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Abstract

Gamma-ray binary systems, a subclass of high-mass X-ray binaries, show nonthermal emissions from radio to
TeV. While efficient electron acceleration is considered to take place in them, the nature of the acceleration
mechanism and the physical environments in these systems have been a long-standing question. In this work, we
report on long-term recurrent patterns in the short-term variability of the soft X-ray emission of LS 5039, one of the
brightest gamma-ray binary systems. The Neutron star Interior Composition Explorer (NICER) observed LS 5039
four times from 2018 to 2021. By comparing them with the previous Suzaku and NuSTAR long-exposure
observations, we studied the long-term evolution of the orbital light curve in the soft X-ray band. Although the
observations by NICER and Suzaku are separated by ∼14 yr, i.e., more than 103 orbits, the orbital light curves
show remarkable consistency after calculating their running averages with a window width 70 ks. Furthermore,
all of the light curves show short-term variability with a timescale of ∼10 ks. Since the column density did not vary
when the flux changed abruptly, such a short-term variability seems to be an intrinsic feature of the X-ray emission.
We propose that the short-term variability is caused by clumps (or inhomogeneities) of the companion star wind
impacting the X-ray production site. The observed timescale matches well with the lifetime of the clumps
interacting with the pulsar wind and the dynamical timescale of the relativistic intrabinary shock in the pulsar wind
scenario.

Unified Astronomy Thesaurus concepts: Compact binary stars (283); X-ray binary stars (1811); Gamma-ray
sources (633); X-ray sources (1822); High mass x-ray binary stars (733)

1. Introduction

Classical gamma-ray binary systems are a subclass of high-
mass X-ray binaries characterized by their strong nonthermal
emission from the radio to the TeV band (e.g., Dubus 2013;
Paredes & Bordas 2019). Following highly sensitive observa-
tions in the GeV and TeV bands, this new class of binary
systems was established in the middle of the 2000 s (Aharonian
et al. 2005a, 2005b; Albert et al. 2006; Acciari et al. 2008).
Their spectra in the X-ray band are well described with a hard
power-law function, and typically they peak beyond 1MeV.
These features could be a sign of extreme electron acceleration
in the presence of a dense and hot target photon field (see, e.g.,
Khangulyan et al. 2008; Takahashi et al. 2009).

The number of sources identified as classical gamma-ray
binaries so far is approximately 10 (see, e.g., Paredes &
Bordas 2019, and references therein). They consist of an OB
star and a compact object, and, except for a few cases, the

nature of the compact object remains unknown. Thus, several
scenarios have been proposed, with different assumptions for
the nature of the compact object, to interpret the origin of the
nonthermal emission in these sources. A popular scenario is
that of a nonaccreting pulsar with a strong relativistic wind
powering the nonthermal emission in these systems (e.g.,
Dubus 2006; Zabalza et al. 2013; Takata et al. 2014; Dubus
et al. 2015). In this scenario, the relativistic pulsar wind and the
strong stellar wind collide, forming a shocked two-wind region
where electrons can be accelerated (see, e.g., Bogovalov et al.
2008) and produce nonthermal emission via the synchrotron
and inverse Compton processes (Tavani & Arons 1997; Kirk
et al. 1999; Khangulyan et al. 2007). The microquasar scenario
has also been studied as a possible alternative, in which
gamma-rays are produced in a relativistic jet launched from a
stellar-mass black hole (Paredes et al. 2000, 2006; Khangulyan
et al. 2008). Another potential scenario has been proposed in
which some gamma-ray binaries may contain magnetars, a
proposal based on a magnetar-like X-ray burst (Torres et al.
2012), and on hints of 9 s pulsations in the hard X-ray band
(Yoneda et al. 2020).
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As one of the brightest gamma-ray binaries in the Galaxy,
LS 5039 has been studied intensively. The system has a ≈3.9
day period, its companion star is a main-sequence O star with a
mass of 23 Me (Casares et al. 2005), and it is still unknown
whether the compact object is a neutron star or a black hole. Its
broadband spectrum shows strong synchrotron emission that
seems to peak around a few tens of MeV (Collmar &
Zhang 2014; Falanga et al. 2021; Yoneda et al. 2021), which
suggests that particle acceleration operating in LS 5039 is
extremely efficient, close to the limit allowed by electro-
dynamics (Khangulyan et al. 2008; Takahashi et al. 2009).

A remarkable feature of LS 5039 is the periodic variability of
the X-ray emission over the years (Bosch-Ramon et al. 2005;
Kishishita et al. 2009; Takahashi et al. 2009). Particularly,
Kishishita et al. (2009) analyzed the X-ray data obtained from
1999 to 2007 using different satellites (ASCA, XMM-Newton,
Chandra, and Suzaku) and found that the orbital modulation in
that period seems to be very stable, almost clock-like, a finding
reinforced by evidence of orbital modulation also found in
RXTE data (Bosch-Ramon et al. 2005). Also, fine structures,
such as spikes in the orbital light curve, possibly repeat orbit-
to-orbit. These results may support the pulsar wind scenario if
they can be associated with the pulsar–stellar wind interaction.
However, except for a few cases, most of the mentioned
observations covered short orbital phase intervals. Thus,
orbital-period-long observations are essential to confirm the
presence of a long-term recurrence of fast variability, which
may unveil information about the two-wind interaction
structure. In this regard, data in the soft X-ray band are
distinctly important as they can provide the highest statistics
and thus the richest information.

In this paper, we analyze LS 5039 observations in the soft
X-ray band performed in four runs by NICER and report the
properties of the X-ray synchrotron emission from LS 5039 for
all the orbital phases, as NICER observations cover the whole
orbit. These data allow us to study both the short- and long-
term variability of the soft X-ray emission by comparison with
previous observations. In Section 2, we describe the four
observations of NICER and the data reduction. Then, Section 3
shows the results of the orbital light curves obtained by NICER
and Suzaku. As a reference, we also show the orbital light
curve in hard X-rays using the NuSTAR observation from
2016. In Section 4, we discuss the short-term variability of the
orbital light curve in the context of the interaction between a
pulsar and a stellar wind, a scenario that may explain well the
observed behavior, and comment on the 9 s pulsation reported
by Yoneda et al. (2020) and whose detection is still under
debate (Volkov et al. 2021). Finally, in Section 5, the
conclusions of this work are presented.

2. Observations and Data Reduction

Kishishita et al. (2009) reported that the orbital modulation
in soft X-rays (10 keV) seen in LS 5039 showed a remarkable
stability, which was revealed by comparing X-ray observations
taken several years apart. In their work, however, except for the
Suzaku observation, each observation covered a small orbital
phase interval, and the discussion of the long-term variability
was limited to orbital phases close to the apastron and inferior
conjunctions. More recent hard X-ray observations by
NuSTAR covering all orbital phases were also carried out
(Volkov et al. 2021; Yoneda et al. 2021), but the somewhat
different energy range made a direct comparison with previous

X-ray data less straightforward (see below). In this context,
stimulated by the prospect of confirming previous results, we
observed LS 5039 with NICER four times from 2018 to 2021,
and the combination of these observations provides us with soft
X-ray data covering the entire orbit of LS 5039.
NICER is an International Space Station (ISS) payload for

X-ray observations in the range 0.2–12 keV (Gendreau et al.
2016). X-rays are measured by NICER’s main science
instrument, the X-ray Timing Instrument (XTI). It consists of
56 pairs of X-ray optics and a silicon drift detector. With this
design, NICER achieves a large effective area of 1900 cm2 at
1.5 keV with a timing resolution finer than 300 ns. The average
count rate of the signal from LS 5039 was about one count per
second. The relevant information on NICER observations of
LS 5039 is given in Table 1.
The data reduction and analysis were performed with the

NICERDAS version 2022-01-17_V009 and NICER CALDB
version xti20210707. The spectral fitting was performed with
XSPEC version 12.12.1 (Arnaud 1996). During the observation
started on 2019 August 26 (OBSID: 4631010201–2), NICER
was close to the South Atlantic Anomaly (SAA), and the first
and last parts of the observation suffered from higher
background rates than usual. Thus, we excluded these time
intervals to avoid systematic uncertainty due to large back-
ground events (MET 241435000–241462000 and MET
241517000–241556000). We note that NICER also observed
LS 5039 on 2019 March 12 (OBSID: 2030170101), but its net
exposure was not long enough (< 2 ks) to be used in this work.
After the data reduction, the data set of the NICER
observations has a net and gross exposure of 105.9 ks and
444.5 ks, respectively (see Table 1 for the exposure of each
observation). In this work, the background rate and spectra
were estimated by the 3C50 model, an empirical background
model by Remillard et al. (2022). The response and auxiliary
response files were produced using the tools nicerrmf and
nicerarf, respectively.

3. Spectral Analysis

3.1. Phase-resolved Spectral Analysis of the NICER Data

In the spectral analysis, we modeled the spectra as a single
power-law function with a photoelectric absorption model
(phabs in XSPEC). We set the energy range to 1.5–5.0 keV in
the spectral fitting. We note that below ∼1 keV, the back-
ground dominates over the source events. To avoid systematic
uncertainties due to the background modeling, we set the lower
limit of the fitting energy range as 1.5 keV.
Table 1 describes the results of the spectral fitting for the

four observations. The column density ranges from 0.67× 1021

cm−2 to 0.80× 1021 cm−2. Since their differences are within
their statistical errors (see Table 1), the column density does not
show significant variations along the orbit. The obtained values
of the column density and the photon index are also consistent
with the previous observations (Bosch-Ramon et al. 2007;
Kishishita et al. 2009; Takahashi et al. 2009).
For the first three observations, we divided the observations

into subsets, each covering ∼0.15 orbital phase intervals, to
investigate the spectral change on a shorter timescale. Again,
their comparison does not reveal any significant change in the
column density. For the photon index, especially the observa-
tion in 2019 March, we can see the trend that it gets the
smallest around apastron, that is, at an orbital phase of 0.5. This
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behavior is also consistent with the results of Bosch-Ramon
et al. (2005), Takahashi et al. (2009), Kishishita et al. (2009).

As the default choice, we adopted the orbital parameters
reported by Casares et al. (2005) to allow a direct comparison
with the results reported in Kishishita et al. (2009). We also
performed cross-checks adopting the slightly different orbital
parameters reported in Aragona et al. (2010), Sarty et al.
(2011). We discuss the uncertainty due to different orbital
solutions in Appendix A.

3.2. Comparison between the 2007 Suzaku and 2018–2021
NICER Observations

Here we investigate the behavior of the soft X-ray emission
over the whole orbit using NICER and Suzaku observations.
To carry out the comparison, each NICER observation was
divided into subsets of 4 ks exposure intervals, which
approximately correspond to 1% of the orbit, to calculate the
1.5–5.0 keV flux. We again fitted the spectrum in each interval
using a single power-law function with a photoelectric
absorption model. Since the number of events in each interval
is small, the C-statistic was adopted for the spectral fitting. We
also fixed the column density to 0.74× 1021 cm−2, which is
derived from all of the NICER observations (see the bottom of
Table 1). We note that the column density has a typical
uncertainty of ∼1× 1020 cm−2, but the translated systematic
error in the flux is about half of its statistical error. Thus, the
obtained results are not affected by fixing the column density.
In order to remove data points with a large statistical/
systematic error, we excluded time intervals that satisfy any
of the following two conditions. One is that the net exposure of
the subset is less than 400 s, i.e., <10% of the gross one. The
other is that the background rate in the range 1.5–5.0 keV is
larger than 0.45 Hz, which is about twice as large as the
average background rate.

To compare the NICER results with the other available soft
X-ray observation covering a whole orbit, we also analyzed the
Suzaku/XIS data using the events in the same energy range
(1.5–5.0 keV). The data reduction and analysis methods
followed are those used in Takahashi et al. (2009), Yoneda
et al. (2021). We note that Suzaku observations of LS 5039
started from the orbital phase (f) of 0.0 and covered
approximately 1.5 orbits. In the following figures, we present
the analyzed data by separating the first orbit and the last half.
Figure 1 shows the obtained orbital light curves of NICER

and Suzaku with a bin width of 4 ks. The top and bottom panels
show the flux and the photon index in the range 1.5–5.0 keV,
respectively. A different color distinguishes each NICER
observation, and the black- and gray-colored data points
correspond to the consequent 1.5 orbits observed by Suzaku/
XIS in 2007. The orbital light curves of the two instruments
show a similar trend: the X-ray flux is at its lowest at f; 0.1
around the superior conjunction of the compact object, and at
its highest at f; 0.7 around the inferior conjunction (Casares
et al. 2005). Due to the relatively large statistical errors, we do
not see any sudden significant change in the photon index, and
its value lies mostly between 1 and 2. Interestingly, the fluxes
obtained by NICER and Suzaku are consistent within
∼1× 10−12 erg cm−2 s−1. Moreover, the light curves show a
short-term variability with a timescale of a few tens of ks, for
instance, at f∼ 0.48 in the Suzaku data, at f∼ 0.23 in the
NICER data (green), etc. These results imply that the orbital
modulation in the soft X-ray band is stable over a timescale of
∼14 yr, while on the other hand there are sudden flux changes
on scales of ∼10 ks. The short-term variability appears to be
similar when comparing the two consecutive orbits observed by
Suzaku and two orbits separated by ∼14 yr. To examine the
long-term stability of the orbital modulation, in the rest of this
subsection we compare the running-averaged orbital light
curves. Then, in Section 3.3, we focus on the short-term
variability.

Table 1
NICER Observations and Spectral Fitting Result in Each Orbital Phase Interval

Date Observation ID fa Exposure (ks)b NH
c Γd Flux (1.5–5 keV)e χ2/dof

2018 Oct 11 1030170101–2 0.88–1.16 16.6/96.0 0.75 ± 0.14 1.57 ± 0.10 3.38 ± 0.11 230.1/198
0.88–1.02 0.63 ± 0.18 1.45 ± 0.13 4.06 ± 0.17 142.7/150
1.02–1.16 0.82 ± 0.27 1.66 ± 0.21 2.77 ± 0.19 49.6/69

2019 Mar 13 2030170102–4 0.97–1.57 41.3/199.5 0.80 ± 0.10 1.74 ± 0.08 3.21 ± 0.08 371.0/313
0.97–1.14 1.11 ± 0.20 2.12 ± 0.16 2.66 ± 0.15 196.3/172
1.14–1.29 0.77 ± 0.21 1.83 ± 0.16 2.62 ± 0.14 126.2/146
1.29–1.44 0.62 ± 0.15 1.52 ± 0.11 3.76 ± 0.13 191.1/176
1.44–1.57 0.71 ± 0.23 1.45 ± 0.17 4.72 ± 0.26 73.8/90

2021 Aug 22 4631010101–2 0.61–0.90 32.2/97.1 0.68 ± 0.08 1.62 ± 0.06 5.16 ± 0.10 367.9/321
0.61–0.75 0.75 ± 0.12 1.64 ± 0.09 5.10 ± 0.15 293.5/238
0.75–0.90 0.62 ± 0.10 1.62 ± 0.08 5.13 ± 0.13 266.2/253

2021 Aug 26 4631010201–2 0.70–0.85 15.8/51.9f 0.67 ± 0.11 1.60 ± 0.09 4.82 ± 0.14 224.1/239

all 105.9/444.5 0.74 ± 0.05 1.65 ± 0.04 4.11 ± 0.05 448.0/349

Notes. Errors correspond to 1σ confidence interval.
a Orbital phase intervals analyzed.
b The former and latter values correspond to the net and gross exposures, respectively.
c The column density with a unit of 1022 cm−2.
d The photon index of the power-law function.
e The unabsorbed flux with a unit of 10−12 erg cm−2 s−1.
f The time intervals of MET 241435000–241462000 and MET 241517000–241556000 were not used in the analysis, and they were not included in the net and gross
exposures shown here.
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Figure 2 shows the running-averaged orbital light curves of
NICER and Suzaku observations. The running-averaged flux
was calculated by extracting flux data points within a certain
window width for orbital phases separated by 4 ks and
calculating their average; the adopted window widths were: 35,
70, and 100 ks, which correspond to f intervals ∼0.1, 0.2, and
0.3, respectively. While the NICER and Suzaku running-
averaged orbital light curves show some differences for a
window width of 35 ks, they show a remarkable agreement for
a window width of 70 ks or longer. In particular, at f∼ 0.1–0.2
and 0.7–0.8 the two curves are almost identical. In these orbital
phase intervals, the maximum flux difference is only ≈3% for a
window width of 70 ks, and even if we compare the fluxes in
all phases the maximum difference is only ≈18% (at f∼ 0.3).
We note that at f∼ 0.3, the NICER observation was performed
only once in 2019, and the light curve without applying the
running average already showed a relatively large variability.
We note that, despite no robust conclusion being drawn from
the following fact since it may be just a coincidence, when
adopting the orbital parameters from Aragona et al. (2009) the
agreement between the two light curves is even more apparent
around f= 0.7–1.1, as shown in Figure 3 (see Appendix A).

3.3. Short-term Variability with a Timescale of a Few Tens
of ks

To investigate the short-term variability inferred from
Figure 1, we show in Figure 4 the orbital light curve for each
NICER observation with the running-average window width of
70 ks, i.e., the gray curves in Figure 4 are the same as the black
one in the middle panel of Figure 2. In all of the observations, it

can be seen that the light curves cross the running-averaged one
with typical timescales for the crossings of 2–8 bins,
corresponding to about 10–30 ks. Since the orbital modulation
seems quite stable in the long term on timescales 70 ks, the
differences between the actual and the running-averaged flux at
each phase may be considered as flux fluctuations on top of the
steady level. These variations are shown at the bottom of each
panel in Figure 4. We note that we normalized these differences
by the running-averaged flux at each phase. By doing this,
sudden flux changes can be seen more clearly. For instance, the
figure panels show flux increases at f= 0.2–0.25 and
f= 0.45–0.55 that last for 10–30 ks (b), wavy structures at
f= 0.3–0.45 (b) and at f= 0.6–0.8 (c), and a fast drop from
higher fluxes at f∼ 0.7 (d). As explained in Appendix B, such
structures are not artifacts induced by the background. Finally,
we present the histogram of the ratio of the flux difference for
each time bin in Figure 5, which is well described by a
Gaussian distribution with a standard deviation of 0.12± 0.01,
also shown in the figure. The histogram illustrates the typical
flux differences with respect to the average behavior, with a
maximum flux difference of ∼30%.
We also examined the short-term variability present in the

Suzaku observations. Figure 6 shows the first and the second
orbits observed by Suzaku separately. We compared the actual
light curves with the running-averaged one. In the top of
Figure 6, sharp structures are seen at f; 0.5 and 0.7. We note
that the latter was previously pointed out as an X-ray spike in
Kishishita et al. (2009). For the second orbit, a sudden flux
change was found more clearly at f≈ 0.35, with a flux drop of
≈40% and a recovery back to the averaged flux within ∼20 ks.

Figure 1. Orbital light curves for the flux (top panel) and the photon index (bottom panel) obtained from NICER (four observations) and Suzaku data. The bin width is
4 ks. The data points of Suzaku observations colored in black correspond to the first orbit. The energy range in the fitting is set to 1.5–5.0 keV. Vertical dashed lines
indicate inferior and superior conjunctions of the compact object, and apastron.
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All this is consistent with features found in the NICER
observations. We also extracted the events around f≈ 0.35 (
i.e., the flux drop phase; specifically, in the time interval MET
243113028–243129028) and fitted the spectrum by setting the
column density as a free parameter. We obtained a column
density of 0.57± 0.14× 1022 cm2, which is consistent with the
value from the overall data. The photon index was 1.40± 0.11

and did not show a significant change either. Provided that a
column density of ≈4× 1022 cm2 is required to cause a flux
drop of ≈40%, the short-term flux variability is caused by an
intrinsic change of the X-ray emission itself, and not by an
optically thick medium temporarily covering the line of sight.

3.4. Search for X-Ray Flares on Timescales of ∼10 s

We also investigated variability on a much shorter timescale,
of ∼10 s, to search for X-ray flares similar to those detected in
other gamma-ray binaries (e.g., Torres et al. 2012) and to
features seen in accreting systems (Brocksopp et al. 1999;
Grinberg et al. 2013). We produced a light curve with a bin
width of 32 s and searched for time intervals with a flux at least
5 times larger than the average. Here the referred average flux
is calculated for every good time interval, and the energy range
is 1.5–5.0 keV. We note that the good time intervals of less
than 200 s were ignored in this analysis because the average
fluxes have large statistical errors in these intervals. As a result,
we did not find any time intervals with such a large flux
fluctuation. We constrained the flare occurrence rate to less
than 2.4 events per day with 95% confidence level. We note
that we did not observe any flare-like events even with a shorter
timescale, e.g., a bin width of 100 ms or 1 s.

3.5. Comparison with 2016 NuSTAR Data

We also studied the orbital variability in the hard X-ray band
using the 2016 NuSTAR observation (OBSID: 30201034002).
Because NuSTAR is sensitive to hard X-rays above 3 keV and
its energy coverage is different from NICER, the analysis
presented in this subsection is complementary to the above
results. We analyzed the NuSTAR data in the range 3–10 keV,
and compared the results with the Suzaku observation in 2007
in the same energy range. The NuSTAR data were already
analyzed by Yoneda et al. (2021) and Volkov et al. (2021), and
the data reduction and the spectral fitting used here are the same
as in Yoneda et al. (2021).
Figure 7 shows the running-averaged orbital light curve

obtained with a window width of 70 ks from the NuSTAR data.
Unlike the NICER observation (see Figure 2), the NuSTAR
data show an obvious flux difference from Suzaku, especially
around f of 0.3–0.7. The maximum difference is 26% at
f= 0.55. However, the orbital light curves still show a good

Figure 2. Running-averaged orbital light curves of the Suzaku and NICER
observations. Different window widths of the running average are applied to
them: 35 ks (top), 70 ks (middle), and 100 ks (bottom).

Figure 3. The same as in the middle panel of Figure 2, but for the orbital
solution from Aragona et al. (2009).
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consistency at f of 0.8–1.1 with a maximum difference of less
than 6%. This result points to two possibilities: the overall
emission in 3–10 keV is somewhat less stable than at lower
energies, and/or the activity of LS 5039 was peculiar during
the NuSTAR observation.

We also investigated the short-term variability in the range
3–10 keV. Figure 8 shows the orbital light curve of the
NuSTAR observation and its difference from its running-
averaged curve. As in Figures 4 and 6, Figure 8 shows
evidence of variability with a timescale of a few tens of ks, as
indicated with arrows in the figure. We also show the 3–10 keV
orbital light curve of the Suzaku observation in Figure 9. The
arrows in the figure represent the same intervals shown in

Figure 6. As seen in the NICER, Suzaku, and NuSTAR light
curves, the overall short-term variability seems to be similar at
these slightly higher energies at the precision level available.
As shown in Figure 10, the standard deviation of the ratio of
the flux difference with the 3–10 keV NuSTAR data is
0.10± 0.01, consistent with the one obtained with the NICER
observations.

4. Discussion

In the previous section, the orbital light curves from the
2018–2021 NICER observations and from the 2007 Suzaku
observations have been compared. Although they are separated
by ∼14 yr, the obtained fluxes in 1.5–5 keV are comparable

Figure 4. Orbital light curves for each NICER observation. The data points in gray are the same as those in black in the middle panel of Figure 2. The bottom of each
figure shows the difference between the original and the running-averaged orbital light curves at each phase, normalized by the running-averaged one.
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over the whole orbit. In particular, when using the running-
averaged flux with a window width of 70 ks, the orbital curves
obtained from the two instruments show remarkable consis-
tency; for instance, the maximum flux difference is only ≈3%
at f∼ 0.1–0.2 and 0.7–0.8. Furthermore, the NICER orbital
light curve shows a short-term variability with a typical
timescale of 10–30 ks. Such a feature is also seen in the Suzaku
light curve, and no simultaneous significant change in the
column density is found in either of these observations. These
results suggest that the long-term stability of the orbital
modulation, when averaging over timescales 70 ks, is a trace
of an equilibrium state of the system, and the flux variability
with ∼10 ks corresponds to perturbations of this equilibrium
state. In what follows, we explore a promising astrophysical
interpretation of this behavior based on the pulsar–stellar wind
interaction scenario.

4.1. Long-term Stability of the Orbital X-Ray Modulation

The nature of the compact objects in most of the gamma-ray
binaries is a long-standing question, in particular for LS 5039,
with popular scenarios being the microquasar jet and the pulsar
wind models (see, e.g., Paredes et al. 2000; Martocchia et al.
2005). As already discussed in Kishishita et al. (2009), the
clock-like behavior of the soft X-ray emission of LS 5039
would disfavor at least the standard microquasar scenario
because accreting black holes usually show stochastic and
chaotic time variability, and state transitions are often observed.
Even if the X-ray emission is produced in the relativistic jet
launched from a black hole, and not from the accretion flow,
some variability originating in the accretion process may be
expected. It cannot be discarded that the emitting region is far
enough from the compact object for the memory of that
variability to be lost, although the remarkable long-term
stability of the running-averaged orbital light curve
(Figures 2 and 3) and the lack of second-scale X-ray variability
(Section 3.4) tend to favor the stellar–pulsar wind scenario
when compared to typical accreting sources.

In the standard pulsar wind scenario, particle acceleration
takes place in the termination shock of the pulsar wind when
interacting with the stellar wind. As far as these winds are
approximately stable, the global structure of the interaction
region should be relatively stable as well, as it is characterized

by the balance between the two-wind ram pressures. The fact
that orbital light curves separated by 14 yr are very similar
suggests that the properties of the pulsar and the stellar winds
in LS 5039 are indeed relatively stable over periods of at least
1–2 decades. It is worth noting that hydrodynamical simula-
tions indicate that the stellar–pulsar wind interaction structure
can quickly change its geometry along the orbit due to
instability growth and other forms of flow perturbations (see
Section 4.2, and, e.g., Bosch-Ramon et al. 2012; Paredes-
Fortuny et al. 2015), but the running-averaged light curves on
scales 70 s are likely smoothing out those variations.
Therefore, what these light curves manifest is probably the
underlying long-term stability of the overall interaction
structure.

Figure 5. The histogram of the difference between the original and the
running-averaged flux for each time bin, normalized by the running-averaged
one. Here the energy range of the flux is 1.5–5 keV, and the four NICER
observations are used. The window width of the running average is 70 ks. The
red line is the best-fitting Gaussian function.

Figure 6. The 1.5–5.0 keV orbital light curve of the Suzaku observation. Here
the first orbit and the last half were analyzed separately. The gray data points
are the same as those in the middle panel of Figure 2.
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4.2. Short-term Variability

The short-term variability with a timescale of ∼10 ks can
also be interpreted under the pulsar wind scenario. As noted, if
the colliding winds are relatively stable, the shock region
formed due to the ram pressure balance of these winds will also
be relatively stable, at least when considering moderately long
suborbital timescales of ∼1 day (recall that the period of
LS 5039 is ≈3.9 days). In this context, the short-term flux
variability should be caused by some effects yielding
deviations from the equilibrium state of the two-wind
interaction structure, as for instance inhomogeneities or time
variability in the wind properties, instabilities in the shock
region, and so on. For example, the stellar winds from massive
stars are known to have irregularities or clumps in their density
and velocity distributions (Runacres & Owocki 2002). In
addition, the orbital curve of the O-star radial velocity shows
relatively large variations (Casares et al. 2005), which may

Figure 7. Running-averaged orbital light curves of the NuSTAR and Suzaku
observations. The energy range in the spectral fitting is 3–10 keV. The window
width of the running average is 70 ks.

Figure 8. Orbital light curve of the NuSTAR observations in the range 3–10
keV. The gray data points are the same as the black ones in Figure 7.

Figure 9. Orbital light curve of the Suzaku observations in the range 3–10 keV.
As before, the first and the second orbits were analyzed separately. The gray
data points are the same as those in Figure 7.

Figure 10. The same as Figure 5, but for the 3–10 keV NuSTAR data.
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suggest the presence of complex stellar wind structures in
LS 5039. We note that a presence of a large clump is also
discussed in the gamma-ray binary PSR B1259-63 (Hare et al.
2019).
When inhomogeneities of different scales are present in the

stellar wind, it is expected that the interaction structure will
vary in space and time (Bosch-Ramon 2013; Paredes-Fortuny
et al. 2015; Kefala & Bosch-Ramon 2022), resulting in the
observed short-term variability. Following this idea, we discuss
in what follows the characteristic values of time/size scale and
frequency (e.g., Bosch-Ramon 2013). By comparing them with
the observed values, we examine whether the pulsar wind
scenario with a clumpy stellar wind is supported by the
variability patterns found in X-rays. We show a schematic of
the discussed scenario in Figure 11.

We note that Bosch-Ramon & Barkov (2011), Bosch-Ramon
et al. (2012), Takata et al. (2014) discussed the formation of a
strong termination shock in the opposite direction of the
companion star, with particle acceleration potentially taking
place even further downstream (Zabalza et al. 2013). However,
hereafter we focus on the shock region between the two stars,
which is expected to be more stable than the emitting regions
outside the binary system. We note that a non-negligible
amount of X-rays and radiation at other wavelengths may come
from those further locations, but it is enough for our purposes if
only a significant X-ray component originates in the intrabinary
region.

4.2.1. The Clump–Pulsar Wind Interaction Scenario

When a clump from the stellar wind interacts with the pulsar
wind, the two-wind interaction structure will get deformed until
the pulsar wind destroys the clump. This timescale (tc) can be
estimated as (Bosch-Ramon 2013)

t
f R

V
, 1c

1 2
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w
»

-
( )

where Rc and Vw are the radius of the clump and the stellar
wind velocity, respectively, and f is the stellar wind-to-clump

density ratio, for which we assume ∼0.1–0.01. Since the
acceleration and cooling timescales (synchrotron, inverse
Compton and escape/adiabatic losses) are much shorter than
tc (see Khangulyan et al. 2008; Bosch-Ramon 2013; Yoneda
et al. 2021), the duration of the X-ray variation induced by the
clump presence is mainly determined by tc. By equating tc to
the observed short-term variability timescale, the clump size
can be constrained to
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We note that the clump does not necessarily have its origin in
the instabilities associated to wind formation; relatively large
inhomogeneities may also be present in the stellar wind due to
other factors intrinsic to the star (e.g., rotation, pulsations, etc.)
or even related to the pulsar presence (e.g., through its gravity
or its radiation).
One can compare Rc with two relevant quantities, the size of

the stellar–pulsar wind shock region (R), and the radius of the
companion star Rå. Regarding R, assuming that it is comparable
to the distance between the shock and the pulsar it can be
derived as
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where D is the binary system separation, and η the momentum
flux ratio between the pulsar and stellar winds:

L

M V c
, 5sd

w w
h =  ( )

where Mw is the mass-loss rate of the stellar wind and Lsd is the
spin-down luminosity of the pulsar (see Table 2), and c is the
speed of light. Since Rc∼ 0.4R, in this scenario the X-ray

Figure 11. A schematic of the interaction between the stellar clump and the pulsar winds.
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variability would be caused by a relatively large clump
comparable in size to the X-ray emitting region considered.
Regarding Rå, LS 5039 harbors an O star, and Rå has been
estimated to be ≈9.3 Re≈ 7× 1011 cm (Casares et al. 2005).
This suggests that the clump impacting the two-wind interac-
tion structure should be rather large, with a radius ∼0.3 Rå.

Now, theoretically, it is uncertain whether stellar wind
clumps can have such a large size, although as noted some
stellar wind inhomogeneities may in principle be large enough
(see Section 3.3 in Bosch-Ramon 2013 for details). Never-
theless, it must be taken into account that the chaotic arrival of
smaller clumps can lead to nontrivial behaviors of the X-ray
light curve, with short-term variability features and their rates
being dependent on the stellar wind clumping properties. In
particular, Kefala & Bosch-Ramon (2022) results indicate that
a few smaller clumps (compared to Rc above) can impact
simultaneously on the two-wind interaction region, inducing an
evolution time of the perturbation longer than in the case of
only one clump. We note that stellar wind inhomogeneities
large enough to engulf the two-wind interaction region, even
under moderate density contrasts (say a factor of ∼2), may also
induce variations in the structure of the two-wind interaction
region. These variations would have a characteristic timescale
of a few ×R/Vw∼ 10 ks and could still significantly impact the
light curve properties.

The impact of clumps on the X-ray short-term variability
might be especially pronounced if a significant fraction of the
detected X-ray emission is produced by shocked pulsar wind
moving relativistically toward the observer (see, e.g., Bogova-
lov et al. 2008). In this case, because of induced changes in the
Doppler boosting factor, even a relatively small perturbation of
the plasma bulk speed may cause a considerable increase or
decrease in the emission toward the observer. It is worth noting
that this effect may provide a simple explanation for the fact

that close to the superior conjunction phases the X-ray light
curve seems to be less prone to short-term variability, as during
those periods the relativistically moving plasma is expected to
propagate away from the observer.
Using the fact that the column density does not change

significantly, with an uncertainty 1022 cm−2, we can
constrain the clump over-density factor f as for certain types
of clumps their presence should affect the column density.
Using the source parameters, the averaged wind number
density nw can be calculated as
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and the column density of the clump can be estimated as
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This result does provide an informative constraint on f, which
disfavors values of f in the range 0.01.
Finally, we crudely estimate the frequency of the clump–

pulsar wind interactions assuming the clump size obtained from
Equation (2). The mass of the clump Mc can be estimated as
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We can also calculate the interaction frequency Fc by assuming
that all the wind mass is in these clumps:
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This is actually an upper limit to the interaction frequency, as it
is very unlikely that all the wind mass is in the form of such
large clumps. Nevertheless, if a significant fraction of the stellar
wind is in the form of relatively large clumps, the interaction
rate may be ∼10 clump–pulsar wind interactions per orbit,
which roughly matches the observed short-term behavior of the
orbital light curves. It is worth noting that the more quantitative
analysis derived by Kefala & Bosch-Ramon (2022), which

Table 2
Typical Parameter Values for LS 5039, Referring to Casares et al. (2005),

Collmar & Zhang (2014)

Parameter Value

Mw 3 × 10−7 Me yr−1

vw 2000 km s−1

D 70 lt-sec
Lsd

a 1037 erg s−1

Notes.
a For a nonthermal luminosity ∼10% of Lsd.

Figure 12. The same as Figure 1, but different orbital parameters were adopted. The left and right correspond to Aragona et al. (2009) and Sarty et al. (2011),
respectively.
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adopted a more realistic clump mass distribution for the stellar
wind and considered simultaneously many clumps, also
predicts similar rates to those obtained here.

4.2.2. Recurrent X-Ray Brightening at Specific Orbital Phases?

Kishishita et al. (2009) reported an X-ray flux increase
around the inferior conjunction in both Chandra and Suzaku
observations. Although the two data are separated by 3 yr, they
lie at the same orbital phase, which raises a possibility that
some X-ray brightenings may occur at the same orbital phases
and are repetitive. However, Yoneda et al. (2021) analyzed the
NuSTAR data and reported that an X-ray increase at the
inferior conjunction was not found. Yoneda et al. (2021)
discussed several interpretations, namely that the sharp feature
could be generated at the same orbital phase in every orbit but
only in the soft X-ray band (<3 keV), or that the result from
Chandra is just the increase of the overall X-ray emission since
it covers only a small fraction of the orbit. Here, with the
addition of the NICER observations, we further discuss the
repetition of the X-ray brightening.

In the orbital light curves from NICER, Suzaku, and
NuSTAR (see Figures 4, 6, and 8), some sharp features appear
at similar phases in some of the observations. For example, the
Suzaku 1st orbit, NICER (OBSID: 2030170102–4), and
NuSTAR observations show similar flux increases at f∼ 0.5.
Also, at f∼ 0.8, the Suzaku 1st orbit, NICER (OBSID:
4631010101–2) and NuSTAR observations show a sign of
similar flux increases. However, in the Suzaku 2nd orbit and
the NICER 4th observation (OBSID: 4631010201–2), the

X-ray brightening was not clearly seen at f∼ 0.5 and 0.8,
respectively, and thus the X-ray brightening does not seem to
repeat itself always at the same orbital phase, but one can still
claim that there are some orbital phases in which flux variations
often occur. While the reason for this is not clear, the stellar
wind could have a global pattern that tends to perturb the X-ray
emission at similar orbital phases, for instance due to the stellar
wind being affected by the gravity or the radiation from the
pulsar. In such a case, the stellar wind inhomogeneities or
anisotropies would not be completely chaotic, and their
behavior would leave an imprint in the X-rays (in Bosch-
Ramon et al. 2005, a link was already suggested between radial
velocity curves and short-term variability found in RXTE data).
Although an analysis of the multiwavelength behavior of

LS 5039 is beyond the scope of this work, it is worth noting
that flux spikes were also found above 100 GeV at similar
orbital phases (Aharonian et al. 2006). If these flux spikes have
the same origin as the X-ray flux increases reported in this
work, combining these two bands should allow the study of the
emission region in more detail (e.g., the X-ray/TeV flux ratio
can inform on the magnetic energy density in the synchrotron
plus inverse Compton scenario). For instance, Bosch-Ramon
(2013), de la Cita et al. (2017) or Kefala & Bosch-Ramon
(2022) calculated in detail the spectral energy distribution
accounting for a clumpy stellar wind and showed that its
spectral shape varies depending on the magnetization para-
meter in the shocked pulsar wind. Therefore, a future
coordinated multiwavelength observation in X-ray and TeV
bands with a large effective area, for instance, FORCE (Mori
et al. 2016), HEX-P (Madsen et al. 2019), and Cherenkov

Figure 13. The source and background count rates for each NICER observation.
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Telescope Array (Actis et al. 2011), is important to reveal the
origin of the short-term variability and the physical environ-
ment around the mysterious compact object in this system.

Regarding the general multiwavelength behavior of this
source, we note that in the MeV–GeV and the 10–100 GeV
regimes, the light curves obtained folding in phase long-
exposure observations by COMPTEL and Fermi (so averaging
different orbital information), may suggest a smooth transition
between the synchrotron and the inverse Compton components
(Collmar & Zhang 2014; Chang et al. 2016; Yoneda et al.
2021). Unfortunately, the poor statistics at those energies do
not allow for studying suborbital timescale variabilities.

4.3. A Comment on the 9 s Pulsation Candidate

Signs of a 9 s pulsation in hard X-rays were reported by
Yoneda et al. (2020), which might be another evidence for the
presence of a neutron star in LS 5039. The inferred period and
its derivative would suggest that a compact star is a magnetar
rather than a normal pulsar, which potentially has an impact on
the interpretation of this system. However, the significance of
the pulse candidate is only at ∼3σ for the Suzaku observations
and much lower for those of NuSTAR (Volkov et al. 2021),
and confirmation is needed for the pulse detection. Thus, we
performed a pulsation search in NICER data focusing on the 9 s
pulse candidate.

We followed the timing analysis performed in Yoneda et al.
(2020). We divided the data into subsets, calculated the Z2

statistics (de Jager et al. 1989), and merged them. The time
duration of each subset varies from 3000 to 12,000 s with a step
of 1000 s. The timing analysis was performed for each of the
four NICER observations.

While a pulsation with at least a 10% pulse fraction can be
detected with this method considering the count rates and
background, no significant peak was detected in the range from
7 to 11 s. We note however that the energy range used here is
1.0–5.0 keV, which is very different from the one in the
previous report (10–30 keV). More detailed analysis, that is,
pulse search with demodulation of the binary motion, is out of
the scope of this paper and is left for future work.

5. Conclusion

We studied the short-term variability of the soft X-ray
emission of LS 5039, one of the brightest gamma-ray binary
systems in the galaxy. By analyzing the NICER observations
from 2018 to 2021 and the Suzaku observations in 2007, we
found that (1) the running-averaged orbital light curves from
the two instruments show remarkable consistency with a
window width of 70 ks, (2) short-term variability on top of
the orbital modulation was found by NICER and Suzaku, its
timescale being ∼10 ks. The standard deviation of the
difference from the average flux obtained from NICER data
is 12%, and the maximum flux change was ∼30%. Similar
results described in (1) and (2) were also obtained when
comparing with NuSTAR data at 3–10 keV. (3) No significant
change in the column density was observed when the X-ray
flux varied. We interpret that the observed short-term
variability is caused by the effect of relatively large clumps
from the wind of the companion O star impacting the two-wind
interaction region. The characteristic values for the event
duration, frequency, and clump size derived in that scenario are
approximately consistent with observations, supporting the

existence of an intrabinary shock formed by a pulsar, and a
rather inhomogeneous stellar wind.
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Appendix A
Uncertainty of Orbital Parameter

The orbital parameter sets have also been obtained by
Aragona et al. (2009), Sarty et al. (2011). Figure 12 shows the
orbital light curve adopting these orbital solutions. The
absolute uncertainty of the orbital phase due to different orbital
solutions is 0.08 at the maximum. The relative uncertainty
between the Suzaku and the NICER observations is 0.027 at
the maximum. This latter uncertainty is important when we
discuss the recurrent pattern in the orbital light curve. It is small
and does not affect the argument in Section 4.2.2; a short spike
at f∼ 0.5 can also be seen in Figure 12. For long-term
stability, we can see the effect of different orbital solutions on
the running-averaged curve in Figures 2 and 3. With a window
width of 70 ks, the NICER and Suzaku light curves are closer
at f= 0.7–1.1 when using Aragona et al. (2009), i.e., the
maximum difference between them is just 8% with Aragona
et al. (2009) while it is 16% with Casares et al. (2005). Thus, a
few percent of the flux difference in the orbital light curves
could be ascribed to the uncertainty in the orbital solutions.
However, the maximum flux difference over the entire orbit is
less than ∼20% with any orbital solution, and we conclude that
the argument about long-term stability is robust regardless of
the orbital solution uncertainty.

Appendix B
Background Count Rate

In order to check whether the background events do not
cause the reported short-term variability accidentally, we show
the light curve of the count rate for both source and background
events in Figure 13. While the background rate sometimes is
comparable to the source rate, the background light curve does
not show a feature similar to the reported variability with a
timescale of a few tens of ks. Thus, we conclude that the
observed short-term variability is not an artifact of the
background events.
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