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Gamma-ray binary LS 5039
2

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.

What is the mechanism of particle acceleration? 
What makes this source so unusual?

Brightest gamma-ray binary 
・Luminosity ~ 1 × 1036 erg s-1 

・Spectral peak is 10-100 MeV 

・Orbital modulation of flux is seen 
from X-ray to TeV

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

Effective/Stable Particle Accelerator 
・X-ray flux is very stable in ten year scale 

・Tacc ~ few seconds @20 TeV

Collmar+14

Kishishita+09

Kishishita+09

Takahashi+09

Collmar+14

Takahashi+09, Collmar+14, 
Fermi+18, Mariaud+15 
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What is the compact object in LS 5039
3

Previous Works 
McSwain+11: Upper limit below 1 KHz  in radio band (4.1-14.5 µJy) 
Rea+11:  Upper limit from 0.005-175 Hz in soft X-ray band (0.3-10 keV)
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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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However, whether it is a BH or a NS is still unknown…

If it is a Black Hole… 
Relativistic jet from BH 

If it is a Neutron Star… 
Shock between Pulsar and O star 

A key information to understanding the system

We focus on hard X-ray band (> 10 keV) for pulsation search 
 (low stellar wind absorption, long observation data of Suzaku, NuSTAR)

Mirabel+12
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Pulse Search using Suzaku/NuSTAR
4

• Observation Epoch: 2007 Sep 09 - 15 (6 days) 
• Exposure: 500 ks 
• Event Selection: 10 - 30 keV  
• Total Event Number: ~ 81000 (~ 8000 from source)

Suzaku/PIN observation: Longest Observation Ever in Hard X-rays

NuSTAR observation: One-orbit Observation in Hard X-rays
• Observation Epoch: 2016 Sep 01 - 5 (6 days) 
• Exposure: 346 ks 
• Event Selection: 10 - 30 keV  
• Total Event Number: ~ 12000 
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1st Step: Timing Analysis by diving data
5

0.001 c

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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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 moduration

Casares+05 , 
Aragona+09, Sarty+11

Casares+05
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1st Step: Timing Analysis by diving data
5

Effect of orbital motion 
・Orbital velocity of NS is ~ 0.001 c  

➔ smears the pulse signal 
・Large parameter space, 

➔ difficult to search pulse with correcting the 
orbital moduration

0.001 c

Simple and Best Way (no orbital correction) 
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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Fourier Analysis with Suzaku
6

-1

-0.5

 0

 0.5

 1

 0  2  4  6  8  10

sin(2*pi*x)

-1

-0.5

 0

 0.5

 1

 0  2  4  6  8  10

sin(2*pi*x)

-1

-0.5

 0

 0.5

 1

 0  2  4  6  8  10

sin(2*pi*x)

Δ T

Δ T = 4096 s
prob. = 1e-3

Δ T = 8192 s

Δ T = 16384 s



/ 18

Fourier Analysis with Suzaku
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Fourier Analysis with Suzaku
6
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Fourier Analysis with Suzaku
6
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Z2 analysis
7

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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Confirmation of peak with Z2 statistics
8
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To confirm the peak at 8.96 s, we analyzed the Suzaku data with Z2 
statistics.

P = 8.960  ± 0.009 s with a chance probability < 1.4 × 10−4 

Δ T = 5000 s

prob. = 1e-3

※ Period of peak does not depends on ΔT
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Timing Analysis with NuSTAR
9

We analysis archived NuSTAR data (10-30 keV, gross exp. = 350 ks) 
9 year after the Suzaku observation, the number of source event is ~ 11000

prob. = 1e-2

prob. = 1e-3

P = 9.045  ± 0.009 s with a change probability of 3 × 10−3 

Δ T = 10000 s

※ significance level is lower than that of Suzaku, thus no peak in FFT
※ Period of peak does not depends on ΔT
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Orbital Motion Correction
10

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. (Here the pulse profile was described 

with four Fourier harmonics.) 
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Figure 2: (a,b) Refinements of the orbital parameters of LS 5039, using the 10–30 keV data from

Suzaku (panel a) and NuSTAR (panel b). The colours indicate the Z2 values (up to the 4th harmon-

ics are considered) after the orbital correction, displayed on a plane of the projected orbital radius

of the compact star (abscissa) and the orbital eccentricity (ordinate). (c) The 10–30 keV folded

pulse profile, obtained with Suzaku using the best-fitting orbital parameters and optimum period

in Table 1. (d) The same as panel (b), but using the 10–30 keV NuSTAR data.

Table 1: Best-fitting values of the orbital parameters obtained from Suzaku/NuSTAR ob-

servations. Errors are in 90% confidence.

ax sin ✓ (cs) eccentricity initial phase omega (deg.) Pulse period (s) Z2(m = 4)

Suzaku 53.05+0.68
�0.51 0.278+0.013

�0.023 0.067+0.008
�0.012 54.6+5.1

�4.1 8.95648(4) 67.97

NuSTAR 48.1+0.4
�0.4 0.306+0.013

�0.012 0.7285+0.0066
�0.0040 56.8+2.3

�4.7 9.05381(3) 66.87
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Solution of Orbital Parameters
11
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・Orbital parameters are consistent with optical 
solutions 
・axsinθ, eccentricity are different from each 
other slightly 
・The compact-object mass has been constrained 

as 1.23 - 2.35 M◎.
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Summery of Observational Result
12

We conclude that the compact object in LS 5039 is  
a neutron star with P of 8.96 s and Pdot of 3×10-10 s s-1

1. Fourier Analysis with Suzaku (10-30 keV) shows a strong peak at 8.96 s 
2. Z2 analysis (7s-9s) with Suzaku & NuSTAR (10-30 keV) shows a peak at                 

8.96 s, 9.05s with a chance probability of < 1.4 × 10−4  and 3 × 10−3 

3. No peak was found from 3 - 10 keV in NuSTAR data 
4. The obtained pulse profiles are similar though pulse fractions are different 

(68% of Suzaku, 13% of NuSTAR) 
5. The obtained orbital parameters are consistent with optical solutions, but 

slightly different from each other 
6. The compact-object mass has been constrained as 1.23 - 2.35 M◎.

What is the energy source of LS 5039 activity (1036 erg s-1 ) ? 
spin-down luminosity? accretion? 

Kinetic energy of stellar wind? Magnetic field?
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What is the Energy Source?
13

1. Spin-down Luminosity 

2. Accreting Pulsar 
・Pulse period is increasing 
・No fast time variability like accreting object 

3. Stellar Wind 

4. Decay of strong magnetic field

This is the only scenario that can sustain the luminosity of 1e36 erg/s

LLD =
(2⇡)2IṖ

P 3
⇠ 1034 erg s�1
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Magnetar Hypothesis
14

1. It can only supply the emission 
energy of 1036 erg s-1 

2. Period of 9s and its derivative is 
very consistent with isolated 
magnetars value (2-11 s) 

3. Strong magnetic field prevents 
accretion naturally

We conclude that the compact object in LS 5039 is a magnetar

30" 3"

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

Magnetars

RB =
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v2w
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Ṁw

10�6M� yr�1

!�1/6 ⇣ vw
2000 km s�1

⌘�1/6
m,

<latexit sha1_base64="dD3QReW0aVBiEIvpaHgMdJe7HMU="></latexit><latexit sha1_base64="dD3QReW0aVBiEIvpaHgMdJe7HMU="></latexit><latexit sha1_base64="dD3QReW0aVBiEIvpaHgMdJe7HMU="></latexit><latexit sha1_base64="dD3QReW0aVBiEIvpaHgMdJe7HMU="></latexit>

Bondi-Hoyle Radius
Alfven Radius<

Tiengo+11



/ 18

Magnetar Hypothesis
14

1. It can only supply the emission 
energy of 1036 erg s-1 

2. Period of 9s and its derivative is 
very consistent with isolated 
magnetars value (2-11 s) 

3. Strong magnetic field prevents 
accretion naturally

We conclude that the compact object in LS 5039 is a magnetar

30" 3"
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Non-thermal Emission in Strong B?
15

We suggest that interactions between the dense stellar winds and the 
strong magnetic fields are responsible for the non-thermal emission 

(Detail theoretical work is needed)

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
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Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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No. 2] Suzaku Observation of Anomalous X-Ray Pulsar 4U 0142+61 395

Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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No. 2] Suzaku Observation of Anomalous X-Ray Pulsar 4U 0142+61 395

Fig. 8. Multi-band spectral energy distribution of 4U 0142+61. The Suzaku data are shown in the 0.8–10 keV and 12–200 keV energy ranges from
the XIS and the HXD, respectively. The soft and hard components of Model E are represented by dashed lines after corrections for the interstellar
absorption, and are extrapolated to lower energies. The previous X-ray results are also shown: the 0.1–200 keV band from the XMM-Newton/PN (Rea
et al. 2007; Abdo et al. 2010) and the INTEGRAL/ISGRI data sets (den Hartog et al. 2008). In the gamma-ray energy band, the 2! CGRO/COMPTEL
upper limits (den Hartog et al. 2006; Kuiper et al. 2006) and 95% Fermi/LAT upper limits (Abdo et al. 2010) are plotted. In the infrared and optical ranges,
Spitzer observations at 4.5"m and 8.0"m (Wang et al. 2006) and some data sets from Gemini and Keck II (Durant & van Kerkwijk 2006c; Hulleman
et al. 2004) are shown, where the optical data are de-extincted assuming a reddening value of AV = 3.5. In the radio band, a 2 ! upper limit from
1.38 GHz WSRT continuum (den Hartog et al. 2007), and the 1.4 GHz VLA upper limit (Gaensler et al. 2001) are shown.

hard components are implied to have unabsorbed luminosi-
ties of 2.8 ! 1035 erg s"1 and 6.8 ! 1034 erg s"1, in the
1–10 keV and 10–70 keV bands, respectively. If calculated
in the 2–10 keV band, our soft-component luminosity becomes
1.1 ! 1035 erg s"1. Since this agrees with previous measure-
ments (Durant & van Kerkwijk 2006a), the soft component
is inferred to be stable, making some theoretical prediction
(Thompson & Duncan 1996) consistent with the observation.
Adding up the soft and hard components, the absorption-
corrected 1–200 keV luminosity becomes 5.2 ! 1035 erg s"1,
which can be decomposed into # 54% and # 46% carried by
the soft and hard components, respectively. Since the spin-
down luminosity of the source is only 1.2 ! 1032erg s"1, neither
components can be powered by the rotational energy.

4.5. Pulse Profiles

The soft and hard X-ray pulse profiles, obtained with
Suzaku (figure 4), are generally consistent with those measured
previously with INTEGRAL and RXTE (Kuiper et al. 2006;
den Hartog et al. 2008). In energies below a few kilo-
electronvolts, the profile has two peaks, and one of them
(phase at # 0.5 in our figure 4 and 0.1 in figure 5 of Kuiper
et al. 2006) becomes weaker towards 10 keV, but it partially
recovers towards a few ten kiloelectronvolts at a somewhat
smaller pulse phase.

As shown above, the pulse profiles of 4U 0142+61 depend
in a complex way on the energy. However, the main peaks
of the two spectral components are at the same phase # 1

in figure 4, and their emission regions seem to be located at
the same rotation phase. Regarding the soft component as
an optically-thick thermal emission from the polar-cap regions
of the neutron star, we further speculate that the spectral
hard-tail component, which is generally pulsed strongly (e.g.,
Kuiper et al. 2006), is also emitted from the polar-cap regions.
This inference gives additional support to the photon-splitting
mechanism, because the input gamma-rays will be produced,
e.g., via electron–positron annihilation, mainly at the polar-cap
regions.

In subsection 3.4 and figure 5, we presented evidence for
short-term (in 30 ks) variations in the pulse profile (or overall
signal intensity). During the last 30 ks of our exposure, when
the hard X-ray intensity slightly decreased (figure 1), the HXD-
PIN pulse profile possibly became more strongly pulsed and
more double peaked. These effects, if real, may reflect some
sporadic processes involved in the hard-tail production mecha-
nism. For example, if the persistent emission of a magnetar
is formed by an assembly of numerous small short bursts
(Nakagawa et al. 2007), the persistent intensity should fluctuate
due to statistical fluctuations of the number of small bursts. We
expect the soft spectral component to be more stable, because
of the heat capacity of the neutron star. A more quantitative
evaluation of these issues will be presented elsewhere.

5. Conclusion

We observed the prototypical anomalous X-ray pulsar,
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Isolated Magnetar (4U 0142+61)

10 MeV 1 GeV1 keV 100 keV 100 GeV 10 TeV

10 MeV 1 GeV1 keV 100 keV

Lack of the 
component 
above MeV

Stellar Winds Shock

RAl ⇠ Rlc
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Current Problems/Future Work
17

1. Why the pulse fraction is weaker in NuSTAR observation? 
Year-scale time variability? Different from soft X-ray component? 

2. Why there is difference in orbital solutions? 
Some sporadic variations in the pulse phase and/or shape? 
(Instability of magnetic field? Free precession of a magnetar?) 

➔New long observation in hard X-rays is needed 

3. The system age is very young 
4. No young SNR association 

➔A scenario of the birth of a magnetar in a binary system is 
needed

⌧ = P/(2Ṗ ) ⇠ 500 yr
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Conclusion
18

1. Using timing analysis, we found a periodic component from 
Suzaku (8.96 s) and NuSTAR (9.046 s).  

2. It tells that the compact object in LS 5039 is a magnetar with a 
magnetic field of ~1015 G  

3. We propose that the non-thermal emission of LS 5039 is 
generated by interactions between the dense stellar winds and the 
strong magnetic fields. 

5. The first magnetar-binary system?



Backup
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Non-thermal Emission in Strong B?
16

Stellar Winds

RAl ⇠ Rlc
<latexit sha1_base64="1RvpmPnvIS1ZFbFZe9kiCzfGIqE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6LLqxmUt9gFNCJPppB06MwkzE6GE4MZfceNCEbd+hTv/xkmbhbYeuHA4517uvSdMGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7QKSisbjXk4T4HA0FjShG2kiBfdgKPI70SPLsiuXQU5TDVpAxnAd2zak7U8BF4pakBko0A/vLG8Q45URozJBSfddJtJ8hqSlmJK96qSIJwmM0JH1DBeJE+dn0hRyeGGUAo1iaEhpO1d8TGeJKTXhoOotz1bxXiP95/VRHl35GRZJqIvBsUZQyqGNY5AEHVBKs2cQQhCU1t0I8QhJhbVKrmhDc+ZcXSees7jp19+681rgu46iAI3AMToELLkAD3IImaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+AB8glz0=</latexit><latexit sha1_base64="1RvpmPnvIS1ZFbFZe9kiCzfGIqE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6LLqxmUt9gFNCJPppB06MwkzE6GE4MZfceNCEbd+hTv/xkmbhbYeuHA4517uvSdMGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7QKSisbjXk4T4HA0FjShG2kiBfdgKPI70SPLsiuXQU5TDVpAxnAd2zak7U8BF4pakBko0A/vLG8Q45URozJBSfddJtJ8hqSlmJK96qSIJwmM0JH1DBeJE+dn0hRyeGGUAo1iaEhpO1d8TGeJKTXhoOotz1bxXiP95/VRHl35GRZJqIvBsUZQyqGNY5AEHVBKs2cQQhCU1t0I8QhJhbVKrmhDc+ZcXSees7jp19+681rgu46iAI3AMToELLkAD3IImaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+AB8glz0=</latexit><latexit sha1_base64="1RvpmPnvIS1ZFbFZe9kiCzfGIqE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6LLqxmUt9gFNCJPppB06MwkzE6GE4MZfceNCEbd+hTv/xkmbhbYeuHA4517uvSdMGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7QKSisbjXk4T4HA0FjShG2kiBfdgKPI70SPLsiuXQU5TDVpAxnAd2zak7U8BF4pakBko0A/vLG8Q45URozJBSfddJtJ8hqSlmJK96qSIJwmM0JH1DBeJE+dn0hRyeGGUAo1iaEhpO1d8TGeJKTXhoOotz1bxXiP95/VRHl35GRZJqIvBsUZQyqGNY5AEHVBKs2cQQhCU1t0I8QhJhbVKrmhDc+ZcXSees7jp19+681rgu46iAI3AMToELLkAD3IImaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+AB8glz0=</latexit><latexit sha1_base64="1RvpmPnvIS1ZFbFZe9kiCzfGIqE=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiQi6LLqxmUt9gFNCJPppB06MwkzE6GE4MZfceNCEbd+hTv/xkmbhbYeuHA4517uvSdMGFXacb6tpeWV1bX1ykZ1c2t7Z9fe2++oOJWYtHHMYtkLkSKMCtLWVDPSSyRBPGSkG45vCr/7QKSisbjXk4T4HA0FjShG2kiBfdgKPI70SPLsiuXQU5TDVpAxnAd2zak7U8BF4pakBko0A/vLG8Q45URozJBSfddJtJ8hqSlmJK96qSIJwmM0JH1DBeJE+dn0hRyeGGUAo1iaEhpO1d8TGeJKTXhoOotz1bxXiP95/VRHl35GRZJqIvBsUZQyqGNY5AEHVBKs2cQQhCU1t0I8QhJhbVKrmhDc+ZcXSees7jp19+681rgu46iAI3AMToELLkAD3IImaAMMHsEzeAVv1pP1Yr1bH7PWJaucOQB/YH3+AB8glz0=</latexit>

1. Compression of 
magnetosphere

Maximum of energy dissipation of magnetic field at Alfven radius

➔ Dissipation must occur near NS

2. Magnetic Energy 
Dissipation (1x1036 erg s-1) 

Magnetic Reconnection? 

1st Component?

3. e- e+ plasma flow along B

4. Shock 
Acceleration 

2nd Component?
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Time Variability in MeV(?)
4

Collmar+14
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Contamination Check
Molden+12
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Pulse Search using Suzaku/
4
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Magnetar Pulse Profile
4

Pulse profile change after 
burst 

 (e.g. Wood+03)

Free precession 
(Makishima+14,16)
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Z2 statistics
5.1 Z2 statistics

When we want to test the periodicity of period, P in data, Z2 statistics is a good tool. This is
a common tool to search for the weak pulsation of neutron stars. The concept of this statistics
is that we make a folded light curve assuming P , and calculate Fourier powers of that profile.
The normalized folded light curve is described as:

f(θ) =

[
1 + 2

m∑

k=1

(ak cos kθ + bk sin kθ)

]
/(2π) (1)

θ = 2πT/P (2)

T is an observed time. The null hypothesis is f(θ) = 1/2π.
When the number of events in data is n, ak, bk is calculated as below:

ak = (1/n)
n∑

i=1

cos kθi (3)

bk = (1/n)
n∑

i=1

sin kθi (4)

Then, we define Z2 statistics as:

Z2
m = 2n

m∑

k=1

(a2k + b2k) (5)

m is the parameter to determine the highest order of Fourier power component which we include
into Z2

m. Since the average of Σn
i cos

2 θi = n/2 under null hypothesis and large n, the null
distribution of Zm

2 is the same as that of χ2
k=2m as n → ∞ (de Jager et al., 1989). We can test

the existence of the periodicity by calculating the probability of resulting Z2
m under χ2

k=2m.

5.2 Result1: Suzaku/PIN

Here we divide the suzaku data into ∼ 60 subdata. By dividing the data, we reduce the resolution
to few 100 µHz in order to make this analysis robust to the period change due to the binary
motion. We divided the data as below:

1. We divide the data into each GTI (Good Time Interval). The suzaku and NuSTAR
satellites goes around the earth every ∼ 90 minutes. Thus, the event data have empty
time in which there is no events because the earth prevent them to observe an pointed
object. This empty time is called as GTI.

2. We merge the divided data from the first data as long as the time difference between the
first event and the final event in a merged event list is less than T . Here we set T as 10000
s. After this step, the number of the subdata is 68, and the averaged exposure time is
4716 s.

3. We apply Z2 statistics to each divided data, and calculate the sum of Z2 statistics of the
results. The searched period is from 0.5 s to 11.5s.

Figure 4 shows the result. Here, we fixed m to 1. The peak around 8.9 s is clearly seen. The
maximum Z2

1 is obtained:

ΣZ2
1 = 262.16 where P = 8.9609 s

6
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NuSTAR image
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Orbital Parameters
McSwain+2004 Casares+2005 Aragona+2009 Szalai+2010

T (HJD-2450000) 2756.49 ± 0.07 1943.09 ± 0.10* 2825.985 ± 0.053 5017.08 ± 0.06

Porb (day) 4.4267 ± 0.0005 3.90603 ± 0.00017* 3.90608 ± 0.00010 3.906  (adopted)

e 0.48 ± 0.06 0.35 ± 0.04 0.337 ± 0.036 0.24 ± 0.08 

Omega (deg.) 268 ± 10 225.8 ± 3.3 236.0 ± 5.8 237.3 ± 21.8

f(m) (Msun) 0.0017 ︎± 0.0005 0.0053 ± 0.0009 0.00261 ± 0.00036 0.0049 ± 0.0006

aO sin i (Rsun) 1.36 ±︎ 0.12 1.82 ± 0.10 1.435 ± 0.066 1.77 ± 0.15

MO (Msun) — 22.9+3.4-2.9

Commets *: from “all”


