
HMXB X-RAY PULSARS IN THE 
MAGELLANIC CLOUDS AND THE GALAXY: 

THE SMC CORE PROGRAM

Robin Corbet, E.S. Bartlett, M.J. Coe, W.R.T. Edge, J.L. Galache, 
S. Laycock, J. Lochner, C.B. Markwardt, F.E. Marshall, V.A. 

McBride, K.E. McGowan, M.P.E. Schurch, L.J. Townsend, and 
others...



RXTE’S ADVANTAGES FOR HMXBS

• RXTE was a superb tool for studying high-mass X-ray 
binaries in our Galaxy.

• ASM for long term light-curves and detection of transients.

• e.g. Orbital periods from light curves.

• PCA for shorter time variability.

• e.g. Pulse periods and pulse timing.

• HEXTE for extended energy coverage

• e.g. cyclotron lines



HMXB STUDIES BEYOND THE MILKY WAY

• In addition to RXTE’s highly-productive observations of 
Galactic systems, RXTE was able to use its unique capabilities 
to “exit” the Milky Way.

• This presentation briefly reviews highlights from RXTE’s 
extended observations of the Small Magellanic Cloud that 
became part of the “core program” until mission end.

• Includes the discovery of a huge population of HMXBs.

• SMC statistics: dwarf galaxy; possibly in orbit around the Milky 
Way; d ~ 60 kpc; mass ~1% MW; low metallicity; recent bursts 
of increased star formation rate - due to tidal interactions with 
LMC and/or MW(?).



EARLY HISTORY OF SMC X-RAY PULSARS: 
SMC X-1, X-2, X-3. 

• First X-ray pulsar discovered in SMC was SMC X-1 in 1970s.

• Luminosity can reach ~1039 ergs s-1.

• 0.71s pulse period, 3.89 day orbital period.

• Companion is Roche-lobe filling B0I star.

• In 1978 two transients (SMC X-2, X-3) found.

• Three pulsars found agreed with simple population 
prediction based on SMC mass (1% of Milky Way)



EARLY OBSERVATIONS OF 
SMC X-RAY PULSARS WITH RXTE

• Serendipitous RXTE PCA slew observations in 1997 showed 
possible outburst from SMC X-3 (Marshall+).

• Pointed RXTE observation showed complicated power 
spectrum with several (harmonic, almost-harmonic, & non-
harmonic) peaks.

• Imaging ASCA satellite observations (Corbet+) showed two 
separate pulsars - neither was SMC X-3...

• Examined the PCA power spectrum in more detail...



THE POWER SPECTRUM 
THAT STARTED IT ALL!

Revised investigation of RXTE power spectrum (Corbet+) 
showed three pulsars simultaneously active! 
(Periods of 46.6, 91.1, and 74.8 s).



THE SMC WITH RXTE

• Monitored one or more positions weekly since 1997.

• Typical observation duration about 10,000 seconds.

• Became one of the RXTE “core programs”.

• Use power spectrum of light curve to extract pulsed flux from any 
X-ray pulsars in FOV.

• Sensitivity to pulsed flux ~1036 ergs s-1 at SMC distance.

• Detect transient sources - all identified optical counterparts are Be 
stars. 

• There are now more than 60 SMC HMXBs known.
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Accretion From a Be Star

Type I Outburst

In addition to periodic modulation on orbital period,  
systems are also transient on long timescales as Be 
circumstellar envelope dissipates and reforms.

Figure from Ignacio Negueruela
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HI Image of the SMC. Big circles = PCA FOV at monitoring positions.

Small blue circles show X-ray pulsar positions.



SELECTED HIGHLIGHTS OF SMC 
OBSERVATIONS

• Outbursts from SMC X-2 (Corbet+, Schurch+)

• Long-term pulsed light curves (Galache+, Laycock+, 
Townsend)

• Orbital parameters of SMC binaries (Townsend+)

• Accretion theory with XRBs in the SMC (Coe+)

• Spectral class distribution of Be/X-ray binaries (McBride+)

• Two populations of X-ray pulsars produced by two types of 
supernova (Knigge+)



OUTBURST AND PULSED X-RAY FLUX FROM 
SMC X-2 - AND OGLE
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Fig. 1.—Light curve of SMC X-2 obtained with the RXTE ASM. This was
derived from the standard daily averaged light curve by a procedure that
combines weighted rebinning by a factor of 2 followed by a smoothing function
that replaces each point with half its original value plus one-quarter of the
value of each neighboring point. This function was applied twice to the original
light curve.

TABLE 2
Optical Photometry

Star

2000 Apr 14 1978 Jun 15

B V RC B V RC
A . . . . . . 15.01 14.88 14.83 15.0 15.2 …
B . . . . . . 16.47 16.38 16.41 15.7 16.0 …

Note.—The 1978 photometry is fromMurdin et al. 1979.
Star B is the proposed optical counterpart of SMC X-2.

TABLE 1
RXTE PCA Observations of SMC X-2

Observation
Dates
(2000)

Exposure
(ks) Type PCUs Operating Detection? PCA Count Rate

1 . . . . . . . . . . . Apr 9 0.02 Serendipitous slew 2 Yes 8
2 . . . . . . . . . . . Apr 12 1.4 Slews ! stares 4 Yes 5.2
3 . . . . . . . . . . . Apr 22–23 7.1 Stare 3 Yes 3.2
4 . . . . . . . . . . . May 2–3 6.3 Stare 4/5 No !0.35
5 . . . . . . . . . . . May 5 2.0 Stare 4 No !0.5

Note.—The PCA count rate is in units of counts s"1 PCU"1 (2–10 keV) and is approximate for observation 1.
The two upper limits come from the lack of pulsations (see § 3.2).

2.2. Proportional Counter Array

The PCA (Jahoda et al. 1996) consists of five Proportional
Counter Units (PCUs) that are sensitive to photons with en-
ergies between 2 and 60 keV with a total effective area of
!6500 cm2. For the entire PCA across the complete energy
band, the Crab Nebula produces a count rate of about 13,000
counts s . The PCA spectral resolution at 6 keV is approxi-"1

mately 18%, and the collimator gives a field of view of 1!
FWHM. Due to instrumental problems, not all PCUs are always
operated, and the observations reported here use varying num-
bers of PCUs.
Before the first set of scheduled observations of SMC X-2

was performed, we noted the serendipitous detection of a source
consistent with the location of SMC X-2 during slews over the
SMC on 2000 April 9. In order to localize the position of the
X-ray emission from this region more precisely, and therefore
determine whether it was indeed consistent with the location of
SMCX-2, we performed additional short slews in right ascension
and declination over the position of SMC X-2 on 2000 April 12
together with short “stares.” Additional pointed observations
were made on 2000 April 22 (21:04) through 23 (02:43) and on
2000 May 2 (06:09–06:48), May 3 (06:05–06:47 and 09:34–09:
58), and May 5 (16:42–17:16). A log of the observations is
given in Table 1. Data reduction used standardHEAsoft software,
and background subtraction was performed using the model ap-
propriate for faint sources.

2.3. Optical
The optical counterpart of SMC X-2 was observed with the

South African Astronomical Observatory 1.0 m telescope on
2000 April 14, 2 days after RXTE observation 2 was performed.
Data were collected using the SITe4 CCD giving a field of
approximately 5! and a detector scale of 0".3 pixel"1. Obser-
vations were made through standard Johnson BV and Cousins
RC filters. The data were reduced using IRAF and Starlink
software, and the instrumental magnitudes were corrected to
the standard system using E region standards. The resulting
BVRC magnitudes are shown in Table 2, and all have an as-
sociated 1 j error of "0.02.
The results may be compared with the photometry of Murdin

et al. (1979), which are also given in Table 2. These authors
do not quote any errors on their results, but given that they
only present their values to one decimal place, they could well
be "0.1. Hence, the values for star A (not the proposed can-
didate) are essentially in agreement between the two epochs.

3. RESULTS

3.1. ASM
The ASM light curve (Fig. 1) suggests that there was an

outburst from SMC X-2 that occurred between roughly 2000
January and April. However, the faintness of the source makes
it difficult to determine precise start and stop times for this out-
burst. In addition, there were no SMC X-2 observations between
approximately March 6 and April 1 (MJD 51,609–51,635). To
obtain a crude characterization of the outburst in a quantitative
way, we fitted a model consisting of a constant flux plus a
symmetric triangular profile outburst to the ASM light curve.
This fit yields an outburst starting on MJD 51,555.6" 12.2
(2000 January 13) and reaching a peak days later (Feb-47" 6
ruary 28). However, since the gap in the ASM observations
started at close to the fitted peak time, the time of real peak flux
may actually have been later than this. The fittedmaximumcount
rate is counts s , which, using the spectral param-"11.0" 0.25
eters determined with the PCA (§ 3.2), corresponds to absorbed
and unabsorbed 2–10 keV luminosities of !1.5 and ! 1.7#

ergs s , respectively, at 65 kpc. The peak flux during this38 "110
outburst was thus at least comparable to, and may even have
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Figure 2. OGLE-III light curves for both the north (top) and south (bottom)
candidates to SMC X-2. The insert in the top panel shows an expanded view
of the sixth and seventh year of OGLE-III data.

Figure 3. Periodogram of the OGLE-III data (4 years) for the northern
counterpart to SMC X-2. The coloured lines represent the individual years.
The black line is the analysis of the entire 4 years of data. The detected
periodicity at 18.62 d and its harmonics are marked. The horizontal blue
line represents the 99 per cent significance level.

given by 1-FAP. The related error on the detected peak is given by
equation (14) in Horne & Baliunas (1986). It is clear that in the
seventh year of data a strong periodicity is present above the 99
per cent significance level. The second and third harmonics are also
identifiable, at a slightly lower level. In the analysis of the entire
4 years’ worth of data, the primary peak and both harmonics have
increased in strength. The periodicity is at 18.62 ± 0.02 d with
harmonics at 9.31 and 6.21 d.

The same analysis was performed on the light curve of the south-
ern star. There is no periodicity seen in any of the individual 7 years
of data above the 99 per cent significance level, and none when
the light curve is taken as a whole. This indicates that the observed
periodicity in the northern star is real and not an artefact due to
the close proximity of the stars, or of the data extraction process.
Schmidtke, Cowley & Udalski (2009) propose that the 18 d period
is an artefact of the timing analysis caused by the beating of the 6
and 9 d periodicities. The visual presence of the 18.62 d periodicity
in the seventh year of data would suggest that beating is not the
cause of the power and that the variation is infact due to the orbital
motion, in addition the folded light curve (discussed later) is typical
of the optical emission from a Be/X-ray binary system.

Combining this period with the pulse period of 2.37 s places
SMC X-2 on the edge of the distribution of Be/X-ray binaries in

Figure 4. Optical orbital profile for the northern star counterpart to SMC
X-2. Detrended OGLE-III data for years 4–7 were folded on 18.62 d.

the Corbet diagram (Corbet et al. 2009). If one of the 6 or 9 d
periodicites suggested by Schmidtke et al. (2009) were the true
binary period then the source would be fall within the Roche lobe
overflow region (RLOF). RLOF systems are continuous accretors,
hence they would be detectable in the X-ray at all times. Although
there is little X-ray information on this source (see Section 3.2) there
have been sufficient observations of the region with RXTE to rule out
the possibility that the source is a RLOF system. This supports the
proposal that 18.6 d is the binary period (Schurch, Udalski & Coe
2008) and that SXP2.37 is a Be/X-ray binary with the northern star
as the optical counterpart (Schmidtke et al. 2006). Fig. 4 shows the
orbital profile for SMC X-2, constructed from the portion of optical
light curve used in the period search. In this paper the orbital profiles
are constructed using the phase-independent folding procedure (de
Jager et al. 1988; Galache et al. 2008). The data are folded a total of
5 times using 10 bins, each individual fold has a small starting point
offset. The combined folded profile is the average of the individual
folds, producing a higher resolution profile. Although only every
fifth bin is independent this has the effect of smoothing out spurious
data points across several bins while allowing true variations to be
enhanced. The orbital profile reveals a very steep rise and fall in
optical brightness. This type of emission is a typical signature of a
neutron star passing through periastron, the measured period would
be that of the orbital period. There is also an additional emission
peak at phase 0.65. This secondary peak could be due to increased
accretion as extra material is picked up as the neutron star turns
around and begins its next approach. The ephemeris derived for the
time of maximum brightness is MJD (53170.7 ± 0.2) + n(18.62 ±
0.02) d.

3.2 RXTE

SMC X-2 is located in the south-western corner of the SMC towards
the outer edges (see Fig. 1). Due to this position and the observing
strategy of RXTE (see Galache et al. 2008) it has rarely fallen within
RXTE’s FoV, as a result little is known about its X-ray activity. The
only X-ray detection to overlap with the OGLE-III coverage was
recorded on MJD 52228. There is no noticeable correlation be-
tween this X-ray detection and any optical feature of either star that
would aid in identifying the correct counterpart. Full analysis of the
X-ray light curve is presented in Galache et al. (2008). There is no
supporting orbital period from the X-ray data.

C! 2010 The Authors, MNRAS 412, 391–400
Monthly Notices of the Royal Astronomical Society C! 2010 RAS
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C! 2010 The Authors, MNRAS 412, 391–400
Monthly Notices of the Royal Astronomical Society C! 2010 RAS

SMC X-2 - one of the 3 “classical” HMXBs in the SMC.
Outburst seen with the ASM > 1038 ergs s-1 
Exceptional to detect SMC Be system with 
ASM)

Triggered PCA TOO - 2.37s period pulsations 
found (Corbet+).
Short pulse period consistent with high Lx.

Orbital period not seen in X-ray data (PCA or 
ASM).

OGLE monitoring of optical counterpart over 4 
year period shows 18.6 day period (Schurch+).



LONG-TERM PULSAR LIGHT CURVES

• Light curves are extracted for each SMC observation.

• Power spectra are calculated for each light curve. 

• Measure the pulsed flux (or upper limits) for each known 
pulsar in the FOV. 

• While RXTE was operational, used quick look data to do this 
within ~1 day as a weather report. Check for new sources or 
new outbursts from known sources. (~15 ATels)

• Obtain long-term pulsed light curves. 2 large papers written, so 
far, with light curves for all sources (Laycock+, Galache+). Light 
curves further updated in Townsend PhD thesis.



EXAMPLE LIGHT CURVES

SXPnnn = SMC X-ray Pulsar “nnn” pulse period.
e.g. “SXP46.6” (one of first new pulsars).
137 day orbital modulation seen.



SXP144: 59 day orbital period.



SXP25.5 (perhaps = SXP51!)

Increasing activity toward end of mission.
Power spectrum sometimes shows 25.5s only, 
sometimes 51s. Changing pulse profile or two sources??



ORBITAL PARAMETERS OF SMC BINARIES
(TOWNSEND+)

Extended Type II outburst allowed repeated TOO observations 
which enabled measurements of orbital parameters from pulse 
timing.

1558 L. J. Townsend et al.

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 (1! ) errors in the binary parameters for each fit.
The chosen value is stated in the relevant section.

3 R ESULTS

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 = 01h02m53.s1, Dec. =
!72"44#33.##0 (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 O9.5 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 ± 0.6 d and 24.8 ± 0.1 d, 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
(4! ) 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 ± 0.1 d 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 SXP 2.37 = SMC X!2

SXP 2.37 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 II outburst from 2000 January to May. The proposed optical
counterpart to this X-ray source was shown to be a close north–south

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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 21.9 ± 0.1
Projected semimajor axis axsini (light-s) 151 ± 6
Longitude of periastron " (") 125 ± 6
Eccentricity e 0.26 ± 0.03
Orbital epoch #periastron (MJD) 55479.1 ± 0.4
Spin period P (s) 6.8508 ± 0.0001
First derivative of P Ṗ (10!10 ss!1) !8.0 ± 0.5
Goodness of fit $2

% 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 18.6 d 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 O9.5 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.

C% 2011 The Authors, MNRAS 416, 1556–1565
Monthly Notices of the Royal Astronomical Society C% 2011 RAS
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Figure 2. The spin period of SXP 2.37 as measured by RXTE. The orbital
modulation is not as obvious as in the case of SXP 6.85, 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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 18.38 ± 0.02
Projected semimajor axis ax sini (light-s) 73.7 ± 0.9
Longitude of periastron ! (!) 226 ± 8
Eccentricity e 0.07 ± 0.02
Orbital epoch "periastron (MJD) 51616.8 ± 0.4
Spin period P (s) 2.37194 ± 0.00001
First derivative of P Ṗ (10"10 ss"1) "0.720 ± 0.015
Goodness of fit #2

$ 3.58

The data are cut at the 99.9999 per cent (5% ) 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 ± 0.00001 s 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 ± 0.3 d
(Corbet et al. 2004) during RXTE monitoring of the SMC. Sub-

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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 28.51 (frozen)a

Projected semimajor axis ax sini (light-s) 112 ± 5
Longitude of periastron ! (!) 178 ± 4
Eccentricity e 0.41 ± 0.04
Orbital epoch "periastron (MJD) 55106.7 ± 0.2
Spin period P (s) 8.9038 ± 0.0001
First derivative of P Ṗ (10"10 ss"1) "6.9 ± 0.6
Goodness of fit #2

$ 2.60

aOrbital 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 O9.5–B0 IV–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 SXP 74.7 = 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 2. The spin period of SXP 2.37 as measured by RXTE. The orbital
modulation is not as obvious as in the case of SXP 6.85, 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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 18.38 ± 0.02
Projected semimajor axis ax sini (light-s) 73.7 ± 0.9
Longitude of periastron ! (!) 226 ± 8
Eccentricity e 0.07 ± 0.02
Orbital epoch "periastron (MJD) 51616.8 ± 0.4
Spin period P (s) 2.37194 ± 0.00001
First derivative of P Ṗ (10"10 ss"1) "0.720 ± 0.015
Goodness of fit #2

$ 3.58

The data are cut at the 99.9999 per cent (5% ) 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 ± 0.00001 s 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 ± 0.3 d
(Corbet et al. 2004) during RXTE monitoring of the SMC. Sub-

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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 28.51 (frozen)a

Projected semimajor axis ax sini (light-s) 112 ± 5
Longitude of periastron ! (!) 178 ± 4
Eccentricity e 0.41 ± 0.04
Orbital epoch "periastron (MJD) 55106.7 ± 0.2
Spin period P (s) 8.9038 ± 0.0001
First derivative of P Ṗ (10"10 ss"1) "6.9 ± 0.6
Goodness of fit #2

$ 2.60

aOrbital 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 O9.5–B0 IV–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 SXP 74.7 = 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 ± 0.4 s (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 ± 0.4 d 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
B3 V emission-line star.

There have been sporadic detections of SXP 74.7 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 (5! )
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 " 2 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 D ISCUSSION

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 3–10 keV
RXTE PCA data.

Parameter Orbital solution

Orbital period Porbital (d) 33.38 (frozen)a

Projected semimajor axis ax sini (light-s) 147 ± 15
Longitude of periastron # (") 186 ± 18
Eccentricity e 0.40 ± 0.23
Orbital epoch $periastron (MJD) 55280.9 ± 1.5
Spin period (MJD 55247.2) P (s) 74.867 ± 0.002
First derivative of P Ṗ (10!10ss!1) !635 ± 37
Goodness of fit "2

% 0.33

aOrbital 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:

fX(M) = Kx
3P (1 ! e2)3/2

2!G
= Mc sin3 i

(1 + q)2
(5)

and

fC(M) = Kc
3P (1 ! e2)3/2

2!G
= Mx sin3 i

(1 + 1/q)2
(6)

respectively. Mx and Mc 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 q is the mass
ratio (=Mx/Mc). The semi-amplitudes of the radial velocity curves
are given by

Kn = 2!an sin i

P (1 ! e2)1/2
, (7)

where ax and ac 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 (# ax) using masses estimated from the spectral classification
of the counterpart and the standard mass of an NS of 1.4 M$.
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
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Figure 5. XMM–Newton pulse profile of SXP11.5 derived from MOS 1
data in different energy bands. The profiles are background subtracted and
then plotted as a ratio to the mean count rate. The mean count rates for
the energy bands used are (from top to bottom): (1.24, 3.44, 2.88, 1.18 and
8.75) ! 10"2 counts s"1.

of (7.81 ± 0.57) ! 10"12 erg cm"2 s"1 in the 3–10.0 keV band.
Assuming a distance of 60 kpc, this corresponds to an unabsorbed
XMM–Newton luminosity of L3"10.0 = (3.35 ± 0.25)!1036 erg s"1.
The luminosity of the two RXTE observations found using the
normalization fit are L3"10.0 = (1.79 ± 0.07) ! 1037 erg s"1 and
L3"10.0 = (2.54 ± 0.11) ! 1037 erg s"1 for the red and green spec-
tra, respectively. These agree nicely with the value obtained using
the pulsed flux light curve and the pulsed fraction. The XMM–
Newton value is much lower than the values found in the RXTE
observations. It is unclear how much of this difference is due to
source variability and how much is due to the unusually far off-axis
position of the source on the MOS detector. For comparison, this
model was also fit to the spectrum from the Swift observation. The
luminosity was found to be L3"10.0 = (9.51 ± 0.48) ! 1036 erg s"1.
This value is a factor of 2 smaller than the RXTE value measured
just 3 d later, but could be explained by variability within the source
at the start of the outburst.

SXP11.5 was also in the FoV of a previous XMM–Newton obser-
vation on MJD 54010.99–54011.26 (ObsID 0402000101), when no
significant X-ray emission at this position was detected. Analysing
the EPIC-pn data, we found a 3! upper limit of 0.002 counts s"1

for the 0.2–12.0 keV energy band, which, assuming the same spec-
trum as above, corresponds to an unabsorbed luminosity limit of
L0.2"10.0 # 6.4 ! 1033 erg s"1.

Figure 6. RXTE & XMM–Newton spectra recorded during the outburst. The
XMM–Newton spectrum was taken on MJD 55011 and is shown in black.
The RXTE spectra were taken on MJD 55001 and 55023 (red and green,
respectively). All three spectra were fitted simultaneously with an absorbed
power law with high-energy cut-off allowing only a constant normalization
factor between the three spectra under the assumption that the spectral shape
does not change. The model fit is presented in the text.

3 O R B I TA L S O L U T I O N TO IG R J 0 1 0 5 4!7 2 5 3

It became apparent after the first few RXTE observations that there
were both spin-up and spin-down trends in the pulse period of
SXP11.5, indicating that we were seeing the motion of the NS
around the companion star through Doppler shifting of the spin
period, similar to that seen in SXP18.3 (Schurch et al. 2009) and
GRO J1750-27 (Shaw et al. 2009). Fig. 7 shows the detections
of the third harmonic of the pulse period during the outburst and
the associated errors. Overplotted is the model fit to the data as
discussed later. The third harmonic was used to fit the model because
it was several times more powerful in the power spectrum than the
fundamental frequency (Fig. 2) and so the associated errors are
smaller. The error bars increase in size towards the end of the

Figure 7. Period of the third harmonic of SXP11.5 as detected by RXTE
during the 2 months of pointed observations. The final two data points are
one-third of the detected fundamental period as the third harmonic had
disappeared by this point and the first data point is one-third of the period
detected by Swift (see text). Overplotted is the model fit to the data as
described in the text.
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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 J0635.2+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-

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
1! 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.3 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 3! 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 " 10!8 (significant at the 6! 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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ACCRETION THEORY WITH 
X-RAY BINARIES IN THE SMC (COE+)

• Understanding of the accretion process on to compact 
objects in binary systems is an important part of modern 
astrophysics. 

• Theoretical work (Ghosh & Lamb) makes clear predictions 
for the behavior of such systems. 

• Generally supported by observational results of 
considerably varying quality from galactic accreting 
pulsar systems. 

• A much larger homogeneous SMC population provides 
more demanding tests of the accretion theory.



ACCRETION THEORY FROM SMC X-RAY 
BINARIES
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Figure 5. The relationship between the absolute values of the short (ap-
proximately couple of months) spin changes and the longer term changes
(!10 years). All 11 sources from Table 1 with both short- and long-term
Ṗ values are included. The dashed line shows the simple relationship
LongṖ = 0.2" ShortṖ .

Such reverse torques have been reported before and even transitions
from spin-up to spin-down observed, for example, 4U1626#67
(Bildsten et al. 1997). No such transitions are observed in the
sample presented here, but the numbers do give a clear indica-
tion of the frequency with which these reverse torques occur. In
addition, it is obviously a phenomenon that is not restricted to a
particular spin period regime since our three object have periods
ranging from 8.9s to 1325s. Five further systems show long-term
spin-down changes (see Table 1). However, all these other sys-
tems show spin-up during outbursts and the long-term change may
be attributed to the gradually slowing down of the neutron star
in the absence of repeated accretion episodes, rather than reverse
torques.

3.2 Spin period evolution

The relationship between short spin period changes (seen during
an outburst of typically 1–2 months) and the long-term period
changes seen over !10 years worth of study is shown in Fig. 5.
The sources broadly follow a relationship indicating that LongṖ =
0.2 " ShortṖ . So individual outbursts typically spin-up (or down)
a neutron star approximately five times faster than the longer, time-
averaged changes. In reality, the neutron star is subjected to a series
of ‘kicks’ during each short outburst, followed by an intervening
recovery period. This effect is illustrated clearly in Fig. 1.

3.3 Neutron star masses

Ghosh & Lamb (1979) established the relationships for accretion on
to neutron stars formulating the now well-known relationship be-
tween Ṗ and X-ray luminosity (see equation 15 in their paper). This
relationship was reiterated by Joss & Rappaport (1984) and others,
with all sets of authors comparing the theoretical predictions with
available data from galactic accreting pulsar systems. The quality
of the observational data used was very variable, with many objects
represented simply by upper limits. In this work, the consistently

Figure 6. Adapted from fig. 10 of Ghosh & Lamb (1979) for disc accretion
on to neutron stars with a magnetic moment of µ = 0.48. All 16 outbursts
with a measurable ShortṖ from Table 1 are included. The three parallel lines
represent three different possible neutron star masses.

higher quality of the measurements allows us to compare theory
and observation much more precisely. This comparison is shown
in Fig. 6, where it is immediately obvious that the data provide
strong support for the models over two orders of magnitude. The
probability of getting this level of correlation with an uncorrelated
data set is 2.5 " 10#9.

From the results presented here, there is a strong support for the
average mass of neutron stars in these systems to lie between 1.3
and 1.9 M$. In fact, if the sample shown in Fig. 6 is used then the
average mass of the neutron stars in the SMC sample is found to be
1.62 ± 0.29 M$. The only significant deviation from the average
value is that of SXP7.78 (=SMC X-3) which strongly suggests a
much lower neutron star mass for that system. SXP59.0 has the
largest error bars of all the points and lies ! 2! away from the M =
1.9 M$; hence is probably not significant measurement of a large
neutron star mass.

3.4 Implications for HMXB evolution

There are currently 56 systems with known pulse periods, but only
27 with confirmed binary periods. Many of the binary periods have
been determined or confirmed from OGLE III long-term data which
frequently show evidence of modulation believed to be at the binary
period. Results such as those for SXP46.6 (McGowan et al. 2008)
demonstrate the strength of this link by revealing regular optical
outbursts coincident with X-ray outbursts. However, for many of
the SMC systems the binary period has yet to be confirmed and,
in particular, the longer term periods (%1–2 years) are increasingly
difficult to ascertain. This may be due to either missing X-ray out-
bursts or/and a lack of optical modulation due, perhaps, to the size
and shape of the orbit.

However, the period histogram should reflect accurately the dis-
tribution of pulse periods found in accreting pulsar systems (at

C& 2009 The Authors. Journal compilation C& 2009 RAS, MNRAS 401, 252–256

Adapted from fig. 10 of Ghosh & Lamb 
(1979) for disc accretion on to neutron 
stars with a magnetic moment of μ = 
0.48. All 16 outbursts with a measurable 
dP/dt from Table 1 are included. The 
three parallel lines represent three 
different possible neutron star masses.



SPECTRAL CLASS DISTRIBUTION OF 
BE/X-RAY BINARIES (MCBRIDE+)

1202 V. A. McBride et al.

 0

 2

 4

 6

 8

 10

 12

O7 O8 O9 B0 B1 B2 B3 B4 B5 B6 B7 B8 B9

N
um

be
r

Spectral Type

Figure 4. Spectral distribution, as determined from high signal-to-noise ra-
tio blue spectra, of Be/X-ray binaries in the SMC (dot–dashed) as compared
the distribution of Be/X-ray binaries in the Galaxy (solid).

Table 4. Properties of SMC Be/X-ray binaries. Source names are related to their X-ray pulse periods. In the Ref. column, O refers to
colours from Udalski et al. (1998), M refers to colours from Massey (2002), while Z refers to colours from Zaritsky et al. (2002). The
Grism column refers to the ruling, in l mm!1 of the grism used in each case. The Spec column lists the classifications determined from
blue spectra in this work unless otherwise noted. The luminosity class, as determined from the spectrum in the case of 600 l mm!1 data,
and as determined from the absolute magnitude in the case of 400 l mm!1 data, of each source is given in the Lum column.

Source V ! V B ! V !(B ! V) Ref Grism Spec Lum

SXP0.92 16.18 0.02 !0.21 0.03 O 600 B0.5–B2 IV–V
SXP2.37 16.38 0.02 0.02 0.04 Z 600 O9.5 III–V
SXP2.76 14.01 0.08 0.06 0.09 Z 600 B1–B1.5 II–III
SXP3.34 15.63 0.03 !0.01 0.05 O 600 B1–B2 III–V
SXP6.85 14.59 0.02 !0.08 0.02 M 600 O9.5–B0 IV–V
SXP7.78 14.91 0.02 0.00 0.03 Z 600 B1–B1.5 IV–V
SXP8.80 14.87 0.12 !0.27 0.13 O 600 O9.5–B0 IV–V
SXP9.13 16.51 0.02 0.01 0.04 O 400 B1–B3 IV–V
SXP15.3 14.67 0.04 !0.01 0.05 O 600 O9.5–B0 III–V
SXP22.1 14.18 0.03 !0.04 0.04 Z 600 O9.5–B0 III–V
SXP31.0 15.52 0.03 !0.10 0.04 Z 600 O9.5–B11 V
SXP34.1 16.78 0.03 !0.12 0.04 Z 400 B2–B3 IV–V
SXP46.6 14.72 0.03 !0.07 0.03 Z 600 O9.5–B1 IV–V
SXP59.0 15.28 0.01 !0.04 0.02 O 600 O9 V
SXP65.8 15.64 0.03 !0.12 0.03 M 600 B1–B1.52 II–III
SXP74.7 16.92 0.06 0.09 0.01 O 400 "B3 V
SXP82.4 15.02 0.02 0.14 0.03 O 600 B1–B3 III–V
SXP91.1 15.05 0.06 !0.08 0.06 Z 600 B0.5 III–V
SXP101 15.67 0.15 !0.05 0.15 M 600 B3–B52 Ib–II?
SXP138 16.19 0.12 !0.09 0.12 Z 400 B1–B2 IV–V
SXP140 15.88 0.03 !0.04 0.03 Z 600 B1 V
SXP152 15.69 0.03 !0.05 0.12 Z 600 B1–B2.5 III–V
SXP169 15.53 0.02 !0.05 0.04 Z 600 B0–B1 III–V
SXP172 14.45 0.02 !0.07 0.02 O 600 O9.5–B0 V
SXP202 14.82 0.02 !0.07 0.01 O 600 B0–B1 V
SXP264 15.85 0.01 0.00 0.01 Z 600 B1–B1.5 V
SXP280 15.64 0.03 !0.12 0.04 Z 600 B0–B2 III–V
SXP304 15.72 0.01 !0.04 0.02 O 600 B0–B2 III-V
SXP323 15.44 0.04 !0.04 0.05 O 600 B0–B0.53 V
SXP348 14.79 0.01 !0.09 0.01 O 600 B0.5 IV–V
SXP455 15.49 0.02 !0.07 0.05 O 600 B0.5–B2 IV–V
SXP504 14.99 0.01 !0.02 0.01 O 600 B1 III–V
SXP565 15.97 0.02 !0.02 0.04 O 600 B0–B2 IV–V
SXP700 14.60 0.02 !0.08 0.02 M 600 B0–B0.52 III–V
SXP701 15.87 0.05 0.15 0.05 M 600 O9.5 V
SXP756 14.98 0.02 0.05 0.03 O 600 O9.5–B0.5 III–V
SXP1323 14.65 0.02 !0.11 0.03 Z 600 B0 III–V

(1) Covino et al. (2001). (2) Schurch et al. (2007). (3) Coe et al. (2002).

test of the difference between the SMC and Galactic distributions
gives a KS statistic D = 0.22, indicating that the null hypothesis
(which is that the two distributions are the same) cannot be rejected
even at significances as low as 90 per cent. Hence, it is likely that
both Galactic and SMC Be/X-ray binary counterparts are drawn
from the same population.

The most noteworthy selection effect, which may mask the real
distribution of spectral types in the SMC, is magnitude related:
fainter stars, which are most likely to be those of later B-types, are
the most difficult to observe and classify. Table 4 shows that the
latest spectral types observed among the SMC systems are those
of SXP74.7 ("B3) and SXP101 (B3–B5). Although SXP74.7 is
faint, spectral types of stars much fainter than SXP101 have been
confidently determined. Thus, there seems very little evidence that
magnitude-related selection effects have influenced our sample. A
second factor reduces the number of optical counterparts included
in our sample in the first place: this is related to those SMC X-ray

C# 2008 The Authors. Journal compilation C# 2008 RAS, MNRAS 388, 1198–1204

The spectral distribution of Be/X-ray 
binaries in the SMC is consistent with that 
of the Galaxy, despite the lower metallicity 
of the SMC. 

The metallicity of the SMC is conducive to 
the formation of a large number of high-
mass X-ray binaries. 

However, the spectral distribution is likely  
most strongly influenced by angular 
momentum losses during binary evolution. 
This is not very dependent on the local 
metallicity.



TWO POPULATIONS OF X-RAY PULSARS 
PRODUCED BY TWO TYPES OF SUPERNOVA

(KNIGGE+)

• Two types of supernova are thought to produce neutron 
stars. 

• Iron-core-collapse supernovae: a high-mass star develops a 
degenerate iron core exceeding the Chandrasekhar limit. 

• Electron-capture supernovae: collapse of a lower-mass 
oxygen–neon–magnesium core.

• Knigge et al.  (2012) report that X-ray pulsars are composed 
of two distinct subpopulations with different characteristic 



TWO POPULATIONS OF X-RAY PULSARS

The Corbet diagram for high-mass X-ray binaries.

C Knigge et al. Nature 000, 1-4 (2011) doi:10.1038/nature10529

The log(Pspin) distribution of confirmed and probable BeXs.

Knigge et al.: “The two subpopulations are most probably associated with the two 
distinct types of neutron-star-forming supernova, with electron-capture supernovae 
preferentially producing systems with short spin periods, short orbital periods and 
low eccentricities. Intriguingly, the split between the two subpopulations is clearest 
in the distribution of the logarithm of spin period, a result that had not been 
predicted and which still remains to be explained.”



SOME METRICS OF PRODUCTIVITY OF SMC 
CORE PROGRAM

• Over 80 publications of all types.

• Over 20 refereed papers, with more in the pipeline.

• 4 PhD theses (Laycock, Galache, Schurch, Townsend)

• An extensive legacy of data and results available for 
observational and theoretical studies. (e.g. Knigge et al. 
Nature paper)


