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Abstract. We report on the long term average spin period, rate of change of spin period
and X-ray luminosity during outbursts for 42 Be X-ray binary systems in the Small Magellanic Cloud. We also collect and calculate parameters of each system and use this data
to determine that all systems contain a neutron star which is accreting via a disc, rather
than a wind, and that if these neutron stars are near spin equilibrium, then over half of
them, including all with spin periods over about 100 seconds, have magnetic fields over
the quantum critical level of 4.4×1013 G. If these neutron stars are not close to spin equilibrium, then their magnetic fields are inferred to be much lower, on the order of 106 -1010
G, comparable to the fields of neutron stars in low mass X-ray binaries. Both results are
unexpected and have implications for the rate of magnetic field decay and the isolated
neutron star population.

1 Introduction
X-ray binaries contain a compact star - a white dwarf, neutron star or black hole - and a mass donor
companion. They are generally divided into two groups depending on the mass of their companion.
Low mass X-ray binaries (LMXB) contain a companion comparable in mass to the Sun or less, whilst
high mass X-ray binaries (HMXB) contain a companion star over ten times the mass of the Sun [1].
This is either a supergiant star – in the case of supergiant X-ray binaries (SGXB) – or an OBe star
- in the case of Be X-ray binaries (BeXB). OBe stars are fast rotating O or B-type stars that show
Balmer lines in emission, indicating the presence of a circumstellar disc. The compact star in all
confirmed BeXB is a neutron star [2], although there are several white dwarf candidates [3, 4]. BeXB
typically have eccentric orbits and at periastron the neutron star briefly passes through the edge of the
OBe star’s circumstellar disc where it can accrete matter, either via a Keplerian accretion disc or via a
wind, causing X-ray outbursts. Once it is known how the neutron star in each system accretes then an
appropriate theory of accretion can be used to determine its magnetic field.
We use archival Rossi X-ray Timing Explorer (RXTE) data taken with the Proportional Counter
Array (PCA) to determine the long term average spin period, rate of change of spin period and X-ray
luminosity during outbursts for 42 BeXB in the Small Magellanic Cloud (SMC). We then determine
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the most likely magnetic field of the neutron star in each of these systems. This is the first time that
the rate of change of spin period and the long term average X-ray luminosity has been accurately
measured for so many systems.

2 Observations
The observations used in this paper come from the study of the SMC carried out using RXTE over
the period 1997-2012. The SMC was observed once or twice a week and the activity of the neutron
stars determined from timing analysis. See [5] and [6] for detailed reports on this work. We remove
any period detections with a significance less than 99%, a collimator response less than 0.2 (with
the exception of SXP15.3 which reached a high enough X-ray luminosity to compensate for the low
collimator value) and datasets with less than 5 detections. This leaves 42 systems with the number of
detections between 5 and 88.
The average count rate is converted to X-ray luminosity using
L = 0.4 × 1037 × 3 × CR,

(1)

where we assume a distance of 60 kpc to the SMC and an average pulsed fraction of 33% [7]. L is the
X-ray luminosity in erg s-1 and CR is the RXTE count rate in counts/PCU/second. We then calculate
a weighted Ṗ by fitting the time evolution of the spin period using MPFITEXPR1 .
All Hα measurements were obtained as part of the Southampton SMC X-ray binary pulsar (SXP)
optical monitoring campaign that has been running for several years. The data were collected primarily at the SAAO 1.9m telescope in South Africa and also at the ESO NTT telescope in Chile. The
instrumental set-ups and the data reduction in both cases are the same as those described in [8].
The orbital periods are mostly taken from [9]. We determine the relative velocity of accreted
matter from the eccentricity of the system - which is known in 6 cases and otherwise assumed to be
0.3±0.2, the Hα equivalent width and the total mass of the system. The mass of the neutron star is
assumed to be 1.4 M⊙ and we determine the mass of the OBe star from spectral type and luminosity
class, mostly taken from [10]. For further details see [11].

3 Disc or Wind Accretion
From the parameters of each system, we determine whether each neutron star is accreting via a disc
or wind. An accretion disc will form if the net angular momentum per unit mass of accreted matter J,
is too large for it to accrete spherically or quasi-spherically. This occurs at the circularisation radius
Rcirc , where
J2
Rcirc =
.
(2)
GM
Here G is the gravitational constant and M is the mass of the neutron star. If the neutron star and its
magnetosphere are fully engulfed in the OBe star’s circumstellar disc then
R2
1
J = − (nρ + 1/2)Vrel B .
4
a

(3)

Here Vrel is the relative velocity of accreted matter, nρ depends on the density gradient and is taken to
be 2.5 ± 0.5 and a is the semi-major axis of the system. RB is the Bondi radius. In order for matter to
1 www.physics.wisc.edu/∼craigm/idl/down/mpfitexpr.pro
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be accreted it must first penetrate the neutron star’s magnetosphere. The radius of the neutron star’s
magnetosphere is approximately equal to the Alfvén radius RA and is given by
RA =

µ4
2GM Ṁ 2

!1/7

.

(4)

Here µ is the magnetic moment of the neutron star (∼BRNS 3 ) where RNS is the radius of the neutron star, assumed throughout to be 10 km. We assume a magnetic field in the range 107 -1015 G,
corresponding to µ ≈1025 -1033 G cm3 . Ṁ (=LRNS /GM) is the mass accretion rate. Thus disc accretion occurs if Rcirc >RA . This inequality can be rearranged to find the maximum relative velocity of
accreted matter under-which disc accretion can take place VCrel .
We determine the actual relative velocity of each system using
p
V rel = V w 2 + V orb 2 + 2V w V orb cosθ,
(5)
where Vw is the velocity of accreted material, which we calculate by determining the stellar wind
velocity at the radius of the OBe star’s circumstellar disc, Rcd . Vorb is the orbital velocity of the
neutron star and θ is the angle at which the accreted material and neutron star impact, where θ=180
degrees indicates that the star and disc are in prograde motion. Vw is calculated by assuming that
the circumstellar disc is in a circular orbit where the radius of the disc is calculated using the Hα
equivalent width [for more details see [11].] Vorb is calculated using
r
G(M + MOB ) 1 + e
Vorb =
,
(6)
a
1−e
where e is the eccentricity of the system.
The critical relative velocity for disc accretion, VCrel and the actual relative velocity of each system, Vrel are used to determine which systems in our dataset contain neutron stars that accrete via a
disc and which accrete via a quasi-spherical wind.

4 Magnetic Fields
We used five models to determine the magnetic fields of the neutron star in each system; the Kluzniak
and Rappaport model [12], the Ghosh and Lamb model [13], the equilibrium period model for disc
accretion [14, 15], the equilibrium period model for wind accretion [16, 17] and the Shakura et al.
model [18]. The first three models are applicable to systems that are disc accreting and the third and
fourth are applicable to systems accreting from a wind. Only the Kluzniak and Rappaport and the
Ghosh and Lamb models take Ṗ into account, with the other models assuming spin equilibrium. For
more details see [11] and for spin equilibrium methods see also [19].

5 Results and discussion
We determine the long term average X-ray luminosity during outbursts, spin period and rate of change
of spin period for 42 BeXB systems in the SMC. A positive correlation is found between Ṗ and P
which follows a power-law with a slope of ∼ 4/3, as is shown in Figure 1. We also determine that all
prograde systems are expected to contain neutron stars which accrete via a disc [for more details see
[11]].
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Figure 1. The long term average rate of change of spin period Ṗ, against spin period P, for neutron stars in the
42 BeXB in our dataset: blue for Ṗ < 0 (spin up) and red for Ṗ > 0 (spin down). The dotted line indicates a
correlation of Ṗ ∝ P4/3 .

Figure 2. Magnetic field versus spin period for the neutron stars in BeXB in our dataset.

Figure 2 shows the magnetic field which we calculate using the models discussed in section 4
[excluding results from the Kluzniak and Rappaport model, for these results see [11]] where for
wind accretion models we assumed retrograde motion. All models for disc accretion that assume
the neutron star is close to spin equilibrium predict magnetic fields over the quantum critical level of
4.4×1013 G for all systems containing neutron stars with spin periods over about 100 seconds. This is
over half of the systems in our dataset. The Ghosh and Lamb model can give two possible magnetic
fields for stars that are spinning up, where the higher field indicates that the neutron star is closer to
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spin equilibrium. The lower fields are all well below the quantum critical value and are similar to
those of neutron stars in LMXB.
The higher results may be more likely since similarly high estimates for the magnetic fields of
neutron stars in binaries have been made before (see for example [20, 21]) but both of these possibilities are unexpected when compared to the magnetic fields of neutron stars in Galactic BeXB
measured using CRSF. [for further discussion of the systems in our dataset in relation to other neutron
star populations, see [22]].
Twelve Galactic BeXB contain neutron stars which have had their magnetic fields measured using
cyclotron features. All have fields between 1012 -1013 G and they do not show the same correlation
between magnetic field and spin period that would be expected for systems containing a neutron star
in spin equilibrium.
For the sources whose magnetic field has been measured by CRSF, we can use their known values
of P, L and Ṗ and the models discussed in Section 4 to cross-check this magnetic field. This is currently
possible for five sources: GRO J1008-57 [23], A0535+26 [24, 25], RX J0440.9+4431 [26], 1A1118616 [27, 28] and X Per [29]. Assuming that the neutron stars in these systems are disc accreting and
close to spin equilibrium, then all models predict higher fields than those determined by the cyclotron
features.
If the magnetic fields predicted by the Ghosh and Lamb model are taken to be the magnetic field
at the surface of the neutron star and the CRSF gives the magnetic field of the accretion column, then
the column would have to be 4 − 30 km above the surface (assuming B ∝ r−3 ). A similar difference in
field determination has previously been noted for SGXB GX 301-2 [30].
The heights of the accretion column in these systems can be calculated using the equations given
by [31] and these are between ∼ 0.1 and 2 km from the surface except in the case of X Per where
the height is ∼ 9 km from the surface. In order to obtain the required height to reconcile the two
magnetic field determinations for each source, the X-ray luminosity of the neutron star must be less
then ∼1034 erg s-1 . However [32] suggest that this issue may be more complex, with the CRSF from
a single source changing due to the fact that the CRSF can originate from radiation that is produced
by the accretion column and reflected from the neutron star’s surface rather than from an accretion
column that is changing heights. Although it is currently unclear why the values predicted using the
Ghosh and Lamb model are so different to those determined by cyclotron features, future work in this
area would help resolve the matter.
If over half the neutron stars in systems in our dataset do have fields over the quantum critical
value then this could mean that magnetic field decay occurs more slowly than previously thought
[33], it may also mean that half the isolated neutron star population also have fields this high.
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