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ABSTRACT

We report on a new Be/X-ray pulsar binary located in the Wing of the Small Magellanic
Cloud (SMC). The strong pulsed X-ray source was discovered with the Chandra and XMM-
Newton X-ray observatories. The X-ray pulse period of 1062 s is consistently determined from
both Chandra and XMM-Newton observations, revealing one of the slowest rotating X-ray
pulsars known in the SMC. The optical counterpart of the X-ray source is the emission-line
star 2dFS 3831. Its B0O-0.5(Il)e+ spectral type is determined from VLT-FLAMES and 2dF
optical spectroscopy, establishing the system as a Be/X-ray binary (Be-XRB). The hard X-ray
spectrum is well fitted by a power law with additional thermal and blackbody components, the
latter reminiscent of persistent Be-XRBs. This system is the first evidence of a recent supernova
in the low-density surroundings of NGC 602. We detect a shell nebula around 2dFS 3831 in
Ho and [O 1] images and conclude that it is most likely a supernova remnant. If it is linked
to the supernova explosion that created this new X-ray pulsar, its kinematic age of (2-4) x
10* yr provides a constraint on the age of the pulsar.

Key words: stars: emission-line, Be — ISM: supernova remnants — Magellanic Clouds —

X-rays: binaries.

1 INTRODUCTION

The Small Magellanic Cloud (SMC) is host to a large population of
~50 high-mass X-ray binaries (HMXBs), comparable to the number
known in the Galaxy (e.g. Haberl & Pietsch 2004; Coe et al. 2005;
Reig 2011). However, unlike the Galactic population, all of these
systems but one are Be/X-ray binary (Be-XRB) systems, with the
exception (SMC-X1) containing a supergiant companion instead
(Webster et al. 1972).

The Wing of the SMC is the region linking the eastern side of
the SMC to the Bridge. Despite its lower content of gas, dust and
stars, it had a major star-forming event ~11 Myr ago and appears,
as expected, deficient in Be-XRBs (Antoniou et al. 2010). Note,
however, that the coverage of the SMC Wing by X-ray observations
has been sparser than that of the Bar. Each new discovery of a Be-
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XRB in the SMC Wing is therefore particularly noteworthy (e.g.
McGowan et al. 2007).

We have conducted Chandra and XMM-Newton observations of
the far eastern region of the Wing, concentrating on the star-forming
region NGC 602. The full description of these observations will be
presented in a forthcoming paper (Oskinova et al., in preparation). In
this Letter, we concentrate on one bright X-ray source located near
NGC 602 in projection and coinciding with the emission-line star
2dFS 3831 (RA = 1"27M46°03, Dec. = —73°32'56742, J2000.0),
which is revealed as a Be-XRB. Based on the results of Section 2.2,
throughout this Letter we will refer to the X-ray source as SXP 1062
following the nomenclature of Coe et al. (2005) for SMC X-ray
pulsars.

The stellar population of NGC 602 (which comprises three star
clusters: NGC602 A, B and C) has been studied in detail. In addi-
tion to very old stars of 6-8 Gyr, likely the SMC field population,
the NGC 602 clusters contain young stars of ~4-5 Myr (Wester-
lund 1964; Hutchings, Cartledge & Pazder 1991; Cignoni et al.
2009). The significant number of young stellar objects detected in
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the NGC 602A cluster (Carlson et al. 2007; Gouliermis, Quanz &
Henning 2007) suggests that star formation is still ongoing. As for
what initially triggered the formation of these clusters, the low-
density environment in the Wing of the SMC hints at an additional
mechanism acting along with gravitational collapse. NGC 602 is
located at the intersection of three H 1 shells, and Nigra et al. (2008)
suggested that its formation is the result of the interaction of two
expanding shells ~7 Myr ago. Schmalzl et al. (2008) proposed in-
stead that star formation was possibly induced by encounters with
the Large Magellanic Cloud or the Milky Way. NGC 602 is associ-
ated with SGS-SMC1, the only He supergiant shell known in the
SMC. The discovery of a Be-XRB in this area (only ~7 arcmin to
the west of NGC 602A) provides important clues to the star forma-
tion history in the Wing and the evolution of large-scale structures
in the interstellar medium.

This Letter is organized as follows. We describe the X-ray ob-
servations and analysis in Section 2. In Section 3, we present the
spectroscopy of the optical counterpart. We discuss the properties
and environment of SXP 1062 in Section 4 and present our conclu-
sions in Section 5.

2 X-RAY OBSERVATIONS

The X-ray data were obtained with the ACIS-I camera on the
Chandra X-ray Observatory and with the EPIC cameras on-
board XMM-Newton. The Chandra observations consisted of 11
separate exposures acquired between 2010 March 31 and 2010
April 29 (effective exposure time of 290.7 ks), while four sepa-
rate exposures were obtained with XMM-Newton between 2010
March 25 and 2010 April 12 (EPIC-pn effective exposure time of
162.5ks). The data were reduced using the most up-to-date versions
of the corresponding data reduction software. The X-ray source
CX01J012745.97—733256.5 (= SXP 1062) coinciding with the op-
tical emission-line star 2dFS 3831 is detected in each of these 15
exposures. In the Chandra observations, the positional uncertainty
(1o) of the X-ray source is 0.9 arcsec. The average background-
subtracted count rates are 0.0548 £ 0.0004 and 0.1227 £ 0.0019
count s~! respectively for the Chandra pointings in the 0.5-10.0keV
band and the XMM-Newton EPIC-pn observations in the 0.2-12.0
keV band. The source was also detected during an XMM—-Newton
slew on 2009 November 16. Interestingly, the source was not de-
tected in the ROSAT All Sky Survey, although at its present lu-
minosity it would have been bright enough at an expected ROSAT
PSPC count rate of 0.01 counts™'.

2.1 Spectral analysis

Fig. 1 shows the combined background-subtracted Chandra and
XMM-Newton spectra of SXP 1062. The Chandra spectra were
extracted from a 12.8-arcsec circular region and the background
was extracted from a concentric annular region of radii 12.8 and
19.2 arcsec which was free of sources. Likewise, the XMM-Newton
spectra were extracted from a 32-arcsec circular region and the
background from four adjacent circular regions free of sources with
radius 45 arcsec.

As a first step, the background-subtracted Chandra and XMM-
Newton spectra of SXP 1062 were simultaneously fitted using a sim-
ple absorbed power-law model. The best-fitting parameters, listed in
Table 1, imply an absorbed flux in the energy range 0.2—-12.0 keV of
fx = 1.8 x 1072 ergecm~2 s~!. This corresponds to an intrinsic X-
ray luminosity in this same energy range of Lx = 6.9 x10* ergs™!
assuming a distance modulus of 18.7 appropriate for the Wing (e.g.

0.1 XMM~—Newton

&>

[

i

- 001 -
2 £ 3
" F ]
8 [ ]
a L 4
L

— 0.001

Al/o
o w
N RRREEE R R Ra ey
3
.
A
.0
o3
B
s, L
e
Xy
“
o
,
pA d
§9%
B
3 - .
*
>
J
e O’Z
|
1. ]
R-TES
o
'tf'ﬁ— 4+
1 . ®o0 =
| B
Je
Lol

.

_ £5d .
3 I P R A TR T TR
T+ t T +—t

5 S o Chandra —
~ 0 P X P .0 -
35 3 . .{*‘o‘\' 200} 3 eee P E
T B | I I P IR

0.5 1 5 10

E (keV)

Figure 1. Chandra ACIS-1 and XMM-Newton EPIC-pn spectra of
SXP 1062. Overplotted is the best-fitting model including power-law, ther-
mal and blackbody components. The lower panels show the residuals of the
fit.

Cignoni et al. 2009), or Ly = 8.2 x10* erg s~! for the ‘standard’
SMC distance modulus of 18.9 (e.g. Harries et al. 2003). The photon
index I" of ~0.75 is typical of X-ray pulsar binaries (e.g. Yokogawa
et al. 2003) and a signature of accretion onto a strongly magnetized
neutron star.

The simple power-law model suggests some emission excess be-
low 1 keV and at high energies. As a next step, we added a blackbody
component, which statistically improved the fit (see Table 1). The
observed X-ray flux is similar to that of the previous model, but the
X-ray luminosity decreases by ~10 per cent. We also tried a model
for which a thermal plasma component with SMC abundances is
included instead of a blackbody. Similarly to the blackbody, the
addition of a thermal component to the power-law model improves
the fit. In this case, the intrinsic X-ray luminosity is only marginally
greater by ~1 per cent compared to the simple power-law model.

Finally, the best fitis achieved by adding simultaneously a thermal
and a blackbody component to the power law (see Table 1 and
Fig. 1). The flux for this model (PBT in Table 1) is fx = 1.6670 ¢ x
10712 erg cm™2 57!, corresponding to an intrinsic luminosity Lx =
6.370% x 10% erg s~! for a distance modulus of 18.7.

The column densities are well constrained by spectral fitting,
albeit the values slightly differ depending on the model. Using the
best-fitting values, we note that the H column densities in Table 1
imply Ay = 0.63-0.87 mag for the Ny/Ay ratio of 1.87 x 10*' cm~2,
ie. E(B—V)=0.20-0.28 assuming Ry = 3.1. This range is in good
agreement with the E(B — V) = 0.19 value computed by comparing
the value (B — V) = —0.04 of 2dFS 3831 (Massey 2002) with the
intrinsic value (B — V)y = —0.23 of a BO-0.5I1I star (Wegner 1994)
given the uncertainties on the photometry and spectral type (see
Section 3 for the optical spectroscopy of 2dFS 3831).

2.2 Timing analysis

The photon arrival times were corrected for the Solar system
barycentre. We searched for pulsations in the X-ray light curves
in the soft and hard energy bands (0.4-1.5,2.0-7.2keV) and a total
energy band (0.4-7.2keV), using fast Fourier transform and light-
curve folding techniques as implemented in the timing analysis

© 2012 The Authors, MNRAS 420, L13-L17
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Table 1. Best-fitting parameters of the spectral models. The codes for the different components of each model are ‘P’ for power law, ‘B’ for blackbody and

‘T’ for optically thin thermal emission with SMC abundances.

Model Ny r Apower law kT Ablackbody kT Athermal XZ/d-O-f-
(10*" em™2) (photkeV~! em™2 s71) (keV) (10% erg s™! kpe™2) (keV) (107 em™)
P 1.18 £0.06  0.746 £ 0.011 (6.60 £0.11) x 1073 - - - - 1.30
PB 1.48 £0.12 1.185 £ 0.022 (6.35+£0.35) x 1073 213+£0.05 (1.11 £0.20) x 1073 - - 1.21
PT 1.63 £0.04 0.732 £ 0.011 (6.48 £0.12) x 1073 - - 0.589 £0.032 2.60 £0.32 1.19
PBT 1.35+0.12  0.767 £ 0.027 (4.87 £0.30) x 1073 1.54 £ 0.16 (4.54+0.9) x 1076 0.648 £0.029  2.80 +£0.30 1.07
XM 0.41.5 KoV hard energy band were binned by 5, 200 and 200 s, respectively.
1of Bin time: 200's ] The 5s bin time for one of these was chosen to make sure that a
shorter pulse was not missed. No pulse was found in the soft band
5F ] Chandra observations, possibly because the count rate is too low.
o Because of the softer response of the EPIC-pn camera, the pulse in
0 5x10 10 1.5x10 2x10° 2.5x10° the soft band is the most obvious in the light curves obtained with
0L CXO 2.0-7.2keV this instrument.
5 ol Bin time: 2005 § Note that in addition to the pulse period, X-ray variability was
z also detected at a level of ~20 per cent peak-to-peak on a time-scale
o1 k. ‘ F ‘ h ] of several days in both XMM—Newton and Chandra light curves.
o Given that this variability does not appear regular and that the time
0 5107 10° 1.5x10° 2x107 25x107 sampling is very sparse, we do not analyse these variations further.
20F XMM 2.0-7.2keV 4
15 Bintime:5s §
3 OPTICAL SPECTROSCOPY
From its X-ray position with subarcsecond precision from Chan-
dra images, the optical counterpart to SXP 1062 is identified as
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Figure 2. XMM-Newton and Chandra power density spectra in the soft and
hard energy bands for different bin times.
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Figure 3. Pulse profiles folded with a period of 1062 s in different energy
bands.

software xrRoNos. Fig. 2 shows the inferred Chandra and XMM-
Newton power density spectra in the soft and hard energy bands
with a clear peak at a frequency of 9.4 x 107*Hz (P = 1062s).
This coherent X-ray pulse period establishes the source as a binary
X-ray pulsar. The pulse profiles folded with this period are shown
in Fig. 3.

The light curves used to compute the XMM—Newton power spec-
trum in the hard energy band, the XMM-Newton power spectrum
in the soft energy band and the Chandra power spectrum in the

© 2012 The Authors, MNRAS 420, L13-L17
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2dFS 3831 (Evans et al. 2004). We observed this star with the VLT-
FLAMES instrument (Pasquini et al. 2002) on 2010 October 25 as
part of a spectroscopic survey of massive stars in NGC 602 com-
plementing our X-ray observations. Spectra were obtained in the
Medusa-fibre mode of FLAMES using the LR0O2 setting of the
Giraffe spectrograph (39604564 A, R = 7000, e.g. Evans et al.
2011). Five pairs of 1800-s exposures were obtained. The standard
data processing (bias subtraction, fibre location, summed extrac-
tions, division by flat-field, wavelength calibration) was done using
the ESO Common Pipeline Library FLAMES reduction routines
(v.2.8.7). Additionally, heliocentric correction and subtraction of a
median sky spectrum were performed (for details, see e.g. Evans
et al. 2011). The spectra from all the exposures were then normal-
ized and merged. The 2dF spectra of this star were also retrieved.
These two spectra cover the regions from ~3800 to 4900 A and
~6000 to 7000 A, with resolving powers of 1500 and 2500, re-
spectively (Evans et al. 2004). Fig. 4 shows the VLT-FLAMES and
2dF spectra of 2dFS 3831. The VLT-FLAMES spectrum has been
smoothed and rebinned to an equivalent resolving power of R =
4000.

A weak Hen A4542 absorption line is visible in the VLI-
FLAMES spectrum and there is a hint of a weak He 11 14686 line in
the 2dF spectrum, but He 1 A4200 is absent, suggesting a spectral
type around B0-0.5 following the classification adopted by Evans
et al. (2004).

Several characteristics attributable to a circumstellar disc indicate
that 2dFS 3831 is a classical Be star. Fen A4179 and Fen 14233
emission lines typical of some early Be stars (e.g. Slettebak 1982)
are visible in the VLT-FLAMES spectrum. The He emission seen
in the 2dF spectrum (see the right-hand panel in Fig. 4) is relatively
strong with an equivalent width (EW) of —23 A. There is signif-
icant HB emission, plus emission in the core of the other Balmer
lines (double-peaked in the VLT-FLAMES spectrum) and apparent
infilling of the He1 absorption lines. Two Micron All Sky Survey
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Figure 4. Optical VLT-FLAMES and 2dF spectra of 2dFS 3831 with key spectral features identified. The VLT-FLAMES spectrum is offset vertically.

(2ZMASS; Skrutskie et al. 2006) JHK photometry also indicates a
clear infrared excess when compared with expected colours for a
B0-0.5 spectral type (Wegner 1994). The double-peaked emission
in the Balmer lines is not due to oversubtraction of nebular features
present in the median sky spectrum. Also, given the relative weak-
ness of the nebular emission lines in the mean sky spectrum, the
emission in the core of the Balmer lines is most likely dominated
by circumstellar material and not by nebular contamination.

The observed magnitude (V = 14.36, B = 14.32; Massey 2002)
and arange of reasonable extinction estimates (including both the in-
terstellar and circumstellar components) lead to an absolute magni-
tude consistent with a B0-0.5 giant (Walborn 1972; Vacca, Garmany
& Shull 1996). We thus determine the spectral type of 2dFS 3831
as B0-0.5(II)e+, where ‘4 signifies the presence of Feu. This
corresponds to a typical effective temperature 7T ~ 26 000 K and
an evolutionary mass M ~ 15 M at SMC metallicity (cf. Trundle
et al. 2007).

We estimated the radial velocity of 2dFS 3831 from the VLT-
FLAMES spectrum by fitting Gaussian profiles to the wings of Hy,
Hd, He, He1 A4143 and He1 A4388. The average of all measure-
ments is 167 kms~!with a standard deviation of 13 kms~!. This
is consistent with the mean velocity of massive stars in the SMC
(Evans & Howarth 2008), and also with the gas velocities mea-
sured by Nigra et al. (2008) across the N90 Hu region ionized
by NGC 602A. Thus, we do not see any evidence that the HMXB
acquired a high space velocity following the supernova explosion.

4 DISCUSSION

4.1 The properties of SXP 1062

SXP 1062 is only the third SMC X-ray pulsar with a spin period
larger than 1000 s (Laycock et al. 2010). These slowly rotating pul-
sars are particularly interesting because they represent a challenge
for the theory of spin evolution of a neutron star in a close binary
system (e.g. Ikhsanov 2007).

According to the Corbet diagram for SMC Be-XRBs relating spin
and orbital period (Corbet et al. 2009), we expect SXP 1062 to have a
binary period of ~300 d. Such a long orbital period is also expected
from the Py»—EW (He) diagram (Reig, Fabregat & Coe 1997), from
which our measured EW(He) suggests an orbital period of ~100d.
Note however that the maximum EW(Ha) of the system, which
probes the maximum size of the disc (and indirectly the orbital

period), could be higher than our instantaneous measurement, so
this period estimate should be taken as a lower limit.

SXP 1062 shares many characteristics with the class of persis-
tent Be-XRBs (e.g. Reig 2011): a relatively low X-ray luminosity
~10%-10% ergs~!, a slowly rotating pulsar with P > 200, a rel-
atively flat light curve with sporadic and unpredicted increases in
intensity by less than an order of magnitude, and a lack of iron lines
at ~6.4keV indicative of small amounts of material in the vicin-
ity of the neutron star. A thermal excess of blackbody type, with
a high temperature (k7" > 1keV) and a small emission area (R <
0.5km, consistent with a hotspot at the polar cap of the neutron
star) has recently been suggested as a common feature of persistent
Be-XRBs (La Palombara et al. 2009). Such a component is also
identified in the X-ray spectrum of SXP 1062, for which we infer
a size of ~0.4km for the blackbody source from our best-fitting
models (Section2.1).

4.2 The environment of SXP 1062

We detected a shell nebula around SXP 1062 in the Magellanic
Cloud Emission-line Survey (MCELS; Smith et al. 1999) Ho image
and in the higher resolution CTIO 4-m MOSAIC (Muller etal. 1998)
Ho image (see Fig. 5). This shell is also detected in the MCELS
[O m] image, but hardly in [S m]. We adopt below a distance modulus
of 18.7. The shell is not uniform, with radii varying from 75 arcsec
at the sharp rim on the north-east to 94 arcsec at the diffuse edge on
the south-west. The peak surface brightness of the north-east rim is
~6 x 107" erg cm™2 s~! arcsec ™2, corresponding to an emission
measure of 30 cm~® pc. The width of the rim suggests that the shell
thickness (AR) is 5-10 per cent of the shell radius (R). The longest
emitting length at the shell rim is 2R[1 — (AR/R)?]"/?; thus, the rms
density in the shell is 1.3 & 0.3 H-atom cm~>. The gas mass in the
shell is 250 £ 100 M. This large mass indicates that the shell gas
must be dominated by interstellar material.

The shell morphology resembles supernova remnants (SNRs) in
the Magellanic Clouds. The X-ray images also suggest that diffuse
X-ray emission possibly associated with a SNR may be present
in the vicinity of SXP 1062 (Oskinova et al., in preparation). As
the shell mass is much larger than the typical supernova ejecta
mass, we assume that the shell is a SNR in the Sedov phase. The
kinetic energy in the shell would be ~30 per cent of the super-
nova explosion energy. Adopting a canonical explosion energy of
10°! erg, the current shell kinetic energy is 3 x 10 erg, and im-
plies a shell expansion velocity of 350 & 100 km s~! and an age of

© 2012 The Authors, MNRAS 420, L13-L17
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Figure 5. MOSAIC Ha image and MCELS He, [S 1] and [O 1] images of
aregion centred on the position of 2dFS 3831 = SXP 1062 and showing the
shell nebula detected around the target.

0.4(R/V) = (2-4) x 10* yr. This age is much larger than the cool-
ing time-scale of this low-density gas, justifying an adiabatic shock
for the Sedov phase. The pre-shock interstellar gas density, 1/4 the
shell density, is 0.3 £ 0.1 H-atom cm >, consistent with the low
density expected in the SMC Wing. The bright [O 1] emission can
be easily produced by a 350 km s~ shock (cf. Hartigan, Raymond
& Hartmann 1987). The ionizing flux of the BO-0.5111 star can easily
photoionize the shell gas and its surrounding pre-shock medium;
furthermore, the diffuse [O 1] emission to the north-east exterior of
the shell indicates the existence of a harsh radiation field; therefore,
the ionization stage of the pre-shock medium may be too high to
produce strong post-shock [S11] emission. We thus conclude that
the shell nebula detected around SXP 1062 is most likely a SNR.
The extent of the shell, which has not reached the NGC 602 region,
and its young kinematic age suggest that this supernova event did
not trigger the formation of NGC 602.

5 CONCLUSION

We reported the discovery of a Be-XRB, SXP 1062, containing one
of the slowest rotating X-ray pulsars in the SMC. We suggest that
the shell nebula detected around this object is a SNR. Its estimated
kinematic age of (2-4) x 10* yr is probably the age of the pulsar.
This is, to our knowledge, the first discovery of a pulsar associated
with a SNR in the SMC.
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