission height, although situated at about 5% of rL, is
not firmly constrained. There is still a slight freedom to shift the
radio time lag to the leading or trailing direction depending on
the exact location with respect to our fiducial point. In our simu-
lations we assumed a radio beam radiated in the radial direction
at a distance h0 from the stellar centre. This height was numeri-
cally fixed to h0/rL = 0.2 for the dipole simulations. If the radio
emission emanates from a distance h1 from the stellar centre, the
time of flight delay compared to the fiducial altitude h0 is

∆t =
h0 − h1

c
(6)

corresponding to a phase shift in the light curve amounting to

φr =
h0 − h1

2 π rL
. (7)

Because the radio pulse profile is taken as phase zero for syn-
chronization purposes, the gamma-ray light curves move in the
opposite direction, to earlier phases with respect to the radio
pulse profile, and therefore φs = −φr. Consequently, allowing
emission deeper within the magnetosphere h1 < h0 shifts the
gamma-ray pulse profile to earlier phases with a negative addi-
tional delay φs < 0 compared to our simulated time-aligned
gamma-ray profiles. In the opposite case of higher emission alti-
tudes h1 > h0, the gamma-ray pulse profile shifts to later phases
with a positive delay φs > 0. Therefore, in all of our fits we
added an offset phase φs in order to take this uncertainty into
account, as well as a possible lack of data in the middle of the
radio pulse profile. See also the discussion in Benli et al. (2021).
Knowing that emission heights are about h1 ≈ 0.05 rL, this off-
set is expected to be around φs ≈ −0.15/2π ≈ −0.02. As can
be computed from Eq. (7), the phase shift induced by uncer-
tainties in the radio emission height is weak, at most 2% of the
period. Including aberration and/or altitude dependent magnetic
field sweep back (Phillips 1992) will at most double or triple this
value. The good news is that we do not need an accurate location
of the radio emission site. The bad news is that larger shifts, as
we found in our fittings, requires other ingredients to justify the
10% or 15% shift in the period. One possibility is to move the
emission from the striped wind to larger distances, not starting
right at the light cylinder but at two or three times rL. Shifting
from 1 rL to 2 rL introduces a time lag (actually an advance in
time corresponding to a shift to earlier phases) of approximately
1/2 π ≈ 0.16 = 16% of the period.

In order to summarize all possible gamma-ray light curves,
single peaked or double peaked, an atlas is shown in Fig. 5 with
the full range of obliquities α and line of sight ζ. We note that all
intensities are normalized to unity, but in reality we expect much
fainter radiation when the observer line of sight does not cross or
only grazes the current sheet in the wind. Due to the symmetry of

Fig. 5. Atlas of gamma-ray light curves for α =
{15◦, 30◦, 45◦, 60◦, 75◦, 90◦} from left to right, and ζ = {0◦, . . . , 90◦}
from top to bottom with steps of 10◦ in the format {α, ζ}.

the dipole, we do not show the southern hemisphere light curve
atlas with either α > 90◦ or ζ > 90◦. The radio and gamma-
ray sky maps highlight a north–south symmetry meaning that
the configuration (α, ζ) produces exactly the same light curves
as the symmetrical configuration (π − α, π − ζ). Another impor-
tant symmetry connects (α, ζ) to (α, π − ζ), the latter showing a
light curve identical to the former except for a shift in phase of
half a period. Therefore, from the knowledge of the sky maps for
only the obliquity range (α, ζ) ∈ [0◦, 90◦]2, we are able to pro-
duce any light curve whatever (α, ζ) ∈ [0◦, 180◦]2. We note that
this symmetry is broken when fitting the radio PPA. Very high-
quality polarization data are able to lift the degeneracy from the
gamma-ray sky maps, pinning down the angles to small uncer-
tainties. These conclusions are primordial when studying pulsars
for which we expect α > 90◦ such as J0742–2822, J0908–4913,
and J1702–4128. However, we use α ≤ 90◦ to adjust gamma-ray
light curves even if α is constrained to be larger than 90◦ from
RVM thanks to this symmetry.

Several kinds of profiles are produced. Asymmetric single
peaks are obtained for weak inclination angles α and ζ, in the
upper left part of the atlas. When moving downwards to the right
an unresolved double peak structure appears with two overlap-
ping peaks showing a kind of bridge emission. For the largest
angles α and ζ, in the lower right part of the atlas, the two
peaks are well separated. We also note that the dominant peak
is either the first or the second, depending on the observer line
of sight. For instance, the case α = 75◦, fifth column, starts with
a dominant first peak becoming weaker when the observer looks
through the equator, for ζ > 50◦.

The simultaneous observation of radio and gamma-ray
pulses is conditioned to the line of sight crossing the radio emis-
sion cone. Assuming the formula for a static dipole and setting
the emission height at a distance r from the stellar centre, the
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Fig. 6. Isocurves of constant gamma-ray peak separation ∆ depending
on α and ζ. The orange shaded area corresponds to observable radio
emission with beam half opening angle θem = 20◦.

half opening angle of this cone is

θem =
3
2
θpc ≈

3
2

√
R
rL
≈ 1.3◦

( P
1 s

)−1/2

. (8)

Actually, the radio emission does not escape from the polar caps
for young pulsars, but at a substantial height above the stellar
surface, around r ≈ 0.05 rL (Mitra 2017). The half opening angle
is therefore insensitive to the period and equals

θem =
3
2

√
r
rL
≈ 20◦. (9)

This means that the line of sight must not deviate more than θem
from the magnetic moment axis ζ ∈ [α − θem, α + θem] or for the
angle β ∈ [−θem,+θem]. Meanwhile, for gamma rays to be visi-
ble, we impose 90◦ − α . ζ . 90◦ + α. A summary of relevant
angles in the (α, ζ) plane is shown in Fig. 6, linking the variation
in ζ to the variation in α for a fixed gamma-ray peak separa-
tion ∆. The orange shaded area delimits the region where radio
pulse profiles are detected according to the cone opening angle
θem. Radio-loud gamma-ray pulsars are located in the upper right
part of this shaded area, for angles α & 45◦. Actually, for each
pulsar with known ∆, we can constrain the obliquity α by setting
an interval [αmin, αmax], as shown in Fig. 7. Higher peak sepa-
rations imply higher obliquities, tending towards 90◦. The blue
points correspond to the results of the fits performed in Sect. 4.

Radio-loud single gamma-ray peak pulsars are seen when the
observer line of sight grazes the edges of the current sheet within
the striped wind. This occurs whenever α + ζ ≈ 90◦. Moreover,
this line of sight must cross the radio beam, and therefore |ζ−α| .
θem. This puts severe constraints on α, namely |α− 45◦| . θem/2.
In our case with θem = 20◦ we get (α, ζ) ∈ [35◦, 55◦]2, which
corresponds to the area around ∆ = 0 in Fig. 7.

Fig. 7. Constraint on the obliquity for a radio-loud gamma-ray pul-
sar with two peaks separated by ∆. The blue points correspond to the
results of the fits performed on the pulsar sample chosen in this work
(see Sect. 4).

4. Results

In this section we describe our fitting method, the young pulsar
population used in our study and eventually discuss the results of
the best geometry within the combined gamma-ray striped wind
and radio rotating vector model. Implications for the emission
sites are also discussed.

To keep the gamma-ray emission model as simple as possi-
ble, we use exactly the same size for the current sheet emission
for all pulsars, integrating photon emissivity in a spherical shell
comprised between the radius r = rL and r = 3 rL. We recall
moreover that these gamma rays are emitted tangentially to the
current sheet in its rest frame, but due to Lorentz boosting to the
observer frame, this radiation is directed almost radially for that
observer.

4.1. Fitting method

Our fitting method closely follows the technique used by
Benli et al. (2021). The important features to be matched are the
radio–gamma-ray time lag and the gamma-ray peak separation
(if both peaks are visible) and the gamma-ray light curve pro-
files. The precise radio pulse profile is irrelevant to our study
because we do not investigate in depth the radio emission mech-
anism. We only require an estimate of its emission altitude and
assume a Gaussian shape to accurately localize the radio peak
phase taken by definition as phase zero. Most importantly, we fit
as properly as possible the time-aligned gamma-ray light curves
in accordance with the radio peak synchronization. According to
the pulsar gamma-ray catalogue (Abdo et al. 2013), the synchro-
nization performed by the Fermi/LAT collaboration varies from
pulsar to pulsar for several reasons, mainly because the deter-
mination of the centre of the radio pulse profile is problematic.
In our investigations, we do not suffer from such indeterminacy
because we take the plane formed by the magnetic axis and the
rotation axis as a fiducial plane which has phase zero by con-
vention. In this way we get a homogeneous fitting procedure for
all pulsars in our sample. The χ2 introduced for the gamma-ray
light curve fitting is expressed as

χ2 =
∑

i

(
Iobs
i − Imodel

i

)2

σ2
i

, (10)
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where Iobs
i is the observed gamma-ray intensity, σ2

i its associ-
ated error for the ith phase bin, and Imodel

i the model intensity at
the same observational bin. As the observational phase bins do
not coincide with the theoretical phase bins, we interpolate the
theoretical light curves at the observational phase bins.

4.2. Pulsar sample

Our sample of young and radio-loud gamma-ray pulsars is
guided by the existence of good quality gamma-ray light curves
and if possible in conjunction with good radio polarization data
in order to fit the polarization position angle (PPA) with the rotat-
ing vector model. Our choice implies selecting pulsars with peri-
ods above approximately 30 ms in order to ensure radio photon
production at high altitude above the polar cap where the dipole
magnetic field approximation holds accurately. The A–R effect
measured in those pulsars indeed constrains the emission height
to a fraction of the light cylinder radius. Bearing in mind all
these constraints, we arrive at a reasonable sample of 31 pulsars
summarized in Table 1. The pulsar period ranges from 39 ms
to more than 400 ms. Except for seven pulsars, they all show a
double gamma-ray pulse profile with ∆ in the range 0.2–0.5. The
gamma-ray peak time lag goes from 0.06 to 0.63.

4.3. Joined RVM and gamma-ray fits

We start with the sub-sample of pulsars having a reasonable
RVM fit to constrain the two angles α and β = ζ−α. The gamma-
ray light curves are extracted from the second pulsar catalogue
(Abdo et al. 2013).

For all these pulsars, we show in the same figure first the
radio pulse profile with the best RVM fit, then the radio and
gamma-ray χ2 fit, and finally the best radio and gamma-ray
light curves predictions compared to observations. We briefly go
through all these pulsars below.

PSR J0631+1036. With a period of 288 ms this pulsar
shows something that looks like one gamma-ray peak or an unre-
solved double peak. Its radio pulse profile and the corresponding
PPA are shown in the top panel of Fig. 8. The log χ2 contour
plots for radio polarization fits is shown in coloured contours
and the gamma-ray light curve fits in solid lines in the middle
panel of Fig. 8. The red cross indicates the obliquity and the
inclination angle for the best joined fit. The corresponding radio
and gamma-ray light curves are overlapped with observations in
the bottom panel of Fig. 8. The gamma-ray best fit light curve
resembles an unresolved double peaked profile. However, a bet-
ter signal-to-noise ratio is required to firmly distinguish between
a single- and a double-peak structure. Nevertheless, the joined
radio and gamma-ray fit severely constrains the geometry of
J0631+1036 because the most likely regions in the (α, β) plane
are very different for the two wavelengths. The gamma-ray fit is
good and consistent with radio polarization data. A small offset
is required φs = 0.01 for α = 40◦ and ζ = 36◦. We note that other
fits are not excluded because the best radio and best gamma-ray
fits are not always strictly compatible. Therefore, depending on
the weight of each wavelength for defining a global χ2 fit, we
arrive at slightly different geometries. For conciseness, we do
not plot them.

PSR J0659+1414. Figure 9 shows this clear single gamma-
ray peaked pulsar with period 385 ms. Good radio polarization
data in the top panel of Fig. 9 constrain the angles through the
χ2 contour plots of radio and gamma-ray observations, as for
J0631+1036 (middle panel of Fig. 9). The gamma-ray pulse pro-

Fig. 8. Combined radio polarization and gamma ray fitting of
J0631+1036. Top: radio polarization data with the best RVM fit of
J0631+1036. Middle: log χ2 contour plots, in coloured contours for
radio polarization fits, and in solid coloured lines for gamma-ray light
curves. The red cross indicates the best joined radio–gamma-ray fit. Bot-
tom: associated gamma-ray light curve for the geometry is given by the
red cross.

file looks very symmetric and is well reproduced by our model,
showing a symmetrical shape with respect to leading and trailing
wings. The best fit shown by the red cross in the middle panel
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Fig. 9. Same as Fig. 8, but for J0659+1414. The gamma-ray best fit
coincides with the radio polarization best fit.

coincides with the radio constraint. However, the additional
offset of φs = −0.23 is large with a geometry given by α = 45◦
and ζ = 32◦.

PSR J0742−2822. This pulsar has mainly one gamma-ray
pulse with the largest radio time lag of 0.627 and a period of

167 ms. The radio polarization swing is clearly visible in the
top panel of Fig. 10. The contour plots of log χ2 in radio and
gamma rays overlap in a small region, as seen in the second panel
from the top. It favours an obliquity α larger than 90◦. Strictly
speaking, we did not perform simulations for α > 90◦, but we
can use the symmetry of the gamma-ray light curves to find the
high-energy profiles for α > 90◦. Our striped wind model is
symmetric about the equatorial plane, meaning that the configu-
ration (α, ζ) gives exactly the same light curves as the configu-
ration (π − α, π − ζ). In other words, the radio fit (α, β) gives the
same results as the fits for (π−α,−β). Therefore, for the gamma-
ray light curve, we use a kind of reciprocal to the χ2 obtained
from the original radio data by changing α to π − α and β to −β.
Doing this we get the middle panel of Fig. 10 showing the best
gamma-ray fit coincident with radio polarization. It corresponds
to α = 40◦ and β = 4◦. Reversing the symmetry argument, the
real best fit is given by an offset equal to φs = 0.16 for α = 140◦
(180◦–40◦) and ζ = 136◦ (β = −4◦).

PSR J0835−451. The Vela pulsar with period 89 ms shows
two prominent and well-defined gamma-ray peaks surrounding a
weaker third peak wandering in phase with energy (bottom panel
of Fig. 11). Our model can only produce two peaks, so we dis-
card the third peak. The radio polarization can be reasonably fit-
ted with the RVM model, but only around the steepest gradient,
top panel of Fig. 11. The middle panel shows the log χ2 contour
plots for radio polarization and gamma-ray light curves with the
red cross lying slightly apart from the RVM constraint. The two
prominent gamma-ray peaks are well fitted with the geometry
shown in the bottom panel. The offset is φs = −0.1 for α = 65◦
and ζ = 58◦.

PSR J0908−4913. This pulsar of 107 ms is another example
of a double-peaked gamma-ray pulsar, although noisy (see bot-
tom panel of Fig. 12). It also shows a less prominent interpulse
in radio at phase 0.5, suggesting that it is close to an orthogonal
rotator (top panel). The RVM constraints are shown in the mid-
dle panel of Fig. 12, clearly highlighting the orthogonal nature
of the pulsar with a line of sight passing close to the magnetic
axis because −3◦ < β < −5◦ (see also Kramer & Johnston 2008
for similar conclusions). As for J0742-2822, the obliquity α is
larger than 90◦. We use again the symmetry argument to find the
best gamma-ray fit with α′ = 85◦ and ζ′ = 88◦. The two peak
maximum intensity values are different and not fully reproduced
by our model. Nevertheless, the two radio peaks are visible for
an offset of φs = −0.08 and the real angles are α = 95◦ and
ζ = 92◦, depicted by the red cross on the RVM fit contour, thus
it is indeed an orthogonal rotator. Our predicted radio interpulse
intensity is much higher than the observer flux. A proper under-
standing of this effect, if not geometric, requires knowledge of
the radio emission mechanism which is beyond the scope of this
paper.

PSR J1048−5832. This is another bright gamma-ray pulsar
of period 124 ms, possessing very good radio polarization data
(top panel of Fig. 13), leading to an accurate χ2 plot, as seen
in the middle panel of Fig. 13. It shows two narrow and promi-
nent gamma-ray pulses well fitted by the red cross area coinci-
dent with radio polarization constraints. The overlapping region
therefore severely pins down the geometry of J1048−5832 to be
around α = 60◦ and ζ = 68◦ with an offset of φs = −0.12.

PSR J1057−5226. A single gamma-ray peak with a kind of
large plateau or an unresolved double gamma-ray peak is visi-
ble for this pulsar (Fig. 14). A radio pulse and an interpulse are
seen, possibly making it an almost orthogonal rotator. However,
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Fig. 10. Same as Fig. 8, but for J0742−2822.

we found a relatively low obliquity of only α ≈ 25◦ with ζ = 44◦
and φs = −0.01. No radio interpulse is predicted by this geom-
etry. This pulsar does not easily accommodate with our pic-
ture of a combined polar cap striped wind emission model. The
RVM fit to the radio polarization, however, is consistent with
α ≈ 75◦ and ζ ≈ 110◦, which is also the result obtained by

Fig. 11. Same as Fig. 8, but for J0835−451. The third peak is not taken
into account.

Weltevrede & Wright (2009) and is shown in the top panel of
Fig. 14. This is the only example of our sample that does not fit
into the joint radio and gamma-ray fitting procedure.

PSR J1119−6127. This pulsar with a period of 408 ms
shows a weakly double-peaked gamma-ray profile. Its radio
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Fig. 12. Same as Fig. 8, but for J0908−4913.

polarization data are noisy (top panel of Fig. 15), implying a
large area for the PPA constraint (middle panel). Two distinct
joined radio gamma-ray best fits are also possible. One fit leads
to a single gamma-ray profile, not shown, and one to an unre-
solved double gamma-ray light curve (bottom panel, and red
cross in middle panel). We had to add an additional phase shift

Fig. 13. Same as Fig. 8, but for J1048−5832.

of about φs = −0.06 for α = 60◦ and ζ = 40◦. Better quality
gamma-ray data will certainly favour this second option.

PSR J1357−6429. Similar to the previous pulsar,
PSR J1357−6429 is noisy in radio, top panel of Fig. 16
with large uncertainties in the RVM constrain, middle panel.
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Fig. 14. Same as Fig. 8, but for J1057−5226.

Two options are given by either an unresolved double gamma-
ray peak (not shown) or a single gamma-ray peak (bottom
panel). It is another example of a single gamma-ray peak pulsar
fitted with a small obliquity. We added an additional phase shift
of φs = −0.09 for α = 20◦ and ζ = 34◦ which also seems the
most likely.

Fig. 15. Same as Fig. 8, but for J1119−6127.

PSR J1420−6048. This double-peaked gamma-ray pulsar
possesses an unresolved double gamma-ray peak profile with an
asymmetry in the peak intensities (bottom panel of Fig. 17). The
good radio polarization data (top panel) furnishes good RVM
constraints (middle panel). Most likely it is the geometry given
by the red cross that leads to the double-peak profile visible in
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Fig. 16. Same as Fig. 8, but for J1357−6429.

the bottom panel. The best fit configuration has a phase shift of
φs = −0.08 for α = 45◦ and ζ = 56◦.

PSR J1648−4611. The situation for this pulsar is more clear
cut. Although the radio polarization data are noisy (top panel of
Fig. 18), the joined radio gamma-ray fit leads to a well-defined

Fig. 17. Same as Fig. 8, but for J1420−6048.

geometry (middle panel). The gamma-ray pulse profile resem-
bles a double peaked curve with a plateau (bottom panel). The
corresponding phase shift is φs = −0.05 for α = 60◦ and ζ = 42◦.

PSR J1702−4310. The top panel of Fig. 19 show the radio
polarization data of PSR J1702−4310. The associated RVM
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Fig. 18. Same as Fig. 8, but for J1648−4611.

constraints are given in the middle panel, and are not very con-
straining. This is another example of α > 90◦. One best fitting
geometry, indicated by the red cross, produces a single gamma-
ray peak (bottom panel). The phase shift is φs = −0.05 for
α = 25◦ and ζ = 32◦. We do not expect this fit to be very reli-

Fig. 19. J1702−4310 log χ2 contour plots for radio polarization fits (in
colour) and for gamma-ray light curves (solid black lines).

able because the gamma-ray statistics are weak. Switching back
to the real geometry, we get α = 155◦ and ζ = 148◦.

PSR J1709−4429. Very good PPA data are available for this
pulsar (top panel of Fig. 20). Here too, one geometrical configu-
ration is highlighted, coincident with both radio and gamma-rays
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Fig. 20. Same as Fig. 8, but for J1709−4429.

(middle panel). It produces a double-peaked gamma-ray light
curve (bottom panel). The phase shift is φs = −0.1 for α = 40◦
and ζ = 56◦.

PSR J1718−3825. In the same vein as for the previous pul-
sar, the top panel of Fig. 21 show the PPA evolution leading to
a well-defined radio-constrained geometry (middle panel) pick-

Fig. 21. Same as Fig. 8, but for J1718−3825.

ing out one configuration with the red cross coincident with both
wavelengths, producing a single-peaked gamma-ray profile. The
phase shift is φs = −0.06 for α = 30◦ and ζ = 38◦.

PSR J1801−2451. This pulsar shows a strongly double-
peaked gamma-ray profile with one radio pulse (bottom panel
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of Fig. 22). The good radio PPA data (top panel) furnish a rea-
sonable constraint on the geometry (middle panel). The best fit
is nearly an orthogonal rotator with a line of sight almost located
in the equatorial plane. The phase shift is φs = −0.12 for α = 85◦
and ζ = 72◦. This configuration shows a second weak radio peak,
the interpulse, not seen in the data. We therefore conclude that
the true geometry must slightly deviate from our configuration,
especially because we do not model the radio emission cone.
This second pulse would disappear if a smaller cone of emission
is used.

PSR J1835−1106. The radio data of this pulsar are shown
in the top panel of Fig. 23. The RVM constraints are well defined
in the middle panel. We found a best fit with the red cross pro-
ducing only one gamma-ray peak with a phase shift of φs = 0.03
for α = 30◦ and ζ = 36◦. The second gamma-ray pulsar cata-
logue reports the presence of two peaks. Therefore here again,
the joined radio gamma-ray constraint seems to lead to some
inconsistency with the data. These discrepancies must be care-
fully analysed, but we are waiting for better observations from
Fermi/LAT, supposed to be published in a third gamma-ray
pulsar catalogue, before exploring the implications for the emis-
sion mechanism.

PSR J2240+5832. This is the last example in our sam-
ple showing good radio PPA data (top panel of Fig. 24)
(Theureau et al. 2011). The associated RVM constraints are
good (middle panel); the radio gamma-ray overlapping region
leading to the best geometry is depicted by the red cross. The
corresponding gamma-ray light curve is shown in the bottom
panel for a phase shift of φs = −0.09 with α = 60◦ and ζ = 80◦.
The weak radio interpulse is predicted, but due to the large
opening of the emission cone. According to the narrow width
of the radio pulse, this emission cone is largely overestimated
and should disappear when reduced to the real size of the radio
observations (red solid line).

4.4. Only gamma-ray fits

The second part of the sample includes only gamma-ray pulsars
not showing a radio signal loud enough for performing a rea-
sonable RVM fit, as done in the previous section. Nevertheless,
gamma-ray light curve fitting alone can already help to constrain
the geometry of many individual pulsars. Below, we summarize
the best fit for some of these young radio gamma-ray pulsars.
Figure 25 gives an overview of our fitting results.

PSR JJ0248+6021. It is a single-peaked radio and gamma-
ray pulsar. By only fitting the gamma-ray light curve and its
delay compared to the radio profile, we arrive at the best geome-
try given by a phase shift of φs = −0.07 for α = 30◦ and ζ = 42◦.
Some other very similar angles also give reasonable fits, but they
are not shown.

PSR J1016–5857. This pulsar shows two sharp gamma-ray
peaks separated by a kind of bridge emission. We are able to fit
these two peaks, but not the bridge emission. The phase shift of
φs = −0.02 for α = 40◦ and ζ = 64◦.

PSR J1019−5749. The radio pulse of this pulsar spans
almost the entire period, but this is certainly an artefact due to
its large dispersion measure. Having also only one gamma-ray
peak, we indeed found a small obliquity of α ≈ 30◦ with ζ = 42◦
and an additional offset of φs = 0.07. Larger obliquities are also
permissible with slightly less good fits. They are not shown.

Fig. 22. Same as Fig. 8, but for J1801−2451.

PSR J1028−5819. This pulsar shows one radio pulse and
two narrow strongly peaked gamma-ray pulses. The peak sepa-
ration and shape are well fitted by the striped wind model with
α ≈ 75◦ and ζ = 64◦ with a small offset of φs = −0.01.
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Fig. 23. Same as Fig. 8, but for J1835−1106.

PSR J1509−5850. Similar to the previous case, but with-
out interpulse emission, PSR J1509−5850 shows two gamma-
ray peaks that are not well separated. The best fit is associated
with a phase shift of φs = −0.06 for α = 40◦ and ζ = 24◦.
We did not find any better geometry reproducing two unresolved
gamma-ray peaks.

Fig. 24. Same as Fig. 8, but for J2240+5832.

PSR J1730−3350. This is a single radio and gamma-ray
pulse profile pulsar. Best fitting parameters are a phase shift of
φs = −0.05 for α = 20◦ and ζ = 36◦.

PSR J1747−2958. This pulsar is similar to PSR J1016–
5857, showing the same radio and gamma-ray profiles with a

A106, page 17 of 20



A&A 654, A106 (2021)

Fig. 25. Best fit parameters and gamma-ray light curves for the second part of the young radio-loud gamma-ray pulsar sample not having usable
RVM fits.

weak bridge emission. Its fitting parameters are therefore close
to the one used for PSR J1016–5857 with a phase shift of
φs = −0.07 for α = 45◦ and ζ = 68◦.

PSR J1907+0602. This pulsar has two separated gamma-
ray peaks with a bridge emission and very noisy radio pulse,
possibly with an interpulse emission. Our best fit sets α = 45◦
and ζ = 68◦ and the phase shift to φs = −0.04. Neverthe-

less, from the radio interpulse we would expect an orthogonal
rotator.

PSR J1952+3252. This pulsar has two well separated but
asymmetrical gamma-ray peaks and one radio pulse. The asym-
metry cannot be explained by our symmetrical striped wind
model. The parameters used in the plot are a phase shift of
φs = −0.06 for α = 60◦ and ζ = 84◦.
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Fig. 26. Correlation between the angles α and ζ for our best fits (blue
dots, see Table 2). The red line shows α = ζ, the orange lines are
offset by ±10◦, the magenta lines by ±20◦, and the blue lines by
±30◦.

PSR J2021+3651. This is again an interesting example of
prominent and symmetric gamma-ray pulse profiles and a clear
single radio pulse. The best fit parameters are a phase shift of
φs = −0.09 for α = 60◦ and ζ = 80◦.

PSR J2030+3641. This is a very noisy radio and gamma-
ray pulsar. It has been fitted by a single gamma-ray profile such
that the phase shift is φs = −0.07 for α = 20◦ and ζ = 42◦.

PSR J2032+4127. Another example of two narrow gamma-
ray peaks with a single radio pulse. It has been fitted by an almost
orthogonal rotator with a phase shift of φs = −0.08 for α = 85◦
and ζ = 72◦.

PSR J2043+2740. A noisy gamma-ray pulsar with two pro-
nounced gamma-ray pulses and bridge emission. The phase shift
is φs = −0.06 for α = 45◦ and ζ = 68◦.

PSR J2229+6114. This single gamma-ray peak pulsar with
asymmetrical leading and trailing edge has been fitted with a
phase shift of φs = −0.03 for α = 35◦ and ζ = 44◦.

4.5. Summary

Gathering all the results from the two previous sections, our best
fit values for the angles α and ζ and for the phase offset φs are
summarized in Table 2.

Figure 26 summarizes the best fit angles α and ζ, showing
that they follow the relation |ζ−α| . 30◦, which is slightly larger
than the value we expected from the constraints in Sect. 3.2. This
means that according to our model, some pulsars could have an
emission height above the fiducial altitude of 0.05 rL. Jointly, the
distribution of angles α, β, and offsets φs according to the same
best fit values are shown in the histograms of Fig. 27. Half of
the sample has an obliquity of less than 45◦. The line of sight
angle β is distributed approximately symmetrically with respect
to the magnetic axis. Interestingly, we found an important clus-
ter of offsets around a phase φs ≈ −0.05 equitably distributed on
both sides of this value with some marginal outliers lying more
than 0.15 away from this median value of −0.05. This clustering
indicates that some systematics have not been included in our
study. The first gamma-ray peak is expected to come earlier than
predicted by our model. One possibility would be that the striped
wind emission is delayed, not peaking right at the light cylinder

Fig. 27. Histogram of best fit parameters given by the obliquity α the
line of sight β and the phase offset φs for the best fits given in Table 2.

but at larger distances, a fraction of a light cylinder radii ∆r away
from the light cylinder. This repelling to larger distances auto-
matically shifts the gamma-ray profile closer to the radio pulse
by a phase φ ≈ ∆r

2 π rL
, where ∆r measures this additional distance.

Setting ∆r ≈ rL/2 leads to an additional phase shift of φ ≈ 0.08,
sufficient to explain the histogram. Another possibility would be
the forward beaming of the current sheet emission at the light
cylinder, forward with respect to the rotation direction, due to
an azimuthal velocity close to the speed of light in this region.
These aberration effects also shorten the time lag between radio
and gamma rays. Some additional work is needed to accurately
pin down the geometry. Only careful individual pulsar analy-
sis will be able to tune these parameters firmly to irrelevant
uncertainties.
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5. Conclusions

Multi-wavelength observations of neutron star pulsed emission
offers a precious tool to explore the emission location within
the pulsar magnetosphere and wind. We showed that simulta-
neously fitting the radio and gamma-ray pulse profile of radio-
loud gamma-ray pulsars severely constrains the geometry of the
dipole magnetic field and observer line of sight with respect
to the rotation axis. Moreover, when radio polarization data
are available, additional constraints arise from fitting the rotat-
ing vector model. We showed that the RVM alone cannot
be used to constrain the geometry of radio pulsar simply by
minimizing the RVM χ2 fit. Some additional knowledge from
other wavelengths is required. In most cases, the gamma-ray
and radio fitting regions possess an overlapping area consis-
tent with the gamma-ray light curves, reducing the uncertain-
ties on obliquity and line of sight. We applied our method to
a large sample of radio-loud gamma-ray pulsars with small
error boxes, except for rare cases. As a good proxy, radio
emission emanates from altitudes around 0.05−0.1 rL, where
the magnetic field is dominantly dipolar, whereas gamma-ray
photons are produced at the light cylinder or slightly further
away, extending to several rL around the striped wind current
sheet.

From a theoretical point of view, this study was only based
on the impact of geometrical considerations on the radio and
light curve association, in the limit of a force-free magne-
tosphere. There is no mention of either energetic or particle
dynamics. Particle acceleration and radiation needs to go beyond
the force-free approximation by adding some dissipation, such
as resistivity or radiation reaction damping. When acceleration
and radiation sites have been accurately localized by these self-
consistent models, we will be able to produce multi-wavelength
phase-resolved spectra and light curves to pin down even better
and more faithfully the magnetosphere geometry and its inter-
nal electrodynamics. Observational signatures of this dissipa-
tive magnetosphere needs to be performed to further support our
emission model.

From an observational point of view, some pulsars would
greatly benefit from better signal-to-noise ratios of the radio and
gamma-ray pulse profiles. The upcoming third pulsar catalogue
in gamma rays and the construction of the square kilometer array
promise to take a big step towards our understanding of pulsar
emission mechanisms.
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