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ABSTRACT

Aims. To confirm faint Be/X-ray binary candidates from the XMM-Newton survey of the Small Magellanic Cloud, we searched for
X-ray outbursts in archival ROSAT observations. We found that RX J0123.4-7321 was much brighter when detected with ROSAT

than seen 16 years later by XMM-Newton.

Methods. We analysed the ROSAT observations and the OGLE /-band light curve of the optical counterpart to investigate the nature

of the system.

Results. High long-term variability in the X-ray flux of a factor of ~150 was found between the ROSAT and XMM-Newton detections,
indicating strong outburst activity during the ROSAT observations. The /-band light curve reveals long-term variability and regular
outbursts with a period of (119.9 +2.5) days, indicating the orbital period of the binary system.

Conclusions. The large X-ray flux variations and the properties of the optical counterpart confirm RX J0123.4-7321 as a new Be/X-ray

binary in the wing of the Small Magellanic Cloud.
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1. Introduction

Be/X-ray binaries (BeXRBs, e.g. Reig 2011) are binary systems
composed of a compact object and a Be star of spectral type
09-B5 and luminosity class III-V. Be stars eject matter in the
equatorial plane, which leads to the build-up of a decretion disc
(Okazaki 2001; Ziolkowski 2002) around the star that produces
emission lines and a near-infrared (NIR) excess. Both compo-
nents show variability due to disc instabilities and sometimes
due to interaction with the compact object. The compact object
is in most cases a neutron star (NS). Systems with black holes
are not known up to now. However, systems may contain white
dwarfs (Li et al. 2012; Sturm et al. 2012a) that are observable
at SMC distance as super-soft X-ray sources in the case of ther-
monuclear surface burning on the white dwarf. Caused by a kick
experienced by the NS during the supernova explosion, the NS
can have an eccentric orbit around the Be star. Accretion is pos-
sible when the NS is close to the decretion disc of the Be star
during periastron passage. This causes so-called type-I outbursts
that last for some days. Longer (several weeks) type-1I outbursts
are likely connected with decretion disc instabilities (Ziolkowski
2002).

The Small Magellanic Cloud (SMC) hosts a large population
of BeXRBs. A literature search (e.g. Haberl & Pietsch 2004;
Coe et al. 2005; Liu et al. 2005; Laycock et al. 2010) reveals
about 60 pulsars in more than 100 BeXRB systems (including
candidates), which allows a comparison of their statistical prop-
erties with those of the Galactic sample. Most of the BeXRBs
in the SMC are found in the bar where increased star forma-
tion ~40 Myr ago created them in large number (Antoniou et al.
2010). However, in the eastern wing of the SMC only a few sys-
tems are known, probably because this is a younger stellar pop-
ulation (~10 Myr, Harris & Zaritsky 2004). The BeXRBs in the
wing might also be younger, as e.g. SXP 1062 suggests, which
was found in a supernova remnant (Hénault-Brunet et al. 2012;
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Haberl et al. 2012b). This might cause different properties of the
wing sample. A literature search reveals three known BeXRB
pulsars in the wing area with Py, < 40 s (Clark et al. 1997,
Chakrabarty et al. 1998; Corbet et al. 2003) compared to only
one (SXP 1062) pulsar with Py, > 40 s. In contrast to that,
Knigge et al. (2011) found a bimodal spin distribution for the
whole SMC with more systems above Py, > 40 s, which is
likely caused by a bimodal distribution of orbital periods. The
search for additional systems in the wing of the SMC is essential
to enable a statistical comparison of the wing and bar population
and exclude any observational bias.

The XMM-Newton survey of the SMC (Haberl et al. 2012a)
revealed new BeXRBs in X-ray-bright state (Townsend et al.
2011; Sturm et al. 2011; Coe et al. 2011, 2012). In addition,
several candidates for BeXRBs were found in the XMM-Newton
SMC point-source catalogue (Sturm et al. 2013). One of these
candidates is RXJ0123.4-7321 (Haberl et al. 2000), which
was previously detected with ROSAT (Triimper 1982) at much
higher X-ray luminosity, but was not recognised as a BeXRB.
In this paper, we present our analysis of the ROSAT observa-
tions and the OGLE (Udalski et al. 2008) data of the optical
counterpart, which allow us to confirm RXJ0123.4-7321 as a
new BeXRB in the wing of the SMC with a determined orbital
period.

2. Analyses and results of X-ray observations

RXJ0123.4-7321 was detected four times in X-ray observations,
as listed in Table 1. The source was found in three ROSAT ob-
servations of SMC X-1 performed between October 1991 and
June 1993 at an off-axis angle of ~27.7". The ROSAT position
from Haberl et al. (2000, their source 460) is RA (J2000) =
01"23m2752 and Dec (J2000) = —73°21’25"” with a 90% uncer-
tainty of 4.6”. This is consistent with the XMM-Newton position
of the SMC-survey catalogue (Sturm et al. 2013, source 3003)
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Table 1. X-ray observations of RX J0123.4-7321.

Satellite ObsID MID* Dur” Orbit® Exp Cts Fpserved Fodel e !
instrument (d)  Phase (ks) (ergem™?s7!')  (ergem™?s7!) (ergs™h) (ergs™h)
0.1-2.4 keV 0.2-45keV  0.1-2.4keV 0.2-4.5keV
ROSAT/PSPC  rp400022n00 48536.2 0.96 0.65 166 936 8.84x 1071 1.96 x 10712 6.43 x 10% 1.07 x 103¢
ROSAT/PSPC  rp400022a01 48895.7 1.87 0.66 9.0 584 1.02x107"2 227 x 10712 7.43 x 10% 1.24 x 10%°
ROSAT/PSPC  rp400022a02 49141.0 1.20 0.70 11.9 147 1.95x 10713 432x 10713 1.42 x 10% 2.36 x 10%
XMM/EPIC 0601212401 55011.6 0.41 0.71 25.4 58 - 1.55 x 10~ - 7.86 x 103

Notes.  Modified Julian date of the beginning of the observation.  Duration of the observation.  Phase = 0.5 corresponds to the maximum of
the optical outbursts. ” Unabsorbed luminosity. A source distance of 60 kpc is assumed.
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Fig. 1. Merged ROSAT/PSPC spectrum of RX J0123.4-7321 from ob-
servations rp400022n00 and rp400022a01 together with the best-fit
power-law model. The lower panel gives the residuals in units of o.

of RA (J2000) = 01"23™27:46 and Dec (J2000) = —73°21'23"4
with a 10 uncertainty of 1.1”.

ROSAT spectra were extracted using the ftools (Blackburn
1995) task xselect. For spectral analysis, we merged obser-
vations rp400022n00 and rp400022a01 to increase the statistics
and used xspec (Arnaud 1996) version 12.7.0u to fit the spec-
trum with a power-law model and photoelectric absorption by a
Galactic column density set to Ny ga = 3.3 X 10%° ¢cm™2 (a fore-
ground HI map was kindly provided by Erik Muller, see also
Muller et al. 2003) and an additional column density, account-
ing for the interstellar medium of the SMC and source-intrinsic
absorption. We find a good description of the data by this model
with y?/d.o.f. = 14.8/17. For the SMC and source-intrinsic ab-
sorption we obtain Ny sme = 4.32i83§x 102! cm™2. The total line-
of-sight Ny ¢me column density at the position of RX J0123.4-
7321 s 3.02 x 10?! cm™2 (Stanimirovic et al. 1999), pointing to
some intrinsic absorption in the binary system. The photon index
is determined to be I' = 1.18*0-%% which suggests a neutron-star
BeXRB (I' ~ 1, Haberl & Pietsch 2004), but we cannot ex-
clude an active galactic nucleus (AGN, I' ~ 1.75, Tozzi et al.
2006). The ROSAT spectrum together with the best-fit model is
presented in Fig. 1.

The XMM-Newton detection is based on only 58 counts.
However, hardness ratios are consistent with a BeXRB nature
of the source. Assuming the same spectral shape for the ROSAT
and XMM-Newton detections and comparing their fluxes, we find
a high long-term variability of a factor of 146 + 20, which would
be atypical for an AGN.

We used a Bayesian odds ratio (Gregory & Loredo 1996;
Haberl et al. 2008) and a Rayleigh Z% (Buccheri et al. 1983;
Haberl & Zavlin 2002) test to search for the spin period of
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Fig. 2. OGLEIII /-band finding chart of RX J0123.4-7321, marked with
a white cross. Circles indicate the 90% position uncertainties of the
ROSAT and XMM-Newton detections.

the NS. The search for pulsations in the ROSAT data with best
statistics (rp400022n00) in the (1-200) s band did not reveal
convincing periodicities. Note that the ROSAT observation was
performed with individual exposures between 200 and 1300 s,
preventing the detection of long periods. The best candidate for
the spin period with 1o uncertainty is found at 17.34529(55) s.
Since this period has a significance of 3.3cc and could not
be confirmed in the other observations, probably owing to the
lower number of detected counts, the spin period needs further
confirmation.

3. Analyses and results of optical observations

An [-band finding chart from OGLEIII is presented in Fig. 2.
An optical counterpart, GSC 09142-02001, is found with an an-
gular separation to the XMM-Newton position of 1.3” for the
entry in the photometric catalogue of Massey (2002), giving
U = 1448 mag, B = 1539 mag, V = 15.45 mag, and
R = 15.42 mag as measured on MJD 51 186. The NIR coun-
terpart, 2MASS 01232743-7321223 (Skrutskie et al. 20006), is
found with an angular separation of 1.1” with J = 15.32 mag,
H = 14.82 mag, and Kg = 15.06 mag measured on MJD 51 034.
The corresponding OGLE sources are OGLE IIISMC121.2.50
and OGLEIV SMC733.26.24 with a separation of 1.2” to the
X-ray source. The OGLE [-band value of / ~ 15.4 mag is a
typical magnitude of the variable light curve (see below). The
magnitudes and colours are characteristic of a B star in the
SMC. From optical spectroscopy, Evans et al. (2004) classified
the source (2dFS 3624) as a B1-31II star. Since the density of
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Fig. 3. Optical and NIR photometry of RXJ0123.4-7321 dereddened
and compared with normalised Kurucz model atmospheres for a B1 I1I
and a B3 III star. Labels give filters.
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Fig. 4. Optical /-band light curve of RXJ0123.4-7321 from OGLEIII
(before MJD 55 000) and OGLEIV (after MJD 55 000). Predicted out-
burst maxima are indicated by the dotted blue lines. The time of the
XMM-Newton observation is marked by the dashed red line.
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early-type stars is relatively low in the wing of the SMC, a cor-
relation with the X-ray source by chance is unlikely.

We dereddened these magnitudes to correct for a Galactic
foreground of Eg_y = 0.07 mag (Schwering & Israel 1991)
and compared them to a Kurucz model atmosphere (Kurucz
1979; Howarth 2011) of a B11III and a B3III star (Tegx =
25000, 18000 K and log(g) = 3.0) in Fig. 3. The models have
been normalised to the B-band measurement. To account for pos-
sible variability of the source and the non-simultaneous observa-
tions, we included an uncertainty of 0.2 mag for the 7 and NIR
magnitudes. There is evidence for an NIR excess, likely caused
by the circum-stellar decretion disc, which supports the Be clas-
sification of the star.

The long-term /-band light curve from OGLE phases III
and IV is presented in Fig. 4. In addition to a long-term vari-
ability, regular outbursts are seen. The light curve is typical for
Be stars. A Lomb-Scargle periodogram (Lomb 1976; Scargle
1982) of the OGLE III data confirms the variability with a period
of 119.87 days (Fig. 5). We derive an ephemeris for the /-band
outburst maximum of

MID = 54387.14+0.10+ (119.9 £2.5) X N,

with N an integer. The folded /-band light curve is presented in
Fig. 6. The average outburst duration (FWHM) is 30 days, as de-
rived from the folded light curve. However, the evolution can be
different for individual outbursts. For several outbursts we find a
double-peaked shape, as also indicated in the folded light curve.
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Fig.5. Lomb-Scargle periodogram of the /-band light curve of
RXJ0123.4-7321 from OGLEIII data before MJID 55 000.
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Fig. 6. OGLEIII light curve of RXJ0123.4-7321 for MJID < 55000
folded with the 119.87 d period. Phase = 0.5 corresponds to
MJD 54 387.14. The phases of the dates of the X-ray observations are
indicated by dashed lines (see Table 1).
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Fig. 7. OGLEIII light curves of RX J0123.4-7321 for six individual out-
bursts. Predicted outburst maxima are indicated by the dotted blue lines.

Other outbursts only show one peak, where the maximum can
be ~15 days before or after the expected time of the outburst
maximum. Examples for individual outbursts are presented in
Fig. 7. In other BeXRBs, typically a fast rise and exponential
decay is observed during optical outbursts (Bird et al. 2012). In
general, individual outburst profiles will depend on NS-orbit pa-
rameters and perturbations of the decretion disc (Okazaki 1991).

All X-ray observations were made shortly after the times of
possible optical outbursts, as indicated by the vertical lines in
Fig. 6. If both optical and X-ray outburst appear during peri-
astron passage, we would expect quasi-simultaneous outbursts
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Fig. 8. Continuum-subtracted emission-line image of DEM S 160 from
MCELS (Winkler et al. 2005). Red/green/blue give logarithmically
scaled intensities for Ha/[S 11]/[O 111]. RX J0123.4-7321 is marked with
a white cross.

as e.g. observed in AX J0058-720 (Haberl & Pietsch 2007) and
IGR J05414-6858 (Sturm et al. 2012b). However, we note that
the X-ray observations have been performed during times with-
out OGLE coverage where the occurrence of optical outbursts
is uncertain. The recently observed decrease in the /-band light
curve and the vanishing of the outbursts can be caused by a loss
of the decretion disc around the Be star. Interestingly, first the
outbursts were missing after MJD 55400, although the quies-
cent /-band flux was at a similar level when outbursts have been
observed around MJD 53 000. Between MJD 55 700 and 56 000,
a drop of the /-band flux was observed, followed by a brighten-
ing, probably due to a recovering of the decretion disc.

We note that RXJ0123.4-7321 is along the line of sight
to the H1I region DEM S 160 (Davies et al. 1976), see Fig. 8.
However, due to the high angular separation of ~1’ to the cen-
tre of DEM S 160, which corresponds to a distance of at least
17.5 pc, both sources are likely not directly connected to each
other, but may have formed during the same star-formation
event.

4. Discussion and conclusions

We analysed ROSAT and OGLE data of RXJ0123.4-7321.
Due to the high X-ray variability by a factor of at least ~150
and the properties of the optical counterpart, we identify
RXJ0123.4-7321 as a new BeXRB in the wing of the SMC.
The I-band light curve of the optical counterpart shows a typ-
ical behaviour for a Be star in a BeXRB. The periodic out-
bursts are likely caused by binarity and reveal the orbit period
of the NS of P, = 119.78 d. This places RXJ0123.4-7321
in the sample of long-orbit systems (Knigge et al. 2011). From
the Corbet relation (Corbet 1984; Corbet et al. 2009), we can
roughly estimate the spin period of the neutron star to be be-
tween 10 and 800 s. Therefore, the source is unlikely to be iden-
tified with the 2.16 s pulsar XTEJ0119-731 (Corbet et al. 2003)
that was found by RXTE with an angular separation of 18’. No
indication of this period was found in the X-ray periodograms of
RXJ0123.4-7321. More X-ray observations of the system in out-
burst are necessary, to confirm the possible spin period of 17.3 s
and the neutron-star nature of the compact object. If the current
low-state of the /-band emission is caused by a loss of the de-
cretion disc, no X-ray activity is expected. Follow-up X-ray ob-
servations are most likely to be successful during new /-band
outbursts, which may indicate interaction of the NS and the
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decretion disc. Optical outbursts could reappear with brightening
I-band emission, and if so, will be found in future OGLE mon-
itoring. The system is included in the X-Ray variables OGLE
Monitoring (XROM, Udalski 2008) system.
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