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Fig. 1. Spectra48) of the soft state of 1996 June and of the average hard state of Cyg X-1. The
models10), 26) (solid curves) in both states consist of hybrid Comptonization of disk blackbody
photons, Compton reflection and fluorescent Fe K emission. The dashed curves give the model
spectra before absorption. We also show the upper limit from the EGRET observations in the
hard state and an expected sensitivity of GLAST, see §2.2 for details. See astro-ph for color
versions of this and subsequent figures.

state spectrum of Cyg X-1 shown in Figure 1, with the components of the fit shown
in Figure 2(b). We see that Comptonization by nonthermal electrons dominates at
E >∼ 10 keV. The Compton reflection and Fe K fluorescence are present as well, and
their strength, the ionization of the reflector, and the degree of relativistic broadening
are all larger than those in the hard state.26), 27)

No high-energy cutoff in the power-law tail of the soft state has been detected
as yet.26), 48), 82) The highest observed energy of the nonthermal photon power law
is ∼10 MeV, measured in Cyg X-1 by the CGRO/COMPTEL,48) see Figure 1.

It is of major importance where the high-energy cutoff in the soft state is and
how it can be measured. Figure 1 shows a sensitivity of GLAST 50) for a 4×105 s net
exposure∗). We see that GLAST will be able to strongly constrain the high-energy
spectra of Cyg X-1 in both states. The model spectra48) shown here assume the max-
imum Lorentz factor of the power-law electrons (beyond the respective Maxwellian
distributions) in each state of 103. If this Lorentz factor were higher or lower, the
cutoffs would be at somewhat higher or lower energies, respectively, than the ones
shown. On the other hand, the models use the compactness parameter, ! (∝ L/R,

∗) For the effective area of www-glast.slac.stanford.edu/software/IS/glast lat performance.htm
and requiring 20 photons per unit lnE. This relatively large number is intended to approximately
take into account the presence of the strong diffuse emission in the Galactic plane region.

Compact Binaries in Universe
About 70% of X-ray sources in our Galaxy are 
binary systems that contain BHs or NSs (Grim+02)

2

From the 2000s, several binary systems  
that cannot be explained by this picture, were discovered

Standard picture: 
・A compact object captures material from a companion star 
・Its gravitational energy is efficiently converted to radiation

Credit: NASA/R. Hynes
Zdziarski&Gierlinski04
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High Energy Emissions From Binaries
4

Owing to Fermi, HESS, MAGIC, VERITAS…,  
GeV/TeV emissions from binaries have been discovered!

https://fermi.gsfc.nasa.gov/science/eteu/binaries/figure3.jpg

https://hard-sf.com/pulsars-of-black-widows-and-redback-spiders/

https://www.spacetelescope.org/images/heic0211i/

https://scitechdaily.com/satellites-monitor-the-colliding-winds-
of-o-type-stars/

Gamma-ray Binaries Microquasars

Red back, black widow Colliding-wind binary

https://fermi.gsfc.nasa.gov/science/eteu/binaries/figure3.jpg
https://hard-sf.com/pulsars-of-black-widows-and-redback-spiders/
https://www.spacetelescope.org/images/heic0211i/
https://scitechdaily.com/satellites-monitor-the-colliding-winds-of-o-type-stars/
https://scitechdaily.com/satellites-monitor-the-colliding-winds-of-o-type-stars/
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Gamma-ray Binary Systems
7

Sub-class of high-mass X-ray binaries with these features, 

• Dominant non-thermal emission up to the TeV band 
• Their SEDs have peaks beyond 1MeV  
➔ Completely different features from X-ray binaries !

Name Star Compact object Orbital Period
LS 5039 O ? 3.9 day

FGL J1018.6-5856 O ? 16.6 day
LMC P-3 O ? 10.2 day

LS I +61 303 Be ? 26.5 day
HESS J0632+057 Be ? 315.5 day

4FGL J1405.1-6119 (Corbet+19) O ? 13.7 day
PSR J2032+4127 Be 143 ms pulsar 50 year

PSR B1259-53 Be 43 ms pulsar 3.4 year

A&A 565, A38 (2014)

Fig. 9. X-ray to TeV γ-ray SED of LS 5039.
The COMPTEL soft γ-ray spectra (sum of all
data) for the INFC and SUPC orbital phases are
combined with similar spectra from the X-ray
(Suzaku, Takahashi et al. 2009), the MeV/GeV
(Fermi/LAT, Hadasch et al. 2012), and the TeV
band (HESS, Aharonian et al. 2006a) to build
a high-energy SED of LS 5039. The SED
shows that 1) the emission maximum at en-
ergies above 1 keV and 2) a switch in radi-
ation dominance is occurring at MeV ener-
gies. The lines – solid and dashed – in the
X-ray spectra represent the model calculations
of Takahashi et al. (2009) on the emission pat-
tern of LS 5039. They do not present a fit to
their measured X-ray spectra.

the INFC period. For INFC the SED suggests a strong spectral
break between the two bands with a drop in flux by a factor of 5
between 30 MeV and 100 MeV.

In general, the COMPTEL measurements shed light on an in-
teresting region of the LS 5039 SED where the maximum of the
high-energy emission of LS 5039 occurs and where significant
spectral changes are happening. Therefore these COMPTEL
results add important information on the emission pattern of
LS 5039, and so provide additional constraints for modeling the
microquasar.

6. Discussion

In recent years, after new γ-ray instruments became opera-
tional – in particular the ground-based Cherenkov telescopes
HESS, MAGIC, and VERITAS and the γ-ray space telescope
Fermi – , a new class of γ-ray emitting objects emerged: the
“γ-ray binaries”. Many binary systems, even of different types
like microquasars, colliding wind binaries, millisecond pulsars
in binaries and novae, have now become confirmed emitters of
γ-ray radiation above 1 MeV (see e.g., Dubus 2013 for a recent
review). Confirmed VHE (>100 GeV) emission is still known
for five binary systems, among them the microquasar candidate
LS 5039.

LS 5039 is detected at γ-ray energies above 100 MeV by
Fermi/LAT (Abdo et al. 2009; Hadasch et al. 2012) and above
100 GeV by HESS (Aharonian et al. 2005, 2006a) showing re-
markable behavior in both bands: the flux is modulated along its
binary orbit, however, in anticorrelation for the different wave-
band regions. Its γ-ray SED is generally “falling” from 100 MeV
to TeV-energies. However, showing different shapes depending
on binary phase. Its general behavior is not yet understood. Open
questions are, for example, “Is LS 5039 a black-hole binary or
a neutron-star binary?”, which relates to the question of whether
the energetic particles necessary for the observed high-energy
emission are accelerated in a microquasar jet or in a shocked re-
gion where the stellar and the pulsar wind collide, and “How this
translates into the intriguing observed behavior”.

Because LS 5039 is now an established γ-ray source at en-
ergies above 100 MeV, for which crucial spectral and timing in-
formation has become available in recent years, we reanalyzed

all available COMPTEL data of this sky region by assuming that
the known but unidentified COMPTEL source GRO J1823-12 is
the counterpart of LS 5039.

As in previous analyses (e.g., Collmar 2003), we found a
significant MeV source that is consistent with the sky position
of LS 5039, which in the COMPTEL 10−30 MeV band shows
a kind of stable and steady flux level. By extrapolating the mea-
sured Fermi/LAT spectra of Fermi-detected γ-ray sources in the
COMPTEL error box into the COMPTEL band, we find LS 5039
to be the most likely counterpart. This identification is supported
by extrapolating the measured Suzaku X-ray spectra into the
MeV band. Assuming no spectral breaks from keV to MeV ener-
gies, the extrapolations reach similar flux levels to the measured
COMPTEL fluxes, for the orbit-averaged (see Fig. 5), as well as
orbit-resolved, analyses.

Orbit-resolved analyses provide the most convincing evi-
dence that GRO J1823-12 is the counterpart of LS 5039. A
subdivision of the COMPTEL data into the so-called INFC
and SUPC parts of the binary orbit results in a flux change
of the MeV source. The flux measurements in the 10−30 and
3−10 MeV bands provide evidence at 2.7σ and at 1.6σ, respec-
tively, that the fluxes for the two orbital phases are different.
The combined evidence is 3.1σ. The analyses of the COMPTEL
10−30 MeV data, subdivided into orbital phase bins of 0.2, re-
sult in a variable MeV flux. The light curve is consistent in phase,
shape, and amplitude with the ones observed at X-ray and TeV
γ-ray energies, although the statistical evidence for variability is
only 92%. We note that the errors on the fluxes always result
from the fitting process combining four γ-ray sources and two
diffuse galactic emission models.

By assuming that the fitted fluxes at the location of LS 5039
are solely due to LS 5059, i.e., neglecting possible unresolv-
able contributions of further (Fermi) γ-ray sources, we added
our MeV flux measurements – although not simultaneous – to
the measured high-energy SED of LS 5039 (Fig. 9). The SED
shows that the major energy output of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, for both the INFC and
SUPC orbital parts, the latter being the less luminous one. Both
spectra show a broad spectral turnover from a harder spectrum
below 30 MeV to a softer one above 100 MeV, resembling the
IC-peaks in COMPTEL-detected blazar spectra, such as 3C 273

A38, page 8 of 10
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Standard Pictures
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PERSPECTIVES

time variation of flux at different wave-
lengths was used to identify Cygnus X-3 as 
a gamma-ray binary ( 3), a microquasar ( 4) 
source of collimated relativistic jets, which 
was also observed at gamma rays with the 
Agile satellite ( 5).

1FGL J1018.6–5856 is a compact object 
orbiting with a period of 16.6 days around 
a star of more than 20 solar masses. On the 
basis of phenomenological similarities with 
other gamma-ray binaries, it is most likely 
a pulsar that produces strong bipolar winds 
of particles accelerated to highly relativ-
istic speeds by the rapidly rotating, strong 
magnetic fi eld of the spinning neutron star. 
The dominant physical mechanisms to pro-
duce the gamma-ray emission and its orbital 
modulation depend on the specifi c type of 
massive star in the compact binary (see the 
fi gure). When the star is very massive and 
produces a high-density fi eld of ultraviolet 
(UV) photons, the main mechanism would 
be the up-scattering of UV photons from 
charged particles up to gamma-ray energies 
( 6,  7). In this scenario, maximum gamma-
ray emission takes place when, relative to 
the observer, the compact object is on the 
opposite side of the star and close to the line 
of sight (superior conjunction). This may 
occur in both types of gamma-ray binaries: 
in high-mass microquasars such as Cygnus 
X-3, or in pulsars orbiting around very mas-
sive stars that produce high-density fi elds 
of UV photons, as with the stars in LS 5039 
and 1FGL J1018.6–5856.

An alternative dominant mechanism to 
produce gamma rays that results in a some-

what different orbital modulation may oper-
ate when the star in the compact binary is 
of Be type. These stars are characterized 
by a massive outfl ow with disk and/or fl at-
tened envelope geometry, in fast rotation. 
Here, the gamma rays may be produced by 
the interaction of the pulsar wind particles 
with the ions in the massive outfl ow. This 
could be the case in the Be compact binaries 
PSR B1259–63 and LSI +61° 303, where 
the phasing of gamma-ray maximum at GeV 
energies is delayed relative to periastron ( 2). 
Detailed hadronic mechanisms that produce 
gamma rays have also been proposed in a 
diversity of astrophysical contexts ( 8,  9).

High-energy neutrino fl ux could also be 
produced in gamma-ray binaries of the type 
shown in the fi gure, emerging from the decays 
of secondary charged mesons produced at 
proton-proton and/or proton–gamma pho-
ton interactions ( 10). In microquasars, rel-
ativistic protons from the jets interact with 
cold protons in clumps of the massive stel-
lar wind, at large distances from the com-
pact object ( 11). In the case of a pulsar-Be 
binary, neutrino bursts could be produced by 
the interaction of relativistic protons from 
the pulsar wind with high-density clumps of 
cold protons in the massive outfl owing disk 
or envelope of the Be star. Depending on 
the specifi c parameters of these gamma-ray 
binaries, it remains an open question whether 
neutrino signals may be detected from this 
type of astrophysical object.

Emission at higher energy (TeV) has 
been detected by Cherenkov telescopes 
(PSR B1259–63; LSI +61° 303; and LS 

5039), but it is not clear whether 1FGL 
J1018.6–5856 is also a TeV source. Its posi-
tion is consistent with the TeV source HESS 
J1018 –589 ( 12), but due to possible confu-
sion with other objects in this complex star-
forming region, it is unclear whether the 
Fermi source and a component of the HESS 
source are the same object. Resolving this 
question by using time modulation and/or 
more accurate positions of TeV sources will 
require improving the sensitivity and angu-
lar resolution of ground-based Cherenkov 
telescopes. The large collecting area and 
separation of the telescope elements in the 
future Cherenkov Telescope Array ( 13) will 
provide the sensitivity and angular resolu-
tion to consolidate this emerging research 
area in high-energy astrophysics.
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Gamma-ray binaries. Pulsar winds are powered by the rapid rotation of mag-
netized neutron stars. Gamma rays can be produced either by the interaction of 
the relativistic particles of the pulsar wind with the outfl owing protons in the disk 
or envelope of a Be star (A) (e.g., PSR B1259–63 and LSI +61° 303), or by their 
interaction with UV photons from a very massive main-sequence star (C) (e.g., 

LS 5039 and 1FGL J1018.6–5856). (B) Microquasars are powered by compact 
objects (neutron stars or stellar-mass black holes) via mass accretion from a com-
panion star. When the donor star is a massive star with a high-density UV fl ux and 
wind, gamma rays can be produced by electron-proton and/or electron-photon 
interactions. ν, neutrinos.
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Interaction between a dense 
disk and pulsar winds 
・PSR B1259-53 
・PSR J2032+4127

High-energy Emission from 
BH jets

Interaction between stellar 
winds and pulsar winds

Which is true?? ➔ Open question still…

Dominant Non-thermal Emission of Gamma-ray Binaries 
➔ How are particles accelerated ?

Be star + pulsar Microquasar model Pulsar wind model

Mirabel 2012
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New Question: MeV emission ?
9

Collmar&Zhang2014 re-analyzed the COMPTEL data of a 
gamma-ray binary LS 5039, a brightest one in our galaxy 
They found a strong MeV emission from LS 5039

The angular resolution of COMPTEL is few degrees, but the 
MeV flux is modulated along the binary orbit of LS 5039!

W. Collmar and S. Zhang: LS 5039 – the counterpart of the MeV source GRO J1823-12
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Fig. 1. COMPTEL 1−3 (left), 3−10 (middle) and 10−30 MeV (right) maps, generated in galactic coordinates (l, b), show the statistical evidence
of GRO J1823-12 for the sum of all data. The contour lines start at a detection significance of 3σ (1 d.o.f. for a known source) with a step of
0.5σ. The location of the microquasar LS 5039 (diamond, l/b: 16.88◦/−1.29◦) and the lensed quasar PKS 1830-210 (square) are indicated; i.e.,
the locations of the simultaneously fitted COMPTEL sources. The quasar PKS 1622-297 and a possible source at the Galactic center, both out
of the plot region, were also taken into account in the simultaneous fitting. The 10−30 MeV band yields the highest detection significance (7.8σ)
at the position of LS 5039.

or cycle covers a time period of roughly one year. The CGRO
mission was subdivided into four mission phases, of which the
last one consists of six (4 to 9) cycles. COMPTEL observations
on the GRO J1823-12 region are available up to the last cycle,
i.e., up to early 2000. These 51 VPs add up to a total effective
exposure – COMPTEL pointing directly and uninterruptedly at
the source – of ∼81 days. We analyzed the sum of these 51 VPs
and present the results in Sect. 4 of this paper.

4. Results

First, we present the results of an orbit-averaged (time-averaged)
analysis of the COMPTEL data of GRO J1823-12. These anal-
yses provided some MeV properties of this γ-ray source, which
– in a next step – are compared to published properties of the
Fermi/LAT sources of this sky region. Second, we show the re-
sults of an orbit-resolved analysis, where we checked whether
the MeV emission of GRO J1823-12 is modulated with the or-
bital period of the LS 5039 binary system.

4.1. Orbit-averaged analyses

4.1.1. Source detections

In a first step we generated circular skymaps around the esti-
mated sky position of GRO J1823-12 (l/b:17.5◦/−0.5◦) by ap-
plying the described analysis methods and data selections (see
Sects. 2 and 3). These maps with radius of 40◦ and a sky binning
of 1◦ were cross-checked for MeV sources. The central part of
the three maps for the sum of all 51 VPs, i.e., complete mission
with an effective COMPTEL exposure of ∼81 days (see Table 1),
are shown in Fig. 1. Each map, derived for the COMPTEL stan-
dard energy bands 1−3 MeV, 3−10 MeV, and 10−30 MeV, shows
a significant source, which is consistent with the location of
the microquasar LS 5039. The most significant sky pixel either
contains the location of the microquasar (3−10 MeV, −2ln λ:
37.0) or is one pixel apart (1−3 MeV, −2lnλ: 24.3; 10−30 MeV,
−2ln λ: 63.9).

4.1.2. Time variability

We investigated the time variability of the MeV-flux on
timescales of CGRO phases, i.e., on time periods of about 1 year.
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Fig. 2. COMPTEL light curves of GRO J1823-12, fitted at the sky lo-
cation of LS 5039, in the 3−10 and 10−30 MeV bands. The flux points
(integral photon fluxes for the given bandwidth) are averaged over indi-
vidual CGRO phases or cycles, each covering roughly one year. For the
details on the observations see Table 1.

Figure 2 shows the fluxes along the COMPTEL mission in the
two uppermost (3−10 and 10−30 MeV) COMPTEL bands for
the sum of VPs of individual CGRO phases (see Table 1). We
show these two bands, because the background changes (e.g.,
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Table 6. Results of the power-law fitting of the COMPTEL spectra
(1−30 MeV) for the two orbital phase intervals INFC and SUPC.

Observations Photon index I0 (at 5 MeV) χ2
min

data (α) (10−6 cm−2 s−1 MeV−1)

INFC 1.44 ± 0.29 6.94 ± 1.61 0.23
SUPC 1.77 ± 0.35 4.47 ± 1.31 0.06

Notes. The errors are 1σ (χ2
min + 2.3 for 2 parameters of interest).

COMPTEL data cover the time period between July 12, 1991
and January 25, 2000. The COMPTEL measurements therefore
started ∼3500 days before and ended ∼375 days before the time
T0 = HJD 2 451 943.09 ± 0.10 (equal to February 2, 2001), for
which Casares et al. (2005) determined the applied ephemeris.
Applying their period uncertainty (∆P) of 0.00017 days, yields
a phase uncertainty ∆Φ (∆Φ = (∆T × ∆P/P)) of ∼0.15 at
CGRO VP 5.0 and 0.017 at CGRO VP 907.0, the first and last
COMPTEL observations of the LS 5039 sky region. On average,
the phase error is ∼0.08 during the COMPTEL mission with re-
spect to the orbital solution of Casares et al. (2005), suggesting a
phase binning of 0.2. Subsequently, we analyzed the COMPTEL
10−30 MeV data in five orbital phase bins according to the de-
scribed analysis procedure (see Sect. 2). This data selection pro-
vides 1) the best source signal in orbit-averaged analyses and 2)
the cleanest and most reliable COMPTEL data due to its low
(compared to the lower COMPTEL energy bands) background,
which was stable along the COMPTEL mission, e.g., unaffected
by satellite reboosts.

We found evidence of an orbital modulation of the
COMPTEL 10−30 MeV emission. The orbital light curve is
shown in Fig. 8 and the derived flux values are given in Table 7.
A fit of the light curve, assuming a constant flux, results in
a mean flux value of (1.52 ± 0.21) × 10−5 ph cm−2 s−1 with a
χ2-value of 8.34 for 4 degrees of freedom. This converts to a
probability of 0.08 for a constant flux or of 0.92 (≡1.75σ) for
a variable flux.

Although, we cannot unambigiously prove an orbital modu-
lation of the COMPTEL 10−30 MeV emission, the evidence is
strong. In addition to this formal 92% variability indication, the
COMPTEL light curve follows the trend in phase and shape ex-
actly as is found in other energy bands. In particular the light
curve is in phase with the modulation in X-ray, hard X-ray,
and TeV energies, i.e., a brighter source near inferior conjunc-
tion (Φ = 0.716) and a weaker one near superior conjunction
(Φ = 0.058). The measured flux ratio of about a factor of 3
is roughly compatible to the flux ratios observed in the X-ray
(e.g., Takahashi et al. 2009) and TeV-bands (Aharonian et al.
2006a). However, the modulation at the MeV band is in anticor-
relation to the γ-ray band at energies above 100 MeV, observed
by Fermi/LAT, where the source is brightest near superior con-
junction and weakest near inferior conjunction by a flux ratio
of 3 to 4 (Abdo et al. 2009). By using just the flux values of the
phase bins including superior (0.0−0.2) and inferior (0.6−0.8)
conjunction of Table 7, we derive a significance of ∼2.5σ for
a change in flux. This behavior provides strong evidence that
GRO J1823-12 is, at least for a significant part, the counterpart
of the microquasar LS 5039.

5. The SED of LS 5039 from X-rays to TeV γ-rays

The peculiar radiation behavior of LS 5039 is studied across the
whole range of the electromagnetic spectrum. At high energies,
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Fig. 8. Orbital light curve of LS 5039 in the 10−30 MeV COMPTEL
band for the sum of all data. The light curve is folded with the orbital
period of ∼3.9 days and given in phase bins of 0.2. The two broader
phase periods, defined as INFC and SUPC, are indicated. A flux in-
crease during the INFC period is obvious. In the phase bin contain-
ing the inferior conjunction, the source is roughly three times brighter
than in the phase bin containing the superior conjunction. In general the
10−30 MeV γ-ray light curve is consistent in phase and amplitude with
the one at TeV γ-rays.

Table 7. Fluxes of a source at the location of LS 5039 for the sum of
all COMPTEL data in the 10−30 MeV band along the binary orbit in
orbital phase bins of 0.2.

Orbital phase 10−30 MeV flux

0.0−0.2 0.83 ± 0.46
0.2−0.4 0.96 ± 0.46
0.4−0.6 1.76 ± 0.48
0.6−0.8 2.55 ± 0.50
0.8−1.0 1.69 ± 0.48

Notes. The flux unit is 10−5 ph cm−2 s−1. The errors are 1σ.

the observational picture is available in the X- and hard X-ray
bands (i.e., ∼1 to 200 keV) and at γ-rays above 100 MeV,
yielding a significant observational gap at the transition range
from the X-rays to the γ-rays. Our analyses of the MeV data
of GRO J1823-12, in particular the orbit-resolved ones, provide
strong evidence of being the counterpart of the high-mass X-ray
binary LS 5039. Figure 9 shows the high-energy – X-rays to TeV
γ-rays – SED of the microquasar. We combine our 1−30 MeV
spectra, collected for the INFC and SUPC parts of the orbit, with
the similarly collected spectra at X-ray, GeV, and TeV energies,
by assuming that the MeV emission is solely due to LS 5039.
This may not be completely true since other γ-ray sources lo-
cated within the COMPTEL error location region may contribute
at a low level.

The COMPTEL measurements fill in a significant part of
a yet unknown region of the SED, providing new and impor-
tant information on the emission pattern of LS 5039. The SED
shows that the emission maximum of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, and that the domi-
nance in radiation between the INFC and SUPC orbital periods
changes between 30 and 100 MeV, i.e., at the transistion region
between the COMPTEL and Fermi/LAT bands. While for SUPC
the SED suggests a kind of smooth transistion from COMPTEL
to Fermi/LAT, it indicates a kind of complicated transition for

A38, page 7 of 10
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New Question: MeV emission ?
10

• Both the microquasar model and the pulsar wind model seem 
difficult to explain the MeV emission…

Dubus, Lamberts, Fromang: Modelling gamma-ray binary emission based on relativistic hydrodynamics

energy ⇡ 200 GeV. Reproducing both the hard INFC spectrum
and the comparable levels of X-ray and VHE emission turned
out to be di�cult. The models explored in §4 all cut o↵ around
100 GeV because the high-energy particles responsible for this
emission are strongly cooled by synchrotron losses. Lowering
⇣b decreases the mean magnetic field, hence increases the VHE
cuto↵, but also lowers the X-ray flux relative to the VHE gamma-
ray flux. There is a trade-o↵ between having enough synchrotron
emission to account for the X-ray flux, and lowering ⇣b to enable
the highest-energy particles to radiate enough VHE photons. As
discussed in §4.5, changing ⇠ has little influence on the VHE
spectrum so we kept ⇠ = 1. Limited exploration showed the best
agreement was obtained by slightly lowering ⇣b to 0.5 and by
taking an injection slope s = 1.5 instead of 2.

The inclination has an e↵ect on both lightcurves and spectral
variations. The VHE spectral variations are more pronounced
with higher i although too high an inclination results in a INFC
spectrum with a flux that is too low (Fig. 8). A high inclination
also results in a pronounced dip of emission at �inf = 0.77. The
H.E.S.S. lightcurve appears double-peaked with a shallow mini-
mum at �inf , favoring a model with 25� < i < 50� (Fig. 8). The
X-ray modulation is single-peaked at �inf , favouring models to-
wards the low end of this range of i. Using i = 35� turned out to
be a good compromise.

The “best-adjusted” model shown in Fig. 11-12 has ⇣p ⇡
0.017, ⇣b = 0.5, ⇠ = 1, s = 1.5, i = 35� and an injected popu-
lation of particles consisting of a Maxwellian plus a power law.
An additional parameter is the value of ⌘ = 0.1 that we fixed all
throughout this study. The hard injection spectral slope s = 1.5
hints at reconnection rather than Fermi acceleration. Adjusting
the model to the observations requires that the injected power
in particles is Ėp ⇡ 1035 erg s�1. The majority of the particles or
available power (88%) goes to the Maxwellian at the termination
shock. Only 12% goes to the particles distributed as a power law.
However, these power-law particles are more radiatively e�cient
than those in the Maxwellian: about 80% of the power injected
as a power law ends up radiated away within the simulation do-
main (like the models shown in §4) compared with only 25% of
the power injected as a Maxwellian. Hence, most of the radiation
comes from the injected power law but most of the power is in
the Maxwellian. As a consequence, most of the particles evolve
adiabatically in this model.

5.2. Comparison to the observations

The (rough) adjustment provides a reasonable, albeit imperfect,
description of the data. The X-ray flux is too low by a factor ⇠ 2
in the present model. X-ray emission arising beyond our com-
putational domain might account for this mismatch (§4.4 and
Fig. 6). A higher ⇣b would raise the X-ray flux, but lower the
VHE cuto↵ in the INFC spectrum to values that would not be
consistent with the observations. The largest discrepancy is the
COMPTEL data at MeV energies, recently associated with LS
5039 (Collmar & Zhang 2014). Although the spectral slope of
the model, as well as its evolution with orbital phase (Fig. 12),
are compatible with the observations (the COMPTEL spectrum
is harder at SUPC phases), the flux is clearly underestimated by
an order-of-magnitude. A higher ⇣b would raise the synchrotron
luminosity but a cooling break in the synchrotron spectrum is
hard to avoid and this would also be at the expense of the hard
VHE INFC spectrum. If ⇣b is low then the synchrotron spectrum
can extend from X-ray to MeV, as in Takahashi et al. (2009)
where adiabatic cooling is assumed to dominate over radiative

Figure 11. Our best-adjusted model to the observed spectral en-
ergy distribution of LS 5039. Top: the black curve is the av-
erage model spectrum ; the synchrotron (⇠ 1 eV) and inverse
Compton (⇠ 1 GeV) contributions from the Maxwellian popu-
lation of electrons are in dark blue ; the contributions from the
power-law population are in light blue. Bottom: the thick, dark
blue curve (resp. light blue curve) represents the INFC (resp.
SUPC) spectrum, the thin grey curves represent the evolution
of the SED in orbital phase steps of 1/30. From left to right,
the data shown are: the orbital maximum and minimum X-ray
bowties from Suzaku (Takahashi et al. 2009), the BATSE data
points and INTEGRAL bowtie (Harmon et al. 2004; Ho↵mann
et al. 2009), the average COMPTEL data points with bowtie
(Collmar & Zhang 2014), the average Fermi-LAT spectrum with
data points from 100 MeV to 50 GeV and the best-fit power-law
with exponential cuto↵ (Hadasch et al. 2012), the H.E.S.S. INFC
(dark blue bowtie) and SUPC spectra (light blue bowtie) with the
associated data points from 100 GeV to 30 TeV (Aharonian et al.
2006).

cooling, but our model shows the inverse Compton component
would then be too narrow and luminous (see Fig. 10). Our model
is unlikely to be able to account for the observed MeV flux with-
out additional ingredients (discussed in §6), unless the flux is
contaminated by di↵use emission or the flux from other sources
due to the poor angular resolution at these energies. Progress is
much needed in this di�cult observational band.

The orbital modulations from the model are compared with
the observations in Figure 12. The fluxes were calculated in each
band in the units given by the observations. Because of the mis-
match in X-ray and MeV fluxes, we had to multiply the model
flux by a factor 2 and 10 (respectively) to obtain a level com-
parable to the observations. The lightcurves are reasonably well
reproduced. A slightly larger inclination would deepen the VHE

14

What physics are we missing ? or do we need another model ?
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Fig. 9. X-ray to TeV γ-ray SED of LS 5039.
The COMPTEL soft γ-ray spectra (sum of all
data) for the INFC and SUPC orbital phases are
combined with similar spectra from the X-ray
(Suzaku, Takahashi et al. 2009), the MeV/GeV
(Fermi/LAT, Hadasch et al. 2012), and the TeV
band (HESS, Aharonian et al. 2006a) to build
a high-energy SED of LS 5039. The SED
shows that 1) the emission maximum at en-
ergies above 1 keV and 2) a switch in radi-
ation dominance is occurring at MeV ener-
gies. The lines – solid and dashed – in the
X-ray spectra represent the model calculations
of Takahashi et al. (2009) on the emission pat-
tern of LS 5039. They do not present a fit to
their measured X-ray spectra.

the INFC period. For INFC the SED suggests a strong spectral
break between the two bands with a drop in flux by a factor of 5
between 30 MeV and 100 MeV.

In general, the COMPTEL measurements shed light on an in-
teresting region of the LS 5039 SED where the maximum of the
high-energy emission of LS 5039 occurs and where significant
spectral changes are happening. Therefore these COMPTEL
results add important information on the emission pattern of
LS 5039, and so provide additional constraints for modeling the
microquasar.

6. Discussion

In recent years, after new γ-ray instruments became opera-
tional – in particular the ground-based Cherenkov telescopes
HESS, MAGIC, and VERITAS and the γ-ray space telescope
Fermi – , a new class of γ-ray emitting objects emerged: the
“γ-ray binaries”. Many binary systems, even of different types
like microquasars, colliding wind binaries, millisecond pulsars
in binaries and novae, have now become confirmed emitters of
γ-ray radiation above 1 MeV (see e.g., Dubus 2013 for a recent
review). Confirmed VHE (>100 GeV) emission is still known
for five binary systems, among them the microquasar candidate
LS 5039.

LS 5039 is detected at γ-ray energies above 100 MeV by
Fermi/LAT (Abdo et al. 2009; Hadasch et al. 2012) and above
100 GeV by HESS (Aharonian et al. 2005, 2006a) showing re-
markable behavior in both bands: the flux is modulated along its
binary orbit, however, in anticorrelation for the different wave-
band regions. Its γ-ray SED is generally “falling” from 100 MeV
to TeV-energies. However, showing different shapes depending
on binary phase. Its general behavior is not yet understood. Open
questions are, for example, “Is LS 5039 a black-hole binary or
a neutron-star binary?”, which relates to the question of whether
the energetic particles necessary for the observed high-energy
emission are accelerated in a microquasar jet or in a shocked re-
gion where the stellar and the pulsar wind collide, and “How this
translates into the intriguing observed behavior”.

Because LS 5039 is now an established γ-ray source at en-
ergies above 100 MeV, for which crucial spectral and timing in-
formation has become available in recent years, we reanalyzed

all available COMPTEL data of this sky region by assuming that
the known but unidentified COMPTEL source GRO J1823-12 is
the counterpart of LS 5039.

As in previous analyses (e.g., Collmar 2003), we found a
significant MeV source that is consistent with the sky position
of LS 5039, which in the COMPTEL 10−30 MeV band shows
a kind of stable and steady flux level. By extrapolating the mea-
sured Fermi/LAT spectra of Fermi-detected γ-ray sources in the
COMPTEL error box into the COMPTEL band, we find LS 5039
to be the most likely counterpart. This identification is supported
by extrapolating the measured Suzaku X-ray spectra into the
MeV band. Assuming no spectral breaks from keV to MeV ener-
gies, the extrapolations reach similar flux levels to the measured
COMPTEL fluxes, for the orbit-averaged (see Fig. 5), as well as
orbit-resolved, analyses.

Orbit-resolved analyses provide the most convincing evi-
dence that GRO J1823-12 is the counterpart of LS 5039. A
subdivision of the COMPTEL data into the so-called INFC
and SUPC parts of the binary orbit results in a flux change
of the MeV source. The flux measurements in the 10−30 and
3−10 MeV bands provide evidence at 2.7σ and at 1.6σ, respec-
tively, that the fluxes for the two orbital phases are different.
The combined evidence is 3.1σ. The analyses of the COMPTEL
10−30 MeV data, subdivided into orbital phase bins of 0.2, re-
sult in a variable MeV flux. The light curve is consistent in phase,
shape, and amplitude with the ones observed at X-ray and TeV
γ-ray energies, although the statistical evidence for variability is
only 92%. We note that the errors on the fluxes always result
from the fitting process combining four γ-ray sources and two
diffuse galactic emission models.

By assuming that the fitted fluxes at the location of LS 5039
are solely due to LS 5059, i.e., neglecting possible unresolv-
able contributions of further (Fermi) γ-ray sources, we added
our MeV flux measurements – although not simultaneous – to
the measured high-energy SED of LS 5039 (Fig. 9). The SED
shows that the major energy output of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, for both the INFC and
SUPC orbital parts, the latter being the less luminous one. Both
spectra show a broad spectral turnover from a harder spectrum
below 30 MeV to a softer one above 100 MeV, resembling the
IC-peaks in COMPTEL-detected blazar spectra, such as 3C 273

A38, page 8 of 10

Pulsar wind model (Dubus+2015)
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New Question: MeV emission ?
11

• In both cases, it is assumed that Fermi acceleration takes place 

• In general, the acceleration is described phenomenologically as 

• In Fermi acceleration (DSA), . 

• When  is determined by the balance between the acceleration and 
the synchrotron cooling, the synchrotron peak is (Aron 2012) 

• So, in Fermi acceleration,  ,                                              
but gamma-ray binaries shows  

η ≃ 10 (V/c)−2 ≳ 10

γe,MAX

hν < 20 MeV
hν ∼ 20 − 30 MeV

·γemec2 = qBc
η

 : acceleration efficiency 
 : magnetic field

η
B

How to explain such an extreme acceleration ?

hν = 236 MeV × η−1
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MeV emission from other sources?
12

• PSR B1259-53 shows a very bright MeV/
GeV flare ~ 30 days after the periastron.

PSR B1259-53
Peak Luminosity  

~ 8 x 1035 erg s-1 
� comparable !! 

Spin-down Luminosity 
 ~ 8.3 x 1035 erg s-1

Fermi collab. 2011

• COMPTEL detected the MeV emission 
from LS I 61°+303 (?)

Gamma-ray binaries and related systems 11
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Fig. 5 Observations of LS I +61�303. From top to bottom: spectral energy distribution (this work); one
example of the periodic radio and X-ray outburst that occur once per orbit (reproduced by permission of the
AAS from Harrison et al. 2000) ; GeV modulation (reproduced by permission of the AAS from Hadasch
et al. 2012); TeV modulation (reproduced by permission of the AAS from VERITAS collaboration et al.
2011b). Periastron passage is at � = 0.23.

phases 0.5  �  0.9, peaking at 0.6-0.8 (MAGIC collaboration et al. 2009a, 2006;
VERITAS collaboration et al. 2008, 2011b). Later observations then failed to detect
the source, until late 2010, when the source was detected at 0.0  �  0.1 (VER-
ITAS collaboration et al. 2011b). The 26.5 day orbital period is long enough and
close enough to the lunar cycle to make repeated, homogeneous sampling of the or-
bital lightcurve di�cult compared to LS 5039. The average spectra reported by both
collaborations are compatible within systematic errors. The best fit is a power-law
with a photon index �VHE ⇡ 2.4 to 2.7, and a normalisation at 1 TeV from 2.4 to
2.9⇥10�12 TeV�1cm�2 s�1 (MAGIC collaboration et al. 2008, 2012b; VERITAS col-
laboration et al. 2009a, 2011b, Fig. 19).

HESS J0632+057 was detected by the HESS Galactic Plane survey (H.E.S.S. collab-
oration et al. 2007). The VHE detections cluster around 0.2  �  0.4 when folded on
the 315±5 d period (Fig. 6, Bongiorno et al. 2011; Bordas & Maier 2012). In hind-
sight, the initial VHE detection was lucky since follow-up observations by IACTs
failed repeatedly to re-detect the source before the long orbital period was identified
in the X-ray lightcurve (VERITAS collaboration et al. 2009b; MAGIC collaboration
et al. 2012a; Ong 2011). This the only gamma-ray binary that can be observed by

Dubus 2013

The MeV emission in gamma-ray binaries is a challenging subject
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Today’s talk
13

• Gamma-ray binaries are new particle accelerator in the Universe. 
• The acceleration/emission mechanism are unclear. 
• Some of them show the MeV gamma-ray emission. 

• To tackle with these questions observationally,                                                       
we analyzed LS 5039, the brightest gamma-ray binary. 

1. Multi-band spectrum analysis using NuSTAR&Fermi 
 (Yoneda et al. in prep.) 

2. Pulsation search in the hard X-ray band 
(Yoneda et al. 2020, PRL, arXiv:2009.02075) 

3. Magnetar binary hypothesis with reconnection
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Gamma-ray Binary System LS 5039

LS 5039 is the brightest gamma-ray binary with a short orbital period 
(3.9 day) → Observable deeply over its entire orbit

15

Distance：  (Casares+05) 

Companion： , O star 

Eccentricity：  (Casares+05) 

Compact Star：  (Casares+05) 
It is unknown whether the compact star is a BH or NS.

2.5 ± 0.1 kpc
22.9+3.4

−2.9 M⊙
0.35 ± 0.04

> 1.5 M⊙

No. 1, 2009 LONG-TERM STABILITY OF X-RAY ORBITAL MODULATION IN LS 5039 L3

Figure 1. Orbital variations of photon index and unabsorbed flux in the energy
range of 1–10 keV. Each color indicates the data of XMM-Newton (blue,
cyan, and green), ASCA (red), and Chandra (magenta). The black filled and
open circles represent the Suzaku observation. Fitting parameters are shown in
Table 1.

which is obtained from the phase-averaged Suzaku spectrum.
Also, phase-resolved ASCA spectra were fit using NH frozen at
the phase-averaged value. As seen in Figure 1, the photon indices

obtained in the past observations follow the tendency seen in
the Suzaku data, where the indices become smaller (Γ ! 1.45)
around apastron and larger (Γ ! 1.60) around periastron. TeV
γ -ray emission presents similar trends in flux and photon indices
(Aharonian et al. 2006) as those of X-rays. Remarkably, the
X-ray flux shows almost identical phase dependency between
the Suzaku and the other data sets as seen in the bottom panel
of Figure 1. The similar tendency in fluxes and photon indices
were also presented in Bosch-Ramon et al. (2005), although the
data were background contaminated and this prevented a proper
photon index determination. The results above indicate that the
overall orbital modulation has been quite stable over the past
eight years. Variability on shorter timescales is studied in the
following subsection.

3.2. Temporal Analysis

The Suzaku light curves by Takahashi et al. (2009) revealed
variability on short timescales of ∆φ ! 0.1. To investigate
the long-term behavior of the X-ray modulation, we compared
the light curve by Suzaku and those obtained in the past
observations. To directly compare the light curves obtained
with the different detector systems, we need to convert detected
counting rate to absolute energy flux for each bin of the light
curves. For all the data other than the Suzaku, we assumed
power-law spectra with parameters shown in Table 1 and
converted the counting rate of each time bin to power-law
flux (unabsorbed flux). We adopted variable bin widths to have
equalized errors for different data sets. For the Suzaku data,
since the spectral parameters, particularly photon indices, are
significantly changed during the observation, we converted the
observed counting rate assuming the power-law parameters
obtained for each phase interval of ∆ = 0.1. The left panel
of Figure 2 shows the resulting light curves in the energy
range of 1–10 keV. Also, a magnified plot of the light curve
is shown in the right panel of Figure 2. The phase-folded

(a)

(b)

Figure 2. (a) Orbital light curves in the energy range of 1–10 keV. Top: Suzaku XIS data with a time bin of 2 ks. Overlaid in the range of φ = 0.0–2.0 is the same
light curve but shifted by one orbital period (open circles). Bottom: comparison with the past observations. Each color corresponds to XMM-Newton (blue, cyan with
each bin of 1 ks, and green with each bin of 2 ks), ASCA (red with each bin of 5 ks), and Chandra (magenta with each bin of 2 ks). Fluxes correspond to unabsorbed
values. The blue solid lines show periastron and apastron phase and the red dashed lines show superior conjunction and inferior conjunction of the compact object.
(b) Close up in 1.2 ! φ < 1.8.

Remarkable Reproductivity in soft 
X-rays  
➔ Non-accreting system is favored 
➔ pulsar wind system?

Kishishita+09
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SED of LS 5039
16
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Fig. 9. X-ray to TeV γ-ray SED of LS 5039.
The COMPTEL soft γ-ray spectra (sum of all
data) for the INFC and SUPC orbital phases are
combined with similar spectra from the X-ray
(Suzaku, Takahashi et al. 2009), the MeV/GeV
(Fermi/LAT, Hadasch et al. 2012), and the TeV
band (HESS, Aharonian et al. 2006a) to build
a high-energy SED of LS 5039. The SED
shows that 1) the emission maximum at en-
ergies above 1 keV and 2) a switch in radi-
ation dominance is occurring at MeV ener-
gies. The lines – solid and dashed – in the
X-ray spectra represent the model calculations
of Takahashi et al. (2009) on the emission pat-
tern of LS 5039. They do not present a fit to
their measured X-ray spectra.

the INFC period. For INFC the SED suggests a strong spectral
break between the two bands with a drop in flux by a factor of 5
between 30 MeV and 100 MeV.

In general, the COMPTEL measurements shed light on an in-
teresting region of the LS 5039 SED where the maximum of the
high-energy emission of LS 5039 occurs and where significant
spectral changes are happening. Therefore these COMPTEL
results add important information on the emission pattern of
LS 5039, and so provide additional constraints for modeling the
microquasar.

6. Discussion

In recent years, after new γ-ray instruments became opera-
tional – in particular the ground-based Cherenkov telescopes
HESS, MAGIC, and VERITAS and the γ-ray space telescope
Fermi – , a new class of γ-ray emitting objects emerged: the
“γ-ray binaries”. Many binary systems, even of different types
like microquasars, colliding wind binaries, millisecond pulsars
in binaries and novae, have now become confirmed emitters of
γ-ray radiation above 1 MeV (see e.g., Dubus 2013 for a recent
review). Confirmed VHE (>100 GeV) emission is still known
for five binary systems, among them the microquasar candidate
LS 5039.

LS 5039 is detected at γ-ray energies above 100 MeV by
Fermi/LAT (Abdo et al. 2009; Hadasch et al. 2012) and above
100 GeV by HESS (Aharonian et al. 2005, 2006a) showing re-
markable behavior in both bands: the flux is modulated along its
binary orbit, however, in anticorrelation for the different wave-
band regions. Its γ-ray SED is generally “falling” from 100 MeV
to TeV-energies. However, showing different shapes depending
on binary phase. Its general behavior is not yet understood. Open
questions are, for example, “Is LS 5039 a black-hole binary or
a neutron-star binary?”, which relates to the question of whether
the energetic particles necessary for the observed high-energy
emission are accelerated in a microquasar jet or in a shocked re-
gion where the stellar and the pulsar wind collide, and “How this
translates into the intriguing observed behavior”.

Because LS 5039 is now an established γ-ray source at en-
ergies above 100 MeV, for which crucial spectral and timing in-
formation has become available in recent years, we reanalyzed

all available COMPTEL data of this sky region by assuming that
the known but unidentified COMPTEL source GRO J1823-12 is
the counterpart of LS 5039.

As in previous analyses (e.g., Collmar 2003), we found a
significant MeV source that is consistent with the sky position
of LS 5039, which in the COMPTEL 10−30 MeV band shows
a kind of stable and steady flux level. By extrapolating the mea-
sured Fermi/LAT spectra of Fermi-detected γ-ray sources in the
COMPTEL error box into the COMPTEL band, we find LS 5039
to be the most likely counterpart. This identification is supported
by extrapolating the measured Suzaku X-ray spectra into the
MeV band. Assuming no spectral breaks from keV to MeV ener-
gies, the extrapolations reach similar flux levels to the measured
COMPTEL fluxes, for the orbit-averaged (see Fig. 5), as well as
orbit-resolved, analyses.

Orbit-resolved analyses provide the most convincing evi-
dence that GRO J1823-12 is the counterpart of LS 5039. A
subdivision of the COMPTEL data into the so-called INFC
and SUPC parts of the binary orbit results in a flux change
of the MeV source. The flux measurements in the 10−30 and
3−10 MeV bands provide evidence at 2.7σ and at 1.6σ, respec-
tively, that the fluxes for the two orbital phases are different.
The combined evidence is 3.1σ. The analyses of the COMPTEL
10−30 MeV data, subdivided into orbital phase bins of 0.2, re-
sult in a variable MeV flux. The light curve is consistent in phase,
shape, and amplitude with the ones observed at X-ray and TeV
γ-ray energies, although the statistical evidence for variability is
only 92%. We note that the errors on the fluxes always result
from the fitting process combining four γ-ray sources and two
diffuse galactic emission models.

By assuming that the fitted fluxes at the location of LS 5039
are solely due to LS 5059, i.e., neglecting possible unresolv-
able contributions of further (Fermi) γ-ray sources, we added
our MeV flux measurements – although not simultaneous – to
the measured high-energy SED of LS 5039 (Fig. 9). The SED
shows that the major energy output of LS 5039 occurs at MeV
energies, i.e., between 10 and 100 MeV, for both the INFC and
SUPC orbital parts, the latter being the less luminous one. Both
spectra show a broad spectral turnover from a harder spectrum
below 30 MeV to a softer one above 100 MeV, resembling the
IC-peaks in COMPTEL-detected blazar spectra, such as 3C 273

A38, page 8 of 10

Let’s update the SED using the latest data!

Collmar 2014

~ 3 years Fermi data 
(Hadasch+12), 

But we have 11 years 
data now!

Suzaku data 
(Takahashi+09), 

But we have 
NuSTAR data now!
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NuSTAR observation
17

10ï5

10ï4

10ï3

0.01

0.1

no
rm

al
iz

ed
 c

ou
nt

s 
sï

1  k
eV

ï1

data and folded model

105 20 50

ï4

ï2

0

2

4

(d
at

aï
m

od
el

)/e
rro

r

Energy (keV)

Background

Source

Flux = 2.34±0.02 ×10-11 erg cm-2 s-1 
Γ = 1.627±0.010

The phase-averaged spectrum is well-described by a single powerlaw, 
up to 80 keV

• NuSTAR observed LS 5039 in 2016 
• The exposure is 350 ks, which covers one-full orbit of LS 5039
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Orbital Light Curve
Calculated the flux by dividing data with a bin width of 4 ks  
Compared the results with the previous Suzaku results

18

・From apastron to INFC, the 3-10 keV flux are different between the 
NuSTAR and Suzaku 
・Doppler boosting? Another spectral component in hard X-rays?
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Figure 1. Orbital variations of photon index and unabsorbed flux in the energy
range of 1–10 keV. Each color indicates the data of XMM-Newton (blue,
cyan, and green), ASCA (red), and Chandra (magenta). The black filled and
open circles represent the Suzaku observation. Fitting parameters are shown in
Table 1.

which is obtained from the phase-averaged Suzaku spectrum.
Also, phase-resolved ASCA spectra were fit using NH frozen at
the phase-averaged value. As seen in Figure 1, the photon indices

obtained in the past observations follow the tendency seen in
the Suzaku data, where the indices become smaller (Γ ! 1.45)
around apastron and larger (Γ ! 1.60) around periastron. TeV
γ -ray emission presents similar trends in flux and photon indices
(Aharonian et al. 2006) as those of X-rays. Remarkably, the
X-ray flux shows almost identical phase dependency between
the Suzaku and the other data sets as seen in the bottom panel
of Figure 1. The similar tendency in fluxes and photon indices
were also presented in Bosch-Ramon et al. (2005), although the
data were background contaminated and this prevented a proper
photon index determination. The results above indicate that the
overall orbital modulation has been quite stable over the past
eight years. Variability on shorter timescales is studied in the
following subsection.

3.2. Temporal Analysis

The Suzaku light curves by Takahashi et al. (2009) revealed
variability on short timescales of ∆φ ! 0.1. To investigate
the long-term behavior of the X-ray modulation, we compared
the light curve by Suzaku and those obtained in the past
observations. To directly compare the light curves obtained
with the different detector systems, we need to convert detected
counting rate to absolute energy flux for each bin of the light
curves. For all the data other than the Suzaku, we assumed
power-law spectra with parameters shown in Table 1 and
converted the counting rate of each time bin to power-law
flux (unabsorbed flux). We adopted variable bin widths to have
equalized errors for different data sets. For the Suzaku data,
since the spectral parameters, particularly photon indices, are
significantly changed during the observation, we converted the
observed counting rate assuming the power-law parameters
obtained for each phase interval of ∆ = 0.1. The left panel
of Figure 2 shows the resulting light curves in the energy
range of 1–10 keV. Also, a magnified plot of the light curve
is shown in the right panel of Figure 2. The phase-folded

(a)

(b)

Figure 2. (a) Orbital light curves in the energy range of 1–10 keV. Top: Suzaku XIS data with a time bin of 2 ks. Overlaid in the range of φ = 0.0–2.0 is the same
light curve but shifted by one orbital period (open circles). Bottom: comparison with the past observations. Each color corresponds to XMM-Newton (blue, cyan with
each bin of 1 ks, and green with each bin of 2 ks), ASCA (red with each bin of 5 ks), and Chandra (magenta with each bin of 2 ks). Fluxes correspond to unabsorbed
values. The blue solid lines show periastron and apastron phase and the red dashed lines show superior conjunction and inferior conjunction of the compact object.
(b) Close up in 1.2 ! φ < 1.8.

Kishishita+09

● Suzaku/XIS (1 - 10 keV, 2007) ● Chandra (2004) 
●● XMM (2003, 2005) ● ASCA (1999)
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11 years Fermi observation (Pass 8 data, 2008–2019)

19

The spectrum in INFC is well-described by  
powerlaw + cutoff-powerlaw
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See Yoneda et al. in prep.
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Orbital Light Curve
20

Peak is at φ~0.0, but the amplitude changes with the energy

6.8. SEARCH FOR TIME VARIABILITY 97

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0

0.05

0.1

0.15

0.2

0.25

0.3
9−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E
 = 100.0 - 220.0 (MeV)γE  = 100.0 - 220.0 (MeV)γE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1
9−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E

 = 1000.0 - 2200.0 (MeV)γE  = 1000.0 - 2200.0 (MeV)γE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

9−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E

 = 220.0 - 460.0 (MeV)γE  = 220.0 - 460.0 (MeV)γE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0
5

10
15
20
25
30
35
40
45
50

12−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E

 = 2200.0 - 4600.0 (MeV)γE  = 2200.0 - 4600.0 (MeV)γE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14

9−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E

 = 460.0 - 1000.0 (MeV)γE  = 460.0 - 1000.0 (MeV)γE

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Orbital Phase

0
2
4
6
8

10
12
14
16
18
20

12−10×

)-1
 s

-2
 d

N/
dE

 (e
rg

 c
m

2 E

 = 4600.0 - 10000.0 (MeV)γE  = 4600.0 - 10000.0 (MeV)γE

Figure 6.8: The orbital light curve in different energy intervals.
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Figure 6.9: The ratio of (Fmax − Fmin) to (Fmax + Fmin). Fmax and Fmin are the maximum

and minimum flux in the light curves of Figure 6.8.

preliminary

See Yoneda et al. in prep.
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Ratio of the variable component to the total 
21

There are two spectral components.  
These have different orbital dependence!

6.8. SEARCH FOR TIME VARIABILITY 97
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Figure 6.8: The orbital light curve in different energy intervals.
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Figure 6.9: The ratio of (Fmax − Fmin) to (Fmax + Fmin). Fmax and Fmin are the maximum

and minimum flux in the light curves of Figure 6.8.

Low-energy comp. High-energy comp.Spectral Analysis

preliminary

See Yoneda et al. in prep.

See Yoneda et al. in prep.
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Updated SED of LS 5039
22

φpeak = ~0.7 (INFC) φpeak = ~0.7 (INFC)
φpeak = ~0.0  
(periastron)

Small orbital 
dependence

preliminary

See Yoneda et al. in prep.
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Updated SED of LS 5039
28

φpeak = ~0.7 (INFC) φpeak = ~0.7 (INFC)
φpeak = ~0.0  
(periastron)

Small orbital 
dependence

At least, four spectral components

??? Emission close to 
the neutron star?

Synchrotron 
+ IC emission

?

?

Fifth component, or 
high-energy tail of 

the MeV component?

preliminary

See Yoneda et al. in prep.
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Comparison with proposed models
29

X-ray/TeV are explained by the pulsar model, but MeV/GeV is not explained

14 Yoneda et al.
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Figure 15. The comparison between the updated SED and proposed models.
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APPENDIX

A. INFLUENCE OF THE GRXE MODEL UNCERTAINTY ON THE SPECTRAL ANALYSIS OF HXD/PIN

The model uncertainty of the GRXE a↵ects the spectral analysis of the HXD-PIN data. For example, it is proposed
that the GRXE has the cut-o↵ feature around ⇠30 keV (Krivonos et al. 2007). Figure 16 shows the result when we
model the GRXE as cutoffpl * highecut with E0 = 30 keV, Ecut = 35 keV, Efold = 20.0 keV,� = 1.90. In this case,
the measured photon index becomes smaller, and the flux becomes larger. As a result, the flux di↵erence between
Suzaku and NuSTAR becomes more obvious.

B. ELIMINATION OF THE CONTAMINATION FROM A NEARBY BRIGHT PULSAR

Since LS 5039 is located close to the Galactic plane, it is surrounded by many gamma-ray sources. Especially,
there is the bright GeV pulsar PSR J1826-1256, apart from LS 5039 of ⇠ 2 degrees. At 200 MeV, the flux of this
pulsar is comparable to that of LS 5039. Considering that the point spread function of Fermi LAT is ⇠ 3 degrees
at 200 MeV, the gamma rays detected around the position of LS 5039 include those emitted from PSR J1826-1256
considerably. Thus, it is important to eliminate the contamination from this source (The Fermi LAT collaboration

Pulsar wind model ① Pulsar wind model ②

Jet-like stucture Two IC component

See Yoneda et al. in prep.

preliminary
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Possible interpretations for the MeV emission
30
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① Synchrotron emission in strong B field 
・peak at 20-30 MeV → η< 10 
・Not to overestimate the TeV emission  
→ B  3 G  

・To explain the hard photon index  
→ hard electron spectrum (< 2) 

→ efficient acceleration in strong B field ?

≳

② Inverse Compton with GeV e- 
Seed photons are UV ones (~10 eV) 
from the optical companion 
＋ Upscattered photons are MeV 
→ Electrons should be ～GeV 
→ In shock regions, many GeV 
electrons in addition to TeV electrons

See Yoneda et al. in prep.

preliminary
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Today’s talk
31

• Gamma-ray binaries are new particle accelerator in the Universe. 
• The acceleration/emission mechanism are unclear. 
• Some of them show the MeV gamma-ray emission. 

• To tackle with these questions observationally,                                                       
we analyzed LS 5039, the brightest gamma-ray binary. 

1. Multi-band spectrum analysis using NuSTAR&Fermi 
 (Yoneda et al. in prep.) 

2. Pulsation search in the hard X-ray band 
(Yoneda et al. 2020, PRL, arXiv:2009.02075) 

3. Magnetar binary hypothesis with reconnection
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Previous Work in Pulse Search

The pulsation is good evidence of existence of NS… 

Previous Works 
Non-detection in radio band (4.1 - 14.5 μJy, McSwain+11) 
Non-detection in soft X-ray band (0.3 - 10 keV, Rea+11) 
→ Pulses might be absorbed by stellar winds? 

Higher energy band is better  
• Less stellar wind absorption in higher energy band  
• In hard X-rays, we have long observation data of Suzaku, 

NuSTAR

32

We focus on hard X-ray band (> 10 keV) for pulsation search
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1st Step: Timing Analysis by diving data
33
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Effect of orbital motion 
・Orbital velocity of NS is ~ 0.001 c  

➔ smears the pulse signal 
・Large parameter space, 

➔ it is difficult to search pulse with correcting the 
orbital modulation

Simple and Best Way 
1. Divide the data into subsets with a time interval of Tsub. 　　　　　　　　　
　Resolution of timing analysis (1/Tsub) > Orbital modulation (0.001/P)  

➔ Tsub < 1000 × Pulse Period 
2. Apply Fourier analysis to each subset, and merge the result incoherently 
※ To get enough photons in subsets (>10 events), we focus on pulse signal < 1 Hz.
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prob. = 1e-3 Δ T = 4096 s

Δ T = 8192 s

Δ T = 16384 s↑ Pulsation at 8.96 s ??

Fourier Analysis with Suzaku
37

We found a periodicity at 8.96 s with post-trial of 1.1×10-3
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Fourier Analysis with NuSTAR

We applied the same analysis to the NuSTAR data (3–10, 10–30 keV)

38

No significant peak… We search for weak pulsed signal!

 prob. = 1e-3

 prob. = 1e-3

 prob. = 1e-3

ΔT = 4096 s 

ΔT = 8192 s 

ΔT = 16384 s 

E = 3 - 10 keV

 prob. = 1e-3

 prob. = 1e-3

 prob. = 1e-3

ΔT = 4096 s 

ΔT = 8192 s 

ΔT = 16384 s 

E = 10 - 30 keV
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Z2 analysis
39

➔ + + + + …

To check the peak at 8.96 s, we analyzed the Suzaku data with Z2 statistics. 

Z2 statistics (De Jager+89) 
A common technique to search a weak periodic signal 
Unbinned likelihood analysis (better than ordinary chi-square evaluation) 

1. Make a folded light curve assuming a period. 
2. Calculate Fourier component of the obtained profile 
3. Sum up the power of the component upto m-th harmonics.
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Relying on the Suzaku 8.96 s peak,  
we constrain the period search range to 7-11 sec… 
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Sign of the pulsation at 9 s in the NuSTAR data

40
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(b)

A sign of a pulse at 9.046s 
with 7-11 s, ΔT = 10000 s, 

post trial is 3.5×10-3

Suzaku (2007 Sep.) 
P = 8.960 ± 0.009 s  
NuSTAR (2016 Sep.) 
P = 9.046 ± 0.009 s  

⇓ 
(If this is real) 

The compact star in LS 5039 
is suggest to be a NS with 

P ~ 9s 
Pdot ~ 3×10-10 s s-1
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A concern: orbital motion correction
41

The solutions from the two data are not consistent. 
A modulation different from the orbital motion? Or just noise? 

Stay tuned for future hard X-ray observations…

Suzaku, 10—30 keV, m=4 NuSTAR, 10—30 keV, m=4

1. Assume a set of orbital parameters, and calculate the orbit of NS 
2. correct the photon arrival time to the time on NS 
3. apply Z2 analysis to corrected data.

3

the respective ranges, we search for the parameter set that maximizes the Z2
MAX value.

Figure 3 shows the results of the orbital correction. The color contour indicates the maximum Z2 value at each
point on the (aX sin ✓, e) plane when the other 3 parameters are all allowed to vary. The left panel is the Suzaku
result, where a clear peak, indicated as (A), is seen around (aX sin ✓, e) ⇠ (53 light-sec, 0.28). It corresponds to the
orbital solution in Table I of the main text. It gives Z2

MAX = 67.28 [8], which is 14.8 standard deviations above the
mean of 8.0 when referring to a chi-square distribution of 8 (twice the maximum harmonic) dof. As described in the
main text L.201, this gives the pre-trial probability of 1.7⇥ 10�11.

The right panel of Figure 3 is the NuSTAR result. In this case, several peaks were found: one is around (aX sin ✓, e) ⇠
(48 light-sec, 0.30) as indicated as (B), and several peaks are seen around aX sin ✓ ⇠ 62� 63 light-sec as indicated as
(C). These solutions have comparable significance, with Z2

MAX ⇡ 67. However, the latter solutions, when combined
with the optically derived system mass function, imply the system inclination of ✓ ⇠ 70� ± 6�, which is somewhat
inconsistent with the constraint of ✓ < 66� ± 2� [9] set by the lack of X-ray eclipses. In addition , (B) is close to (A),
though still somewhat inconsistent with each other. We hence consider that the solutions (C) are less likely than (B),
and have adopted (B) in Table I in the main text.
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FIG. 3. Z2 statistics considering the orbital motion of LS 5039. The colors indicate the Z2
MAX values after the orbital correction,

shown on a plane of the projected orbital radius of the compact star (aX sin ✓, abscissa) and the orbital eccentricity (e, ordinate).
The left and right figures are obtained using the 10–30 keV Suzaku and NuSTAR data respectively.

E. PULSE PROPERTIES IN DIFFERENT EPOCHS

The orbital solutions obtained from the two data sets have several issues (see the main text for the detail), including
in particular the Suzaku vs. NuSTAR discrepancy on aX sin ✓ and e. To obtain clues to these issues, we investigated
how the pulse properties evolved through each observation. We divided the data into several subsets with similar time
lengths, and calculated a 10-bin pulse profile in each epoch. The photon arrival times of the two data were corrected
assuming the orbital solutions in Table I of the main text. In order to secure more than 100 source photons, we set
the number of subsets as 7 and 5 for the Suzaku and NuSTAR data. respectively.

The results are shown in Figure 4, for Suzaku (left) and NuSTAR (right), respectively. In both cases, the pulsation
is seen throughout the observation. However, the pulse-peak phase and/or the pulse profiles are seen to fluctuate from
time to time. Especially, this e↵ect is more significant in the NuSTAR data; the main peak of the time-averaged pulse
profile (Figure 2 in the main text) is clearly seen in the 2nd and 4th epochs, whereas the other epochs are dominated
by either of the two sub peaks of the time-averaged pulse profile. These results indicate that the pulse profile and/or
the pulse phase would change considerably on time scales of several tens ksec. Presumably, these systematic e↵ects
have enhanced the side lobes seen in Figure 3, and biased the two orbital solutions beyond the nominal statistical
uncertainties.
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Table 5.2: Best-fitting values of the orbital parameters obtained from Suzaku/NuSTAR ob-

servations. Errors are in 90% confidence.

ax sin θ [light sec.] e τ0 ω [deg.] PNS [s] Z2(m = 4)

Suzaku 53.05+0.70
−0.55 0.278+0.014

−0.023 0.067+0.009
−0.012 54.6+5.1

−3.3 8.95648(4) 67.97

NuSTAR 48.1+0.4
−0.4 0.306+0.015

−0.013 0.7285+0.0078
−0.0058 56.8+2.3

−3.1 9.05381(3) 66.87

with Suzaku and NuSTAR, after background subtraction, are 0.68± 0.14 and 0.135± 0.043,

respectively. The considerably lower pulse fraction with NuSTAR may explain why the

NuSTAR data gave no evidence of periodicity via the Fourier analysis, and gave a somewhat

higher Pch value via the Z2 analysis, even though NuSTAR as a higher sensitivity than the

Suzaku HXD.We also analyzed the 3–10 keV NuSTAR data using the parameters in Table 5.2,

but found no periodic signals at the period with an upper-limit pulse fraction of 2.8% (99%

confidence level). This suggests that the pulsation is detectable only in hard X-rays.

5.4.1 Possible Causes of the Lack of a Solution of the Orbital Pa-

rameters

We did not find a consistent solution of the orbital parameters when we applied the correction

for the orbital motion to both Suzaku and NuSTAR data. A likely explanation is that the

phases and/or shapes of the pulses are subject to gradual changes, which introduce additional

modulations in the pulse arrival times. For example, some magnetars are known to undergo

free precession (Makishima et al., 2014), possibly due to magnetic deformation. Note that

magnetars are a class of neutron stars which have strong magnetic field ∼ 1015 G (see details

in Chapter 8). As a result, their hard X-ray pulse phases are modulated (though with a

variable amplitude) at a period of several tens kiloseconds. If a neutron star in LS 5039 is

also subject to a similar effect and if the pulse phase is modulated with a period which is

comparable to or longer than Porb, the two observations may have sampled different phases

of the pulse-phase modulation. By further correcting the pulse arrival times for such effects,

we expect that the two orbital solutions could be brought into a better agreement. This is a

subject of future study.

5.4.2 Possibility of Contamination from Unrelated X-ray Sources

Since the HXD of Suzaku is a non-imaging collimated detector and has a relatively large

field-of-view of 34′ × 34′ at energies below 100 keV, there is a possibility that the detected
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126 CHAPTER 8. DISCUSSION

2. gravitational energy due to mass accretion

3. stellar winds from the massive star

4. magnetic energy of the pulsar.

Here, on the basis of the detected P and its derivative Ṗ , we discuss in detail the maximum

amount of energy which each of the four categories can supply, and explain that only magnetic

energy of the pulsar can explain the luminosity of LS 5039.

8.1.1 Rotation-powered pulsar scenario

In this scenario, the rotational energy loss of the neutron star is converted to the radiation

energy of the system (Ghosh, 2007). From the measured pulse period PNS and its time

derivative ṖNS of LS 5039, the luminosity Lsd due to spin-down energy loss of the neutron

star is estimated to be

Lsd =
(2π)2IṖNS

P 3
NS

∼ 1034 erg s−1 , (8.1)

where I ∼ 1045 g cm2 is a canonical value of the moment of inertia of the neutron star. This

value is about two orders of magnitude lower than require. Although the unknown equation

of state for the super dense matter inside a neutron star does not allow us to obtain the

precise value for I, this uncertainty can alter I only by a factor of ∼ 2 at most (Worley et al.,

2008). Hence, PNS is too long for this object to be a rotation-powered pulsar. Therefore, this

scenario is excluded unequivocally.

8.1.2 Accreting pulsar scenario

Here we consider that the neutron star in LS 5039 is an accreting pulsar. In this scenario,

the neutron star gravitationally captures a fraction of stellar winds from the massive star.

The captured matter, falling onto the neutron star, releases its gravitational energy, and

a significant fraction of the output is converted into radiation (Ghosh, 2007). Since the

luminosity available in this way can reach ∼ 1035 erg s−1 (so-called Eddington limit), this

option is energetically feasible. However, the measured positive Ṗ does not support this

scenario, given that accreting pulsars usually spin up as a result of the infalling matter

always bringing in some angular momentum. In addition, the radiation spectra of accreting

pulsars are distinct from that of LS 5039; the former is thermal and is limited to energies

below a few hundred keV, never extending to the MeV range as in the latter. Therefore, this

scenario is also excluded.
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clarified. Assuming that the pulsar in LS 5039 is powered by the magnetic-field dissipation

in the same way as magnetars, we can estimate the energy release rate Lbf as

Lbf =
B2

NSR
3
NS

6τ
∼ 1037 ×

(
BNS

1015 G

)2( RNS

10 km

)3( τ

500 yr

)−1

erg s−1, (8.3)

where RNS and BNS are the radius and surface magnetic field of the pulsar, respectively;

τ = PNS/(2ṖNS) ∼ 500 yr is the characteristic age of the neutron star in LS 5039 (Shapiro

& Teukolsky, 1983). Accordingly, the energy balance of LS 5039 can be explained if BNS !
3 × 1014 G. Since this is a typical value of a magnetar and all the other energy-source

candidates have been rejected, the neutron in LS 5039 is inferred to be a magnetar. The

detected ∼ 9 s pulsation period also supports this hypothesis, because it falls in the observed

period range of magnetars of 2–11 s (Enoto et al., 2010). Therefore, we conclude that the

compact object in LS 5039 is a magnetar with magnetic field of ∼ 1015 G. Since so far

magnetars are observed only as isolated objects, this is the first time a binary system which

contains a magnetar has been discovered.

The luminosity of 1036 ergs−1 is somewhat higher than the typical value of isolated mag-

netars of ∼ 1035 ergs−1. This fact suggests that the magnetic-energy dissipation in LS 5039

proceeds faster than in isolated magnetars. We explain later that the dissipation process is

enhanced by interactions with the stellar winds. In the following section, we discuss mecha-

nism of the high-energy emission of LS 5039 assuming the magnetar binary hypothesis.

8.2 X-ray Emission in the Magnetar Binary Hypothe-

sis; Shock Acceleration

We cannot apply the shock formation mechanism of the pulsar wind model to our hypothesis

directly because of the following reasons. In the pulsar wind model, the X-ray emission of

LS 5039 is explained as synchrotron emission from electrons accelerated in a shock which

is formed by interactions between the strong pulsar winds and the stellar winds. However,

currently there are no observational evidences that a magnetar has strong pulsar winds

although extended emissions which might be made by the winds are reported from a few

magnetars (Reynolds et al., 2017).

Even if the magnetar in LS 5039 has no stellar winds, a shock can be formed because the

magnetic field pressure is high enough to halt the stellar winds. They are terminated at the

Alfvén radius Ra, where the magnetic pressure of the neutron star PB becomes comparable

126 CHAPTER 8. DISCUSSION

2. gravitational energy due to mass accretion

3. stellar winds from the massive star

4. magnetic energy of the pulsar.

Here, on the basis of the detected P and its derivative Ṗ , we discuss in detail the maximum
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8.1. ENERGY SOURCE OF THE EMISSION OF LS 5039 127

Strictly speaking, an accreting pulsar can spin down, when the accretion rate decreases

and the Alfvén radius becomes larger than the co-rotation radius (see Section 2.1 in Chap-

ter 2). Since the change of the accretion rate is unstable, the luminosity of these accreting

pulsars also varies with time. It changes by a factor of ∼ 4 with a time scale of one year

(Yatabe et al., 2018). This feature is quite different from the observational results of LS 5039

since in Chapter 4 we found that the luminosity in 3–10 keV varies by just ∼ 10% in 8 years.

Moreover, the Ṗ of these accreting pulsars varies following the change in the luminosity. In

the accreting pulsar X Persei, Ṗ changes from −1.5× 10−8 s s−1 to 0.5× 10−8 s s−1 (Yatabe

et al., 2018). If we measure the spin period of LS 5039 again and confirm that Ṗ is stable, we

can reject definitively the possibility that the neutron star in LS 5039 is an accreting pulsar

which spins down.

8.1.3 Kinetic energy of stellar winds

Even when the mass accretion is somehow hampered, some energy is still available when

the stellar winds hit the pulsar’s magnetosphere. Assuming that the massive star launches

isotropic stellar winds with a velocity vw at a mass-loss rate Ṁw, the kinetic energy Lw of

the stellar winds which interact with the pulsar’s magnetosphere is calculated as

Lw ∼ 1

2
Ṁwv

2
w × πR2

A

4πD2
sep

= 6× 1030 ×
(

Ṁw

10−6M" yr−1

)(
vw

2000 km/s

)2( RA

2× 1010 cm

)2( Dsep

50 light sec

)−2

erg s−1

(8.2)

where Dsep is the binary separation and RA is the Alfvén radius (see below). Note that

10−6M" yr−1 is the upper limit of the mass loss rate of the wind reported in an optical

observation (Casares et al., 2005). Again, this is orders of magnitude too low to explain the

bolometric luminosity of LS 5039.

8.1.4 Magnetar binary hypothesis

The remaining possibility is that the magnetic field of the neutron star is the energy source

of the emission of LS 5039 in a similar way as magnetars. Magnetars are neutron stars

with ultra-strong magnetic field of ∼ 1015 G, which is higher by two orders of magnitude or

more than those of ordinary neutron stars including pulsars (Thompson & Duncan, 1993).

Their emission, mostly in soft to hard X-rays, is thought to be produced by dissipation of

their huge magnetic energy, although details of the magnetic-field dissipation are yet to be
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can reject definitively the possibility that the neutron star in LS 5039 is an accreting pulsar

which spins down.

8.1.3 Kinetic energy of stellar winds

Even when the mass accretion is somehow hampered, some energy is still available when

the stellar winds hit the pulsar’s magnetosphere. Assuming that the massive star launches

isotropic stellar winds with a velocity vw at a mass-loss rate Ṁw, the kinetic energy Lw of
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the accreting pulsar X Persei, Ṗ changes from −1.5× 10−8 s s−1 to 0.5× 10−8 s s−1 (Yatabe

et al., 2018). If we measure the spin period of LS 5039 again and confirm that Ṗ is stable, we
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the stellar winds which interact with the pulsar’s magnetosphere is calculated as

Lw ∼ 1

2
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the accreting pulsar X Persei, Ṗ changes from −1.5× 10−8 s s−1 to 0.5× 10−8 s s−1 (Yatabe

et al., 2018). If we measure the spin period of LS 5039 again and confirm that Ṗ is stable, we
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FIGURE 1. Left panel: P− Ṗ diagram for radio pulsars (dots), radio-quiet γ-ray pulsars (diamonds),
RRATs (crosses), XDINs (triangles), AXPs/SGRs (squares), and PSR J2144–3933 (large star). Data
from the ATNF Pulsar Catalogue ([11], http://www.atnf.csiro.au/research/pulsar/psrcat) and from the
McGill SGR/AXP Online Catalog (http://www.physics.mcgill.ca/ pulsar/magnetar/main.html). The arrow
indicates the Ṗ upper limit for SGR0418+5729 [12]. Dotted lines represent dipole magnetic fields from
109 to 1015 G and characteristic ages from 103 to 1010 years; the dashed line is a typical death line
(B/P2 = 1.7× 1011 G s−2,[13]). Middle panel: XMM-Newton PN (slightly smoothed) image of the
∼1.5′×3′ field around PSR J2144–3933 in the 0.2–1 keV energy range. The 10′′×20′′ box indicates
the sky region shown in the right panel. Right panel: ESO/VLT B-filter image of the ∼10′′×20′′ field
around PSR J2144–3933. The pulsar proper-motion-corrected position is marked by a circle with a radius
corresponding to the image astrometric uncertainty (0.24′′).

and pulsar non-thermal emission processes: in fact, the surface temperature is expected
to drop well below 105 K after ∼107 years and typical efficiencies of radio pulsars in
converting rotational energy into the X-ray and optical radiation are much lower than
our upper limits of 30% and 2%, respectively. Similarly, polar cap emission (for polar
caps with radii >10 m) could have been detected by our X-ray observation only for an
unprecedented polar cap emission efficiency >40%.
On the other hand, the peculiar position of PSR J2144–3933 in the P− Ṗ diagram

(see Figure 1, left panel), in the period range of AXPs/SGRs [14] and XDINSs [15], but
with a weaker dipolar magnetic field (B=

( 3c3I
8πR6PṖ

)1/2
% 1.9×1012 G), might indicate

that PSR J2144–3933 was born as a magnetar, but its magnetic field has now decayed
to an intensity typical of radio pulsars. In such a case, it would be significantly younger
than indicated by its characteristic age and would have also been heated by the decay
of its field [16]. The recent discovery that the transient SGR 0418+5729 has a small
period derivative [12] has shown that a pulsar with timing parameters similar to those of
PSR J2144–3933 (see the left panel of Figure 1) can be a bright X-ray source.
The background galaxy that worsened our sensitivity to detect PSR J2144–3933 in

the VLT images, might potentially be a tool to measure the neutron star mass through
gravitational lensing (see, e.g., [17]). However, the displacement of a background source
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Bondi-Hoyle Radius

Alfven Radius
Tiengo+11

B ~1014-15 G ➔ Magnetar ?
Moreover, 
① The period of 9s is similar to magnetars 
② Strong magnetic field forms the shock 

region. Accretion is prevented 
   ➔ LS 5039 has no thermal components

<

③ The magnetar binary hypothesis was proposed for another gamma-

ray binary LS I 61+303, based on magnetar-like X-ray flare (Torres+12) 
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explain the MeV emission?
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— INFC (0.45 < φ < 0.9) 
— SUPC (0.0 < φ < 0.45, 0.9 < φ < 1.0)

The former scenarios seems to match with the 
magnetar binary hypothesis 

→ Efficient acceleration is driven by the magnetar?

We proposed two possibilities 
for the MeV emission 
(1) Synchrotron emission in 
strong B field, with efficient 
acceleration 
(2) Inverse Compton with 
GeV electrons



/ 54

An idea: Magnetic Reconnection
45

19
92
A&
A.
..
26
2.
..
26
R

① Anti-parallel magnetic field
② Direct acceleration at the X point
③ Accelerated particles leave the 

region as their trajectories are bent 
by the magnetic field

The magnetar binary hypothesis + the synchrotron MeV emission scenario
・Energy source is the magnetar’s magnetic energy
・Efficient acceleration (η < 10)
・Very hard injection electron spectrum ( s < 2 )
“A direct acceleration powered by magnetic field” seems a good candidate

➔ Magnetic Reconnection！

Romanova & Lovelace 1992 

➔ hard injection electron & efficient 
acceleration (e.g. Zenitani&Hoshino01)
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But reconnection in binary is possible?
46

manuscript submitted to JGR: Space Physics

Figure 1. Solar wind-driven reconnection events for magnetic field lines. Field line numbers show the se-
quence of magnetic field line configurations. The first reconnection event occurs on the dayside of the Earth,
where the southward interplanetary magnetic field 1’ connects with the northward geomagnetic field line 1.
The field lines are convected anti-sunward in configurations 2 and 2’ through 5 and 5’, reconnecting again as
6 and 6’. Then the substorm expansion phase is initiated and field lines connected to the geomagnetic North
and South Poles dipolarize. Field line 7’, now closed as a roughly teardrop-shaped plasmoid, then continues
tailward into interplanetary space. The geomagnetic field line will then swing back around from midnight to
noon to become field line 9. The inset below shows the positions of the ionospheric anchors of the numbered
field lines in the northern high-latitude ionosphere and the corresponding plasma currents of the Earth’s polar
caps. The currents flow from noon to midnight, convecting the feet of the field lines nightward and then clos-
ing back at noon via a lower latitude field return flow. This figure is reproduced from Kivelson and Russell
(1995).

across North America, as seen in Figure 3. They have a 1 km spatial resolution, and 3 s
cadence image capturing capacity, and respond predominantly to 557.7 nm emissions. This
spatio-temporal resolution is su�cient to capture the pertinent data for analyzing auroral bead
structures for the green emissions corresponding to aurora at an altitude of approximately 110
km, namely the E layer (Mende et al., 2008; Burch & Angelopoulos, 2008).

Motoba et al. (2012) used ASI data from auroral beads in the northern and southern
hemispheres, and proposed a common magnetospheric driver. Ultra-low frequency waves
occurring within minutes of substorm onset are observed in the magnetosphere at frequencies
similar to those of the auroral beads, and a single event was analyzed by Rae et al. (2010)
to demonstrate that the beading is characteristic of a near-earth magnetospheric instability
triggering a current disruption in the central plasma sheet. Of the examined instabilities, cross-
field current instability and shear flow-ballooning instability were the only two consistent
with the analytical results. Kalmoni et al. (2015) used the ASI data for 17 substorm events
over a 12-hour time span throughout the auroral oval (pre-midnight sector) across Canada
and Alaska to perform an optical-statistical analysis that yielded maximum growth rates for

–3–

Earth
A B

Magnetic reconnection in binaries ???
→ A hint: the magnetic field around the Earth 
（Earth, Solar Wind) ↔ (Magnetar, Stellar Wind)

Kivelson & Russell 1995
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Reconnection around the Earth
47

https://www.youtube.com/watch?v=2TnFXddv37E

NASA video on YouTube

https://www.youtube.com/watch?v=2TnFXddv37E
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A Plausible Configuration of Magnetic Field in LS 5039 
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A Plausible Configuration of Magnetic Field in LS 5039 
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Observation
・hard X-ray pulse
・variability above 10 keV

Observation
・high-energy 
component in
the GeV band
・isotropic?
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Spectral Model using one-zone model
52
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SUPC
— Shock

— Reconnection-Driven Outflow

— Magnetic Reconnection

— Curvature Radiation
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① Direct Acceleration  
② Strong B, Synchrotron

η ∼ 1
➔ hard spectrum in the MeV band

140 CHAPTER 8. DISCUSSION

inferior/superior conjunction (NormINFC/NormSUPC in Table 8.1) reflects the boosting effect

approximately, but it is still crude. In addition, we fixed the scattering angle which varies

with the orbital phase. Future work is needed to consider these effects.

Table 8.1: Parameters adopted in Figure 8.2.

Shock Jet Reconnection

Racc (light sec) 5.0 100.0 10−6

B (G) 50.0 0.1 2× 104

Dacc (light sec) 50.0 100.0 50.0

η 10.0 10.0∗ 2.5

s 2.4 2.0 1.0

NormINFC/NormSUPC 1.66 4.0 2.0

∗: In the general spectral model, it is assumed that the emission and acceleration take place

in the same region. However, in our scenario the maximum energy in the jet is determined

by the reconnection region. Thus, η for the jet spectrum does not mean the acceleration

efficiency. It is a parameter which determines the maximum energy of electrons injected into

the jet. From Equation 7.7, this value corresponds to the maximum energy of 60 TeV here.

8.7 A Plausible Configuration of Magnetic Field Lines

in LS 5039

To explain the spectral origins simultaneously, we propose a plausible configuration of mag-

netic field lines in LS 5039 on the analogy of that around the Earth. Figure 8.3 shows the

configuration that we propose. In this scenario, the high-energy emission is explained as

follows: When strong stellar winds interact with magnetic fields of the magnetar in LS 5039,

a shock is formed at Alfvén radius (the blue region in the figure). Then, the shock formation

reconfigures the structure of the magnetic fields of the magnetar. The structure of global

magnetic field lines is determined as they connect smoothly with the magnetic field lines from

the magnetar. In the figure, the direction of the magnetic field lines around the shock region

is upward. However, since the magnetar’s dipolar magnetic field line is closed inside the light

cylinder of the magnetar, it has an opposite direction from that of the global magnetic field

on the orbital plane. Therefore, in a certain region between the magnetar and the shock, the

direction of the magnetar’s dipolar magnetic field is anti-parallel to that of the global mag-

hν = 236 MeV × η−1

One zone model considering 
synchrotron/IC/adiabatic 
losses, assuming several 
emission regions with electron 
distributions of Q(γ) ∝ γ-s.
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Towards deeper understanding…

・Confirmation of 9 sec hard X-ray pulsation 

NuSTAR proposal for additional observation, or to analyze other X-ray data 
・Brush up the magnetar binary model 

・Need for a new MeV gamma-ray observation 

Several Compton telescope missions are being prepared! Hope to get new 
results of gamma-ray binaries 

53

AMEGO,
60 DSSD layers! 

planed to be 
launched in > 2029

GRAMS,
Liquid argon TPC 

Compton telescope

SMILE,
Gas TPC Compton 

telescope

COSI,
Germanium Compton 

telescope, SMEX 
proposal is selected
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Conclusion

We analyzed the NuSTAR and Fermi 11 years data of LS 5039. 
LS 5039 has at least four spectral components from X-rays to TeV 
Especially, current models cannot explain the MeV/GeV 
components 

We also performed the pulse search in hard X-rays for the first time 
A sign of 9 sec pulsation is found from both Suzaku and NuSTAR 
data, which suggests that LS 5039 contains a magnetar 

We propose a new scenario that the compact star in LS 5039 is a 
magnetar with a strong magnetic field of ∼ 1015 G, and its 
magnetic energy is the dominant energy source for non-thermal 
activity of LS 5039, through magnetic reconnection. 
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