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ABSTRACT

Context. Millisecond pulsars are known to show complex radio pulse profiles and polarisation position angle evolution with rotational
phase. Small-scale surface magnetic fields and multipolar components are believed to be responsible for this complexity, due to the
radiation mechanisms occurring close to the stellar surface but within the relatively small light cylinder compared to the stellar radius.
Aims. In this work, we use the latest NICER phase aligned thermal X-ray pulse profile of PSR J0740+6620 combined with radio and
y-ray pulse profiles and radio polarisation to deduce the best magnetic field configuration that can simultaneously reproduce the light
curves in these respective bands.

Methods. We assumed a polar cap model for the radio emission and used the rotating vector model for the associated polarisation and
a striped wind model for the y-ray light curves, whereas we relied on the NICER collaboration results for the hot spot geometry.
Results. We demonstrate that an almost centred dipole can account for the hot spot location with a magnetic obliquity of a =~ 51°
and a line of sight inclination angle of ¢ ~ 82°. However, with this geometry, the hot spot areas are three times too large. We found a
better solution consisting of two dipoles located just below the surface in approximately antipodal positions.

Conclusions. Our double dipole model is able to reproduce all the salient radio and y-ray characteristics of PSR J0740+6620 including
radio polarisation data. A double dipole solution is more flexible than an off-centred dipole because it has two independent magnetic

axes and could hint at a magnetic field mostly concentrated within the crust and not in the core.

Key words. polarization — stars: magnetic field — pulsars: general — stars: rotation — pulsars: individual: PSR J0740+6620

1. Introduction

Thanks to multi-wavelength observations of pulsar emission, a
global picture of the neutron star magnetosphere and its radiation
mechanisms is emerging. Whereas for non-recycled pulsars, the
radio emission is well constrained to occur along dipolar mag-
netic field lines at several tens of stellar radii (Johnston et al.
2023), the y-ray emission appears to emanate from the striped
wind just beyond the light cylinder (Pétri & Mitra 2021) and
the non-thermal X-ray emission between those two regions
(Pétri et al. 2024). However, the case of millisecond pulsars
(MSPs) still resists this interpretation mainly because of the
small size of their magnetosphere, which is typically of the
order of several light cylinder radii, and the possible influence
of multipolar components at low altitude. The radio pulse pro-
files of MSPs have large widths and show a complex structure,
in contrast to young pulsars. Moreover their radio polarisation
position angle (PPA) evolution with phase does not usually fol-
low the rotating vector model (RVM) (Radhakrishnan & Cooke
1969), although the y-ray pulse profiles are indistinguishable
from normal pulsars, allowing them to be fit in a similar man-
ner (Benli et al. 2021). Some hints about the presence of non
dipolar magnetic field components close to the surface have been
inferred from the hot spot geometry deduced by the thermal X-
ray emission. The Neutron star Interior Composition ExploreR
(NICER) collaboration has already investigated four MSPs and

* Corresponding author: jerome.petri@astro.unistra.fr

deduced their hot spot shape (Riley etal. 2019; Salmi et al.
2024a, 2022; Choudhury et al. 2024; Miller et al. 2019, 2021,
Dittmann et al. 2024; Vinciguerra et al. 2024), showing some of
them with non-axisymmetric geometries.

In this paper we focus on PSR J0740+6620 (with its
X-ray pulsation discovered by Wolff et al. 2021), the second
MSP with pulse-profile modelling analyses published by the
NICER team (Miller et al. 2021; Riley et al. 2021) and reinves-
tigated recently by Salmi et al. (2024b), Dittmann et al. (2024).
PSR J0740+6620 is also a y-ray pulsar (Guillemot et al. 2016),
evolving in a binary system with good constraints on the orbital
parameters (Cromartie et al. 2020; Fonseca et al. 2021). Among
these, the Shapiro delay has been measured, and the orbital
inclination angle, i, has been deduced to be i ~ 87.4°. The
Fermi Large Area Telescope (LAT) Third Catalog of y-ray pul-
sars (3PC, Smith et al. 2023) contains a wealth of informa-
tion, notably light curves and spectra, useful to understanding
the high-energy processes, particle acceleration, and radiation
within the neutron star magnetosphere and wind. Accurate y-ray
light curves are available for PSR J0740+6620, making it a good
target for our purpose to model the magnetic field structure from
the surface to the light cylinder and beyond. Moreover it radiates
also in radio, and its PPA has been measured by the Green Bank
Telescope (Wahl et al. 2022) and by the Nancay Radio Tele-
scope (NRT), as shown in the paper. Thus, we followed the same
line of reasoning as Pétri et al. (2023), who studied the mag-
netic field topology of the first NICER pulsar PSR J0030+0451.
In this work, we investigate the magnetic field configuration of
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Fig. 1. Multi-wavelength pulse profiles of PSR J0740+6620 as observed
in radio with NenuFAR (39-76 MHz, orange line) and NRT (1.4 GHz,
red line), in X-rays with NICER (energy band 0.3—1.5keV, green line),
and in y rays with the Fermi LAT (>0.1 GeV, black line).

PSR J0740+6620, relying on the latest simulations detailed in
Pétri (2024). Section 2 presents the multi-wavelength data set
used for this study to determine the magnetic field structure as
exposed in Sect. 3. We present a discussion of our results in
Sect. 4 before concluding in Sect. 5.

2. Observations and data

PSR J0740+6620 is an MSP with a spin period of P = 2.89 ms
in an almost circular orbit that has a period of 4.77 days. Its
orbital inclination angle, derived from Shapiro delay, is i ~ 87.4°
(Cromartie et al. 2020). PSR J0740+6620 shows pulsation in a
broad-band electromagnetic spectrum from the radio wavelength
through X-ray up to y-ray. We briefly summarise the data used
for this study in the following sub-sections.

2.1. NRT radio profile and Fermi LAT y-ray profile

As mentioned in the introduction, PSR J0740+6620 was
reported to emit pulsed y-ray emission by Guillemot et al.
(2016), and the pulsar was also included in the 3 PC catalogue
of Fermi LAT pulsars (Smith et al. 2023). In Fig. 1 we display
the 1.4 GHz NRT radio pulse profile and £ > 0.1 GeV y-ray
pulse profile from 3 PC, as taken from the 3 PC auxiliary files
archive'. We note that the NRT timing solution used for pro-
ducing the Fermi LAT pulse profile shown in Fig. 1 is the same
as that used for folding the NICER data (see Sect. 2.3). Since
the X-ray and the y-ray data were folded with the same timing
solution, the same radio fiducial phase was used for all analyses,
guaranteeing that the relative phasing between the radio, X-ray,
and y-ray components are indeed correct. This phase alignment
is crucial for our light-curve fitting procedure.

2.2. NenuFAR profile

On 2024-03-13, we observed PSR J0740+6620 with NenuFAR
(New extension in Nancay upgrading LOFAR, see Zarka et al.
2015), (Zarka et al. in prep.), using the LUPPI backend

1 See https://fermi.gsfc.nasa.gov/ssc/data/access/lat/

3rd_PSR_catalog/
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(Bondonneau et al. 2021). We recorded data from 39 to 76 MHz.
We refolded the NenuFAR observations using the Nan¢ay Radio
Telescope (NRT) timing solution except for the DM value, for
which the value determined directly from the NenuFAR obser-
vations is considerably more precise, owing to the low-frequency
coverage of NenuFAR.

PSR J0740+6620 is among the twelve MSPs detected by
NenuFAR, (Bondonneau et al. 2021). The NenuFAR profile of
the pulsar considerably differs from that obtained by NRT. It has
only one peak (rather than two). The main peak seems to be
wider at NenuFAR frequencies. At NRT frequencies, the main
peak is clearly asymmetric, with a gradual leading edge and a
step trailing edge. At NenuFAR frequencies, the low S/N does
not allow for definitive conclusions, but the mean peak seems to
have a steeper leading edge and a gradual trailing edge. With the
available data, we cannot rule out profile frequency evolution,
making the comparison between the phases of the main peaks of
NRT and NenuFAR difficult. Within error margins, our observa-
tions are compatible with the radio emission detected by Nenu-
FAR and NRT being emitted at the same rotational phase. Also,
the low S/N of the NenuFAR observation does not allow for an
analysis of polarisation properties at those frequencies.

2.3. NICER pulse profile

To produce the X-ray pulse profile from NICER data, we
processed all data from 2018-09-21 to 2024-08-31 (ObsID
1031020101 to 7031020525) using the task nicerl2 (from
NICERDAS v13.0 distributed with HEASOFT v6.34) and its
default filtering criteria. The most recent calibration file
(v20240206) was used for this step. Then, the package
NICERsoft? was used to include additional filtering conditions.
Specifically, we excluded observing periods with the follow-
ing: 1) Earth magnetic cut-off rigidity COR_SAX < 1.5GeV/c,
2) space weather index KP > 5, 3) overshoot rates larger than
1.5¢/s, and 4) median undershoot rates larger than 100 c/s.
Finally, a count-rate cut was performed to exclude all time inter-
vals where the rate was larger than 1 c¢/s in the 2—10keV range,
where the pulsar thermal emission is negligible, which effec-
tively removed all remaining periods of high background. The
pulse phase of each individual photon was then calculated with
the task photonphase (of the package PINT version vl. 0%)
using the timing solution from the 3 PC catalogue of Fermi LAT
pulsars (Smith et al. 2023). Finally, the event files of each ObsID
were merged into a single event file to make the pulse profile
of this pulsar with 32 phase bins (see Fig. 1). The pulse profile
was produced with 32 bins in the energy range 0.3—1.5 keV, that
is, the energy range where the thermal emission is significant
(Riley et al. 2021; Miller et al. 2021).

3. Magnetic field determination

The geometry of the dipole magnetic field of several MSPs
has already been investigated with a simple striped wind model
relying on the split monopole (Pétri 2011). More recently,
Benli et al. (2021) used the numerical solution of the pulsar
force-free magnetosphere to deduce the large-scale dipole geom-
etry for another sample of MSPs. The simplest deviation from a
dipolar magnetosphere assumes an off-centred dipole, displaced
with respect to the centre of the star. This configuration has been
extensively studied analytically by Pétri (2021) and Pétri (2019),

2 https://github.com/paulray/NICERsoft
3 https://github.com/nanograv/PINT
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Table 1. Phase locations of the first and second pulse profile peaks in
radio, X-ray, and y-ray.

Wavelength Pulse 1 Pulse 2 A¢
y-ray peak 0.19-0.20 0.66-0.67 0.46
y-ray centre 30% 0.215 0.675 0.46
y-ray centre 20% 0.24 0.68 0.44
X-ray peak 0.5-0.53 0.90-0.93 0.40
X-ray centre 30% 0.53 0.93 0.40
NRT centre 10% -0.012 0.543 0.53
NRT centre 5% -0.017 0.523 0.51
[é1; P2] (wio) [-0.073; 0.050] [0.454;0.632]

0.123 0.178
[&1; d2] (ws) [-0.099; 0.065] [0.407;0.640]

0.164 0.233

Notes. The phase difference, A¢, between both peaks is also shown
(restricted to the interval [0,0.5]). The w)( line indicates the phase inter-
val where the radio pulses are detected above 10% of maximal intensity,
and the ws line shows the same but at 5%.

including polarisation (Pétri 2017). However, as a simple first
guess outside the light cylinder, a centred dipole offers a mini-
malistic model with the fewest parameters to be fitted. We started
with this assumption.

3.1. Dipole geometry from y-ray modelling

The y-ray light-curve fitting procedure has been explained in
depth in Benli et al. (2021) and Pétri & Mitra (2021). In sum-
mary, the two main parameters to be adjusted are the y-ray light-
curve peak separation, A, and the phase lag, 6, between the first
y-ray peak and the radio profile. The third Fermi LAT pulsar cat-
alogue reports a peak separation of A = 0.462 and a radio time
lag of 6 = 0.196. To a very good approximation, Pétri (2011)
showed that the peak separation, A, is related to the pulsar oblig-
uity, @, and line-of-sight inclination angle, £, by

cos(mrA) = |cotacot]. (D

However, as in radio, the y-ray profile may be asymmetric such
that the phase location of the peak intensity does not necessarily
correspond to the middle of the pulse profile, and thus the mea-
surement of A could be altered if another definition is used for
the separation, A. In the particular case of PSR J0740+6620, we
checked that the peak separation approach gives the same results
as for the separation obtained from measuring the width at 30%
peak intensity except for a slight shift in phase (see Table 1).
However, the width at 20% peak intensity leads to a smaller
peak separation of A = 0.44. Moreover, as the radio pulse
profile shows a pulse and an interpulse, this pulsar should be
close to an orthogonal rotator. Nevertheless, we emphasise that
a pulse with an interpulse could also be explained by an almost-
aligned rotator, as demonstrated by Hankins & Cordes (1981).
Because y-rays are detected simultaneously with radio photons,
however, such geometry is forbidden, and the constraints on the
line of sight, £, and obliquity, @, are more stringent (see the
green shaded area in Fig. 2 and Figure 2 of Pétri (2024) for the
condition to simultaneously detect radio and y-rays). Moreover
NICER pulse profile modelling gives a line-of-sight inclination
angle of ¢ = 87°, assuming roughly spin-orbit alignment, which
is also incompatible with an almost-aligned rotator that we thus
discarded.

¢ (indeg)

a(indeg)

Fig. 2. Constraints on the viewing angle and obliquity. For symmetry
reasons, the other three quadrants are not shown. Colours indicate the
value of the peak separation, A, from 0.41 in violet to 0.49 in red. The
white circle, square, and triangle show the location of three possible
fits to the y-ray peak separation with (a, {) respectively as (71°,71°),
(51°,82°), and (24°,87°). The green area highlights the region in the
diagram where y-ray emission is detected simultaneously with the radio
pulse for (a,) = (71°,71°). The other dashed and dotted line delimit
the same region but for (@,{) = (51°,82°) and (a,) = (24°,87°),
respectively.

Therefore, the presence of a pulse and an interpulse puts
stringent constraints on the geometry because the radio pulses
emanating from both poles can only be detected if |{ — 7/2| < p
and |@ — /2| < p are simultaneously satisfied, where p is the
radio beam cone opening angle. This condition is given by the
green shaded area in Fig. 2, where we assume a radio beam cone
half-opening angle of p = 38°, which is the minimal opening
angle required for detecting the main radio pulse and the inter-
pulse if the y peak separation is A = 0.46. We concluded that
the beam size must be at least as large as 38° because the peak
separation would otherwise always be larger than A > 0.46. The
minimal cone opening angle is given by the geometry impos-
ing { = a. For this particular configuration, by setting a = ¢,
we obtained cot{ =~ cota ~ +vcos(mA) =~ 0.344. This led to
a first guess of the geometry given by @ ~ ¢ ~ 71°. In order
to get A < 0.462, however, we needed to impose a radio cone
beam with a half-opening angle of p > 38° if either « or {
is changed. Indeed, the NICER collaboration reports { =~ 87°,
implying larger radio cone beams. Taking { ~ 87° leads to an
obliquity of @ ~ 24° and a cone opening angle of p ~ 69°. How-
ever, this geometry is incompatible with the detection of a main
pulse and an interpulse. In any case, requiring a higher incli-
nation of the line of sight would lead to lower obliquities. For
instance, if  ~ 80°, we would require @ ~ 56°, and obtaining
two radio pulses becomes less and less probable.

To obtain independent constraints on these angles, we per-
formed a fit of the y-ray light curve as shown in Fig. 3 using the
same model as Benli et al. (2021). A good fit to this y-ray light-
curve with two radio pulses is given by @ = 51° and { = 82°,
as shown in Fig. 4. To accurately fit the y-ray peak time lag with
respect to the radio peak, we added a third parameter, which is
depicted by the phase shift and denoted by ¢, as done in our pre-
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Fig. 3. Best-fit angles of @ and ¢ for the PSR J0740+6620 y-ray light
curve. The lowest values of X, whose colour-coding is in the legend,
represents the preferred values.

vious works. Its value, however, remains small, ¢ = 0.02. The
associated radio beam opening angle is p ~ 50°, which is com-
patible with the detection of two radio pulses.

On the one hand, radio and y-rays furnish some constraints
on the geometry. On the other hand, X-ray pulse profile mod-
elling is now able to deduce the polar cap shapes, locations,
and temperatures detected as atmospheric emission from hot
spots. Actually, these hot spots are heated by the bombard-
ment of charged particles produced in the magnetosphere and
partly returning to the stellar surface. These particles are also
responsible for the radio emission. There is therefore a one-to-
one correspondence between polar caps and hot spots. These
measurements by the NICER collaboration provide independent
constraints on the dipole or multipole magnetic field geometry,
which we exploit in the following. However, we stress that there
is a degeneracy in the geometry found for the two hot spots
because they can be flipped.

3.2. Dipole geometry from X-ray pulsations

For the MSP PSR J0740+6620, Riley etal. (2021) report a
radius of R = 12.39 km and a mass of M = 2.07 M, and thus a
ratio of stellar radius to light-cylinder radius a = R/r, = 0.091,
with r. = ¢/Q. Based on the pulse profile evolution with energy,
they also deduced the polar cap geometry, assuming only a
pair of circular hot spots. Moreover, the relatively low signal-
to-noise ratio of the data do not allow more complex hot spot
shapes to be tested. Independent constraints from a second group
(Miller et al. 2021) were also reported. We used the latest results
of Salmi et al. (2024b) and Dittmann et al. (2024) as best-fit
parameters, summarised in Table 2 as the median of the posterior
distributions (‘median’) and the value at maximum likelihood
(ML), which may differ from the median for non-symmetric dis-
tributions. The parameters (®p, ®) on one side and (¢, ¢5) on
the other side define the centre of the primary, p, and secondary,
s, hot spot colatitude and initial phase, whereas ¢}, and {; are their
angular sizes. The geometry of the off-centred dipole with the
parameters (@, 3, 6, €) defined in Pétri (2017) were then deduced
and are shown in the right columns in the same table. We found a
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Fig. 4. Example of a good fit of the y-ray pulse profile (>0.1 GeV). The
radio pulse profile is shown in red, our model for the radio component
is displayed in orange, the y-ray profile is shown in black, and the fit of
the y-ray component is shown in blue.

mildly off-centred dipole structure with a displacement, d, such
that e = d/R ~ 0.22.

The magnetic obliquity is @ = 72° in the median case
and @« =~ 78° in the ML case for the Salmi et al. (2024b)
results. A similar geometry for the ML case has been reported
by Dittmann et al. (2024). This is, however, 20° more than the
obliquity found by the y-ray light-curve fitting, although the
inclination angle is within 5° of the NICER results. It would
be enlightening to redo the X-ray pulse profile modelling and
observe the variation induced on @ by removing the constraint
on ¢, as it would allow for lower values, for instance, closer to
¢ = 80° and to check whether these new values would be more
compatible with the previous y-ray fit.

3.3. X-ray and y-ray time lag

Our light-curve fitting procedure relies heavily on multi-
wavelength phase aligned pulse profiles. The most important
characteristics of these profiles are the phase of the peaks in -
ray and X-ray. For the radio pulse profile, the situation is less
obvious. We could use the peak value or the centre of the radio
pulse profile defined for instance by the interval containing at
least 5% or 10% of the peak intensity. We believe that the latter
is more robust and chose the phase of the centre to lie halfway
between the phases of 10% peak intensity of the corresponding
pulse.

Table 1 summarises the locations of the pulse centres as
defined above. The X-ray pulse peaks both arrive slightly before
the middle of the radio pulse profile. This ordering is incompat-
ible with the off-centred dipole geometry because the order of
appearance of radio and X-rays should be inverted between the
north and south pole for simple circular polar cap shapes. This
one-sided phase lag between the X-ray and radio pulses requires
an accurate quantitative geometric study of the location of the
peak X-ray emission within the hot spot. On top of the geometry,
to estimate the time lag, a careful analysis of aberration, retarda-
tion (A/R) and magnetic sweep-back effects must be included in
a detailed analysis of the different wavelengths (Phillips 1992).
This, however, is out of the scope of this work (but see the dis-
cussion in Sect. 4 for orders of magnitude estimates).

The X-ray pulse peaks are separated by approximately 0.4 in
phase. Looking at Table 2, we therefore associated the first X-
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Table 2. Off-centred dipole geometry deduced from the polar cap location after the new joint NICER and XMM-Newton results of [1] (Salmi et al.

2024b) and from [2] (Dittmann et al. 2024).

Hot spot B ®p &p O b5 &s &/é 4 a B g € Ref
Model (rad) (cycle) (rad) (rad) (cycle) (rad) (deg) (deg) (deg) (deg) (d/R)
Median 127 -0222 0.115 189 -0.299 0.115 1.00 87.57 72 89 92 022 [1]
ML 1.28 -0255 0.151 170 -0.323 0.124 0.82 87.71 78 95 69 0.22 [1]
Median  1.573 0 0.101 1578 0.553 0.100 1.00 87.61 90 90 92 0.17 [2]
ML 1.387 0 0.092 1980 0428 0.112 1.22 88.18 72 82 115 023 [2]

Notes. The subscripts p and s stand for primary and secondary hot spot. See Pétri (2017) for the definition of the angles («, 8, d) and the displace-

ment €.

ray pulse denoted by P1X to the primary hot spot location at @y,
thus in the northern hemisphere, whereas the second X-ray pulse,
denoted by P2X, is attributed to the secondary hot spot location
at O, thus in the southern hemisphere. At radio frequencies, the
peak separation is also about 0.45 in phase, and thus the second
radio pulse, denoted by P2R, is linked to P1X, whereas the first
radio pulse, denoted by PIR, is linked to P2X. One X-ray pulse
centre leads its radio pulse centre by a phase shift of about 0.1,
while the other X-ray pulse centre is almost aligned with its radio
pulse centre.

3.4. Radio emission and polarisation

Some more information can be gained from studying the radio
pulse profiles and their polarisation. It is well known that the
width, W, is related to the beam cone half-opening angle, p, by
(Gil et al. 1984)

cosp = cosa cos { + sina sin ¢ cos (W/2).

@)
Moreover, if we assume that the full open field line region is pro-
ducing radio photons, then p is related to the polar cap size by
p = VR/rL. The pulse widths at 5% maximum intensity for the
first and second radio peak are respectively ws = {0.164,0.233}.
The pulse width imposes some constraints on @ and ¢, as shown
in Fig. 5. To estimate the beam opening angle, we compared the
three geometries, namely the minimalistic { = a = 71°, the
best y-ray fit (o,{) = (51°,82°), and the NICER fit (a,¢) =
(24°,87°). The corresponding radio beam cone half-opening
angle for one pole is then, respectively, 39.5°,49°, and 69°, and
for the other, it is 48°,56°, and 72°. For these inclination angles,
we get for the P2 width ws = 0.233 the following opening
angles: 39.5°,49°, and 69°. For the P1 width ws = 0.164, the
opening angles we obtained are 48°,56°, and 72°. The values are
summarised in Table 3. These angles can be related to emission
heights, A, (Pétri 2024) with

CoSp = 2-3he/n. (3)
SR vy ol

and these are also reported in the same table. The emission
heights correspond to a substantial fraction of the light-cylinder
radius, between 20% and 50% of r.. At these altitudes, some
plasma effects will distort the dipole field and the approximation
used in Eq. (3) becomes inaccurate.

Moreover, the cone opening angle p is not compatible with
the hot spot angular sizes &, and & found by the NICER collab-
oration. Indeed if we assume that the rim of the almost circular
hot spot corresponds to the edge of the radio emission beam,
then the emission height, 4, is given by

-2
ﬁ _ sin 0 @

R sin? Eos ’

¢(indeg)

a(indeg)

Fig. 5. Constraints on the geometry with fixed radio pulse profiles.
The red dashed curve constrains the width at 5% maximum intensity,
as given by ws = 0.233, whereas the blue dashed curve constrains
ws = 0.164 for three values of £.

Table 3. Radio beam cone opening angle, p, according to different
geometries of the pulsar giving p in the first part and /. /r in the second
part separated by a forward slash.

Pulse =~ Min  Fermi LAT  NICER

(71°,71°)  (51°,82°)  (24°,87°)
Pl 48°/0.27  56°/0.35  72°/0.50
P2 40°/0.19  49°/0.28  69°/0.47

with 6 as the colatitude at which the radio beam has an opening
angle, p. For a pure static dipole, both angles are related by

p = 6 + arctan(tan 6/2). (®)]

For &, < 0.125, we always find & 2 71, and therefore the radio
emission would be produced outside the light cylinder. One pos-
sible conclusion is that the hot spot radiating X-ray is not directly
connected to the large-scale dipole field because a bombardment
of particles onto the polar caps would lead to much larger cir-
cular spots of angular size, & ~ 0.3. This also means that the
magnetic moment vector does not necessarily intersect the hot
spots, and therefore the magnetic obliquities given in Table 2 are
subject to large uncertainties. Another possibility is to split the
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x/R

Fig. 6. Example of double dipole geometry in the equatorial plane. Mag-
netic field lines are shown in blue, and the neutron star surface is shown
as a solid black circle of normalised radius. The stellar interior is shown
in light gray.

dipole into a double dipole geometry where two dipoles coex-
ist and are located just underneath the surface of both hot spots.
Figure 6 shows an example of a double dipole geometry con-
tained in the equatorial plane with two dipoles of same magni-
tude. The field lines look very similar to a single dipole at large
distance but close to the surface, and the non-antipodal location
of the magnetic pole is visible. We explore this idea deeper in
the discussion section below.

The PPA evolution can be used to help check the consis-
tency of the magnetic geometry. In Fig. 7, we show PPA val-
ues as obtained from a high signal-to-noise ratio observation
of PSR J0740+6620 conducted with the NRT at 1.4 GHz on
MID 59576 (2021-12-13). The Stokes parameters were cali-
brated using the method presented in Guillemot et al. (2023)
and were corrected for Faraday rotation using the rotation mea-
sure value of —31radm=2 determined from the data themselves
using the rmfit tool of PSRCHIVE (Hotan et al. 2004). Rely-
ing on the rotating vector model of Radhakrishnan & Cooke
(1969), Fig. 7 shows a good fit to the data with @ = 79° and
¢ = 89°, fitting PIR and P2R simultaneously. We assumed that
the PPA shows orthogonal mode switching for P2R depending
on the phase. One mode has 0.4 < ¢ < 0.53 and the other has
0.53 < ¢ < 0.6. Because P2R is not shifted by half a period
compared to PIR, we also tried a fit by translating P2R to ear-
lier phases by an amount of A¢ = —0.03 (brown shifted curve).
This ensures the antipodal position required for the RVM fit-
ting formula instead of fitting P1R and P2R individually. In the
shifted approach, one single set of parameters is sufficient for
both pulses. The associated fit is slightly better than the unshifted
case, but the geometry remains almost unchanged, with & = 74°
and { = 88° instead of @ = 79° and ¢ = 89° for the unshifted
black curve.

4. Discussion

The results from our y-ray light-curve fitting and from the
NICER results are subject to some caveats. First, the Fermi LAT
peak separation relies on the phase difference between the peak
intensity of both pulses from which A is deduced. However, for

A39, page 6 of 8

T
= Non shifted[ 1
== Shifted [

PPA (indeg)
1

-100

Phase

Fig. 7. Polarisation position angle as a function of rotational phase for
PSR J0740+6620 as measured with the NRT at 1.4 GHz. The best val-
ues for the non-shifted PPA are @ = 79° and ¢ = 89°, whereas for the
PPA shifted in phase by 0.03, the values are @« = 74° and { = 88°.
The radio pulse profile is shown in red for better identification of both
pulses.

PSR J0740+6620, the profile is asymmetric between the lead-
ing and trailing edge, rising sharply and decreasing much more
smoothly in both peaks. This raises the question about the pre-
cise location of the centre of each peak. It is unclear whether the
peak separation, A, should be computed according to the peak
intensity, as done in Fermi 3 PC, or it should be extracted from
the phase centre of each pulse defined by a width at 10% max-
imum intensity, for instance. If we allow for an uncertainty in
the estimate of A from the plot in Fig. 2, we stress that at a
large line-of-sight inclination angle, { > 80°, the obliquity, «,
becomes very sensitive to the value of A. A slight increase in A
can lead to a drastic increase in @. For instance, when choosing
A = 0.48 and keeping ¢ = 82°, we would find @ = 66° much
closer to the 72° found by NICER.

Secondly, the NICER collaboration assumes that the orbital
plane inclination angle, i, is equal to the observer line-of-sight
inclination angle, £, and thus i = £. But this is valid only if
the pulsar had enough time to exactly align its spin axis with
the orbital angular momentum. Whether the accretion phase
was efficient and long enough to proceed to exact alignment is
unclear, and a small deviation of several degrees might be possi-
ble.

Third, the magnetic axis was assumed to cross the centre
of each hot spot, implying that the heating of the polar caps
by particle bombardment is circularly symmetric. However, this
assumption, too, needs to be corrected, as there should be a
sweepback of magnetic field lines and some other effects related
to the stellar rotation. Therefore, the values for (a, 8, 6, €) shown
in Table 2 should be reevaluated in light of these caveats.

Finally, the angular size of both hot spots are very simi-
lar, &, =~ & = 0.115. However the usual size of the polar
cap, deduced from the opening field line region gives a value
of 6pc ® VR/r. = 0.306; thus, it is almost a factor of three
larger for this estimate about a centred dipole. As we showed
in Pétri et al. (2023), an off-centring of the dipole location can
drastically reduce the size of the polar cap. If for simplicity we
assume an aligned rotator and shift the dipole along the rotation
axis to the south pole, the displacement, 7y, required to adjust the
spot size to an angle, &,, while dropping the negative solution is
given by

20/rL = —cos &, sin® &, + JR/r)? - sin® & (6)
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Table 4. Obliquity, @, of the magnetic field for varying peak separa-
tion, A, and different inclination angles, £.

A 046 047 048 049 05
=82° 48 56° 66° T77° 90°
J=87° 23° 29°  40° 59° 90°

By inputting numbers adapted for PSR J0740+6620, we find
that a shift of zo/rp = 0.077 is sufficient to reduce the polar
cap size to the observed value. This corresponds to a distance
Zo ~ 10.7—-11.1 km and thus to a size related to the neutron star
radius of zo/R = 0.85—0.89. The dipole is located slightly under-
neath the surface, i.e., in the crust. The same idea can be applied
to the south polar cap with a similar shift.

Because the light-cylinder radius is only 11 times larger than
the stellar radius with R/r;, = 0.091, the impact of an off-centred
or a double dipole remains substantial for the geometry of the
current sheet in the striped wind. Indeed the perfect symmetry
in the light curves is broken for those configurations, and the
relation between the angles @ and ¢ and the peak separation,
A, deviates slightly from the analytical expectations given by
Eq. (1). Variations in A of about 0.01-0.02 are easily achievable
for MSPs. The impact on the obliquity, a, for high inclination
angles, ¢, around 85° is dramatic, as shown in Fig. 2. Setting, for
instance, the value for ¢ approximately to 82° or 87°, we found
the obliquities shown in Table 4. The peak separation is not the
most reliable property of the light curves, especially if the lead-
ing and trailing edges of the pulses are asymmetric. Scrutiny of
the full shape is therefore recommended because the pulse cen-
tre then shifts from the peak intensity. Nevertheless, within a few
degrees of uncertainties, the radio emission and PPA fit agrees
with the y-ray light curve and with the location of the thermal
hot spots. This gives us confidence about the robustness of the
double dipole approach for such a recycled pulsar.

To be more quantitative, Fig. 8 shows an example of variation
of the y-ray peak separation, A, when an off-centred dipole is
taken into account. We computed the force-free magnetosphere
solutions for @ = 70°, 8 = 0°, 6 = 90° and € = {0.2, 0.4} and then
extracted the y-ray light curves as presented in Fig. 8. In this par-
ticular case with ¢ = 82°, the off-centring increases the peak sep-
aration, A, by approximately 0.02 in phase for both eccentricities
(€ = 0.2 and € = 0.4) compared to the centre dipole, as shown by
the green and orange curves that almost overlap with this view-
ing angle. Therefore, for fast-rotating MSPs, the peak separation
measurements are not sufficient to robustly estimate the geome-
try of the large-scale dipolar magnetic field. Some cross-checks
using multi-wavelength data are required, as we demonstrated in
this work.

Finally, knowing the radio emission height, denoted by r;,
and setting the thermal X-ray emission radius to r; = R, we
can estimate the delays introduced by aberration, At,; retarda-
tion, At;; and sweepback, Arg, effects for which the magnitude
increases with increasing altitude according to Phillips (1992)
because

Aty 1 —n

P 2rn (72)
% _ arctan [(r;/rp) sinX] — arctan [(r, /1) sinX] (7b)
P 2

A 12sinx [\ (r) .

I 1 ‘(z”- e

1.0+ €= 0 .
> 0.8F — €=0.2 ]
.‘a’

5 €=0.4
€ 06Ff .
o = radio
[0}
N
© 0.4+ ]
£
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Fig. 8. Comparison of the simulated y-ray light curves between the cen-
tred dipole in blue and the off-centred dipole in green and orange for
a =70°6=0°06=90° and € = 0.2. The line-of-sight inclination is
{ = 82°. The radio pulse profile is shown in red.

From the previous section, we found a maximum radio emis-
sion height of about 40—50% of r at which aberration and retar-
dation effects each contribute approximately equally to 6% of
the phase advance, whereas vacuum magnetic field sweepback
contributes approximately 2.5% of phase retardation, leading to
a total of 10% phase advance of the radio pulse compared to
the thermal X-ray emission. If, however, we use the more real-
istic force-free magnetic field sweepback effect instead of the
vacuum one, the term involving Atg contributes approximately
six times more than in the vacuum (see for instance Figure 6 of
Pétri 2024), thus adding 15% to the phase retardation. In all, the
force-free sweepback compensates for the A/R phase advance,
leading to almost phase-aligned radio and X-ray, as observed
for PSR J0740+6620. More detailed calculations would require
an exact determination of the radio emission height and the full
force-free magnetosphere geometry using, for instance, the dou-
ble dipole configuration shown in Figure 6. However, we do not
dive into such refinements in this study.

5. Conclusions

Although MSP emission is usually thought to be difficult to
model with a dipolar magnetic field because of the impact of
multipolar components close to the stellar surface, we have
shown that a double dipole geometry can confidently reproduce
a wealth of multi-wavelength properties of PSR J0740+6620. A
mildly off-centred dipole would be compatible with radio, ther-
mal X-ray, and y-ray pulse profiles, but the size of the heated
polar cap would be three times larger than the expected size
deduced from the NICER collaboration. Both dipoles are almost
antipodal and located approximately 10% below the surface.
Whether such a configuration could be applied to other MSPs
must be tested case by case. Good candidates include those from
other NICER pulsars with published results, such as PSR J0437-
4715 (Choudhury et al. 2024) or PSR J1231-1411 (Salmi et al.
2024a). We plan to investigate these pulsars in the near future.
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