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Gamma-ray binaries seen in X-rays

Synchrotron emission from accelerated electrons 

✦ spectral index 
       → energy distribution 
✦ flux ratio between X-ray and TeV 

       → magnetic field 
✦ spectral cut-off 

       → acceleration efficiency, Emax

2
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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

Collmar 2014

More… 
✦ timing information  

     → phase-resolved spectroscopy 
     → pulse search (Rea+11, HY+20, Volkov+21) 
✦ imaging,  

e.g., a clump from PSR B1259? (Hare+19,23)

Once the clump had been detected, a Chandra DDT
observation (ObsID 20054) was taken 1086 days after
periastron passage to better constrain the clump’s motion and
to monitor its flux evolution. Surprisingly, the new observation
showed a clear brightening of the clump and a change in
morphology, in which it resembles a bow-shock-like shape.
The clump was 5 5±0 6 away from the binary. Further, the
image shows a second clump of emission detaching from the
binary in the same direction as the first clump. It lies at a
distance of 2 2±0 5 from the binary (see Figure 4 and
Section 4).

The final observations (ObsIDS 19281+20116) of the
campaign were carried out 1173 and 1176 days after periastron
passage, respectively. These observations revealed the apparent
dispersing and dimming of the clump. In the latest observation,
the clump appears to be 6 7±1 2 away from the binary. The
second clump detected in ObsID 20054 is not detected in this
observation or in its deconvolved image.

Images from the last three observations are combined, with
different colors, in the sixth panel of Figure 2. We see that the
clump was moving along a straight line at a position angle of
230° (north through east), similar to the 215° angle measured in
the previous binary cycle (P+15). The excellent angular
resolution of Chandra allowed us to observe changes in the
clump’s morphology and brightness, which are much more
drastic than those of the clump observed in the previous cycle
(P+15).

3.2. Projected Motion of the Extended Emission

We fit a linear model to the data, m= - +r t t t r0 0( ) ( ) , to
determine the projected velocity of the clump. We chose
t0=964.25 days as the reference time, which is the mean
value of the time intervals that have passed between periastron
passage and each of the observations. The best-fit parameters
are r0=4 4±0 3 and μ=0 008±0 001 day−1 or
3 0±0 5 yr−1, which corresponds to a projected velocity
v⊥=(0.12±0.02)c at a distance d=2.6 kpc. However, the
launch time (defined as r(tlaunch)=0) is = -

+t 420launch 103
78 days

for this fit. At this launch time, the pulsar is far away (>9 au)
from its stellar companion (see ObsID 16822 in Figure 1) and
has long since passed through periastron and its companion’s
disk. Therefore, we consider this to be an unlikely scenario

because it is difficult to imagine a mechanism that could launch
the clump with such a large initial velocity with minimal
interaction between the pulsar and companion’s winds. In the
previous observations, the launch time was consistent with
periastron passage and the disk crossings (P+15; see Figure 3
below).
If we assume that the launch time of the clump should occur

near periastron passage, we can restrict our models to uphold
this criterion. We first fit a linear model r(t)=μ t, assuming
r0=0. The best-fit proper motion for this model is μ=
0 0044±0 0006 day−1 or 1 6±0 2 yr−1, corresponding to
a projected velocity v⊥=(0.066±0.009)c with a χ2=7.8
for 3 degrees of freedom (dof). Due to the poor fit of
this model, we also fit a model with an acceleration
term: = + - + -^ ^r t r v t t a t t 20 0, 0 0

2( ) ( ) ( ) , with r0=0,
=^v 00, , and t0=0, i.e., = ^r t a t 22( ) . The best-fit accel-

eration is =  ´^
-a 9.0 0.4 10 6( ) arcsec day−2 or

47±2 cm s−2 or 14,800±600 km s−1 yr−1 with χ2=0.80
for 3 dof (see Figure 5).

3.3. HST Image Analysis

The HST STIS CCD images of the clump region are shown
in Figure 6 (middle and right panels), together with the nearly
contemporaneous Chandra ACIS image (left panel). In order to
eliminate the small-scale artifacts (e.g., pixels with abnormally
large values seen in the summed image), and to reduce the
impact of the bright diffraction spikes associated with the PSF,
we have produced both the min/max filtered image (middle)
and summed image (right). For the min/max filtered image, we
retained two out of the four values (corresponding to the four
observations) for each pixel by throwing out the minimum and
maximum values. Note that, although the filtering somewhat
improved the image, we were unable to subtract the wings of
the bright star’s PSF at the location of the X-ray clump owing
to the asymmetric shape of the PSF, which has multiple fainter
diffraction spikes (in addition to the brightest four spikes). We
also note that the PSF is asymmetric with respect to the line
drawn through the middle of the occulting wedge in the image,
possibly because the center of the star was slightly offset from
this line. The latter issue prompted us to choose the source and
background regions on the same side of the occulting wedge,

Figure 4. ACIS 0.5–8 keV images from our 2010–2014 (ObsIDs 16563+16583; left) and 2014–2017 (ObsID 20054; right) observing campaigns. The images are
smoothed using a Gaussian kernel with a size of 2″. The observations, taken 1151 and 1055 days after periastron passage, show evidence of a second clump (shown by
ellipses) being launched from the binary.
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Questions to be solved for gamma-ray binaries
1. The nature of compact objects? Physical environment? 
　-> Long-term soft X-ray stability of LS 5039 (HY+23) 

✦ Pulsars? Blackholes? or…? 

✦ How the stellar winds and CO are interacted? 
✦ Wind-collision? Accretion+Jet? 

2. Physical mechanism of the particle acceleration 
　-> MW observations of LS 5039 w/ NuSTAR and Fermi (HY+21) 

✦ Extremely efficient electron accelerator? How does it occurs? 
✦ Ex.) Orbital modulation of X-ray/TeV emission of LS 5039 suggests 

✦ a short acceleration time scale ~ second (Khangulyan+08, Takahashi+09) 
✦ acceleration efficiency is close to the maximum rate allowed                                                             

in magnetohydrodynamic sources

3

Study of LS 5039 with Suzaku 3

TABLE 1
LOG OF Suzaku OBSERVATIONS

Obs. ID Coord. (J2000) Exposure Date
RA, DEC XIS/HXD

402015010 18h26m15s.1, −14d50m54s.2 203 ks/181 ks 09−15/09/2007

Note.—The exposure time is the net integration time after standard data screening for the XIS and HXD-PIN.

ing a PIN response file for isotropic diffuse emission
(ae_hxd_pinflate4_20070914.rsp) and added to
the NXB spectrum. Based on this approach, the contribution
from the CXB flux is ∼ 5% of the NXB.
Since LS 5039 is located close to the Galactic plane, the

contribution from the Galactic ridge X-ray emission (GRXE)
must be examined, especially for HXD-PIN spectra. In order
to model the shape of the GRXE, data from Suzaku obser-
vations of the Galactic ridge region (ObsID: 500009010 and
500009020)were analyzed. The Suzaku spectrum from 3 keV
to 50 keV can be well fitted with the Raymond-Smith plasma
with a temperature of kT = 2.2± 0.8 keV and a power-law
function with Γ = 1.92+0.28−0.4 . Although we also tried a power
law with exponential cutoff, following the results from the
INTEGRAL IBIS (Krivonos et al. 2007), it turned out that the
assumption on the spectral shape of the GRXE has negligible
effect on the spectral parameters of LS 5039. The normaliza-
tion of the GRXE spectrum component in the HXD-PIN spec-
trum of LS 5039 is determined from the XIS spectrum of the
LS 5039 observation by excluding an encircled region with a
radius of 4.5′ centered on the LS 5039 location. The flux of
the GRXE is estimated to be ∼ 40% of the contribution from
the CXB. In Figure 1, we show the time averaged HXD-PIN
spectrum plotted together with models for the NXB, CXB and
GRXE.

4. ANALYSIS AND RESULTS
4.1. Temporal analysis

The light curve obtained from the XIS detector is shown in
the top panel of Figure 2. The continuous coverage in X-rays,
longer than the orbital period of the LS 5039 system, reveals
a smooth variation of a factor 2 in the 1–10 keV count rate.
The light curve is drawn over two orbital periods. The orbital
phase is calculated with the period of 3.90603 days, and φ = 0
with reference epoch T0 (HJD−2400000.5 = 51942.59) taken
fromCasares et al. (2005). The light curve from phase φ = 1.0
to 1.5, which was obtained in the last part of the observation,
smoothly overlaps with the one obtained at the beginning of
the observation (φ = 0.0–0.5).
In the middle panel of Figure 2, we present the light curve

obtained with the HXD-PIN for the energy range 15–40 keV.
Although the statistical errors are larger, the modulation be-
havior is similar to that of the XIS. The amplitude of the mod-
ulation is roughly the same between the XIS and HXD-PIN,
indicating small changes of spectral shape depending on or-
bital phase. The spectral parameters obtained for each orbital
phase are reported in the following section.
The light curves obtained with Suzaku show that the X-ray

flux minimum appears around phase 0.0–0.3 and it reaches
maximum around phase 0.5–0.8. In order to quantify the am-
plitude of the flux variations, we fitted the XIS light curve
with a simple sinusoidal function. Due to structures in the
light curve, the fit converges with large chi-square (χ2ν(ν) =
4.92 (121)). However, the general trend is well represented

FIG. 2.— Orbital light curves observed for LS 5039. (Top) Suzaku XIS
count rate in the 1–10 keV band continuously obtained for a 200 ks duration
(filled circles), which covers one orbit and a half. Overlaid is the same light
curve but shifted by one orbital period (open circles). (Middle) Suzaku PIN
count rate in the 15–40 keV band. Background components consisting of
NXB, CXB and GRXE are subtracted. (Bottom) the light curve of integral
fluxes at energies E> 1 TeV vs. orbital phase (φ) obtained on run-by-run
basis from the HESS data (2004 to 2005) reported by Aharonian et al. (2006).

by a sinusoidal function:

I(φ) = 0.24sin(φ−0.13)+0.64 counts s−1 (2)

where I(φ) is the count rate as a function of phase φ. The
ratios between the minimum and maximum count rates are
2.21 +0.02

−0.03 counts s−1 for XIS and 2.02 +0.25
−0.19 counts s−1 for

HXD-PIN. Structures of the X-ray and hardX-ray light curves
are similar to that discovered in the phase diagram of inte-
gral fluxes at energies > 1 TeV obtained on a run-by-run ba-
sis from HESS data (2004 to 2005) (Aharonian et al. 2006).
The temporal X-ray behavior was already suggested by RXTE
data, as well as by a compilation of all the previous X-ray
data obtained with imaging instruments (Bosch-Ramon et al.
2005; Zabalza et al. 2008).
In addition to the continuously changing component with

respect to the orbital phase, short timescale structures are
found around φ = 0.48 and φ = 0.7. The unabsorbed flux
changes about a 30% in∆φ∼ 0.05 (= 4.7 hour). A significant
dip can be seen aroundφ= 1.35 in the top panel of Figure 2. In
comparison with the data at around φ = 0.35 obtained in the
first half of the observation, the flux decreased ∼50% only

Mirabel+12

Takahashi+09
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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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Orbital light curve of LS 5039 in the soft X-ray band
4

fractional variability amplitude is generally less than 25% (3 !).
The PDSs are dominated by Poisson noise and generally appear
to have no significant noise components that can be attributed
to the source.

3.2. Results

The unabsorbed power-law flux and the photon index as a
function of time are presented in Figure 2. We find evidence of
day-to-day variations in both parameters. We show the same
data folded with the orbital period in Figure 3. It can be seen
that the flux appears to be moderately variable along the orbit,
presenting a variation of 50% (see Table 2) with a long-lasting
maximum at phase 0.8 and a short-duration maximum around
phase 0.16. This short-duration maximum, of about half an
hour, is more than 3 ! over the level of emission indicated by the
adjacent points, and it is not unique, since other short-duration
peaks are present even within the longer runs. The plotted flux
in Figure 3 has been corrected for the internal background.
However, this background-subtracted flux still contains a con-
tribution from the diffuse background that is difficult to disen-
tangle from the source spectrum and is estimated to be about
2 counts s!1 PCU!1.9 Applying an absorbed Raymond plus
power-law model (see Valinia & Marshall 1998) to this count
rate in the 3–30 keV energy interval, we obtain a diffuse back-
ground flux of about 3 ; 10!11 ergs cm!2 s!1. Thus, the ratio be-
tween the long-lasting maximum and the minimum fluxes after
subtracting the diffuse background is "2.5.

In the bottom panel of Figure 3, we show the evolution of the
photon index with the orbital phase. As can be seen, the photon
index varies along the orbital period, presenting a hardening

close to periastron. Actually, comparing in Figure 3 the un-
absorbed power-law flux and the photon index evolutions at
different phases of the orbit, an anticorrelation between both
appears. This is better illustrated in Figure 4, where we plot the
photon index as a function of the unabsorbed power-law flux. It
seems that when the flux is higher, the photon index is harder,
and the opposite happens when the flux is lower (this anti-
correlation holds even within the longer observations when
split and analyzed by parts). We stress here that changes in flux
and photon index cannot be due to changes in the hydrogen
column density for this weakly absorbed source, since we are
working in the energy range 3–30 keV, or to diffuse background
variations (internal background ones are already taken into ac-
count), since after applying the diffuse background model, the

Fig. 2.—Unabsorbed power-law flux in the energy range 3–30 keV (top
panel ) and photon index (bottom panel ) along the observational period, without
subtracting the diffuse background model. The vertical error bars show the 90%
confidence level, and the horizontal error bars show the duration of the obser-
vation in time. The estimated source zero level is indicated by a dashed line in
the top panel.

Fig. 3.—Same as Fig. 2, but as a function of the orbital phase, computed by
using Porb ¼ 3:9060 $ 0:0002 days and t0 ¼ HJD 2; 451; 943:09 $ 0:10. The
periastron passage is at phase 0.0, and two orbital periods are shown for a better
display.

Fig. 4.—Photon index as a function of unabsorbed power-law flux in the
energy range 3–30 keV, without subtracting the diffuse background model. The
errors are within the 90% confidence level.

9 Although this value has been found by the RXTE team after observations
performed during the 2004 fall, we have assumed that during our observations,
performed in 2003 July, it was roughly the same.

ORBITAL X-RAY VARIABILITY OF LS 5039 391No. 1, 2005

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.

Four NICER observations were performed from 2018 to 2021 
✦ As a total, the NICER data covers the orbit 
✦ The soft X-ray emission over the orbit can be compared with Suzaku observation in 2007

X-ray orbital light curves has been 
studied. e.g., Bosch-Ramon+05, 
Kishishita+09 

At least, around apastron, and INFC, 
the synchrotron emission in soft X-
rays is reproducible over ~8 years.

LS 5039: one of the brightest gamma-ray binaries in the Galaxy 
                the orbital period is ~3.9 days,  a companion star is an O star with 23 Msun

Kishishita+09

Bosch-Ramon+05



/ 17

Soft X-ray orbital light curve (1.5-5 keV) with NICER in 2018-2021

Over ~10 years we re-confirmed that                   
the soft X-ray orbital curve shows good 
reproducibility 

From this figure, we see two features 
1) the light curves are almost consistent when 
they are smooth, e.g., φ ~0.1-0.2 

2) but also there are short “flare-like” features, 
e.g., φ~0.5 in green 

Hour-scale variability on top of the very stable 
overall light curve?
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The running-averaged light curve

By smearing out the short-time-scale components,                                                                    
the two light curves, NICER and Suzaku, show remarkable consistency 

More than 70 ks time scale, the system seen in soft X-rays is in a very stable physical condition 
over 10 years
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Variability on the top of the averaged orbital curve
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To illuminate the variable components, we calculate the difference between the original and 
running-averaged curves. 

The short-term variability has the following features: 

1) a few ten ks of duration ,  2) a few events per orbit,  3) the column density in the flare  1022 cm-2≲
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An interpretation of the origin of the variability

✦ Long-term stability in > 10 yr favors the colliding-wind system than the accreting-jet model 

✦ The clumpiness in the stellar wind can cause the short-term variability (Bosch-Ramon13, Kefala+23) 

✦ A clump can explain the duration, occurrence, and no change in column density  
✦ The soft X-ray short-term variability can be a tool to study the wind structure

8

Shock front

D ∼ 2 × 1012 cm
R ∼ 5 × 1011 cm

O star

R⋆ ∼ 7 × 1011 cm

Clump

Rc ∼ 2 × 1011 cm

Pulsar (crossing-time of the sound speed in a clump)
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Questions to be solved for gamma-ray binaries
1. The nature of compact objects? Physical environment? 
　-> Long-term soft X-ray stability of LS 5039 (HY+23) 

✦ Pulsars? Blackholes? or…? 

✦ How the stellar winds and CO are interacted? 
✦ Wind-collision? Accretion+Jet? 

2. Physical mechanism of the particle acceleration 
　-> MW observations of LS 5039 w/ NuSTAR and Fermi (HY+21) 

✦ Extremely efficient electron accelerator? How does it occurs? 
✦ Ex.) Orbital modulation of X-ray/TeV emission of LS 5039 suggests 

✦ a short acceleration time scale ~ second (Khangulyan+08, Takahashi+09) 
✦ acceleration efficiency is close to the maximum rate allowed                                                             

in magnetohydrodynamic sources

9

Study of LS 5039 with Suzaku 3

TABLE 1
LOG OF Suzaku OBSERVATIONS

Obs. ID Coord. (J2000) Exposure Date
RA, DEC XIS/HXD

402015010 18h26m15s.1, −14d50m54s.2 203 ks/181 ks 09−15/09/2007

Note.—The exposure time is the net integration time after standard data screening for the XIS and HXD-PIN.

ing a PIN response file for isotropic diffuse emission
(ae_hxd_pinflate4_20070914.rsp) and added to
the NXB spectrum. Based on this approach, the contribution
from the CXB flux is ∼ 5% of the NXB.
Since LS 5039 is located close to the Galactic plane, the

contribution from the Galactic ridge X-ray emission (GRXE)
must be examined, especially for HXD-PIN spectra. In order
to model the shape of the GRXE, data from Suzaku obser-
vations of the Galactic ridge region (ObsID: 500009010 and
500009020)were analyzed. The Suzaku spectrum from 3 keV
to 50 keV can be well fitted with the Raymond-Smith plasma
with a temperature of kT = 2.2± 0.8 keV and a power-law
function with Γ = 1.92+0.28−0.4 . Although we also tried a power
law with exponential cutoff, following the results from the
INTEGRAL IBIS (Krivonos et al. 2007), it turned out that the
assumption on the spectral shape of the GRXE has negligible
effect on the spectral parameters of LS 5039. The normaliza-
tion of the GRXE spectrum component in the HXD-PIN spec-
trum of LS 5039 is determined from the XIS spectrum of the
LS 5039 observation by excluding an encircled region with a
radius of 4.5′ centered on the LS 5039 location. The flux of
the GRXE is estimated to be ∼ 40% of the contribution from
the CXB. In Figure 1, we show the time averaged HXD-PIN
spectrum plotted together with models for the NXB, CXB and
GRXE.

4. ANALYSIS AND RESULTS
4.1. Temporal analysis

The light curve obtained from the XIS detector is shown in
the top panel of Figure 2. The continuous coverage in X-rays,
longer than the orbital period of the LS 5039 system, reveals
a smooth variation of a factor 2 in the 1–10 keV count rate.
The light curve is drawn over two orbital periods. The orbital
phase is calculated with the period of 3.90603 days, and φ = 0
with reference epoch T0 (HJD−2400000.5 = 51942.59) taken
fromCasares et al. (2005). The light curve from phase φ = 1.0
to 1.5, which was obtained in the last part of the observation,
smoothly overlaps with the one obtained at the beginning of
the observation (φ = 0.0–0.5).
In the middle panel of Figure 2, we present the light curve

obtained with the HXD-PIN for the energy range 15–40 keV.
Although the statistical errors are larger, the modulation be-
havior is similar to that of the XIS. The amplitude of the mod-
ulation is roughly the same between the XIS and HXD-PIN,
indicating small changes of spectral shape depending on or-
bital phase. The spectral parameters obtained for each orbital
phase are reported in the following section.
The light curves obtained with Suzaku show that the X-ray

flux minimum appears around phase 0.0–0.3 and it reaches
maximum around phase 0.5–0.8. In order to quantify the am-
plitude of the flux variations, we fitted the XIS light curve
with a simple sinusoidal function. Due to structures in the
light curve, the fit converges with large chi-square (χ2ν(ν) =
4.92 (121)). However, the general trend is well represented

FIG. 2.— Orbital light curves observed for LS 5039. (Top) Suzaku XIS
count rate in the 1–10 keV band continuously obtained for a 200 ks duration
(filled circles), which covers one orbit and a half. Overlaid is the same light
curve but shifted by one orbital period (open circles). (Middle) Suzaku PIN
count rate in the 15–40 keV band. Background components consisting of
NXB, CXB and GRXE are subtracted. (Bottom) the light curve of integral
fluxes at energies E> 1 TeV vs. orbital phase (φ) obtained on run-by-run
basis from the HESS data (2004 to 2005) reported by Aharonian et al. (2006).

by a sinusoidal function:

I(φ) = 0.24sin(φ−0.13)+0.64 counts s−1 (2)

where I(φ) is the count rate as a function of phase φ. The
ratios between the minimum and maximum count rates are
2.21 +0.02

−0.03 counts s−1 for XIS and 2.02 +0.25
−0.19 counts s−1 for

HXD-PIN. Structures of the X-ray and hardX-ray light curves
are similar to that discovered in the phase diagram of inte-
gral fluxes at energies > 1 TeV obtained on a run-by-run ba-
sis from HESS data (2004 to 2005) (Aharonian et al. 2006).
The temporal X-ray behavior was already suggested by RXTE
data, as well as by a compilation of all the previous X-ray
data obtained with imaging instruments (Bosch-Ramon et al.
2005; Zabalza et al. 2008).
In addition to the continuously changing component with

respect to the orbital phase, short timescale structures are
found around φ = 0.48 and φ = 0.7. The unabsorbed flux
changes about a 30% in∆φ∼ 0.05 (= 4.7 hour). A significant
dip can be seen aroundφ= 1.35 in the top panel of Figure 2. In
comparison with the data at around φ = 0.35 obtained in the
first half of the observation, the flux decreased ∼50% only
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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.

References
 1. I. F. Mirabel, Science 312, 1759 (2006).  
 2. The Fermi LAT Collaboration, Science 335, 189 (2012).
 3. A. A. Abdo et al. Fermi LAT Collaboration, Science 326, 

1512 (2009).  
 4. I. F. Mirabel, L. F. Rodríguez, Nature 392, 673 (1998).  
 5. M. Tavani et al., Nature 462, 620 (2009).  
 6. M. M. Kaufman-Bernadó, G. E. Romero, I. F. Mirabel, 

Astron. Astrophys. 385, L10 (2002).  
 7. G. Dubus, B. Cerutti, G. Henri, Mon. Not. R. Astron. Soc. 

404, L55 (2010).  
 8. F. A. Aharonian, A. M. Atoyan, Space Sci. Rev. 75, 357 

(1996).  
 9. G. E. Romero, D. F. Torres, M. M. Kaufman Bernadó, 

I. F. Mirabel, Astron. Astrophys. 410, L1 (2003).  
 10. F. A. Aharonian, L. Anchordoqui, D. Khangulyan, 

T. Montaruli, J. Phys. Conf. Ser. 39, 408 (2006).  
 11. M. M. Reynoso, G. E. Romero, Astron. Astrophys. 493, 1 

(2009).  
 12. E. de Ona Wilhelmi et al., 38th COSPAR Scientifi c Assembly, 

38, 2803 (2010).
 13. www.cta-observatory.org

Disk outflow

Pulsar

Pulsar

Cometary radio emmission

Be star

γ-rays/υ

Pulsar with Be star

A B C

Electron/proton-proton interactions Electron-photon interactions

Massive star

Ultraviolet emission

and massive

clumpy wind

Ultraviolet emission

Observer

Pulsar

Accretion disk

Compact object

of center

γ-rays/υ

γ-rays/υ

 

Relativistic jets

Massive star

Microquasar Pulsar with massive star

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 
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MW observations of LS 5039 w/ NuSTAR and Fermi
10

~ 3 years Fermi data 
(Hadasch+12), 

Now we have 11 years 
data!

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

Collmar 2014

Suzaku data 
(Takahashi+09), 
Now we have 
NuSTAR data!

https://fermi.gsfc.nasa.gov/
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Spectral hardening above ~100 keV
11
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Fig. 2. (a) and (b) are the unfolded absorbed broad-band spectra of LS 5039 in the 0.5 – 250 keV energy range and separated
in the INFC and SUPC phases. (c) and (d) include the COMPTEL data and thus cover the 0.5 – 2⇥104 keV energy range. The
data points are obtained from the XMM-Newton/MOS (blue points, 0.5–9 keV), the NuSTAR/FPMA (black points, 3–79 keV)
Suzaku/XIS/HXD (red and green points, 1–10 keV and 10–70 keV, respectively), INTEGRAL/ISGRI (black points, 24–250 keV)
and COMPTEL (magenta points, 1–30 MeV). The fit is obtained with the bknpow model, represented in the top panels with a solid
line. The residuals from the best fits are shown in the lower panels. (e) and (f) are the contours corresponding to the spectral fit (c)
and (d) of the broken power-law indices separated in the INFC and SUPC phases, respectively.

⇠ 1 if a spectral break in 100 keV – 1 MeV range is expected.
Particle spectra which have a piece wise power-law distribution
with a low energy branch of a spectral index s1 ⇠ 2 and the high
energy branch of an index s2 ⇠ 1 just before a spectral break en-
ergy Emax was obtained in models of colliding shock flows that
can be expected in the wind collision systems which may model
LS 5039 .

This mechanism is likely to operate in the case of super-
nova shock collision with a strong stellar wind (Bykov et al.
2015) where the colliding shock flows can accelerate protons
well above PeV energies. Pulsars moving supersonically relative
surrounding plasma can create bow shock pulsar wind nebulae
(PWNe) (Reynolds et al. 2017; Bykov et al. 2017). The collid-
ing shock flow mechanism can build up in the bow shock PWNe

a spectrum of accelerated e± with the turn up shape where the
high energy branch has an index s2 ⇠ 1 (Bykov et al. 2017). This
mechanism can explain the spatially resolved hard 0.5–8 keV X-
ray indices � < 1.5 observed by Chandra in the bow shock type
Geminga PWN (Posselt et al. 2017) and in Vela PWN (see, e.g.,
Kargaltsev & Pavlov 2008). The kinetic modelling presented in
Bykov et al. (2017) allows one to explain the hard X-ray indices
observed in the latter case. The modeling also predicts spatial
variations of X-ray photon indices across the nebula with rela-
tively soft spectra (� ⇠ 1.6) at pulsar wind termination shock and
in the nebular tail and those with hard index � ⇠ 1 in the bow
shock region in coincidence with the photon indices distribu-
tion observed in Geminga. Due to severe energy losses in strong
magnetic and photon fields of an O-class star, Emax is defined

5

NuSTAR data does not connect to the MeV data (HY+21) 

INTEGRAL data favors the broken power-law (Falanga+21, Malizia+21)

Γ~1.6

Γ~0.9

Γ~1.3

Falanga+21

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

New SED vs. previous theoretical models
12

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

Jet-like stucture Two IC component

Pulsar model Pulsar model
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Particle acceleration under the MeV gamma-ray emission
13
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cooling time ratio LTeV /LMeV ∝ tsync/tIC

Γ~1.6

Synchrotron emission in strong B field ? 
✦ peak at 20-30 MeV → η< 10 
✦ Not to overestimate the TeV emission → B > a few gauss  
✦ To explain the hard photon index → hard electron 

spectrum (< 2)

Several ideas are proposed so far 
✦ relativistic magnetic reconnection stimulated by a 

possibility of a magnetar binary? (HY+20, HY+21) 
✦ high-sigma) magnetized cold wind close to a pulsar 

(Bosch-Ramon20) 
✦ re-acceleration like in the bow shock PWNe 

(Bykov+17, Falanga+21)
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MeV gamma-ray observation will come soon with COSI 
14

COSI (The Compton Spectrometer and Imager) 
✦ was selected as a NASA Small Explorer satellite 
✦ planned to be launched in 2027 
✦ a Compton telescope observing gamma-rays                      

in 0.2 - 5.0 MeV  

Performance (requirements) 
✦ Excellent energy resolution w/ Ge detectors 

 6.0 keV at 511 keV, 9.0 keV at 1.157 MeV 
✦ Large FoV 

>25%-sky instantaneous FOV, 100%-sky each day 
✦ Line sensitivity ~10x better than COMPTEL 

3.0x10-6 ph cm-2 s-1 at 1.8 MeV (Galactic 26Al flux is 230x brighter) 

✦ Angular resolution (FHWM): 2.1 deg. at 1.8 MeV
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Primary science goals
15

A. Uncover the origin of Galactic positrons 
B. Reveal Galactic element formation 
C. Gain insight into extreme environments with 

polarization 
D. Probe the physics of multimessenger events

Now

COSI

Figure 2: The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane
(l = ±180� and b = ±15�). The simulated positron map is based on the bulge measured by INTEGRAL/SPI
and the 240µm map as a tracer for the disk. The 26Al (1.809 MeV) and 60Fe (1.173/1.333 MeV) maps
also use the 240µm map and fluxes consistent with measurements by COMPTEL and SPI. In contrast to the
⇠Myr half lives of 26Al and 60Fe, the short, 60 yr 44Ti (1.157 MeV) half-life traces recent supernova events.

of this anti-matter component of our Milky Way.
The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at

3

MeV gamma-ray polarization measurement can probe 
physical processes in the accreting BHs 
several Galactic BHs (e.g. Cyg X-1) 

Observations of the gamma-ray binaries (e.g. LS 5039, LS 
I+61 303) are being discussed in the science team  

Cyg X-1 
soft state

©P. Laurent
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The Astro2020 WP entitled, “Positron Annihilation in the Galaxy,” by Kierans et al. (2019)

focuses on the positron science that can be addressed with a sensitive wide FoV imager in the MeV
band with excellent energy resolution. The specific science goals discussed include: determining
whether the 511 keV emission is truly diffuse or whether there are individual sources; constraining
the positron propagation distance by comparing the 26Al (1.809 MeV) distribution as well as other
source distributions (e.g., pulsars) to the 511 keV distribution; probing the conditions in different
regions of the Galaxy where positron annihilation occurs; and measuring or placing limits on
the injection energy of positrons into the ISM from measurement of the MeV continuum due to
annihilation in flight. This will constrain the mass of a possible contributing dark matter particle,
as well as the contributions of black holes and pulsars.

COSI’s capabilities (see Table 1) are well-matched to these goals. The excellent spectral res-
olution provides a leap in sensitivity and also allows for measurements of emission line shapes
(e.g., width of the 511 keV line components, Doppler shifts of 44Ti). The angular resolution will
allow for a sensitive search for point sources and will also easily distinguish between a disk scale
height of 3� and >9�. In addition to constraints on positron propagation, COSI’s measurements at
511 keV and 1.809 MeV will allow us to determine what fraction of the positrons are accounted
for by 26Al decay.

2.2 Revealing Element Formation
The MeV bandpass includes several nuclear emission lines that probe different physical processes
in our Galaxy and beyond. Long-lived isotopes such as 26Al (1.809 MeV line) and 60Fe (1.173 and
1.333 MeV lines), predominantly produced in SNe, provide information about the galaxy-wide star
formation history, integrated over the past million years. To first order, images of the Galaxy at

3

MeV gamma-ray polarization measurement can probe 
physical processes in the accreting BHs 
several Galactic BHs (e.g. Cyg X-1) 

Observations of the gamma-ray binaries (e.g. LS 5039, LS 
I+61 303) are being discussed in the science team  

2-yr 
3 sigma 
isolated point source 
Γ = 2
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Conclusions
17

1. The nature of compact objects? Physical environment around CO? 
　-> Long-term soft X-ray stability of LS 5039 (HY+23) 

✦ With a time scale of > 70 ks, the orbital light curve shows a remarkable reproducibility over 10-20 
years. 

✦ Also, a few 10 ks variability is observed, which would caused by the clump-wind interaction in a 
binary system consisting of NS and Ostar. 

2. Physical mechanism of the particle acceleration 
　-> MW observations of LS 5039 w/ NuSTAR and Fermi (HY+21) 

✦ SED shows a spectral hardening above ~100 keV 
✦ Additional leptonic population with an hard index is required to explain MeV to subGeV 

component  
✦ MeV gamma-ray observations will can be performed with COSI in 2027!



bkup
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GeV spectra with 11 years of Fermi/LAT data

The two spectral components 
✦ < 1 GeV: the photon index changes with orbital phase 
✦ > 1 GeV: independent of the orbital phase

19
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Compact binary science with COSI
20
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The bright gamma-ray binaries can be detected from ~0.2 to 5 MeV,                
e.g., Cyg X-1/3, LS 5039, LS I+61 303, while the feasibility study is ongoing.
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CHAPTER 5. POLARIMETRIC VALIDATION 99

Figure 5.11: Chance coincidence subtracted ASAD (top), unpolarized ASAD from simula-
tions (middle), and the corrected ASAD with best fit modulation curve (bottom) for the 316
run using the d2 distance selections.

Measurement Simulation

Coincident counts 20765 28926
Chance coincident counts 738 —

Integration time 48199.880 62911.418
Amplitude (counts) 329.0 ± 16.5 461.3 ± 21.0

O↵set (counts) 1252.2 ± 11.7 1809.4 ± 14.9
Angle (degrees) 177.88 ± 1.38 177.76 ± 1.26

Modulation 0.263 ± 0.019 0.255 ± 0.017
�2
red (dof = 13) 1.10 0.85

Scatter peak energy (keV) 293.5 ± 28.5 293.6 ± 27.9
KS p-value 0.29
AD p-value 0.30

Table 5.4: Statistics and SM fit results for the 316 run using the d2 distance selections.

Compact binary science with COSI
21

Compton telescope can measure the polarization. 

Polarization measurement is one of our primary goals
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COSI narrow line sensitivity (3σ) compared with COMPTEL 
[Schoenfelder et al., 1993] and INTEGRAL/SPI [Vedrenne et al., 
2003]. COSI’s 24-month survey provides unprecedented positron 
annihilation and nuclear line sensitivities, combined with high spec-
tral resolution (Figure E-29) and good imaging resolution (Figure 
E-28). COSI’s wide field-of-view and large grasp (Figure E-27), 
matched with Compton imaging sensitivity to diffuse emission, will 
enable unprecedented studies on the origin of Galactic positrons, the 
first maps of the 60Fe emission, major advances in imaging 26Al, and 
the deepest survey of the disk for young SNR in 44Ti emission.

COSI Science Traceability Matrix (below). All science requirements are met by the Baseline Science Inves-
tigation. The same requirements are also met by the Threshold Investigation except the 20 mCrab sensitivi-
ty requirement for AGN polarization (§D.4). Resulting sensor requirements are elaborated in Tables E-2 
and E-7 and in the Mission Traceability Matrix in Table F-1.  

COSI MDP sensitivity (99% confidence) as a function of 0.2-0.5 MeV flux. 
Shown for comparison is the range of measured polarizations (orange) for the 
Crab [Dean et al., 2008; Forot et al., 2008] and Cygnus X-1 [Laurent et al., 
2011; Jourdain et al., 2012].  The black and blue dashed lines mark the fluxes 
of Galactic and extragalactic sources, respectively. COSI’s 24-month survey 
provides unprecedented γ-ray polarization sensitivity. The 30-day survey and 
average 15-day Constant Zenith Angle (CZA) sensitivities are shown.

COSI minimum detectable polarization (MDP) sensitivity (99% confidence) 
as a function of GRB fluence. Curves are shown for a T90=10s GRB on-axis 
and for three off-axis angles. The range of reported detections (orange) and 
limits (blue), including GRB 160530A by COSI-APRA, are shown. With its 
high modulation factor (~50%, Figure E-4) and wide field of view (>25% 
sky), COSI will measure polarization (MDP<50%) in ~40 GRBs during the 
2-year mission, providing new insights into GRB explosions. 

COSI will observe the polarization level for 
individual sources and compare the polarization 
angle to geomertrical features, such as disks or 
jets, to probe the MeV emission mechanism in 
sources such as the Crab nebula and pulsar (SPI 
observation [Dean et al., 2008], above left) and 
the AGN Cen A (COSI illustration, above right). The Radioactive Milky Way. The images are COSI simulations for the entire Galactic plane (l = ±180° and 

b = ±15°).  In each image, COSI will provide a large improvement over the previously measured maps that 
we use as input to the simulations. For the positron (511 keV) image, we assume the bulge measured by 
INTEGRAL/SPI [Bouchet et al., 2010] and use the DIRBE 240 μm map as a tracer for the disk. For 26Al 
(1.809 MeV) and 60Fe (1.173/1.333 MeV), we also use the 240 μm map as a tracer; flux levels are consis-
tent with COMPTEL [Schoenfelder et al., 1993] and SPI [Vedrenne et al., 2003], respectively.  In contrast 
to the long decay times for 26Al and 60Fe, the short 44Ti half-life traces recent supernova events.  The 1.157 
MeV map includes two known 44Ti sources (Cas A and Tycho); we also expect COSI to detect this emission 
line from several more supernovae from the recent past.
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