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1 INTRODUCTION

ABSTRACT

The orbital motion of a neutron star about its optical companion presents a window through
which we can study the orbital parameters of that binary system. This has been used extensively
in the Milky Way to calculate these parameters for several high-mass X-ray binaries. Using
several years of Rossi X-ray Timing Explorer Proportional Counter Array data, we derive the
orbital parameters of four Be/X-ray binary systems in the Small Magellanic Cloud (SMC),
increasing the number of systems with orbital solutions by a factor of 3. We find one new
orbital period, confirm a second and discuss the parameters with comparison to the Galactic
systems. Despite the low metallicity in the SMC, these binary systems sit amongst the Galactic
distribution of orbital periods and eccentricities, suggesting that metallicity may not play an
important role in the evolution of high-mass X-ray binary systems. A plot of orbital period
against eccentricity shows that the supergiant, Be and low-eccentricity OB transient systems
occupy separate regions of the parameter space; akin to the separated regions on the Corbet
diagram. Using a Spearman’s rank correlation test, we also find a possible correlation between
the two parameters. The mass functions, inclinations and orbital semimajor axes are derived for
the SMC systems based on the binary parameters and the spectral classification of the optical
counterpart. As a by-product of our work, we present a catalogue of the orbital parameters
for every high-mass X-ray binary in the Galaxy and Magellanic Clouds for which they are
known.
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occur at any orbital phase and at a higher rate. Both of these tran-
sient outbursts are thought to originate from the Be/X-ray binary

X-ray outbursts in transient high-mass X-ray binaries (HMXBs)
occur when a compact object accretes intermittently from material
being expelled by a massive companion. This intermittent accretion
generally occurs because of an eccentric orbit, though transient out-
bursts from near-circular orbit systems have been seen (e.g. Pfahl
et al. 2002). Classically, such transient outbursts are thought to
fall into one of two types. Type I outbursts occur near periastron
passage of the neutron star (NS), where there is more accretable
material. Studying these outbursts allows orbital periods to be de-
rived through timing analysis of their light curves. Type II outbursts
are typically an order of magnitude brighter than Type I outbursts
and last much longer. The cause of this being an enlargement of the
circumstellar material or radially driven wind around the compan-
ion star (e.g. Negueruela & Okazaki 2000), allowing accretion to
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(BeXRB) class of HMXBs in which the optical star is an early-
type Be or late Oe main-sequence star and the compact object is
an NS (there are currently no confirmed Be/black hole binaries;
Belczynski & Ziolkowski 2009). The NS is usually in a wide, ec-
centric orbit allowing for long periods of little X-ray activity. A
third type of transient X-ray outburst has recently been detected
and is now accepted to originate from a new class of HMXB known
as supergiant fast X-ray transients. These sources are characterized
by rapid X-ray outbursts of the order of minutes to hours (Sguera
et al. 2005), large dynamic ranges of order 10*~10° and are as-
sociated with OB supergiant companion stars (Chaty et al. 2008).
The other major subclass of HMXBs are the supergiant X-ray bi-
naries (SGXBs) in which an NS or a black hole orbit a giant or
supergiant star. Here the compact object is in a tight, near circular
orbit, allowing for continuous accretion from the stellar wind or
via Roche-Lobe overflow. The final subclass making up the known
HMXB family is the small, but growing class of y-ray binaries,
in which very high-energy radiation is thought to be produced via

© 2011 The Authors
Monthly Notices of the Royal Astronomical Society © 2011 RAS

102 ‘TT AInc uo 11D WB1H 83eds preppod) YSYN e /B10'sfeulnopioixo-seluw//:dny woi) papeojumod


http://mnras.oxfordjournals.org/

interaction of the pulsar wind with the stellar atmosphere of the
secondary star (e.g. Hill, Dubois & Torres 2010).

The Small Magellanic Cloud (SMC) holds a disproportionately
large number of HMXBs when compared to the Milky Way. Based
on their relative masses, there are a factor of 50 more than would
be expected. Population synthesis models by Dray (2006) predict
that the low-metallicity environment in the SMC could increase the
number of HMXBs by a factor of 3. However, this is still not suffi-
cient to explain the SMC population on its own. A recent episode
of star formation, possibly due to an increase in the tidal force ex-
erted on the SMC by a close approach with the Large Magellanic
Cloud (LMC; Gardiner & Noguchi 1996), is the current favoured
scenario to explain the number of binary systems seen. The metal-
licity difference is of particular relevance to our investigation as it
has substantial influence in the evolution of massive stars. The line-
driven stellar winds in massive stars are weaker in low-metallicity
environments (e.g. Kudritzki, Pauldrach & Puls 1987), resulting in
lower mass and angular momentum losses from the binary systems
in which they reside. This could result in compact object masses
different from those seen in the Galaxy and could even affect the
evolutionary path of the binary system. The latter may manifest it-
self as differences in observable parameters of the population, such
as spectral distribution, the distribution of orbital sizes and eccen-
tricities or the distribution of mass functions. McBride et al. (2008)
show that, despite the low metallicity in the SMC, the distribution
of spectral types of the optical counterparts to BeXRB is consistent
with that of the Galactic systems.

Our aim is to use several years of data taken with the Rossi X-ray
Timing Explorer (RXTE) observatory to uncover the first sizable
sample of orbital parameters of HMXBs in the SMC. We do this by
fitting a radial velocity model to spin-period variations of the NS that
are seen during several Type II outbursts. If the variability is due to
the motion of the NS around the optical counterpart, we can obtain
a best-fitting solution of the orbital parameters. The model and data
are presented in Section 2. The nature of this method means that a
good fit can only be achieved if the outburst lasts for at least one
orbit and the observations are made regularly throughout that orbit.
In Section 3, we show the fits to four systems that were possible
with our data sample (see Galache et al. 2008 for details of our
monitoring programme). These results now make six systems in the
SMC for which we have good orbital solutions (excluding the only
known SGXB SMC X—1). In Section 4, we discuss these systems
in the context of the Galactic population before summarizing our
results in Section 5.

2 DATA AND ORBITAL MODEL

RXTE monitoring of the SMC (Galache et al. 2008) has resulted
in 10 year X-ray light curves and spin-period histories for most of
the known pulsars in the SMC. During this time, we have detected
12 systems that have shown evidence for one or more Type II
outbursts. Of these systems only a handful were of sufficient length
and had frequent enough observations within the outburst to achieve
a good model fit. Table 1 gives a summary of the start time, duration
and peak X-ray luminosity in the 3—-10keV band, of the studied
outburst for each system. Each observation was made using the
RXTE Proportional Counter Array (PCA) in GoodXenon mode.
Data were extracted in the 3—10keV energy range and binned at
0.01 s. The resulting light curves were background subtracted and
barycentre corrected before finally correcting the count rate for a
number of active Proportional Counter Units. The final light curves
were passed through a Lomb-Scargle periodogram to search for
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Table 1. Outburst date (7), duration and peak X-ray luminosity of the four
systems investigated in this study.

Source To MID) Duration (d) Peak L, (10%7 ergs™")
SXP2.37 51573 84 21.0
SXP6.85 55435 59 33
SXP8.80 55080 39 7.3
SXP74.7 55232 42 35

pulsations. The error associated with any period found is calculated
based on the formula for the standard deviation of the frequency
given in Horne & Baliunas (1986):

37'[0‘]\]

o= SNAD A’

ey
where o3, is the variance of the light curve, N is the number of data
points, D is the length of the data and A is the amplitude of the
signal given by

2
A=2\/%, ®)

where 7, is the Lomb—Scargle power.

In the simplest example of the orbital plane being perpendicular
to our line of sight (inclination, i = 0), any change seen in the spin
period of the NS should be due to torque produced by accretion on
to the NS surface. The most common result of this is for the spin
period to decrease over the length of the outburst. This is known
as spin-up. However, in some cases it is seen that the spin period
increases during phases of accretion. This is known as spin-down.
Spin-down also occurs during phases in which there is no accretion
due to torques exerted by the magnetic field of the NS. In the more
generic case of the orbital plane being at some angle to our line of
sight, we see more complicated spin-period variations. Convolved
with the standard spin-up of the NS, there will be a shifting of the
X-ray pulse arrival time caused by the orbital motion of the NS
around its counterpart. It is because of this that our orbit fitting code
simultaneously fits a simple spin-up model and an orbital radial
velocity model

Pa = (1 + %”) P(o), 3)

where P, is the detected spin period of the pulsar, c is the speed of
light and v(?) is the binary radial velocity. v(¢) is calculated using the
IDL routine BINRADVEL.PRO from the ArtLIB! which uses the procedure
of Hilditch (2001) and employs the method of Mikkola (1987) to
solve Kepler’s equation. The spin of the pulsar is given by P(r)
which incorporates the spin-up component and is defined below:

.. )
P = Py + P — )~ T )
where P and P are the spin-up and the change in the spin-up
of the NS. We perform a least-squares fit on the data and return
the best-fitting parameters. The full spin-up component shown in
equation (4) was fit to every outburst. However, no data set allowed
for sufficient statistics in the fit to justify a P component and hence

it was removed.

! Developed at the Institut fiir Astronomie und Astrophysik, Abteilung As-
tronomie, of the University of Tiibingen and at the University of Warwick,
UK; see http://astro.uni-tuebingen.de/software/idl/
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The results of our fits are presented in the next section. In order
to obtain a meaningful fit, the period measurements used in the fit-
ting procedure were restricted to detections greater than a particular
significance. This threshold was not kept constant for every source
because the luminosity and duration of each outburst were differ-
ent, meaning fits improved or worsened by including data above
different thresholds. As such, a significance threshold was chosen
to minimize the (1o7) errors in the binary parameters for each fit.
The chosen value is stated in the relevant section.

3 RESULTS

3.1 SXP 6.85 = XTE J0103—-728

SXP 6.85 was first detected in 2003 by RXTE as a 6.848 s pulsed X-
ray source (Corbet et al. 2003). It was later detected in a 2006 XMM—
Newton observation at the position RA = 01"02™m53¢1, Dec. =
—72°44'33"70 (J2000.0). This detection led to the identification of a
V = 14.6 optical counterpart (Haberl et al. 2008), allowing it to be
classified as an HMXB. Follow-up work by McBride et al. (2008)
classified the counterpart as an 09.5 V-B0 V emission-line star. In
subsequent years it has been detected on five distinct occasions,
coinciding with times when the counterpart was optically bright
(Townsend et al. 2010). McGowan et al. (2008) found that the optical
flux varies by ~0.5 mag with a period of 620 £ 18 d. They associated
this with the growth and decay of the circumstellar disc. They also
showed that the source gets redder as it gets brighter, suggestive of
a low inclination system, and proposed a low eccentricity based on
comparison to other systems.

Until now, the orbital period of this system was not known for
certain. Analysis of optical light curves by McGowan et al. (2008)
and Schmidtke & Cowley (2007) showed hints of periodicities at
114.1 + 0.6d and 24.8 £ 0.1d, but neither could be confirmed as
the orbital period of the system. The 25 d period was closer to the
expected orbital period based on the Corbet diagram (Corbet 1986),
but the 114 d period was reinforced by the detection of a 112 d period
in the X-ray light curve (Galache et al. 2008). To try and resolve
this issue, the two longest Type II X-ray outbursts were fit with our
orbital model. The outburst occurring around MJD 54800 turned
out to be too sparsely covered, meaning that we were unable to get
an acceptable fit. However, the outburst beginning on MJD 55435
(Table 1) was sampled very well thanks to dedicated pointings at
the position of the source in addition to our regular monitoring.
The period evolution is shown in Fig. 1 with the best model fit
overplotted. The data used in the fit were cut at the 99.99 per cent
(40) significance level. The very clear changes in the spin period
allowed the radial velocity of the NS to be found quite simply.
Unfortunately, we were unable to fit both outbursts simultaneously
as the amount of spin-down occurring between the outbursts is
unknown. The solution is presented in Table 2 and is the best fit we
have in our sample. We propose 21.9 £ 0.1d to be the true orbital
period of this system, placing it nicely in the BeXRB region of the
Corbet diagram. The other orbital parameters and the nature of the
25 and 114 d periods are discussed in Section 4.

3.2 SXP2.37 = SMC X-2

SXP2.37 was discovered by SAS-3 observations in 1977 (Li,
Jernigan & Clark 1977) as a highly variable X-ray source. Corbet
et al. (2001) discovered 2.372 s pulsations from the source during
the Type I outburst from 2000 January to May. The proposed optical
counterpart to this X-ray source was shown to be a close north—south

6.8551, t -
g ) A +
8 I ¥ ’ + 1
° ro # + ,
S 6850~ y ‘ y \ ¥ |
] | ! / il . |
8 \
L v + 4
| + %
6.845 .
sl b b b b Loy
55440 55450 55460 55470 55480 55490
DATE (MJD)

Figure 1. The spin period of SXP 6.85 as measured by RXTE during two
months of pointed observations. Both the orbital motion of the NS and the
accretion driven spin-up are visible. Overplotted is the model fit to the data
as shown in Table 2.

Table 2. The orbital parameters for SXP 6.85 from the analysis of 3—10keV
RXTE PCA data.

Parameter Orbital solution
Orbital period Porpital (d) 21.9 +£0.1
Projected semimajor axis aysini (light-s) 151 £6
Longitude of periastron o (°) 125+6
Eccentricity e 0.26 £ 0.03
Orbital epoch Tperiastron (MJD) 55479.1 £ 0.4
Spin period P(s) 6.8508 £ 0.0001
First derivative of P P (10710571 -80+05
Goodness of fit x2 1.79

double (Murdin, Morton & Thomas 1979). As such, it has been dif-
ficult to tell which of the two stars is the true optical counterpart due
to large X-ray error circles and the lack of any significant period-
icity in Optical Gravitational Lensing Experiment (OGLE) II and
the first five years of OGLE III data (Schmidtke, Cowley & Udalski
2006). It was not until a further two years of OGLE III data became
available that the correct counterpart revealed itself. Schurch et al.
(2011) showed that there is a clear 18.62 £ 0.02 d periodicity in the
final two years of the light curve of the northern star, making it very
probable that this star is the true counterpart and that the periodic-
ity is the orbital period of the binary system. Schmidtke, Cowley
& Udalski (2009) suggested that the 18.6d period, along with the
apparent 9 and 6 d harmonics are caused by two non-radial pulsa-
tions seen around 0.86 and 0.9 s. Schurch et al. (2011) argued that
because the 18.6 d modulation is visible in the light curve and the
folded light curve at this period is typical of other binary systems,
the modulation must be orbital in nature. McBride et al. (2008)
classified the counterpart as an 09.5 III-V emission-line star.

The outburst that led to the discovery of pulsations from SXP 2.37
(Corbet et al. 2001) is the only time RXTE has detected the source
with any high significance or for any great period of time. Thus,
we tried fitting the period measurements from the outburst with our
model. Fits were tried both with the orbital period free to vary and
fixed at the value reported in Schurch et al. (2011). Both fits yielded
the same parameters to within their errors and very similar goodness
of fits, verifying that the 18.6 d periodicity is the orbital period of
the system. Fig. 2 shows the pulse period evolution of the source.

© 2011 The Authors, MNRAS 416, 15561565
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Figure 2. The spin period of SXP2.37 as measured by RXTE. The orbital
modulation is not as obvious as in the case of SXP6.85, but the period
deviations around the general spin-up trend suggests that we are seeing
orbital modulations. Overplotted is the model fit to the data as shown in
Table 3.

Table 3. The orbital parameters for SXP 2.37 from the analysis of 3-10keV
RXTE PCA data.

Parameter Orbital solution
Orbital period Porbitar (d) 18.38 £ 0.02
Projected semimajor axis ay sini (light-s) 73.7+£0.9
Longitude of periastron  (°) 226 £ 8
Eccentricity e 0.07 £ 0.02
Orbital epoch Tperiastron (MID) 51616.8 £ 0.4
Spin period P(s) 2.37194 £+ 0.00001
First derivative of P P (10710551 —0.720 £ 0.015
Goodness of fit x2 3.58

The data are cut at the 99.9999 per cent (50) significance level.
Overplotted is the best model fit to the data in which the orbital
period was free to vary. We refine the orbital period measurement
to 18.38 £ 0.02 d. The other parameters are shown in Table 3 and
are discussed later.

3.3 SXP 8.80 = RX J0051.8—7231 = 2E 0050.1-7247

SXP 8.80 was discovered by Einstein Imaging Proportional Counter
(IPC) observations in 1980 (Bruhweiler et al. 1987) as a new
X-ray source in the SMC wing. The original error circle from
these observations led to a tentative association with the optical
star AzV 111. Wang & Wu (1992) showed that this source was
highly variable, had a moderate X-ray flux and a hard spectrum,
suggesting a BeXRB classification. ROSAT Position Sensitive Pro-
portional Counter (PSPC) observations in 1993 May discovered a
periodicity of 8.88163 £ 0.00001s in the direction of SXP 8.80
(Israel et al. 1995). They also showed the transient nature of the
source which, along with the spin period, confirmed this as a new
BeXRB in the SMC. A refined X-ray position published by Ka-
habka & Pietsch (1996) cast doubt over the true optical counter-
part, with more than one star looking possible. It was not until
Haberl & Sasaki (2000) improved the ROSAT error circle that
the star MA93 506 was identified as the most probable counter-
part. The orbital period of SXP 8.80 was found to be 28.0 £ 0.3d
(Corbet et al. 2004) during RXTE monitoring of the SMC. Sub-

© 2011 The Authors, MNRAS 416, 15561565
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Figure 3. The spin period of SXP 8.80 as measured by RXTE. The orbital
modulation is apparent, though the data are sparse over some of the orbit.
The orbital period had to be frozen at 28.51 d to produce an acceptable fit.
This fit is overplotted and is shown in Table 4.

Table 4. The orbital parameters for SXP 8.80 from the analysis of 3-10keV
RXTE PCA data.

Parameter Orbital solution
Orbital period Porbitar (d) 28.51 (frozen)®
Projected semimajor axis ay sini (light-s) 112+5
Longitude of periastron w(°) 178 £ 4
Eccentricity e 0.41 £0.04
Orbital epoch Tperiastron (MID) 55106.7 +£ 0.2
Spin period P (s) 8.9038 £ 0.0001
First derivative of P P (107105571 —6.9+0.6
Goodness of fit x2 2.60

“Orbital period frozen at the period found by Rajoelimanana et al. (2011).

sequent analysis of MACHO and OGLE data of MA93 506 re-
vealed periodicities of 185 and 33 d, respectively (Coe et al. 2005;
Schmidtke & Cowley 2006), casting doubt over the orbital period
and the optical counterpart determination. McBride et al. (2008)
classified MA93 506 as an 09.5-B0OIV-V emission-line star. Only
recently has this star been verified as the counterpart with the detec-
tion of a 28.51 &£ 0.01 d periodicity in the combined OGLE II & III
light curve (Rajoelimanana, Charles & Udalski 2011), in agreement
with the X-ray-derived period.

SXP 8.80 had been X-ray quiet since a long period of Type I
outbursts that began around MJD 52700. The Type II outburst to
which we have fit our model began on MJD 55080 and is one of
the most luminous outbursts seen in the SMC (see Table 1); six or
more harmonics of the NS spin period were often seen in the power
spectra. Unfortunately, the coverage during this outburst was sparse
and so there are large gaps throughout the outburst. The data are
shown in Fig. 3 and are cut at the 90 per cent significance level to try
and include as much data as possible. This means that some of the
data towards the end of the outburst have large associated errors. To
aid fitting further, the orbital period was frozen to 28.51 d (Rajoeli-
manana et al. 2011). Our best fit is plotted over the data in Fig. 3.
The results are given in Table 4 and are discussed in Section 4.

3.4 SXP74.7 = RX J0049.1-7250 = AX J0049—-729

RX J0049.1—-7250 was discovered during a ROSAT PSPC obser-
vation of the SMC in 1991 October (Kahabka & Pietsch 1996).
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Figure 4. The spin period of SXP 74.7 as measured by RXTE. Very little
orbital modulation is apparent, though the outburst is sampled well. To aid
fitting, the orbital period was frozen to 33.38 d. The fit is overplotted and is
shown in Table 5.

It appeared variable by more than a factor of 10 and was highly
absorbed. Kahabka & Pietsch (1996) concluded that the source was
an XRB on the far side of the SMC, but could not rule out a time
variable active galactic nucleus. A new pulsar was discovered by
RXTE during pointed observations of SMC X —3, with a periodicity
of 74.8 + 0.4s (Corbet et al. 1998). This was confirmed by the
detection of a 74.675 % 0.006 s period during an ASCA observation
on 1997 November 13 (Yokogawa & Koyama 1998). Kahabka &
Pietsch (1998) associated the ASCA source with the highly vari-
able ROSAT source (Kahabka & Pietsch 1996) and suggested this
as a Be-type transient. Optical follow-up work by Stevens, Coe &
Buckley (1999) deduced one probable and one possible counter-
part to the X-ray source (which they refer to as objects 1 and 2).
Object 1 has since been confirmed as the correct counterpart from
the detection of a 33.4 + 0.4d period in the optical light curve
(Schmidtke & Cowley 2005), assumed to be the orbital period of
the system. McBride et al. (2008) classified the counterpart as a
B3V emission-line star.

There have been sporadic detections of SXP74.7 with RXTE
since its discovery, although no major outburst was seen until MJD
55232. This Type II outburst was observed regularly by RXTE, to try
and follow the period evolution. Unfortunately, the outburst lasted
for less than one orbit, making fitting difficult. The period history
is plotted in Fig. 4, with the data cut at the 99.9999 per cent (50)
significance level. Besides a small kink at around MJD 55247, there
is very little binary motion visible making fitting more challenging.
This could be caused by a low orbital inclination with respect to
our line of sight or the modulation could be getting swamped by
an exceptionally large spin-up component. The orbital period was
frozen to the value found by Rajoelimanana et al. (2011) to help
fit the data. Our best fit is plotted over the data and the parameters
are given in Table 5. From the reduced x? value it is clear that the
model is overfitting the data. This is reflected in the larger errors on
many of the parameters. Again, the results are discussed in the next
section.

4 DISCUSSION

The four systems presented above bring the total number of BeXRBs
with reliably measured orbital parameters in the SMC to 6. As such,

Table 5. The orbital parameters for SXP 74.7 from the analysis of 3—10keV
RXTE PCA data.

Parameter Orbital solution
Orbital period Porbital (d) 33.38 (frozen)?
Projected semimajor axis ay sini (light-s) 147 £ 15
Longitude of periastron w (°) 186 £ 18
Eccentricity e 0.40 £0.23
Orbital epoch Tperiastron (MID) 552809 + 1.5
Spin period (MJD 55247.2) P (s) 74.867 £+ 0.002
First derivative of P P (10710571 —635 + 37
Goodness of fit x2 0.33

“4Orbital period frozen at the period found by Rajoelimanana et al. (2011).

it is the first time in which we have a large enough sample of SMC
systems to compare with the parameters of Galactic HMXBs. In
this section we derive mass functions, inclination angles and orbital
semimajor axes for our SMC sample and compare them and the
other binary parameters to parameters calculated from studying
Galactic systems.

4.1 The binary mass functions

The masses of the two stars can be described by the X-ray and
optical mass functions of the binary system:

K P(1—e)?  Msin'i

Jx(M) = - = dtq7 ®)
and

_KZP(1—e»)?  Msin®i
fe(M) = 2nG T (1+1/92 ©)

respectively. My and M, are the masses of the NS and the optical
counterpart, i is the inclination of the orbital plane to the line of
sight, P is the orbital period, e is the eccentricity and ¢ is the mass
ratio (=M, /M.). The semi-amplitudes of the radial velocity curves
are given by
27ma, sin i

P(1—e2)l/2’
where a, and a, are the semimajor axes of the ellipse travelled
by the NS and the optical counterpart about the centre of mass
of the system. Thus, if the radial velocity curves for both stars
are known, along with the inclination angle, one can calculate the
masses of the two stars to high precision. However, due to the
non-eclipsing nature of these SMC binary systems, we are unable
to make precise measurements of the NS masses. Instead, we can
calculate the X-ray mass function for each of our systems using our
orbital solutions and make estimates of the inclination and orbital
size (>~ a,) using masses estimated from the spectral classification
of the counterpart and the standard mass of an NS of 1.4Mg).
These results are shown in Table 6 for the six SMC BeXRBs with
orbital solutions. The range in the value of each inclination is based
mostly on an uncertainty in the spectral classification of one spectral
type either side of the published value. The uncertainty in the mass
function also contributes to the range in inclination, albeit less
significantly. The semimajor axes are estimated based on the most
probable mass and radius of the primary star.

The orbital inclinations seen in this sample are as expected given
the method of detection. Very low inclinations would mean that the
delays in pulse arrival times would not be detected, whilst very high
inclinations would mean that the X-ray source gets eclipsed by the
primary star. More specifically, we can compare the inclinations

K, = @)
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Table 6. The derived X-ray mass function, orbital inclination and semimajor
axis for the four systems studied in this paper and the two previously studied
SMC BeXRBs. M. is estimated from the spectral classification of the authors
referenced here using the table of luminosity and spectral type from de
Jager & Nieuwenhuijzen (1987), along with the standard mass—luminosity
relationship for main-sequence stars (L oc M>©). fx(M) is calculated using
results from our fits and is shown in solar masses. The inclination and
semimajor axis are estimated using equation (5), M. and My = 1.4Me.

Source (Mc/M@) (fx(M)/Mp) i) ax R,)
SXP2.37¢ 18-26 1.27 £0.05 2412 9

SXP 6.85 13-26 771 £092 50120 12
SXP8.80¢ 13-23 1.86 £ 0.25 3078 13
SXP74.7¢ 6-9 3.06 £ 0.94 55120 16
SXP11.5° 13-26 3.79 £ 048 377! 16
SXP 18.3¢ 8-13 143 £0.17 3613 10

Note. References for the spectral classification are given: “McBride et al.
(2008), ®Townsend et al. (2011), ¢Schurch et al. (2009). The spectral type
of SXP 18.3 in Schurch et al. (2009) is estimated based on optical an NIR
photometry as no spectrum allowing for classification is available.

to Ho profiles of the Be star to investigate the (mis)alignment of
the orbital plane and the circumstellar disc. We find that SXP 6.85
and SXP 74.7 have quite narrow, single-peaked Hoe emission, de-
spite having the highest estimated inclinations. Conversely, we note
that SXP 18.3 has a lower inclination but shows prominent double-
peaked Ho emission in its optical spectrum. However, we note
that the mass of SXP 18.3 has been estimated photometrically, not
spectrally. Although this may provide some qualitative evidence
of orbit—disc misalignment in these systems, more quantitative evi-
dence may only be obtained from detailed polarimetric studies of the
disc itself. The estimated semimajor axes in Table 6 are quite similar
and range from 9 to 16 stellar radii. Are these values what one might
expect? The use of complex models that describe the dynamics and
thermal structure of the circumstellar disc around the primary star
helps explain what is observed here. Okazaki (2007) shows that
the density of the disc is several orders of magnitude lower beyond
10 R, than it is closer to the star, whilst Carciofi (2010) shows most
of the optical and near-infrared (NIR) flux and polarization are emit-
ted from within 10 R, and nearly all far-infrared (FIR) and He flux
are produced inside 20 R,. Thus, these models are predicting that a
very large fraction of the matter in the disc is within approximately
10R,. This prediction goes some way to explaining the nature of the
X-ray outbursts that we see in the SMC binary systems. SXP 74.7
and SXP 11.5 have the largest predicted orbital size (relative to the
radius of the counterpart) and are observationally the least active
of the sample, rarely undergoing a Type I outburst and only once
being seen in a Type II outburst. SXP 6.85, SXP 8.80 and SXP 18.3
have smaller predicted orbital sizes and are much more active, of-
ten being detected in Type I or Type II outbursts. This is likely
due to the NS passing closer to, or further into, the circumstellar
material than those in larger orbits. The exception to this seems to
be SXP2.37 which has the smallest predicted orbital size, but is
very rarely detected in X-ray outburst. This can be explained when
considering the low eccentricity of the orbit. Okazaki & Negueruela
(2001) predict that for low-eccentricity HMXBs, the circumstellar
disc will get truncated at the 3:1 resonance radius, in contrast to
intermediate and high-eccentricity systems in which truncation is
much less efficient and occurs at larger distances near the Roche
lobe radius of the star. Thus, the disc in SXP 2.37 could be trun-
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cated at a much smaller radius than those of the other systems in
our sample, explaining the small number of X-ray outbursts seen.

4.2 Comparison with the Galactic population

In order to properly compare this new sample to those found in the
Galaxy, a thorough review of the literature was made and a data
base compiled of all known HMXB systems for which the orbital
period and the eccentricity are known. This list is intended to be
exhaustive, although this cannot be guaranteed. In total, we find 25
HMXB systems with a Be companion and 17 with a giant or su-
pergiant companion in addition to the six systems discussed so far
in this paper. Table 7 presents all 48 HMXBs with their orbital pe-
riod and eccentricity, as well as spectral type, spin period, projected
semimajor axis, longitude of periastron and mass function where
known. Our source list is based mostly, but not solely, on tables pre-
sented in Bildsten et al. (1997), Pfahl et al. (2002) and Martin, Tout
& Pringle (2009). We also used the updated data base of BeXRBs of
Raguzova & Popov (2005) and the online data base of INTEGRAL
sources maintained by Jerome Rodriguez and Arash Bodaghee.? In
Fig. 5, we plot the orbital and spin periods of these HMXBs (less
than nine systems with unknown spin periods or PSR designations).
The red diamonds represent the supergiant (SG) systems, the blue
triangles are the Galactic BeXRBs and the green stars are the SMC
BeXRBs. As expected, the SG and Be systems occupy separate
parts of the plot (Corbet 1986) and the SMC BeXRBs sit amongst
the Galactic Be systems. This sample will be used to compare with
the results from our analysis throughout the discussion.

An observation that emerges from this work is that there are of-
ten many different periodicities found in the optical and X-ray light
curves of individual sources and that these periods do not always
agree. As such, great care must be taken when deciding which pe-
riodicity is the orbital period and which can be attributed to stellar
pulsations, disc oscillations, superorbital periods or even aliasing
between different periodicities. Fig. 5 supports our interpretation of
the 21.9 d orbital period in SXP 6.85 as a longer 114 d period would
see it sit towards the edge of the BeXRB region. The 112 d period
reported by Galache et al. (2008) came from timing analysis of the
long-term RXTE light curve. A periodogram of the updated light
curve (including over four years of new data) refines this period
to be 117 = 1d. The X-ray period seems to be driven by the time
between outbursts, although considered with the 114 d optically de-
rived period and the ~ 620 d disc relaxation time-scale (McGowan
et al. 2008), a superorbital period cannot be ruled out. An addi-
tional argument for the 21.9 d period being orbital in nature is the
relationship between the orbital and superorbital periods found by
Rajoelimanana et al. (2011, see their fig. 44). The strong correlation
between these parameters suggests that for a superorbital period
of ~620d, the expected orbital period is around 15-20d. During
their study, they concluded that the orbital period of SXP 6.85 is
110d, making the system the largest outlier on their plot. Our new
orbital period removes this outlier, further improving their correla-
tion. SXP 8.80 also shows evidence for many different periodicities
in its optical and X-ray light curves. The possible period of 185d
reported in Coe et al. (2005) was only found in the MACHO red
data. They commented that they could not find the same period in
the early OGLE data implying that the result should be taken with
some caution. It is also very close to half a year — a period that
always needs to be treated with care in such data sets. The period

2 http://irfu.cea.fr/Sap/IGR-Sources/
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Table 7. All high-mass X-ray binaries with reliably known orbital periods and eccentricities.

Source name Spectral type  Pgpin (8)  Porbital (d) e a, sini (light-s) w (°) fxM) M)
Be/X-ray binaries

PSR J0045—7319! BI1V 0.93 51.169 0.808 174.235 £ 0.002 115236 +0.002 2.169
RXJ0049.1—-7250 (SXP 74.7) B3V 74.9 33.38 +0.01 0.40 £ 0.23 147 £ 15 186 + 18 3.06 £ 0.94
2E 0050.1—7247 (SXP 8.80) 09.5-BOIV-V  8.89 28.51 4 0.01 0.41 £ 0.04 112+£5 178 +4 1.86 & 0.25
MX 00534604 (y Cas)? BO.5IV 203.59 +£0.29  0.260 + 0.035 479+ 8.0

XTE J0055—727 (SXP 18.3)3 BI1-B3V 18.4 17.79 + 0.01 0.43 £ 0.03 7543 15+6 1.434+0.17
SMC X—2 (SXP2.37) 09.5111-V 237 18.38 + 0.02 0.07 £ 0.02 73.7+£0.9 226 + 8 1.27 £+ 0.05
XTE J0103—728 (SXP 6.85) 09.5-BOIV-V  6.85 21.9+0.1 0.26 £ 0.03 151 +£6 125+ 6 7.71 £0.92
IGRJ01054—7253 (SXP 11.5)* 09.5-BOIV-V  11.5 363+ 0.4 0.28 £ 0.03 167 +7 224 + 10 3.79 £ 0.48
4U 0115463° B0.2V 3.61 24317 0.342 4+ 0.004 140.69 + 0.72 4854 0.9 5.06 £ 0.08
LSI+61303° BOV 26.496 & 0.003  0.537 + 0.034 405+5.7

V0332453 (BQ Cam)’ 085V 438 36.50 & 0.29 0.417 £ 0.007 82.49 4 0.94 283.49 £+ 0.91 0.45 £ 0.02
4U 0352432 (X Per)® 09.511-BOV  837.7 250.3 + 0.6 0.111 +£0.018 454 +4 288 £ 9 1.60 £ 0.04
CI Cam’® B411I-V 19.41 + 0.02 0.62 £ 0.01 140 £ 4 7.82 +0.67
A 053542610 BOIII-V 103.5 110.3 £ 0.3 0.47 £ 0.02 267 + 13 130+ 5 1.68 + 0.25
A0538—66! B211I 0.07 16.646 0.82 + 0.04 222 +21

SAX J0635.2+053312 BIII-B2V  0.03 11.2+0.5 0.29 £ 0.09 83 + 11 356 + 24 49+20
GS 0834—43013 BO-2111-V 12.3 105.8 + 0.4 0.14 4 0.04 128 + 43 140 + 44 02+02
PSR 1259—634 B2 0.05 1236.724 0.87 138.665

GROJ1008—571 B1-B2V 93.5 2478 4+ 0.4 0.68 & 0.02 530 + 60 26409

1A 1118—616'6 09.51V-V 407.7 24.0+ 0.4 <0.16 549+ 1.4 310 + 30 0.31 £0.03
28 1417—62417 B1V 17.5 42.12 +0.03 0.417 £0.003 207.1+ 1.0 298.85 + 0.68 5.37 £0.08
XTE J1543—568!8 Be 27.1 75.56 + 0.25 <0.03 353+ 8 8.27 + 0.56
28 1553—54219 Be 9.27 306 £22 <0.09 164 £22 51422
SWIFT J1626.6—51562° Be 15.4 132.89 £ 0.03  0.08 & 0.01 401 £5 340 +9 3.92+0.15
GROJ1750—27%! 445 29.806 + 0.001 0.360 +0.002 101.8 +0.5 2063+ 0.3 1.27 +£0.02
28 1845—024%2 Be 94.3 242.18+0.01  0.879 £0.005 689 + 38 2522494 6.0=£1.0
4U 19014033 OB 2.76 22.583 0.036 106.989 + 0.015 268.812 4+ 0.003 2.578 + 0.001
GRO J1944+26%* BO-1IV-V 15.8 169.2 £ 0.9 0.33 £ 0.05 640 + 120 269 + 23 98455
GROJ1948+32% BOV 18.7 40.41540.010 0.033 £0.013 13743 3343 1.69 +0.11
EXO0 20304375% BOV 42 46.021 0412 +0.001 244 +2 2113403 7.36 £0.18
SAX J2103.5+4545%7 BOV 358.6 12.665 0.406 + 0.004 74.07 & 0.86 2443 4 6.0 2.72 £0.09
Giant and supergiant X-ray binaries

SMCX—128 BOIb 0.72 3.892 0.0002 53.577 31749 10.897

25 0114+650%° Blla 11.598 0.18 +0.05 51417

LMC X—430 0811l 13.5 1.408 0.006 + 0.002  26.343 + 0.002 9.893 + 0.002
Vela X—13! B0.5Ia 283.5 8.964 0.090 + 0.001 113.89 +0.13 152.59 +0.92 19.73 £ 0.07
Cen X—3%2 06-8 111 4.8 2.087 <0.0001 39.661 15.373 4 0.001
1E1145.1-6141% B2Ia 297 14365 +0.002  0.20 + 0.03 994 + 1.8 308 + 8 5.11 £0.28
GX301-2% Blla 685 41.498 +0.002 0.462 +0.014 3683 +3.7 3104 + 1.4 31.14 £ 0.94
4U 1538—52% B0 Iab 526.8 3.723 0.174 £ 0.015 56.6 £0.7 64+9 14.04 £ 0.52
IGR J16393—4643% 910.4 3.688 0.15 £ 0.05 5542 131415
IGR J16493—4348%7 B0.51b 6.782 +£0.002  <0.15 <128 <49

0AO 1657—415%8 B3 Ia-ab 38.2 10.444 4+ 0.004 0.104 +0.005 106.0 +0.5 9345 11.72 £0.17
EXO 1722—-363%° BO-11Ia 414.8 9.740 <0.19 101 + 3 117+ 1.0
PSR J1740—305240 B 0.57 231.030 0.579 756.909 178.646 8.721

IGR J18027—2016%! Bllb 139.6 4.570 <02 68+ 1 16.16 + 0.71
LS 50392 ONG6.5 V(f) 3.906 0.337 + 0.036 236.0+5.8

XTEJ1855—026* BO Iaep 361.0 6.072 0.04 £ 0.02 80.5+ 1.4 226 + 15 15.19 £0.79
4U 1907409% 08.5Iab 4375 8.375 0.28 4 0.04 83+2 330+ 7 8.75 £ 0.63

Note. We include all HMXBs in the Galaxy and Magellanic Clouds that we have been able to find reference to in the literature for which the orbital period and
eccentricity are reliably known. If the parameter is known to better than 3 decimal places, it is truncated and the error is smaller than 0.001. References for
quantities presented in the Table are given here for each individual system: 1Kaspi et al. (1994); ZHarmanec et al. (2000); 3Schurch et al. (2009); *Townsend
et al. (2011); SRaichur & Paul (2010b); ®Aragona et al. (2009); Raichur & Paul (2010b); $Delgado-Marti et al. (2001); *Barsukova et al. (2005); 'Finger,
Wilson & Hagedon (1994); 11Hutchings et al. (1985); 12Kaaret, Cusumano & Sacco (2000); ¥ Wilson et al. (1997); ”Wang, Johnston & Manchester (2004);
15Coe et al. (2007); '®Staubert et al. (2011); "Raichur & Paul (2010b); '3in’t Zand, Corbet & Marshall (2001); '“Kelley, Rappaport & Ayasli (1983); 2°Baykal
et al. (2010); 2! Scott et al. (1997), Shaw et al. (2009); 2*>Finger et al. (1999); 23Galloway, Wang & Morgan (2005); >*Wilson et al. (2003); 2> Galloway, Morgan
& Levine (2004); 20Wilson, Finger & Camero-Arranz (2008); 2’Baykal et al. (2007); 2®Raichur & Paul (2010a); % Grundstrom et al. (2007); **Levine (1991),
van der Meer et al. (2007); 3! Kreykenbohm et al. (2008); 3?Raichur & Paul (2010a); 33 Ray & Chakrabarty (2002); >*Koh et al. (1997); 33Clark (2000);
36Thompson et al. (2006); 3’ Cusumano et al. (2010); 3¥Chakrabarty (1993); 3*Thompson et al. (2007); *“Stairs et al. (2001); *'Hill et al. (2005); *?> Aragona

et al. (2009); 43Corbet & Mukai (2002); “*Baykal, Inam & Beklen (2006).
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Figure 5. Corbet diagram for all the HMXBs in Table 7 that have a known
spin period (excluding the PSR systems). The red diamonds represent the
SG systems, the blue triangles are the Galactic BeXRBs and the green stars
are the SMC BeXRBs.

of 33 d reported by Schmidtke & Cowley (2006) was described as
‘weak’ by them and possibly only seen in some early OGLE data.
They accepted that this could actually be the same as the 28 d re-
ported by Corbet et al. (2004). Although these periodicities could
be real, possibly a signature of stellar pulsations in the Be star, it is
likely that they are false. Indeed, as the optical data sets have grown
in size over the years, so has the confidence in what is found. Hence,
the optical period of 28 d found by Rajoelimanana et al. (2011) is
much more likely to be real as it was found in a much longer data set.
In this case, it is very likely to be the orbital period of SXP 8.80 as
it also agrees with the X-ray-derived period of Corbet et al. (2004).

As mentioned previously, the low-metallicity environment in the
SMC may have a significant impact on the evolution of HMXBs
which may manifest itself as observable differences in the popu-
lation from that of the Milky Way. Fig. 5 suggests that there is
little difference in the relationship between spin and orbital periods
of SMC and Galactic systems. McBride et al. (2008) also showed
there to be no difference in the distribution of spectral types. In
the following section we investigate if there is evidence of such
a difference in the distribution of eccentricities and, by inference,
supernova kick during the formation of the NS.

4.2.1 The relationship between the orbital period and eccentricity

The orbital solutions presented here mean that for the first time
we can investigate the relationship between the orbital period and
eccentricity for a sample of SMC BeXRBs and compare this to
what is seen in the Galaxy. In Fig. 6, we plot these two parameters
for the six SMC sources and the Galactic sample. For clarity, we
remove the PSR-designated systems, CI Cam and the millisecond
binary pulsars A0538—66 and SAX J0635.24-0533 from our com-
parison as these are almost certainly not ‘normal’ HMXBs. There
are several things to note here. First, there seems to be little differ-
ence between the parameter space occupied by SMC and Galactic
systems. This may suggest that the metallicity difference between
the galaxies is not a large factor in binary evolution, although many
more orbits of SMC systems need to be solved before we can draw a
firm conclusion. Secondly, the Be and SG systems occupy separate
regions of the plot much like on the Corbet diagram. This is what
we might expect considering the tight, circular orbits in SG sys-

© 2011 The Authors, MNRAS 416, 15561565
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Figure 6. Orbital period against eccentricity for all the systems presented
in Table 7, excluding the millisecond pulsars and CI Cam. The red diamond,
blue triangle and green star symbols represent SG, Galactic Be and SMC
Be systems, respectively, as in Fig. 5. The red and blue arrows are upper
limits for the eccentricity of SG and Galactic Be systems, respectively. The
1o errors are not plotted here for clarity, but are approximately the size of
the data point or smaller. The eight systems within the shaded region belong
to the new class of low-eccentricity, long-orbit HMXB (Pfahl et al. 2002).

tems and the wide, eccentric orbits in Be systems. The upper-right
most red diamond (GX 301—2) has shown evidence of behaving
like a Be system despite its B1 Ia classification (Koh et al. 1997),
and so may be an exception to this relationship. Thirdly, there is a
possible correlation between the two parameters, particularly when
we exclude the small class of low-eccentricity, long-orbit OB tran-
sients (Pfahl et al. 2002) in the shaded region.? To try and quantify
any possible relationship between the two parameters, a Spearman
rank correlation coefficient was derived. This was preferred over
a linear Pearson correlation as the relationship seems to be linear
log as opposed to simply linear. The rank correlation coefficient
for the whole data set was computed to be 0.412 with a p-value of
0.007 (significant at the 30 level). A second correlation test was
performed excluding the eight sources proposed to belong to the
low-eccentricity group of OB transients, resulting in a coefficient
of 0.79 and p-value of 2.6 x 107% (significant at the 65 level).
The more significant correlation resulting from the removal of this
small group of systems may reinforce the idea put forward by Pfahl
et al. (2002) that these are a separate population of Be systems
that receive a smaller supernova kick compared to ‘classical’ Be
systems. It may also suggest that orbital period and eccentricity
in HMXBs are somehow intrinsically related. However, fitting any
function to the current data is difficult given the spread of values
and the unknown contribution to the trend from factors such as
mass, orbital size and tidal circularization timescales. Whilst the
correlation seems significant, there is an obvious alternative to this
scenario. Separate correlation tests on the SG systems and Be sys-
tems yield lower correlation coefficients of 0.54 (p-value of 0.03)
and 0.49 (p-value of 0.04), respectively. This means much of the
overall correlation could be a result of the two groups occupying

3 Pfahl et al. (2002) argued that these objects make up a new group of HMXB
that received a much smaller kick from the supernova explosion that created
the X-ray binary. This work was originally based on six systems, though
now there are currently eight members of this group. See Galloway et al.
(2005) and Baykal et al. (2010) for details on the other two systems.
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different parameter space. With the low-eccentricity transients in-
cluded in the Be group, this correlation coefficient drops to 0.08
(p-value 0.69). Again this favours the interpretation that we are see-
ing three different populations with different evolutionary histories,
rather than one continuous population. Conversely, we can think
of the weak correlations shown in both groups as evidence for a
relationship between the parameters, which is only enhanced when
the two groups are combined. This could be telling us something
significant about the pre-supernova phase of the binary evolution-
ary path. Delgado-Marti et al. (2001) simulate binary periods and
eccentricities resulting from SN kicks imparted on to the NS with
varying initial orbital separations. Somewhat intuitively, the results
show that as the initial separation is increased, a higher fraction
of systems are found to have larger orbital periods and larger ec-
centricities. If we consider each binary system to have the same
evolutionary path, the correlation in Fig. 6 may be telling us that
SG systems generally have tighter pre-supernova orbits than Be sys-
tems. As with the question of whether there is a difference between
SMC and Galactic systems in this parameter space, any potential
correlation in these data can only be confirmed by including more
binary systems in the comparison, particularly more long orbital pe-
riod Galactic systems and both long and short orbital period SMC
systems. However, this will be difficult given the nature of the analy-
sis method. Finally, we note the location of SXP 2.37, immediately
left of the shaded region in Fig. 6. We postulate that this source
is the latest member of this growing class of low-eccentricity OB
transient HMXB and the first member from outside the Galaxy.

5 SUMMARY

The orbital parameters of four BeXRB systems in the SMC have
been derived, taking the total number of extra-Galactic BeXRBs
with orbital solutions to 6. We find one new orbital period and
confirm a second. Two further fits were made possible by freezing
the orbital period parameter to known values from the analysis of
optical light curves. We find that one system (SXP2.37 = SMC
X—2) is consistent with being part of the small class of HMXBs
with low eccentricities and long orbital periods proposed by Pfahl
etal. (2002) or at least lies between this class and the ‘normal’ pop-
ulation. On comparing the SMC sample to Galactic systems we find
there to be little difference in their binary parameters, suggesting
that the low-metallicity environment in the SMC does not contribute
strongly to the evolution of the binary. The different types of HMXB
are found to occupy different regions on a plot of orbital period and
eccentricity, similar to what is seen in the Corbet diagram. A pos-
sible correlation between the two parameters is noted, although it
is unclear whether this is an effect of the position of the groups on
the plot or if it demonstrates a physical connection between the pa-
rameters in HMXB systems. The data clearly suffer from selection
effects, in particular the lack of many long orbital period systems
that will ultimately determine the answers to the questions posed
here. As a by-product of our work, we present a catalogue of the
orbital parameters for every HMXB in the Galaxy and Magellanic
Clouds for which they are known.
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