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1FGL J1018.6−5856
• Periodic behavior (P = 16.58 days) found in the Fermi LAT data  (Fermi LAT Collaboration 2012) 

• Periodicity attributed to orbital modulation of the emission 
• VHE counterpart discovered with H.E.S.S. (Abramowski+ 2012) 

• Periodicity of VHE emission also found in the H.E.S.S. data (H.E.S.S. Collaboration 2015)  

• Host star spectral type is O6V((f)), which is very similar to that of LS 5039

LS 5039 but is unlike the behavior of LS I +61°
303. If the high-energy electron distribution
remains constant along the orbit, spectral changes
due to the anisotropic IC cross section are ex-
pected only if the inclination is substantial. In this
case, harder spectra are expected to occur when
the stellar photons are forward-scattered by the
electrons (i.e., at inferior conjunction), which is
also typically when the scattering rate is at its
orbital minimum. However, for 1FGL J1018.6–
5856 the hardness ratio and flux are correlated,
unlike for LS 5039 (8). If periastron passage co-
incides with inferior conjunction, then a high pho-
ton density might compensate for the unfavorable
interaction angle, but this requires fine-tuning of
the orbital parameters. The spectral variabili-
ty is more likely to reflect intrinsic variations—
for instance, in the cooling of emitting particles.
Moreover, both PSR B1259–63 and LS I +61°
303 (7, 9) show that a simple model may not be
correct. The phasing of gamma-ray maximum at
GeVenergies is not consistent with IC scattering
on stellar photons, as it is delayed in both PSR
B1259–63 and LS I +61° 303, implying that
other mechanisms may be at work. For exam-
ple, there could be other seed photon sources,
Doppler boosting, or other radiative mechanisms
at work.

The gamma-ray energy flux of 1FGL J1018.6–
5856 implies a luminosity of ~8 × 1035 (d/5 kpc)2

ergs s–1 (E> 100MeV), whereas the implied x-ray
luminosity is highly variable with fluxes up to
~1034 (d/5 kpc)2 ergs s–1. For comparison, the
gamma-ray luminosity of LS 5039 is ~2 × 1035

(d/2.5 kpc)2 ergs s–1 (26). This is somewhat sur-
prising; relative to LS 5039, the orbital period
of 1FGL J1018.6–5856 (longer by a factor of 4)

0.0 0.5 1.0 1.5 2.0

1-10

1-10 GeV

0.1-1 GeV

0.1–1

Fig. 2. The orbital modulation of the flux and spectral indices of 1FGL J1018.6–5856 in the 0.1 to
10 GeV band as measured with the Fermi LAT. G0.1–1 and G1–10 are photon spectral indices for
energies below and above 1 GeV, respectively, using a broken power-law model.
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Fig. 3. Swift XRT x-ray (left) and UVOT-W1 (right) images of the region around 1FGL J1018.6–5856. The x-ray–optical counterpart is marked by an
arrow near the center of both images. The LAT 95% confidence ellipses from the 1FGL (12) and 2FGL (29) catalogs are marked.
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Fermi LAT Collaboration (2012)
HESS Collaboration: Variable VHE emission from 1FGL J1018.6–5856
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Fig. 2. Light curve of the integral flux above 0.35 TeV in a 0.1� region
centred on HESS J1018–589 A binned by observation run, correspond-
ing to approximately 30 min of observation time per bin. The dashed
horizontal line shows the mean integral flux.

systematic error on the normalisation constant N0 is estimated to
be 20% (Aharonian et al. 2006). The better statistics allow for
a better determination of the spectral features of the point-like
source compared with the one presented in Abramowski et al.
(2012), including a clearer separation from HESS J1018–589 B.
The nearby source introduces a maximum of 30% contamination
on HESS J1018–589 A, although above 1 TeV, thanks to the bet-
ter PSF, a contamination lower than 10% was calculated from a
simultaneous fit of the two sources.

The light curve of the source above 0.35 TeV, binned by
observation run (approximately 30 min of observation time), is
shown in Fig. 2. The best-fit mean flux level above 0.35 TeV is
marked with a dashed grey line. The light curve displays clear
variability, with a �2/⌫ of 238.3/155 (corresponding to 4.3�) us-
ing a likelihood-ratio test with a constant flux as null hypothesis.

To investigate the periodicity of the source, the data were
folded with the 16.58-day period found in the HE �-ray obser-
vations (Fig. 3, top panel) using the reference time of Tmax =
55 403.3 MJD as phase 0 (Ackermann et al. 2012) in a single
trial. The number of bins in the phaseogram was selected to ob-
tain a significance of at least 1� in each phase bin. For compar-
ison, the same phaseogram is also shown for HESS J1023–589,
a nearby bright �-ray source expected to be constant. The flux
variation along the orbit shows a similar behaviour as the Fermi-
LAT flux integrated between 1 and 10 GeV (Fig. 3, middle-top
panel). An increase of the flux towards phase 0 is observed, with
a �2/⌫ of 22.7/7 (3.1�) when fitting the histogram to a constant
flux, providing evidence of periodicity at the a priori selected
period. Unfortunately, the uneven sampling and long timespan
of the observations did not allow for an independent determina-
tion of the periodicity from the VHE �-ray data using a Lomb-
Scargle test (Scargle 1982), since the equivalent frequency is
about eight times higher than the sample Nyquist frequency.
Finally spectral modulation was examined by deriving the pho-
ton spectrum for observations in the 0.2 to 0.6 phase range (mo-
tivated by the Fermi-LAT observations) and comparing it with
the one derived at the maximum of the emission in the comple-
mentary phase range. No spectral modulation was found within
the photon index errors (�� = 0.36 ± 0.43), although it should
be noted that the data statistics in the 0.2 to 0.6 phase range are
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Fig. 3. VHE, HE, and X-ray fluxes of 1FGL J1018.6–5856 folded with
the orbital period of P = 16.58 d. Two orbits are shown for clarity.
Top: VHE integral flux above 0.35 TeV measure by HESS (red circles).
For comparison, a scaled light curve from the nearby bright source
HESS J1023-589 is shown in grey. Middle top and middle bottom:
Fermi-LAT light curve between 1 and 10 GeV (solid blue squares) and
between 0.1 and 1 GeV (open blue squares; Ackermann et al. 2012).
Bottom: X-ray 0.3–10 keV count-rate light curve from 67 Swift-XRT
observations in 2011 (green), 2012 (blue), and 2013 (red).

insu�cient (3� detection) to firmly conclude a lack of variation
in the spectrum at di↵erent orbital phases.

To compare the VHE orbital modulation with the behaviour
of the source at X-ray energies, we analysed 67 Swift-XRT
observations of 1FGL J1018.6–5856, performed between 2011
and 2013 and with a median observation time of 2.2 ksec.
Early subsets of these observations were presented previously
by Ackermann et al. (2012) and An et al. (2013). Cleaned event
files were obtained using xrtpipeline from HEAasoft v6.15.1.
For each observation, source count rates were extracted from
a circular region of 1 arcmin around the nominal position of
1FGL J1018.6–5856, and background count rates extracted from
a nearby region of the same size devoid of sources. The resulting
count-rate light curve, folded with the orbital period, is shown in
the bottom panel of Fig. 3. The phaseogram displays a sharp
peak around phase 0, matching the location of the maximum in
the VHE and HE phaseograms. There is an additional sinusoidal
component with a maximum around phase 0.3 and with lower
amplitude than the sharp peak at phase 0.
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HESS Collaboration: Variable VHE emission from 1FGL J1018.6–5856
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Fig. 2. Light curve of the integral flux above 0.35 TeV in a 0.1� region
centred on HESS J1018–589 A binned by observation run, correspond-
ing to approximately 30 min of observation time per bin. The dashed
horizontal line shows the mean integral flux.

systematic error on the normalisation constant N0 is estimated to
be 20% (Aharonian et al. 2006). The better statistics allow for
a better determination of the spectral features of the point-like
source compared with the one presented in Abramowski et al.
(2012), including a clearer separation from HESS J1018–589 B.
The nearby source introduces a maximum of 30% contamination
on HESS J1018–589 A, although above 1 TeV, thanks to the bet-
ter PSF, a contamination lower than 10% was calculated from a
simultaneous fit of the two sources.

The light curve of the source above 0.35 TeV, binned by
observation run (approximately 30 min of observation time), is
shown in Fig. 2. The best-fit mean flux level above 0.35 TeV is
marked with a dashed grey line. The light curve displays clear
variability, with a �2/⌫ of 238.3/155 (corresponding to 4.3�) us-
ing a likelihood-ratio test with a constant flux as null hypothesis.

To investigate the periodicity of the source, the data were
folded with the 16.58-day period found in the HE �-ray obser-
vations (Fig. 3, top panel) using the reference time of Tmax =
55 403.3 MJD as phase 0 (Ackermann et al. 2012) in a single
trial. The number of bins in the phaseogram was selected to ob-
tain a significance of at least 1� in each phase bin. For compar-
ison, the same phaseogram is also shown for HESS J1023–589,
a nearby bright �-ray source expected to be constant. The flux
variation along the orbit shows a similar behaviour as the Fermi-
LAT flux integrated between 1 and 10 GeV (Fig. 3, middle-top
panel). An increase of the flux towards phase 0 is observed, with
a �2/⌫ of 22.7/7 (3.1�) when fitting the histogram to a constant
flux, providing evidence of periodicity at the a priori selected
period. Unfortunately, the uneven sampling and long timespan
of the observations did not allow for an independent determina-
tion of the periodicity from the VHE �-ray data using a Lomb-
Scargle test (Scargle 1982), since the equivalent frequency is
about eight times higher than the sample Nyquist frequency.
Finally spectral modulation was examined by deriving the pho-
ton spectrum for observations in the 0.2 to 0.6 phase range (mo-
tivated by the Fermi-LAT observations) and comparing it with
the one derived at the maximum of the emission in the comple-
mentary phase range. No spectral modulation was found within
the photon index errors (�� = 0.36 ± 0.43), although it should
be noted that the data statistics in the 0.2 to 0.6 phase range are
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Fig. 3. VHE, HE, and X-ray fluxes of 1FGL J1018.6–5856 folded with
the orbital period of P = 16.58 d. Two orbits are shown for clarity.
Top: VHE integral flux above 0.35 TeV measure by HESS (red circles).
For comparison, a scaled light curve from the nearby bright source
HESS J1023-589 is shown in grey. Middle top and middle bottom:
Fermi-LAT light curve between 1 and 10 GeV (solid blue squares) and
between 0.1 and 1 GeV (open blue squares; Ackermann et al. 2012).
Bottom: X-ray 0.3–10 keV count-rate light curve from 67 Swift-XRT
observations in 2011 (green), 2012 (blue), and 2013 (red).

insu�cient (3� detection) to firmly conclude a lack of variation
in the spectrum at di↵erent orbital phases.

To compare the VHE orbital modulation with the behaviour
of the source at X-ray energies, we analysed 67 Swift-XRT
observations of 1FGL J1018.6–5856, performed between 2011
and 2013 and with a median observation time of 2.2 ksec.
Early subsets of these observations were presented previously
by Ackermann et al. (2012) and An et al. (2013). Cleaned event
files were obtained using xrtpipeline from HEAasoft v6.15.1.
For each observation, source count rates were extracted from
a circular region of 1 arcmin around the nominal position of
1FGL J1018.6–5856, and background count rates extracted from
a nearby region of the same size devoid of sources. The resulting
count-rate light curve, folded with the orbital period, is shown in
the bottom panel of Fig. 3. The phaseogram displays a sharp
peak around phase 0, matching the location of the maximum in
the VHE and HE phaseograms. There is an additional sinusoidal
component with a maximum around phase 0.3 and with lower
amplitude than the sharp peak at phase 0.
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1FGL J1018 in X-rays
Suzaku XIS (2012)  Swift XRT (2011, 2012, & 2013)

• X-ray light curve appears stable (similar to LS 5039; see Kishishita, TT+ 2009) 
• Difficult to be explained by accretion-powered activity 
• Pulsar-wind scenario preferable for 1FGL J1018 (compact object = neutron star)?
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time variation of flux at different wave-
lengths was used to identify Cygnus X-3 as 
a gamma-ray binary ( 3), a microquasar ( 4) 
source of collimated relativistic jets, which 
was also observed at gamma rays with the 
Agile satellite ( 5).

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

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

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

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

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

5039), but it is not clear whether 1FGL 
J1018.6–5856 is also a TeV source. Its posi-
tion is consistent with the TeV source HESS 
J1018 –589 ( 12), but due to possible confu-
sion with other objects in this complex star-
forming region, it is unclear whether the 
Fermi source and a component of the HESS 
source are the same object. Resolving this 
question by using time modulation and/or 
more accurate positions of TeV sources will 
require improving the sensitivity and angu-
lar resolution of ground-based Cherenkov 
telescopes. The large collecting area and 
separation of the telescope elements in the 
future Cherenkov Telescope Array ( 13) will 
provide the sensitivity and angular resolu-
tion to consolidate this emerging research 
area in high-energy astrophysics.
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wind, gamma rays can be produced by electron-proton and/or electron-photon 
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Surroundings of 1FGL J1018
MOST-Molonglo (834 MHz) (Abramowski+ 2012)

1. Introduction

The High Energy Stereoscopic System (H.E.S.S.) collaboration
has carried out observations of the Carina arm as part of the
Galactic Plane Survey (Aharonian et al. 2006c, 2008a; Gast
et al. 2011). The observed region includes three potential VHE
γ-ray emitters, SNR G284.3–1.8 (MSH 10–53), the high spin-
down luminosity pulsar PSR J1016–5857 (Camilo et al. 2001)
and the Fermi Large Area Telescope (Fermi-LAT) γ-ray binary
1FGL J1018.6–5856 (Abdo et al. 2010). SNR G284.3–1.8 has an
incomplete radio shell (Fig. 1) with a non-thermal radio spec-
trum and a flux density of (5.4 ± 0.8) Jy at 8.4 GHz (Milne
et al. 1989). Evidence of interaction with molecular clouds (MC;
12CO J = 1–0) has been reported by Ruiz & May (1986)
using observations with the 1.2 m Columbia Millimeter-Wave
Telescope. The MC content integrated over velocities in the lo-
cal standard of rest from –14.95 km s−1 to –21.45 km s−1 traces
the radio shell shape of the SNR.

The shell-like SNR shows a bright, narrow filament, coin-
cident with an Hα filament (Van der Bergh et al. 1973) to the
East. Optical and CO observations imply that SNR G284.3–1.8
is most likely a 104 yr old remnant of a type II supernova with
a massive stellar progenitor and that it is located at a distance
of dSNR = 2.9 kpc (with an error of ±20%) (Ruiz & May 1986).
The western edge of the shell shows a so-called finger emission
region (see Fig. 1) extended towards the direction of PSR J1016–
5857. This Vela-like pulsar and its associated X-ray pulsar wind
nebula (PWN), located ≈35′ away from the geometrical center
of the SNR, were discovered by Camilo et al. (2001, 2004) in
a search for counterparts of the unidentified source 3EG J1013–
5915 (Hartman et al. 1999) with the Parkes telescope. The ener-
getic pulsar, formerly associated with the SNR G284.3–1.8, has
a rotation period of 107 ms, a characteristic age τc = 21 kyr
and a spin-down luminosity of 2.6 × 1036 erg s−1. Its distance
can be estimated from the pulsar’s dispersion measure to be
dPSR = 9+3

−2 kpc (Taylor & Cordes 1993) or dPSR ≈ 8 kpc (Cordes
& Lazio 2002). Later observations with Chandra (Camilo et al.
2004) resulted in the detection of the associated X-ray PWN,
apparently located at the tip of the finger of the SNR radio emis-
sion. The PWN spectrum is well fit by a power-law model with
photon index ΓX = 1.32± 0.25, absorbing neutral hydrogen col-
umn density NH = (5.0 ± 1.7) × 1021 cm−2, and unabsorbed flux
F0.8−7 keV = 2.8 × 10−13 erg cm−2 s−1. The good match in both
width and position angle of the PWN and the SNR finger sug-
gests a possible connection between the two. However, the asso-
ciation of PSR J1016–5857 with SNR G284.3–1.8 is questioned
by the large difference in their distance measurements and the
large offset between the center of the shell and the pulsar po-
sition. Camilo et al. (2004) argue that the uncertainties in the
model for the free distribution of electrons in the Galaxy are
large along spiral arm tangents, affecting the estimation of the
distance inferred from the dispersion measure. A proper motion
velocity of vPSR = 500(d/3 kpc)(21 kyr/τc) km s−1 has to be in-
voked to connect the pulsar with the geometric center of the
SNR. Even if the proper motion velocity is within the range of
known pulsar velocities, this highly supersonic movement in the
local interstellar medium (ISM) would create a bow shock neb-
ula, which has not been observed.

The Fermi-LAT collaboration has reported the detection of
a new source 1FGL J1018.6–5856 (or 2FGL J1019.0–5856), po-
sitionally coincident with SNR G284.3–1.8 and associated with
the EGRET source 3EG J1013–5915 (Abdo et al. 2010, 2011).

$ Supported by Erasmus Mundus, External Cooperation Window.

Fig. 1. The MOST-Molonglo radio map (in units of Jy/beam) of
SNR G284.3–1.8 is displayed together with the position of the
Fermi-LAT source 2FGL J1019.0–5856 (white dashed line showing
the 95% uncertainty in its position) and its associated X-ray source
(green dot, XMMU J1018554–58564). To the west of the SNR the ra-
dio finger is visible extending towards the direction of PSR J1016–5857
(marked with a yellow filled star). The PSF size of the radio image is
45′′ × 52.5′′.

The source reported in the LAT second-year source catalog
shows an energy flux of (3.53 ± 0.11) × 10−10 erg cm−2 s−1 in
the 100 MeV to 100 GeV energy band, and a fit to a power-
law spectrum yields a photon index of ΓHE = 2.59 ± 0.04. The
AGILE collaboration also reported HE emission from this re-
gion and pulsed emission is marginally detected (4.8σ) from
the direction of PSR J1016–5857 (Pellizzonni et al. 2009). The
γ-ray emission from 1FGL J1018.6–5856, however, shows a
periodic modulation with a period of 16.58 ± 0.02 days, de-
tected by Fermi-LAT (Corbet et al. 2011; Ackermann et al.
2012). This periodicity is taken as evidence that 1FGL J1018.6–
5856 is a new γ-ray binary system, with an O6V((f))-type star
(2MASS 10185560–5856459) proposed as the stellar counter-
part. The spectrum of the periodic source exhibits a break at
≈1 GeV with best-fit values of ΓHE(0.1–1 GeV) = 2.00 ± 0.04
and ΓHE(1–10 GeV) = 3.09 ± 0.06 and an integral energy flux
above 100 MeV of (2.8±0.1)×10−10 erg cm−2 s−1. The binary na-
ture of the HE source is strengthened by the detection of a peri-
odic X-ray (Swift/XRT) and radio (Australia Telescope Compact
Array) compact source coincident with the γ-ray source. A coun-
terpart in hard X-rays has also been detected using INTEGRAL
data (Li et al. 2011).

2. H.E.S.S. observations

H.E.S.S. is an array of four VHE γ-ray imaging atmospheric
Cherenkov telescopes (IACTs) located in the Khomas Highland
of Namibia (23◦16′18′′ S, 16◦30′00′′ E). Each of these tele-
scopes is equipped with a tessellated spherical mirror of 107 m2

area and a camera comprised of 960 photomultiplier tubes, cov-
ering a large field-of-view (FoV) of 5◦ diameter. The system
works in a coincidence mode (see e.g. Funk et al. 2004), re-
quiring at least two of the four telescopes to trigger the de-
tection of an extended air shower (EAS). This stereoscopic
approach results in a high angular resolution of ≈6′ per event,
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The High Energy Stereoscopic System (H.E.S.S.) collaboration
has carried out observations of the Carina arm as part of the
Galactic Plane Survey (Aharonian et al. 2006c, 2008a; Gast
et al. 2011). The observed region includes three potential VHE
γ-ray emitters, SNR G284.3–1.8 (MSH 10–53), the high spin-
down luminosity pulsar PSR J1016–5857 (Camilo et al. 2001)
and the Fermi Large Area Telescope (Fermi-LAT) γ-ray binary
1FGL J1018.6–5856 (Abdo et al. 2010). SNR G284.3–1.8 has an
incomplete radio shell (Fig. 1) with a non-thermal radio spec-
trum and a flux density of (5.4 ± 0.8) Jy at 8.4 GHz (Milne
et al. 1989). Evidence of interaction with molecular clouds (MC;
12CO J = 1–0) has been reported by Ruiz & May (1986)
using observations with the 1.2 m Columbia Millimeter-Wave
Telescope. The MC content integrated over velocities in the lo-
cal standard of rest from –14.95 km s−1 to –21.45 km s−1 traces
the radio shell shape of the SNR.

The shell-like SNR shows a bright, narrow filament, coin-
cident with an Hα filament (Van der Bergh et al. 1973) to the
East. Optical and CO observations imply that SNR G284.3–1.8
is most likely a 104 yr old remnant of a type II supernova with
a massive stellar progenitor and that it is located at a distance
of dSNR = 2.9 kpc (with an error of ±20%) (Ruiz & May 1986).
The western edge of the shell shows a so-called finger emission
region (see Fig. 1) extended towards the direction of PSR J1016–
5857. This Vela-like pulsar and its associated X-ray pulsar wind
nebula (PWN), located ≈35′ away from the geometrical center
of the SNR, were discovered by Camilo et al. (2001, 2004) in
a search for counterparts of the unidentified source 3EG J1013–
5915 (Hartman et al. 1999) with the Parkes telescope. The ener-
getic pulsar, formerly associated with the SNR G284.3–1.8, has
a rotation period of 107 ms, a characteristic age τc = 21 kyr
and a spin-down luminosity of 2.6 × 1036 erg s−1. Its distance
can be estimated from the pulsar’s dispersion measure to be
dPSR = 9+3

−2 kpc (Taylor & Cordes 1993) or dPSR ≈ 8 kpc (Cordes
& Lazio 2002). Later observations with Chandra (Camilo et al.
2004) resulted in the detection of the associated X-ray PWN,
apparently located at the tip of the finger of the SNR radio emis-
sion. The PWN spectrum is well fit by a power-law model with
photon index ΓX = 1.32± 0.25, absorbing neutral hydrogen col-
umn density NH = (5.0 ± 1.7) × 1021 cm−2, and unabsorbed flux
F0.8−7 keV = 2.8 × 10−13 erg cm−2 s−1. The good match in both
width and position angle of the PWN and the SNR finger sug-
gests a possible connection between the two. However, the asso-
ciation of PSR J1016–5857 with SNR G284.3–1.8 is questioned
by the large difference in their distance measurements and the
large offset between the center of the shell and the pulsar po-
sition. Camilo et al. (2004) argue that the uncertainties in the
model for the free distribution of electrons in the Galaxy are
large along spiral arm tangents, affecting the estimation of the
distance inferred from the dispersion measure. A proper motion
velocity of vPSR = 500(d/3 kpc)(21 kyr/τc) km s−1 has to be in-
voked to connect the pulsar with the geometric center of the
SNR. Even if the proper motion velocity is within the range of
known pulsar velocities, this highly supersonic movement in the
local interstellar medium (ISM) would create a bow shock neb-
ula, which has not been observed.

The Fermi-LAT collaboration has reported the detection of
a new source 1FGL J1018.6–5856 (or 2FGL J1019.0–5856), po-
sitionally coincident with SNR G284.3–1.8 and associated with
the EGRET source 3EG J1013–5915 (Abdo et al. 2010, 2011).

$ Supported by Erasmus Mundus, External Cooperation Window.

Fig. 1. The MOST-Molonglo radio map (in units of Jy/beam) of
SNR G284.3–1.8 is displayed together with the position of the
Fermi-LAT source 2FGL J1019.0–5856 (white dashed line showing
the 95% uncertainty in its position) and its associated X-ray source
(green dot, XMMU J1018554–58564). To the west of the SNR the ra-
dio finger is visible extending towards the direction of PSR J1016–5857
(marked with a yellow filled star). The PSF size of the radio image is
45′′ × 52.5′′.

The source reported in the LAT second-year source catalog
shows an energy flux of (3.53 ± 0.11) × 10−10 erg cm−2 s−1 in
the 100 MeV to 100 GeV energy band, and a fit to a power-
law spectrum yields a photon index of ΓHE = 2.59 ± 0.04. The
AGILE collaboration also reported HE emission from this re-
gion and pulsed emission is marginally detected (4.8σ) from
the direction of PSR J1016–5857 (Pellizzonni et al. 2009). The
γ-ray emission from 1FGL J1018.6–5856, however, shows a
periodic modulation with a period of 16.58 ± 0.02 days, de-
tected by Fermi-LAT (Corbet et al. 2011; Ackermann et al.
2012). This periodicity is taken as evidence that 1FGL J1018.6–
5856 is a new γ-ray binary system, with an O6V((f))-type star
(2MASS 10185560–5856459) proposed as the stellar counter-
part. The spectrum of the periodic source exhibits a break at
≈1 GeV with best-fit values of ΓHE(0.1–1 GeV) = 2.00 ± 0.04
and ΓHE(1–10 GeV) = 3.09 ± 0.06 and an integral energy flux
above 100 MeV of (2.8±0.1)×10−10 erg cm−2 s−1. The binary na-
ture of the HE source is strengthened by the detection of a peri-
odic X-ray (Swift/XRT) and radio (Australia Telescope Compact
Array) compact source coincident with the γ-ray source. A coun-
terpart in hard X-rays has also been detected using INTEGRAL
data (Li et al. 2011).

2. H.E.S.S. observations

H.E.S.S. is an array of four VHE γ-ray imaging atmospheric
Cherenkov telescopes (IACTs) located in the Khomas Highland
of Namibia (23◦16′18′′ S, 16◦30′00′′ E). Each of these tele-
scopes is equipped with a tessellated spherical mirror of 107 m2

area and a camera comprised of 960 photomultiplier tubes, cov-
ering a large field-of-view (FoV) of 5◦ diameter. The system
works in a coincidence mode (see e.g. Funk et al. 2004), re-
quiring at least two of the four telescopes to trigger the de-
tection of an extended air shower (EAS). This stereoscopic
approach results in a high angular resolution of ≈6′ per event,

Suzaku XIS FOV
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with a total exposure of 211 ks
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1. Introduction

The High Energy Stereoscopic System (H.E.S.S.) collaboration
has carried out observations of the Carina arm as part of the
Galactic Plane Survey (Aharonian et al. 2006c, 2008a; Gast
et al. 2011). The observed region includes three potential VHE
γ-ray emitters, SNR G284.3–1.8 (MSH 10–53), the high spin-
down luminosity pulsar PSR J1016–5857 (Camilo et al. 2001)
and the Fermi Large Area Telescope (Fermi-LAT) γ-ray binary
1FGL J1018.6–5856 (Abdo et al. 2010). SNR G284.3–1.8 has an
incomplete radio shell (Fig. 1) with a non-thermal radio spec-
trum and a flux density of (5.4 ± 0.8) Jy at 8.4 GHz (Milne
et al. 1989). Evidence of interaction with molecular clouds (MC;
12CO J = 1–0) has been reported by Ruiz & May (1986)
using observations with the 1.2 m Columbia Millimeter-Wave
Telescope. The MC content integrated over velocities in the lo-
cal standard of rest from –14.95 km s−1 to –21.45 km s−1 traces
the radio shell shape of the SNR.

The shell-like SNR shows a bright, narrow filament, coin-
cident with an Hα filament (Van der Bergh et al. 1973) to the
East. Optical and CO observations imply that SNR G284.3–1.8
is most likely a 104 yr old remnant of a type II supernova with
a massive stellar progenitor and that it is located at a distance
of dSNR = 2.9 kpc (with an error of ±20%) (Ruiz & May 1986).
The western edge of the shell shows a so-called finger emission
region (see Fig. 1) extended towards the direction of PSR J1016–
5857. This Vela-like pulsar and its associated X-ray pulsar wind
nebula (PWN), located ≈35′ away from the geometrical center
of the SNR, were discovered by Camilo et al. (2001, 2004) in
a search for counterparts of the unidentified source 3EG J1013–
5915 (Hartman et al. 1999) with the Parkes telescope. The ener-
getic pulsar, formerly associated with the SNR G284.3–1.8, has
a rotation period of 107 ms, a characteristic age τc = 21 kyr
and a spin-down luminosity of 2.6 × 1036 erg s−1. Its distance
can be estimated from the pulsar’s dispersion measure to be
dPSR = 9+3

−2 kpc (Taylor & Cordes 1993) or dPSR ≈ 8 kpc (Cordes
& Lazio 2002). Later observations with Chandra (Camilo et al.
2004) resulted in the detection of the associated X-ray PWN,
apparently located at the tip of the finger of the SNR radio emis-
sion. The PWN spectrum is well fit by a power-law model with
photon index ΓX = 1.32± 0.25, absorbing neutral hydrogen col-
umn density NH = (5.0 ± 1.7) × 1021 cm−2, and unabsorbed flux
F0.8−7 keV = 2.8 × 10−13 erg cm−2 s−1. The good match in both
width and position angle of the PWN and the SNR finger sug-
gests a possible connection between the two. However, the asso-
ciation of PSR J1016–5857 with SNR G284.3–1.8 is questioned
by the large difference in their distance measurements and the
large offset between the center of the shell and the pulsar po-
sition. Camilo et al. (2004) argue that the uncertainties in the
model for the free distribution of electrons in the Galaxy are
large along spiral arm tangents, affecting the estimation of the
distance inferred from the dispersion measure. A proper motion
velocity of vPSR = 500(d/3 kpc)(21 kyr/τc) km s−1 has to be in-
voked to connect the pulsar with the geometric center of the
SNR. Even if the proper motion velocity is within the range of
known pulsar velocities, this highly supersonic movement in the
local interstellar medium (ISM) would create a bow shock neb-
ula, which has not been observed.

The Fermi-LAT collaboration has reported the detection of
a new source 1FGL J1018.6–5856 (or 2FGL J1019.0–5856), po-
sitionally coincident with SNR G284.3–1.8 and associated with
the EGRET source 3EG J1013–5915 (Abdo et al. 2010, 2011).

$ Supported by Erasmus Mundus, External Cooperation Window.

Fig. 1. The MOST-Molonglo radio map (in units of Jy/beam) of
SNR G284.3–1.8 is displayed together with the position of the
Fermi-LAT source 2FGL J1019.0–5856 (white dashed line showing
the 95% uncertainty in its position) and its associated X-ray source
(green dot, XMMU J1018554–58564). To the west of the SNR the ra-
dio finger is visible extending towards the direction of PSR J1016–5857
(marked with a yellow filled star). The PSF size of the radio image is
45′′ × 52.5′′.

The source reported in the LAT second-year source catalog
shows an energy flux of (3.53 ± 0.11) × 10−10 erg cm−2 s−1 in
the 100 MeV to 100 GeV energy band, and a fit to a power-
law spectrum yields a photon index of ΓHE = 2.59 ± 0.04. The
AGILE collaboration also reported HE emission from this re-
gion and pulsed emission is marginally detected (4.8σ) from
the direction of PSR J1016–5857 (Pellizzonni et al. 2009). The
γ-ray emission from 1FGL J1018.6–5856, however, shows a
periodic modulation with a period of 16.58 ± 0.02 days, de-
tected by Fermi-LAT (Corbet et al. 2011; Ackermann et al.
2012). This periodicity is taken as evidence that 1FGL J1018.6–
5856 is a new γ-ray binary system, with an O6V((f))-type star
(2MASS 10185560–5856459) proposed as the stellar counter-
part. The spectrum of the periodic source exhibits a break at
≈1 GeV with best-fit values of ΓHE(0.1–1 GeV) = 2.00 ± 0.04
and ΓHE(1–10 GeV) = 3.09 ± 0.06 and an integral energy flux
above 100 MeV of (2.8±0.1)×10−10 erg cm−2 s−1. The binary na-
ture of the HE source is strengthened by the detection of a peri-
odic X-ray (Swift/XRT) and radio (Australia Telescope Compact
Array) compact source coincident with the γ-ray source. A coun-
terpart in hard X-rays has also been detected using INTEGRAL
data (Li et al. 2011).

2. H.E.S.S. observations

H.E.S.S. is an array of four VHE γ-ray imaging atmospheric
Cherenkov telescopes (IACTs) located in the Khomas Highland
of Namibia (23◦16′18′′ S, 16◦30′00′′ E). Each of these tele-
scopes is equipped with a tessellated spherical mirror of 107 m2

area and a camera comprised of 960 photomultiplier tubes, cov-
ering a large field-of-view (FoV) of 5◦ diameter. The system
works in a coincidence mode (see e.g. Funk et al. 2004), re-
quiring at least two of the four telescopes to trigger the de-
tection of an extended air shower (EAS). This stereoscopic
approach results in a high angular resolution of ≈6′ per event,

Suzaku XIS FOV

• Emission from G284 occupies almost 
the whole field-of-view of Suzaku XIS 
(no off-source region) 

• Impossible to estimate background 
from off-source regions 

• Model the X-ray background at the 
same time as the SNR

Spectral Model =  G284 (NEI; non-equilibrium ionization) 
                              + Galactic Ridge X-ray Emission (GRXE; two-kT CIE) 
                              + Foreground Emission (FE; two-kT CIE) 
                              + Cosmic X-ray Background (CXB; power law) 

We referred to Uchiyama+ (2013) for GRXE and FE, and Kushino+ (2002) for CXB models



G284 Spectral Fit

NH = (6.7 ± 0.3) × 1021 cm−2

kTe = 0.317+0.006
−0.004 keV

net > 1.6 × 1012 cm−3 s

ZNe = 0.93+0.26
−0.09 solar

ZMg = 2.82+0.93
−0.42 solar

ZSi = 1.94+0.25
−0.18 solar

• Absorption column density agrees well with that of 1FGL J1018 (6.4 × 1021 cm−2), 
indicating similar distances between the SNR and the gamma-ray binary 

• Consistent with the picture that G284 and 1FGL J1018 are the remnants of a 
common supernova explosion 

• Strong Mg-K line → High Mg abundance compared to Ne (One of the few examples 
of Mg-rich SNR as already pointed out by Williams+ 2015) 

CXB GRXE

FE

G284

Mg-K



Mg-Rich SNRs

exchange process seems to work in some evolved SNRs (e.g.,
Puppis A; Katsuda et al. 2012), this process may also be
responsible for the high G-ratio observed in N23.

4.2. Origin of the RP

We summarize the characteristics of the four SNRs studied
in this work in Table 3. Only N49 is interacting with dense
clouds identified by the CO (Banas et al. 1997) and Hα
(Melnik & Copetti 2013) observations. Given that similar
cloud interaction is observed in most SNRs from which the
presence of an RP has been confirmed (e.g., W49B; Ozawa
et al. 2009), thermal conduction into surrounding clouds might
play an important role in forming the RP (see Zhou et al. 2011,
for a discussion). In this scenario, there should be a spatial
correlation between the electron temperature of the SNR
plasma and the cloud density. Future deep observations of N49

with better spatial resolution are necessary to assess this
possibility.
An alternative is that the adiabatic expansion of the SNR

caused a rapid cooling of electrons and the resulting
recombining state of the plasma. In this scenario, the SN
ejecta should interact with dense circumstellar matter (CSM) in
the early phase of the SNR evolution, and the highly ionized
ejecta and CSM expand drastically after the SNR blast wave
breaks out to the low-density ISM (Itoh & Masai 1989).
Therefore, the ionization timescale (net) in this scenario is
characterized by the elapsed time and the density evolution
history since the break out took place. To evaluate the
possibility of this scenario, we estimate the electron density
in the present RP of N49 using the derived EM (=n n Ve H ).
Since the plasma density is known to be highly inhomogeneous
in this remnant (Park et al. 2012), we analyze archival Chandra
data of N49 to investigate the surface brightness profile. We

Figure 4. XIS FI spectra of N23 (upper left), N49B (upper right), and DEM L71 (bottom). The best-fit models are overlaid with the black solid lines. The solid blue
and red lines represent the best-fit high-kTe and the low-kTe components, respectively. The dotted lines show Gaussians for the Fe L emission missing from the plasma
code we used. The orange line in the model of N23 shows the power-law component for CXOU J050552.3–680141 (see the text).

Table 3
Summary of the Four LMC SNRs Studied in This Work

SNR RP Age (104 years) SN Type Morphology Cloud Interaction References

N49 Yes 0.4–0.5 Core-collapse MM Yes (CO and Hα) This work, 1, 2, 3
N23 No 0.4 Core-collapse MM No 2, 4
N49B No 1.09 Core-collapse Shell No 5
DEM L71 No 0.4–0.5 Ia Shell No 6, 7, 8

References. (1) Park et al. (2012), (2) Banas et al. (1997), (3) Melnik & Copetti (2013), (4) Broersen et al. (2011), (5) Park et al. (2003b), (6) Ghavamian et al.
(2003), (7) Hughes et al. (1998), (8) Hughes et al. (2003).
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Mg-rich SNRNormal SNR

Uchida+ (2015)

• Only a few examples reported so far such as N49B (Park & Bhalerao 2017) and 
G359.0−0.9 (Matsunaga+ 2024) 

• Park & Bhalerao (2017) claimed a large mass (≳ 25 M⦿) for the progenitor of N49B 
based on the Mg-rich ejecta mass 

• The conclusion would be, however, changed by taking into account the recent 
progress in the understanding of stellar evolution (e.g., Yadav+ 2020)



Shell Merger Process

In the case of the 1D model, the entropy in the region
inside 1.8–2.4 M increases gradually until the first 360 s
(D » -s k0.1 nucleonb

1 ), keeping the gradient unchanged. In
the last 60 s, the inner Fe/Si core experiences significant
contraction (≈50%). The associated density and temperature
increment leads to a rapid increase in the burning rate of
oxygen, as well as neon (1D mixing). This raises the overall
entropy in the oxygen shell and weakens the “buoyancy gap”
between the O and Ne shells. The softening of the convective
boundary13 leads to more efficient mixing. In case of the 3D
model, the entropy evolution is remarkably different. The
overall entropy increase is mostly due to the heat deposited
by oxygen and hot-spot burning. In the first 360 s, the
average entropy for the matter inside 2.5–3.7 M decreases
by D » -s k0.03 nucleon2.5 3.7 b

1
– . This high-entropy material is

carried inward by convective downdrafts. During the same
time, the average entropy for the matter inside 1.8–2.5 M
increases byD » -s k0.54 nucleon1.8 2.5 b

1
– . The ratio ofDs1.8 2.5–

andDs2.5 3.7– is >10, which clearly shows that the entropy gain
of the inner region cannot be explained as resulting from
entrainment of high-entropy material and must be a result of
nuclear burning. The entropy profile inside 1.8–2.4 Mis
leveled in the first 60 s, but the additional Ne burning preserves
the small negative entropy gradient between 2.4 and 3.6 M. At
the same time, the steep entropy barrier close to 2.4 M is
softened (the entropy jump is reduced). With the complete
disappearance of the stabilizing gradient provided by zoneI at
≈250 s, thermal energy can be convected into a much larger
volume. We define three timescales relevant for the growth of

entropy: the convective (tconv), nuclear (tnuc), and expansion
(texp) timescales, which are defined as
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where =H Pdr dPP is the pressure scale height, and eth
is the specific internal energy. Figure 11 shows a comparison
between the nuclear and convective timescales, x = t t:1 nuc conv,
in the region inside 2.5 M during the last 60 s before the
onset of collapse. The value of ξ1 is much larger than unity
everywhere (except close to the inner boundary), which means
convection can carry away all of the nuclear energy released.
However, this cannot explain the entropy peak seen at the base
of the O shell (see the right panel of Figure 10). Now, let us
take the contraction of the inner core into account. During the
last 60 s, the inner boundary of the O shell recedes inward
rapidly, while at the same time, the outer layers move inward at
lower velocities. Therefore, a given mass shell located between
r and r+δr expands in size. A convective plume that starts at
the base of such a shell needs to cover a longer distance to
leave the shell. This would result in trapping of the convective
flow, leading to a reduction in the convective efficiency.
Figure 11 shows a comparison of the expansion and convective
timescales, x = t t:2 exp conv. During the last seconds before
collapse, this ratio approaches unity, which implies that the
convective flow is trapped. The inability of convection to
transfer the released nuclear energy leads to a rapid buildup of
entropy (D » -s k0.2 nucleonb

1 during the last 5 s) at the base
of the O shell, leading to an overall negative entropy gradient

Figure 12. Slices (x y– plane) showing the spatial distribution of Ne (upper row) and Si (lower row) at various times compared to the volume-rendered 3D views in
Figure 8. The inner cavity in the Ne distribution (panels (a) and (b)) is shaped by the expanding Si shell (panels (d) and (e)). Panel(b) shows prominent Ne downdrafts
extending deep into the underlying region, and panel(e) shows the large-scale Si-rich dipolar plumes. Panels(c) and (f) show the well-merged/mixed Ne and Si
abundances prior to the onset of gravitational collapse. Each panel shows data only inside a spherical region bounded by a convectively stable layer (zone II for 268
and 323 s and zoneIII for 420 s) for clarity of presentation. Please see the animation provided in Figure 20 in Appendix C.

13 Note: In KEPLER, convective boundaries are “softened” by one formal
overshoot zone with 1/10 mixing efficiency as semiconvection.
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• In the pre-supernova phase, Ne- or O-burning shell can be merged with outer O-Ne-Mg 
layer 

• Such "shell mergers" can change the metal abundances so that Mg/Ne becomes 
higher than the cases without shell mergers (Sato+ 2024; Matsunaga+ 2024) 

• Shell mergers also change the density profiles inside the star, resulting in higher 
supernova explosion probability

Yadav+ 2020



Progenitor of G284

• Stellar models taken from Sukhbold+ (2018), and distinction between exploding and 
non-exploding models based on Ertl+ (2016) (See Matsunaga+ 2024 for details) 

• Initial mass of the progenitor of G284: < 15 M⦿ 

• The supernova explosion should have left behind a neutron star
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Conclusions
• We analyzed Suzaku X-ray data of the SNR G284.3−1.8, which positionally coincident 

with the gamma-ray binary 1FGL J1018.6−5856.  

• The X-ray absorption column density of the SNR and the binary agree well with each 
other at ~ 6–7 × 1021 cm−2, suggesting that the two objects are located at similar 
distances.  

• The X-ray spectrum of G284 shows the strong Mg K-shell emission line, making the 
SNR one of the few examples of Mg-rich SNRs.  

• Based on recent stellar evolution models, the high Mg-to-Ne mass ratios found in G284 
can well be explained by pre-explosion shell mergers inside the progenitor.  

• The initial mass of the progenitor of G284 is estimated to be < 15 M⦿. 

• If so, the supernova explosion should have left a neutron star.  

• On the other hand, the characteristics of 1FGL J1018 are well explained by the so-
called  pulsar-wind model.  

• Our result suggests G284 and 1FGL J1018 are remnants of a common supernova.


