
FIG. 8. This figure charts the evolution of 10,000 initial photons that result in escaping 511 keV photons for the C planet
system. Each row is a generation and each branch represents a di!erent path. The black vertex is the initial photon (INIT),
green vertices are photons producing Compton scattered electrons (COMP), yellow vertices are electrons or positrons producing
Bremsstrahlung photons (BREM), orange vertices are electron-positron annihilation to produce photons (ANNI), red vertices
are photons producing electron-positron pairs (PAIR), and grey vertices are escaping 511 keV photons.

Rorb = a10 → 10
8 m, and G is the gravitational constant.

Most of the companion models have Porb ↑ 10
4 s, except

for the C WD model, which has Porb ↑ 10
3 s. This is due

to the large Mcomp and small a10 of this model compared
to the others. Porb is listed in Table I for each model.
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Figure 4. Cartoons that depict emission scenarios employed in this work. (Left): Emission components common to Scenarios 1 and 2.

Purple, red, and blue arrows denote synchrotron, IC-in-IBS, and IC-in-wind emissions, respectively. Note that the synchrotron emission is

stronger in the flow direction due to relativistic aberration. For each emission component, three representative directions (toward INFC,

SUPC, and in between) are displayed, where thicker arrows mean stronger emission. (Right): Synchrotron radiation under the companion’s

B (green region) by the wind particles that penetrate the IBS. For Scenario 2, we add this emission component to those of Scenario 1.

synchrotron radiation in the X-ray band, which is
Doppler-boosted along the bulk flow direction (Fig-
ure 4). The companion provides seeds for IC scat-
tering to the electrons in the IBS and in the pulsar-
wind region. While this scenario has been success-
ful in modeling the X-ray SEDs and LCs of pul-
sar binaries (Romani & Sanchez 2016; Wadiasingh et al.
2017; Kandel et al. 2019; van der Merwe et al. 2020;
Cortés & Sironi 2022), it was suggested that the sce-
nario cannot explain the recently-discovered GeV modu-
lations from our RB targets (An et al. 2020; Clark et al.
2021, see Section 3.2.1). We check this basic scenario
(Scenario 1) to confirm the previous suggestion, and
we adjust the parameters within this scenario to offer
a phenomenological explanation for the data. Then, we
explore an alternative scenario to explain the LAT mea-
surements. Note that these scenarios share the same
mechanism for the X-ray emission (synchrotron radia-
tion from IBS electrons), and therefore, our descriptions
of the scenarios concentrate on the gamma-ray emission
mechanisms.

• Scenario 1: This is the basic IBS scenario where
electrons in the cold wind and in the IBS IC-
upscatter the companion’s BB photons to produce
gamma-ray emission (Figure 4 left).

• Scenario 2: It was suggested that a sufficiently
energetic component of the upstream pairs passes
through the IBS unaffected and emits synchrotron
radiation under the influence of the companion’s
B (van der Merwe et al. 2020), producing GeV

gamma rays (Figure 4 right). This component is
added to the gamma-ray flux of Scenario 1.

To summarize, we consider three emission zones as
listed below.

• Wind zone (cyan in Figure 4): This is an emis-
sion zone between the pulsar’s light cylinder and
the IBS. Electrons in this zone are assumed to
be cold (i.e., δ distribution) and relativistic (but
see Section 4.1.1 for Scenario 1a). In our phe-
nomenological study, we consider only the IC emis-
sion from the electrons, assuming that their syn-
chrotron emission is weak (but see Section 5).

• IBS zone (pink in Figure 4): The electrons in
the wind zone are injected into this IBS zone,
and thus the number and energy of the elec-
trons in this zone are connected to those in the
wind zone (Equations (12)–(14) below). In this
IBS zone, shock-accelerated electrons flow along
the IBS surface, and they produce both syn-
chrotron and IC emissions. We do not con-
sider synchrotron-self-Compton emission from this
zone, as its flux has been assessed to be negligibly
small (van der Merwe et al. 2020).

• Companion zone (green in Figure 4 right): This
emission zone is used only for Scenario 2. Most of
the upstream pairs interact with the IBS zone, but
a sufficiently energetic component of them with
large gyro radii are assumed to pass through the

PeV particle acceleration in magnetospheres of millisecond pulsars
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1) Recent detections by Fermi-LAT of orbitally modulated and pulsed gamma-ray emission in MSP pulsar binaries imply the presence of ~0.1 PeV 
leptons in phase with the regular pulsed GeV gamma-rays. This implies particle acceleration of PeV energies must take close where GeV gamma-rays 
are produced, likely near the light cylinder in the equatorial current sheet. These same electron/positrons likely produce the orbitally modulated GeV 
pulsed emission via radiation-reaction limited curvature radiation in the equatorial current sheet, implying low multiplicity are realized in real pulsars for 
the current sheet. These results also imply the shocks in millisecond pulsar binaries are the result of a strong companion magnetosphere.

2) New results (Metzler & Wadiasingh 2025) show that backsplash 511 keV emission exists in pulsar binaries, and it can also serve as a diagnostic for 
the particle content of pulsar winds.

1. (Pulsed) Gamma-ray orbital modulation in MSPs

FIG. 1. Schematic of a MSP irradiating its companion with high energy ω-rays and charged particles. These primary particles
bombard the surface of the companion, which are reprocessed into low energy backsplash ω-rays, low energy e→e+ pairs, and
511 keV line emission that escape from the system. In the rightmost panel, x = 0 corresponds to incident ω-ray’s path, and
z = 0 corresponds to the surface of the companion along that path.

FIG. 2. Histogram of the most dominant pathways for es-
caped 511 keV photons for a representative C WD. These
represent multiple generations of e→e+ pair production and
ω-ray production through bremsstrahlung that concludes with
e→e+ annihilation, creating an escaping 511 keV ω-ray.

ω = Ṅ511 →

∫ Emax

Emin

dN
dEEdE

LMSP
→

4ε

!”
(3)

The annihilation line ϑ-ray emission is not isotropic,
so in Equation 4 we define a di!erential ϑ-ray emissiv-
ity, ṅ511(ϖ, i) (units of photons/s/sr), escaping at an az-
imuthal angle in the orbital plane, ϖ, and inclination an-
gle, i. ϖ = 0 is defined as directly towards the MSP,
and i = 0 is orthogonal to the orbital plane. Table I
lists Ṅ511 and the maximum of ṅ511(ϖ, i = ε/2) for each
model, assuming a distance of 100 pc from Earth.

Ṅ511 =

∫∫
dϖ di sin(i)ṅ511(ϖ, i) (4)

Model a10 Porb Rcomp ε (%) Peak ṅ511 Ṅ511

Units – 104s 108cm % ph/cm2/s ph/s
He planet 8.8 1.1 6 2 10→12.0 1029.8

C planet 8.8 1.1 6 10 10→11.4 1030.5

Si planet 8.8 1.1 6 42 10→10.8 1031.2

S planet 8.8 1.1 6 54 10→10.6 1031.3

Fe planet 8.8 1.1 6 126 10→10.3 1031.6

He WD 9.7 1.2 200 2 10→9.1 1032.8

C WD 2.3 0.12 7 10 10→10.1 1031.8

0.01 M↑ BD 8.0 0.94 69 1 10→10.0 1031.8

0.03 M↑ MS 4.9 0.45 60 1 10→9.7 1032.2

0.1 M↑ MS 4.7 0.41 83 1 10→9.5 1032.4

0.3 M↑ MS 8.2 0.90 200 1 10→9.2 1032.8

0.9 M↑ MS 17 2.4 550 1 10→8.9 1033.0

TABLE I. For each companion model, the number of photons
between 505 and 515 keV per interacting primary ω-ray is
reported. The 511 line flux assumes a pulsar luminosity of
1034 erg/s, and a distance of 100 pc from Earth.

The He WD and massive star systems have the bright-
est 511 keV line at 10→8.9 and 10

→9.1
ph/cm2/s at 100 pc.

A spectrum for the secondary emission from the He
WD system is shown alongside the initial MSP spectrum
in Figure 3, demonstrating that the backsplash emis-
sion rises above the MSP’s primary continuum emission
(which are generally not beamed toward the observer in
similar directions) by a factor of ↑ 10 at 511 keV. For
fainter models, the line may not rise above the pulsar
emission, complicating searches for the emission from
these systems, and indicating that searches would be
more sensitive to binary MSP systems with harder pri-
mary ϑ-ray spectra than our assumption or whose pulsar
emission is not beamed toward Earth. Figure 4 shows
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FIG. 3. Primary incident (blue) and secondary (orange) emis-
sion for an irradiated He WD. The MSP spectrum is defined
by Equation A.7 with x = E/E0, E0 = 2 GeV, ! = 1, d = 0.6,
b = 0.9, and E is the incident ω-ray energy. This system is
assumed to be 100 pc from Earth, and the pulsar luminosity
is LMSP = 1034 ergs/s. The normalization for this spectrum
is averaged over all emission directions, and the instantaneous
spectrum can vary by viewing angle.

the secondary emission spectrum for the same system as
a function of orbit phase. An orbital Doppler shift mod-
ulates the line by ↭ 1 keV, neglecting the finite size of the
companion. Figure 5 shows ṅ(ω, i) for the C WD model,
where the centers of the figure corresponds to the infe-
rior conjunction of the MSP. This demonstrates how the
inclination angle might be constrained by observing the
variability of the secondary ε-ray emission throughout
the orbit.

Observability of Known Systems We now consider bi-
nary MSPs with circular orbits in the ATNF Pulsar Cat-
alogue [80]. The systems are divided based on the ‘BIN-
COMP’ column in the ATNF Pulsar Catalogue. Systems
defined as ‘He’ or ‘HeT’ use the He WD model, those de-
fined as ‘CO’ use the C WD model, and those defined as
‘MS’ happened to be RB systems with Porb < 2 days and
used the MS model with the closest mass. The systems
defined as ‘UL’ or ‘ULT’ were further divided into BWs,
if Porb < 2 days, or UL otherwise. We assume 1.7 M→
NSs and that the stellar companions’ radii are the value
listed in Table I. The BW and UL systems are treated
di!erently due to their unknown compositions. We make
three di!erent assumptions for the BW and UL com-
panions: a) the companion density is 10 g/cm3, b) the
companion density is 30 g/cm3, and c) the companion
radius is 6→ 10

8
cm. For reference, the companion orbit-

ing J1719–1438 has a minimum density of 22 g/cm3 [a
‘diamond’ planet, 52]. In any case where the Roche lobe
radius is less than the assumed radius, we use the Roche
lobe radius instead. We assume LMSP = 0.2Ė and the
same primary ε-ray spectrum as in the previous section.
The systems and their parameters are listed in the sup-
plemental material.

The maximum of ṅ511(ω, i = ϑ/2) for these systems are
summarized in Figure 6. The brightest source is J1720–
0533 (hereafter J1720), but the distance to J1720 may

FIG. 4. The backsplash spectrum, and radial Doppler shifts
(for zero systemic/peculiar velocity), for a He WD-MSP bi-
nary 100 pc from Earth viewed edge-on over the course of an
orbit. Orbit phase = 0 corresponds to the inferior conjunction
of the MSP. The 511 keV line shifts by → 1 keV, which could
substantially increase the sensitivity of coherent searches for
the line emission if the Doppler shift can be resolved.

be underestimated by up to a factor of 5 [81]. COSI
has a planned line sensitivity of 1.2 → 10

↑5
ph/cm2/s

[13]. Coherent searches for a periodic signals gain a sen-
sitivity improvement of

√
Tobs/Porb ↑ 30 ↓ 300 with

Porb = 10
3
↓ 10

4 s and Tobs = 10
7
↓ 10

8 s. Nevertheless,
J1720 would not be individually detectable with COSI,
and observations would likely rely on stacking analyses
of many systems similar to J1720. Given the beaming
geometry of MSPs [82, 83], the true source density of
systems similar to J1720 (whose pulsars are not beamed
toward Earth) ought to be a factor O(10) or more higher
than what has been observed to date.

In contrast with the previous section, the MSP-He WD
population is considerably less bright in 511 keV line
emission than the BW or RB populations. The reduc-
tion is due to the observed MSP-He WD binary systems
being considerably further apart than the initial model,
reducing !”, which scales as a↑2

10 for small !”. The ob-
servational bias against UCBs in pulsar surveys is even
more so for systems with heavier companions that ex-
acerbate Doppler smearing [55]. Rescaling our He WD
model such that Porb ↑ 25 min2, which is just before
the system becomes an UCXB according to [62], yields

2 This new geometry no longer follows the far-field source approxi-
mation used in the simulations, so the modulation with the orbit
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substantially increase the sensitivity of coherent searches for
the line emission if the Doppler shift can be resolved.
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geometry of MSPs [82, 83], the true source density of
systems similar to J1720 (whose pulsars are not beamed
toward Earth) ought to be a factor O(10) or more higher
than what has been observed to date.

In contrast with the previous section, the MSP-He WD
population is considerably less bright in 511 keV line
emission than the BW or RB populations. The reduc-
tion is due to the observed MSP-He WD binary systems
being considerably further apart than the initial model,
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Channel L511[erg/s]
Primary GeV ω-rays, L511,i 1025.5LMSP,34

*Primary e→e+Pairs, L511,ii 1023.4Lee,34

Mono. 1 GeV e+e→Pairs 1022.5L34

Mono. 10 GeV e+e→Pairs 1023.2L34

Mono. 100 GeV e+e→Pairs 1023.9L34

Mono. 1 TeV e+e→Pairs (proj.) 1024.6L34

Mono. 10 TeV e+e→Pairs (proj.), L511,iii 1025.3L34

**Shock MeV ω-rays, L511,v 1025.7LShock,32

TABLE S1. For the ideal Fe planet model, we calculate L511

for each of the primary radiation channels from Equation 2. *
Solid Blue line Fig 10 of [S113]. ** Power law with exponential
cuto! as in Equation A.7 with E0 = 150 MeV, ! = 1.67,
d = 0.1, and b = 3.
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Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
and Fermi-LAT (upper panel) observations. Data have been folded using the
pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
the gamma-ray light curve indicates the expected background level computed
from the distribution of photon weights.

Table 2. Gamma-ray spectral parameters in two orbital phase regions.
Photon and energy fluxes are integrated over photon energies E > 100 MeV.
Uncertainties are at the 1σ level.

Parameter 0 < " ≤ 0.5 0.5 < " ≤ 1

Photon index, # 1.25 ± 0.13 1.42 ± 0.14
Exponential factor, a (10−3) 9.0 ± 1.3 5.7 ± 1.2
Photon flux (10−8 cm−2 s−1) 1.8 ± 0.2 1.3 ± 0.2
Energy flux, Gγ (10−11 erg cm−2 s−1) 1.7 ± 0.1 1.3 ± 0.1

Figure 4. Gamma-ray spectral energy distributions (SEDs) for PSR J2039–
5617, measured in two discrete orbital phase ranges around pulsar superior
(0.0 < " ≤ 0.5) and inferior (0.5 < " ≤ 1.0) conjunctions. Error bars are
derived by fitting the normalization of a power-law spectrum with index 2
to the flux measured in five discrete logarithmically spaced energy bands
per decade. The deviating points at low energies are likely due to source
confusion, as seen in the SEDs of several sources in 4FGL. The curved
lines and shaded regions illustrate the best-fitting spectral models and one-
sigma uncertainties in each phase interval. The blue curve and shaded regions
show the difference between the spectral models measured in the two phase
intervals.

Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.

compared to our earlier model where the gamma-ray flux is constant
with orbital phase.

Similar orbital modulation has been observed from a handful of
other spider systems (Wu et al. 2012; An et al. 2017, 2020; An,
Romani & Kerr 2018). In two of these systems, the gamma-ray
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
modulated component appears to be pulsed in phase with the ‘normal’
intrinsic gamma-ray pulses.

Using the timing solution from Section 3.2, we can now inves-
tigate any rotational phase dependence of the orbitally modulated
component. In Fig. 5, we show the gamma-ray pulse profile, split
into two equal orbital phase regions around the pulsar superior (0 <

" ≤ 0.5) and inferior conjunctions (0.5 < " ≤ 1). We find that the
estimated background levels, calculated independently in each phase
region from the photon weights as b =

∑
j wj − w2

j (Abdo et al.
2013), are very similar between the two orbital phase selections,
that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
phase with the intrinsic emission. We shall defer a full treatment of
this additional emission component to a future work (Voisin et al.,
in preparation) and instead, discuss some broad implications of the
detection.

In the ICS scenario, it appears unlikely that the ICS population
and the population responsible for the intrinsic (curvature) emission
share the same energy. Indeed, the typical energy of the scattered
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Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
and Fermi-LAT (upper panel) observations. Data have been folded using the
pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
the gamma-ray light curve indicates the expected background level computed
from the distribution of photon weights.

Table 2. Gamma-ray spectral parameters in two orbital phase regions.
Photon and energy fluxes are integrated over photon energies E > 100 MeV.
Uncertainties are at the 1σ level.

Parameter 0 < " ≤ 0.5 0.5 < " ≤ 1

Photon index, # 1.25 ± 0.13 1.42 ± 0.14
Exponential factor, a (10−3) 9.0 ± 1.3 5.7 ± 1.2
Photon flux (10−8 cm−2 s−1) 1.8 ± 0.2 1.3 ± 0.2
Energy flux, Gγ (10−11 erg cm−2 s−1) 1.7 ± 0.1 1.3 ± 0.1

Figure 4. Gamma-ray spectral energy distributions (SEDs) for PSR J2039–
5617, measured in two discrete orbital phase ranges around pulsar superior
(0.0 < " ≤ 0.5) and inferior (0.5 < " ≤ 1.0) conjunctions. Error bars are
derived by fitting the normalization of a power-law spectrum with index 2
to the flux measured in five discrete logarithmically spaced energy bands
per decade. The deviating points at low energies are likely due to source
confusion, as seen in the SEDs of several sources in 4FGL. The curved
lines and shaded regions illustrate the best-fitting spectral models and one-
sigma uncertainties in each phase interval. The blue curve and shaded regions
show the difference between the spectral models measured in the two phase
intervals.

Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.

compared to our earlier model where the gamma-ray flux is constant
with orbital phase.

Similar orbital modulation has been observed from a handful of
other spider systems (Wu et al. 2012; An et al. 2017, 2020; An,
Romani & Kerr 2018). In two of these systems, the gamma-ray
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
modulated component appears to be pulsed in phase with the ‘normal’
intrinsic gamma-ray pulses.

Using the timing solution from Section 3.2, we can now inves-
tigate any rotational phase dependence of the orbitally modulated
component. In Fig. 5, we show the gamma-ray pulse profile, split
into two equal orbital phase regions around the pulsar superior (0 <

" ≤ 0.5) and inferior conjunctions (0.5 < " ≤ 1). We find that the
estimated background levels, calculated independently in each phase
region from the photon weights as b =

∑
j wj − w2

j (Abdo et al.
2013), are very similar between the two orbital phase selections,
that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
phase with the intrinsic emission. We shall defer a full treatment of
this additional emission component to a future work (Voisin et al.,
in preparation) and instead, discuss some broad implications of the
detection.

In the ICS scenario, it appears unlikely that the ICS population
and the population responsible for the intrinsic (curvature) emission
share the same energy. Indeed, the typical energy of the scattered
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Figure 3. Orbital light curves of J2039 from XMM–Newton (lower panel)
and Fermi-LAT (upper panel) observations. Data have been folded using the
pulsar timing ephemeris from Section 3.2. The dashed red horizontal line on
the gamma-ray light curve indicates the expected background level computed
from the distribution of photon weights.

Table 2. Gamma-ray spectral parameters in two orbital phase regions.
Photon and energy fluxes are integrated over photon energies E > 100 MeV.
Uncertainties are at the 1σ level.

Parameter 0 < " ≤ 0.5 0.5 < " ≤ 1

Photon index, # 1.25 ± 0.13 1.42 ± 0.14
Exponential factor, a (10−3) 9.0 ± 1.3 5.7 ± 1.2
Photon flux (10−8 cm−2 s−1) 1.8 ± 0.2 1.3 ± 0.2
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Figure 4. Gamma-ray spectral energy distributions (SEDs) for PSR J2039–
5617, measured in two discrete orbital phase ranges around pulsar superior
(0.0 < " ≤ 0.5) and inferior (0.5 < " ≤ 1.0) conjunctions. Error bars are
derived by fitting the normalization of a power-law spectrum with index 2
to the flux measured in five discrete logarithmically spaced energy bands
per decade. The deviating points at low energies are likely due to source
confusion, as seen in the SEDs of several sources in 4FGL. The curved
lines and shaded regions illustrate the best-fitting spectral models and one-
sigma uncertainties in each phase interval. The blue curve and shaded regions
show the difference between the spectral models measured in the two phase
intervals.

Figure 5. The gamma-ray pulse profile of PSR J2039–5617 measured in data
taken in two equally sized orbital phase regions around the pulsar superior
(left) and inferior (right) conjunctions. The red dashed line indicates the
background level, estimated independently in each orbital phase region using
the distribution of photon probability weights. The gamma-ray pulse profile
is clearly enhanced around superior conjunction, and there is no evidence for
an unpulsed component in either orbital phase region.

compared to our earlier model where the gamma-ray flux is constant
with orbital phase.

Similar orbital modulation has been observed from a handful of
other spider systems (Wu et al. 2012; An et al. 2017, 2020; An,
Romani & Kerr 2018). In two of these systems, the gamma-ray
flux peaks at the same orbital phase as is seen here from J2039,
and importantly, from the redback PSR J2339–0533, the orbitally
modulated component appears to be pulsed in phase with the ‘normal’
intrinsic gamma-ray pulses.

Using the timing solution from Section 3.2, we can now inves-
tigate any rotational phase dependence of the orbitally modulated
component. In Fig. 5, we show the gamma-ray pulse profile, split
into two equal orbital phase regions around the pulsar superior (0 <

" ≤ 0.5) and inferior conjunctions (0.5 < " ≤ 1). We find that the
estimated background levels, calculated independently in each phase
region from the photon weights as b =

∑
j wj − w2

j (Abdo et al.
2013), are very similar between the two orbital phase selections,
that the pulse profile drops to the background level in both, and
that the gamma-ray pulse is significantly brighter around the pulsar
superior conjunction. There is therefore no evidence for an unpulsed
component to the gamma-ray flux from J2039, and the extra flux at
the companion inferior conjunction is in fact pulsed and in phase
with the pulsar’s intrinsic pulsed gamma-ray emission.

We consider two possible explanations for this orbitally mod-
ulated excess. In these models, charged particles are accelerated
in an inclined, fan-like current sheet at the magnetic equator that
rotates with the pulsar. The intrinsic pulsed gamma-ray emission is
curvature radiation seen when the current sheet crosses the line of
sight. In the first scenario, the additional component is ICS from
relativistic leptons upscattering the optical photon field surrounding
the companion star. In the second, these leptons emit synchrotron
radiation in the companion’s magnetosphere. These processes cause
the normally unseen flux of relativistic leptons that is beamed towards
the observer when the current sheet crosses the line of sight to become
detectable as an additional pulsed gamma-ray flux that is coherent in
phase with the intrinsic emission. We shall defer a full treatment of
this additional emission component to a future work (Voisin et al.,
in preparation) and instead, discuss some broad implications of the
detection.

In the ICS scenario, it appears unlikely that the ICS population
and the population responsible for the intrinsic (curvature) emission
share the same energy. Indeed, the typical energy of the scattered
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Figure 1. Exposure-corrected LCs of J1227 (left), J2039 (middle), and J2339 (right). The left and right ordinates show the count rates

and fluxes, respectively, where the latter were estimated by comparing the phase-averaged fluxes to the observed counts. We used the

2–10 keV band for the Chandra and XMM LCs, and the 3–20 keV band for the NuSTAR LCs. The solid curves are LCs computed with

our IBS model for Scenarios 1 and 2 (see Sections 3.2 and 4.3).

2.1. Data reduction

We processed the XMM data using the emproc and
epproc tools integrated in SAS 2023412 1735. We fur-
ther cleaned the data to minimize contamination by par-
ticle flares. Note that we did not use XMM timing-mode
data due to the low signal-to-noise ratio. The Chandra
observation was reprocessed with the chandra repro

tool of CIAO 4.12, and the NuSTAR data were pro-
cessed with the nupipeline tool in HEASOFT v6.31.1
using the saa mode=optimized flag. For the analyses
below, we employed circular source regions with radii
of R = 3′′, R = 16′′ and R = 30′′ for Chandra, XMM,
and NuSTAR, respectively. Backgrounds were extracted
from source-free regions with radii of R = 6′′ for Chan-
dra, R = 32′′ (or R = 16′′ for small-window data) for
XMM, and R = 45′′ for NuSTAR.

2.2. X-ray light curves

To generate orbital LCs of the sources for use in our
modeling (Section 4), we barycenter-corrected the pho-
ton arrival times and folded them using the orbital pe-
riod (PB) and the time of the ascending node (TASC)
measured for each source (Roy et al. 2015; Clark et al.
2021; An et al. 2020). We should note that the expo-
sures of the observations are not integer multiples of
the orbital periods, resulting in uneven coverage of or-
bital phases. Furthermore, there are observational gaps
caused by flare-removal (XMM) and Earth occultation
(NuSTAR), which also introduce nonuniformity in the
phase coverage.
We investigated the effects of the nonuniform phase

coverage and found that the observational gaps present
in the XMM and NuSTAR data were randomly dis-
tributed in phase, resulting in spiky features in the LCs.
However, these random variations did not significantly
impact the overall flux measurements, which remained
within a range of <∼1–2%. In the cases of the Chandra LC

of J2339 and the XMM LC of J2039, systematic trends
were observed. The Chandra observation had 2× more
exposure for a phase interval when the source appeared
bright, while the XMM data had ∼50–60% longer ex-
posure near the minimum phase. Due to the significant
distortion of the LCs caused by both random and sys-
tematic exposure variations, we corrected the LCs for
the unequal exposure.
We computed the source exposures using the good

time intervals of the observations, folded the exposures
on the orbital periods, and divided the LCs by the
folded exposure to account for the exposure variations.
The exposure-corrected LCs are presented in Figure 1,
where they exhibit a single- or double-peak structure.
To minimize contamination from the orbitally-constant
BB emission (Section 2.3) while ensuring high signal-
to-noise ratios, we utilized the 2–10keV and 3–20keV
bands for the Chandra/XMM and NuSTAR LCs, re-
spectively. The LC of J1227, measured with the 2021
NuSTAR data, displays a broad single bump (Figure 1
left) similar to the 2015 NuSTAR LC (de Martino et al.
2020). This similarity suggests that the LC of J1227
has remained stable since 2015. It is worth noting that
the LC of this source exhibited significant morphological
changes between 2013 and 2015, immediately after the
state transition (Bogdanov et al. 2014; de Martino et al.
2015). The multi-epoch LCs of J2339 appear almost the
same (Figure 1 right; see also Kandel et al. 2019), indi-
cating that the source has been stable for ∼2600days.

2.3. Spectral analysis

As mentioned previously, the random variations in ex-
posure do not pose a concern for spectral analyses. How-
ever, the systematic excesses in exposure in the Chandra
(J2339) and the XMM (J2039) data affected the spec-
tral measurements. Hence, we removed the time inter-
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Figure 3. Broadband SEDs (top row) and LAT LCs (bottom row) of J1227 (left), J2039 (middle), and J2339 (right). The X-ray data

points are our measurements, and the optical and LAT data are taken from the literature (see text). We present models based on Scenarios 1

and 2 (Section 3.2) as red and green curves, respectively. Blue curves display the case that the wind in Scenario 1 is arbitrarily decelerated

(Scenario 1a). (Top): The magenta horizontal lines indicate the flux levels for the modulating signals estimated based on the modulation

fractions of the LCs and pulsar fluxes. We also show the AMEGO-X (black dashed curve), H.E.S.S. (black dotted curve), and CTA (south

50h; black solid curve) sensitivities for reference. (Bottom): We subtracted constant levels from the LC data. For legibility, we increased

the amplitude of the model-computed LC for Scenario 1 by a factor of 330.

vided nonthermal X-ray SEDs and LCs (Figure 1 and
Table 2). For the modeling, we converted the count
units of the X-ray LCs into flux units by comparing
the phase-averaged flux to the observed counts for each
source. For the LAT data, we adopted the published re-
sults (Ng et al. 2018; An et al. 2020; Clark et al. 2021;
An 2022). These previous analyses used different energy
bands: 60MeV–1GeV for J1227, 100MeV–100GeV for
J2039, and 100MeV–600MeV for J2339. To ensure con-
sistency, we converted the count units of the LCs into
flux units using the LAT models provided in the Fermi-
DR3 catalog (Abdollahi et al. 2022). Additionally, we
subtracted constant levels from the gamma-ray LCs, as-
suming that the constant emission originates from the
pulsar’s magnetosphere rather than the IBS or upstream
wind (see also Clark et al. 2021).
Since the spectrum of the orbitally-modulated LAT

signals has not been well measured, we present in Fig-
ure 3 flux levels (horizontal lines) estimated by scal-
ing down the pulsar SEDs according to the modu-
lation fractions of the LAT LCs (typically ∼30%).
The actual IBS spectra might be softer than those
of the pulsars as the observed modulations of the

targets were more pronounced at low energies (e.g.,
Ng et al. 2018; An et al. 2020; An 2022). Therefore,
the gamma-ray SEDs of the modulating signals are
likely to peak at ≤GeV energies (see also Figure 4
of Clark et al. 2021). The spectra of the optical com-
panions, which provide seeds for IC emission, were ob-
tained from the literature (Rivera Sandoval et al. 2018;
Kandel et al. 2019; Clark et al. 2021) and the VizieR

photometry database.2 These spectra represent the ob-
served emission near the optical-maximum phase. The
broadband SEDs and gamma-ray LCs of the targets are
displayed in Figure 3.

3.2. Emission scenarios

In IBS scenarios, a relativistic electron/positron
plasma (advected in the MHD pulsar wind) originat-
ing from a pulsar is injected into an IBS formed
by wind-wind or wind-B interaction. The electrons
(electrons+positrons) are accelerated at the shock
and flow along the IBS. These IBS electrons emit

2 http://vizier.cds.unistra.fr/vizier/sed/

γ-rays

X-raysXSS J12270-4859

XSS J12270-4859

PSR J2039-5617

PSR J2039-5617

PSR J2339-0533

PSR J2339-0533

Sim M., An H., Wadiasingh Z., 2024, ApJ, 964, 109
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determine their number. Assuming a δ distribution for
the cold wind particles, we have

dN

dγedt
= Ṅwδ(γe − γw) (9)

and
γwṄwmec

2 = ηwĖSD, (10)

where γw represents the Lorentz factor of the upstream
particles, Ṅw is the number of particles injected (per
second) by the pulsar into the wind zone (cyan region
in Figure 4), and ηw (< 1) is an efficiency factor that
accounts for the conversion of the pulsar’s energy output
into particles within the wind zone. The total number
of particles in the wind zone is then given by

Nw = Ṅwtw = Ṅw
lw

vwind
, (11)

where tw is the residence time, lw is the size of the
zone (cyan in Figure 4), and vwind is the bulk speed
of the upstream wind with vwind = c

√

1− 1/γ2w in
this ‘cold-wind’ case. Because the upstream wind
pairs are subsequently injected into the IBS and the
B energy is further converted to particle energy in
the IBS (Kennel & Coroniti 1984; Sironi & Spitkovsky
2011), we require

Ṅs = Ṅw, (12)

and
ηs ≥ ηw. (13)

as magnetic energy may not be fully dissipated in the
wind zone, and radiative energy losses in the IBS are
negligible. These equations imply

ηw
ηs

=
γw
γs

≤ 1. (14)

We should note that Equation (14) is applicable exclu-
sively to mono-energetic distributions for a representa-
tive spatial zone. For arbitrary phase space distribu-
tions, one should substitute γw and γs with their spatial
and momenta averages in the volume of interest (Sec-
tion 4). For homogeneous one-zone models, as consid-
ered here, Equation (14) involves calculating the aver-
ages using the expression:

∫

γ dN
dγdtdγ/

∫

dN
dγdtdγ.

By combining Equations (6), (7), (10) and (11), the
IC flux of the upstream particles, e.g., in the case of
head-on collisions, can be computed as

FIC,wind = 4σTcu∗γ
2
w

ηwĖSDτw
4πd2γwmec2

≈

10−16 ηwĖSD,35γw
d2kpc

(

u∗

1 erg cm−3

)

( τw
1 s

)

erg s−1 cm−2,

(15)

Table 3. Basic parameters for J1227, J2039, and J2339

Property Unit J1227 J2039 J2339

ĖSD 1034 erg s−1 9.0 2.5 2.3

ηγ 0.05 0.21 0.18

PB day 0.288 0.228 0.193

TASC MJD 57139.0716 56884.9670 55791.9182

M∗ M⊙ 0.27 0.18 0.32

R∗ R⊙ 0.29 0.30 0.35

T∗ K 5700 5500 4500

aorb 1011 cm 1.5 1.2 1.2

i deg. 54.5 69 70

d kpc 1.37 1.7 1.1

where τw is the emission timescale in the wind zone. In
the case of the cold wind with vwind ≈ c in this sce-
nario (Scenario 1), the residence time is tw ≈1 s, which
is shorter than the cooling timescale of electrons with
γw <

∼ 108. Since γw is expected to be ≈ 104 in this
scenario (see below), we assume τw ≈ tw.
These computations can be compared with the ob-

served X-ray and LAT data (Figure 3). For an IBS
that extends to the size of the orbit (aorb ≈ ls), we
find τs ≈ aorb

vIBS
> aorb

c ≈ 10 s. From this, we can

infer B ≈ 1G (Equation (5)) and γs ≈ 106 (Equa-
tion (3)) from the observed X-ray SEDs with FSY

>
∼

10−13 erg s−1 cm−2 at hνSY ≈ 10keV (e.g., Figure 3).
The optical seeds provided by the companion have hν∗ ≈
1 eV and u∗ ≈ 0.1 erg cm−3 at the position of the IBS
(≈ aorb). Then, the IC flux of the IBS particles would be
FIC,IBS ≈ 10−13 erg s−1 cm−2 (Equation 8), which may
explain (part of) the observed LAT fluxes of the targets
(Figure 3). However, the peak of this IC-in-IBS emission
is expected to be in the ∼TeV band (Equation (7) and
Figure 3; see also van der Merwe et al. 2020). There-
fore, IC-in-IBS emission cannot explain the LAT mea-
surements.
In this scenario, additional gamma-ray emission arises

from IC scattering by upstream particles. We can ad-
just γw of the ‘cold and relativistic’ upstream electrons
such that their IC emission peaks at <

∼GeV, which re-
quires γw ≈ 104 (Equation (7)) and ηw ≈ 0.01ηs ≈ 0.01
(Equation (14)). This requires that the wind zone is
Poynting-flux dominated (e.g., Cortés & Sironi 2022).
The wind zone, extending from the pulsar’s light cylin-
der to the IBS (cyan in Figure 4), is < aorb, and thus
τw < aorb

c < 10 s. Consequently, FIC,wind is typically
< 10−14 erg s−1 cm−2 (Equation (15)), which is orders
of magnitude lower than the observed GeV fluxes of the
targets (Figure 3).
This issue can be alleviated if τw (≈ tw) becomes

longer, e.g., by deceleration of the bulk speed of the
upstream flow (e.g., tw ≈ aorb

c vs tw ≈ lw
vwind

with

Scenario I: Inverse Compton of 
companion photons on upstream pulsar 
wind particles is not tenable (too low 

flux) - the optical depth to scattering is 
not high enough for efficient production of 

MeV/GeV gamma-rays

Pulsed gamma-rays are enhanced at 
superior conjunction (orbital phase 0.75) 
Shock X-ray emission peaks at inferior 

conjunction (orbital phase 0.25)

2. Pulsar binary backsplash 511 keV positron annihilation line emission
Metzler Z., Wadiasingh Z., 2025, 

arXiv, arXiv:2503.10511

Cosima (MEGALib + GEANT4) simulations of showers by 
gamma-ray and particle irradiation of a companion

FIG. 1. Schematic of a MSP irradiating its companion with high energy ω-rays and charged particles. These primary particles
bombard the surface of the companion, which are reprocessed into low energy backsplash ω-rays, low energy e→e+ pairs, and
511 keV line emission that escape from the system. In the rightmost panel, x = 0 corresponds to incident ω-ray’s path, and
z = 0 corresponds to the surface of the companion along that path.

FIG. 2. Histogram of the most dominant pathways for es-
caped 511 keV photons for a representative C WD. These
represent multiple generations of e→e+ pair production and
ω-ray production through bremsstrahlung that concludes with
e→e+ annihilation, creating an escaping 511 keV ω-ray.

ω = Ṅ511 →

∫ Emax

Emin

dN
dEEdE

LMSP
→

4ε

!”
(3)

The annihilation line ϑ-ray emission is not isotropic,
so in Equation 4 we define a di!erential ϑ-ray emissiv-
ity, ṅ511(ϖ, i) (units of photons/s/sr), escaping at an az-
imuthal angle in the orbital plane, ϖ, and inclination an-
gle, i. ϖ = 0 is defined as directly towards the MSP,
and i = 0 is orthogonal to the orbital plane. Table I
lists Ṅ511 and the maximum of ṅ511(ϖ, i = ε/2) for each
model, assuming a distance of 100 pc from Earth.

Ṅ511 =

∫∫
dϖ di sin(i)ṅ511(ϖ, i) (4)

Model a10 Porb Rcomp ε (%) Peak ṅ511 Ṅ511

Units – 104s 108cm % ph/cm2/s ph/s
He planet 8.8 1.1 6 2 10→12.0 1029.8

C planet 8.8 1.1 6 10 10→11.4 1030.5

Si planet 8.8 1.1 6 42 10→10.8 1031.2

S planet 8.8 1.1 6 54 10→10.6 1031.3

Fe planet 8.8 1.1 6 126 10→10.3 1031.6

He WD 9.7 1.2 200 2 10→9.1 1032.8

C WD 2.3 0.12 7 10 10→10.1 1031.8

0.01 M↑ BD 8.0 0.94 69 1 10→10.0 1031.8

0.03 M↑ MS 4.9 0.45 60 1 10→9.7 1032.2

0.1 M↑ MS 4.7 0.41 83 1 10→9.5 1032.4

0.3 M↑ MS 8.2 0.90 200 1 10→9.2 1032.8

0.9 M↑ MS 17 2.4 550 1 10→8.9 1033.0

TABLE I. For each companion model, the number of photons
between 505 and 515 keV per interacting primary ω-ray is
reported. The 511 line flux assumes a pulsar luminosity of
1034 erg/s, and a distance of 100 pc from Earth.

The He WD and massive star systems have the bright-
est 511 keV line at 10→8.9 and 10

→9.1
ph/cm2/s at 100 pc.

A spectrum for the secondary emission from the He
WD system is shown alongside the initial MSP spectrum
in Figure 3, demonstrating that the backsplash emis-
sion rises above the MSP’s primary continuum emission
(which are generally not beamed toward the observer in
similar directions) by a factor of ↑ 10 at 511 keV. For
fainter models, the line may not rise above the pulsar
emission, complicating searches for the emission from
these systems, and indicating that searches would be
more sensitive to binary MSP systems with harder pri-
mary ϑ-ray spectra than our assumption or whose pulsar
emission is not beamed toward Earth. Figure 4 shows

3

Genealogy of backsplash 511 keV photons
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Figure 6. GeV LCs generated through our numerical model (Section 4) based on Scenario 2, employing optimized parameters specific

to J2339 (Table 4). Changes in the LCs are attributed to different values of γp (left), Bc (middle), and ζ (right), reflecting the diverse

parameter space under consideration.

In this scenario, the upstream electrons are assumed
to be cold. These high-energy electrons can pass through
the IBS and emit synchrotron radiation in the compan-
ion’s magnetosphere. In this case, the observed GeV flux
is primarily contributed by electrons traveling along the
LoS. These electrons can interact with a strong B (e.g.,
∼kG) when in close proximity to the companion, par-
ticularly during the SUPC phase. The combination of
high B and γp results in a very short synchrotron cooling
time (≪1 s), given by

tcool ≈ 8× 10−4
( γp
108

)−1
(

B

0.1 kG

)−2

s. (22)

This cooling time is much shorter than the residence
time (tcomp = lcomp/c) for any reasonable emission-zone
size lcomp (e.g., ∼ aorb). So the emission timescale τcomp

can be approximated to be tcool during orbital phases
around SUPC. Then, the synchrotron flux arising from
the companion’s magnetosphere can be estimated (e.g.,
Equation (4)) to be

FSY =
cσTζṄptcool

3πd2
γ2pUB

≈ 8× 10−10 ζηpĖSD,35

d2kpc
erg s−1 cm−2.

(23)

This scenario can explain the LAT fluxes of our tar-
gets if ζηp >

∼ 0.1. Notice that B does not appear in
Equation (23). This omission is a result of utilizing tcool
(∝ B−2) for the emission timescale, under the assump-
tion that it is significantly shorter than tcomp. This as-
sumption is valid specifically during orbital phases near
SUPC. However, at other phases, it is more appropri-
ate to employ tcomp instead of tcool, and the usual B2

dependence of the flux is reinstated (see below).
While it might seem that this scenario does not pre-

dict orbital modulation of the gamma-ray flux (Equa-
tion (23)), changes in B depending on the distance r∗

(B ∝ r−3
∗ for dipole B of the companion) between the

companion and the emission zone can induce gamma-ray
modulation for two reasons. First, the frequency of the
synchrotron emission varies proportionally to B for a
given γp. The observed flux will be high if this peak fre-
quency falls within the observational band, e.g., during
the SUPC phase (Figure 5). Second, low B at certain
orbital phases (e.g., large r∗; Figure 4 right) increases
tcool, potentially making it longer than tcomp when B is
sufficiently low. In such cases, the kinetic energy of the
electrons does not fully convert into radiation within
tcomp, leading to a decrease in the emission flux (e.g.,
φ = 0.55 in Figure 5). These two processes can result in
a variety of LC shapes (Figure 6 and Section 4.1.3).

4. MODELING OF THE MULTIBAND DATA

The analytic exploration, performed with a one-zone
approach and mono-energetic distributions, in the previ-
ous section provides general properties of the emissions
from the RBs and establishes initial values. In this sec-
tion, we leverage these findings to conduct more detailed
and precise investigations of the emissions through our
numerical model, utilizing a multi-zone approach and
non-mono-energetic distributions.

4.1. The computational methods

In this section, we describe the emission zones and
computational methods used in our numerical model.
See Kim et al. (2022) for a comprehensive understand-
ing of the model components, parameters, and their co-
variance.

4.1.1. Pulsar wind zone

We assume that the pulsar wind zone (blue region in
Figure 7) starts from the light cylinder at a distance
of rp = RLC = cP

2π from the pulsar, where P denotes
the spin period of the pulsar. This zone extends to the
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Figure 6. GeV LCs generated through our numerical model (Section 4) based on Scenario 2, employing optimized parameters specific

to J2339 (Table 4). Changes in the LCs are attributed to different values of γp (left), Bc (middle), and ζ (right), reflecting the diverse

parameter space under consideration.

In this scenario, the upstream electrons are assumed
to be cold. These high-energy electrons can pass through
the IBS and emit synchrotron radiation in the compan-
ion’s magnetosphere. In this case, the observed GeV flux
is primarily contributed by electrons traveling along the
LoS. These electrons can interact with a strong B (e.g.,
∼kG) when in close proximity to the companion, par-
ticularly during the SUPC phase. The combination of
high B and γp results in a very short synchrotron cooling
time (≪1 s), given by

tcool ≈ 8× 10−4
( γp
108

)−1
(

B
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)−2

s. (22)

This cooling time is much shorter than the residence
time (tcomp = lcomp/c) for any reasonable emission-zone
size lcomp (e.g., ∼ aorb). So the emission timescale τcomp

can be approximated to be tcool during orbital phases
around SUPC. Then, the synchrotron flux arising from
the companion’s magnetosphere can be estimated (e.g.,
Equation (4)) to be

FSY =
cσTζṄptcool

3πd2
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≈ 8× 10−10 ζηpĖSD,35

d2kpc
erg s−1 cm−2.

(23)

This scenario can explain the LAT fluxes of our tar-
gets if ζηp >

∼ 0.1. Notice that B does not appear in
Equation (23). This omission is a result of utilizing tcool
(∝ B−2) for the emission timescale, under the assump-
tion that it is significantly shorter than tcomp. This as-
sumption is valid specifically during orbital phases near
SUPC. However, at other phases, it is more appropri-
ate to employ tcomp instead of tcool, and the usual B2

dependence of the flux is reinstated (see below).
While it might seem that this scenario does not pre-

dict orbital modulation of the gamma-ray flux (Equa-
tion (23)), changes in B depending on the distance r∗

(B ∝ r−3
∗ for dipole B of the companion) between the

companion and the emission zone can induce gamma-ray
modulation for two reasons. First, the frequency of the
synchrotron emission varies proportionally to B for a
given γp. The observed flux will be high if this peak fre-
quency falls within the observational band, e.g., during
the SUPC phase (Figure 5). Second, low B at certain
orbital phases (e.g., large r∗; Figure 4 right) increases
tcool, potentially making it longer than tcomp when B is
sufficiently low. In such cases, the kinetic energy of the
electrons does not fully convert into radiation within
tcomp, leading to a decrease in the emission flux (e.g.,
φ = 0.55 in Figure 5). These two processes can result in
a variety of LC shapes (Figure 6 and Section 4.1.3).

4. MODELING OF THE MULTIBAND DATA

The analytic exploration, performed with a one-zone
approach and mono-energetic distributions, in the previ-
ous section provides general properties of the emissions
from the RBs and establishes initial values. In this sec-
tion, we leverage these findings to conduct more detailed
and precise investigations of the emissions through our
numerical model, utilizing a multi-zone approach and
non-mono-energetic distributions.

4.1. The computational methods

In this section, we describe the emission zones and
computational methods used in our numerical model.
See Kim et al. (2022) for a comprehensive understand-
ing of the model components, parameters, and their co-
variance.

4.1.1. Pulsar wind zone

We assume that the pulsar wind zone (blue region in
Figure 7) starts from the light cylinder at a distance
of rp = RLC = cP

2π from the pulsar, where P denotes
the spin period of the pulsar. This zone extends to the

Scenario II:  0.1 PeV electron/positrons 
catastrophically cooling in a kilogauss 

companion magnetosphere

Phase coherence must be maintained and 
the same particles must produce the 

pulsed GeV emission

N.B. 107-108 Lorentz factors also required for pulsed 
GeV emission in the curvature radio scenario in the 

current sheet (e.g. Kalapotharakos et al. 2019, 2023) for 
millisecond pulsars, as corroborated by HESS for the 

Vela pulsar


