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Two types of supernova are thought to produce the overwhelmig majority of neutron stars
in the Universe'. The first type, iron-core collapse supernovae, occurs whemhigh-mass star
develops a degenerate iron core that exceeds the Chandrasek limit’?. The second type,
electron-capture supernovae, is associated with the coflae of a lower-mass oxygen-neon-
magnesium core as it loses pressure support owing to the sueld capture of electrons by
neon and/or magnesium nucléet4. It has hitherto been impossible to identify the two distind
families of neutron stars produced in these formation chanels. Here we report that a large,
well-known class of neutron-star-hosting X-ray pulsars isactually composed of two distinct
sub-populations with different characteristic spin periods, orbital periods and orbital eccen-
tricities. This class, the Be/X-ray binaries, contains newon stars that accrete material from
amore massive companion st& The two sub-populations are most probably associated with
the two distinct types of neutron-star-forming supernovae with electron-capture supernovae
preferentially producing system with short spin period, stort orbital periods and low eccen-
tricity. Intriguingly, the split between the two sub-populations is clearest in the distribution
of the logarithm of spin period, a result that had not been prealicted and which still remains
to be explained.

Be/X-ray binaries (BeXs) are strong X-ray sources becdusie neutron stars accrete mate-
rial at a relatively high rate. Their mass-losing Be-typepanions are fast-rotatirsg\/., — 18 M,
main-sequence stars that are surrounded by circumstd#arétion disks”. These disks are fueled
by the injection of mass and angular momentum at the stellda&®. Neutron star spin periods
in BeXs are typically 1 - 1,000 s, and BeX orbits are usualip®tal, with orbital periods ranging
from about 10 - 1,000 d. Most of the accretion takes placenduperiastron passages, when the
neutron star passes close to, or even through, the Be-stiatide disk.

BeXs are exceptionally abundant in the Small Magellania@ligSMC), where a burst of star
formation~60 Myr agd seems to have produced a large population of these sy&stenmsfact,
the SMC contains a comparable number of BeXs to the Milky WAWY(], even though the mass
ratio of the two galaxies is about 1:100. By contrast, the lneinof BeXs in the Large Magellanic
Cloud (LMC) is broadly in line with its stellar mass contertten compared with the Milky Way.

In the context of studying neutron star formation channils useful to focus on well-
defined, simple and “clean” populations of neutron-stastimg systems (that is, systems in which
the orbital parameters have not yet evolved since the sapa)rihat nevertheless span a wide
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range of properties. BeXs can provide this. This is not omgduse the neutron stars in BeXs
all have the same type of companion, but also because thetiaccprocess itself seeems to be
universal, with the neutron star spin in or near an equiiristate in which the magnetospheric
radius of the neutron star equals the Keplerian co-rotatidius®24 This conclusion is suggested
empirically by the location of BeXs in theg(P,.;,)-log( Ppin) plane (the Corbet diagrafaP,.,
and Py, are the orbital and period period, respectively), wherg thad to lie along a line with
slopea ~ 2 (Fig. 1).

The correlation in Fig. 1 betweeR,,;, and F,,;, among BeXs is highly significant, but
the data have large scatter. Despite this scatter, howtheer]-D projections of the data onto
the log P,,, andlog P, axes both suggest that the BeX population might be bimodabreM
specifically, the two sub-populations suggested by theiddftgy. 1 have characteristic periods of
P, ~ 40 d and Py, ~ 10 s (short-period mode), anfl,,, ~ 100 d and P, ~ 200 s (long-
period mode). The bimodality of the BeX population seemsetanore prominent itbg P, than
in log P,.1,. This is helpful, because there are additional BeXs, notvslin Fig. 1, for whichP,;,
is known, butP,,;, is not. For the purpose of analysing tRg;, data on their own, we can therefore
add these systems to the list of confirmed and probable BeXs.

Such an analysis is shown in Fig. 2. It confirms thatltieP,,;, distribution of BeXs con-
tains two distinct sub-populations with characteristimggriods ofP;,;,, ~ 10 s andPs,;, ~ 200 s
and similar dispersions of about! dex. The short=,;, and long#.;, sub-populations contribute
about 35 and 65% to the total number, respectively. The spbtthese two sub-populations is
highly statistically significant for the full sample, andwains significant even if the data set is
divided by host galaxy. The split also remains significarwé consider only spectroscopically
confirmed BeXs. Finally, the evidence for two sub-populagieven remains significant if we use
non-parametric statistical tests (which are less powgdrfitimore robust than the KMM algorithm;
see theSupplementary Information for details).

As shown explicitly in Fig 2 (bottom panel), the double-Gsiaa decomposition of the in-
dependent SMC and MW+LMC samples are consistent with eduoér.ofThis makes it highly
unlikely that selection effects are responsible for theeolsd bimodality. In any case, it is hard
to conceive of a selection bias that would select specifieahinst BeXs with intermediat@,;,,
and/orP,,;,. We therefore believe that the two modes of ity Ps,;,) distribution correspond to
physically distinct BeX sub-populations.

In principle, there are at least three ways to account foexistence of these sub-populations.
First, they could correspond to two distinct neutron stan gguilibria that are accessible at all
orbital periods. However, even though the bimodality issger in Py, than in P,,, the exis-
tence of theP,,, — P, correlation effectively rules out this possibility. Sedo,,, might be
time-dependent for BeXs, with the two sub-populationseegenting two distinct long-lived evo-
lutionary stages. However, the time scale for stellar-wdnigten changes i®,,;, in the BeX phase,



Tp,, ~ 100 — 1000 Myr (refs 14, 15), is substantially longer than the maximum tioneof this
phasesex max ~ 20 Myr, the lifetime of an8M/;, star. ThusP,,;, evolution also cannot account
for the two observed sub-populations.

The third explanation that we consider is that the two supdpsttions represent two distinct
BeX formation channels. The most obvious possibility, with farthest reaching implications, is
that the two channels are associated with the two distimetgyof supernova event noted above.
More specifically, an iron-core-collapse supernova malesend point of the evolution of any
sufficiently massive star, whereas an electron-capturersopa can occur only under highly re-
strictive conditions. In particular, an electron-captsu@ernova requires that the core reaches the
critical density for electron-capture to occdrs x 10%g cm? (ref. 16). These conditions might
be met in the late evolution of intermediate-mass 3thfghose with initial masses satisfying
8My S My S 10My,), although the relevant mass range is uncertain and mayiteesjoalt 7118
However, it is much easier to meet the conditions for electrapture supernovae naturally in
binary systemy.

The outcome of electron-capture supernovae differs fraah ¢l iron-core-collapse super-
novae in two fundamental ways. First, electron-captureesupvae should produce somewhat
less massive neutron starsS(.3 M) than iron-core-collapse supernova4( M) (ref. 3).
Second, electron-capture supernovae are expected totimpah smaller kicks to the neutron
stars they produce (average kick velocity §f50 kms~!) than are iron-core-collapse supernovae
(2200 kms~—1)(ref. 17). In binary systems, where kicks induce orbitalestricity, these differ-
ences could naturally give rise to two distinct sub-popatet. The more conventional iron-core-
collapse channel would produce high-eccentricity birsac@ntaining high-mass neutron stars, and

the electron-capture channel would produce low-eccetytbaries containing low-mass neutron
staréﬁ* 17119, 2?

If this is the correct explanation for the two BeX populasere have discovered, they should
differ not only in Py, and P,,,, but also in their characteristic orbital eccentricities, These
have so far been measured for only about 20 BeXs. Figure 3sshimsvdistribution of these
systems in théog P, — e plane. Even though there are only 8 such BeXs Wi, < 40 s, it
seems that lond,;, systems have preferentially higher eccentricities thaortsh,,;, systems.
The figure also shows the cumulative eccentricity distidng of the slow ., < 40 s) and
fast (P.pin > 40 s) BeX pulsar sub-populations. A Kolmogorov-Smirnov tdsiss that, despite
the small number of systems for which eccentricity has beeasured, the maximum difference
between these distributions is marginally significampplementary Information).

The two BeX populations that we have discovered are morelglsaparated inP;, than
in P,1. Given thatF,,, does not evolve significantly within the BeX phase, wherBgs does,
P,.1, might be expected,,;, to be the more faithful tracer of the formation channels. osy,
the P,,;, distribution after the supernova must depend strongly erfth, distribution before the



supernova, and both low- and high-velocity kicks can in @ple produce a wide range of post-
supernova orbital periods This may explain why the bimodality is only marginally obsed in
the P,,;, distribution. By contrast, the equilibrium spin period gpected to depend on several
system parameters other thay),, (refs 10-12). If any of these parameters differ systembyica
between BeXs produced by the iron-core-collapse and eleciapture channel$,;, may be a
more reliable indicator of formation channel thBg,,.

Our results suggest numerous avenues for further resdarsh.it is important to expand the
data base of BeXs with reliable measurement®gf,, F.., ande, to confirm and further quan-
tify our findings. Second, if shot®;, BeXs are formed by low-kick-velocity electron-capture
supernovae, they should have systematically smaller speloeities than long?,,;,, BeXs. This
prediction might be testal€4. Third, short£,;, systems should also have systematically lower
neutron star masses than lofy;, systemstoiLii18.29 This prediction might also be testable
Fourth, although our discovery of two populations of Be&¢-pulsars is robust, our suggested
explanation for their origin is clearly speculative and @ewis a fuller investigation. Intriguingly,
recent binary population synthesis calculations have shihat the electron-capture supernova
channel may be very efficient at forming BeXs However, whereas the same population syn-
thesis models also suggest that the electron-capture ehanoounts for the overabundance of
BeXs in the SME?, the two BeX populations we have discovered appear to havéasirelative
abundances in the SMC and the Milky Way.
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Figure 1 The Corbet diagram for high-mass X-ray binaries. The central panel shows log P,
versus log Pypin for neutron-star-hosting high-mass X-ray binaries. Filled circles correspond to
spectroscopically confirmed BeXs, small dots to confirmed non-BeX systems and open circles to
candidate BeXs. There are additional confirmed and candidate BeXs for which only Py, or Py iS
known, but these are not shown. The dashed green lines mark a selection box that conservatively
includes all confirmed BeXs for which P, and P, have been measured. Candidate systems
outside this box are excluded from our sample of probable BeXs. The spin and orbital periods of
confirmed and probable BeX systems are correlated. The Spearman-rank correlation coefficient
isp =049 (p = 3 x 107%;, N = 66) for the full sample and p = 0.49 (p = 4 x 1074, N = 47) for
the confirmed systems (see Supplementary Information for a definition of p-values). The scatter
around the correlation is oyogp, ;, = 0.7 dex relative to the best-fitting line with slope o = 2 (solid
black line). Different colours indicate different host galaxies: blue, Milky Way; red, MC; black, LMC.
The histograms shown in the top and right-hand panels show the number of BeXs with spin and
orbital periods in the respective ranges covered by the selection box. In each of these panels,
the thick line corresponds to confirmed BeXs only, and the thin line corresponds to confirmed and
probable BeXs. The vertical dashed line is drawn at P4, = 60 d, the location of the apparent dip
in the log Py, distribution. This value of P, corresponds to Py, ~ 40 s (horizontal dashed line),
which marks a more pronounced dip in the log P, distribution.
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Figure 2 Thelog P.pin distribution of confirmed and probable BeXs. Top panel: Distribution for all
systems. Middle panels: Distribution broken down by host galaxy: SMC (second from top); Milky
Way (MW)+LMC (third from top). All of these distributions are bimodal, and the double-Gaussian
decomposition suggested by the KMM algorithm?® is shown in each panel. The number of systems
contributing to each observed distribution and the associated p-value provided by the algorithm
are also shown. Applying the KMM test to the subset of spectroscopically confirmed systems (not
shown) gives p = 8 x 102 (N = 64). Bottom panel: Direct comparison of the decompositions for
the independent SMC and Milky Way+LMC populations, showing them to be mutually consistent.
Additional details regarding the statistical evidence for the existence of distinct sub-populations in
the P,,;, data are given in Supplementary Information.
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Figure 3 The dependence of eccentricity o, among BeXs. Left panel: Py, versus eccen-
tricity for all confirmed and probable BeXs with measured spin periods and eccentricities. The
vertical dashed line marks the approximate division between the short-FPy,;, and long-Pspin Sub-
populations (Figs 1 and 2). Right panel: Cumulative eccentricity distributions of these two sub-
populations. A Kolmogorov-Smirnov test provides marginal evidence for a difference between
these distributions (p = 0.093), with the short-P,,;, population being characterized by lower eccen-
tricities (see Supplementary Information for additional discussion).



Supplementary Information

1 Introduction

In the main paper, we present evidence for the existencemtlistinct sub-populations of Be/X-
ray binaries (BeXs), which are most clearly separated indfé”,;, distribution. We argue that
these two populations are most likely associated with dhffe types of neutron star formation
channels, with electron-capture supernovae primarilgpeang short?,,;, systems, and iron-core
collapse supernovae primarily producing loRgs:, systems. This particular assignment is largely
based on the eccentricity distribution of BeXs, which susggéhat shorte,,;,, (Iong-Fypin) Systems
are preferentially associated with lowthigh-e) binary orbits.

Below, we provide supplementary information for severglemss of our analysis. First, we
add some historical context to our discovery of two BeX soptpations with distinct character-
istic spin periods. Second, we provide additional detatgarding the significance with which
these sub-populations are detected in our data. Third, s@isls some subtleties regarding the
interpretation of the BeX eccentricity distribution thadljp to properly assess the strength of the
evidence for a connection betweemnd Fy;,. We also show explicitly that there is no evidence
for a connection betweenand P,,,,.

2 Historical Context

The possible existence of a gap in the distribution betweégn ~ 10 s andP,;, ~ 100 s was
actually first suggested 30 years ago, although afly- 20 systems were known at the tigie-.
This suggestion does not seem to have been followed-up,yeowaerhaps because some later
discoveries fell into this gap. In any case, to the best ofkmawledge, the evidence for multiple
sub-populations in the spin-period distribution has natrbgeriously reconsidered until now.

3 The Statistical Evidence for Two Distinct Populations of BXs

We show in the main text that the evidence for two sub-pomriatcontributing to théog Pipi,
distribution of BeXs is highly statistically significant@mrding to the standard KMM test The
test statistic used by KMM is the likelihood ratio betweea best single-Gaussian representation
and the best double-Gaussian representation of the datathé&dtatter, we always find that the
variances of the two Gaussians are consistent with each. otm@ur application of KMM, we
thus adopt equal variances in the double Gaussian repagisenand then calculate thevalues
robustly from bootstrap simulatioffs Here and throughout this paper, the quotedhlues have
the usual statistical meaning, i.e. they represent thegiibty of obtaining a test statistic at least
as extreme as the observed one, under the assumption thatlthgpothesis is correct. In the
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case of KMM, the null hypothesis is that the data are drawmfaosingle Gaussian.

Figure 2 in the main text shows that the best double-Gaussesentation actually pro-
vides quite a good match to theg F..;, data. It is nevertheless interesting to ask if we can find
evidence for multiple sub-populations in our data set evéghout the assumption of normality.
This can be checked by non-parametric methods, such as #meiidth test®. The standard
bandwidth test is a hon-parametric test for multi-modab#ged on bootstrapping from a kernel
density estimate of the underlying probability distrilautifunction (PDF). The statistic used in
the test is the smallest kernel width that results in a unmhedtimate of the PDF. The standard
bandwidth test is a strict test of modality, in the sense thatnull hypothesis is only that the
underlying PDF is unimodal, with no additional assumptionacerning its shape. However, a
unimodal distribution with an obvious “shoulder”, for expl®e, may still be considered to provide
strong evidence for multiple sub-populations. We can tioeeealso define an alternative test, in
which the statistic used is the smallest kernel width thatilts in a kernel density estimate of the
PDF that has only two inflection poirtts Being entirely non-parametric, both of these tests are
extremely robust. However, they are also much less powtttéul KMM, mainly in the sense that
their null hypotheses are so general that they are hardeémuil The resulting-values, which can
be calibrated via Monte-Carlo simulatiGfisare thus always larger than those provided by KMM.

We have applied both versions of the bandwidth test tdthg data for confirmed and prob-
able BeXs. For the standard (modality) bandwidth test, veedipply a skew-minimising Box-Cox
transformation to th&g P, data, because modes associated with distinct sub-pamsatan be
either emphasised or suppressed by certain transforns&tidntransformation to symmetry is ex-
pected to make any inherent bimodality (strictly speakitigmodalizability”) easier to deteét.
For our BeX data set, the classic bandwidth test then rejaetsiull hypothesis of unimodality
with p = 9 x 1073 (application of this test directly to tHeg P..;, data would giver = 0.04). Ap-
plying the alternative (inflection point) bandwidth testaditly to thelog P, data rejects the null
hypothesis that there are only two inflection points in theeartying distribution withp = 1 x 1073
(application of this test to the deskewed data would give 5 x 10~%). Given the robust non-
parametric nature of these tests, we consider these résudesstrong 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 digaint evidence that the eccentricity
distribution of long#.;, BeXs is different from that of shotk,;, Systems. Some care has to be
taken in interpreting this result.

First, tidal circularization will always tend to reduce tecentricity of close binary systems.
However, the orbital periods within our BeX samplé {, > 10 d) are too long for this mechanism
to be effectivé. Second, other things being equal, a given supernova kilccitg will induce
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larger orbital eccentricities in wide, long-period, birs; since such systems are more weakly
bound. Given that’;, is correlated with?,,;, in BeXs, this could produce B, — e correlation
in the observed sense.

Does this latter bias affect our analysis? SupplementagyrEil shows thé’,,,, versuse
distribution for our BeX sample. Superposed on this, we atsmw thepredicted locatior?®, under
the assumption that they all receive the large kicks typieasociated with conventional iron-core-
collapse (viia) =~ 450 km s~1). Two key conclusions may be drawn immediately from thig.plo
First, the observed distribution is clearly inconsisterthvibeing drawn from a single, high-kick
population. In fact, the low eccentricities € 0.4) seen in many BeXs witl®,,;, < 20 d cannot be
explained by large kicks at all. A possible connection betwsuch low-eccentricity HMXBS and
low-kick electron capture supernovae has indeed been stegtjpefor€-?. Second, thé>,,;, — ¢
plane does not separate the two BeX sub-populations asygl@sthel,,, — e plane. Indeed, if
we split the BeX sample into short-periof,(;, < 60 d) and long-period £,,;, > 60 d) systems,
their cumulative eccentricity distributions do not difl@gnificantly ¢ = 0.35). Both conclusions
indicate that the link between spin period and eccentrgtitygested in the main paper is not simply
due to aF,,,-dependent bias.

Finally, there are two obvious outliers from the trend tloaig-—,,;,, Systems have preferen-
tially high eccentricities (see Figure 3 in the main texthe$¥e systems are X Per and 1A 1118-
616, which actually have the longest spin perioflg;( = 837.7 s and407.7 s, respectively), but
e ~ 0.1. Both of these object are known to be highly unusual withenBeX class. For example,
X Per does not show the transient X-ray bursts associatddpeitiastron passages that are the
hallmark of almost all BeXs, while 1A 1118-616 is one of thetliest systems from the standard
P,, — Pyyin CoOrrelation (Figure 1 of the main text). Indeed, in both egss, the dominant accretion
mode probably differs from that which establishes the spjnilérium in other BeXs%=8 This
may explain whyP;, is not a valid tracer of formation channel in these two objects.oAtsnce
1A 1118-616 has a surprisingly short orbital period congmgits slow spin £,., = 24 d%),
the low eccentricity of this system is not actually in telgilconflict with a standard (high) kick
scenarié®. If X Per and 1A 1118-616 are excluded from the eccentridiggrihution of long 4,
systems, the difference to the shéty;, systems becomes highly significapt-€ 0.006). A poste-
riori outlier removal is, of course, a dangerous statisticaltpracso thigp-value cannot be taken
quite at face value. Nevertheless, it is also interestingote that all other higl,;,, systems in
Figure 3 do, in fact, lie in the region predicted for systemslpiced via high-kick supernovae.
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Supplementary Figure 1 The dependence of eccentricity on P,;, among BeXs. The
left panel shows P,,;, versus eccentricity for all confirmed and probable BeX systems with
measured spin and orbital periods and eccentricities. Long-P;,;,, systems with P,;,, > 40 s
are additionally marked with open circles. The vertical dashed line marks the approxi-
mate division between the short-P,,;, and long-F,,;, 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 (vyq) ~ 450 km s~ 3%, 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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