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ABSTRACT

Context. Pulsars are detected over the whole electromagnetic spectrum, from radio wavelengths up to very high energies, in the
GeV-TeV range. While the radio emission site for young pulsars is well constrained to occur at altitudes about several percent of the
light-cylinder radius and y-ray emission is believed to be produced in the striped wind, outside the light cylinder, the non-thermal
X-ray production site remains unknown.

Aims. The aim of this Letter is to localize the non-thermal X-ray emission region based on a multi-wavelength pulse profile fitting for
PSR J2229+6114, which stands as a particularly good candidate given its high X-ray brightness.

Methods. Based on the geometry deduced from the joint radio and y-ray pulse profiles, we fixed the magnetic axis inclination
angle and the line-of-sight (LoS) inclination angle. However, we left the region of X-ray emission unlocalized, setting it somewhere
between the surface and the light cylinder. We localized this region and its extension by fitting the X-ray pulse profile as observed by
the NICER, NuSTAR, and RXTE telescopes in the ranges of 27 keV, 3—-10keV, and 9.4-22.4 keV, respectively.

Results. We constrained the non-thermal X-ray emission to arise from altitudes between 0.2 . and 0.55 r where r_ is the light-
cylinder radius. The magnetic obliquity is approximately @ ~ 45°—50° and the LoS inclination angle is ¢ ~ 32°—48°.

Conclusions. This Letter is among the first works to offer a tight constraint on the location of non-thermal X-ray emission from

, Dipanjan Mitra®-°®, Matthew Kerr’®, Lucien Kuiper8 ,

pulsars. We plan to apply this procedure to several other promising candidates to confirm this new result.

Key words. acceleration of particles — magnetic fields — radiation mechanisms: general — radiation mechanisms: non-thermal —

stars: neutron — pulsars: individual: PSR J2229+6114

1. Introduction

Among the almost 3000 pulsars detected thus far, a substantial
fraction of the y-ray emitters are radio-loud. For the subclass
of young pulsars, the radio phenomenology is well constrained
and understood as coming from an emission cone located at a
height about several hundred kilometres above the stellar sur-
face, in the region where the dipole magnetic field is domi-
nant (Mitra 2017). These results were obtained from the radio
polarization data, interpreted using the rotating vector model
(Radhakrishnan & Cooke 1969). The high brightness temper-
atures of the radio emission require a collective or coherent
emission mechanism. Based on the emission region constraint,
coherent curvature radiation (CCR) via charge bunches has been
invoked as the plausible emission mechanism at work in this sce-
nario. Moreover, several works have used either analytical meth-

ods, force-free electrodynamics (FFE) simulations, or particle-
in-cell simulations to find a convergence to the same y-ray emis-
sion site; namely the current sheet of the striped wind outside the
light cylinder (e.g. Pétri 2011; Pétri & Mitra 2021; Cerutti et al.
2016). Two competing emission mechanisms are thought to pro-
duce these high-energy photons: incoherent curvature and syn-
chrotron radiation. However, the non-thermal X-ray emission is
not as well understood or studied as broadly. Thus, there is cur-
rently no concrete evidence to support its origin.

This Letter is aimed at constraining the location of the non-
thermal X-ray emission, based on the geometry deduced from
the combined radio and y-ray pulse profile fitting. To apply this
technique, good pulsar candidates should be seen in all three
wavelength domains with a well-defined pulse profile in the
non-thermal X-ray range (above 1-2keV) to avoid contamina-
tion from the surface thermal X-ray emission. We found that
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Fig. 1. Multi-wavelength light curves of PSR J2229+6114 as observed
in radio with the Lovell telescope at the Jodrell Bank Observatory
(1.5 GHz, red line), in X-ray with NuSTAR (3—-10keV, blue line), RXTE
(9.4-22.4keV, green line), NICER (2-6.9 keV, magenta line), and in y
rays with Fermi LAT (>100 MeV, black line).

PSR J2229+6114 satisfies all the requirements for our purposes.
This pulsar was discovered by Halpern et al. (2001) in radio and
X-rays, pulsating at a period of P ~ 51.6ms and with a spin-
down rate of P ~ 7.83 x 107'#s/s. Its light-cylinder radius
is about r, = cP/2n = 2,462km where c is the speed of
light. Its typical surface magnetic field is therefore estimated
from the magneto-dipole losses (Pétri 2016) to be around 2 X
108 T and its strength at the light cylinder to 23 T assuming a
dipole-like radial decrease, r~3. This pulsar was later detected
by the Fermi Large Area Telescope (LAT) instrument in the y-
ray energy range of [100MeV,100 GeV] by Abdo et al. (2009).
They reported a phase lag between the strongest XMM-Newton
X-ray peak in the 1-10keV range and the peak in radio of about
0.17 + 0.02. Pétri (2011) previously fit the y-ray pulse profile of
PSR J2229+6114 with a split monopole solution, whereas more
recently, Pétri & Mitra (2021) used a full 3D force-free magneto-
sphere model with a dipole field close to the surface. They found
amagnetic obliquity of @ ~ 35° and a line-of-sight (LoS) inclina-
tion angle of { ~ 44°. In this Letter, we use joint radio and y-ray
data as well as new simulations with an emission height for the
radio beam fixed at R/r, = 0.1, as deduced from radio polariza-
tion observations and fitted with the rotating vector model, includ-
ing the aberration and retardation effects (Johnston et al. 2023).

In Sect. 2, we present some details of the data sets used in
this work. The radio and y-ray fitting results are summarized in
Sect. 3 and extended by simultaneously joining the non-thermal
X-ray pulse profile. The underlying expected particle dynamics
and its energetics are discussed in Sect. 4. Our conclusions are
given in Sect. 5.

2. Multi-wavelength data sets
2.1. Radio and y-ray pulse profiles

We started by investigating the radio and y-ray pulse profiles
using the Fermi-LAT instrument, a wide-field-of-view (FoV) y-
ray telescope operating in the energy band 20 MeV to 300 GeV.
(Atwood et al. 2009). Fig. 1 summarizes the Fermi-LAT pulse
profile for energies above 0.1 GeV (black histograms), obtained
by analyzing LAT data recorded between August 2008 and Jan-
uary 2023. The gamma-ray photon arrival times were phase-
folded using a timing solution for PSR J2229+6114, extracted
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from the same Fermi LAT dataset, using the techniques pre-
sented in Ajello et al. (2022). The Fermi LAT Third Catalog of
Gamma-ray Pulsars (3PC; Smith et al. 2023) reported a dou-
ble peaked y-ray pulse profile, showing a peak separation of
A = 0.222 £ 0.001 and a y-ray time lag of 6 = 0.296 = 0.001
between y and radio. The timing solution constructed for this
work uses the same radio fiducial phase (see e.g., Smith et al.
2023, for details) as the timing solutions for this pulsar from
the Fermi LAT Second Catalog of Gamma-ray Pulsars (2PC;
Abdo et al. 2013) and from 3PC; thus, the radio and gamma-ray
phase separation in Fig. 1 is consistent with that in the latter cat-
alogs. The 1.4 GHz radio profile in this figure was taken from the
2PC auxiliary files archive, corresponding to a profile recorded
with the Lovell telescope at the Jodrell Bank Observatory (UK).

2.2. X-ray band

We used several instruments in the X-ray band, namely, Neutron
star Interior Composition ExploreR (NICER, Gendreau et al.
2012), Rossi X-ray Timing Explorer (RXTE, Rothschild et al.
1998), and NuSTAR (Nuclear Spectroscopic Telescope Array,
Harrison et al. 2013). Altogether they provide sufficient cover-
age from the soft to the hard X-rays (1-60keV). The pulse pro-
files have also been phase-aligned with the radio profile, a crucial
prerequisite for our model.

2.2.1. NICER pulse profile

The NICER observations of PSR J2229+6114 from 2018-
02-02 22:59:00 to 2022-12-29 06:55:40 (ObsID 1033370101-
5033370272) were used to generate the X-ray pulse profile
analyzed here. The data were re-processed with the standard
recommended procedure, using nicerl2 of NICERDAS v10 and
calibration file v20221001, distributed with HEASOFT v6.31.
Following this approach, we employed the NICERsoft package'
to further filter the data, excluding periods with 1) Earth mag-
netic cut-off rigidity COR_SAX < 1.5GeV/c; 2) space weather
index KP > 5; 3) overshoot rates larger than 1.5 ¢/s; and 4) under-
shoot rates larger than 600c/s. We also removed observation
periods with a 2-10keV count rate >1 c/s (averaged over 32 s) to
exclude any possible remaining periods with a high background.

After this careful filtering process, the event files of the
remaining ObsIDs were merged and the phases of all detected
events were calculated using photonphase (from PINT?). The
phase-folding was carried out using the timing solution for
PSR J2229+6114 extracted from Fermi LAT data, as men-
tioned in Sect. 2.1, whose validity interval encompasses the
NICER dataset. The NICER pulse profile is presented in
Figs. 1 (purple histogram) and 3 (top panel). It was obtained in
the 1.05-6.9keV energy interval (after optimization, following
Guillot et al. 2019).

2.2.2. RXTE-PCA pulse profile

The hard X-ray profile (9.4-22.4keV) used in this work
(see Fig. 1, green histogram, and Fig. 3, bottom panel) was
adopted from Kuiper & Hermsen (2015). These authors com-
piled RXTE-PCA profiles of PSR J2229+6114 for two different
energy bands, 1.9-9.4keV and 9.4-22.4keV, from a combina-
tion of two observation runs, totaling an exposure time of 220.2
ks. More detailed information on the RXTE PCA analysis can
be found in Sect. 5.18 of Kuiper & Hermsen (2015).

! https://github.com/paulray/NICERsoft
2 https://github.com/nanograv/PINT
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2.2.3. NuSTAR pulse profile

The hard X-ray telescope NuSTAR (Harrison et al. 2013), oper-
ating in the 3-79 keV range, observed PSR J2229+6114 and its
pulsar wind nebula (the Boomerang) for about 45.2 ks between
September 21-22, 2020 (MJD 59114.012-59114.99). We used
the “default” screened event files and converted the event arrival
times to Solar System Barycentre arrival times, adopting the
Solar System ephemeris DE405 and NuSTAR clock correc-
tion file nuCclock20100101v137 fits, yielding time tags with an
absolute timing accuracy of better than 100 us (Bachetti et al.
2021) that are amply sufficient to study the timing signal of
PSR J2229+6114. Next, events were selected from a circu-
lar extraction radius of 90" centered on the pulsar. The radio-
aligned pulse profile for events with measured energies in the
10-60keV band (=RXTE PCA analogon) is shown in Fig. 1
(blue histogram). The Z? significance, specifying the deviation
from uniformity, is about 8.30-, adopting 8 harmonics (n = 8).
For the spectral energy distribution in X-ray and y-ray, we refer
to examples in Fig. 28 of Kuiper & Hermsen (2015), Fig. 2
of Iiiiguez Pascual et al. (2022), and Fig. 3 of Coti Zelati et al.
(2020).

3. Multi-wavelength pulse profile fitting

Conducting a simultaneous investigation of the radio and y-ray
pulse profiles allowed us to constrain the most probable value of
the magnetic obliquity and LoS inclination angle. Localizing the
height of the X-ray emission site is another goal of this study. In
this section, we show a self-consistent view of the pulsar geom-
etry in agreement with the three pulse profiles. We proceeded
by following a two-step procedure. In the first stage, we fit the
y-ray profile and its time lag with respect to the radio peak to
extract the magnetic obliquity, @, and LoS inclination angle, ¢.
In a second stage, we added the X-ray emission zone, allow-
ing the emission to start above the radio emission site at 0.2 ry,
nearly all the way to the light cylinder. This was done to deduce
the extension and altitude of this new region.

3.1. Radio and y-ray emission

PSR J2229+6114 was studied more than a decade ago by Pétri
(2011), who found @ = 45° and ¢ = 40°, assuming a simple split
monopole current sheet geometry. More recently, Pétri & Mitra
(2021) found @ = 35° and ¢ = 44° with an accurate dipole
force-free magnetosphere numerical solution. Here, we have
reanalyzed the latter model, from the latest force-free magne-
tosphere simulations (Pétri 2024) with r/r, = 0.1. The accu-
racy of the obliquity a will be within Ao = 5° as the simula-
tions were performed with this angle increment, Aa. Because
we detected both radio and y-ray photons, the condition @ ~ ¢
must apply within an error bar related to the opening angle of
the radio emission cone, ... From Pétri (2011), we know that
cos(mA) = |cote cot(| and, thus, we have cos(mA) = cot’ a.
Therefore, the obliquity is around @ =~ ¢ ~ 48°. Figure 2 shows
the best fit by minimizing the residual, defined as:

1 - gaele] 052
n—I;(Ii d_ll’b) /0—1‘2'

Here, n is the number of data points, v = n — 1, Il?’bs is the
observed y-ray flux, and Ii““"“1 is the predicted y-ray normalized
intensity, while o; represents the uncertainties in the gamma-
ray flux. As a best fit, we chose an inclination of the magnetic
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Fig. 2. Best fit for the phase-aligned y-ray light-curve (=100 MeV) of
PSR J2229+6114 with (a,) = (45°,38°). The radio pulse profile is
shown in red, the model in orange, the y-ray observations in black and
our model in blue.

dipole of @ = 45° and an observer LoS angle of £ = 38°.
These angles are deduced by minimizing Xﬁ—l in Eq. (1). The
fit is excellent for the strongest peak, but worse for the weak
peak, which is more pronounced in the energy band of 50 MeV-
300 MeV. Moreover, knowing the radio pulse profile width, W,
we can estimate the radio emission cone half-opening angle J.
from Gil et al. (1984):

@

The observed width, W, assumes that the full cone is visible at
each rotation. The LoS must then satisfy |@ — | < d; in order
to cross the radio beam. With the fit described above, we get
for PSR J2229+6114 an opening angle of 6, = 25°. Assum-
ing a dipole field structure, the radio emission height becomes
hir, = (4/9) 6fc ~ (0.084; therefore, it is slightly less than 10%
of the light cylinder. This is consistent with the emission height
estimated from radio polarization measurements (Mitra 2017;
Johnston et al. 2023).

sin(6,/2) = \/sinz(W/4) sina sin(e + B) + sin?(8/2).

3.2. X-ray emission

To deduce the X-ray emission altitude and extension, we com-
puted several atlases of pulse profiles, assuming that photons
emanate from thin shells around the separatrix, namely, the sur-
face representing the interface between closed and open mag-
netic field lines. We considered 15 shells with boundaries set
along the magnetic field lines, an emissivity with a Gaussian
profile in the direction perpendicular to the magnetic surface of
width, wy = 0.1ry, and sharp cut offs at radii, r; and r,, such
that a shell is in the interval of [r|, ;]. These zones possess an
extension in radius of 0.05 rp, cut in different spherical layers
— from a first zone at a height of r/rp, € [0.2,0.25] to a last
zone at a height of r/r_ € [0.9,0.95]; therefore, the kth zone is
(r/rL)e € [0.2 + 0.05k,0.25 + 0.05 k], starting from zone k = 0
to k = 14. From these atlases, we computed the pulse profiles
by using only one zone or by adding several adjacent zones to
determine the minimal and maximal emission heights compati-
ble with the pulses. We also kept the LoS inclination angle, £,
as a free parameter to check whether we were able to retrieve
the same value as for the y-ray light curve. For completeness, an
obliquity with @ = 50° and o = 40° was also tested. Performing
the fits for NICER above 2 keV, for NuSTAR above 3keV, and
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Fig. 3. Best-fit light-curves in X-rays, using the NICER data (top); NusS-
TAR data (middle); and RXTE data (bottom). Observations are shown
in green and the models in blue for (a,¢) = (40°,46°), in red for
(@, ) = (45°,38°), and in brown for (e, {) = (50°,36°).

for RXTE in the band [9.4,22.4] keV, we get the results shown
in Fig. 3. The top panel compares the NICER pulses in green to
our model in blue for @ = 40°, in red for @ = 45° and in brown
for @ = 50°, giving a best fit of { = 46° for the blue curve,
¢ = 38° for the red curve and ¢ = 36° for the brown curve.
The middle panel shows good fits for NuSTAR and the bottom
panel for RXTE. In all cases, the emission starts at r/r, = 0.2
and goes up to an altitude of r/r, = 0.55 for all three panels in
Fig. 3. Moreover, we used a consistent set of obliquities, @, and
LoS inclination angle, £, for all light curves shown in Fig. 3 cor-
responding to the best fit for NICER observations. If the LoS is
not constrained, the results are slightly different, depending on
the instrument as summarized in Table 1. However, these values
of { encompass the value found in the previous paragraph and
are fully compatible.

We stress that our force-free model only provides the geo-
metrical locations where the radiation is produced within the
pulsar magnetosphere. The force-free simulations used in this
work assume a star-centred dipole; hence, if the non-thermal
X-rays originate from below the radio emission region, then the
model predicts time aligned radio and non-thermal X-ray pro-
files, however, these are not consistent with the observations.
Clearly, the expected width below the radio emission region is
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Table 1. LoS inclination angles, £, implied by the non-thermal X-ray
pulse profile obtained with NICER, RXTE, and NuSTAR data by impos-
ing @ = {40°,45°,50°}.

Satellite Band a=40° a =45 a=50°
NICER 2-6.9keV 46° 38° 36°
RXTE 9.4-22.4keV 58° 48° 34°
NuSTAR 3-10keV 58° 56° 50°

significantly smaller than the observed X-ray profile width. We
also refer to Philippov et al. (2020), who suggested a different
explanation related to the particles producing the radio emis-
sion. Realistically, the surface magnetic field is non-dipolar in
nature (Pétri & Mitra 2020; Arumugasamy & Mitra 2019) and
while this may explain the observed radio and non-thermal X-ray
profile misalignment, it cannot explain the observed X-ray pro-
file width — since the presence of a non-dipolar field will shrink
the polar cap further resulting in a smaller pulse width, compared
to the dipolar case. The fact that the non-thermal X-ray emission
originates higher up in the magnetosphere is therefore a robust
result.

4. Discussion on the energetics

In our force-free model, the region along the separatrix is
the location where the non-thermal X-rays are generated. The
charges that accelerate along the separatrix give rise to non-
thermal X-ray emission by two possible mechanisms, namely,
synchrotron or curvature radiation. The former requires a large
pitch angle ¥ ~ 90° for the particles to significantly experience
the magnetic gyro-motion. The latter requires motion along mag-
netic field lines with a possible perpendicular drift. This means a
small pitch angle of ¥ < 1 is required. For intermediate pitch
angles, neither synchrotron nor curvature spectra applies, but
synchro-curvature sets in instead. This synchro-curvature radi-
ation has been studied in the context of pulsar magnetospheres
by Kelner et al. (2015), where particles are forced to glide along
the separatrix.

We go on to compute the expected particle characteristics in
the force-free approximation. The magnetic field strength of the
dipole is known from its spin-down and the field line curvature
from the force-free model. Assuming a dipolar decrease of the
magnetic field strength from the surface to the base of the wind,
its strength at the light cylinder is about By, ~ 23 T. In order
to produce the required X-ray photons of energy Ex, typically
above 1 keV, the particle Lorentz factor must follow these values,
in the curvature ¥,y and synchrotron gy, cases, respectively:

Yeurv ® 3.5 X 10° (Ex/5 keV)1/3 (pc/rL)l/S i
Ysync = 1358 (Ex/5 keV)1/2 (B/BL)—I/Z’

(3a)
(3b)

where p, is the curvature radius of the particle trajectory, B is
the magnetic field strength at the light cylinder, B is the magnetic
field strength at the emission location. However, synchrotron
radiation is very unlikely close to the stellar surface because
particles stay in their fundamental Landau level. At larger dis-
tances, close to the light cylinder, this pitch angle could be mea-
sured from the radiation reaction limit velocity, as explained by
Kalapotharakos (2019).

Moreover, from a theoretical point of view, in the pair cas-
cade region above the polar cap, current models predict two pop-
ulations of pair plasma flows: a primary beam (b) of electrons
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Fig. 4. Curvature in units of 1/r,, along the separatrix starting from the
surface going to the light cylinder and back to the surface for the force-
free solution. Values are given for an oblique rotator with o = 45°. At
low heights, it follows «. 1. ~ r~!/2. The four field lines are shown in
different colours.

and positrons, with a very high Lorentz factor accelerated in
the vacuum gap potential drop to reach y, ~ 10° and a sec-
ondary plasma of e* pairs (p) produced by cascades due to mag-
netic photo-disintegration reaching Lorentz factors of y, ~ 107
(Kazbegi et al. 1991; Arendt & Eilek 2002; Usov 2002). In the
partially screened gap model of Gil et al. (2003), an ion outflow
is allowed with yion ~ 103. Electrons and positrons do not follow
exactly the same distribution functions because of the parallel
electric field screening (Beskin et al. 1993). The pair multiplicity
factor can reach values up to k ~ 10*~10° (Timokhin & Harding
2019). This pair plasma produces the observed radio emission,
typically, in the MHz—GHz band, through CCR (Mitra 2017).
The evolution of the curvature, ., along the particle path within
the separatrix surface in a force-free magnetosphere plays a cen-
tral role. It is shown in Fig. 4 for an obliquity of @ = 45°,
in units of 1/r.. Each colour depicts a different field line,
with a sample of four representative lines having been cho-
sen. The curvature decreases with distance to the star approx-
imately like 7~/ for the FFE model (actually, it is the same
behaviour for the vacuum case), as long as r < r.. More-
over at the radio emission height of r/rp, = 0.1, this curva-
ture is about k.1, = rp/p. ~ 22-35. Therefore, the par-
ticle Lorentz factor for producing radio photons in the GHz
band is Yradio & 57 (Veadgio/1 GHZ)'? (30 p/r)"/3. This corre-
sponds to the secondary plasma flow with ;40 & 100 for typ-
ical values of p.. If the X-ray photons are produced in regions
with a similar curvature, then the Lorentz factor ratio must be
VX[ Vradio = (SkeV/h x 1GHz)'® ~ 103. This corresponds to
the primary beam with Lorentz factor of about 10*=>, which is
consistent with the estimates for primary beams, as, for instance,
reported by Timokhin & Arons (2013). However, the core of the
X-ray emission approaches r = 0.5 r;, where the curvature has
decreased by a factor of 2-3, down to k. r. = 10, requiring
yx ~ 1.6 x 10° (Ex/5keV)'? (10 p./r.)"/3. Therefore, radio
and non-thermal X-ray emission are produced by CCR of the
secondary plasma (y, ~ 100) and the incoherent curvature radi-
ation of the primary beam (y, > 10°), respectively. This is
consistent with the one-dimensional (1D) particle distribution
functions of the out-flowing relativistic plasma along the open
magnetic field lines. Above a height of 0.5 r_ the sharp decrease
of the curvature, «., shifts the photon energy to a lower band well

below 1keV. Moreover, the particle density number also drops
due to the divergent magnetic field structure and the spherical
expansion.

Non-dipolar components are excluded in the radio emission
region and above it. The reason why non-thermal X-rays are
mostly produced along the separatrix is two fold. First, the curva-
ture radiation power scales as the curvature squared, Kg, and the
particle charge squared, ¢%, such that P, = (¢?/6m&p)y* c k2.
Because the curvature, k., drastically decreases towards the
centre of the polar cap, the associated curvature power also
decreases, even faster than .. Furthermore, polar caps are
known to show pair creation only in regions where the current
density jsatisfies j > pcor j/pc < 0, where the physical bound-
aries depend on the obliquity (Timokhin & Arons 2013) and p is
the corotating charge density. Also, magnetic field lines near the
poles do not sustain pair cascades, producing only low energy
primary particles. This leads to a hollow cone model reminis-
cent of the radio hollow cone model. Second, the particle den-
sity number, n, along the separatrix is high due to the current
required to support the transition layer between the open field-
line region and the closed field-line region. Moreover, the current
density decreases towards the centre for an inclined rotator and
vanishes for an orthogonal rotator, as seen in Figs. 8 and 9 of
Pétri (2022). Because the emissivity is proportional to the prod-
uct, n. P, we expect the light curve to be formed essentially in
the separatrix region, as postulated in our model. Adding some
small resistivity to create a parallel accelerating electric field
would only slightly change the value of the curvature, «.. All
the above results would be essentially unchanged for a resistive
magnetosphere.

5. Conclusion

Based on the multi-wavelength light-curve fitting of
PSR J2229+6114, we show that non-thermal X-ray pho-
tons emanate from a region located between the polar cap
and the light cylinder, along the separatrix, at an altitude in
the range of r/rp € [0.2,0.55]. The curvature radiation of the
primary beam with Lorentz factor y, > 10° is responsible for
this non-thermal X-ray emission, whereas the secondary plasma
with y, ~ 100 radiates radio photons. The extension of the
X-ray region is controlled by the decrease in the open field line
curvature along the separatrix, shifting the photon energy well
below the X-ray band.
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