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5
Searching for runaway stars in Gaia

DR2

We search for early type runaway stars within 1 kpc from the Sun by using the data of the
second data release of the Gaia satellite (Gaia DR2) and the stellar parameters provided in the
StarHorse catalogue. We select upper main sequence (UMS) sources by applying simple pho-
tometric cuts. Our sample consists of O-, B- and early A-type sources. We study the tangential
velocity, and, whenpossible, the total velocity distribution of our sample, andwe classify as can-
didate runaway stars those sources that have tangential velocities significantly different from
the rest of the population (2σ) or total velocities higher than 30 km s−1. We study the orbits
of the candidate runaway stars with literature radial velocities, and we find that around half
of our candidates originated from beyond 1 kpc. We focus on the runaway star candidates in
the Orion and Scorpius-Centaurus (Sco-Cen) regions. In Orion, we confirm previously known
runaway stars and we enlarge the sample by adding 6 new runaway candidates. In Sco-Cen we
identify two runaway star candidates that likely share the same origin. Finally, we discuss our
findings in the context of other studies, and we estimate the completeness of our sample. More
radial velocities are needed to obtain a more complete sample.

Based on:
E. Zari, T. Marchetti,

A.G.A. Brown, P.T. de Zeeuw
to be submitted to A&A
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5.1. INTRODUCTION CHAPTER 5. RUNAWAYS

5.1 Introduction

O and B-type stars are often found in isolated locations, and do not appear to bemem-
bers of clusters or associations. A large fraction of themmoves at very high velocities:
these are referred to as "runaway" stars (Blaauw 1952; Ambartsumian 1955; Hooger-
werf et al. 2001). The typical velocity threshold adopted to define a runaway star is
v > 30 km s−1 (Blaauw 1956; Gies & Bolton 1986; De Donder et al. 1997; Hoogerwerf
et al. 2001; Dray et al. 2005; Eldridge et al. 2011), although sometimes v > 40 km s−1

is used (Blaauw 1961; de Wit et al. 2005; Boubert & Evans 2018). Contrary to the ma-
jority of young, un-evolved massive stars, runaway stars present an almost complete
absence of multiplicity (Chini et al. 2012; Sana et al. 2012; Almeida et al. 2017). Fur-
ther, they show large rotational velocities and enhanced helium surface abundances
(Hoogerwerf et al. 2001).
Two main mechanisms have been suggested to explain the origin of runaway stars:
the binary supernova scenario (BSS) and the dynamical ejection scenario (DES).
According to the BSS (Blaauw 1961; Zwicky 1957; Boersma 1961), a runaway star
receives its velocity when the primary component of the massive binary system ex-
plodes as a supernova. What remains of the binary after the explosion is a compact
object, which, depending on the details of the preceding binary evolution, the ec-
centricity of the orbit, and the kick velocity due to the asymmetry of the supernova
explosion, might or not remain bound to the runaway star (Renzo et al. 2019b).
In the DES (Poveda et al. 1967; Leonard 1991), runaways are formed through grav-
itational interactions between stars in dense, compact clusters. DES runaways have
the following characteristics: 1) they are formed in high density environments, i.e.
in young open clusters; 2) they do not show signs of binary evolution; 3) they are
expected to be mostly single stars.
Which of the two formation mechanisms is mostly responsible for runaway stars is
still unclear. The relative importance of the two scenarios has been investigated by
studying the statistical properties of the ensemble of runaway stars or by focusing on
individual runaways in detail.
By analysing a sample of 56 nearby runaway stars and 9 radio pulsars, Hoogerwerf
et al. (2001) estimated that the disruption of binaries is responsible for roughly two
thirds of observed runaways, however this claim could not be confirmed in the re-
analysis of the same sample by Jilinski et al. (2010). Boubert et al. (2017) searched for
runaways from the progenitors of nearby Galactic core-collapse supernova remnants
(SNRs) by using the first data release of theGaia satellite (GaiaDR1) and found likely
companions for four SNRs. Tetzlaff et al. (2011) select young (age < 50 Myr) stars
of any spectral type in the Hipparcos catalogue, and identify those with large pecu-
liar velocities, finding in total 2547 candidate runaway stars. Boubert & Evans (2018)
measured the fraction of runaway B-type emission-line stars (Be stars), and conclude
that all Be stars could be explained by an origin in mass-transfer binaries. Maíz Apel-
lániz &Weiler (2018) detected runaway stars by using GaiaDR1 proper motions, and
suggest that the majority of them is produced by supernova explosions. Renzo et al.
(2019a) investigated the kinematics of VFTS682, located in 30 Doradus (in the Large
Magellanic Cloud), by combining the secondGaia data release (GaiaDR2) andHubble
Space Telescope data, and conclude that if was ejected from the central cluster.
Theoretical and numerical studies have focused on deriving analytic relations to iden-
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tify dynamically formed runaway stars (Ryu et al. 2017), and predicting the peculiar
velocities that massive binary systems obtain when the primary star collapses and
disrupts the system, and investigating which physical processes leave a clear imprint
and may therefore be constrained observationally (Renzo et al. 2019b). Renzo et al.
(2019b) find in particular that the majority of the systems ejects a star at velocity be-
low 30 km s−1, i.e., a walkaway star (deMink et al. 2012), and that runaways resulting
from the disruption of binaries rarely exceed 60 km s−1.
In this study we search for Upper Main Sequence (UMS) runaway stars within 1 kpc
byusing the StarHorse catalogue (Anders et al. 2019), which is based on the combina-
tion of Gaia DR2 with other photometric catalogues (PanSTARRS-1, 2MASS, and All-
WISE). Our goal is to construct a catalogue of fast moving sources in the (extended)
solar neighbourhood and to analyse their statistical properties. The data used are
presented in Section 5.2, where we describe the quality flags applied and the UMS se-
lection criteria. In Section 5.3 we describe the methods used to identify the runaway
candidates and to study their orbits. In Section 5.4 we present our results, which are
discussed in Section 5.5. Conclusions are drawn in Section 5.6.

5.2 Data
To create the StarHorse catalogue, Anders et al. (2019) combine parallaxes and optical
photometry from Gaia DR2 with the photometric catalogues PanSTARRS-1, 2MASS,
and AllWISE, and employ a Bayesian approach to derive stellar parameters, distances
and extinction for Gaia DR2 sources brighter than G = 18mag. StarHorse does not
contain all the Gaia DR2 sources, since the stars for which the code did not converge
are not reported in the catalogue. This usually occurs for objects which cannot be fit-
ted onto the model grid within the extinction limits used in the paper (e.g. highly
reddened stars, F. Anders, private communication). The draw-back of this approach
is that the sample is not complete, and most importantly, that estimating our incom-
pleteness level is not trivial (see Section 5.5). However, we decided to use StarHorse
to take properly into account extinction and reddening, as our selection of early type
stars is strongly based on their position in the colour-magnitude diagram.
We consider stars nominally closer than 1 kpc (ϖ > 1mas), and we select them by
applying the conditions SH_OUTFLAG = "00000" and SH_GAIAFLAG = "000", as recom-
mended by Anders et al. (2019). The three digits of SH_GAIAFLAG correspond to:

• Re-normalized unit weight error (RUWE) flag (see Lindegren et al. 2018, Appendix
C for the definition of the unit weight error and the web-page:https://www.
cosmos.esa.int/web/gaia/dr2-known-issues for the definition of theRUWE).
The first digit corresponds to 0 if the RUWE < 1.4.

• Colour excess factor flag. It corresponds to 0 if Eq. C.2 in (Lindegren et al. 2018)
is satisfied.

• Variability flag. It corresponds to the Gaia DR2 phot_variable_flag.

The five digits of SH_OUTFLAG correspond to:

• Main StarHorse reliability flag: it is equal to 1 when the distance posterior prob-
ability is very broad (see Anders et al. 2019, for the definition of "broad").
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5.3. METHOD CHAPTER 5. RUNAWAYS

• Large distance flag: for some stars StarHorse delivers very large distances, many
of which are affected by significant biases. The second digit equal to 0 corre-
sponds to median posterior distance smaller than 20 kpc.

• Unreliable extinction flag: it is set to 0 to exclude stars with significantly negative
extinctions, or AV values close to the prior boundary at AV = 4.

• LargeAV uncertainty flag: it is set to 0 to exclude stars with very large uncertainty
on AV , probably due to uncertain or incomplete input data.

• Very small uncertainty flag: it indicates that the posterior uncertainty on distance,
or extinction, or temperature, or log g, or mass is small and most likely under-
estimated. By setting the fifth digit to 0, stars with unrealistic uncertainties are
excluded.

In the following, we use the StarHorse parameter dist50, which corresponds to the
median of the distance posterior distribution, as the distance to a star, and we call it d
for brevity. The StarHorse distances are derived by taking into account different par-
allax offsets, which depend on the sourceG-magnitude, and by re-scaling the parallax
errors following a slightly modified version of the re-calibration proposed in Linde-
gren et al. (2018).
Similarly to Zari et al. (2018), we select Upper Main Sequence (UMS) stars by using
the following conditions:

MG,0 ⩽ 0mag;
(GBP −GRP)0 ⩽ 0.5mag, (5.1)

whereMG is the absolutemagnitude in theGaiaG band, and (GBP−GRP) is the colour
in the Gaia GBP and GRP bands. The de-reddened absolute magnitude and colour
MG,0 = MG − AG and (GBP −GRP)0 = GBP −GRP − E(BP − RP ) are provided in
the StarHorse catalogue. 1 The sample consists of 17408 sources. By cross-matching
with Simbad we find that ∼80% of them has a measured spectral type. Most of the
sources are B-type stars (7684, i.e. 44%), 5993 (34%) stars are early A-type stars, and
only 40 sources are O-type stars.
To select UMS candidate runaway stars we rely primarily on their tangential velocity.
To trace back their orbits in 3D space radial velocities are however needed. We there-
fore cross-match our sample with external radial velocity catalogues, in particular:
the XHIP catalogue (3088 sources, Anderson & Francis 2012, and references therein)
and RAVE DR5 (254 sources, Kunder et al. 2017).

5.3 Method
We first select as candidate runways stars those whose tangential velocity is signifi-
cantly different from the rest of the population (Section 5.3.1). At this stage we do not
consider radial velocities because the majority of the stars selected in Section 5.2 does
not have a measured radial velocity. This however results in a loss of completeness, as
we neglect sources with high radial velocity but tangential velocity comparable to the

1The column names are: mg0 and bprp0 respectively.
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Figure 5.1: Colour-magnitude diagram corrected for extinction and reddening of the sources selected by
applying the conditions SH_OUTFLAG = "00000" and SH_GAIAFLAG = "000". They grey lines correspond
toMG,0 = 0mag andGBP−GRP = 0mag. The black dots represent the candidate runaway stars selected
in Section 3.1.
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Figure 5.2: The 2D histogram represent the tangential velocity along longitude (vl, left) and latitude (vb,
right) as a function of longitude for the UMS sample. The black crosses represent the candidate runaway
stars selected in Sec. 5.3.1. The vertical bars represent the 16th and 84th percentiles of the vl and vb distri-
butions at each longitude bin.

reflex solarmotion. Therefore, in Section 5.3.2 we consider the sources withmeasured
radial velocity, we estimate the peculiar total velocity vtot, andwe include as candidate
runaway stars the sources with total peculiar velocity vtot > 30 km s−1 whichwere not
already selected in Section 5.3.1. In this way we obtain 1197 candidate runaway stars,
of which 385 are classified as O- and B- type stars (although there are only 4 O-type
stars), and 223 do not have any spectral type from literature. The rest of the sources is
of spectral type A or later. Wewill focus the rest of our analysis (in particular the orbit
integration) on the O and B-type stars with measured radial velocities. We include
the sources with spectral type A, the sources without a spectral type from literature,
and the sources without radial velocities (of any spectral type) in the catalogue which
will accompany the paper, but we will not analyse those sources further in this study.
Finally, to understand the origin of our runaway candidates, and to determinewhether
their ejection locationwaswithin 1 kpc from the Sun, we perform a three-dimensional
(3D) trace back in a galactic potential by integrating our candidate orbits back in time
(5.3.3).

5.3.1 Selection of sources with high tangential velocity
Fig. 5.2 shows the tangential velocity in the longitude and latitude direction (vl and
vb) vs. longitude for the stars selected in Section 2; vl and vb are defined as:

vl = Aµl∗/ϖ,

vb = Aµb/ϖ, (5.2)

where A = 4.74047km s−1 yr. To select our candidates, we define the quantity:

∆ =

√(
vl − v̄l
σl

)2

+

(
vb − v̄b
σb

)2

(5.3)

and
σl,b =

vl,b,16 − vl,b,84
2

, (5.4)
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where v̄l,b, vl,b,16, and vl,b,84 are the 50th, 16th and 84th percentiles of the tangential
velocities per longitude bin. The quantities vl,pec = vl − v̄l and vb,pec = vb − v̄b cor-
respond to the peculiar velocity along l and b. We select stars with ∆ > 3., which
corresponds roughly to the 95th percentile of the ∆ distribution. With this criterion
we select stars with tangential velocities strongly deviating from the mean tangential
motion as a function of longitude angle. The mean tangential velocity mainly reflects
the projection of the solar motion in the different directions on the sky and also to
differential galactic rotation. The sample consist of 857 sources, which corresponds
to the 5% of the sources selected in Section 5.2. Fig. 5.3 (left) shows the reduced
tangential velocity distribution of the stars selected through the ∆ condition (orange
histogram) and of all the stars in our sample (grey histogram). Both histograms are
normalised. The minimum reduced tangential velocity is≈ 17 km s−1, while the peak
of the distribution is at vt ≈ 41 km s−1.

5.3.2 Selection of sources with high total velocity
25% of the sources selected in Section 5.2 have literature radial velocities, and 300 of
those are selected as runaway stars (35%) only based on their tangential velocity. Fig.
5.4 shows the radial velocity vr as a function of l for our UMS sample (gray dots),
and for our candidate runaway stars (blue crosses). The orange dots correspond to
the median radial velocity per latitude bin. Similarly to Fig. 5.2, the sinusoidal trend
visible in Fig. 5.4 reflects the solar motion. Many sources that have a high radial
velocity compared to the solar motion are not selected as candidate runaway stars
by considering the tangential velocity only. Following Hoogerwerf et al. (2001) we
therefore select stars whose total peculiar velocity is larger than 30 km s−1, where the
radial peculiar velocity is defined as vr,pec = vr− v̄r, and v̄r is the mean radial velocity
per latitude bin and the total peculiar velocity is: vtot,pec =

√
v2r,pec + v2l,pec + v2b,pec.

In this way we add 341 sources to those selected by using only the proper motions.
This brings the total number of runaway candidates to 1197 sources. Fig. 5.3 shows
the total peculiar velocity distribution of our sample (light grey histogram), and the
total peculiar velocity distribution of the runaway star candidates (blue histogram).

Fig. 5.5 shows the sky distribution of UMS sources selected by applying Eq. 5.1
(grey dots, top) and the distribution of candidate runaway stars (black dots, bottom).
UMS stars are located in the galactic plane, and their dispersion along the Z-axis
(where Z is the third component of the vector (X,Y, Z), indicating the position of
a star in Cartesian galactic coordinates) is around 200 pc.

5.3.3 3D trace back
To derive the birthplace of the candidate runaway stars, we perform an orbit inte-
gration using the python package gala (Price-Whelan 2017). We use the gala Milky
Way Potential, which consist of a spherical nucleus and bulge, aMiyamoto-Nagai disk,
and a spherical NFW dark matter halo. We define the Sun’s velocity (in Galactic co-
ordinates) as (U, V,W )⊙ = (11.1, 12.24, 7.25) km s−1 following Schönrich (2012). The
circular rotation velocity at the Sun position is Vcirc = 238 kms−1, and the Sun’s height
with respect to the Galactic plane is 25 pc (Bland-Hawthorn & Gerhard 2016).
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Figure 5.3: Left: Normalised histograms of the reduced total tangential velocity for all the stars selected
(grey histogram) and for the star following the condition ∆ > 3 (orange histogram). The minimum
of the candidate runaway tangential velocity distribution is around 17 km s−1, the maximum is around
164 km s−1 and the mean ∼ 41 km s−1. Right:Normalised histograms of the reduced total velocity for all
the stars with radial velocity (lgrey histogram), and for the sources with reduced total velocity higher than
30 km s−1 (blue histogram).

Figure 5.4: Radial velocity versus galactic longitude for the stars selected by applying the conditions
SH_OUTFLAG = "00000" and SH_GAIAFLAG = "000". The blue crosses represent the candidate runaway
stars selected in Section 3.1. The orange dots correspond to the median radial velocity values per latitude
bin, and the error bars the 16th and 84th percentile respectively.
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Figure 5.5: Top: distribution in the sky of the sources selected with Eq. 1. Bottom: distribution of the
candidate runaway stars selected in Section 3.1 and 3.2. The distribution of UMS sources peaks towards
the Galactic Plane, as well as the distribution of runaway candidates.
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Figure 5.6: Histograms showing the quantities (X,Y, Z)50 − (X,Y, Z)16 (left, centre, right respectively)
at t = −10Myr. Th distributions indicate the uncertainty in the trace-back of the candidate runaway stars.
The median of the distributions are: ≈ 123, 89, and 38 pc respectively.

The trace back consists of two steps. We first perform a trace back with a long inte-
gration time (t = 100Myr) and with a large time step δ t = 0.5Myr to estimate which
candidate runaway stars originate from the solar neighbourhood (d < 1 kpc). A star
with a velocity of 30 km s−1 travels ∼ 1 kpc in 33 Myr, however we chose a longer
trace-back time to account for the possibility of the ejection taking place at distances
much farther than 1 kpc. For stars with |Z0| > 0.2 kpc (the suffix 0 indicates the cur-
rent position of the star), we compute the "ejection distance" as the distance at the
time when the star enters the disc, which we define as the slab with |Z| < 0.2 kpc.
The value |Z| = 0.2 kpc corresponds to the dispersion along the Z axis of the stars
selected in Section 5.2. For stars with |Z0| < 0.2 kpc, i.e. stars that are already in
the disc, we define the ejection distance as the distance when the star first crosses the
plane Z = 0 kpc.

We repeat the trace back for a shorter time and a smaller time step (t = 10Myr and
δ t = 0.1Myr) to precisely derive the birth place of the stars ejected within d < 1 kpc.
The total trace back time is arbitrary, and it corresponds to an average age of the star
forming regions in the solar neighbourhood. Many of our sources can live for much
longer ages that 10 Myr 2, therefore they might come from a very different location
than the one derived with a 10 Myr trace back. Another issue is that many of our
sources are not traced back to star forming regions within 10 Myr. These problems
are further discussed in Section 5.5.

To take into account errors on the measured quantities, we draw N = 1000 Monte
Carlo (MC) realisations of each stars distance, proper motions, and radial velocity.
Fig. 5.6 shows the distribution of the (X,Y, Z)50 − (X,Y, Z)16 at t = −10 Myr. The
distribution (X,Y, Z)84 − (X,Y, Z)50 is similar. The typical error on the final position
of each star after a trace back time of 10 Myr are large, with medians of 123, 89, and
38pc in X,Y, and Z respectively.

2For example, a B0.5V type star main sequence lifetime is around 11Myr, a B5V type star main sequence
lifetime is around 220 Myr, and a B9V type star main sequence lifetime is 700-800 Myr
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5.4 Results

Fig. 5.7 shows the trajectories of 225 OB-type stars with measured radial velocity,
colour-coded by the distance from the Sun at each trace back time. The total inte-
gration time is 10 Myr, however in the figure only the first 2 Myr are shown to avoid
crowding. The current source positions are marked with a black cross. Of the 225 O
and B-type candidate runaway stars with measured radial velocities, 115 (51 % of the
sample) have distances smaller than 1 kpcwhen they enter or cross the plane formore
than the 50% of the Monte Carlo simulations. The sources with ejection locations fur-
ther than 1 kpc might have been ejected from clusters or star forming regions outside
the solar neighbourhood.
We now focus on the candidates in two regions, Orion and Scorpius-Centaurus. The
runaway star candidates in the Orion region are listed in Table 5.1. Their trajectory
is shown in Fig. 5.8. The first two entries in the table (53 Ari and HD 43112) were
recognised as runaway by Blaauw (1961) and Hoogerwerf et al. (2001). The origin
of 53 Ari is not certain. It could have been ejected by one of the clusters in the Orion
region (see Zari et al. 2019) or by a supernova explosion. HD 43112 (HIP 29678) is a
B1V star likely ejected from the λOri cluster, together with HIP 22061 (which is not in
our sample, see Table 5.3) as found by ?. The other eight candidates in Table 5.1 have
distances consistent with Orion, however further analysis is required to determine
whether they have been ejected as a result of a supernova explosion or dynamical in-
teractionswithin a cluster in the region. The trajectories ofGaiaDR2 301...392 andGaia
DR2 320...656 seem to cross at l, b ≈ (195◦,−8◦) (see Fig. 5.8), however the distance
from the Sun at which the orbits cross is < 100pc, and, most importantly, the closest
approach between the orbits occurs at different trace back times (between 7 and 8Myr
and between 6 and 7 Myr). This is therefore likely to be a chance alignment between
the orbits projected in the sky, and the stars might have been ejected in the surround-
ing of the Orion nebula cluster or in the Belt region. The known Orion runaways AE
Aur and µ Col are not in our candidate runaway list. AE Aur is not in the StarHorse
catalogue (see Section 2), while µ Col is in StarHorse but it is removed by the condi-
tions on the flags (in particular the large distance flag = 1, see Table 5.3). Since both
of them are in the Gaia catalogue however, we confirmed that they are indeed coming
from the Orion Nebula Cluster.
In Sco-Cen we noticed that Gaia DR2 349...472 and Gaia DR2 589...640 seem to come
from the samepoint in the sky (their properties are reported in Table 5.2). By perform-
ingMonteCarlo simulationswe found that both stars originate fromUpperCentaurus
Lupus (a sub-group of Sco-Cen, gray box in Fig. 5.9). The distances of the stars are
consistent with the distance to the association (de Zeeuw et al. 1999), and the travel
times are comparable (colour map in Fig. 5.9, right).
The known runaway ζ Oph (?Hoogerwerf et al. 2001), which was found to be ejected
from a supernova explosion in the Upper Scorpius (US) sub-group of Sco-Cen, is not
included in the StarHorse catalogue. Similarly to µ Col and AE Aur, we confirmed
that it can be traced back to US by using Gaia DR2 astrometry.
The analysis of the orbits of the other runaway star candidates is currently on-going.
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Table 5.1: Gaia source_id, Simbad identifiers, spectral types, observed radial velocities, and total peculiar
velocities of the runaway sources whose trajectories cross the Orion region.

Gaia source_id Name Spectral type vr [km s−1] vtot [km s−1]
58850711337487616 53 Ari B1.5V 21.7 ± 1.5 49.2
3344576352924411136 HD 43112 B1V 36.9 ± 0.7 71.7
3332953896541347200 HD 36824 B3V 17 ± 3.5 23.3
3015379032512681856 HD 37492 B8III 52 ± 1.5 36.9
3017367396223983616 HD 37061 O9V 67 ± 1 50.2
3223150304544227072 HD 38528 B9/9.5IV 65 ± 16.9 47.7
3012264940704649984 HD 38185 B8Ib/II 94 ± 6.9 78.1
3016120962343387392 HD 37889 B3II/III 52.6 ± 6 35.5
3209067866991398656 HD 36120 B8V 69.9 ± 4 51.8
3016713083716619520 HD 36487 B6IV 183.5 ± 39.4 166.7

Table 5.2: Gaia source_id, Simbad identifiers, spectral types, observed radial velocities, and total peculiar
velocities of the runaway sources in the Sco-Cen region.

Gaia source_id Name Spectral type vr [km s−1] vtot [km s−1]
3498480561739049472 HD 111226 B8V 49 ± 7.4 65.6
5895765142704352640 V* V716 Cen B5V 66 ± 10 76

Figure 5.7: Trajectories of the OB-type runaway star candidates with measured radial velocities projected
in the sky. The orbits are calculated for 2 Myr. The crosses represent the current position of the sources.
The colour map represents the distance of the sources at each time step. The grey boxes represent the
approximate locations of the regions analysed in more detail in Section 5.4. Upper Scorpius (US), Upper
Centaurus Lupus (UCL), and Lower Centaurus Crux (LCC) are the sub-groups of the Scorpius-Centaurus
association (Sco-Cen).
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Figure 5.8: Trajectories of theOB-type runaway star candidates in theOrion region, colour-coded according
to their distance (in parsec, left) and trace-back time (inMyr, right). The current source positions are shown
by the gray dots. The black stars show the Orion constellation, and the grey box draws the boundaries of
the complex (see Zari et al. 2017, 2019).

Figure 5.9: Same as Fig. 5.8 but for the two candidate runaway stars in Upper Centaurus Lupus. The
background image shows dust extinction from the Planck satellite. The box corresponds to the boundaries
of the Upper Centaurus Lupus region.
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5.5 Discussion

In this Section we compare our runaway star candidates with other catalogues, in
particularHoogerwerf et al. (2001), MaízApellániz &Weiler (2018), and Tetzlaff et al.
(2011), and with the results of the simulations by Renzo et al. (2019b) and Schoettler
et al. (2019). Finally we discuss the completeness of our catalogue.

5.5.1 Comparisons with other runaway stars catalogues
Out of the 56 stars in Hoogerwerf et al. (2001), 55 are in theGaia catalogue; 31 sources
are left when cross-matching with the StarHorse catalogue, cleaned with the con-
ditions sh_outflag = "00000" and sh_gaiaflag = "000"; 29 sources are left when
applying the conditions in Eq. 5.1. Finally 20 stars are classified as runaways using
the conditions∆ > 3 or vtot > 30 km s−1. A summary of the comparison between our
catalogue andHoogerwerf et al. (2001) runaway star list is given in Table 5.3. Asmen-
tioned in Section 5.4, some of the known runaways are not included in the StarHorse
catalogue (likely because of convergence problems), or are removed by one of the
flags (see Section 5.2) or by the photometric criteria of Eq. 5.1.

We do not have any of theMaíz Apellániz &Weiler (2018) sources in our selection,
mainly because of distance: indeed only 10 of their sources are within 1 kpc, 7 remain
after we apply the StarHorse quality flags, and only 1 is left after applying Eq. 5.1.
This source is not selected by the condition ∆ > 3. Some of the sources selected as
runaway star candidates by Maíz Apellániz & Weiler (2018) show evidence of bow-
shocks, which we do not find for any of the sources in our sample. This could depend
on the fact that most of our stars are of spectral type B, and theymight not have winds
that are strong enough to produce bow shocks or that the medium in which they are
located is not dense enough for the bow shock to be created: this is the case for stars
at high galactic latitudes.

Tetzlaff et al. (2011) provide a catalogue of 2547 runaway stars of all spectral types
(of which 835 are classified as O and B-type stars); 83 of our candidate runaway stars
are in common with this sub-set. Tetzlaff et al. (2011) select runaway stars by using
their complete kinematics when available, and tangential velocities only for sources
without measured radial velocities.The large discrepancy in numbers is due to the
same reasons why some of the runaway stars in Hoogerwerf et al. (2001) are not in
our sample: some of them are not reported in the StarHorse catalogue, others do not
pass the quality flags, others are left out as they do not comply with Eq. 5.1.

5.5.2 Comparison with simulations
In their simulations, Renzo et al. (2019b) study the evolution of massive binary sys-
tems to predict the peculiar velocities that stars obtain when their companion col-
lapses and disrupts the system. In particular they investigate which physical pro-
cesses leave a clear imprint and may therefore be constrained observationally. On of
their main results is that the fraction of O-type runaway stars is at best of a few per-
cent: this is however in tensionwith the observational result that 10-20% of theO-type
stars are runaways. Our initial sample contains only 40 confirmed O-type stars, and
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only four of them are selected as candidate runaways, therefore we can hardly draw
any conclusion, without any further analysis of our candidates.

By performing N-body simulations of young stellar clusters, which do not include
stellar evolution or primordial binaries, Schoettler et al. (2019) suggest that dynam-
ical interactions during the early evolution of the clusters can produce runaway and
walkaway stars. However, the runaways stars ejected in these simulations do not ex-
ceed masses of 0.5M⊙. This result, together with the fact that the classical runaway
production mechanisms may include also low-mass stars, imply that runaway and
walkaway stars should be searched among all spectral types, and not only early type
stars. For such studies however, it is necessary to focus on single star forming regions
and their neighbourhood, andmost importantly to be able to determine accurate ages
for large samples.

5.5.3 Completeness
The first cut that might limit the completeness of our sample is the fact that we se-
lect stars nominally closer than 1 kpc (ϖ > 1mas). By doing so, we do not consider
the error on the parallax measurement, therefore we might be excluding stars with a
measured parallax smaller than 1 mas, that are however compatible with being closer
than 1 kpc.
As mentioned above, the StarHorse catalogue does not contain all the sources inGaia
DR2, but those that have converged. This is one of the main reasons for the very low
number of sources in common with Tetzlaff et al. (2011). We also lose sources when
selecting our sample by applying the Gaia and StarHorse quality flags. For instance,
we might be loosing very bright sources by applying the conditionRUWE < 1.4 (see
Section 2).
In Section 5.3.1 we noticed that many sources with total peculiar velocity higher than
30 km s−1 were not selected as candidate runaway stars based only on their peculiar
tangential velocity. Literature radial velocities are available only for 4352 stars, of
which 340 (≈ 8%) were not classified as runaway candidates based on their tangen-
tial velocity. If we assume this fraction to stay the same when considering the entire
sample, we would be missing around a thousand runaway candidates from our selec-
tion (the total number of sources × 0.08 - 340). By adding these stars to our list, the
fraction of runaways in our sample would be around 12-13%.

5.6 Conclusions

We use the StarHorse catalogue to search for early-type runaway stars in Gaia DR2.
We identify O-, B-, and early A-type stars within 1 kpc from the Sun by performing a
photometric selection in theMG,0 vs. (GBP − GRP)0 colour-magnitude diagram, af-
ter correcting for extinction and reddening. The selection of candidate runaway stars
is performed in two steps. We study the tangential velocity distribution of the early
type stars, and we select as candidate runaway sources those whose tangential veloc-
ity is significantly different than the average tangential velocity at the same longitude
angle. After cross-matching with radial velocity catalogues, we include in the can-
didate runaway source list also the stars whose total peculiar velocity is larger than
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30 km s−1. This is because stars with high radial velocity but tangential velocities com-
parablewith those of field stars are not selected by using only tangential velocities. We
integrate back in time the orbits of our candidate stars and we find that all of them
are coming from the disc, although around half of our sample was probably origi-
nated at distances larger than 1 kpc. We study in more detail the runaway candidates
in the Orion and Scorpius-Centaurus star forming regions, leaving to further stud-
ies a detailed analysis of all our candidate runaway stars. We compare our findings
with previous studies, in particularHoogerwerf et al. (2001),MaízApellániz&Weiler
(2018), and Tetzlaff et al. (2011), and we discuss the (in)completeness of our sample.
Future surveys (such as SDSS-V, WEAVE, 4MOST, and Gaia DR3) and targeted pro-
posals for the brightest stars will increase the number of radial velocities available for
the community, and will greatly improve the completeness of our sample.
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