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ABSTRACT

Context. Gaia Data Release 3 (DR3) has revealed new massive runaway stars and large spectroscopic surveys have now enable de-
tailed characterization studies. However, the relative contributions of binary supernova (BSS) and dynamical ejection (DES) scenarios
to explain their runaway origin remain poorly constrained, particularly in the Milky Way.

Aims. We aim to characterize the largest sample of Galactic O-type runaway stars ever investigated through their kinematics, rotation,
and binarity with the ultimate objective of shedding light on their potential runaway origins.

Methods. We used the GOSC-Gaia DR3 catalog of normal and runaway stars, along with IACOB spectroscopic information to build a
sample with 214 O-type stars with information on the projected rotational velocities (v sin i). We also built a subsample of 168 O-type
stars with additional information about their likely single (LS) or single-lined (SB1) spectroscopic binary nature. We also considered
an additional sample of 65 double-lined (SB2) spectroscopic binaries.

Results. We find that among our sample of Galactic O-type runaways, most (74%) have vsini < 200 km s™', whereas for normal
stars this fraction is slightly higher (82%). There are no fast-moving (Vag. > 85 km s™') runaways that have been shown to be fast
rotators (vsini > 200 km s™!), except for HD 124 979. Runaways exhibit lower SB1 fractions than normal stars, with no runaway SB1
fast-rotating systems; on average, runaways rotate faster than normal stars; and their runaway fraction is higher among fast rotators
(44%) versus the slow rotators (34%). This is consistent with BSS dominance for fast rotators. We also found that SB2 systems hardly
reach runaway velocities with a low runaway fraction (10%). Runaways with VZD. > 60 km s™' are mostly single and interpreted as
DES products, while runaways with Vag. > 85 km s™" are also interpreted as two-step products, with the binary V479 Sct/LS 5039 a
likely example. Finally, we found that three of 12 runaway SB1 systems are high-mass X-ray binaries.

Conclusions. Our observational study reveals that Galactic O-type runaways are dominated by slow rotators. The study points to a
dominance of BSS among fast-rotating runaways and of DES and the two-step scenario among the high-velocity ones. The observed
trends provide valuable constraints on models on the origins of runaway stars.
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1. Introduction

Runaway stars are characterized by their high peculiar veloc-
ity with respect to their surrounding environment (Blaauw
1961). Observationally, more than 20% of the O-type stars
and about 5-10% of the B-type stars are found to be
runaway stars (Blaauw 1961; Stone 1979; Tetzlaff et al.
2011; Maiz Apelldniz et al. 2018; Kobulnicky & Chick 2022;
Guo et al. 2024). In a recent search for runaway stars in the
Milky Way, Carretero-Castrillo et al. (2023) used Gaia Data
Release 3 (DR3) to identify runaway fractions of ~25% and
~5% for O and Be stars, respectively. Therefore, massive run-
away stars constitute a significant fraction of massive stars.
Massive runaway stars impact both their host and neigh-
boring clusters, providing insights into cluster dynamics and
interactions (e.g., Stoop et al. 2024). They play an important
role as sources of stellar feedback (Larson 1974). Due to

* Corresponding author: mcarretero@fga.ub.edu
** Serra Hunter Fellow.

their high velocities, they travel significant distances from their
birthplaces, interacting with the interstellar medium (ISM) and
often producing stellar bow shocks (Noriega-Crespo et al. 1997;
Perietal. 2015; Kobulnicky etal. 2016; Bodensteiner et al.
2018; Carretero-Castrillo et al. 2025). As a result, runaway
stars escape their birth clouds, and thus their ionizing radia-
tion is more likely to contribute to the ionization of the ISM
(Conroy & Kratter 2012; Kimm & Cen 2014). In addition, O-
type stars are mostly found in binary systems, with at least
70% of them expected to interact with a close-by companion
at some point of their lives (Chini et al. 2012; Sana et al. 2012;
Moe & Di Stefano 2017; Guo et al. 2022; Offner et al. 2023;
Marchant & Bodensteiner 2024). These binaries can evolve
into peculiar systems such high-mass X-ray binaries (HMXBs,
Lewin & van der Klis 2006), millisecond pulsar systems, or
double-degenerated binaries (van den Heuvel 2007), which are
potential sources of gravitational waves (e.g., Langer et al.
2020). In addition, the occurrence of runaway ejections in binary
systems can alter their evolutionary pathways.
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Two main scenarios have been proposed to explain the run-
away origin of massive stars due to different ejection mecha-
nisms: (1) the dynamical ejection scenario (DES, Poveda et al.
1967; Portegies Zwart et al. 1999), in which a massive star is
ejected by a close three- or four-body interaction in the core
of a dense cluster; and (2) the binary supernova scenario (BSS,
Blaauw 1961; Leonard & Duncan 1988), in which the kick
by the supernova (SN) explosion in a binary system either
ejects the surviving binary (now with a compact object) as a
runaway or it disrupts the system, ejecting both components
separately. According to simulations of the BSS, most bina-
ries are disrupted (e.g., Eldridge et al. 2011; Renzo et al. 2019;
Wagg et al. 2025). However, there is observational evidence of
runaway binaries with compact objects that can evolve into
HMXBs and gamma-ray binaries (Bekenstein & Bowers 1974;
Stone 1982; van Oijen 1989; Moldén et al. 2012; Marcote et al.
2018; Carretero-Castrillo et al. 2023). A two-step ejection pro-
cess combining both scenarios, DES and BSS, might also occur
(Pflamm-Altenburg & Kroupa 2010). Although particular stud-
ies have been conducted in the Small Magellanic Cloud and
Large Magellanic Cloud (SMC and LMC) (Dorigo Jones et al.
2020; Sana et al. 2022; Phillips et al. 2024), the relative contri-
butions of these scenarios in the Galaxy remain uncertain.

Massive O-type stars have been observed to exhibit a wide
range of projected rotational velocities (vsini). Empirically,
the vsini distribution of O-type stars is characterized by a
main component including stars with vsini < 100 km s,
and a tail of fast rotators with values reaching up to 400—
600 km s~'. This has been found in different metallicity
environments such us the Milky Way (Conti & Ebbets 1977;
Simé6n-Diaz & Herrero 2014; Holgado et al. 2022), as well
as the LMC (Ramirez-Agudelo et al. 2013, 2015) and SMC
(Bodensteiner et al. 2023), with Penny & Gies (2009) providing
a comparative study across these galaxies. The stellar spin can
change due to close binary interaction through different mecha-
nisms: by tides (e.g., Zahn 1975; Hut 1981; de Mink et al. 2009),
mass transfer (e.g., Packet 1981; Pols et al. 1991; Petrovic et al.
2005; Dervisoglu et al. 2010), or the merging of two stars (e.g.,
Podsiadlowski et al. 1992; Tylenda et al. 2011). Based on a fast
population-synthesis model, de Mink et al. (2013, 2014) sug-
gested that binary interactions significantly influence the rota-
tional velocity distribution of massive stars. In fact, as a result
of their simulations, they found a large percentage of O-type
stars with vsin i larger than >200 km s~!, a threshold commonly
used to define fast-rotating stars, and interpreted them as post-
interaction binary products. In addition, while mergers may con-
tribute to the post-interaction binary population, they are likely
slow rotators due to rapid magnetic braking in merger products
(Ferrario et al. 2009; Schneider et al. 2019). All this suggests
that the fast-rotating tail is populated predominantly by mass
transfer products rather than mergers or stars born with such a
high rotational velocity (however, see Nazé et al. 2023).

Runaway stars are expected to show distinct rotational sig-
natures linked to their formation. On the one hand, the BSS
may produce fast-rotating runaways through pre-SN mass trans-
fer, since mass transfer spins up the surviving star and may
enrich it with He/N-rich material (Blaauw 1993). Growing
observational evidence supports this connection between BSS
and fast rotation. In this context, in a small sample limited to
700 pc, Hoogerwerf et al. (2001) found that massive runaways
are fast-rotating and He-rich. In addition, Maiz Apellaniz et al.
(2018) showed that Galactic O runaway stars rotate on aver-
age faster than the non-runaways. Moreover, Britavskiy et al.
(2023) found a runaway fraction of ~33-50% among fast-
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rotating O-type stars versus ~20-30% among slow-rotating
ones. Finally, Martinez-Sebastidn et al. (2025) found a higher
percentage of single-lined spectroscopic binary (SB1) sys-
tems and runaways among He-enhanced O-type stars. On the
other hand, runaways produced by DES, being either sin-
gle or binaries before the ejection, do not need a previous
mass-transfer period that would imply fast rotation. There-
fore, the DES is not expected to be that efficient in produc-
ing runaway stars with fast rotation, which would only occur
in rare cases where the ejected binaries also experience spin-
up binary interactions (see introduction in Hoogerwerf et al.
2001). In addition, BSS and DES are expected to produce
different peculiar velocity distributions based on simulations,
with the DES runaway population showing larger velocities
and higher masses (e.g., Poveda et al. 1967; Leonard & Duncan
1988; Perets & Subr 2012; Renzo et al. 2019). For the 30 Dor
region of the LMC, Sana et al. (2022) found two populations of
runaway stars, a fast-rotating but slow-moving one, and a slow-
rotating but fast-moving one, that were interpreted as produced
by BSS and DES, respectively. As for the binary fraction, as
already mentioned, most BSS runaways are expected to become
unbound according to simulations, whereas DES produces sin-
gles and binaries, with the higher peculiar velocity ones typi-
cally being singles (Leonard & Duncan 1988; Hoogerwerf et al.
2001; Eldridge et al. 2011; Perets & Subr 2012; Oh & Kroupa
2016; Renzo etal. 2019). In particular, double-lined spectro-
scopic binary (SB2) systems act as direct tracers of DES. There-
fore, the study of the binary fraction of massive runaway stars is
also important to understand the pre- and post-runaway stages.

A comprehensive understanding of the various possible
dynamical origins of runaway stars requires the combined anal-
ysis of kinematics (space velocities and rotational velocities)
and binarity for both normal and runaway massive star pop-
ulations. This approach can shed light on the runaway ejec-
tion mechanisms but can also help to constrain the initial con-
ditions of the parent clusters and of massive binary evolu-
tion. Building on our catalog of O runaway stars based on
Gaia DR3 (Carretero-Castrillo et al. 2023), in this work we
incorporate spectroscopic information from the IACOB project
(Simén-Diaz & Herrero 2014; Holgado et al. 2022). To the best
of our knowledge, this work represents the most extensive obser-
vational study to date of kinematics, rotation, and binarity of
Galactic O-type stars with accurate runaway classifications.

This paper is organized as follows. In Sect. 2 we describe the
different input data we used and the two samples we compiled
for the analysis. In Sect. 3 we present the results we obtained
for the kinematics and the binarity study. In Sect. 4 we discuss
the velocity distributions obtained for normal and runaway stars,
interpret them in terms of the runaway ejection scenarios, and
comment on possible binary candidates to HMXBs. We summa-
rize our main findings and provide an outlook in Sect. 5.

2. Data
2.1. GOSC-Gaia DR3 catalog

In Carretero-Castrillo et al. (2023), we searched for Galactic
O runaway stars using Gaia DR3 astrometric data'. For this,
we first crossmatched the Galactic O-Star Catalog (GOSC;
Maiz Apelldniz et al. 2013) with Gaia DR3 data. We also

! We also searched for Be runaway stars. Both the O and Be runaway
catalogs obtained in Carretero-Castrillo et al. (2023) are available at the
CDS.
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applied several quality cuts, and produced the GOSC-Gaia DR3
catalog with 417 O-type stars. This catalog contains 106 O run-
away stars (42 new identifications), corresponding to a runaway
fraction of 25.4%. The runaway stars were identified through
an E parameter (see Eq. 3 in Carretero-Castrillo et al. 2023),
which indicates the normalized significance at a 3-sigma con-
fidence level of the runaway nature based on their 2-dimensional
(2D) velocities (VIZ,EC) with respect to the mean Galactic rota-
tion. In this way, stars with £ > 1 were classified as run-
aways, while stars with £ < 1 were classified as “normal” stars?.
Therefore, higher E values denote more confident runaway star
identifications. This self-consistent methodology avoids using
runaway velocity thresholds in contrast to the vast majority of
previous works, and allows for the coherent identification of run-
aways, including stars moving at 2D peculiar velocities as small

as Voo ~ 16 km s™'. The runaways with 3D peculiar veloci-

ties VSEC < 30 km s~! have been referred to as walkaways in
the literature (de Mink et al. 2012; Renzo et al. 2019). In par-
ticular, they have been defined in a theoretical context as those
runaways coming from disrupted binaries after the SN explo-
sion of the primary and former companion. In this work, we use
an observational definition for the walkaways in our sample, as
those identified as runaways in Carretero-Castrillo et al. (2023)
(E > 1), but that have V}%EDC < 25 km s~!. This is a commonly
used 2D runaway velocity threshold (e.g., Kobulnicky & Chick
2022), which corresponds to the scaled 3D value of 30 km s~' to

2D (30 V2/3 = 25).

2.2. Spectroscopic information from the IACOB project

We took advantage of the long-term efforts made by the
IACOB project (PI. Simén-Diaz) to compile an extensive
catalog of empirical properties of Galactic massive OB-
type stars, from high-quality spectroscopic observations® (see,
e.g., Simoén-Diaz & Herrero 2014; Simén-Diaz etal. 2017;
Holgado et al. 2018, 2020, 2022; de Burgos et al. 2024a,b, 2025;
Martinez-Sebastidn et al. 2025). Specifically, we benefited from
the information on projected rotational velocities and detected
signatures of spectroscopic binarity available (either publicly or
through its internal catalog) for approximately 530 Galactic O-
type stars.

As described in Holgado et al. (2022), only stars not identi-
fied as SB2 have projected rotational velocity estimations (360
O-type stars in total). While some of the stars considered in
this study were not yet included in the sample analyzed by
Holgado et al. (2022), we applied a similar analysis strategy.
In particular, the measurements were obtained using the Iacob-
broad tool (Simén-Diaz & Herrero 2014), which efficiently dis-
entangles the contributions of rotational and macroturbulent
broadening to the observed line profiles. We considered the
uncertainties associated with the vsini estimates on the order
of 10 %.

Regarding the detection of signatures of binarity, we bene-
fited from the multi-epoch nature of the IACOB spectroscopic
database (last described in Simoén-Diaz et al. 2020), which
includes a minimum of three spectra for more than 75% of the
sample of O-type stars. The stars were classified as double-line
spectroscopic binaries (SB2) if the line of He 115875 shows two
components in any of the available spectra. Otherwise, they were

2 Note in Carretero-Castrillo et al. (2023) the authors called field stars
to those with £ < 1, but here we adjust the nomenclature to normal
stars, since this term is more commonly used.

3 https://research.iac.es/proyecto/iacob/iacobcat/

classified as single-line spectroscopic binaries (SB1) or likely-
single (LS) based on radial velocity (RV) variability following
a combination of criteria presented in Simén-Diaz et al. (2024)
and Britavskiy et al. (2023) — for the case of stars with vsini
below and above ~200kms™!, respectively. This classification
strategy accounts for the intrinsic variability of O-type stars,
which varies in amplitude depending on their stellar parameters.
We applied a Markov chain Monte Carlo (MCMC) approach to
the measured RVs, surface gravities, and effective temperatures
to quantify the likelihood of misclassifying intrinsically variable
LS stars as SB1 systems. Typically, we required at least three
spectroscopic observations to reliably determine binarity status,
but we identified particular cases with fewer epochs when evi-
dence of binarity was clear. Also, we note that some systems
currently classified as LS may eventually be reclassified as SB1
as additional observational epochs become available.

2.3. Crossmatching and the samples used in this work

A crossmatch of the O-type stars included in both the GOSC-
Gaia DR3 and the IACOB resulted in 296 stars, which are
both normal and runaway stars. From that initial sample, we
removed 17 peculiar stars with spectral classifications such
as Oe, Of?p, and extreme supergiants (Negueruela et al. 2004;
Maiz Apellaniz et al. 2026), as well as another sample of 65 stars
clearly identified as SB2*. We hence ended up with a cleaned
sample of non-peculiar LS and SB1 stars comprising 214 tar-
gets. For all the stars in this cleaned sample we have informa-
tion available about their projected rotational velocities. There-
fore, we call this sample the “rotation sample”. In Table A.1 we
present information of the first ten stars of the rotation sample
with the higher values of E in decreasing order, while the full
version is available at the CDS. Of the stars in the rotation sam-
ple we have information on their LS or SB1 nature for 168 of
them (due multiepoch spectroscopy, see Sect. 2.2), constituting
a subsample that we call the “rotation LS-SB1 subsample”.

3. Results
3.1. Rotation sample

As indicated in Sect. 2.3, this sample contains 214 O-type stars
with available v sin i measurements, of which 136 are normal and
78 are runaway stars. The runaway stars represent a percentage
of 36.4%. In this section we study the space and projected rota-
tional velocities of the rotation sample.

3.1.1. Projected rotational versus space velocities

Figure 1 presents the projected rotational velocities as a
function of the 2D peculiar velocities for the 214 stars in
the rotation sample. There are three lines in the plot that
we use to define different regions. First, the vertical dotted
line indicates the commonly used 2D runaway threshold of
25 km s7! (e.g., Kobulnicky & Chick 2022). We show this
threshold for illustrative purposes, since the runaway stars found
in Carretero-Castrillo et al. (2023) were identified without using
a specific runaway threshold. Therefore, there are runaway stars
in Fig. 1 to the left of this dotted line, which are those classi-
fied here as walkaway stars (see Sect. 2.1). Second, the verti-
cal solid line indicates the 2D fast runaway threshold, located

4 Although they were excluded from this sample, we also comment on
these SB2 systems in Sect. 4.2
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Fig. 1. Projected rotational velocity as a function of the 2D peculiar velocity for the 214 O-type normal (black) and runaway (blue) stars in the
rotation sample. The error bars in VgEDC are the individual uncertainties of the stars computed in Carretero-Castrillo et al. (2023). The uncertainties
in vsin i, not shown for clarity, are 10% of the values. The vertical dotted and solid lines indicate the usual 2D runaway threshold and the fast
runaway threshold, at 25 and 85 km s!, respectively. The horizontal dashed line indicates the fast rotation threshold at 200 km s~!. Top: VIEEDC

distribution for the normal and runaway stars with a bin size of 5 km s™!. Right: vsin distribution for the normal and runaway stars with a bin size
of 20 km s7!.

at 85 km s~!, which marks the transition between slow-moving similar way as done by Sana et al. (2022), the fast runaway and
and fast-moving runaway stars in 2D peculiar velocity. To com- rotating thresholds define four regions in Fig. 1.
pute this threshold, we first scaled the 1D fast runaway thresh- Most O-type normal and runaway stars are located in the
old of 60 km s~! from Sana et al. (2022) to 2D (by \/2/_1) and slow-moving and slow-rotating region (see bottom-left region of
Fig. 1). The slow-moving and fast-rotating region is also pop-
ulated by both normal and runaway stars. The fast-moving and
slow-rotating region only contains five runaway stars (with one
at the limit). Finally, the fast-moving and fast-rotating region
contains only one runaway star: HD 124 979. In addition, all
but one walkaway stars are slow rotators, with the exception at
the limit.

Table 1 presents the number and percentage of normal and
runaway stars and their subdivision in slow and fast rotators. We
find 64% of normal stars versus 36% of runaway stars. Among
normal stars we find 82% of slow rotators and 18% of fast rota-
tors. These percentages are 74% and 26% for runaway stars,
5 We note that when using the 78 runaway stars in the rotation sample, ~respectively. Therefore, although the percentage of fast rota-
the 2D fast runaway threshold would be placed at ~90 km s~!. tors increases when considering runaway stars, the majority of

obtained ~85 km s~'. We also obtained the weighted aver-
age of VZD. for all the original 106 O-type runaway stars of
Carretero-Castrillo et al. (2023), with weights computed as the
inverse of the uncertainties in Va5.. Then, we obtained the fast
runaway threshold as the value that deviates 20 and 30 from
this weighted average, and decided to keep the 20" one since it
agrees with the scaled 2D fast runaway threshold of Sana et al.
(2022)°. Finally, the horizontal dashed line indicates the fast-
rotating threshold at 200 km s~!, inferred from mass transfer

binary interaction simulations (de Mink et al. 2013). Thus, in a
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Table 1. Number and percentage for normal and runaway stars in the
rotation sample, subdivided into slow and fast rotators.

Normal Stars Runaway Stars

136 (64%) 78 (36%)
Slow Rotators Fast Rotators Slow Rotators Fast Rotators
111 (82%) 25 (18%) 58 (74%) 20 (26%)

Table 2. Number and percentage for slow and fast stars in the rotation
sample, subdivided into normal and runaway stars.

Slow Rotators Fast Rotators

169 (79%) 45 21%)
Normal Stars Runaway Stars Normal Stars Runaway Stars
111 (66%) 58 (34%) 25 (56%) 20 (44%)

Galactic O-type runaway stars are slow rotators. This is expected
given that most normal O-type stars are slow rotators. Table 2
presents a complementary vision dividing first in slow and fast
rotators and then subdividing in normal and runaway stars. We
note here that the runaway fraction increases significantly when
moving from slow to fast rotators (from 34 to 44%), reaching
almost half the sample. We emphasize that these numbers and
percentages correspond to the largest observational data set ever
studied of Galactic O-type runaway stars in space velocities and
rotational velocities. Therefore, from the study of the rotation
sample of Galactic O-type stars we can conclude that:

(i) Most runaways are slow rotators.
(ii) Virtually all walkaways are also slow rotators.
(iii) Fast-moving, fast-rotating runaways are practically absent.

3.1.2. Space velocities

The VIEEDC distribution for the 214 O normal and runaway stars
in the rotation sample is presented in the top panel of Fig. 1.
We used a bin size of 5 km s™! considering that the median of
the individual uncertainties in VSEDC is ~3.5 km s~!. Normal stars
present a nearly flat distribution with a pronounced drop above
15 km s~! and a few objects up to 25 km s~!. In contrast, run-
away stars show a broad distribution above 15 km s~! (the two
possible broad maxima at ~25 and ~45 km s~! are not statisti-
cally significant due to the space velocity uncertainties). In addi-
tion, in Fig. B.1 of Appendix B we show the distribution for
the rotation sample together with the distributions for the fast-
rotating and the slow-rotating sets, subdividing them into normal
and runaway stars.

For the normal stars the median of the V3P distributions
when we consider the entire rotation sample, the fast, and the

slow rotators, are ~9, ~8, and ~9 km s~!, respectively. The Vggc

95th-percentiles are ~19, ~23, and ~18 km s7h respectively. For

the runaway stars, the median of the VSEC for the same subsets

as above are ~41, ~43, and ~40 km s~!, respectively. The 95th-
percentiles are ~97, ~80, and 98 km s~ respectively. Therefore,
the Vggc distribution for the slow-rotating runaway stars is more
spread out, but the fast-rotating runaway stars have a slightly
higher median.

We show in Fig. B.2 (left) the VSBC distributions for the entire
rotation sample, the runaway and normal stars, subdividing them

into fast- and slow-rotating sets. We show in Fig. B.2 (right) the
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Fig. 2. Cumulative distribution functions of vsini for the 136 O nor-
mal (black) and 78 runaway stars (blue) in the rotation sample with bins
of ~20 km s~!'. Curves in light colors show the corresponding empiri-
cal cumulative distribution functions. pks is the corresponding p value
resulting from the KS test.

corresponding cumulative distribution functions (CDFs), since
they help to visualize possible differences between the distri-
butions. In the figure, we also show the corresponding empir-
ical cumulative distribution functions (Glivenko 1933) in light
colors. We used the Kolmogorov-Smirnov (KS) test (Smirnov
1939) to compare the CDFs and found no statistically significant
differences between the distributions (see results and further dis-
cussion in Appendix B).

3.1.3. Projected rotational velocities

The distribution of projected rotational velocities for the 214 O
runaway and normal stars in the rotation sample is presented in
the right panel of Fig. 1. We used a bin size of 20 km s~! consid-
ering that the median of the individual uncertainties in vsini is
~8 km s~!. For the normal stars, the distribution reaches a maxi-
mum around ~40-80 km s~!, and shows a flat tail of fast rotators
from ~120 km s~! up to ~450 km s~!. For the runaway stars, it
appears to have also a main maximum but now shifted toward
~60-100 km s~!. This maximum is followed by a relatively flat
tail but, in contrast with the normal stars, with possible small
maxima around ~170 and ~270 km s~'. We tested bin sizes of
30 and 50 km s~! and obtained similar results except for the dis-
appearance of the maximum around ~170 km s~!. However, the
maxima around ~60-100 km s~! and ~270 km s~! are always
present.

For the normal stars, the vsini distribution has a median
(mean) of ~72 (~115) km s~!, while the 95th-percentile is
~326 km s~!. For the runaway stars, the median (mean) is ~114
(~144) km s7!, and the 95th-percentile is ~321 km s~'. The
median and means already indicate that the vsini distributions
for normal and runaway stars are different. Fig. 2 shows the
CDFs of the vsini for normal and runaway stars in the rotation
sample. In this case, the KS test indicates that the probability that
the distributions come from the same parent distribution is 0.3%.
Therefore, they are statistically different. These differences come
mainly from the range ~50-250 km s~!.

3.2. Rotation LS-SB1 subsample

As explained in Sect. 2.3, the rotation LS-SB1 subsample con-
tains 168 O-type stars with available v sin i measurements and LS
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or SB1 classification, of which 103 are normal and 65 are run-
away stars. The runaway stars represent a percentage of 38.7%,
which is similar to the 36.4% found in the rotation sample. In
this section we study the binarity together with the projected
rotational and 2D peculiar velocities for the rotation LS-SB1
subsample, and also comment on the runaway SB1 systems we
identified.

3.2.1. Projected rotational versus space velocities

In Fig. 3, we present a similar version of Fig. 1, but now includ-
ing the binarity status for the 168 O normal and runaway stars
in the rotation LS-SB1 subsample. We also indicate the known
HMXBs from the Fortin et al. (2023) catalog. We ended up los-
ing about ~20% of the stars from the rotation sample, but the
rotation LS-SB1 subsample still represents the largest observa-
tional sample studied in vsini, V5., and binarity for Galactic
O-type runaway stars. The study of this subsample actually leads
us to some exciting findings. There are no fast-rotating runaway
SB1 systems, namely, all fast-rotating runaways are likely sin-
gle. This is in contrast with slow-rotating runaways, where we
find both LS and SB1 systems, with percentages of 74% and
26%, respectively, as can be seen in Table 3. It is also in contrast
with the fast-rotating normal stars, where again we find both LS
and SB1 systems, with percentages of 65% and 35%, respec-
tively (see Table 3). This discards any possible issue related to
the SB1 identification in the fast-rotating domain. If we now
focus on the slow-rotating SB1 systems, we find that their per-
centage decreases from 39% to 26% when moving from normal
to runaway stars; in the case of fast rotators, as mentioned above,
their percentage decreases from 35% to 0%. Therefore, another
interesting result is that the fraction of SB1 systems is always
lower (or even zero) for the runaway stars compared to the nor-
mal stars. We comment on the interpretation of these relevant
results in Sect. 4.

In a complementary way, in Table 4 we present numbers and
percentages of objects in the rotation LS-SB1 subsample for nor-
mal and runaway stars, subdivided in LS and SB1, and further
subdivided in slow and fast rotators. The percentage of SB1 sys-
tems decreases from 38% to 18% when moving from normal to
runaway stars. For normal LS stars, we have 77% of slow rota-
tors and 23% of fast rotators. The percentages for normal SB1
stars are quite similar, with 79% of slow rotators and 21% of fast
rotators. The situation changes when we move to runaway stars:
for LS, the percentage of slow rotators slightly decreases to 64%
while the fast rotators represent 36%; in contrast, for SB1 all
of them are slow rotators. As mentioned above, the absence of
runaway SB1 systems within fast rotators is discussed in Sect. 4.

Despite the poor statistics for the walkaway stars in the rota-
tion LS-SB1 subsample (only ten stars), it is also worth mention-
ing that there are both LS and SB1 systems with similar frac-
tions.

Therefore, from the study of the rotation LS-SB1 subsample
of Galactic O-type stars we can further conclude that:

(iv) runaways have reduced SB1 fractions versus normal stars;
(v) there are no runaway SB1 systems within fast rotators; and
(vi) in walkaways, we find both LS and SB1 systems.

In Appendix C, we present the CDFs in vsini for the nor-
mal and runaway stars including the information on binarity (see
Fig. C.1). We define four different sets: LS normal and runaway
stars and SB1 normal and runaway systems. We also show the
results of the KS tests between all these sets. While some com-
parisons could indicate a different origin of those distributions,
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these differences are not statistically significant. A summary of
the results is included in Table C.1.

3.2.2. Runaway SB1 systems

In this section, we comment on the runaway SB1 systems that
we found and we present an update on their multiwavelength
properties. The unseen companions in SB1 systems could be
main-sequence stars, stripped helium stars, or compact objects
such as neutron stars (NSs) or stellar-mass black holes (BHs). In
the context of runaways, the case with compact objects would
correspond to BSS products. If these systems with a massive
star and a compact object are close enough, they can evolve
through a second mass-transfer phase during which they can be
detected as HMXBs. Indeed, three of our runaways are HMXBs:
V479 Sct, LM Vel, and Cyg X-1 (from the HMXB catalog of
Fortin et al. (2023)). The first one is in fact a runaway gamma-
ray binary typically referred to as LS 5039 (Rib¢ et al. 2002).
In gamma-ray binaries the secondary mass transfer phase does
not produce accretion onto the compact object but an intrabi-
nary shock with the relativistic pulsar wind of the young NS
(Dubus 2006; Bosch-Ramon et al. 2012). However, if the two
objects in the SB1 system with a compact object are not close
enough they would not interact, and these binaries could actu-
ally host quiescent stellar-mass BHs. Mahy et al. (2022) stud-
ied several SB1 systems with the aim of characterizing the
nature of the unseen companions. They proposed our runaway
SB1 system HD 130 298 as a candidate to host a BH com-
panion. Nevertheless, they also stated that confirming the BH
nature of the companions requires further monitoring, sophis-
ticated analysis techniques, and multiwavelength observations.
Britavskiy et al. (2023) also proposed two of our runaway SB1
systems, HD 94 024 and HD 12 323, as candidates for hosting a
quiescent stellar-mass BH.

In Table 5, we present an updated multiwavelength char-
acterization of the 12 runaway stars classified here as SB1°,
together with complementary information. For the systems in
Table 5 with orbital parameters from Mahy et al. (2022), we
searched for correlations between VEZ,EDC and vsini as a function
of Py or e, but found no trends.

As already mentioned, there are three well-known systems
that emit X-rays: V479 Sct/LS 5039, LM Vel, and Cyg X-
1. In addition, there are four systems detected by eROSITA,
but in all cases the X-ray emission has a high probability
to be of coronal origin from the massive star (Freund et al.
2024). V479 Sct/LS 5039 and Cyg X-1 are well-known radio
and high-energy (HE, > 100 MeV) gamma-ray emitters. No
other system shows either radio emission within VLASS or
MeerKAT databases or HE emission within the Fermi-DR4 cat-
alog (Abdollahi et al. 2022; Ballet et al. 2023). At very-high-
energy (VHE, > 100 GeV) gamma rays, V479 Sct/LS 5039
has been clearly detected, while Cyg X-1 has been reported
to show evidence of gamma-ray signal at 4-o significance
(Albert et al. 2007). No other system is known to emit at
VHEs. V479 Sct/LS 5039 also shows ultrahigh-energy (UHE,
> 100 TeV) gamma-ray emission.

Moreover, an infrared (WISE W4 band, 12um) search
for stellar bow shocks among runaways conducted in
Carretero-Castrillo et al. (2025) shows that HD 46 573 and
HD 130 298 display stellar bow shocks, whereas LM Vel,

® We note that in a more detailed investigation of O-type stars
Mabhy et al. (2022) identified (through disentangling) a faint secondary
in the spectra of HD 164 438, hence classifying the star as SB2.
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Fig. 3. Projected rotational velocity as a function of the 2D peculiar velocity for the 168 O-type normal and runaway stars in the rotation LS-SB1
subsample. LS systems are shown as green circles, while SB1 systems are shown as red squares. Normal and runaway stars are represented with
empty and filled symbols, respectively. The three known HMXBs identified among SB1 systems are indicated with red crosses. The uncertainties
of the data points, and vertical and horizontal lines are the same as in Fig. 1.

Table 3. Number and percentage for normal and runaway stars in the rotation LS-SB1 subsample, subdivided into slow and fast rotators, and

further subdivided into LS and SB1.

Normal Stars

Runaway stars

103 (61%) 65 (39%)
Slow rotators Fast rotators Slow rotators Fast rotators
80 (78%) 23 (22%) 46 (71%) 19 (29%)
LS SB1 LS SB1 LS SB1 LS SB1
49 (61%) 31 (39%) 15(65%) 8 (35%) 34 (74%) 12 (26%) 19 (100%) 0 (0%)

HD 75 211, and Cyg X-1 show point-like emission, and
HD 164 438 a nearby curved doubtful IR structure.

4. Discussion

In this work we analyzed two samples: a sample of 214 Galac-
tic O-type stars with available vsini (rotation sample), and a
subsample of those, comprising 168 targets, for which we have
also available information about their LS/SB1 nature (rotation
LS-SB1 subsample). We studied them in terms of vsini, ngDC,
and binarity status. We found that: the majority of runaways and
nearly all walkaways are slow rotators (items i and ii); that there
are no fast-moving and fast-rotating runaways (iii); that the frac-
tion of SB1 systems is always lower in runaways compared to

normal stars (iv), with no runaway SB1 fast-rotating systems (v);
and that in walkaways we find both LS and SB1 systems (vi).

In the following sections, we discuss these results in detail.
We make a comparison with previous works in Sect. 4.1, and
interpret our results in terms of the runaway ejection scenar-
ios in Sect. 4.2. Finally, we discuss the findings of the runaway
SB1 systems and comment on the runaway origin of the known
HMXB in Sect. 4.3.

4.1. Comparison with previous works

In Fig. 1 we presented the vsini versus VlgEDC distribution for
the 214 O runaway and normal stars in the rotation sample.
We defined four regions within this figure (see Sect. 3.1.1).
Sana et al. (2022) studied in a similar diagram a sample of 23
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Table 4. Number and percentage for normal and runaway stars in the rotation LS-SB1 subsample, subdivided into LS and SB1, and further

subdivided into slow and fast rotators.

Normal Stars

Runaway stars

103 (61%) 65 (39%)
LS SB1 LS SB1
64 (62%) 39 (38%) 53 (82%) 12 (18%)
Slow Rotators  Fast Rotators ~ Slow Rotators  Fast Rotators Slow Rotators  Fast Rotators ~ Slow Rotators  Fast Rotators
49 (77%) 15 (23%) 31 (79%) 8 (21%) 34 (64%) 19 (36%) 12 (100%) 0 (0%)
Table 5. Data of the runaway SB1 systems with the higher values of E in decreasing order.
GOSC Name RA DEC ! b d S.T. 722 E Py e Radio X-rays Gamma rays Comments
(hhmmss.ss) (""" () () (kpe) (kms™") (d)
V479 Sct 18 26 15.06 —-145054.4 169 —-13 194 ON6V 909+49 428 391 0.254 Detected* Detected® HE/ VHE* UHE' HMXB/y-RB
HD 94 024 10 50 01.50 -575226.2 2873 13 2.59 O8IV 499+43 249 246 0.000 Not detected” cand BH
HD 76 968 08 57 28.85 -5044582 270.2 -34 221 092Ib 557+5.1 2.20 Detected”
HD 46 573 06 34 2356 023203.0 208.7 -2.6 1.34 o7V 404 +4.6 198 10.65 0.595 <151 ube Not detected’
HD 130 298 14 49 3375 -5625385 3188 2.8 242 06511 304+32 1.76 14.63 0.457 Not detected” cand BH
HD 12 323 02 02 30.12 5537263 1329 -59 227 ON9.2V 534+95 1.68 193 0.000 <187 uJy[’ cand BH
HDE 326775 17 05 31.31 —-413120.2 3450 -03 158 065V 285+1.7 1.66 <62 uly© Detected”
LM Vel 08 40 47.78 —-450330.1 264.0 -2.0 2.27 O8.5Ib-II 36.0+5.5 1.59 9.54 0.599 Detected?” HMXB
HD 75211 08 47 01.58 —-440428.7 264.0 -0.5 159 O85I 23.6+3.0 1.15 2045 0.340 <110uJy‘ Detected’
Cyg X-1 19 58 21.67 3512057 713 3.1 216 09.7lab 21.6+3.0 1.10 560 0.023 Detected? Detected HE™ HMXB
HD 105 627 12 09 4457 -623454.6 2982 -0.1 2.21 o9l 164 +1.6 1.07 434 0.084 <370y Detected”
HD 164438 18 01 5228 —190622.1 104 1.8 1.18 0921V 220+50 1.05 1025 0.282 MS comp

Notes. Columns up to E are from Carretero-Castrillo et al. (2023), orbital period P, and eccentricity e are from Mahy et al. (2022) when avail-
able. Numerical values in the radio column correspond to the root mean square (RMS) of the noise level. Comments column contains addi-
tional information: ‘HMXB’ for high-mass X-ray binaries (Fortin et al. 2023); ‘y-RB’ for gamma-ray binaries (Bordas 2024). ‘cand BH’ for
systems with candidate BH companions (Mahy et al. 2022; Britavskiy et al. 2023). ‘MS comp’ for Main Sequence companion (Mahy et al. 2022).
References. Radio: “Marti et al. (1998); *Lacy et al. (2020) (VLASS); Goedhart et al. (2024) (MeerKAT); “Braes & Miley (1971). X-rays:
“Motch et al. (1997); /Freund et al. (2024) (eROSITA); 9Evans et al. (2014) (variable, Swift); "Webb et al. (2023) (variable, XMM-Newton);
‘Bowyer et al. (1965). Gamma rays: /Paredes et al. (2000);  Aharonian et al. (2005); !Alfaro et al. (2025); "Zanin et al. (2016).

O-type runaway stars (among an investigated sample of 339 O-
type stars) located in the 30 Dor region of the LMC. However,
before comparing these two works, we should point out their dif-
ferences. Beyond the different type of environment (star-forming
region versus a magnitude-limited sample in the Milky Way’),
they used 1D line-of-sight velocities to identify the runaway
stars, while we used 2D peculiar velocities. They studied 23 O
single runaway stars plus one runaway binary®, while our work
includes 136 and 78 O normal and runaway stars, respectively,
both single and binaries, and thus, our sample is significantly
larger. Our runaway stars populate all four regions, although
most are located in the slow-moving and slow-rotating one. This
result is in contrast with the one of Sana et al. (2022), who found
that runaway stars mostly populate the slow-moving and fast-
rotating region. They found 55% of their runaways as fast rota-
tors, while we only found 26% within ours (see Table 1). Thus,
the investigated sample of O runaway stars in 30 Dor (LMC) and
the one in our Galaxy may be dominated by different runaway
ejection mechanisms (see Sect. 4.2).

We have six fast-moving runaways with 2D peculiar veloc-
ities > 85 km s~!. Their GOSC names (in order of increasing

7 In general, star-forming regions and clusters have higher stellar den-
sities and more massive stars, which favor dynamical ejections of run-
aways into the field, where higher runaway fractions can be expected
(e.g., Dallasetal. 2022). In contrast, volume-limited field samples
may include runaways that have traveled far from their birthplaces. A
detailed characterization of this effect is beyond the scope of this work.
8 This runaway binary was not studied within the four regions men-
tioned above.
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V%‘E)C) are: CPD —34 2135, V479 Sct, HD 124 979, HD 157 857,
HD 104 565, and HD 116 852. All of them were identi-
fied in Carretero-Castrillo et al. (2023), but previously found by
Ribé et al. (2002) and Maiz Apelldniz et al. (2018). These six
fast-moving runaways have 2D peculiar velocities from 85 to
~220 km s~! (although with large uncertainties at the high end),
while Sana et al. (2022) have five fast-moving runaways with 1D
peculiar velocities from 60 to ~100 km s~!. Taking into account
a factor of 4/2/1 between the 1D and 2D peculiar velocities,
it seems that the runaway stars in the Galaxy can reach higher
velocities than in 30 Dor within the LMC.

Finally, in the fast-moving and fast-rotating region
Sanaetal. (2022) did not find any runaway star and they
qualify it as an avoidance region. However, we identified the
runaway star HD 124 979 within this avoidance region (with a
relatively large uncertainty in VE,EDC). This star was previously
identified as SB2 by Sota et al. (2014), but more recently also
as single by Britavskiy et al. (2023), as also found here. We
comment more on the possible runaway origin of this object in
the following section.

Although our work is focused on O-type stars, we note that
Guo et al. (2024) also studied the rotational versus space veloc-
ity distribution of Galactic early-type runaway stars, but in a
sample clearly dominated by B-type stars (95%). They found
that most runaways are slow rotators with vsini values up to
only ~ 130 km s~'. Nevertheless, we caution that they used a
reduced fast-rotator threshold of ~ 60 km s~!, much lower than
ours of 200 km ~!. Therefore, the four regions they examined
within this plane are different from those studied here.
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4.2. Insights into the runaway ejection scenarios

The combination of vsini, V3., and binarity information to
study runaway stars can shed light into their runaway origin.
Here we discuss the possible interpretation of the runaway ejec-
tion scenarios across the different regions of the vsini versus
VEZ’EDC plane. We focus on the two primary scenarios, the BSS and
DES, and comment on the possible combination of these mecha-
nisms in the so-called two-step scenario. We provide a summary
plot of our interpretation in Fig. 4. While this interpretation is
qualitative rather than quantitative, we think it is useful to guide
the reader through the discussion. It is also an attempt to pro-
vide a relation between different observational parameters and
the runaway ejection scenarios.

The overall runaway percentage in the rotation sample is
~36%, which is higher than the ~25% found for the entire sam-
ple of GOSC-Gaia DR3 in Carretero-Castrillo et al. (2023). We
note that when moving from the entire sample to the rotation
sample we removed all SB2 systems. We computed the run-
away percentage of the 117 LS, 51 SBI and 65 SB2 systems
identified in the GOSC-Gaia DR3 catalog with JACOB bina-
rity data, and resulted in ~45%, ~24% and ~10%, respectively.
Thus, SB2 systems have smaller runaway fractions. Simulations
show that DES binary-binary interactions mostly result in the
ejection of two single runaways and a binary (e.g., Hoffer 1983;
Mikkola 1983). The binary, which is the most massive of the
three products, is unlikely to gain a large velocity, and thus it is
more difficult that SB2 systems acquire runaway velocities (e.g.,
Leonard & Duncan 1988; Hoogerwerf et al. 2001). Therefore,
we attribute the higher runaway percentage found in the rotation
sample to the absence of SB2 systems, which have low runaway
fractions. In addition, as presented in Table 4, the fraction of SB1
systems is significantly higher among normal stars compared to
runaway stars, 38% and 18%, respectively. Consequently, we
note that as much as 82% of the runaways appear to be sin-
gle. Considering that the majority of massive stars are found
in binaries (see Marchant & Bodensteiner 2024 for a review),
these results contribute to the observational evidence that run-
away ejection mechanisms in massive stars are in general asso-
ciated with the disruption of binary systems. Nevertheless, we
also found several SB1 runaway systems (see Sect. 3.2.2). Thus,
these runaway binary fractions can help to constrain the effi-
ciency of disruption of binaries in runaway ejection simulations
(e.g., Eldridge et al. 2011; Renzo et al. 2019; Wagg et al. 2025).

The fact that O-type fast-rotating stars are proposed as post-
interaction binary products has important implications for under-
standing the origin of runaway stars. As explained in Sect. 1,
fast-rotating stars in post-interaction binaries, possibly become
runaway stars via BSS after a SN explosion in the systems.
As shown in Table 2, we found a higher runaway fraction of
44% for fast-rotating stars compared to 34% for slow-rotating
ones, supporting this connection. This result aligns with the
one of Britavskiy et al. (2023), who found a runaway fraction
of ~35-50% among Galactic fast-rotating O-type stars com-
pared to ~20-30% among slow-rotating ones. In addition, the
median vsini values for normal and runaway stars are ~72
and ~114 km s7!, respectively, indicating that runaway stars
tend to rotate faster than normal stars, as already noted by
Maiz Apellaniz et al. (2018). This difference is statistically sig-
nificant (see Sect. 3.1.3). Moreover, we did not identify fast-
rotating runaway SB1 systems, even though such systems are
present in the normal fast-rotating star domain, making iden-
tification bias an unlikely explanation (see Sect. 3.2.1, and
Tables 3 and 4). Through binary population synthesis models,

Renzo et al. (2019) predicted that most (86%) BSS products are
unbound after the SN explosion (though we caution that they

obtained mostly walkaways, rather than runaways with VSEDC >

30 km s~!). This likely explains the absence of fast-rotating SB 1
systems among runaway stars. Taking all this into consideration,
these findings lead us to interpret the runaway stars in the fast-
rotating domain as predominantly resulting from disrupted bina-
ries through BSS (see upper-left green region in Fig. 4).

In contrast, BSS is not expected to operate as effi-
ciently among slow rotators (Hoogerwerfetal. 2001;
Maiz Apelldniz et al. 2018; Britavskiy etal. 2023). There-
fore, the slow-rotating domain is more likely dominated by
runaway stars produced through DES. Dynamical interactions
in the DES mostly occur through single-binary or binary-binary
encounters’ (Hoogerwerf et al. 2001; Perets & Subr 2012),
resulting in different products such as single runaway stars and
binary runaway systems, consistent with our results in binarity
for slow-rotating runaways (see Fig. 3). However, among the
slow-rotating SB1 runaways we find the three known HMXBs
discussed in Sect. 3.2.2, which could be explained due to tidal
locking in relatively close binaries'” (see Hurley et al. 2002;
Sen et al. 2022 for details). This indicates that the slow-rotating
domain cannot be attributed exclusively to DES, since these
binaries have at least experienced BSS!!. Thus, for the slow-
moving and slow-rotating stars we propose a combination of
DES (both single and binary interactions, with larger and lower
velocities, respectively) and BSS (see bottom-left yellow region
in Fig. 4). The relative contribution of each of them depends on
factors such as the age and density of the parent clusters. Since
the analysis in age or individual clusters is beyond the scope of
this work, it is challenging to draw here quantitative conclusions
for this regime.

Before discussing fast-moving and slow-rotating runaways,
we examine those with VD in the range 60-85 km s~'. The

V2P distribution presents a drop around 60 km s™! (see Fig. 3-
top). According to simulations, BSS disrupted products rarely
reach velocities larger than 60 km s~! (Renzo etal. 2019),
and this is observationally found for HMXBs in the SMC
(Phillips et al. 2024). Simulations also claim that large veloci-
ties are more likely obtained through DES rather than BSS, an
interpretation already used in observational works (Poveda et al.
1967; Leonard 1991; Perets & Subr 2012; Dorigo Jones et al.
2020; Phillips et al. 2024). Therefore, we interpret runaways
with velocities between 60 and 85 km s~' as DES products.
These runaways can be visually distinguished in Fig. 3, both
in the fast- and slow-rotating domains. Thus, we can speculate
that the slow-moving and fast-rotating domain would also have
a small contribution of DES (disrupted because the high vsini
suggests it was a former binary, see red discontinuous box in
Fig. 4), while a contribution by DES-single could be present in
the slow-moving and slow-rotating domain for VSEDC > 60kms~!
(see the right part of the yellow region in Fig. 4).

Let us focus on the fast-moving and slow-rotating regime.
Due to the conservation of linear momentum in dynamical inter-
actions, the fastest runaway stars are expected to be single rather

® While more complex multi-body interactions could exist, these ones
are the most likely; thus, we simplify the discussion to these two cases
for clarity.

10 In fact, the runaway SB1 systems presented in Table 5 have orbital
periods smaller than 21 days, with typically P, < 10 days.

! This is the case for NSs or BHs with SN explosion. BHs formed
through direct collapse would require DES to explain their runaway
nature.
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Fig. 4. Interpretation of the possible runaway ejection scenarios in the vsini vs. VaR. plane. The labels related to the scenarios indicate the
following. BSS: BSS ejection, resulting either in a bound or disrupted binary. BSS disrupted: BSS ejection of a former binary that becomes
disrupted. DES disrupted: DES ejection of a former binary (note the high vsini) that becomes disrupted. DES-single: after DES ejection the
runaway is identified as single. DES-binary: after DES ejection the runaway is identified as a binary. Two step: DES + BSS. Avoidance region:
region with virtually no runaways. The colored regions are discussed in the text.

than binaries (e.g., Leonard 1991; Perets & Subr 2012). This is
consistent with the results presented in Fig. 3, where the fastest
runaways are identified as LS, suggesting they may be DES-
single products. In addition, the two-step scenario is another pos-
sibility to explain the fastest velocities of our runaways, as is
probably the case of the gamma-ray binary V479 Sct/LS 5039
with V2D ~ 90 km s™! (see Sect.4.3). This hybrid scenario rec-
onciles its unusually high velocity (unlikely via BSS alone) with
its retained binarity. Therefore, we interpret the fast-moving and
slow-rotating region as dominated by DES-single or the two-step
scenario (bottom-right blue region in Fig. 4).

In the fast-moving and fast-rotating regime (top-right gray
region in Fig. 4), we only found the runaway star HD 124 979,
with no particular reference regarding its runaway origin in the
literature. Given its Vo uncertainty, it could be eventually
explained by the DES ejection of a former binary that becomes
disrupted (DES disrupted). It is an interesting runaway star that
merits further study.

In any case, all runaway stars in Fig. 1 appear below the line
vsini = 500 — 1.75 V2D km s~'. This anticorrelation between
maximum values of space velocity and rotational velocity is
also seen in the green region of Fig. 4. We also note that all
SB1 systems shown in Fig. 3 appear below the line vsini =
320 — 2.4 V5. km s~'. These limits can be due to a combina-
tion of the different physical processes operating in the involved
runaway ejection mechanisms. Further data with reduced uncer-
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tainties are needed to better constrain these observed trends and
derive conclusions.

Regarding walkaway stars (left part of yellow region in
Fig. 4), they have been theoretically proposed as slow-moving
unbound BSS products. However, nearly all walkaway stars
identified in our rotation sample are slow rotators, in contrast
with BSS expectations due to a previous mass-transfer phase. In
addition, within our rotation LS-SB1 subsample we found walk-
aways that are either likely single stars or binary systems. There-
fore, not all of them are unbound. This suggests that walkaway
stars cannot be exclusively interpreted as unbound BSS products.
Instead, their origin likely involves a combination of BSS with a
small kick velocity or DES-binary to explain the SB1 systems,
and BSS with a large kick velocity or DES-single to explain the
LS stars.

The different mechanisms and products of runaway binaries
sketched in Fig. 4 for fast and slow rotators, could eventually
lead to statistical differences between these populations. The KS
test presented in Fig. 2 found such differences when compar-
ing the normal and runaway populations in vsin i, particularly
in the ~50-250 km s~! range. This points to a different origin
of those distributions, which is expected due to the contribution
of BSS in the fast rotating-domain. However, the KS tests pre-
sented in Appendix B and Sect. 3.1.2 show that this is not the
case in V22, Similarly, no significant differences were found

PEC"
when analyzing the v sin i in the context of binarity and runaway
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status (see Appendix C). This could indicate either that a larger
sample size is needed to detect such differences or that both the
fast- and slow-rotating regimes are influenced by a combination
of the BSS and DES that is difficult to disentangle.

We also compare our vsini versus nglz)c distribution with
the theoretical one computed using binary population synthesis
models and shown in Fig. 7 of Renzo et al. (2019). We should
first note three differences: their results are only for BSS at the
time of ejectionn; they are for stars with >7.5 M, while ours
are for O-type stars with >15 My; and they show the equatorial
rotational velocity veq while ours is the projected one. Despite
these differences, we can still compare them in a qualitative way.
The models predict a very pronounced peak in the fast-rotating
domain at equatorial velocity of ~500 km s~!, contrasting with
our observed slow-rotation maximum around ~60-100 km s~!
(see Fig.1-right). Such a discrepancy would not be explained by
projection effects (Chandrasekhar & Miinch 1950). Instead, their
distribution appears more compatible with the 30 Dor results
of Sana et al. (2022), who concluded that their runaway popu-
lation was dominated by BSS. In any case, we should interpret
the simulations by Renzo et al. (2019) with caution, since they
do not reproduce the generally observed runaway fractions and
velocity distributions, and they point to several caveats, includ-
ing the non-consideration of the DES contribution. Therefore,
the difference between the results of the models and our obser-
vations may arise from an eventually relevant contribution of the
DES in our sample of Galactic O-type runaway stars, as already
note in Carretero-Castrillo et al. (2023), and as found for mas-
sive runaways OB stars in the SMC (Dorigo Jones et al. 2020;
Phillips et al. 2024).

Finally, Phillips et al. (2024) proposed that fast-rotating OB
stars in the SMC do not appear to be dominated by BSS
products, but might be runaway mergers produced by DES,
as suggested by simulations in Leonard (1995). Their conclu-
sion relies on the fact that they found statistically significant
differences with a KS test between the vsini distribution of
all OBe stars with that of fast-rotating OB stars. However,
this interpretation has limitations. First, the assumption that all
OBe stars originate from BSS is overly simplistic (the authors
also caution on this). Second, mergers are expected to rapidly
spin down due to strong magnetic fields (Ferrario et al. 2009;
Schneider et al. 2019), making them unlikely to remain as fast
rotators. Third, only ~1/3 of the mergers would acquire run-
away velocities (Leonard 1995), reducing the expected popu-
lation. Finally, Leonard (1995) claimed that merged runaways
have higher multiplicity fractions, yet all fast-rotating runaways
in our sample are single. Therefore, we still argue for the inter-
pretation of runaway fast-rotating stars as predominantly pro-
duced by BSS.

4.3. Runaway SB1 and HMXBs

In Sect. 3.2.2 and Table 5, we present the runaway SB1 sys-
tems identified in our sample. As explained there, runaway
SB1 systems are candidates to be HMXBs. Indeed, this is
the case for three out of 12 of the identified runaway SB1:
V479 Sct/LS 5039, LM Vel, and Cyg X-1. In general, for a
runaway HMXB to exist we need the formation of a compact
object and an ejection mechanism. The compact object might be

12 Despite the fact that we are working with the current velocity
of the stars, differences caused by the different Galactic locations
and Galactic potential on the trajectories are expected to be small
(Maiz Apellaniz et al. 2022; Britavskiy et al. 2023).
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Fig. 5. Lower left part of the projected rotational velocity as a function
of the 2D peculiar velocity plot presented in Fig. 3. HMXBs are indi-
cated with red crosses and circles, while binaries with BH candidates
are indicated with black triangles and dashed circles.

formed through a SN explosion or through direct BH collapse.
Therefore, runaway HMXB can be formed through SN explo-
sion within BSS, DES plus direct BH collapse, or the two-step
scenario (DES + BSS).

Fortin et al. (2022) looked for the birthplaces of 26 Galactic
HMXBs using Gaia EDR3 data, including our three runaways.
For V479 Sct/LS 5039, they found no encounters with open clus-
ters or spiral arms, even though it is located in a region of the
Galactic plane with a higher cluster density than the average of
their sample. They concluded that the isolation formation sce-
nario (only BSS) is favored in the case of V479 Sct/LS 5039.
However, taking into account that (1) Renzo et al. (2019) pre-
dicts that BSS-produced HMXBs should have systemic veloc-
ities of only a few tens of km s™', and that (2) we found a
large ngDC of 91 km s~!, we propose that this system is a can-
didate for a two-step runaway ejection scenario. This could also
explain why Fortin et al. (2022) did not find any direct encounter
with a cluster for this object. For LM Vel/IGR J08408-4503, no
encounters matching the expected age for the current massive
star of the binary were identified by Fortin et al. (2022). This
lead the authors to conclude that it formed in isolation, consis-
tent with a bound BSS. In the case of Cyg X-1, its low V3R

of 22 km s~! suggests a BSS origin where the BH formed with
minimal mass loss, or even through direct BH collapse as already
noted by Mirabel & Rodrigues (2003). While Fortin et al. (2022)
found an encounter with the cluster NGC 6871 (compatible with
its age), the low VIEEDC does not seem to be compatible with
the DES scenario. Therefore, Cyg X-1 represents another bound
BSS product. Both binary systems, LM Vel/IGR J08408—-4503
and Cyg X-1, fall within the BSS (bound) region of Fig. 4, sup-
porting this interpretation.

The remaining nine runaway SB1 systems shown in Table 5
are interesting candidates to host compact objects, and poten-
tially be HMXBs or gamma-ray binaries. In the case of HMXBs
these could host NSs or BHs. While many HMXBs contain-
ing NSs are known, only a few of them host a confirmed BH
(Corral-Santana et al. 2016). Therefore, discovering new such
systems would be very important to help constraining evolu-
tionary models and to improve the statistics of BHs to better
understand their formation scenarios. In particular, in Table 5
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there are three binary systems which are candidates to host BHs:
HD 130 298 according to Mahy et al. (2022) and HD 94 024
and HD 12 323 according to Britavskiy et al. (2023). Fig. 5
shows the lower left part of Fig. 3 including the locations of
both HMXBs and BH candidates marked with red and dashed
black circles, respectively. Interestingly, the HMXBs and the
binaries with BH candidates occupy similar locations within the
vsini — VIEEC parameter space, reinforcing their compact object
candidancy. Therefore, these systems are particularly interesting
to further study with dedicated multiwavelength observations.
Even if hosting a stellar-mass BH, the expected accretion rates in
these systems would be relatively low due to the orbital param-
eters and/or the spectral types of the massive companions (listed
in Table 5). However, their eventual detection at X-ray energies
would point to low-luminosity analogs of Cyg X-1, which could
provide constraints on accretion processes, BH formation mech-
anisms, stellar evolution in binary systems and GW progenitors
(e.g., Sen et al. 2024). In the case of gamma-ray binaries, only
ten systems are known to exist at the time of writing (Bordas
2024). Therefore, any addition to this small group would bring
important information to help understanding these objects.

5. Summary and conclusions

In this study, we conducted the largest analysis of kinemat-
ics VgEDC, projected rotational velocities, vsini, and binarity
of Galactic O-type stars with accurate runaway classifications.
Using Gaia DR3 astrometry and IACOB spectroscopy, we stud-
ied two samples: (1) an initial sample of 214 stars with vsini
and (2) a subsample of these comprising 168 targets with avail-
able information about their LS/SB1 nature. We computed the
required fractions in the space of the mentioned parameters, car-
ried out a statistical comparison of the velocity distributions, and
interpreted possible correlations between kinematics, rotation,
binarity, and runaway ejection mechanisms. We summarize the
main conclusions of this work below.

— Most Galactic O-type runaway and nearly all walkaway stars
are slow rotators, similarly to the case of normal stars. This
stands in contrast to previous observational and theoretical
works of runaway stars, pointing to a relevant contribution
of DES. We find both LS and SB1 systems to be included
among slow rotators, as well as some HMXBs, indicating
that a contribution of BSS is also present.

— The fraction of SB1 systems is always lower in runaways
than in normal stars, implying that runaway ejection mech-
anisms typically disrupt binaries. The runaway percentages
in LS, SB1, and SB2 systems are ~45%, ~24% and ~10%,
respectively, revealing that single stars more likely obtained
runaway velocities than binaries. SB2 systems present a
low runaway fraction, hardly reaching runaway velocities,
in agreement with DES simulations.

— The runaway fast rotators can be explained by the BSS
because: there are no SB1 runaway fast-rotating systems,
runaways rotate faster than normal stars on average, and
there is significantly higher runaway fraction for fast-rotating
than for slow-rotating stars. This is further supported by the
result of the KS test between the normal and runaway star
v sin i distributions, with statistical and significant differences
mainly in the 50 — 250 km s~' range.

- Runaways with Va2, > 60 km s™' are mostly single and
interpreted as DES products, while runaways with VIZ’IIE)C >

85 km s~! are also interpreted as two-step products, with
V479 Sct/LS 5039 a likely example.
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— There are no fast-rotating and fast-moving O runaway stars,
except the case of HD 124 979, which although it could be
understood within DES, clearly deserves further attention.

— We found 12 runaway SB1 systems, three of which are
HMXBs or gamma-ray binaries. The remaining systems are
potential candidates to host compact objects as well, with
three of them as candidates to host BHs that should be fur-
ther studied.

We note that the results obtained in this work could be useful to
constrain both, binary population synthesis models and simula-
tions of stellar encounters within clusters. This would give us a
better estimation of the efficiency of the different ejection sce-
narios. In addition, further studies could be conducted to com-
pute the past trajectories of our runaways and relate them to par-
ent clusters, which could help to put additional constraints on
the scenarios. Finally, more extensive catalogs of massive stars
and data from Gaia-DR4 with improved astrometric uncertain-
ties will add a greater number of updated statistics to test the
observed trends in this work.

Data availability

The full Table A.1 is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/705/A215
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Appendix A: Data of the rotation sample

Table A.1. Data of the first ten stars of the rotation sample with the higher values of E in decreasing order.

GOSC Name Gaia DR3 id RA DEC I b d G ST VD E  vsini
(hhmmsssss) (777 () () (kpe) (km s™1) (kms™1)
V479 Sct 4104196427943626624 18 26 15.06 —145054.4 169 —-13 1.94 10.80 ON6 909+49 428 124

CPD -34 2135 5546501254035205376 08 13 3536 —-3428439 2524 -0.1 323 9.8 O75 851+56 3.85 148
BD +60 134 427457895747434880 00 56 14.21 6145369 1235 -1.1 2.69 1040 055 779+48 370 250
HD 104 565 6072058878595295488 12 02 27.77 -581434.3 2965 4.0 472 9.07 OC9.7 193.7+252 3.47 56
HD 155913 5953699131931631232 17 16 2632 —-424004.0 3453 -2.6 121 818 045 706=+45 343 278
HD 75 222 5625488726258364544 08 47 25.13 -364502.5 2583 42 209 731 09.7 674+69 3.03 86
BD -14 5040 4104201586232296960 18 25 38.91 -1445058 169 -1.1 1.63 10.02 055 504+23 287 268
HD 41 997 3345950879898371712 06 08 55.82 154218.0 1942 -2.0 175 830 O7.5 773+x9.1 279 262
HD 157 857 4165963456443515520 17 26 17.32 -105934.8 13.0 133 230 7.71 065 136.1 £21.0 2.60 114
HD 94 024 5350908374676231808 10 50 01.50 -575226.2 2873 13 259 8.68 O8 499 +43 249 162

Notes. Columns up to E were computed in Carretero-Castrillo et al. (2023). Most of the v sin i values are from Holgado et al. (2022). The complete
version of this table, including the 214 normal and runaway stars with additional parameters and precision, is available at the CDS.
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Appendix B: 2D space velocity distributions

We present in Fig. B.1, the VleDC distribution for the entire rota-
tion sample (top), the fast (middle), and the slow (bottom) rota-
tors, subdividing them into normal and runaway stars. The dis-
tribution of the slow-rotating runaway stars resembles the one
of the full rotation sample, while the distribution of the fast-
rotating runaways seems compatible with a flat one considering
the poor statistics. The medians and 95th-percentiles of these
distributions are presented in Sect. 3.1.2.

Instead, in the left panels of Fig. B.2 we present the VIZ,EDC
distributions for the entire rotation sample (top), the runaway
(middle) and the normal (bottom) stars, subdividing them into
fast and slow rotators. In the right panels of the figure we also
present the CDFs of VIEEDC for the same three sets. The CDFs for
the slow- and fast-rotating runaway stars appear somehow differ-
ent. To check if these differences are statistically significant, we
used the Kolmogorov-Smirnov (KS) test (Smirnov 1939), which
allows us to test the null hypothesis that two observed distribu-
tions are randomly drawn from the same parent population. The
results of the KS tests between the fast and the slow-rotating
stars for each of the three sets are included within the panels
of the presented CDFs (right-panels of Fig. B.2). Although the
KS test between the fast and slow-rotating sets in the rotation
sample (top panel) may indicate that the distributions could be
different, the results are not statistically significant for any of the
rotation sample, runaway, and normal star sets. In particular, we
note that in the case of the runaway stars, this may be due to the
poor statistics for the fast-rotating stars, which are only 20.
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Fig. B.1. V]EEDC distributions for the normal stars (unfilled black bars)
and runaway stars (filled blue bars) with a bin size of 5 km s~!, for the
rotation sample (top), the fast rotators (middle), and the slow rotators
(bottom).
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Fig. B.2. Left: V}EEDC distributions for the slow-rotating (unfilled turquoise bars) and fast-rotating (filled pale red bars) stars with a bin size of
5 km s~! for the rotation sample (top), the runaway stars (middle) and normal stars (bottom). Right: Cumulative distribution functions of VgEDc
for the slow- (turquoise) and fast-rotating (pale red) stars for the rotation sample (top), the runaway stars (middle), and the normal stars (bottom).
The curves in light colors show the corresponding empirical cumulative distribution functions. The numbers of fast and slow rotators are shown
between parentheses. pgs are the corresponding p values resulting from the KS tests.
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Appendix C: Cumulative distributions considering
information on binarity

We present in Fig. C.1 the CDFs of vsin i for four different sets:
runaway and normal stars, each subdivided into SB1 and LS
categories. The corresponding KS test results are summarized
in Table C.1. While there are no statistically significant differ-
ences between these populations, we note that some compar-
isons between normal and runaway stars, for both LS and SB1
categories, result in pgs ~ 7 — 9%, which approaches the con-
ventional 5% significance threshold.

Rotation LS-SB1 subsample |

Runaway stars - LS (53)
—— Runaway stars - SB1 (12) i
—— Normal stars - LS (64)
—— Normal stars - SB1 (39)

Cumulative distribution

0 50 100 150 200 250 300 350 400 450
v sini (km s71)

Fig. C.1. Cumulative distribution functions of vsini for the different
sets of the rotation LS-SB1 subsample. LS stars are illustrated in dark
and light green, for the normal and runaway stars, respectively. SB1
systems are illustrated in dark and light red, for the normal and runaway
stars, respectively. The curves in light colors show the corresponding
empirical cumulative distribution functions.

Table C.1. Results of the Kolmogorov-Smirnov tests in vsini for dif-
ferent sets.

N Run-LS Run-SB1 Norm-LS Norm-SB1

Run-LS 53 - 9% 6% 7%
Run-SB1 12 9% - 21% 7%
Norm-LS 64 6% 21% - 70%
Norm-SB1 39 7% 7% 70% -

Notes. ‘Run-LS’ for Runaway LS stars; ‘Run-SB1’ for runaway SB1
systems; ‘Norm-LS’ for normal LS stars; and ‘Norm-SB1’ for nor-
mal SB1 systems. Lower diagonal values mirror upper diagonal ones.
Dashes indicate self-comparisons of identical populations.
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