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1 INTRODUCTION

ABSTRACT

SXP 1062 is a Be X-ray binary located in the Small Magellanic Cloud. It hosts
a long-period X-ray pulsar and is likely associated with the supernova remnant MC-
SNR J0127-7332. In this work we present a multi-wavelength view on SXP 1062 in
different luminosity regimes. The data set analyzed in this paper consists of optical
OGLE photometric data, an X-ray monitoring campaign with Swift, XMM-Newton
observations during quiescence of the source, Chandra observations following an X-
ray outburst, as well as optical spectroscopy using the RSS/SALT telescope obtained
nearly simultaneously with the Chandra observations. During this campaign we ob-
served a tight coincidence of an X-ray and an optical outburst, i.e., a typical Type I
outburst as often detected in Be X-ray binaries at periastron passage of the neutron
star. To explain the results of our multi-wavelength campaign we propose a simple
scenario where the disc of the Be star is observed face-on, while the orbit of the neu-
tron star is inclined with respect to the disc. According to the model of quasi-spherical
settling accretion our estimation of the magnetic field of the pulsar in SXP 1062 does
not require an extremely strong magnetic field at the present time.

Key words: pulsars: individual: SXP 1062 - galaxies: individual: Small Magellanic
Cloud - stars:neutron - X-rays: binaries

discovered by Chandra and XMM-Newton in March 2010
(Hénault-Brunet et al. 2012; Haberl et al. 2012). The opti-

Be X-ray binaries (BeXBs; Reig 2011) are a subgroup of
high mass X-ray binaries. The donor stars in these interest-
ing objects are non-supergiant, fast-rotating B-type stars
with decretion discs. The compact objects, in most con-
firmed BeXBs, are magnetized rotating neutron stars (NSs).
Therefore, the majority of BeXBs are X-ray pulsars (Nagase
1989). The accretion in BeXBs is likely powered by the in-
teraction between the decretion disc of the Be star and the
NS (Okazaki & Negueruela 2001).

The subject of this study, SXP 1062, is an X-ray pulsar lo-
cated in the Wing of the Small Magellanic Cloud (SMC)
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cal counterpart of SXP 1062 is the Be star 2dFS 3831 (BO-
0.5III; Evans et al. 2004). From the analysis of these first
observations a long X-ray pulse period Pipin ~ 1062s was
found.

SXP 1062 is especially interesting because it is the first X-ray
pulsar most likely residing in its parental supernova remnant
(SNR). The association of SXP 1062 with MCSNR J0127-
7332' allows to estimate the age of the NS. Two indepen-
dent groups obtained compatible values for the kinematic
age of MCSNR J0127-7332 of ~2—4x10" years (Hénault-
Brunet et al. 2012), and ~1.6x 10" years (Haberl et al. 2012).

! http://sci.esa.int/xmm-newton/49789
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Table 1. Log of X-ray Chandra and XMM-Newton observations. There are five different observations as indicated in the first column.

# Instrument ObsID MJD Date Exp Time (ks) AE (keV)
1 EPIC-MOS1/XMM-Newton 0721960101 56606.79  2013-10-11 77.1 0.2-10
1 EPIC-MOS2/XMM-Newton 0721960101 56606.79  2013-10-11 77.2 0.2-10
1 EPIC-pn/ XMM-Newton 0721960101  56606.80  2013-10-11 66.2 0.2-15
2 ACIS/Chandra 15784 56827.80  2014-06-19 29.6 0.3-10
3 ACIS/Chandra 15785 56837.49  2014-06-29 26.8 0.3—-10
4 ACIS/ Chandra 15786 56846.30  2014-07-08 26.3 0.3-10
5 ACIS/Chandra 15787 56856.91  2014-07-18 25.0 0.3—-10

NOTE: The exposure time is the sum of good time intervals after removing times of high background.

According to standard models, at this age the NSs are too
young to be in the accretor phase, and, consequently, are not
expected to be X-ray pulsars (Lipunov 1992, and references
therein).

A number of models and scenarios are suggested to explain
the physics of SXP 1062. Haberl et al. (2012) proposed that
its NS was born with unusually long initial spin period signif-
icantly larger than 0.1s. Popov & Turolla (2012) suggested
that the NS is spinning close to the equilibrium period and
has a current magnetic field of B < 103 G at present time,
while initially it had a strong magnetic field in excess of
B ~ 10" G. Tkhsanov (2012) put forward a magnetic accre-
tion scenario, while Fu & Li (2012) explored the possibility
that SXP 1062 is a present day accreting magnetar.

In this paper we use a complex multi-wavelength approach
and analyse a large set of data with the goal to shed new light
on the origin and properties of SXP 1062. The data were
collected during the quiescent stage as well as at outburst.
The optical observations were obtained with the SALT tele-
scope; we also use publicly available OGLE data. The X-ray
observations analysed in this paper are obtained with Swift
(long time monitoring), XMM-Newton (in quiescence) and
Chandra (in outburst). The optical and X-ray observations
were coordinated during outburst. The paper is organized as
follows. Section 2 presents the new data and observations.
Section 3 is dedicated to the data analysis and results. In
Section 4 we compare our results with previous results and
discuss the enigmatic properties of SXP 1062. Finally, in Sec-
tion 5 we present a summary and our final conclusions.

2 OBSERVATIONS
2.1 X-ray data
2.1.1 EPIC/XMM-Newton

The FEuropean Photon Imaging Camera (EPIC;
?Striider etal. 2001), on board of the XMM-Newton
observatory comprises a set of three X-ray CCD cameras:
EPIC-MOS1, EPIC-MOS2, and EPIC-pn. The EPIC-pn
covers an energy range between 0.2 and 15keV, while the
EPIC-MOS1 and EPIC-MOS2 are sensitive at energies
between 0.2 and 10keV.

We obtained an XMM-Newton observation with the EPIC
instruments in full-frame mode (Table 1) during quiescence
of SXP 1062 (pink vertical line in the bottom panel of Fig. 1).
The XMM-Newton data were reduced with the Science Anal-
ysis Software (XMMSAS, version 13.5).

2.1.2  XRT/Swift

The X-ray Telescope (XRT) mounted on the Swift obser-
vatory (?) operates in the energy range 0.3 — 10keV. XRT
was monitoring SXP 1062 between 2012-10-09 and 2014-10-
26 (TargetID: 91814, see bottom panel in Fig.1). During
this monitoring campaign an X-ray outburst was detected
on 2014-06-01 (ObsID:00091814001). The detection of the
X-ray outburst triggered our target of opportunity Chandra
observing campaign.

2.1.83 ACIS/Chandra

The Chandra Advanced CCD Imaging Spectrometer (ACIS;
Garmire 2001), on board Chandra is sensitive in the 0.3 —
10keV energy range. We obtained four Chandra observa-
tions (see Table1) triggered by the outburst detected dur-
ing our XRT/Swift monitoring campaign (times of obser-
vations are marked in Fig.1 as green vertical lines). Our
optical RSS/SALT observations (see Section 2.2.1) were ac-
cumulated nearly simultaneously. The first Chandra obser-
vation was performed using the Continuous Clocking Mode
which is recommended for very bright sources as it prevents
the photon pile-up. The other three exposures were obtained
with the standard Timed read out mode. The Chandra data
were reduced with version 4.6 of the Chandra Interactive
Analysis of Observations (CIAO) software.

2.2 Optical data
2.2.1 RSS/SALT

The optical spectroscopy was collected using the Robert Sto-
bie dual-beam Visible/Near-IR spectrograph mounted on
the SALT 11 m telescope (RSS; Kobulnicky et al. 2003).
We obtained four sets of observations (see Table2) which
are part of the programs 2014-1-RSA_OTH-22 and 2016-2-
RSA-044. Three data sets were obtained in 2014 after the
outburst detected by our Swift monitoring campaign (ob-
serving times are indicated in the top-panel of Fig. 1 as red
vertical lines) and are quasi-simultaneous with our Chandra
observations. The data sets consist of long-slit spectra using
two different long-slit set-ups. The first covers wavelengths
between 6082 A and 6925 A7 i.e., the Ha emission line, with
a slit width of either 1.25" (first observation) or 1.5” (rest of
observations). The second set-up covers the range between
3835 A and 4924 A, i.e., HB and H~ emission lines with a slit
width of 1.5”.

(© 0000 RAS, MNRAS 000, 000-000
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Figure 1. Upper panel: OGLE -band light curve covering SXP 1062 between 2010-08-06 (MJD 55414.14) and 2014-11-26 (MJD 56987.10).

The red vertical lines indicate the epochs of the optical RSS/SALT obse

rvations. Bottom panel: XRT /Swift 0.3—10keV X-ray light curve

between 2012-10-09 (MJD 56209.50) and 2014-06-22 (MJD 56830.43). The pink vertical line indicates the epoch of the EPIC observation,
and the green vertical lines indicate the epochs of the ACIS observations. The dotted vertical lines shown in both panels indicate the
periastron passage of NS according to our analysis (Section 3.1). Note the coincidence between the X-ray outburst shown in the bottom

panel with the third optical outburst shown in the upper panel.

Table 2. Log of optical RSS/SALT observations obtained with

Table 3. Equivalent widths of the Ha line in the optical spectra

the VPH PG2300 grating. of SXP 1062.
# MJD Date AX (A) MJD EW (A) Reference
Ha
1 56827.80 2014-06-20 6082 — 6925
2 56835.49 2014-06-27 6082 — 6925 55494 —23+1 Hénault-Brunet et al. (2012)
) 2014-06-27 3835 — 4924 56214 —26.7+0.1 Sturm et al. (2013)
2 2014-06-27 3835 — 4924 56827 —36.3+0.6 This work
3 56847.30 2014-07-09 6082 — 6925 56835 —34.0+£0.6 This work
3 2014-07-09 3835 — 4924 56847 —34.14+0.6 This work
3 2014-07-09 3835 — 4924 57694 —33+1 This work
4 57694 2016-11-02 6082 — 6925

NOTE: The wavelength coverage of the grating changes with
the input angle. The spectra covering the Ha region

(6082 — 6925A) were obtained with the angle of 48.875°, while
the spectra covering the HB and Hry region (3835 — 4924A) were
obtained with the angle of 30.5°.

The data were first processed using the PySALT? pack-
age. Subsequent flat-fielding, background subtraction, wave-
length calibration, and extraction of 1D spectra were per-
formed with the Image Reduction and Analysis Facility
(TRAF?). After wavelength calibration and extraction, the
final spectra were red-shift corrected for the systemic veloc-
ity of the SMC (150 kms™").

2 http://pysalt.salt.ac.za
3 http://iraf.noao.edu
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The equivalent width (EW) calculated by fitting a double
Gaussian model are shown in Table 3 together with the pre-
viously published values for comparison.

Figure 2 displays the observed Hvy, HS and Ha profiles for
RSS/SALT post-outburst observations. The strong HS and
Ha lines have non-split symmetric shape. The spectrum
around the H7y line is more noisy and the line structures
apparent in some observed spectra are due to the noise.

2.2.2 OGLE

The Optical Gravitational Lensing Experiment (OGLE)
Monitoring system provides optical I-band photometry of
X-ray sources® located in the fields observed with roughly

4 nttp://ogle.astrouw.edu.pl/ogled/xrom/xrom.html
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daily sampling by the OGLE-IV Survey (Udalski 2008). To
date there are seven seasons of data available for SXP 1062
covering the time interval from MJD 55414.4 (2010-08-06)
to MJD 57773.039 (2017-01-20).

3 DATA ANALYSIS & RESULTS

3.1 Determination of orbital period based on the
optical and X-ray light curves

In general, Be stars show photometric variability on vari-
ous time scales (Porter & Rivinius 2003). Stellar rotation
and pulsations are held responsible for fast variability, while
long-term variability on time scales of a year is typical for
formation and dissipation of the disc (Jones et al. 2008).
Reig & Fabregat (2015) point out that since the disc con-
stitutes the main reservoir of matter available for accretion,
a correlation between X-ray and optical emission should be
expected and is indeed often observed. Albeit no detailed
simulations predicting the optical and X-ray light curves ex-
ist yet, the coincidence between optical and X-ray variability
indicates that the disc material powers the X-rays through
accretion. Typically, transient BeXBs experience X-ray out-
bursts at regular periastron passages. The time intervals be-
tween outbursts are usually attributed to binary orbital pe-
riods (e.g., Okazaki & Negueruela 2001; Negueruela et al.
2001).

As can be seen in the upper panel in Fig. 1, SXP 1062 shows
regular outbursts in the optical. Schmidtke et al. (2012) pro-
posed that the time interval of 656 +2 d between the first two
optical outbursts is the orbital period of SXP 1062. Sturm
et al. (2013) noticed the fast rise exponential decay (FRED)-
shaped profile (Bird et al. 2012) of these optical outbursts,
which supports their orbital origin, i.e., the outbursts occur
at periastron passage of the NS.

The current OGLE-IV I-band light curve covers more than
6 yr. Three equi-distant outbursts were observed confirming
their periodic nature and allowing to better constrain the or-
bital period. Unfortunately, during the latest outburst pre-
dicted for 2016-04-26 (MJD 57504), there was a gap in the
OGLE observations. Hence, the latest predicted outburst
was not recorded.

To further tighten the orbital period, we selected the mini-
mum magnitude detected in the optical OGLE I-band light
curve as the mid-time for the outbursts. Unfortunately,
the spacing of the OGLE observations is somewhat sparse
(roughly once a day), therefore we cannot precisely deter-
mine the exact time of the start of the outbursts. To over-
come this difficulty, we took the time interval between the
data points immediately before and after the mid-time as the
uncertainty (second column of Table4). As a next step, we
calculated the time intervals between the outbursts (third
column of Table4), and the weighted average of these time
intervals. Finally, we derive the orbital period of SXP 1062
to Porb & 668 + 10 days. However, one shall be aware, that
in the standard scenario of NS-Be disc interactions, the out-
bursts might happen twice per orbital period, if the orbit
is sufficiently tight and its eccentricity is mild. In this case,
the true orbital period may be twice as large as we derived.
As can be seen in Figurel, the X-ray outbursts from
SXP 1062 are regular and happen nearly at the same time

Table 4. Outburst history of SXP 1062.

Outburst MJD At (days) Al (mag)
1 55500.09 £ 0.97 2 0.55
2 56166 £ 14 666 = 7 2 0.15
3 56835.9 4.5 670 £8 2 0.11

NOTE: The first column indicates the outburst ordered by date,
the second column the outburst time. The third column provides
the time interval between outbursts and the fourth column the
amplitude of the outburst.

as the optical ones. During our Swift monitoring campaign
we have detected an X-ray outburst in excellent agreement
with the predictions. This gives further credibility to the sce-
nario where X-ray and optical outbursts in SXP 1062 occur
simultaneously at the periastron passage of the NS. Fig. 1
also suggests that the minimum optical magnitude of each
outburst is apparently increasing with time, i.e. Al is de-
creasing. This could be either of physical origin or due to
the sparse data sampling.

3.2 X-ray spectrum in quiescence measured by
EPIC/XMM-Newton

X-ray spectra during outburst and quiescence were obtained
by Chandra and XMDM-Newton, respectively (see section
2.1). The spectral analysis was performed using the X-ray
spectral fitting package XSPEC (Arnaud 1996). All spec-
tra were fitted using a model which includes three absorp-
tion components. The first component accounts for the ab-
sorption in the Milky Way with a fixed column density
6 x 10> cm™? and solar abundances (Wilms et al. 2000).
The second component accounts for the local absorption in
the SMC, and has a fixed column density 2 x 10?' cm™2
(Oskinova et al. 2013) and SMC abundances (0.2 times so-
lar for elements heavier than He; Russell & Dopita 1992).
The third component, also with SMC abundances, accounts
for the absorption intrinsic to SXP 1062. We keep this ab-
sorption component as a free parameter during the spectral
fitting procedure.

X-ray luminosities in the energy range 0.2-15 keV assuming a
distance modulus to the SMC Wing of DM = 18.7 (Cignoni
et al. 2009) as well as X-ray fluxes in various energy bands
are given in Tables 7, A1, and A2.

We start by considering the X-ray spectra measured during
the quiescence by XMM-Newton (see Fig. 3). As a first step
we have simultaneously fitted all three EPIC spectra (pn,
MOS1 and MOS2) with an absorbed power law. The model
fit shows residuals in the soft part of the spectra. Therefore,
as a next step we tried to refine the model adding a black-
body component. This led to a statistical improvement of
the fit. We also tested a combination of a power law and
an optically thin thermal plasma component (APEC; Smith
et al. 2001) with SMC abundances. However, including this
component does not improve the fit. Finally, the best fit is
obtained using a power law together with a black-body com-
ponent, and the thermal plasma component. This best-fit
model is shown in Fig. 3, and the corresponding parameters
for the various models are given in Table 5. Similar X-ray
spectral properties of SXP 1062 were previously derived by

(© 0000 RAS, MNRAS 000, 000-000
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Figure 2. SXP 1062 H~ (left), HS (middle) and Ha (right) profiles as observed during June 2014 after the outburst detected with Swift.
Three different Ha profiles were obtained during three different nights, and four HB and H~ profiles observed during two different nights
(two spectra per night) as summarized in Table 2. The spectra displayed with an arbitrary offset for presentation purposes. The spectra
are ordered by date increasing from bottom to top.

Table 5. Analysis of EPIC X-ray spectra of SXP 1062 as observed on 2013-10-11 in quiescence.

Model Nu r kETes  kTThermal  X2/d.o.f.
(1022 cm—2) (keV) (keV)

PL 0.6+01  0.67=+0.02 1.35 (357)

PL+BB 0.7192 12t98 2110 1.10 (355)

PL+T 0.75% 0.66 + 0.03 0.6703%  1.34 (355)

PL4BB+T 051702 081937 17707 0.8£01  1.05(353)

NOTE: Models with different combinations of components like power law (PL), black body (BB), and thermal plasma emission with
SMC abundances (T) were tested. x2/d.o.f. lists the reduced x2 values, with the number of degrees of freedom in parentheses. Errors
are given for a confidence level of 90%. Fig. 3 shows the spectra together with the best-fit model (PL+BB+T).

Table 6. Analysis of ACIS post-outburst X-ray spectra of SXP 1062.

MJD Nu r Aprp, x 1075 x2/d.o.f.
(1022 cm—2) (phot keV~lecm—2s71)

56827.80 177+33 —0.09%529 75132 1.22 (143)

56837.49 428 04707 19.073:2 1.10 (241)

56846.30  31.613% 0.49%5:59 19.372-2 1.09 (204)

56856.91 20.2+3°5 0.540.1 12,5731 0.99 (156)

NOTE: Best-fit parameters for a power-law model. For the definition of x2/d.o.f. and errors see Table 5.

© 0000 RAS, MNRAS 000, 000-000
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Figure 3. EPIC X-ray spectra of SXP 1062 in quiescence as observed on 2013-10-11 together with the best-fit model (solid lines) of a
power law (dotted lines), a black body (dashed lines) and a thermal component (dashed-dotted lines). EPIC-pn/MOS1/MOS2 data are
plotted in brown, blue and green. The residuals of the best-fit model with respect to the spectra are plotted in the bottom panel.
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Figure 4. ACIS post-outburst X-ray spectra of SXP 1062 as observed on 2014-06-19 (brown), 2014-06-29 (blue), 2014-07-08 (green),
and 2017-07-18 (red). The upper panel shows the spectra (dots with error bars) together with the best-fit model (solid line), while the
lower panel shows the residuals of the model with respect to the spectra.
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Table 7. Previously published absorbed X-ray fluxes and un-absorbed X-ray luminosities for SXP 1062 together with measurements

obtained during this work.

Date MJD AE Fx (ergem™2s71) Lx (ergs™1) Reference
2010-03-25 55280  02—12keV  (L703) x 10712 (63707) x 10%°  Hénault-Brunet et al. (2012)
2012-10-14 56214 0.2—10keV  (6.940.2) x 10712 2.6 x 1036 Sturm et al. (2013)
2013-10-11  56606.80 0.2 — 15keV (1 7278 01) x 10712 (5.74£0.1) x 1035 This work
2014-06-19  56827.80 0.3 — 10keV (6 2102 ) x 10712 (2.6 +0.1) x 1036 This work
2014-06-29  56837.49 0.3 — 10keV (7 6792 ) 10712 (3.040.1) x 1036 This work
2014-07-08  56849.30 0.3 — 10keV (6 0*o3 ) x 10712 (2.440.1) x 1036 This work
2014-07-18  56856.91 0.3 — 10keV (4 2701 ) x 10712 (1.6£0.1) x 1036 This work

NOTE: X-ray luminosities are scaled to DM = 18.7. The X-ray absorbed flux errors of this work are given for a 68% confidence level,
while the un-absorbed X-ray luminosities are given for a 90% confidence level.

Hénault-Brunet et al. (2012) from the analysis of observa-
tions obtained in March 2010.

A Dblack-body spectral component characterized by
kT 2 1.5keV seems to be a common feature of X-ray
spectra of low luminosity (Lx < 1036 erg sfl) and long spin
period (Pspin 2 100s) X-ray pulsars (e.g. La Palombara
et al. 2013). This component contributes 30-40% of the
source flux below 10keV and implies a small emission
radius (Res < 0.5km) which is typically attributed to the
emission from the NS polar caps with a size of ~ 0.1Rns
(Hickox et al. 2004).

The X-ray luminosity of the black-body component in the X-
ray spectrum of SXP 1062 in quiescence, Lx ~ (1.8 = 0.1) x
10%% ergs™!, amounts to ~40% of the total X-ray emission
below 10keV, similar to other long-period pulsars. Using
the Stefan-Boltzmann law, and the temperature given in
Table 5, we estimate the size of the polar cap emission region
in SXP 1062 to Reg = 4007 55" m

The thermal plasma spectral component accounts for ~20%
of the X-ray flux in the softest energy band (0.2 — 1.0keV).
Massive stars with spectral types earlier than B2 are sources
of thermal X-ray emission (e.g., Berghoefer et al. 1997).
The typical X-ray luminosity of a BOIII star does not ex-
ceed ~10%2ergs™' and the bulk of this emission is quite
soft with temperatures of about 10° K (Raassen et al. 2005;
Fossati et al. 2015). Yet, the luminosity of coronal plasma
in SXP 1062 is nearly one order of magnitude larger, Lx =~
6 x 103 ergs™!. Hence, the intrinsic X-ray emission from
the stellar wind of the BOIlle-type donor star cannot fully
account for the thermal radiation observed from this source.
We speculate that this soft component originates, at least
partly, in the diffuse emission from the maternal SNR.

3.3 Post-outburst X-ray spectra measured by
Chandra

Chandra obtained four spectra following the outburst de-
tected by Swift (see Fig. 1). The first post-outburst observa-
tion (ObsID 15784) has significantly lower X-ray flux than
the following observation (ObsID 15785). This sharp post-
outburst drop in X-ray flux and its subsequent recovery is

© 0000 RAS, MNRAS 000, 000-000

also evident in the XRT/Swift light curve. As discussed later
in Section 4.1, the flux decrease is mainly due to the strong
increase in the absorbing column.

To model the Chandra spectra we started with fitting a
simple absorbed power law (see Fig.4 and Table6). Sub-
sequently, by analogy with the quiescence spectra we at-
tempted to include a thermal plasma component, but the
fits did not improve.

Iron Ko emission is often observed in persistent high-mass
X-ray binaries (e.g., Giménez-Garcia et al. 2015) and in
transient BeXBs during outbursts (Reig 2011) due to the
increase of matter density surrounding the NS. Sturm et al.
(2013) found an indication for the presence of an Fe-Ka line
in their XMM-Newton spectra of SXP 1062 during an out-
burst in 2012. We also tested for the presence of the iron
fluorescence emission line at 6.4 keV in our Chandra spectra
but this did not lead to a significant improvement of the fit.
This non-detection might be due to a poor signal to noise ra-
tio in our ACIS spectra compared to previous XMM-Newton
observations.

To study changes in the spectral hardness of SXP 1062 we
calculated the ratios defined as:

F—F
HR = ——— 1
Eg+F (1)
where Fj is the absorbed flux according to the best-fit spec-
tral model in the corresponding energy band i: ¢ = 1 is

the softest energy band which corresponds to 0.3 — 1.0 keV;
i = 2 corresponds to 1.0—2.0keV; i = 3 t0 2.0—4.5keV; and
i =4 to 4.5 — 10keV. The measured fluxes are summarized
in Table A2, and the HRs can be found in Table A3.

3.4 X-ray pulse periods and profiles measured by
XMM-Newton and Chandra

To study the pulsational behavior of SXP 1062 we consider
the energy bands where the signal from the source dominates
over noise, i.e. 0.2 —12keV for EPIC and 1 —8keV for ACIS
(see Figs. 3 and 4). EPIC-pn and ACIS light curves were ex-
tracted with a time binning of 50s, corrected to the Solar
System barycentre using the appropriate software routines,
and background subtracted. Over a time interval of ~29 days
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Table 8. Previously published Pspi, measurements of SXP 1062 together with measurements obtained during this work.

Date MJD Instrument Pipin (s) Reference
2010-03-25 55280 XMM-Newton 1062 Hénault-Brunet et al. (2012)
2012-10-14 56214 XMM-Newton 1071.01 £0.16 Sturm et al. (2013)
2013-10-11  56606.80 EPIC/XMM-Newton  1077.97 £ 0.28 This work
2014-06-19  56827.80 ACIS/ Chandra 1091.1 £ 1.2 This work
2014-06-29  56837.49 ACIS/ Chandra 1087.1 £ 0.9 This work
2014-07-08  56846.30 ACIS/ Chandra 1079.3 £1.9 This work
2014-07-18  56856.91 ACIS/ Chandra 1086.0 + 4.4 This work
— I 180 o
30-P_ ~1077s=f* EPIC-pn/XMM-Newton | I ol ]
spin 1 IQ'I
= r 1 150+ S B
20 N H g
3
a I f,=2f, 1 120+ I B
10 — 3 I 1
N 90f i ]
L | 4
|
60— I —
_ I f,=3f, 1 r i ]
g 30 ! 30 | —
- | |
o r f,=4f 1
a 151 f =of ' B ! \/ ! ! ! !
27 880 960 1040 1120 1200 1280
) F)spin ()
O | M Paintt O SR PV 1LY S A N N A S Tul N
0 0.002 0.004 0.006 0.008 0.01 Figure 6. Example of an epoch folding analysis of the ACIS light
Frequency (S_l) curve of SXP 1062 from 2014-07-08, performed with the software
package DES7. The continuous line is the x2 distribution that
Figure 5. Lomb-Scargle periodograms of EPIC-pn corresponds to the light curve, the dashed line indicates the x?

(MJD 56606.80) and merged ACIS (MJDs 56827.80, 56837.49,
56846.30, and 56856.91) observations of SXP 1062 obtained with
the PERIOD package within the Starlink environment. The main
peak of the EPIC-pn periodogram corresponds to Pspin ~ 1077s,
and the main peak of the merged ACIS light curve corresponds
to Pspin ~ 1079s. In both cases peaks at harmonic frequencies
are seen. A significance calculation with 1000 permutations of
the data through a Fisher randomization was performed through
the SIG option of PERIOD obtaining a significance level of
2 95% for the highest peak in both periodograms.

and after removing high background intervals, joined ACIS
light curves cover 107 ks.

The ACIS and the EPIC-pn light curves were searched for
periodic signals between 100 and 10000 s using the SCAR-
GLE routine of the Starlink software®. This routine performs
a fast implementation of the Lomb-Scargle periodogram us-
ing Fast Fourier Transforms to increase the speed of compu-
tation (Press & Rybicki 1989). We performed a significance
calculation by enabling the SIG option of PERIOD which
runs a Fisher randomization test with a number of permu-
tations set by the user (1000 in our case) at the same time
as the period search is executed. This task gives us result
two false alarms probabilities: F"AP1, which is the proba-
bility that, given the frequency search parameters, there is

5 http://starlink.jach.hawaii.edu/starlink

template function, and the vertical line marks the spin period
derived from this observation (for more details see Section 3.2).

no periodic component present in the data with this period;
and FFAP2, which is the probability that the period is not
actually equal to the quoted value but is equal to some other
value. We obtained a period of ~1079s (see bottom panel
of Fig.5) with FAP1 = 0 and FAP2 = 0 for the merged
ACIS light curve, and a Pspin ~ 1077s (see top panel of
Fig.5) with FAP1 = 0 and FAP2 = 0 for the EPIC-pn light
curve. According to the PERIOD user manual, these FAP
values imply that the false alarm probabilities lie between
0.00 and 0.01 with 95% confidence. Both periodograms show
several peaks (see Fig.5), the main peak is the spin period
of SXP 1062 at that time, while the other peaks correspond
to harmonics of the fundamental frequency.

Period determinations for the EPIC-pn and the four ACIS
light curves were also performed with an epoch-folding anal-
ysis implemented in the DES7 software package (Larsson
1996). This routine folds the data at a number of differ-
ent test periods (this number was set to 200 periods in this
analysis) around an initial input period. The input period
is the output obtained with the Lomb-Scargle periodograms
shown in Fig. 5. For each period, the x? over the resulting
pulse profile is computed, Fig. 6 shows an example of the dis-
tribution of x? vs. different test periods for one of our ACIS
observations. A best-fit period is determined by fitting a

(© 0000 RAS, MNRAS 000, 000-000
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Figure 7. Pulse profiles obtained from EPIC-pn light curves
folded over Pspin = 1077.97 s as observed on 2013-10-11 in quies-
cence. The top panel shows the pulse profile from the 0.3—10keV
energy band, while in the other panels pulse profiles for differ-
ent sub-energy bands are presented. Every single light curve is
background subtracted and normalised to the average count rate.
Phase zero corresponds to the phase of minimum normalized in-
tensity of the folded light curve from the broad energy band. Pulse
profiles are plotted twice for clarity.

x? template function to the observed x? distribution (Fig. 6
also shows this x? template). This x* template function is
obtained by performing the same analysis to an artificial
light curve that takes the time sampling of the data into
account and, in an iterative procedure, the pulse shape of
the oscillation. Uncertainties are estimated by Monte Carlo
simulations. We have performed 500 Monte Carlo simula-
tions in this analysis. A set of synthetic pulse light curves
with the same time sampling and noise level as the data are
created and analysed. The distribution of the periods deter-
mined during these simulations is used as a measurement
of period uncertainty. The results of the analysis are shown
in Table 8 together with the previous published spin periods
for SXP 1062.

To calculate the period derivatives (see Table 9) we assumed
a constant spin down/up between every two subsequent
Pspin measurements of the pulsar. This is a good approx-
imation for Chandra given the short time interval between
the individual measurements. However, the time interval be-
tween the EPIC-pn and the first ACIS measurement is too
long with an X-ray outburst occurring in between. There-
fore, this derivative can only be considered as an average
value during that epoch, or even as a minimum value of the
spin down if we consider that the pulsar started to spin up
just after the outburst.

X-ray light curves were folded over the corresponding pulse
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period with the dedicated XRONOS® tool efold. This rou-
tine folds the light curve over a given period and normalizes
it to the corresponding average count rate. Pulse profiles
obtained from EPIC-pn data are shown in Fig. 7.

X-ray pulsars exhibit a wide variety of pulse shapes which
differ from one source to another and which are strongly
dependent not only on the energy band but also on the X-
ray luminosity. During quiescence the mass accretion rate
is steady and low, the gas can freely fall onto the magnetic
poles of the NS, and hence form a pencil beam emission.
Therefore, X-ray pulsars in quiescence usually show smooth
and single-peaked profiles. However, during periastron pas-
sage, the accretion of matter results in an increase of the
X-ray flux, and consequently pulse profiles usually show the
presence of dips at certain pulse phases which are more
prominent at soft X-ray energies than at higher energies
(e.g., Naik 2013).

Previous quiescence observations of SXP 1062 in 2010
showed indications of a double peak in the pulse profile,
while during the outburst observed in 2012 there was only
one clear peak at energies above 1keV (see Fig. 4 of Sturm
et al. 2013). This behavior is completely opposite to what
is expected. However, during the quiescence observation re-
ported in this paper we observe one smooth peak (see Fig. 7),
and there might be a small dip; while, during the Chandra
post-outburst observations we can clearly see several dips
(see Fig. 8); which is what we were expecting.

3.5 Period derivative and orbital Doppler effect

The measured pulse period derivative of any X-ray pulsar is
a combination of the intrinsic spin-up or spin-down and the
Doppler shift caused by the orbital motion:

b APy dPapin(t)  1d
POb-s t _ spin _ spin @

wpin(*) dt dt cdt (
where vob is the radial velocity, i.e. the projected orbital
velocity along the line of sight:

Popin(H)vorb (1)), (2)

2max sint
Porb vV 1-— 62

where ax sin i is the projected semi-major axis of the pulsar,
P, is the orbital period, e is the eccentricity, and w is the
longitude of periastron. The true anomaly 6(¢) is found by
solving Kepler’s equation.

‘We check whether the spin period derivative obtained in this
work, and also during previous analyses, could be explained
as a consequence of the orbital motion of the pulsar along its
binary orbit. Following Eq. 2 we calculate the period deriva-
tive caused by the orbital Doppler effect assuming no intrin-
sic changes in the actual spin period and all the change we
observe is only due to the orbital motion. This derivative
depends on the orbital parameters of the binary system.
Unfortunately, the orbit of SXP 1062 is not known. There-
fore, we estimate an appropriate range of possible orbital
parameters as follows:

Vorb (t) (cos(0(t) + w) + ecos(w)),  (3)

(i) Pspin = 1062s as published by Hénault-Brunet et al.
(2012) for simplicity.

6 http://heasarc.gsfc.nasa.gov/docs/xanadu/xronos/
xronos.html
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Table 9. Previously published Pspin measurements of SXP 1062 together with measurements obtained during this work.

MJD At (days) Pupin (s/d) Reference Confidence
55280 18 0.24 +£0.07 Haberl et al. (2012) 99.999%
56214 915 0.0062 4+ 0.0012  Sturm et al. (2013) 43.658%
56410.4 393 0.0177 £ 0.0009 This work 76.465%
56717.4 221 0.059 % 0.006 This work 95.982%
56832.5 9 —0.45+0.16 This work 99.999%
56841.5 9 —0.86 £ 0.23 This work 99.999%
56851.5 11 0.61 +0.44 This work 99.999%

NOTE: MJDs of the P values obtained during this work are the mid-time value between two spin period measurements. The second
column (At) indicates the time interval for which the spin period derivative was calculated. The last column is the probability of the
spin derivative to be intrinsic according to the probability distribution shown in Fig. 9.

135f
3120
21.05F /
@ A
S 0.90) ¢4

0.75

>
£2.00

o

2100 F T

IS

0.00
> 1.60
)

x
31.20

IS} .
— 0.80F

-
N
o

2.0-4.5 keV

0 0.5 1 1.5 2

Phase (P =1087.07 s)

spin
Figure 8. SXP 1062 pulse profile of ACIS post-outburst light
curve folded over the corresponding spin period (shown in the x
axis of the corresponding figure) as observed on 2014-06-29. The
upper panel shows the pulse profile over the whole energy band,
while the rest of the panels show pulse profiles for different sub-
energy bands. Every single light curve is background subtracted
and normalized to the corresponding average count rate. Phase
zero corresponds to the phase of minimum normalized intensity
of the folded light curve that corresponds to the whole energy
band. Pulse profiles are reported twice for clarity.

(ii) Porb = 668 = 10d (see Section 3.1).

(iii) 0.4 < e < 0.88
To estimate a lower limit for the eccentricity we assume
that the progenitor binary had a circular orbit and zero kick
velocity. Then, after the SN explosion:

___ AM (4)
o My + My — AM

(Verbunt & Phinney 1995), where M1 and M> are the masses
of the stars before the SN explosion and AM is the mass loss

of the system during this explosion. Hénault-Brunet et al.
(2012) estimated an evolutionary mass of M; ~ 15Mg for

e

the Be-companion of SXP 1062. Assuming that the NS in
SXP 1062 has the canonical mass of a NS (we neglect the
difference between baryonic and gravitational masses), i.e.,
1.4Me = M2 — AM (e.g., Lattimer & Steiner 2014), we
estimate the mass loss to be AM > 14 Mg.

Consequently, the eccentricity is expected to be close to
unity. For our purpose we adopt a conservative approach
and use as lower limit for the eccentricity e > 0.4. Note,
that lower eccentricity values for the orbit result in a higher
probability for the spin period derivative to be intrinsic. We
adopt e < 0.88, which is the highest eccentricity known to
date for a BeXB (2S5 1845—0242; Finger et al. 1999), as the
upper limit for the eccentricity. Consequently, we assume
the eccentricity to be uniformly distributed between 0.4 and
0.88.

(iv) The longitude of periastron (w) is a geometric effect.
Thus, we allow any value between -180° and +180° and
assume a uniform distribution.

(v) Following the third Kepler law, the semi-major axis
of the orbit of the NS is ax = 1713.46 light-s. The orbital
inclination is not known, therefore, we let it vary between 0
and 90°.

We performed 100000 Monte Carlo simulations where we
calculated the spin period derivative choosing randomly the
orbital parameters within the previously estimated ranges.
The maximum of the simulated Pspin (t) for each Monte
Carlo run is binned into a histogram that results in a distri-
bution of probability to observe a certain Pspin-value caused
by the orbital motion of the binary. Fig. 9 shows this distri-
bution of probabilities. We assume pulse period derivatives
out of this distribution to be intrinsic to the pulsar, while
those which are within this distribution have different prob-
abilities of being intrinsic depending on their position with
respect to the distribution (see last column of Table9).

4 DISCUSSION
4.1 The Be star decretion disc and the X-ray flux

The Ha line is the primary indicator for the presence of a
decretion disc around a Be star and its EW provides in-
formation about the size of this disc. In Section2.2.1 we
presented SALT observations at different epochs which al-
low us to study the time evolution of Ha and HB emission
lines and their EW. The non-split shape of Balmer lines and

(© 0000 RAS, MNRAS 000, 000-000
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the time evolution of absorbing column deduced from X-ray
spectra indicates that we likely observe the Be disc face on.
Reig et al. (1997) and, most recently Haberl & Sturm (2016)
showed a correlation between the orbital periods and the
EW of the Ha line in BeXBs which follows a linear trend
with larger Ha emission for longer orbital periods. This
correlation was explained in the framework of the trunca-
tion disc model. The disc truncation is responsible for the
so-called Typell X-ray outbursts, and inhibits the growth
of the decretion disc (Negueruela et al. 2001; Okazaki &
Negueruela 2001). Interestingly, SXP 1062 does not follow
the Ha-orbital period correlation, likely its Be-disc is smaller
than usual for its orbital period.

Fig. 10 shows that the EW of Ha and HS in SXP 1062 keeps
increasing over years, however it drops after the X-ray out-
burst, as can indeed be expected for a BeXB. This change
provides further confirmation that the NS interacts with the
Be-disc during the outburst. However, the decrease in the
disc size after the outburst is not dramatic, indicating that
the disc of the donor star in SXP 1062 is likely not truncated
during the outburst.

4.2 Evolution of the spectral parameters

As shown in sections 3.2 and 3.3, the basic X-ray spectrum
of SXP 1062 is an absorbed power law. This is similar to
X-ray spectra of other BeXBs in the SMC (Haberl et al.
2008).

Our data set allows us to investigate how the X-ray spectrum
of SXP 1062 changes in the different luminosity regimes, i.e.
during quiescence and post-outburst. The time evolution of
absorbing column and power-law index are shown in Fig-
ure 11. In this figure one can see a strong increase in the
absorption column immediately after the outburst, followed
by a sharp decrease. At the same time, the spectrum ini-
tially softens (power-law index drops), and then hardens
post-outburst.
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spectra (values from Tables 5 and 6). Bottom panel: SXP 1062
X-ray 0.3 — 10keV luminosities obtained from EPIC and ACIS
spectra (values from Table 7).

In combination, the time evolution of absorbing column and
power-law index points to the accumulation of matter in the
vicinity of the X-ray source towards and during the outburst,
and a fast depletion afterwards.

We tentatively interpret this behavior in the framework of
a model that assumes that the outburst is triggered by the
passage of the NS through the Be-disc. The orbit of the NS
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is probably inclined to the disc. According to this scenario,
after the NS pierces the Be-disc, it is observed through the
disc material. As the time progresses, the column density
decreases to its low quiescence value. Similar behavior is
also observed in other systems, e.g. SXP5.05 (Coe et al.
2015). Future work, especially hydrodynamic modelling of
winds from fast rotating Be stars, shall clarify whether the
scenario we consider here is viable.

4.3 Spin period evolution and magnetic field

In this work we present new spin-period measurements for
SXP 1062. With these new data we confirm that the pulsar
appears to be spinning down continuously since it was dis-
covered in March 2010 until at least, October 2013, which is
the date of our quiescence XMM-Newton observation. Our
first Chandra post-outburst spin period (1091 s; 2014-06-19)
is longer than observed in October 2013 (1077.97s), conse-
quently, the pulsar could even have been spinning down un-
til some time before the outburst detected by Swift in June
2014 (see Fig. 13). However, we have observed for the first
time a spin up for SXP 1062 just after the outburst detected
by Swift. We also observe how SXP 1062 seems to recover
its usual spin down in the last observation. To confirm this
spin down we would need more observations.

Next we estimate the magnetic field of SXP 1062 according
to the observed spin period evolution and the relatively new
model of quasi-spherical accretion developed by Shakura
et al. (2012).

4.3.1  Spin period equilibrium hypothesis

We start with a magnetic field estimate based on the hy-
pothesis of spin equilibrium. It is supposed that in a station-
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Figure 13. Top panel: Temporal evolution of the pulse period
of SXP 1062 (Table8). Middle panel: XRT /Swift 0.3 — 10keV X-
ray light curve of SXP 1062. Bottom panel: SXP 1062 spin period
derivative as a function of time (Table9).

ary situation spin-up and spin-down torques balance each
other, and so the spin period is equal to the equilibrium
value (Davidson & Ostriker 1973). This quantity depends
on several parameters of the system (accretion rate, proper-
ties of the accretion flow, parameters of the binary system,
etc.). In particular, it depends on the magnetic field of the
NS. Therefore, if all other parameters are more or less well
known we can estimate the magnetic field using the follow-
ing equation from Postnov et al. (2015) (see details on the
derivation of this formula in Shakura et al. 2013):

Poq = 940 p2/ M (Popy /10 d) My M vkg s. (5)
Here vyws is the stellar wind velocity in units of 108 cm sfl7
M16 is the mass accretion rate in units of 1016gsfl7 and
3o is the magnetic moment in units of 10%° G em® (3o =1
corresponds to B = 10'2 G on the equator for the standard
Rns ~ 10km; note, that for Rxs ~ 15 km (Bogdanov 2013),
the field B would be half an order of magnitude smaller for
the same u). This equation is applicable to systems with
quasi-spherical accretion with M 510 gs ! (so-called set-
tling accretion regime which is applicable to X-ray pulsars
with Lx < 103 ergs™', see Shakura et al. 2012).
Substituting the parameters for SXP 1062 we obtain:

M 1/3 v
~7 ( w
Hso (5 X 101 gs*1> 200 kms

)711/3. ©)

Assuming wind velocities vy ~ 200kms™!, which is typical
for quasi-spherical winds observed from Be stars (Waters
et al. 1988), the estimated magnetic field has a standard
value of B ~ 7 x 10'2 G. If we assume higher wind veloci-
ties the magnetic field would even be lower. Consequently,
according to this estimate, we are not dealing with a present-
day magnetar.
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4.3.2  Out of equilibrium hypothesis

(i) Long-term spin down
We have seen that the pulsar might be out of equilibrium
because we observe a continuous spin down over years (see
Fig. 13). Therefore, we can use the data which correspond
to the spin down of the pulsar to obtain another estimate of
the magnetic field. Again, we use an equation from Postnov
et al. (2015):

. 3/11
s _ ITsq M
psdmma( )(7)
7 5x 105 gs—1
& (7)

P
(10282) pg s d !
Here Ilsq is a parameter of the theory of settling accretion,
its typical value is ~5—10. Postnov et al. (2015, and
references therein) demonstrate that this parameter does
not change much from system to system. As we cannot
derive it independently, we choose a typical value Ilsq = 7.
The variation of this parameter might have a very limited
(less than a factor of two) influence on the estimate of pu.
From the observations of SXP 1062 we can estimate an
average Psd ~ 0.02 s d7'. Then we obtain u30 ~ 3, which
corresponds to B ~ 3 x 10'? G. Taking into account many
uncertainties in models and parameters, this result is in rea-
sonable correspondence with the estimate obtained above
from the equilibrium period. Note, that these values are in
correspondence with the saturation value for magnetar field
decay (Pons et al. 2009; Gourgouliatos & Cumming 2014).

(ii) Spin up during the outburst
Finally, we calculate the magnetic field using the spin up Py
observed during the outburst detected by our Swift moni-
toring campaign. For this case we can neglect the braking
torque. Then the equation for the evolution of the period
reads:

Poy = P2 Pyt MRRI ™, (8)

where [ is the moment of inertia of the NS, we assume a
standard value 10%° g cm? for it. Rp is the Bondi radius. This
equation provides an upper limit for the modulus of Py, but
realistic values are not much smaller (Lipunov 1992).

Note, that the maximum spin up happens during outbursts
which appear close to the periastron. Then, we cannot take
an average value for Rg which depends on wvor, and hence
on the eccentricity. For larger eccentricities we obtain larger
spin up. If we take e = 0.7, M = 107 g s~ !, stellar mass
15 My and vy = 200km sfl, we obtain Psu ~ 05sd'.
The observed average value for SXP 1062 is Psu ~0.5sd L.
Then, we can conclude that the spin-up can be described by
relatively highly eccentric orbits, which coincides with the
estimation we have performed of the orbital parameters (see
Section 3.5).

These simple estimations agree within uncertainties with
those presented in Sec.3 and are in line with the theoret-
ical expectations. Therefore, we can explain the spin pe-
riod derivative observed in SXP 1062 applying the theory
of quasi-spherical accretion (Shakura et al. 2012) without
the need of an extremely strong magnetic field, such as the
one observed in an accreting magnetar. Future and in depth
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theoretical modelling of SXP 1062 is necessary to fully verify
this conjecture.

4.4 On the classification of SXP 1062

BeXBs are classified into two broad subgroups: transient
BeXBs and persistent BeXBs (Reig 2011), which may over-
lap in part of their properties. In Table 10 we summarize the
key characteristics of these sub-groups.

SXP 1062 has properties that are shared by both of these
sub-groups. Its large X-ray luminosity in quiescence (see Ta-
ble7), the long binary orbital period P,1, = 668 + 10 days,
and its long pulse period Pipin ~ 1070s, are typical for per-
sistent BeXBs. Also, to date no known BeXB system con-
taining a NS with Pspin > 100s has an eccentricity above 0.5
(Townsend et al. 2011). On the other hand, the Type I out-
burst reported in this work, although moderate, is a char-
acteristic of transient BeXBs. Therefore, the properties of
SXP 1062 suggest that systems exist which can be classified
as member of both groups and that transient and persistent
BeXBs are not completely separated sub-groups.

5 SUMMARY AND CONCLUSIONS

In this work we present a coordinated optical and X-ray
study of the X-ray pulsar SXP 1062 during quiescence and
outburst. The main results of our study are:

— We observed a third Typel outburst in SXP 1062. The
outburst occurred at a regular interval from two previ-
ously observed. The binary period is constrained to Po, ~
668 £ 10d. Typel outbursts are characteristic for transient
BeXB. Thus SXP 1062 shares observational characteristics
with persistent as well as transient BeXBs.

— The profiles of the Ha line indicate that we likely ob-
serve the Be-disc face on, while the temporal evolution of its
EW shows that the disc is not truncated in the aftermath
of the outburst.

— We confirm the earlier reports on the presence of a black
body spectral component in the quiescent X-ray spectrum
of SXP 1062.

— Our analysis of the pre- and post-outburst spectra re-
veals an abrupt increase in the absorption column just after
the outburst. Taking into account the Ha line profile, we
propose that the disc of the Be star is observed face on,
while the orbit of the NS is inclined to the disc.

— Studies of the NS spin evolution reveal that the NS had
been intrinsically spinning down at least from March 2010
until October 2013. We report a brief post-outburst spin up
of the X-ray pulsar.

— We estimate the magnetic field for SXP 1062, assuming
different hypotheses for the spin period evolution (e.g., close
to equilibrium, out of equilibrium) and the quasi-spherical
accretion model (Shakura et al. 2012). From these calcula-
tions we find no need for an extremely high magnetic field
at present day for the pulsar in SXP 1062.
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1

2, 2005
2,200d

0.2
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Table Al. SXP 1062 un-absorbed X-ray luminosities in the standard sub-energy bands as observed with EPIC and ACIS according to
the best-fit spectral models (see Tables 5 and 6).

MJD L(0.3—1.0keV) L(1.0 —2.0keV) L(2.0 —4.5keV) L(4.5—10keV) L(10 — 15keV)

(10%* ergs—1) (10%% ergs—1) (10%% ergs—1) (1036 ergs—1) (10%% ergs—1)

56606.80  EPIC/XMM-Newton 17103 3.01+0.07 11070522 0.271+£0.009  2.030 + 0.040
56827.80  ACIS/Chandra 1.92 + 0.06 6.80 £ 0.22 3.96 £0.13 2.09 + 0.07 5.69 +0.19
56837.49  ACIS/Chandra 5.75 4 0.14 14.31+0.34 5.93 £0.14 2.21 4 0.05 5.14£0.12
56846.30  ACIS/Chandra 6.17+0.16 13.66 + 0.36 5.07+0.13 1.684 + 0.044 3.7340.10
56856.91  ACIS/Chandra 3.97 +£0.12 8.98 +0.28 3.407919 1.153 £ 0.036 3.04 +0.10

NOTE: We assume a distance modulus of 18.7 for the luminosity, which is the appropriate distance for the Wing of the SMC (e.g.,
Cignoni et al. 2009). The un-absorbed X-ray luminosities are given with a 90% confidence level. ACIS X-ray luminosities in the energy
range 10 — 15keV are extrapolated values from the spectral model for comparison with the EPIC X-ray luminosity value in this energy
range.

Table A2. SXP 1062 absorbed X-ray fluxes in the standard sub-energy bands as observed with EPIC and ACIS according to the best-fit
spectral models (see Tables5 and 6).

MJD F(0.3—1.0keV)  F(1.0—20keV)  F(2.0—45keV)  F(45—10keV)  F(10— 15keV)
(10" ergem =257 1) (107 M ergem™2s7 1) (107 Bergem™2s7 1) (107 B ergem™2s71) (107 B ergem 257 1)
56606.80  EPIC/XMM-Newton 2.74715925 8.041099 3.0710 58 7.501515 5.65310579
sosors0  acis/cunare (3107037) x10-1 0.27+0-96 6.53210:063 55.5113 15.61908
56837.49  ACIS/Chandra (23%83) 107 9.6019:30 14.1179:22 60.5%43 14.2+07
sostos0  acts/onne (1283043 xa0-2 11.8310:84 12451018 46.2+14 10291946
56856.01  ACIS/Chandra (6.5517) x10-2 11.09+0-40 8711020 31.7+1) 7121043

NOTE: The X-ray absorbed flux errors are given with a 68% confidence level. Absorbed fluxes from ACIS in the energy range
10 — 15keV are extrapolated values from the spectral model for comparison with the EPIC X-ray absorbed flux value in this energy
range.

Table A3. SXP 1062 hardness ratios according to Eq. 1 and using absorbed X-ray fluxes given in Table A2.

MJD HR3 HR2 HR1

EPIC/XMM-Newton ~ 56606.80 0.42+0.02 0.59+0.01 0.497522

ACIS/ Chandra 56827.80  0.79 £ 0.01 ~1 1

ACIS/ Chandra 56837.49 0.62+0.02 0.87+0.01 ~1
ACIS/ Chandra 56846.30 0.58 £0.02 0.83£0.01 ~1
ACIS/Chandra 56856.91  0.57+0.02 0.77£0.01 ~1

NOTE: The uncertainty of HR3 for the first ACIS observation is ~ 3 x 10711, The flux in the softest energy band (0.3 — 1.0keV) for
this observation is almost zero (see Table A2), which could be due to the high absorption column found in that observation (see Table6).
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