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ABSTRACT

Context. Recently, the high-energy (HE, 0.1–100 GeV) γ-ray emission from the object LMC P3 in the Large Magellanic Cloud (LMC) has been
discovered to be modulated with a 10.3-day period, making it the first extra-galactic γ-ray binary.
Aims. This work aims at the detection of very-high-energy (VHE, >100 GeV) γ-ray emission and the search for modulation of the VHE signal
with the orbital period of the binary system.
Methods. LMC P3 has been observed with the High Energy Stereoscopic System (H.E.S.S.); the acceptance-corrected exposure time is 100 h. The
data set has been folded with the known orbital period of the system in order to test for variability of the emission. Energy spectra are obtained for
the orbit-averaged data set, and for the orbital phase bin around the VHE maximum.
Results. VHE γ-ray emission is detected with a statistical significance of 6.4σ. The data clearly show variability which is phase-locked to the
orbital period of the system. Periodicity cannot be deduced from the H.E.S.S. data set alone. The orbit-averaged luminosity in the 1 − 10 TeV
energy range is (1.4 ± 0.2) × 1035 erg s−1. A luminosity of (5 ± 1) × 1035 erg s−1 is reached during 20% of the orbit. HE and VHE γ-ray emissions
are anti-correlated. LMC P3 is the most luminous γ-ray binary known so far.

Key words. Gamma rays: stars; binaries; Stars: massive

1. Introduction

More than 60% of all stellar systems containing high-mass stars
(spectral type B2 or earlier) are binary or multiple systems
(Duchêne & Kraus 2013). When the more massive of the stars in
these systems ends its life in a supernova explosion, a binary sys-
tem is left behind where a compact object, either a neutron star or
a black hole, is orbiting the remaining star. If these objects radi-
ate most of their power at energies of more than 1 MeV then they
are called γ-ray binaries. The γ-ray emission arises either from
the interaction of a pulsar wind (driven by the rotational energy
loss of a rotating neutron star) with the stellar wind, or from ac-

Send offprint requests to: H.E.S.S. collaboration,
e-mail: contact.hess@hess-experiment.eu;
? Corresponding authors

cretion of the stellar wind onto a black hole or neutron star. The
companion stars in these systems are either O- or Be-type stars.
Only six γ-ray binaries have been identified so far. The nature of
the compact objects is generally unknown, with the exception of
PSR B1259−63/LS 2883 where the detection of pulsed emission
(Johnston et al. 1992) shows that the compact object is a neutron
star. A review of γ-ray binaries and their properties is given by
Dubus (2013, 2015).

In order to identify previously undetected γ-ray binaries,
Corbet et al. (2016) performed a search for periodic emission
from the sources in the Fermi-LAT 3FGL catalogue (Fermi LAT
Collaboration et al. 2015). They found that the high-energy
(HE, 0.1–100 GeV) γ-ray signal of LMC P3, an unidentified
γ-ray source located in the Large Magellanic Cloud (LMC)
(Fermi-LAT Collaboration 2016), is periodic with a period of
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10.301 ± 0.002 days. In this publication, the phase zero of this
system is defined to correspond to the maximum of the HE γ-ray
emission at MJD 57410.25 ± 0.34. The position of LMC P3 is
consistent with the one of the soft X-ray source CAL 60 (Long
et al. 1981). Crampton et al. (1985) identified a star of spec-
tral type O5 III(f) as the likely counterpart of this X-ray source.
Subsequent X-ray observations with XMM-Newton (Bamba et al.
2006) and Chandra (Seward et al. 2012) confirmed a point-like
X-ray source which is named CXOU 053600.0−673507. Seward
et al. (2012) already concluded from the variabilities of the X-ray
flux and the radial velocity of Balmer absorption lines that this
object is likely a binary system. LMC P3 is located in the super-
nova remnant DEM L241, making it the third X-ray binary found
in an observable supernova remnant after SS433/W 50 (Dubner
et al. 1998) and SXP 1062 (Hénault-Brunet et al. 2012).

Little is known about the orbital parameters of the sys-
tem. The most precise measurement of the orbital period comes
from the HE γ-ray emission. Corbet et al. (2016) also analysed
the radial velocity of the star and found an orbital period of
10.1 days and a superior conjunction of the companion star at
MJD 57408.61 ± 0.28. The mass function prefers a neutron star
as the compact object for a wide range of inclinations, but a black
hole cannot be ruled out. The X-ray and radio emission of this
object is modulated with the 10.3-day period, but is out of phase
with the γ-ray emission (Corbet et al. 2016).

The detection of periodic γ-ray emission from a system with
an O5-type companion star and the γ-ray to X-ray luminosity
ratio allow a clear classification of this object as a high-mass
γ-ray binary (Corbet et al. 2016). It is the first such object dis-
covered outside the Milky Way. With an HE γ-ray luminosity in
the energy range from 200 MeV to 100 GeV of 2.5× 1036 erg s−1

(Fermi-LAT Collaboration 2016) it is also the most luminous γ-
ray binary known so far.

2. H.E.S.S. observations and results

The LMC has been observed extensively with the High Energy
Stereoscopic System (H.E.S.S.) since 2004. These observations
led to the discovery of three individual very-high-energy (VHE,
>100 GeV) γ-ray-emitting sources (HESS Collaboration 2012;
HESS Collaboration 2015a). H.E.S.S. is a system of five Imag-
ing Air Cherenkov Telescopes, located in the Khomas Highland
of Namibia at an altitude of 1800 m. It is sensitive to γ rays of
energies from tens of GeV up to several tens of TeV. The ar-
rival direction of individual γ rays can be reconstructed with an
angular resolution of better than 0.1◦, and their energy is esti-
mated with a relative uncertainty of 15%. The data discussed
here were taken between 2004 and the beginning of 2016 and
add up to a total observation time of 277 h, almost 70 h more
than what was used in the previous publication of LMC sources
(HESS Collaboration 2015a). After correcting for dead time and
camera offset angles, the effective (on-axis equivalent) exposure
time for LMC P3 is 100 h. About 5% of these observations were
taken with the participation of the large H.E.S.S.-II telescope.
The data recorded with this telescope are ignored in this analysis
in order to obtain a homogeneous data set. The data were anal-
ysed using Model analysis with high-resolution cuts (de Nau-
rois & Rolland 2009), where the camera images are compared
with a semi-analytical model using a log-likelihood minimisa-
tion technique. The results were cross-checked with an indepen-
dent multi-variate analysis chain based on image parametrisation
(Ohm et al. 2009; Lu 2013). The background was estimated from
rings around the on regions to generate the γ-ray images (ring
background, Berge et al. 2007) and from test regions with sim-
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Fig. 1. Folded γ-ray light curves with orbital phase zero at the maxi-
mum of the HE γ-ray emission (MJD 57410.25). For better readability
two orbits are shown. The black points (left y-axis) represent the VHE
light curve (this work), the grey points (right y-axis) represent the HE
light curve (from Corbet et al. 2016, , Fig. 3). Error bars represent 1σ
statistical uncertainty. For the phase bins without significant detection,
upper limits (at 95% confidence level) are given. The labels at the data
points indicate the statistical significance of the excess in each phase
bin. The blue horizontal lines denote the upper limit (at 95% confidence
level) on the flux in the off-peak region (orbital phase 0.4 to 1.2).

ilar offsets from the camera centre for the spectral analysis (re-
flected background, Berge et al. 2007). Due to the large zenith
and offset angles as well as the event selection cuts the energy
threshold for this data set is 714 GeV.

At the nominal position of CXOU 053600.0−673507 an ex-
cess of 76.3 γ-ray events is detected with a statistical signifi-
cance of 6.4σ (Table 1). The sensitivity of H.E.S.S. does not
allow a detection of flux variations of the object on a nightly
basis. Therefore, the nightly light curve of the emission does not
show any sign of variability; the fit of a constant yields χ2 = 75.3
for 99 degrees of freedom. The search for periodic emission us-
ing a Lomb-Scargle test (Lomb 1976; Scargle 1982) and the
Z-Transformed Discrete Correlation Function (Alexander 1997)
does not show significant periodicity. Figure 1 shows the light
curve folded with the orbital period of the system of 10.301 days,
where orbital phase zero is defined as the maximum of the HE
light curve at MJD 57410.25 (Corbet et al. 2016). Significant
emission is detected only in the orbital phase bin between 0.2
and 0.4 with a pre-trial significance of 7.1σ. This corresponds
to a post-trial significance of 6.9σ after correcting for the test
of five independent phase bins. All other phase bins do not show
significant emission (significances less than 2.5σ, see Fig. 1).
All phase bins have roughly the same exposure (between 18 and
21 hours). Fitting the folded light curve with a constant results
in a χ2 value of 27.03 for 4 degrees of freedom. The χ2 prob-
ability that the folded light curve is constant is hence less than
1.95 × 10−5. The emission is clearly variable and it is phase-
locked to the orbital period of the system. Therefore, the de-
tected VHE γ-ray emission can be associated to the binary sys-
tem LMC P3.

Figure 2 shows the VHE γ-ray excess maps in the on-peak
(orbital phase 0.2 to 0.4) and the off-peak (orbital phase 0.4 to
1.2) parts of the orbit. Fitting a point-like source folded with
the instrument’s point spread function results in a best-fit posi-
tion of the source at RA = 5h36m0s, Dec = −67◦35′11′′, equinox
J2000, with a statistical uncertainty of ±23′′ in each direction;
the source is hence labelled HESS J0536−675. The best-fit po-
sition is 4′′ (17% of the statistical uncertainty) away from the
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Fig. 2. H.E.S.S. excess count rate maps for the on-peak (left panel) and off-peak (right panel) regions of the orbit. The excess is smoothed with the
point-spread function of the instrument (68% containment radius of 0.06◦, indicated by the grey circle) . The cross indicates the test position. Both
plots have the same range, and the colour bar on the right-hand side is in units of excess counts per hour. The overlaid green contours represent 4,
5, and 6σ statistical significance.
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nominal binary position. Therefore, the VHE γ-ray source is po-
sitionally compatible with the binary system.

Figure 3 shows the spectral energy distribution for the full or-
bit and the on-peak part of the orbit. The spectra are fitted with a
simple power law, dN

dE = Φ1 TeV

(
E

1 TeV

)−Γ
, and the best-fit param-

eters are summarised in Table 1. Significant emission is detected
up to at least 10 TeV and no high-energy cut-off of the spectra
has been detected. For the off-peak region of the orbit an upper
limit on the integrated γ-ray flux has been obtained. Most of the
γ-ray emission is radiated during only 20% of the binary’s or-
bit, when it reaches a flux of about four times the orbit-averaged
flux.

3. Discussion

The emission from HESS J0536−675 is variable and modulated
with the orbital period of the binary system, indicating that the
size of the γ-ray emission region is at most the size of the binary
system. The companion star in this system is of the type O5III,
with a typical mass of 40 M� (Martins et al. 2005). For a neutron
star with a mass of 1.4 M� as the compact object the semi-major
axis of the orbit would be 0.32 AU.

The two scenarios proposed for γ-ray binaries are that the γ-
ray emission can be powered either by the spin-down of a pulsar

or by accretion of the stellar wind onto the compact object. In
the pulsar wind scenario, electrons are accelerated in the vicin-
ity of the pulsar or in the shock front between the pulsar wind
and stellar wind. The relativistic electrons produce γ-ray emis-
sion by inverse Compton (IC) upscattering of stellar photons. A
typical O5III star has a surface temperature of 40 kK and a lumi-
nosity of 5.4 × 105 L� (Martins et al. 2005). The IC scattering is
in the Klein-Nishina regime and a hard electron spectrum with
an index of −1.5 is required to produce the observed γ-ray spec-
trum. For a binary separation of 0.32 AU the stellar photon field
has an energy density of 253 erg cm−3. Electrons with energies
between 0.5 and 50 TeV and a total energy of 2.5 × 1038 erg are
required to produce the observed γ-ray emission. The IC cool-
ing time (Khangulyan et al. 2008, equation 1) of TeV electrons
in this photon field is of the order of 100 s. Therefore, the pul-
sar’s spin-down power needs to be at least 1036 erg s−1 in order to
provide the energy for the observed VHE γ-ray emission alone.

In the accretion scenario, a situation that is encountered in
microquasars, the stellar wind of the companion star is accreted
onto the compact object and gravitational potential energy is re-
leased as radiation. The accretion luminosity of a neutron star is

Lacc =

(
Ṁ

10−10M�/yr

) (
Mco

1.4M�

) (
10km
Rco

)
× 1.2× 1036 erg s−1, (1)

where Mco and Rco are the mass and radius of the compact ob-
ject (Frank et al. 1992). Ṁ is the mass-accretion rate which is
of the order of 10−10M�/yr in a typical close binary system with
accretion of the stellar wind. Accretion can power the observed
γ-ray emission provided that the conversion efficiency from ac-
cretion power to γ rays approaches unity. Much higher mass-
accretion rates and thus a higher accretion luminosity can be
achieved by Roche lobe overflow, for instance an accretion rate
of 10−4 M�/yr is discussed for SS 443 in such a scenario (for a
review see Fabrika 2004). A more massive compact object can
also increase the accretion luminosity by a factor of a few.

The peak of the VHE emission at phases between 0.2 and 0.4
coincides with the decline of the HE γ-ray emission towards its
broad minimum between orbital phases 0.3 and 0.7 (see Fig. 1).
The variability of the γ-ray flux over the orbit of the system can
be explained by the angle-dependent cross section of IC scatter-
ing, γγ absorption or the eccentricity of the orbit. IC scattering
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Table 1. Statistical results and spectral parameters for different orbital phase bins of HESS J0536−675. The on-peak region covers orbital phases
from 0.2 to 0.4, the off-peak region the orbital phases from 0.4 to 1.2. Orbital phase zero is at the maximum of the HE γ-ray emission (MJD
57410.25).

Orbital phase bin Excess Significance Φ1 TeV Γ F(> 1 TeV) L(1 − 10 TeV, 50 kpc)
[10−13 cm−2 s−1 TeV−1 ] [10−13 cm−2 s−1 ] [1035 erg s−1]

full orbit 76.3 6.4σ 2.0 ± 0.4 2.5 ± 0.2 1.4 ± 0.4 1.4 ± 0.2
on-peak 41.1 7.1σ 5 ± 1 2.1 ± 0.2 5 ± 2 5 ± 1
off-peak 35.0 3.3σ - 2.4 (fixed) < 0.88 (95% CL) < 0.88 (95% CL)

is most efficient in head-on collisions in which the low-energy
photons are backscattered. Therefore, the maximum of the γ-ray
emission is expected at superior conjunction. Similarly, the min-
imum of the γ-ray emission occurs at inferior conjunction, when
only tail-on collisions are observed. Further on, γγ absorption
due to pair-production (Gould & Schréder 1967) can modulate
the VHE γ-ray emission with the orbital period and the flux max-
imum is expected at inferior conjunction (Böttcher & Dermer
2005). This scenario is discussed for LS 5039 (Fermi-LAT Col-
laboration 2009) and can naturally explain why the HE and VHE
emissions of LMC P3 are out of phase. In such a scenario the su-
perior conjunction of LMC P3 would be around orbital phase
0.0 and inferior conjunction would be between 0.2 and 0.4. The
varying separation in an eccentric orbit could also explain the
variability of the γ-ray emission. Near periastron, the compact
object probes a higher stellar photon-field density and a higher
stellar-wind density. In order to vary the γ-ray flux by a factor
of around 4 (the ratio between the off-peak upper limit and the
on-peak flux) by either IC emission or stellar-wind accretion, the
binary separation must vary by a factor of 2, which is the case for
an eccentricity of 0.33. In this case, and considering only VHE
γ-ray emission, periastron would be between orbital phases 0.2
and 0.4.

HE and VHE γ-ray emission may also arise from two differ-
ent particle populations. Zabalza et al. (2013) propose the apex
of the contact discontinuity between the compact object and the
star as the source of the HE emission, and the pulsar wind ter-
mination shock on the opposite side as the source of the VHE
emission. These emission sites together with geometric effects
of the binary’s orbit can also explain the phase-shift of the HE
and VHE γ-ray light curves.

LMC P3 is the sixth, and the most luminous, γ-ray binary
discovered so far. With an O-type companion star it is similar to
LS 5039 and 1FGL J1018.6−5856. With the HE and VHE emis-
sions out of phase, it resembles LS 5039 (HESS Collaboration
2006; Fermi-LAT Collaboration 2009), which is in contrast to
1FGL J1018.6−5856 where HE and VHE emissions are in phase
(Fermi-LAT Collaboration 2012; HESS Collaboration 2015b).
But contrary to LS 5039, which shows VHE γ-ray emission dur-
ing more than 50% of the orbit, the duration of the emission of
HESS J0536−675 covers less than 20% of the orbit (given the
current instrument sensitivity). The VHE light curve of LMC P3
is similar to the VHE γ-ray light curve of 1FGL J1018.6−5856
(HESS Collaboration 2015b). The detection of periodic HE and
VHE emission from LMC P3 helps to fill the zoo of γ-ray bina-
ries and will help to understand the underlying particle acceler-
ation and γ-ray production mechanisms. Detailed modelling of
the HE and VHE light curves requires knowledge of the orbital
parameters of the system.

The sensitivity of H.E.S.S. only allows the detection of VHE
γ-ray radiation during the high-state of the emission. The 3.3σ
statistical significance during the off-peak part of the orbit may
indicate that the VHE emission extends into this part of the orbit

as well. The ten-fold sensitivity of the future Cherenkov Tele-
scope Array (CTA, Hinton et al. 2013) will allow for the investi-
gation of this part of the orbit of the binary system.

4. Conclusions

Variable VHE γ-ray emission from the newly discovered binary
system LMC P3 has been detected with H.E.S.S. The emis-
sion is phase-locked to the orbital period of the system. This
makes HESS J0536−675 the sixth VHE γ-ray-emitting binary
and the first extra-galactic γ-ray binary. The energy spectrum
of the VHE γ-ray emission is described by a simple power
law. The orbit-averaged VHE luminosity of the system is (1.4 ±
0.2) × 1035 erg s−1. During 20% of the orbit the VHE luminos-
ity reaches (5 ± 1) × 1035 erg s−1. This makes HESS J0536−675
the most luminous γ-ray binary known to date. The VHE γ-ray
emission can be either powered by the spin-down of a pulsar or
by accretion of the stellar wind onto the compact object. A lu-
minous pulsar (Ė ≥ 1036 erg s−1), a high mass-accretion rate or
a very massive compact object are needed to provide the energy
for the observed VHE γ-ray emission. The VHE emission is out
of phase with the HE emission which may be explained by ab-
sorption due to pair production, or by different particle distribu-
tions responsible for the HE and VHE γ-ray production. Obser-
vations with CTA may lead to detection of γ-ray emission during
the off-peak part of the orbit allowing the modelling of the entire
light curve.
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