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Introduction

In the main paper, we present evidence for the existence of two distinct sub-populations of Be/Xray binaries (BeXs), which are most clearly separated in the log Pspin distribution. We argue that
these two populations are most likely associated with different types of neutron star formation
channels, with electron-capture supernovae primarily producing short-Pspin systems, and iron-core
collapse supernovae primarily producing long-Pspin systems. This particular assignment is largely
based on the eccentricity distribution of BeXs, which suggests that short-Pspin (long-Pspin ) systems
are preferentially associated with low-e (high-e) binary orbits.
Below, we provide supplementary information for several aspects of our analysis. First, we
add some historical context to our discovery of two BeX sub-populations with distinct characteristic spin periods. Second, we provide additional details regarding the signiﬁcance with which
these sub-populations are detected in our data. Third, we discuss some subtleties regarding the
interpretation of the BeX eccentricity distribution that help to properly assess the strength of the
evidence for a connection between e and Pspin . We also show explicitly that there is no evidence
for a connection between e and Porb .
2

Historical Context

The possible existence of a gap in the distribution between Pspin ≃ 10 s and Pspin ≃ 100 s was
actually ﬁrst suggested 30 years ago, although only 10 − 20 systems were known at the time26, 27 .
This suggestion does not seem to have been followed-up, however, perhaps because some later
discoveries fell into this gap. In any case, to the best of our knowledge, the evidence for multiple
sub-populations in the spin-period distribution has not been seriously reconsidered until now.
3

The Statistical Evidence for Two Distinct Populations of BeXs

We show in the main text that the evidence for two sub-populations contributing to the log Pspin
distribution of BeXs is highly statistically signiﬁcant according to the standard KMM test25 . The
test statistic used by KMM is the likelihood ratio between the best single-Gaussian representation
and the best double-Gaussian representation of the data. For the latter, we always ﬁnd that the
variances of the two Gaussians are consistent with each other. In our application of KMM, we
thus adopt equal variances in the double Gaussian representation and then calculate the p-values
robustly from bootstrap simulations28 . Here and throughout this paper, the quoted p-values have
the usual statistical meaning, i.e. they represent the probability of obtaining a test statistic at least
as extreme as the observed one, under the assumption that the null hypothesis is correct. In the
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case of KMM, the null hypothesis is that the data are drawn from a single Gaussian.
Figure 2 in the main text shows that the best double-Gaussian representation actually provides quite a good match to the log Pspin data. It is nevertheless interesting to ask if we can ﬁnd
evidence for multiple sub-populations in our data set even without the assumption of normality.
This can be checked by non-parametric methods, such as the “bandwidth test”29 . The standard
bandwidth test is a non-parametric test for multi-modality based on bootstrapping from a kernel
density estimate of the underlying probability distribution function (PDF). The statistic used in
the test is the smallest kernel width that results in a unimodal estimate of the PDF. The standard
bandwidth test is a strict test of modality, in the sense that the null hypothesis is only that the
underlying PDF is unimodal, with no additional assumptions concerning its shape. However, a
unimodal distribution with an obvious “shoulder”, for example, may still be considered to provide
strong evidence for multiple sub-populations. We can therefore also deﬁne an alternative test, in
which the statistic used is the smallest kernel width that results in a kernel density estimate of the
PDF that has only two inﬂection points30 . Being entirely non-parametric, both of these tests are
extremely robust. However, they are also much less powerful than KMM, mainly in the sense that
their null hypotheses are so general that they are hard to rule out. The resulting p-values, which can
be calibrated via Monte-Carlo simulations31 , are thus always larger than those provided by KMM.
We have applied both versions of the bandwidth test to the Pspin data for conﬁrmed and probable BeXs. For the standard (modality) bandwidth test, we ﬁrst apply a skew-minimising Box-Cox
transformation to the log Pspin data, because modes associated with distinct sub-populations can be
either emphasised or suppressed by certain transformations32 . A transformation to symmetry is expected to make any inherent bimodality (strictly speaking: “bimodalizability”) easier to detect33 .
For our BeX data set, the classic bandwidth test then rejects the null hypothesis of unimodality
with p = 9 × 10−3 (application of this test directly to the log Pspin data would give p = 0.04). Applying the alternative (inﬂection point) bandwidth test directly to the log Pspin data rejects the null
hypothesis that there are only two inﬂection points in the underlying distribution with p = 1×10−3
(application of this test to the deskewed data would give p = 5 × 10−3 ). Given the robust nonparametric nature of these tests, we consider these results to be strong evidence for the existence
of two distinct BeX sub-populations.
4

The Eccentricity Distribution of BeXs

Figure 3 in the main text shows that there is marginally signiﬁcant evidence that the eccentricity
distribution of long-Pspin BeXs is different from that of short-Pspin systems. Some care has to be
taken in interpreting this result.
First, tidal circularization will always tend to reduce the eccentricity of close binary systems.
However, the orbital periods within our BeX sample (Porb > 10 d) are too long for this mechanism
to be effective34 . Second, other things being equal, a given supernova kick velocity will induce
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larger orbital eccentricities in wide, long-period, binaries, since such systems are more weakly
bound. Given that Pspin is correlated with Porb in BeXs, this could produce a Pspin − e correlation
in the observed sense.
Does this latter bias affect our analysis? Supplementary Figure 1 shows the Porb versus e
distribution for our BeX sample. Superposed on this, we also show the predicted location35 , under
the assumption that they all receive the large kicks typically associated with conventional iron-corecollapse (�vkick � ≃ 450 km s−1 ). Two key conclusions may be drawn immediately from this plot.
First, the observed distribution is clearly inconsistent with being drawn from a single, high-kick
< 0.4) seen in many BeXs with Porb ∼
> 20 d cannot be
population. In fact, the low eccentricities (e ∼
explained by large kicks at all. A possible connection between such low-eccentricity HMXBs36 and
low-kick electron capture supernovae has indeed been suggested before17,19 . Second, the Porb − e
plane does not separate the two BeX sub-populations as cleanly as the Pspin − e plane. Indeed, if
we split the BeX sample into short-period (Porb < 60 d) and long-period (Porb > 60 d) systems,
their cumulative eccentricity distributions do not differ signiﬁcantly (p = 0.35). Both conclusions
indicate that the link between spin period and eccentricity suggested in the main paper is not simply
due to a Porb -dependent bias.
Finally, there are two obvious outliers from the trend that long-Pspin systems have preferentially high eccentricities (see Figure 3 in the main text). These systems are X Per and 1A 1118616, which actually have the longest spin periods (Pspin = 837.7 s and 407.7 s, respectively), but
e ≃ 0.1. Both of these object are known to be highly unusual within the BeX class. For example,
X Per does not show the transient X-ray bursts associated with periastron passages that are the
hallmark of almost all BeXs, while 1A 1118-616 is one of the furthest systems from the standard
Porb −Pspin correlation (Figure 1 of the main text). Indeed, in both systems, the dominant accretion
mode probably differs from that which establishes the spin equilibrium in other BeXs37, 38 . This
may explain why Pspin is not a valid tracer of formation channel in these two objects. Also, since
1A 1118-616 has a surprisingly short orbital period considering its slow spin (Porb = 24 d38 ),
the low eccentricity of this system is not actually in terrible conﬂict with a standard (high) kick
scenario35 . If X Per and 1A 1118-616 are excluded from the eccentricity distribution of long-Pspin
systems, the difference to the short-Pspin systems becomes highly signiﬁcant (p = 0.006). A posteriori outlier removal is, of course, a dangerous statistical practice, so this p-value cannot be taken
quite at face value. Nevertheless, it is also interesting to note that all other high-Pspin systems in
Figure 3 do, in fact, lie in the region predicted for systems produced via high-kick supernovae.
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Supplementary Figure 1 The dependence of eccentricity on Porb among BeXs. The left panel shows
Porb versus eccentricity for all conﬁrmed and probable BeX systems with measured spin and orbital periods
and eccentricities. Long-Pspin systems with Pspin > 40 s are additionally marked with open circles. The
vertical dashed line marks the approximate division between the short-Porb and long-Porb sub-populations
(see Figure 1 in the main text). The shaded area shows the region predicted to contain 60% of systems by
population synthesis calculations adopting a kick velocity distribution appropriate for iron-core-collapse with
mean �vkick � ≃ 450 km s−1 35 . The top right panel shows the cumulative eccentricity distributions of these
two sub-samples. A Kolmogorov-Smirnov test provides no evidence for a signiﬁcant difference between
these distributions (p = 0.35).
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