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ABSTRACT

We report on the results of XMM—Newton and Swift observations of SMC X-2 during its last
outburst in 2015 October, the first one since 2000. The source reached a very high luminosity
(L~ 10°® erg s~!), which allowed us to perform a detailed analysis of its timing and spectral
properties. We obtained a pulse period Pgpi, = 2.372267(5) s and a characterization of the pulse
profile also at low energies. The main spectral component is a hard (I" 2~ 0) power-law model
with an exponential cut-off, but at low energies we detected also a soft (with kT =~ 0.15 keV)
thermal component. Several emission lines are present in the spectrum. Their identification
with the transition lines of highly ionized N, O, Ne, Si, and Fe suggests the presence of
photoionized matter around the accreting source.

Key words: stars: neutron — X-rays: binaries — X-rays: individual: SMC X-2.

1 INTRODUCTION

SMC X-2 is one of the first pulsars discovered in the Small Magel-
lanic Cloud (SMCQ). It was discovered with sas 3 in 1977 (Li, Jerni-
gan & Clark 1977; Clark et al. 1978), at a luminosity Lp—1jkev) =
8.4 x 10%7 erg s!, and the lack of detection in an observation per-
formed one month later showed its transient nature (Clark, Li & van
Paradijs 1979). Between 1991 and 1992 it was visible only in one of
two ROSAT observations performed six months apart (Kahabka &
Pietsch 1996; Sasaki, Haberl & Pietsch 2000), implying a dynamic
range >6 x 10°. A second outburst was observed in 2000 with
RXTE, when the spin period of 2.37 s was measured (Corbet et al.
2001). The pulse period was confirmed by a follow-up observation
performed by ASCA, which identified the pulsar discovered with
RXTE with SMC X-2 (Torii et al. 2000; Yokogawa et al. 2001).

The optical counterpart, originally identified by Crampton,
Hutchings & Cowley (1978), was later resolved into two different
stars of early spectral type, separated by ~2.5 arcsec (Schmidtke,
Cowley & Udalski 2006). Both stars were monitored by the Opti-
cal Gravitational Lensing Experiment (OGLE; Udalski 2003). The
OGLE-III data revealed that the southern, fainter star is almost
constant, while the northern star has a periodic variability (by up
to 1 mag) with P = 18.62 £ 0.02 d (Schurch et al. 2011). RXTE
measured a periodic modulation of the pulse period at P = 18.38 £
0.02 d (Townsend et al. 2011). This strongly suggests that the north-
ern star, which is an 09.5 III-V emission-line star (McBride et al.
2008), is the true counterpart and that the observed periodicity is
the orbital period of the binary system.

*E-mail: nicola@iasf-milano.inaf.it

After more than 15 yr, in 2015 September SMC X-2 showed
a new outburst (Kennea et al. 2015; Negoro et al. 2015), during
which it reached a very high luminosity (L ~ 10% erg s7!). The
source was monitored with Swift and we obtained a follow-up Target
of Opportunity observation with XMM-Newton. In this letter, we
report on the results obtained with these observations.

2 OBSERVATIONS AND DATA REDUCTION

XMM-Newton observed SMC X-2 between 2015 October 8 and 9,
for a total exposure time of 30 ks. The three EPIC cameras, i.e. one
pn (Struder et al. 2001) and two MOS (Turner et al. 2001), were all
operated in Small Window mode, with time resolution of 5.7 ms and
0.3 s for the pn and the MOS cameras, respectively; for all cameras
the Thin filter was used. The Reflection Grating Spectrometer (RGS)
was operated in spectroscopy mode (den Herder et al. 2001).

We used version 14 of the XMM—-Newton Science Analysis Sys-
tem (sAs) to process the event files. After the standard pipeline
processing, we searched for possible intervals of high instrumental
background. The last ~2 ks of the observation were affected by a
high background level and rejected. Taking into account also the
dead time (29 per cent and 2.5 per cent for pn and MOS, respec-
tively), the effective exposure time was 19.7 ks for pn camera and
~27 ks for the two MOS cameras.

For the analysis of the EPIC data we selected events with pattern
in the range 0—4 (mono- and bi-pixel events) for the pn camera
and 0-12 (from 1- to 4-pixel events) for the two MOS. Due to the
very high count rate (CR) of the source, both the pn and MOS
data were significantly affected by photon pile-up. Therefore, we
selected events from an annular region around the source position,
ignoring those from the inner circular area: for the pn camera we
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selected events between 10 and 45 arcsec from the source position,
while for both MOS cameras we considered an extraction region
between 20 and 40 arcsec. In both cases we performed a fit of the
radial profile with a King function to define the inner radius; instead
the outer radius was limited by the CCD edge or dark columns. For
each camera, background events were selected from circular regions
offset from the target position.

All EPIC and RGS spectra were fitted using xspec 12.7.0. In the
following, all spectral uncertainties and upper limits are given at the
90 per cent confidence level for one interesting parameter.

For the timing analysis, we considered also 74 observations per-
formed by Swift/XRT in Windowed Timing mode. We carried out
their data reduction using the standard XRTPIPELINE. Source events
were then extracted from a circular region of 47 arcsec radius around
the source position.

3 TIMING ANALYSIS

For each Swift/XRT event file, the photon times of arrival were re-
ported at the Solar system barycenter applying the BARYCORR tool;
then the source pulsation period during each observation was mea-
sured by fitting the peak in the distribution of the Rayleigh test
statistics as a function of the trial period. In Fig. 1 (upper panel),
we present the flux and spin period evolution along the outburst;
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Figure 1. Upper panel: flux and spin-period evolution of SMC X-2 during
the 2015 outburst, as observed by Swift/XRT; in the insets, we show three
pulse profiles at different stages of the outburst (around MJD 57291, 57299,
and 57303). The vertical dashed line corresponds to the epoch of the XMM—
Newton observation. Lower panel: EPIC pn pulse profile of SMC X-2 in the
0.15-2 keV (top), 2-5 keV (middle), and 5-12 (bottom) energy range.
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a modulation of the pulse period induced by the orbital motion is
clearly visible. We fitted the pulse period values with a constant plus
a sinusoid obtaining a period of 18.38 & 0.96 d and an amplitude
corresponding to a projected semi-axis A,sin(i) = 78 + 3 light-
seconds. This is consistent within 2o with the previously reported
value of 73.7 & 0.9 light-seconds (Townsend et al. 2011). Although
poorly constrained, we were also able to estimate the time of the
passage at the ascending node, 7* = 57297 + 6 MJID. The constant
term in the fit provided Py, = 2.37224(2) s.

Adopting these parameters, we corrected the photon times of
arrival for the orbital motion in order to search for possible variations
in the spin period. However, no robust hints of spin-up or spin-
down were found because it was not possible to phase-connect the
different observations due to the large uncertainties in the individual
period measurements and to the time varying pulse profile.

For the timing analysis of the XMM-Newton observation we
used the pn data in the energy range 0.15-12 keV. The event arrival
times were converted to the Solar system barycenter (with the sas
tool BARYCENTER) and to the binary system barycenter, based on
the results obtained with Swift. We then measured the pulse period
by a standard phase-fitting technique, obtaining a best-fitting value
Ppin = 2.372267(5) s and [P| <7 x 10~ s 57! (30 c.L.).

In the lower panel of Fig. 1, we show the folded light curves in the
energy ranges 0.15-2, 2-5, and 5-12 keV. The shape of the pulse
profile is similar in the three ranges. It shows two broad peaks, of
comparable width (0.3-0.4 in phase) and amplitude, separated by
a primary and a secondary minimum. The pulse profile is smooth;
around the primary minimum the CR increase/decrease is very fast,
while it is slower around the secondary minimum. The pulsed frac-
tion, defined as (CRpax — CRyin)/(2 X CRyyerage), is between ~30
(for the soft range) and 40 per cent (for the hard range). Finally, we
have verified that also in narrower energy ranges the pulse profile
is characterized by the same properties; in particular, also below
0.5 keV the pulse profiles shows two different peaks (although with
a pulsed fraction of ~10 per cent only).

We accumulated also background-subtracted light curves over
the whole XMM-Newton observation; then, we used the (sas) tool
EPICLCCORR to correct each light curve for the extraction region.
We found that, for both pn and MOS cameras, the total CR in the
full range 0.15-12 keV was ~43 and 15 ¢ s~!, respectively: these
values are well above the limit to avoid deteriorated photon pile-
up,! thus confirming the need to reject events from the inner circular
region. All the light curves show a significant flux variability (up
to ~20 per cent on time-scales of 100 s), but without any long term
increasing/decreasing trend over the whole observation; moreover,
although also the ratio between the fluxes in different energy ranges
is variable, there is no evidence of a long-term spectral variation.

4 SPECTRAL ANALYSIS

Since we found no evidence for long-term intensity or spectral
variability of SMC X-2 along the XMM—Newton observation, we
performed a time-averaged analysis of the EPIC spectrum. The re-
sponse matrices and ancillary files for the source and background
spectra were generated using the sas tasks RMFGEN and ARFGEN, and
the spectral analysis was performed in the energy range 0.3-12 keV,
fitting the three EPIC spectra simultaneously; they were rebinned
with a minimum of 30 counts per bin. To account for uncertainties
in instrumental responses, we introduced for the MOS detectors

! http://xmm.esac.esa.int/external/xmm_user_support/documentation/uhb/
epicmode.html
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Figure 2. Time-averaged spectrum of SMC X-2; pn, MOS1, and MOS2
data are reported in black, red, and green, respectively. Upper panel: super-
position of the EPIC spectra with (for the pn spectrum only) the best-fitting
cuTtorrpL+-BB model (red and green dashed lines) plus the additional Gaus-
sian components (blue dashed lines). Middle panel: data-model residuals in
the case of the fit with a simple cutorrpL model. Lower panel: data-model
residuals in the case of the best-fitting model.

normalization factors relative to the pn camera (1.025 + 0.009 for
MOSI1 and 1.039 £ 0.009 for MOS2). We adopted the interstel-
lar abundances of Wilms, Allen & McCray (2000) and photoelec-
tric absorption cross-sections of Balucinska-Church & McCammon
(1992), using the absorption model PHABS in XSPEC.

The source spectrum shows a clear high-energy cut-off above
~TkeV (Fig. 2, upper panel), therefore we fit it with an absorbed cut-
off power-law model (cuTorrpL in xspec), defined as A(E) = kE~"
exp(—E/E.y). We obtained a reasonable fit (XUZ/d.o.f. =1.17/2880),
but the residuals show several significant features (Fig. 2, middle
panel): (1) a soft excess around 0.5 keV; (2) a broad structure around
~1.0keV; (3) a feature at ~2 keV; (4) another structure at ~6.5 ke V.
The latter can be attributed to a blend of emission lines of Fe at
different ionization levels (see the Discussion) and we described it
with a Gaussian component. The feature at ~2 keV, present only in
the pn data, is very likely due to residual calibration uncertainties
around the Au edge; as done by other authors (e.g. Diaz Trigo et al.
2014), we modelled also this structure with a Gaussian and we will
not discuss it further. On the other hand, a calibration/instrumental
origin for the broad emission feature at ~1 keV can be excluded,
since emission features around 1 keV were clearly detected also in
the RGS spectra (see below). In order to describe both this structure
and the soft excess around 0.5 keV, we considered two different
possibilities: (1) a blackbody (BB) component plus a Gaussian line;
(2) an emission spectrum from collisionally ionized gas (APEC in
xspeC). In Table 1, we report the best-fitting parameters obtained for
both possible deconvolutions.

In the first case, the addition of a BB component (with kT >~
0.2 keV) and a Gaussian line at 1 keV reveals the presence of
an additional emission feature at ~1.35 keV. Therefore, the fit of
the overall spectrum requires a cUTOFFPL+-BB model to describe the
spectral continuum, plus four additional Gaussian components to
describe the various structures at 1, 1.35, 2, and 6.5 keV (Fig. 2,
upper and lower panels).

In the second case, a single apEc component at kT =~ 1.2 keV
can account for both the soft excess and the feature at 1 keV. In
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this way, the description of the spectral continuum with an ab-
sorbed cuTtoFrPL+APEC model requires only two additional Gaus-
sian components at 2 and 6.5 keV. With this model, if in the
APEC component the metal abundance is left free to vary, its best-
fitting value is 0.034709!3 i.e. well below the estimated metallic-
ity Z >~ 0.2Z) for the SMC (Russell & Dopita 1992). We note
that a good fit can be obtained also with the abundance value
fixed at 0.2, with a x2 comparable to that obtained with a free
abundance.

The RGS1 and RGS2 data were combined into one single grating
spectrum, separately for the first- and the second-order spectra,
using the sas task RGSCOMBINE; then, the two combined spectra were
analysed in the energy range 0.4-2.1 keV. We rebinned the spectra
with a minimum of 20 counts per bin.

They were fitted with an absorbed power-law model, which
left several emission residuals: two broad structures at ~20.92 and
1.98 keV and narrow emission features at ~0.5, 0.55, 0.65, 1.03,
and 1.87 keV. It was possible to describe all these features with the
addition of Gaussian lines; their parameters are reported in Table 2,
while the two RGS spectra are shown in Fig. 3. The lines at 0.5,
0.56, and 0.65 ke V were well constrained and can be associated with
N v, O vu (f, forbidden line), and O v Ly « lines, respectively. The
broad component at 0.92 keV can be due to either a blend of sev-
eral emission lines from iron in a range of ionizations states (from
Fe xvin to Fexx) or a radiative recombination continuum (RRC)
from O vii—Ne 1x. The emission features at 1.03, 1.87 and 1.98 keV
are probably due to Ne x, Sixi, and Sixiv, respectively. In any
case, all the features reported in Table 2 are significant at least at
30 confidence level.

For completeness, we performed also a simultaneous fit of the
EPIC and RGS spectra. The corresponding results are fully con-
sistent with those previously shown, since the CUTOFFPL+BB or
cutorrpL+APEC models used for the EPIC continuum can also de-
scribe the continuum component of the RGS spectra. However, we
note that in both cases the RGS spectra show residuals, comparable
to those reported in the middle panel of Fig. 3.

5 DISCUSSION

The 2015 September outburst was the first one detected from SMC
X-2 since that of 2000. Assuming a distance of 61 kpc (Hilditch,
Howarth & Harries 2005), the unabsorbed flux fx = 3.4 x 1071°
erg cm™2 s~ 'observed by XMM-Newton (in the energy range 0.3—
12 keV) implies a luminosity Lx = 1.4 x 10 erg s~'. This is
comparable to the highest luminosities previously observed for this
source, with sas 3 in 1977 (Clark et al. 1978) and with ROSAT/PSPC
in 1991 (Kahabka & Pietsch 1996; Sasaki et al. 2000); it is also com-
parable with the peak flux detected by RXTE/ASM in 2000 (Corbet
etal. 2001). On the other hand, it is higher than the luminosities ob-
served in 2000 with RXTE/PCU (L ~ 3 x 10%7(d/65 kpc)? ergs™!;
Corbet et al. 2001) and with ASCA (L ~ 4 x 10°°(d/65 kpc)® erg
s~!; Yokogawa et al. 2001).

The spin period measured by XMM-Newton, corrected for the
orbital motion, is Pypyin 2015 = 2.372267(5) s, which compared to that
measured by RXTE in 2000 (Pgpin2000 = 2.37194(1) s; Townsend
etal. 2011) implies an average spin-down rate of Pspin =(6.6£0.2)x
107"3 s s~! during the ~15 yr between the two outbursts.

The pulse profile is characterized by a double peak, not only at
high energies as already observed by RXTE (Corbet et al. 2001), but
also at very low energies. This is at odds with the results obtained
with ASCA, which detected only a single, broad peak below 2 keV,
although the count statistics was high (Yokogawa et al. 2001). This
difference could be related to the factor ~25 higher luminosity
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Table 1. Results of the simultaneous fit of the time-averaged spectrum of the pn and MOS data. The double-component continuum
consists of a cut-off power-law and either a BB or a thermal plasma model; in the second case both a free and a fixed solar abundance
is considered. In addition, various Gaussian lines in emission are needed to account for positive residuals in the spectrum.

Continuum model CUTOFFPL+BB CUTOFFPL~-APEC CUTOFFPL~+APEC
parameter (free abundance) (fixed abundance)
Nu(10%! em™2) 1.8+03 14 £0.1 0.8075:08

r 0.1275:07 —0.09 + 0.07 0.1175:0

Eeut (keV) 6.970¢ 57705 7.0703
Fluxcpr, (0.3-12 keV, x10~%erg cm=2 s~ 1) 3.247002 3171002 3.2
kTsp or apEC (keV) 0.13570011 12+0.1 1.22100

Rpp (km) or Napgc (cm™) 320757 1.9+04 % 1072 48+ 1.1)x 1073
Fluxgg or apic (0.3-12 keV, x 1072 erg em =2 s71) 7.5%%3 12,6716 3.9+£09
Abundance (aPEC) - 0.03410:013 0.2 (fix)

Eiiner (keV) 0.99%003 - -
Tlinet (keV) 0.09%003 - -
Fluxjjpe; (X 1074 ph cm—2 s_') 5.53:2 - -
EWiiner (V) 52*s - -
Eiine2 (keV) 1327008 - -
Tline2 (keV) 0.13%002 - -
FluxXjinez (x1074 ph em 257! 3.2f?:2 - -
EWiine2 (€V) 3871 - -
Eiines (keV) 1.991005 2.08 + 0.05 2.0870:03
Glines (keV) 0.2670:12 0.2175:07 0.1610:03
Fluxiines (x 1074 phem=2 s~ 1) 4.0132 2870 L6*0S
EWiine3 (eV) 58t1e 41+ 2472
Eines (keV) 6.62 % 0.09 6.6270:09 6.60 % 0.09
Olined (keV) 0467013 0.3910:0 0.48%015
Fluxjines (x 1074 phem=2 571 37500 29108 39759
EWiinesa (€V) IZIfH 93J:B 12632
LB orapec/Lepr (0.01-12 keV) 3.1 per cent 6.0 per cent 1.8 per cent
Unabsorbed flux (0.3-12 keV, x 10710 erg cm=2 s~ 1) 3.38 £0.04 3.34 +£0.02 331 £0.02
Luminosity (0.3-12 keV, x 1038 erg s~1) 1.42 £+ 0.02 1.41 £0.01 1.39 £+ 0.01
x2/d.of. 1.03/2866 1.05/2871 1.07/2872

Table 2. Best-fitting parameters of the lines identified in the RGS spectra (0.4-2.1 keV) of SMC X-2.

Observed ITon Laboratory o Flux EW

energy energy V) (107> ph em2s7h V)
(eV) eV)

501 +2 Nvi 500 4.6%2% 16.6111 10.7739

55743 own 561 4.0%6) 10.1783 6.8+42

65017 Ovm 654 11.6753 8.4733 6.4742

920713 Fexvi-Fexx (blended ?) - 40113 159773 153173

RRC from O vin—Ne 1x (?)

103173 Nex 1022 13.8752 13.0 £32 13343

18721, Sixm 1860 <19 93132 135732

1977735 Sixwv 1979 43.873%3 19.579%7 30.8737%

during the XMM-Newton observation. On the other hand, the pulsed

fraction measured at high energies (~40 per cent) is comparable to
that observed with RXTE in 2000. From this point of view, it is
interesting to compare our results on SMC X-2 with those obtained
for RX J0059.2-7138, another transient pulsar in the SMC with a
similar pulse period (2.76 s). This source was observed during two
different outbursts in 1993 (Kohno, Yokogawa & Koyama 2000)
and in 2014 (Sidoli et al. 2015), at a luminosity of ~2 x 10*® and

~7 x 10% erg s7!, respectively. In the first outburst its luminosity

and pulsed fraction (37 per cent) were similar to those of SMC X-2,
while in 2014 both the luminosity and the pulsed fraction (9 per cent)
were much lower.

The XMM-Newton observation of SMC X-2 has provided the
detection of previously unknown spectral features. Although the
EPIC spectrum is dominated by a hard (I' ~ 0) cut-oft power law,
its fit requires the addition of a thermal component, either a soft BB

MNRASL 458, L74-L78 (2016)
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Figure 3. Combined RGS1 and RGS2 spectra for the first and the second
order (black and red symbols, respectively); for displaying purposes we
applied a graphical rebinning. Upper panel: superposition of the spectrum
with the best-fitting absorbed power-law model (green line) plus Gaussian
components (blues lines, Table 2). Middle panel: data-model residuals in
the case of the fit with a simple power-law model. Lower panel: data-model
residuals in the case of the best-fitting model.

(kT ~ 0.1 keV) or a hot thermal plasma model (kT ~ 1 keV); in both
cases the soft component contributes for only a few per cent to the
total luminosity, but it is the dominant component below 0.5 keV
and its addition improves significantly the spectral fit. The size of
the thermal component implies emission up to large distances from
the NS. Since we observed SMC X-2 with a very high luminos-
ity, based on the emission models proposed by Hickox, Narayan
& Kallman (2004) the observed BB emission could be due to re-
processing of the primary emission from a region of optically thick
material: Lgg = (2/47) Lx, where 2 is the solid angle subtended
by the reprocessing material at a distance R from the central X-
ray source. If we assume that Lgg = QR?0 Tjj;, the distance R can
be estimated from the relation R? = Lx/(47o Ty3p). In the case of
SMC X-2, the total luminosity Lx = 1.4 x 10 erg s~'and the BB
temperature kTgg = 135 eV imply a distance R ~ 1.8 x 10% cm.
If the reprocessing region is a shell at the inner edge of the accre-
tion disc, R should be of the order of the magnetospheric radius
R, ~15x 108m1/7Ré0/7L;72/7Bf2/7 cm, where m, is the NS mass
in units of solar masses, Ry is the NS radius in units of 10° cm, L3;
is the X-ray luminosity in units of 10 erg s~!, and By, is the NS
magnetic field in units 10'> G (Davies & Pringle 1981). Assuming
m; = 1.4, R = 1, and By, = 1, for SMC X-2 we obtain R, =~
10% cm, comparable to R. We found that a reliable description of
the soft component can be obtained also with a hot thermal plasma
model (APEC in XSPEC), able to account also for the blend of lines
at ~1 keV, without any Gaussian component. If it is left free to
vary, the best-fitting metal abundance (0.034107}}) is significantly
lower than that estimated for the SMC (0.2), but we verified that an
acceptable fit can be obtained also with an abundance fixed at 0.2.
The RGS spectra show several structures: narrow emission lines
due to ionized N, O, Ne, and Si; a broad feature at ~1 keV (detected
also with EPIC), which can be due to a blend of Fe-L lines or to
RRC from O vin and Ne 1x. Moreover, a broad emission feature is
detected at ~6.6 keV; it has an Equivalent Width (EW) of ~0.1 keV
and can be attributed to K-shell emission from iron at various ion-

MNRASL 458, L74-L78 (2016)

ization levels. A Fe—K emission line was already detected by ASCA
in 2000, but with a lower energy (6.3 keV) and a much larger EW
(~0.4 keV). Since an accretion disc is likely present to fuel the high
accretion rate on to the pulsar, photoionized circumsource matter
from the inner disc atmosphere or the companion wind can be po-
tential sources for line emission. Photoionization is also supported
by the predominance of the forbidden line (o v (f) in table 3) in
the He-like o v triplet, if our identification of the emission line at
5573 eV with o vi (f) is correct (Liedahl et al. 2001). From this
point of view, we note that large residuals, corresponding to the
narrow emission features, can be still observed in the RGS spectra
when its continuum component is described with a CUTOFFPL+APEC
model. Since the APEC component cannot account for these features,
we favour photoionized circumsource matter instead of a thermal
plasma as the origin of the observed lines.
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