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Abstract
A relevant fraction of massive stars are runaways, moving with a significant peculiar velocity
with respect to their environment. Kicks from supernova explosions or the dynamical ejection
of stars from clusters can account for the runaway genesis. We have used Gaia DR3 data to
study the velocity distribution of massive O and Be stars from the GOSC and BeSS catalogs and
identify runaway stars using a 2D-velocity method. We have discovered 42 new runaways from
GOSC and 47 from BeSS, among a total of 106 and 69 runaways found within these catalogs,
respectively. These numbers imply a percentage of runaways of ∼ 25% for O-type stars ∼ 5%
for Be-type stars. The higher percentages and higher velocities found for O-type compared to
Be-type runaways suggest that the dynamical ejection scenario is more likely than the supernova
explosion scenario. We have also performed multi-wavelength studies of our runaways. We
have used WISE infrared images to discover 13 new stellar bow shocks around the runaway
stars. We have also conducted VLA radio observations of some of these bow shocks. Finally,
our runaway stars include six X-ray binaries and one gamma-ray binary, implying that new
such systems could be found by conducting detailed multi-wavelength studies. In this work we
report on this ongoing project to find new runaway stars, study their interaction with the ISM
and search for high-energy binary systems.

Keywords: massive stars, runaway stars, stellar bow shocks

1. Introduction
Massive early-type OB stars are the brightest stars in the Milky Way and play a crucial role

in studying the dynamics of young stellar populations, metallicity enrichment, and feedback
processes in the interstellar medium (ISM) due to gamma-ray bursts and supernovae (Vanbev-
eren et al., 1998; Woosley and Bloom, 2006; Marchant and Bodensteiner, 2024). O-type stars
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Figure 1: Different scenarios for the production of massive runaway
stars.

have short lifespans (< 10 million years) and powerful stellar winds, while B-type stars can
live up to 100 million years. Be stars, a subclass of B stars, exhibit Balmer emission lines and
infrared excess due to circumstellar decretion disks (Slettebak, 1988; Rivinius et al., 2013).

OB stars are predominantly found in binary systems, with at least 70% forming interacting
binaries (Chini et al., 2012; Sana et al., 2012). These systems can evolve into high-mass X-ray
binaries (HMXBs), gamma-ray binaries (see Dubus 2013), and other exotic systems, enabling
the study of non-thermal processes. A significant fraction of O and B stars are classified as
runaway stars, exhibiting high peculiar velocities (Blaauw, 1961; Stone, 1979; Boubert and
Evans, 2018). Their formation is explained by two scenarios: the dynamical ejection scenario
(DES; Poveda et al., 1967) and the binary supernova scenario (BSS; Blaauw, 1961). A two-step
ejection process combining both scenarios might also apply in some cases (Pflamm-Altenburg
and Kroupa, 2010). We show in Fig. 1 a schematic representation of the DES and BSS scenarios.
We emphasize here that the BSS, in particular, can give rise to the formation of runaway binary
systems harboring compact objects, which could eventually be HMXBs or gamma-ray binaries.
It is worth noting that some works favor the dominance of the DES scenario (Dorigo Jones
et al., 2020) while others favor the dominance of the BSS one (Sana et al., 2022).

Extensive research has been conducted to identify massive runaway stars. This includes the
use of different data sets: O stars, OB stars, Be stars, young stars with different spectral types,
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Figure 2: Histogram of the percentage of runaway stars in the Milky
Way, and in the LMC and SMC where indicated.

objects in the Milky Way, in the Large Magellanic Cloud (LMC) or in the Small Magellanic
Cloud (SMC). In addition, different methods have been used: radial velocities alone, 2D proper
motions, 2D velocities, 3D velocities, using thresholds or not, etc. This has an influence in the
obtained results. We show the percentage of runaway stars in the Milky Way, LMC and SMC
published in several previous works in Fig. 2 and provide more information in Table 1. As it
can be seen, apart from very early studies, the percentage of O-type runaway stars is around
20–30%, while that of B and Be stars is around 5–10%. Given the somewhat large dispersions
and the publication of Gaia data with excellent proper motions and parallaxes, it looks natural
to conduct a more refined and comprehensive study.

On the other hand, a stellar bow shock forms when a runaway star with a strong stellar
wind travels through the ISM, causing ISM matter to accumulate. If the star’s velocity ex-
ceeds the local sound speed (typically several kilometers per second), supersonic shocks occur
around a boundary that separates the stellar wind from the surrounding medium. These struc-
tures, consisting of warm dust heated by ultraviolet radiation from the star, emit strongly at
infrared wavelengths (IR) and often appear as arc-shaped or bubble-like features, with the lead-
ing edge being more pronounced in the direction of the star’s motion. They are also potential
sites for particle acceleration, where particles may reach relativistic speeds and emit radiation
across the electromagnetic spectrum. This possibility has been explored in previous studies,
such as in Benaglia et al. (2010), who detected the first non-thermal radio bow shock. Recent
advancements, particularly the improvement of sensitivity in existing radio interferometers in
the northern hemisphere and the addition of very sensitive ones in the southern hemisphere,
have led to multiple radio detections of bow shocks and have allowed for spectral index studies
(van den Eijnden et al., 2022; Van den Eijnden et al., 2022; Moutzouri et al., 2022).

In this work we review in Sect. 2 the discovery of new massive O and Be runaway stars
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Table 1: Main characteristics of works on all-sky searches of runaways among
O, B, Be and young stars in the Milky Way, except for two references of the
LMC and SMC.

Sample Method Threshold Runaways References
O stars 3D vel. 30 km s−1 ∼ 20% Bla61
O stars 3D vel. 40 km s−1 ∼ 49% Sto79
≤ 50 Myr & Hipparcos 3D vel. 28 km s−1 ∼ 27% Tet11
O stars & Gaia DR1 2D p.m. None ∼ 6% MAp18
O stars in 30 Dor (LMC) 1D vel. None ∼ 7% San22
GOSC & Gaia EDR3 2D vel. 25 km s−1 ∼ 22% Kob22
GOSC-Gaia DR3 2D vel. None 25.4% CCa23
OB stars in SMC 1D vel. 30 km s−1 11% Lam16
B stars 3D vel. 30 km s−1 ∼ 2% Bla61
Be & Gaia DR1 3D vel. None ∼ 13% Bou18
BeSS-Gaia DR3 2D vel. None 5.2% CCa23
Reference: Bla61 – Blaauw (1961); Sto79 – Stone (1979); Tet11 – Tetzlaff et al. (2011);
MAp18 – Maíz Apellániz et al. (2018); San22 – Sana et al. (2022); Kob22 – Kobulnicky
and Chick (2022); CCa23 – Carretero-Castrillo et al. (2023a); Lam16 – Lamb et al. (2016);
Bou18 – Boubert and Evans (2018)

with Gaia DR3 already published in Carretero-Castrillo et al. (2023a), some of which may
represent high-mass X-ray or gamma-ray binaries (Ayan-Míguez and Ribó, 2019; Carretero-
Castrillo et al., 2023b). In addition, we also searched for stellar bow shocks around these
runaways (Carretero-Castrillo+24, submitted to A&A), and present a summary of this work in
Sect. 3. We comment on future prospects to find new binary systems and high-energy sources
within our samples in Sect. 4. Finally, we state our conclusions in Sect. 5.

2. Search for Runaway Stars with Gaia DR3
2.1. Data

Gaia, a mission by the European Space Agency (ESA) launched in December 2013, is
mapping the three-dimensional spatial and velocity distribution of over a billion stars and de-
termining their astrophysical properties (Gaia Collaboration: Prusti et al., 2016). Throughout
the mission, several Gaia data releases have progressively improved in astrometry and provided
increasing amounts of information (positions, proper motions, parallaxes, temperatures, radial
velocities, etc.). For this study, we utilize data from the DR3 release (Gaia Collaboration:
Vallenari et al., 2023). Specifically, we focus on the stars belonging to two catalogs of mas-
sive stars: the Galactic O-Star Catalog (GOSC) (Maíz Apellániz et al., 2013), which compiles
O-type stars in the Milky Way, and the Be Star Spectra (BeSS) catalog (Neiner et al., 2011),
containing classical Be stars, Herbig Ae/Be stars, and B[e] supergiants. These catalogs are rel-
evant to search for stellar companions of gamma-ray binaries, which are predominantly O- and
Be-type stars.
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Figure 3: Galactocentric (X ,Y ) distributions of the GOSC-Gaia DR3
stars (light green), and the BeSS-Gaia DR3 stars (orange). The posi-
tion of the Sun is marked with a yellow circle at (X ,Y ) = (8.15,0) kpc.
Adapted from Carretero-Castrillo et al. (2023a, Fig. 3) – CC BY 4.0.

We use a version of GOSC containing 643 O and BA stars, but remove two A0stars and
37 stars flagged as multiple star systems to avoid astrometric problems with Gaia data, ending
with 604 stars. We cross-match their positions with Gaia-DR3 ones allowing for a maximum
separation of 0.5′′, yielding 600 cross matches. However, some of these matches are due to two
different Gaia sources coincident with a single GOSC star. We remove these cases and loose
six stars, ending up with 598 stars. Afterwards we apply different quality cuts to the resulting
catalog to ensure a good quality of the astrometric data and remove: stars in pairs with the
same Gaia source_id, stars with non 5- or 6-parameter solution, stars with magnitude G < 6,
stars with visibility_periods_used < 10, stars with a parallax error over parallax greater
than 0.2, stars with negative parallaxes, and stars with a RUWE parameter greater than 1.35.
We also reject six stars with galactocentric distances smaller than 5 kpc because of the validity
range of the Galactic rotation curve used. This yields a subset of 417 stars stars, which we call
the GOSC-Gaia DR3 catalog. For the BeSS catalog, containing 2330 Be stars, we conduct a
similar process and remove Herbig Ae/Be stars and B[e] supergiants, stars in the LMC or SMC,
we use a maximum separation for the cross match of 1.5′′ due to the limited astrometric quality
in the BeSS database, and we apply the same quality cuts mentioned above. We end up with a
refined catalog of 1335 stars that we call the BeSS-Gaia DR3 catalog.

Gaia DR3 provides very accurate positions, proper motions and parallaxes of the stars
under study. To derive their distances and related uncertainties we use the procedure de-
scribed in Maíz Apellániz (2022). The Galactocentric (X ,Y ) distributions of the stars in the
GOSC- and BeSS-Gaia DR3 catalogs are presented in Fig. 3. We note that the overdensity
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Table 2: Means and standard deviations of the velocity distributions for the
field stars. Adapted from Carretero-Castrillo et al. (2023a).

Catalog Stars Field Stars µµµGF
VTAN

±σσσGF
VTAN

µµµGF
WRSR

±σσσGF
WRSR

# # (km s–1) (km s–1)
GOSC-Gaia DR3 417 311 1.0±6.6 −1.0±5.3
BeSS-Gaia DR3 1335 1266 1.6±9.3 −0.5±4.9

of BeSS-Gaia DR3 stars in the direction from the Sun toward (X ,Y ) = (13,5) kpc is due to
low-resolution surveys of Be stars in that particular direction.

2.2. Method

To detect runaway stars, we first need to compute their velocities. To this end we need
positions, parallaxes, proper motions and radial velocities. However, Gaia DR3 does not pro-
vide many radial velocities for O and Be stars. Therefore, we assume a Galactic rotation curve
(model A5 of Reid et al., 2019) from which we compute a theoretical radial velocity (i.e., the
radial velocity the star would have if it was moving following the Galactic rotation curve). We
then apply the usual reference system transformations from the Local Standard of Rest (LSR) to
the Regional Standard of Rest (RSR) from Johnson and Soderblom (1987). Finally, we define
a new reference system, composed of the tangential velocity VTAN, which is contained in the
plane of the sky and is parallel to the Galactic plane, the line of sight velocity VLOS, and the ve-
locity component WRSR that is perpendicular to this plane. The different reference systems are
shown in Fig. 4. We finally use the 2D velocity system composed of VTAN and WRSR. For further
details about the methodology and related propagation of uncertainties we refer the reader to
Carretero-Castrillo et al. (2023a).

Second, we need to define a runaway criterion. We classified the runaway stars based
on how significant the 2D velocities of the stars are with respect to the mean Galactic rota-
tion. To do this, we used the E parameter presented in Eq. (1), which takes into account the
means and standard deviations of Gaussian fits to the velocity distributions of the field stars
(µGF

VTAN
,µGF

WRSR
,σGF

VTAN
,σGF

WRSR
), the individual errors of the stars (σVTAN,∗,σWRSR,∗), and is normal-

ized to a 3-sigma–confidence level. Therefore, after applying an iterative 3-σ clipping process,
stars with E > 1 are classified as runaway stars, while stars with E < 1 are classified as field
stars.

E =

√√√√√
 VTAN −µGF

VTAN

3
√

σGF
VTAN

2
+σ2

VTAN,∗

2

+

 WRSR −µGF
WRSR

3
√

σGF
WRSR

2
+σ2

WRSR,∗

2

. (1)

2.3. Results and discussion

The means and standard deviations obtained from the final Gaussian fits to the velocity
distributions of the field stars, which are used in Eq. 1, are presented in Table 2. Notably, σGF

VTAN

is greater than σGF
WRSR

for both catalogs, with BeSS-Gaia DR3 stars exhibiting a higher σGF
VTAN

than
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Figure 4: Reference systems used in this work, depicted in the Galactic
XY plane. The Sun and the Galactic Center (GC) are indicated with a
yellow and black circle, respectively. The white star represents a given
star in our catalogs. ℓ is the Galactic longitude, θ is the angle between
the star and the Sun as seen from the GC and β is a rotation angle that
we use to shift from RSR to the new reference system. The Galactic
circular rotation velocity is Θ⊙ at the position of the Sun and Θ∗,RSR

at the position of the star. LSR and RSR velocities are shown in light
blue and green, respectively. The tangential velocity VTAN and the line-
of-sight velocity VLOS are shown in red. The third velocity components
of the LSR and the RSR systems, WLSR and WRSR, are not shown in
the figure because they are perpendicular to this plane. Adapted from
Carretero-Castrillo et al. (2023a, Fig. 4) – CC BY 4.0.
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Table 3: Means and standard deviations of the velocity distributions for the run-
away stars. Excerpt from Carretero-Castrillo et al. (2023a, Table 2) – CC BY 4.0.

Catalog Stars Runaway Stars µµµVTAN
±σσσVTAN µµµWRSR

±σσσWRSR

# # (km s–1) (km s–1)
GOSC-Gaia DR3 417 106 −3.1±39.7 1.1±38.7
BeSS-Gaia DR3 1335 69 −7.7±34.6 1.0±22.3

those from GOSC-Gaia DR3 because they are more affected by Galactic velocity diffusion in
the disk (see Carretero-Castrillo et al. 2023a for additional checks to reach this conclusion).

After applying the methodology described in the previous subsection, we identified 106
runaway stars in the GOSC-Gaia DR3 catalog (42 newly discovered) and 69 in the BeSS-
Gaia DR3 catalog (47 newly discovered), representing 25.4% and 5.2% of the catalogs, re-
spectively. The means and standard deviations (without applying Gaussian fits) to the velocity
distribution of the runaway stars are presented in Table 3.

Runaway stars exhibit high velocity dispersions of 20–40 km s−1, consistent with literature
values (Stone, 1991; Tetzlaff et al., 2011). Figures 5 and 6 show the 2D (VTAN,WRSR) veloc-
ity distributions for the GOSC- and BeSS-Gaia DR3 catalogs, respectively, including a color
distinction between runaways and field stars. Field stars are clustered around (0,0) while
runaway stars present higher velocities. In particular, the velocities of the O runaway stars are
higher than those of Be runaways. The lower standard deviations in WRSR together with the
larger uncertainties in VTAN imply that more runaways are identified in the WRSR component.

The positions in Galactic coordinates of both the O and Be runaway stars are shown as
yellow circles in Fig. 7, together with their positions up to 3 Myr in the future indicated with
orange traces. The runaway stars present two to three times more dispersion in galactic latitude
than the field stars (not shown here), which is expected given that they have been expelled from
their birthplaces during their formation as runaways.

We also classified the runaways in different sub-spectral type bins and found that the run-
away percentage decreases as we move to later spectral types. Table 4 shows the results in
number and percentage. The higher percentages and higher velocities found for O-type stars
compared to Be-type stars are in favor of the dominance of the DES over the BSS scenario.

3. Search for Stellar Bow Shocks
We conducted a search for stellar bow shocks around the runaways found in Carretero-

Castrillo et al. (2023a) using data from the Wide-field Infrared Survey Explorer (WISE) (Wright
et al., 2010), which is a NASA-funded mission designed to survey the entire sky in the mid-
infrared. Completed in 2010, WISE provided significantly higher sensitivity than previous
infrared surveys, mapping the sky in multiple bands with varying resolutions.

Bow shocks are associated with warm dust emission, and this emission is primarily ex-
pected in the WISE W4 band (22 µm). Therefore, we utilized the W4 band to search for bow
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Figure 5: WRSR as a function of VTAN for the GOSC-Gaia DR3 stars.
Field stars are depicted in black, and runaway stars are shown in
light green. Adapted from Carretero-Castrillo et al. (2023a, Fig. 8) –
CC BY 4.0.

Table 4: Field and runaway stars as a
function of spectral type. Adapted from
Carretero-Castrillo et al. (2023a, Table 5) –
CC BY 4.0.

Spectral Type Stars Runaway Stars
# # %

O2–O7 199 50 25.1
O8–O9 194 46 23.7
B0e–B3e 585 36 6.2
B4e–B9e 482 23 4.8
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Figure 6: WRSR as a function of VTAN for the BeSS-Gaia DR3 stars.
Field stars are depicted in black, and runaway stars are shown in orange.
Adapted from Carretero-Castrillo et al. (2023a, Fig. 9) – CC BY 4.0.
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Figure 7: All-sky view in Galactic coordinates showing the O and
Be runaway stars found in the GOSC- and BeSS-Gaia DR3 catalogs
as yellow circles. Orange traces indicate the positions of the stars up to
3 Myr in the future. The background sky map of the Milky Way is that
of Gaia DR3 (Credits: ESA/Gaia/DPAC – CC BY-SA 3.0 IGO).
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Figure 8: WISE image of a known bow shock as an example.

shock or bubble-like structures around runaway stars. In addition, we corrected the Gaia DR3
proper motions to account for the ISM motion caused by Galactic rotation. For this, we used
the prescription provided in Comerón and Pasquali (2007). In this way, we can know the actual
motion of the runaway stars with respect to the bow shock candidate. Therefore, we classified
an IR structure as a stellar bow shock or bubble if it was close to the position of the star and
showed an arc-shaped structure/or the rim of the bubble in the direction of the runaway star’s
corrected proper motion.

We found 13 new stellar bow shock or bubble candidates, mostly associated with O-type
stars. We also identified 16 known bow shocks or bubble candidates discovered in previous
works. Figure 8 presents an example of a WISE RGB image in W4+W3+W2 of one of
these known bow shocks. Additionally, we introduced a new category of “mini-bubble” sources
which are around twice the W4 PSF, with two examples linked to Be-type stars. We performed
an IR geometrical characterization of the bow shocks and bubbles, measuring projected dis-
tances such as the stand-off distance R, the length, and the width. Using these measurements,
we estimated the ISM densities at the bow shock positions using the following equation, adapted
from Wilkin (1996):

R0 =

√
Ṁv∞

4πµnISMV 3D
PEC

2 (2)

where R0 is the stand-off distance, Ṁ is the mass-loss rate, v∞ is the wind terminal velocity, µ

is the mass of the ISM per H atom, and V 3D
PEC is the three dimensional (3D) peculiar velocity

of the star. Using the projected stand-off distance R instead of R0, we found a median nISM of
∼ 4 cm−3. This estimate aligns with previous works, though in some particular cases we obtain
very-high density values that may be overestimated due to projection effects.

We also searched for radio emission from the bow shocks using data from surveys like

113



NVSS, VLASS, and RACS. While we found radio emission coincident with the bow shock
position for some sources, the radio morphology differed from the one of the IR bow shock,
making it difficult to confirm radio counterparts. We explored both thermal and non-thermal
mechanisms as potential origins of the radio emission and predicted the radio flux density for
undetected bow shocks as done in Van den Eijnden et al. (2022). Despite the non-detection of
the sources, they remain consistent with the possibility to display non-thermal radio emission
that could be detected in deeper surveys.

Overall, our results highlight the need for more sensitive radio observations to confirm bow
shocks at radio wavelengths and investigate the physical processes driving their radio and high-
energy emissions. Instruments like the Very Large Array (VLA) could play a crucial role in
uncovering a new population of radio bow shocks. As work in progress, we are now analyzing
VLA data of eight bow shock candidates found in this work.

4. Search for Binaries
As mentioned in the introduction, the BSS can result in systems such as HMXBs and

gamma-ray binaries. We looked for known of these sources among our runaways and found six
HMXBs and one gamma-ray binary. In particular, we identified the gamma-ray binary LS 5039
and the HMXBs Vela X-1, 4U 1700−377, IGR J08408−4503, and Cygnus X–1 in the GOSC-
Gaia DR3 catalog. From the BeSS-Gaia DR3 runaways, we found the SAX J2103.5+4545 and
V 0332+53 HMXBs. Notably, Vela X-1 and SAX J2103.5+4545 are identified here as runaway
HMXBs for the first time.

As an outlook, on the one hand, we want to search for binarity hints among our runaways
to create a reduced list of runaway binary systems candidates. To this end, we will check for
radial velocity variations and signatures of fast rotation (Britavskiy et al., 2023; Holgado et al.,
2022). On the other hand, since HMXBs and gamma-ray binaries present emission in different
wavelengths, we are conducting a multi-wavelength study (from radio to high-energy gamma
rays) of this sample to create a reduced list of high-energy binary candidates. Once we have
a reduced list of interesting objects, we plan to prepare observations of the most promising
candidates to be HMXBs and gamma-ray binaries. This could potentially help to answer open
questions for gamma-ray binaries, of which we only know nine systems at the time of writing.

5. Conclusions
In this work we have summarized the status of our ongoing project to find new runaway

stars, study their interaction with the ISM and search for high-energy binary systems. In partic-
ular, we reach the following conclusions for each topic:

• Runaway stars. After using Gaia DR3 data and the GOSC and BeSS catalogs we have
detected 175 runaways, 89 of which are new discoveries. We have found that ∼ 25%
of O-type stars from our sample are runaways, while for Be-type stars this decreases to
∼ 5%. O-type stars runaways have higher velocities than B-type ones. These results
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suggest that the dynamical ejection scenario is more likely than the supernova explosion
scenario.

• Bow shocks. We have used WISE infrared images to discover 13 new stellar bow shocks
and bubbles around the runaway stars. We have characterized their morphology and de-
rived ISM densities. The analysis of VLA observations of some of these sources is ongo-
ing.

• High-energy binary systems. Among the sample of runaways stars we have found one
gamma-ray binary and six HMXBs. Ongoing multi-wavelength studies to search for
binarity and high-energy emission could provide the discovery of new such systems.
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