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1 INTRODUCTION

ABSTRACT

Theory predicts that we should find fast, ejected (runaway) stars of all masses around
dense, young star-forming regions. N-body simulations show that the number and
distribution of these ejected stars could be used to constrain the initial spatial and
kinematic substructure of the regions. We search for runaway and slower walkaway
stars within 100 pc of the Orion Nebula Cluster (ONC) using Gaia DR2 astrometry
and photometry. We compare our findings to predictions for the number and velocity
distributions of runaway stars from simulations that we run for 4 Myr with initial
conditions tailored to the ONC. In Gaia DR2, we find 31 runaway and 54 walkaway
candidates based on proper motion, but not all of these are viable candidates in three
dimensions. About 40 per cent are missing radial velocities, but we can trace back 9
3D-runaways and 24 3D-walkaways to the ONC, all of which are low/intermediate-
mass (<8 Mg). Our simulations show that the number of runaways within 100 pc
decreases the older a region is (as they quickly travel beyond this boundary), whereas
the number of walkaways increases up to 3 Myr. We find fewer walkaways in Gaia DR2
than the maximum suggested from our simulations, which may be due to observational
incompleteness. However, the number of Gaia DR2 runaways agrees with the number
from our simulations during an age of ~1.3-2.4 Myr, allowing us to confirm existing
age estimates for the ONC (and potentially other star-forming regions) using runaway
stars.

Key words: astrometry — stars: kinematics and dynamics — open clusters and asso-
ciations: individual: Orion Nebula Cluster

& Bonnell 2009a,b; Parker et al. 2014). It can also affect
young planetary systems and protoplanetary discs around

Stars often form in grouped or clustered environments, i.e.
star-forming regions where we observe higher stellar densi-
ties than in the Galactic field (Lada & Lada 2003; Bressert
et al. 2010). These young star-forming regions undergo dy-
namical evolution that can rapidly change their spatial and
kinematic structure in only a few Myr (e.g. Allison et al.
2010; Park et al. 2018). This dynamical evolution can lead
to the erasure of initial substructure (e.g. Goodwin & Whit-
worth 2004; Allison et al. 2010; Jaehnig et al. 2015), a re-
duction in stellar density (e.g. Marks & Kroupa 2012; Parker
2014), the destruction of primordial binaries/multiples (e.g.
Kroupa 1995; Parker & Goodwin 2012; Marks & Kroupa
2012; Duchéne et al. 2018) and dynamical mass segrega-
tion (e.g McMillan et al. 2007; Allison et al. 2009; Moeckel
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young stars in these regions, as they can be disrupted during
a dense phase (e.g. Bonnell et al. 2001; Adams et al. 2006;
Parker & Quanz 2012; Vincke & Pfalzner 2016; Nicholson
et al. 2019). While these regions dynamically evolve, they
also eject a proportion of their member stars (e.g. Farias
et al. 2019; Schoettler et al. 2019) at velocities that can
reach ~400kms™! (e.g. Oh & Kroupa 2016).

Fast, ejected, massive stars were first discovered over
60 years ago (Blaauw & Morgan 1954; Blaauw 1956) and
termed runaway stars (RW, Blaauw 1961). Classically,
ejected stars are considered to fall into the runaway velocity
regime when their peculiar velocity exceeds ~30-40 km s
or when they are found far away from star-forming regions
or the Galactic plane (e.g. Blaauw 1956, 1961; Stone 1991;
Hoogerwerf et al. 2001; De Wit et al. 2005; Eldridge et al.
2011; Bestenlehner et al. 2011; Drew et al. 2018). The ve-
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locity boundary has recently been proposed to be relaxed
to include slower ejected stars as these can also travel sev-
eral tens of pc within the lifetime of star-forming regions,
resulting in stars being found far outside their natal regions.
Eldridge et al. (2011) suggested a lower limit of ~5kms™!
for these slow runaway stars and De Mink et al. (2014) sub-
sequently termed them walkaway stars (WW).

RW and WW stars can both be created via one of two
formation mechanisms. The first is the binary supernova sce-
nario (Blaauw 1961), which happens when the more massive
primary star in a close binary undergoes a core-collapse su-
pernova. The secondary, less massive companion star is then
ejected with a velocity which is a large fraction of its pre-
vious orbital velocity as a consequence of the binary be-
ing completely disrupted. The second mechanism is the dy-
namical ejection scenario (Poveda et al. 1967), which does
not involve supernovae and can therefore explain ejections
from very young star-forming regions. These ejections are
the result of dynamical interactions where close encounters
between at least a single, massive star with a binary, or a
binary-binary interaction can lead to ejection of one or more
of these stars.

Most of the currently known RW stars are high-mass
(OB) stars (see Tetzlaff et al. 2011). This is partly due to
their intrinsic high luminosity, making these massive stars
easier to observe compared to lower-mass stars. Only a few
low-mass RW star detections have been made up to now
(De la Fuente Marcos & de la Fuente Marcos 2018; Yeom
et al. 2019). Schoettler et al. (2019) used N-body simulations
to show that young star-forming regions eject RW and WW
stars across a wide mass range (0.1-50 M@). They suggested
that we should be able to find a number of low /intermediate-
mass RWs/WWs in addition to massive ones around many
nearby, young star-forming regions and that the number and
velocity distributions of RW/WW stars could allow us to
constrain the initial conditions of star formation and the
dynamical histories of these regions.

The limitations (observational bias) in searching for
lower-mass RW and WW stars have reduced considerably
thanks to the second Gaia data release in April 2018 (DR2,
Gaia Collaboration et al. 2016, 2018a). The astrometry of
Gaia DR2 has been instrumental in the continuing search
for RW and the even faster hypervelocity stars (e.g. Boubert
et al. 2018; Bromley et al. 2018; De la Fuente Marcos & de
la Fuente Marcos 2018; Irrgang et al. 2018; Lennon et al.
2018; Marchetti et al. 2019; Raddi et al. 2018; Brown et al.
2018; Rate & Crowther 2020).

Gaia DR2 (Gaia Collaboration et al. 2016, 2018a) pro-
vides five-parameter astrometry with position, parallax and
proper motion information for over 1.3 billion sources down
to an apparent G-magnitude limit of G ~ 21 mag. This al-
lows us to probe down to the low-mass end of the initial mass
function (IMF) for potential RW and WW stars from nearby
star-forming regions (<1 kpc). In addition to highly accurate
astrometry, photometry information for roughly the same
number of sources is available in three passbands (G, Ggp
and Ggrp) allowing us to construct colour magnitude dia-
grams (CMD) of potential RW and WW candidates and de-
duce ages using PARSEC isochrones (Bressan et al. 2012).

In this paper, we use N-body simulations to predict the
number of RW and WW stars for an ONC-like star-forming
region. We then use Gaia DR2 observations to search for

RW and WW stars around the ONC. This paper is organ-
ised as follows. In Section 2, we describe our target and the
Gaia DR2 data selection process. Section 3 describes the
Gaia DR2 data analysis process. This is followed in Section
4 by a brief description of the simulation set-up and the
predictions from our simulations. The observational results
are presented in Section 5, followed by a brief discussion in
Section 6. Section 7 provides concluding remarks for this
paper.

2 TARGET AND DATA SELECTION
2.1 Search target

Our target for the search for RW and WW stars is the ONC.
This star-forming region is well-suited for this purpose due
to its proximity to Earth (~400 pc, e.g. GroBschedl et al.
2018; Kuhn et al. 2019). At such a close distance, the faintest
stars in our data set will be stars down to sub-solar masses
with reasonably accurate Gaia DR2 proper motions (Kuhn
et al. 2019). The ONC is a very young region and its ejected
stars will be easier to trace back as they are more likely to
be still be in close proximity to the region. It has a mean
age estimate of 2-3 Myr and a spread of ~2-2.5 Myr (Da
Rio et al. 2010; Reggiani et al. 2011). For our analysis, we
adopt an upper age limit of 4 Myr, thus encompassing the
full range of estimated ages of the ONC.

The ONC has an established list of cluster members
across different wavelength bands, which allows us to define
a clear cluster boundary to trace back ejected stars. Hillen-
brand (1997) and Hillenbrand & Hartmann (1998) suggested
that the number of stars visible in the optical spectrum is
~1600 and a further ~1900 stars are visible in the infrared
(IR). An updated census by Da Rio et al. (2012) increased
the number of known members in the optical spectrum to
~1750 stars. This large number of cluster stars and higher
local stellar density can increase the likelihood of dynam-
ical ejections (e.g. Oh & Kroupa 2016; Farias et al. 2019;
Schoettler et al. 2019). Hillenbrand (1997) considered the
projected size of the ONC in two dimensions to be 2.5 x 4.5
pc and Kroupa et al. (2018) suggested the cluster to have
a nominal radius of ~2.5 pc. The ONC members in the Da
Rio et al. (2012) census also do not extend any further than
this radius on the sky. For our analysis, we therefore use this
nominal radius as our cluster boundary on the sky. We con-
sider the ONC to be the region associated with the nebula
centred around the Trapezium cluster.

To become a RW/WW, a star should be unbound from
its birth region meaning it has to at least reach the respec-
tive escape velocity of the region. Kim et al. (2019) sug-
gested an upper limit on the angular escape speed from the
ONC of ~3.1masyr~!. At an adopted distance of 400 pc
(e.g. Grofischedl et al. 2018; Kuhn et al. 2019) to the region,
this angular escape speed translates to a space velocity of
~5.8kms~!. This implies that the suggested lower velocity
limit for walkaways of 5km s~ (Eldridge et al. 2011) might
not be appropriate for star-forming regions with a total mass
similar to or higher than the ONC. This lower velocity limit
value can then result in considering stars to have “walked
away” while still being gravitationally bound to their birth
region. For our analysis, we use a velocity boundary for WW

MNRAS 000, 1-20 (2020)



candidates of 10kms~! and consider stars above 30kms™!

to be RW candidates.

The ONC is thought to have produced high-mass RW
stars in the past, most notably AE Aurigae (AE Aur) and u
Columbae (u Col), which were among the first identified run-
aways. Blaauw & Morgan (1954) showed that these two stars
were moving in almost opposite direction from the ONC at
space velocities of ~100 kms™! and suggested that they were
ejected in the same event ~2.6 Myr ago. Hoogerwerf et al.
(2001) used Monte-Carlo simulations to show that observa-
tions of these two stars are consistent with having originated
in the Trapezium Cluster (at the centre of the ONC) and
their runaway status being a consequence of a binary-binary
dynamical ejection ~2.5 Myr ago.

The Becklin-Neugebauer (BN) object (Becklin &
Neugebauer 1967) is another fast moving, high-mass star
that has been postulated to have been recently ejected from
the Orion region, however its exact origin is still debated
(Tan 2004; Bally & Zinnecker 2005; Rodriguez et al. 2005;
Farias & Tan 2018). Unlike AE Aur and u Col, which are
both visible in the optical spectrum the BN-object is an IR
source and not visible in the wavelength range covered by
Gaia.

The ONC has also been suggested as the origin of three
potential low-mass runaways (Poveda et al. 2005). These
candidates were identified based on their high proper motion
and converted to tangential velocities (3869 kms™!) based
on an assumed distance of 470 pc. However, O’Dell et al.
(2005) used Hubble Space Telescope observations to show
that these three stars do not actually move fast enough to
be classified as RW stars. With these new velocities (5.5
7.9kms™!) we would not even consider them as WW stars.
Given the suggested upper limit escape speed (Kim et al.
2019) of ~5.8 kms™!, these stars might not be unbound from
the ONC if this is in fact their birth region.

Recently, McBride & Kounkel (2019) compiled a list of
known young stellar objects from literature within a search
radius of 2° around the ONC and a parallax limit of 2 < @w <
5 mas. They cross-matched these stars with Gaia DR2 data
and applied photometric and minimum proper motion cuts.
These steps resulted in 26 potential RW candidates having
been ejected from the ONC. After tracing these candidates
back, they identify 9 stars with an apparent origin close
to the Trapezium Cluster at the centre of the ONC. Our
analysis covers this region as well and we will seek to confirm
these candidates in our analysis.

2.2 Data selection and filtering

We adopt the centre of the ONC as described in Kuhn et al.
(2019) with values as shown in Table 1. From this central
location we select sources within a radius of 14°, which at the
distance of the ONC centre translates to a radius of ~100 pc.
We apply the distances from the catalogue by Bailer-Jones
et al. (2018) to all sources within this radius and reduce the
sample by selecting only sources with distances between 300
and 500 pc, adopting a central distance of 400 pc, instead
of 403 pc from Kuhn et al. (2019).

Cuts to increase astrometric and photometric quality
are applied to this data. We use the re-normalised unit
weight error RUWE (Lindegren 2018, “Gaia known issues”

MNRAS 000, 1-20 (2020)
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Table 1. ONC centre parameters used in the analysis; [1] Kuhn
et al. (2019)

Right ascension [RA] (ICRS) ap 5h 35m 16s [1]
Declination [Dec] (ICRS) &y -05°23'40” [1]
Proper motion RA p,« o (masyr™') 1.51+0.11 [1]
Proper motion Dec us, (masyr™') 0.50+0.12 [1]
RV (kms™!) 21.8+6.6 [1]
Adopted distance (pc) 400
Adopted parallax @y (mas) 2.50

14

[ Example (Lindegren 2018)
"\ 1 ONC (this paper)

12

10

Density

— m< ~ n

—
RUWE (Goodness of fit)

0.5

Figure 1. Distribution of our ONC data (orange line) according
to RUWE value following the example approach in Lindegren
(2018). The data from this example (blue line) results in a defined
RUWE boundary of 1.4. The “knee” of our ONC distribution is
located at RUWE = 1.3, which we use as our upper limit for the
goodness of fit of observations with a single-star model.

Websitel), which is an indicator for how well the single-star
model fits to the observations. Higher RUWE values indicate
problems with the astrometry or the presence of a non-single
star. The technical note GAIA-C3-TN-LU-LL-124-01 (Lin-
degren 2018) provided an example for calculating an upper
boundary for a good fit. This example derived a RUWE
boundary of 1.4. Plotting our data in the same way as de-
scribed in the technical note results in a RUWE distribution
as shown in Fig. 1, where we also include the example dis-
tribution from Lindegren (2018). The resulting graph shows
that excluding stars with RUWE > 1.4 leaves stars located
in the upper tail of the distribution. We consider RUWE
= 1.3 a better (more conservative) upper boundary for our
data set and exclude all data above this value.

The photometric excess noise (flux excess factor E) filter
(Lindegren et al. 2018; Gaia Collaboration et al. 2018b):

1.0 +0.015(Ggp — Grp)* < E < 1.3 +0.06(Ggp — Grp)* (1)

provides us with high-quality photometric data as well as
further cleaning up the astrometry (Arenou et al. 2018). This
filter removes sources with spurious photometry in dense,

! https://www.cosmos.esa.int /web/gaia/dr2-known-issues
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crowded areas (such as the centre of the ONC) (Lindegren
et al. 2018; Gaia Collaboration et al. 2018b). In our case, it
filters a large number of stars located in the central region
of the ONC, which does not greatly affect our analysis as
we are mainly interested in stars that are no longer in this
region.

3 GAIA DR2 DATA ANALYSIS

For our data analysis, we follow the approach as shown in
Kuhn et al. (2019) and Getman et al. (2019). The radial ve-
locity (RV) of a young star-forming region (or older globular
cluster) can have a perspective effect on the proper motion
and create a perspective contraction (if RV > 0) or expan-
sion (if RV < 0) (Van Leeuwen 2009; Gaia Collaboration
et al. 2018c¢). This perspective effect in the proper motion
(Apg*,; and Apugs;) of each star i in the region can be cor-
rected for using a first-order approximation as described in
equation 13 by Van Leeuwen (2009):

Vrad,O w(

Apg* i = Aa; | us, sin§o — cosdp | , (2)

rad,0 @O

Vi
Ay(ji x —Aa',-,ua*’o sin 50 - A(Si (3)

In these two equations «ag, 6y, @y represent the position and
Ha*,05 My and Viaq o the velocity parameters of the centre
of the cluster. Ae; and Ad; represent the differences between
right ascension and declination of each star and the cluster
centre. k is the conversion factor to convert RV from kms~!
to masyr~! at a distance of 1 kpc and has a value of 4.74.
We apply this correction to the proper motion of all stars in
our data set. We use the ONC central parameter values as
shown in Table 1.

We then remove the Sun’s peculiar motion relative to
the Local Standard of Rest (LSR) (using velocity values from
Schénrich et al. 2010) from the velocities of all stars in the
data set as well as from the ONC central velocity parameters
(see Table 1). We then apply a rest frame that is centred on
the ONC to our data set by subtracting the central velocity
parameters.

Finally, we transform the positions and proper motions
into a Cartesian coordinate system using orthographic pro-
jection (Eq. 2, Gaia Collaboration et al. 2018c). We define
the xy-plane as a projected representation of the positions
on the sky and the z-direction as the radial direction. Ra-
dial velocities are only transformed into the rest frame by
subtracting the central radial velocity without any further
corrections or changes (see Getman et al. 2019).

3.1 Search procedure

Most of the stars (~93 per cent) in our data set do not have a
measured RV in Gaia DR2. As a consequence, we start with
a search for 2D-candidates and only when confirmed as a 2D-
candidate do we proceed in three dimensions for stars with
RV. For 2D-candidates without RV-measurements in Gaia
DR2, we search the literature for RV and, where available,
convert these into the ONC rest frame.

We search for RW (velocity > 30kms™!) and WW (ve-
locity: 10-30kms™!) 2D-candidates by tracing back their

positions in the xy-plane for up to 4 Myr using the converted
proper motions. Once this backwards path crosses the clus-
ter boundary, a star becomes a candidate and the time at
which it intersects the boundary becomes its minimum flight
time, i.e. minimum time since ejection.

The ONC is fairly well-constrained on the sky (po-
sition and size) allowing us to define an approximate
cluster boundary by using the nominal radius of 2.5 pc
(Kroupa et al. 2018). This corresponds to an angular size
of ~0.35°around the ONC centre position, which is located
at the origin in the ONC rest-frame. However, the ONC is
far less constrained in the radial direction. Older estimates
positioned it further away, e.g. Menten et al. (2007) deter-
mined it to be at a distance of 414 +£7 pc. Recent estimates
have since reduced the distance to the ONC, Kounkel et al.
(2018) derived a distance of 389 +3 pc, whereas Kuhn et al.
(2019) located it at 403 fg pc, both using Gaia DR2.

The size of the ONC in the line-of-sight direction is less
constrained than it is on the plane of the sky. Grofischedl
et al. (2018) used Gaia DR2 to investigate the 3D-shape of
the Orion A region, which includes the ONC at its “Head”.
The authors suggest that the ONC region extends from its
centre for about 15-20 pc in either direction. For our anal-
ysis, we consider our cluster boundary in the line-of-sight
direction to extend 15 pc either direction from our adopted
centre at 400 pc, which is located at the origin of our rest
frame.

For 2D-candidates without RV, we use the radial dis-
tance of these candidates to the cluster boundary and each
candidate’s minimum flight time to calculate a required RV
to reach this distance since ejection. If the resulting velocity
is > 500/ kms~! we exclude these 2D-candidates from the
list of 2D-candidates.

We have searched through several RV surveys, i.e.
RAVE DR5 (Kunder et al. 2017), GALAH DR1 (Martell
et al. 2017) and also the Simbad/VizieR databases (Wenger
et al. 2000; Ochsenbein et al. 2000) to complete our data set
with secondary RV measurements. We find additional RVs
in Gontcharov (2006), Cottaar et al. (2015), and Kounkel
et al. (2018) for several 2D RW and WW candidates. We
also find secondary, more precise RVs for several sources,
where the Gaia DR2 RVs have large errors, and use these
secondary RVs instead.

Before tracing back 2D-candidates with RVs in three
dimensions, we exclude those 2D-candidates where the RV
points towards the ONC as these stars cannot have orig-
inated from the ONC. We then trace back the remaining
candidates in the same way as described for the xy-plane
in the xz-plane and yz-plane. Instead of a circular cluster
boundary, the boundary in the latter two planes turns into
an ellipse with semi-minor axis of 2.5 pc (in the x and y
axes) and semi-major axis of 15 pc (in the z axis).

3.2 Constructing the CMD

Not all of the stars that we can trace back successfully to
the ONC have originated there. As the ONC is less than
4 Myr old, RW/WW-candidates that are older than this
might have passed through the ONC during its existence,
but were not born there. To further narrow down the list
of candidates based on age, we construct CMDs with those
stars that can be successfully traced back in 2D and 3D.

MNRAS 000, 1-20 (2020)
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Figure 2. Left: Data before extinction and reddening correction, after applying astrometric and photometric filter. This CMD clearly
shows at least two differently aged populations of stars with an obvious main-sequence and at least one younger population of stars above
it. Right: ONC after correction. The correction sharpens the main sequence with a younger population of stars visible above it. Note:
the horizontal stripes along the main sequence (in particular for Mg — Ag between 6 and 9 mag) are artefacts and present only for stars

with Gaia DR2 extinction and reddening (Andrae et al. 2018).

As the data set covers distances between 300-500 pc,
we estimate the absolute G-band magnitude of each star Mg
using its apparent magnitude G and distance r (Bailer-Jones
et al. 2018) in equation 2 in Andrae et al. (2018):

Mg =G +5-5logyr — Ag. (4)

which also includes a correction for the extinction in the G-
band, Ag. In the CMDs, we plot this extinction-corrected
Mg against Ggp — Grp, which we correct for reddening,
E(Ggp — Grp) as shown in Fig. 2.

3.2.1 Eaxtinction and reddening correction

Extinction, Ag and reddening, E(Ggp—GRrp) values are avail-
able only for a subset of all sources in the Gaia DR2 cata-
logue. To estimate the missing correction values, we follow
a similar approach to Zari et al. (2018). These authors as-
signed missing values based on the 3D-position of a star us-
ing averages of Gaia DR2 extinction and reddening values
from surrounding stars. Using the transformed Cartesian co-
ordinates for position and distance, we draw a 10 pc sphere
around each star with missing values, calculate the aver-
age Ag and E(Ggp — Grp) values in this sphere from sources
with Gaia DR2 values and assign these averages to the star
in the centre. The effect of this correction method of on our
complete data set is shown in Fig. 2.

In the right panel of Fig. 2, we see the main sequence
(MS) emerging more clearly compared to the left panel and a
secondary brighter track above it. This secondary track will
include stars younger than the MS, however it can also in-
clude older binaries. Our choice of a low RUWE-value should

MNRAS 000, 1-20 (2020)

reduce the likelihood of older binaries contaminating this re-
gion. We cannot fully remove the risk as the RUWE filter
will only remove binaries, where the astrometric quality is
compromised by the binary status, e.g. systems with larger
orbital periods (Penoyre et al. 2020; Belokurov et al. 2020).

In this right panel we also see horizontal stripes along
the MS, most obvious at an absolute magnitude of 6 to 9
mag. These are a result of the way the PARSEC evolutionary
tracks were sampled in Gaia DR2 and are artefacts (Andrae
et al. 2018). This affects only stars with Gaia DR2-provided
Ag and E(Ggp — Grp) values and not those calculated by our
method of averaging over neighbouring stars.

3.2.2 Age estimate using PARSEC isochrones

We use an upper age limit of 4 Myr and consider only stars
that are younger than this age to have possibly originated
in the ONC. To get age estimates of our candidate stars, we
use PARSEC isochrones (version 1.2S, Bressan et al. 2012)
to separate the stars into two age brackets (younger stars
plotted above the isochrone, older stars below). We down-
load data? to produce an isochrone using a linear age of 4
Myr with a mean metallicity of Z = 0.011268 (Santos et al.
2008; Biazzo et al. 2011) and interstellar extinction Ay = 0.
We use the Evans et al. (2018) passbands.

2 http://stev.oapd.inaf.it/cgi-bin/cmd
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3.3 Error calculation
3.8.1 Astrometric errors

To describe the velocity errors for our RW and WW candi-
dates, we follow a similar approach to Kuhn et al. (2019).
We use a covariance matrix based on the Gaia DR2 covari-
ance matrix for the astrometric solution using equation B.3
from Lindegren et al. (2018) and convert into errors in our
Cartesian coordinate system. We then multiply these inter-
nal Gaia DR2 uncertainties with a correction factor of 1.1
(Lindegren et al. 2018), however we do not consider any cor-
rections for systematic errors in the proper motions. Finally,
we convert the errors from proper motions into velocities us-
ing distances r and k=4.74 (conversion factor from mas yrl
to kms™!).

3.83.2 Photometric errors

We calculate photometric errors in G-magnitude, Ggp and
Grp. No errors are provided for these quantities in Gaia
DR2 as the error distribution is only symmetric in flux space
(Hambly et al. 2018). This converts to an asymmetric er-
ror distribution in magnitude space which cannot be rep-
resented by a single error value. The G-magnitude in Gaia
DR2 is calculated following equation 5.20 in the Gaia DR
documentation (Busso et al. 2018) adding a zero point, Gy
to the instrumental G-magnitude value:

G = Ginstr + GO (5)

Using equation 5.26 in the Gaia DR documentation (Busso
et al. 2018) allows us to calculate the error in G:

2
oG = (1.0857%) +(0G,)? (6)

In this equation o j represents the error from internal cal-
ibration, labeled in the data as phot_g_mean_flux_error
and I represents the weighted mean flux, labeled in the data
as phot_g_mean_flux in Gaia DR2. oG, represents the pass-
band error in the zero point.

We calculate the errors for G-magnitude, Ggp and Grp
using the passband errors in the zero points in the VEGA-
MAG system (Evans et al. 2018). We then transform the
apparent G-magnitude errors into absolute Mg-errors using
distances from Bailer-Jones et al. (2018), also considering er-
rors in these distances and calculate the errors for Ggp — Grp
and include errors in extinction and reddening.

For stars with Gaia DR2 data for extinction Ag and
reddening E(Ggp—GRp), we are also provided with upper and
lower percentile values, which we use to calculate upper and
lower errors. For stars with averaged correction values we
take the standard deviation of the values that we averaged
over to calculate extinction and reddening errors. The final
photometric errors are dominated by errors in extinction,
Ag and reddening, E(Ggp — Grp) with smaller contributions
from errors in distance, apparent magnitude and colour.

4 N-BODY SIMULATIONS OF THE ONC

To predict the number and velocities of RW and WW stars
in the observational data, we have run a set of 20 N-body

simulations with initial conditions similar to those the ONC
is thought to have evolved from. Schoettler et al. (2019) used
N-body simulations to show that the number and velocity
distribution of ejected stars can be used to constrain the
initial spatial and kinematic substructure and we use this
approach to provide predictions for our search.

4.1 Simulation set-up

The ONC is thought to have evolved from an initial state
of being spatially and kinematically substructured (Allison
et al. 2010; Allison & Goodwin 2011). Spatial substructure
can be created in N-body simulations by using fractal dis-
tributions, as shown in Goodwin & Whitworth (2004). The
degree of substructure is defined using only a single parame-
ter, the fractal dimension D. In our N-body simulations, we
use a fractal dimension D = 2.0, which produces a moder-
ate amount of spatial substructure. The use of fractals also
allows us to set up the initial kinematic substructure. Veloc-
ities of stars that are close to each other are correlated, but
more distant stars can have very different velocities (Good-
win & Whitworth 2004). The velocities in our simulations
are scaled so the regions are initially subvirial with a virial
ratio ayir = 0.3, where @y, = T/|Q|, with T as the total ki-
netic energy and |Q| the total potential energy of the stars.
For a detailed description of the construction of the fractals
in the simulations, we refer to Goodwin & Whitworth (2004)
and also Parker et al. (2014); Parker & Wright (2016).

We use a larger number of systems than Schoettler et al.
(2019), i.e. 2000 systems compared to 1000 systems per sim-
ulation to reflect the higher number of stars in the ONC.
The masses for the systems are sampled randomly from a
Maschberger (2013) IMF with stellar masses between 0.1
Mg and 50 M. This upper mass limit of our sample is con-
sistent with the mass estimate of the most massive star in
the ONC, which is ' Ori C, a visual binary system with
a total mass of ~50 M@ and a ~30-35 Mg primary (e.g.
Hillenbrand & Hartmann 1998; Kraus et al. 2007; Muench
et al. 2008; Lehmann et al. 2010).

The Maschberger IMF is a combination of a Chabrier
(2005) lognormal IMF approximation for low-mass stars
combined with the power-law slope of Salpeter (1955) for
stars above 1 Mg:

gl

1-a\B
m
1+|—
M

This IMF (Maschberger 2013) is described by a probability
density function, where @ = 2.3 (power-law exponent for
higher mass stars), 8 = 1.4 (describing the IMF slope for
lower-mass stars) and y = 0.2 (average stellar mass).

We incorporate primordial binaries in our simulations
with the binary fraction f,;;, depending on the mass of the
primary star myp. This fraction is defined as:

plm) o

B
S+B

(8)

S and B represent the number of single or binary systems in

Jbin =
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Table 2. Binary fractions in the N-body simulations. Column
1 shows the mass range based on the mass of the primary star;
Column 2 shows the binary fraction fip,-

mp M) foin  Source

0.10 <mp < 0.45  0.34
045 <mp, < 0.84 045
084 <mp < 1.20  0.46
1.20 <mp, <3.00  0.48
mp > 3.00 1.00

Janson et al. (2012b)
Mayor et al. (1992)
Raghavan et al. (2012)

De Rosa et al. (2012, 2014)
Mason et al. (1998)
Kouwenhoven et al. (2007)

Table 3. Mean binary separations in the N-body simulations.
Column 1 shows the mass range based on the mass of the primary
star; Column 2 shows the mean binary separation a; Column 3
represents the variance oog g of the log-normal fit to the binary
separation distributions.

mp M) a [au] Ologa  Source
0.10 <mp < 0.45 16 0.80 Janson et al. (2012b)
0.45 <mp < 1.20 50 1.68 Raghavan et al. (2012)
1.20 < my, < 3.00 389 0.79 De Rosa et al. (2014)
mp > 3.00 Opiklaw  — Opik (1924),

(0-50) Sana et al. (2013)

the simulations, respectively. We do not include any primor-
dial higher-order multiple systems (triples or quadruples).
We apply fpin as shown in Table 2 depending on the pri-
mary star’s mass and with binary separations as shown in
Table 3. These binary fractions and separations are similar
to the Galactic field, as the ONC is thought to be consis-
tent with it (Kohler et al. 2006; Reipurth et al. 2007; Parker
2014; Duchéne et al. 2018).

For stars in primordial binaries, the secondary star is as-
signed a mass ms based on a flat mass ratio distribution,
which is observed in the field and many star-forming regions
(e.g. Reggiani & Meyer 2011, 2013). The binary mass ratio
q is:

mg
q= m_p' 9)
In our simulations we allow this secondary to have a mass
of mp > ms 2 0.01 Mg, so the secondary star can also be
a brown dwarf (BD). These binary fractions result in an
average total number of stars in our simulations of ~2800
stars, average cluster masses of ~2100 Mg and an escape
velocity of ~6kms™!, which is consistent with the estimated
total cluster mass in Hillenbrand & Hartmann (1998) and
the escape velocity estimate in Kim et al. (2019).

The initial binary separation, i.e. semi-major axis, is
based on a log-normal distribution with mean values for the
separation @ in astronomical units (au) and the variance
shown in Table 3 for different primary masses. These values
also follow recent observations of binaries in the field (e.g.
Duchéne & Kraus 2013; Parker & Meyer 2014). The initial
eccentricities of binaries with orbital periods < 0.1 au have
circular orbits, which is in line with observations. Binaries
with larger orbital periods have eccentricities drawn ran-
domly from a flat distribution (e.g. Duchéne & Kraus 2013;
Parker & Meyer 2014; Wootton & Parker 2019). For further
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information on the set-up of the binary systems, see Parker
& Meyer (2014).

We use the N-body integrator kira and the stellar and
binary evolution package SeBa from the Starlab environ-
ment (Portegies Zwart et al. 1999, 2001). We evolve our
star-forming regions over a defined time period of 4 Myr
and take snapshots every 0.01 Myr. The initial radius of our
star-forming region is 1.5 pc and we have not applied any
external tidal field.

The stellar systems in our simulations undergo stellar
and binary evolution. We do not see any supernovae during
our 4 Myr simulations. The furthest evolution step for the
highest-mass stars is that of a helium star. We do however
see several binary mergers as a result of binary evolution.

4.2 Predictions from the simulations

The left panel of Fig. 3 shows the masses and space velocities
of all ejected stars after 4 Myr from 20 N-body simulations
that reach at least WW velocities (> 10kms™!) at time of
ejection. The distribution highlights that the highest veloc-
ities are achieved by lower-mass stars and that we should
find runaway and walkaway stars across the mass spectrum
around the ONC.

Most of the RW and WW stars are ejected with a
space velocity of < 200kms~!, however we have 3 sub-
solar mass RW stars travelling with velocities between ~300—
540 kms~!. These RW-velocities are far above our average;
however they are not improbable for the dynamical ejection
scenario (e.g. Leonard & Duncan 1990; Gvaramadze et al.
2009; Perets & Subr 2012).

The fastest RW (~540kms™!) from our simulations is
the result of multiple dynamical interactions starting with
a binary-binary interaction between two of the primordial
binaries. The fastest RW is the primary (P1, 0.5 Mg) in an
almost equal-mass binary (¢ = 0.85). After 0.01 Myr, this
binary interacts with another binary with a low mass ratio
g = 0.03 and a primary (P2) of 24 M. This interaction
leads to the ejection of the secondary (S1, 0.4 Mg) from
the equal-mass binary, turning S1 into a WW star. The now
single P1 replaces the secondary (S2, 0.8 M) in the unequal
mass binary. The system continues as a triple system with S2
turning into a tertiary companion on a wider orbit around
the close binary P2-P1.

This triple system moves towards the region’s centre as
the region collapses due to its initial subvirial ratio. The
tertiary S2 gets ejected at 0.5 Myr as a WW after further
dynamical interactions. The remaining binary forms short-
lived dynamical multiples with different stars until it gets
fully disrupted at 3 Myr by an encounter with a 10 M star.
Our fastest star P1 gets ejected with a velocity close to its
previous orbital velocity, whereas the high-mass primary P2
forms a new dynamical binary with the disrupting star and
becomes an unbound binary just above the escape velocity.

We also find ejected RW/WW binaries across the sam-
pled mass range and these stars are highlighted with a purple
“4+” in Fig. 3. The number of RW/WW binaries is low com-
pared to the binary fractions of systems in the cluster. This is
consistent with Leonard & Duncan (1990) who showed that
~10 per cent of their ejected stars with velocities >30km s~}
are binaries, compared to an initial binary fraction of 50 per
cent. Also, Perets & Subr (2012) suggest that in general the
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Figure 3. Masses and velocities of all RW/WW stars from the 20 simulations after 4 Myr. Stars with masses m < 0.1 M are current
or previous brown-dwarf binary companion stars. Ejected binaries are marked with a purple “+”, whereas single stars are marked with
a grey “x”. Left panel: RW/WW stars at all distances. Right panel: RW/WW stars still located within the 100 pc search boundary.

binary frequency of runaway stars is lower than that of the
stars still within the cluster.

The maximum velocity of the ejected binaries in our
simulation (~70kms~!) is lower than for single stars, which
is also consistent with the results of Leonard & Duncan
(1990) and Perets & Subr (2012). Portegies Zwart et al.
(2010) suggested that an ejected binary, resulting from a
binary-single star encounter, receives less kinetic energy and
travels at lower velocities than ejected single stars.

The stars in our simulations are sampled from the IMF
down to 0.1 M@, however we allow BD binary companions
below this mass, so we also find a small number of BD RW
and WW stars. All of our RW-BDs are single stars, however
we have an occasional WW-BD ejected in a binary.

The right panel in Fig. 3 shows that the velocity distri-
bution of RW/WW stars still within 100 pc of the cluster
centre at the end of our simulations is different. Most of the
WW stars are still within this radius, however most RW
stars have passed through this region already. The maxi-
mum RW velocity drops to ~100 kms™! when only consid-
ering stars within the 100 pc region.

Table 4 provides the average numbers of RW and
WW stars across the mass ranges at four different times
during the simulations and also gives the maximum we
found in a single simulation. Most of our ejected stars are
low /intermediate-mass stars (0.1 Mg < m < 8 M) with an
average of 17.6 +4.4 RW and 45.6 £5.0 WW stars ejected at
all distances from 20 simulation after 4 Myr. The maximum
number of RWs in this mass range from a single simulation
is 26, whereas we find a maximum of 57 WW stars.

When we limit ourselves to ejected low/intermediate-
mass stars still within the 100 pc search region, we only
find an average of 1.0+1.0 RW star and a maximum of 3
RWs after 4 Myr. At earlier times (younger ages) in our
simulations, we see the number of RWs still within the search

region increasing to an average of 14.2 +4.2 and maximum
of 22 at 1 Myr.

At lower WW velocities we find that all ejected stars
remain within the search region up to 3 Myr. Even after 4
Myr, we still find most WW stars, i.e. 41.6 £5.5 stars (aver-
age) and 55 stars (maximum), within 100 pc. These findings
suggest that we should find very few ejected RW stars, but
most of the WW stars within our chosen 100 pc search radius
around the ONC.

The number of RW/WW stars from the other two mass
ranges (BDs and massive stars) are much lower. We only
find a maximum of 2 high-mass RW stars (0.5+0.6 stars
average) and 5 high-mass WW stars (1.7 1.5 stars average)
at all distances. All of the WW stars at these masses are
still located within the 100 pc search region, whereas only
one of the two RW stars is. We also provide the number of
ejected BDs in Table 4, however do not include them in the
following analysis as we are unlikely to be able to observe
ejected BDs at the distance of the ONC.

Most of the RW and WW stars are ejected as sin-
gle stars. In different simulations, we find a maximum of
one RW-binary and two WW-binaries composed of higher-
mass stars. We also have a maximum of three RW-binaries
and three WW-binaries composed of low/intermediate-mass
stars (0.1 Mg < m < 8 Mg).

5 RESULTS FROM GAIA DR2
5.1 2D-candidates

Fig. 4 and 5 show the resulting CMDs following the pro-
cedure described in Sec. 3.2 for our 2D-candidate RW and
WW stars. A large number of the stars that have been traced
back to the ONC search region in the xy-plane (on the sky)
are located along the MS underneath the 4 Myr isochrone
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Table 4. Ejected RW and WW stars from N-body simulations at all distances and within the search radius of 100 pc at different times
during the simulations. We show the averages from all 20 simulations and maxima in a single simulation. [| indicates the number of
RW/WW stars within 100 pc. We count ejected binary systems as one star when calculating averages and maxima. The uncertainties in

our averages are the standard deviations.

Mass m (Mg) RW average / maximum WW average / maximum
0.01 <m < 0.10

- after 1 Myr 16211 [1.5+1.1] / 4 [4] 3.542.0 [3.5+2.0] / 7 [7]

- after 2 Myr 1.7+1.1 [1.0£1.1] / 4 [3] 3.7+2.1 [3.7+2.1] / 7 [7]

- after 3 Myr 1.8+1.1 [0.3+0.4] / 4 [1] 3.8+1.9 [3.8+1.9] / 6 [6]

- after 4 Myr 1.8+1.1 [0.1£0.2] / 4 [1] 3.8+1.9 [3.4x1.6] / 7 [6]
0.10 £ m < 8.00

- after 1 Myr 15.5+4.3 [14.2+4.2] / 24 [22]  38.3+5.1 [38.3+5.1] / 46 [46]
- after 2 Myr 16.7+4.1 [10.8+3.0] / 25 [15]  41.7+5.0 [41.7+5.0] / 55 [55]
- after 3 Myr 17.2+4.5 [4.1+2.5]] / 27 [10]  44.9+5.6 [44.9+5.6] / 57 [57]
~ after 4 Myr 17.6+4.4 [1.0+1.0] / 26 [3]  45.6+5.0 [41.6+5.5] / 57 [55]
m > 8.00

- after 1 Myr 0.2+0.4 [0.1+0.3] / 1 [1%] 0.6+0.9 [0.6+0.9] / 3 [3]

- after 2 Myr 0.2+0.4 [0.1£0.3] / 1 [1%] 0.8+1.1[0.8+1.1] / 4 [4]

- after 3 Myr 0.3+0.5 [0.2+0.4] / 1 [1%] 1.5+1.7 [1.5+1.7] / 6 [6]

- after 4 Myr 0.5+0.6 [0.30.5] / 2 [1*] 1.7+1.5 [1.6+1.4] / 5 [5]

*depending on the simulation, we find 1 RW either within or outside

of the 100 pc boundary

and are too old to have originated from the ONC. Located
above the isochrone are all traced-back candidates that are
young enough to have been born in the ONC. In addition,
we also find potential candidates that are located below the
isochrone but where the photometric error bars cross the
isochrone, indicating a possibly younger age.

We find 31 RW and 54 WW 2D candidates with an
isochronal age < 4 Myr after applying our criteria for candi-
date identification. We exclude 1 RW and 1 WW candidate
without RV as based on their radial distance to the ONC the
RV required to get to their current position since ejection
from the ONC is unreasonably large for runaway or walk-
away stars (> |500|kms™!). A few 2D-candidates (7 RWs
and 8 WWs) with known RVs are excluded as their RVs
point towards the ONC instead of away from it, so these
stars cannot have originated from the ONC.

Table 5 provides an overview of all our identified RW
candidates in 2D with information about their velocities in
the ONC rest frame, flight times and approximate isochronal
ages. We also identify whether any of the stars with RV have
been traced back successfully in 3D. Table 6 provides the
same information for the WW candidates. Both tables also
include information gathered from literature sources about
our candidates, such as age, mass and spectral type. In Ap-
pendix A, Table Al lists the excluded 2D-candidates, in-
cluding their reason for being excluded.

The brightest 2D RW candidate HD 288089 (Gaia DR2
3222673430030590592) has an absolute magnitude of ~-
0.2mag. Very little is known about this star, apart from
its spectral type listed as KO (Nesterov et al. 1995). It is the
only 2D RW candidate whose flight time is larger than its
isochronal age and as a consequence it is unlikely to have
originated from the ONC. The second brightest star in this
list HD 41288 (Gaia DR2 3122639449820663040) has an ab-
solute magnitude of ~0 mag and its spectral type from litera-
ture is a B5 (Houk & Swift 1999). This candidate is the most
massive 2D RW candidate in our data set and its position is
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consistent with an isochrone age of ~2 Myr. Its 2D-velocity
is ~44kms~!.

Our brightest 2D WW candidate v Ori (Gaia DR2
3016424530632449280) is a known O-star (Sota et al. 2011)
with an absolute magnitude of ~-3.3 mag on our CMD. This
star is one of only a few stars in our 2D-candidate list that
has reached the MS. It is located slightly underneath the MS
due to an over-correction for extinction as a consequence of
our chosen approach. Its mass is reported to be ~24 Mg
(Hohle et al. 2010). It is located at the very edge of our
search field with a distance of just under 100 pc to the ONC
centre.

Several of our faintest 2D candidates appear not to
have any further information than that contained within
Gaia DR2. The faintest candidates will also be the stars
that have the lowest mass, so information from other
sources is critical. The faintest 2D RW candidate with
a spectral type identification is V* HP Ori (Gaia DR2
3209498394512739968). Rebull et al. (2000) suggested it to
be a M3-type star. Its absolute magnitude is ~3.5 mag. The
faintest 2D WW candidate 2MASS J05332200-0458321 Gaia
DR2 3209590577396377856) has an absolute magnitude of
~10 mag and a suggested spectral type of M6 (Rebull et al.
2000).

5.1.1 Comparison to McBride € Kounkel 2019

McBride & Kounkel (2019) identified 9 “runaway stars” with
an origin close to the Trapezium cluster at the centre of
the ONC. Of these stars, we successfully trace back 7 in
our analysis, however none fit our velocity requirement of
a RW (velocity > 30kms™!) and all are identified as WW
candidates instead:

e V1961 Ori (Gaia DR2 3209424108758593408): this star
has previously been identified as a “runaway” candidate by
Kounkel et al. (2017). It has been suggested as a spectro-
scopic binary by Kounkel et al. (2019), but has a RUWE =~
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Figure 4. Colour magnitude diagram showing all 2D RW candidates (> 30kms™!) that can be traced back to the ONC (red “x”).
We magnitude-limit the diagram to -3.5mag < Mg — Ag < 11 mag, which corresponds to a G-magnitude ~ 19 mag at the fainter end.
Around this apparent magnitude value, the typical uncertainties in the 5-parameter astrometry increase quickly. The CMD includes a
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large number of stars that we have traced back to the ONC but that sit along the MS underneath the 4 Myr isochrone (orange “x”)
even when considering their errors, which are not plotted here. These stars are therefore too old to have been born in the ONC. We
see a number of 2D-candidates at different absolute magnitudes that correspond to different masses. Many of our identified candidates
have large errors in magnitude and colour, which are predominantly driven by the errors in the extinction and reddening. Some of these
candidates sit below the 4 Myr isochrone, but might be younger than their position suggests due to the large errors.

1.1 in Gaia DR2 indicating a good fit to a single-star model
or that this system’s binary status does not affect its astro-
metric quality. It has the second lowest Mg — Ag value of
~3.7mag of all McBride & Kounkel (2019) stars found in
our analysis, but as a binary will be brighter than each of
the individual stars. Its 2D-velocity in the ONC rest frame
is ~16kms~!.

e Brun 259 (Gaia DR2 3209424108758593536): Duchéne

et al. (2018) show it is unlikely to be binary system. It has a
rest-frame 2D-velocity of ~15kms™! and an absolute mag-
nitude of ~2.4 mag.

e V1321 Ori (Gaia DR2 3209531650444835840): Janson
et al. (2012a) suggest this star is possibly a binary, its
RUWE ~ 1 indicates a good fit to the single star model.
This low value indicates that the binarity of this system is
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Figure 5. Colour magnitude diagram showing all 2D WW candidates (velocity: 10-30 km s‘l) that can be traced back to the ONC (blue
dot). We magnitude-limit the diagram to -3.5mag < Mg — Ag < 11 mag, which corresponds to a G-magnitude ~ 19 mag at the fainter
end. Around this apparent magnitude value, the typical uncertainties in the 5-parameter astrometry increase quickly. The CMD includes
a large number of stars that we have traced back to the ONC but that sit along the MS underneath the 4 Myr isochrone (light-blue “+7).
These stars are therefore too old to have been born in the ONC, even when considering their errors, which are not plotted here. We see a
number of 2D-candidates above the isochrone at different absolute magnitudes that correspond to different masses. The WW-candidates
extend to much lower magnitudes than the RW-candidates shown in Fig. 4. On the CMD, we identify the candidates we have in common
with McBride & Kounkel (2019) (green square), which sit towards brighter magnitudes but still within the pre-main sequence part of the
isochrone. Many of our identified candidates have large errors in magnitude and colour, which are predominantly driven by the errors in
the extinction and reddening. Quite a few of these candidates sit below the 4 Myr isochrone, but might be younger than their position
suggests due to the large errors.

not affecting the astrometry quality. It has a 2D-velocity of 3209653627514662528): this star is one of our fastest

~14km s~ and an absolute magnitude ~1.1 mag. 2D-candidates with a 2D-velocity of ~26kms™!. It is one of
e V1440 Ori (Gaia DR2 3209624872711454976): this star the youngest in our WW list with an isochronal age of ~0.4
has an absolute magnitude ~1.1 mag and a 2D-velocity of of Myr and a magnitude of ~3.4 mag.
~18kms~! in the ONC rest frame.
e 2MASS J05351295-0417499 (Gaia DR2 e CRTS J053223.9-050523 (Gaia DR2
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Table 5. RW star 2D candidates sorted by decreasing 2D-velocity. Column 2+3: velocity in ONC rest frame [rf]; Column 3: RV sources -
@ Gaia DR2, P Cottaar et al. (2015); Column 4: indication of 3D-candidate status; Column 5: minimum flight time since ejection (crossing
of search boundary); Column 6: age from PARSEC isochrones (Bressan et al. 2012); Column 7-9: from literature sources - ! Van Altena
et al. (1988), *Hillenbrand (1997), 3Houk & Swift (1999), “Rebull et al. (2000), SDa Rio et al. (2016), ®Nesterov et al. (1995).

Gaia DR2 source-id 2D-velocity rf  Radial velocity rf  3D-cand.  Flight time Iso. age Age Mass Spectral type
(kms™') (kms™) (Myr) (Myr) (Myr) (Mop)
3216203177762381952 104.1 +0.4 65.6 +12.8¢ yes 0.2 0.4799 - - -
3012378357905079040 98.3 0.4 - - 0.4 10.0 +6.0 - - -
3015321754828860928 82.9 +1.0 - - 0.3 0.4%1 - - -
3013484917577226240 68.8+0.4 - - 0.6 3.0550 - - -
3012438796685305728 59.9 +0.5 0.0 +6.8¢ yes 0.5 10.0 +30.0 - - -
2986587942582891264 59.8 £0.5 -21.3 +6.6¢ yes 1.2 9.0 450 - - -
3016780428803888768 55.4 +0.3 - - 0.2 1079 - - -
3012393858443805440 52.9 +0.4 - - 0.7 12.0+35,0 - - -
3209498394512739968 47.2 +0.4 - - 0.1 2.0 +1.0 - - M3*
2995865656058327552 46.6 +0.4 - - 1.3 0.1%9 - - -
2989899774685582592 46.2 +0.4 3.5 +6.6¢ no - 0.1+0.1 - - -
3016792935748254336 46.0 0.5 - - 0.2 0.3 £0.2 - - -
3122639449820663040 43.9 0.5 - - 1.6 2.0+2:9 - - B5?
3320554665258533376 37.0 £0.5 - - 2.0 5.0 2.0 - - -
2998537847270106240 36.3 0.4 45.3 +6.64 no - 0.179 - - G8?
2998697894931641600 36.0 £0.5 - - 1.2 2.0 20.2 - - A2-A93
3003060825792025088 35.9 +0.4 36.9 +6.7¢ no - 8.0 £5.0 - - -
3023329085698084992 34.2 £0.5 - - 0.2 1.0*89 - - -
3209936343738052992 32.9 £0.4 - - 0.3 L5+ - - -
3017250019053914368 31.9 +0.4 32.5 +6.6¢ yes in cluster 8.07420  1.9-57%  1.9-2.4%3 G6?
3122561556293863552 30.3 0.4 -17.5 £10.7¢ yes 1.8 1.8+21 - - -
3017265515291765760 30.1 +0.4 12.2 +6.6¢ yes in cluster 2.2%38 0.3? 2.52 K1!
3218162816720967040 30.0 +1.1 - - 1.4 15.0 +40-9 - - -
3222673430030590592 29.5 +0.4 7.4 +6.64 yes* 1.5% 0.3+0.2 - - KO0°
3016016714897329152 29.0 £0.3 -27.7 +6.6% no - 7.0 4.0 - - -
3016354436766366848 28.1 +0.4 *%b ? 0.4 4.0 £1.0 - - AO?
2988494014709554176 27.4 £0.3 -24.3 +7.1¢ yes 2.3 10.0+35:0 - - -
3208970285334738944 22.7 +0.4 -29.9 +18.1¢ yes 0.5 2.845-2 - - -
3015532208227085824 21.8 +0.4 -54.5 +£6.79 yes 0.8 6.5 +3.5 - - -
3216868764551493504 20.4 0.4 45.2 +6.84 no - 5.0 *40.0 - - -
3122421987035894784 20.0 £0.4 52.7 +6.6% no - 0.470- - - -

*age estimate is smaller than the flight time; **multiple and varying RV measurements, possibly indicating a binary system

3209497088842680704): the 2D-velocity of this star is ~123kms~! and has an absolute magnitude of ~4.4 mag,
~17kms™! and it has a magnitude of ~2.9 mag. however there is no additional information available about

e Haro 4-379 (Gaia DR2 3017166907140904320): this star this star. Two of the 10 3D RWs have information available
is the faintest in this McBride & Kounkel (2019) group with from the literature about their spectral type, mass and/or
a Mg—Ag value of ~3.8 mag and a 2D-velocity of ~17kms~!, age. Brun 609 (Gaia DR2 3017250019053914368) has a G6

spectral type (Van Altena et al. 1988), a mass estimate of
~1.9-2.4 Mg and an age estimate of 1.9-5.7 Myr (Hillen-
brand 1997; Da Rio et al. 2016). It has a rest frame space
velocity of ~46kms~! and is still located within the search

The final two candidates of McBride & Kounkel (2019) have
been excluded from our data set from the outset due to their
high RUWE-value, which indicates that the astrometry val-
ues might be unreliable. 2MASS J05382070-0610007 (Gaia

boundary.
DR2 3016971567730386432) has a RUWE ~ 8 and V360 Ori oundary
(Gaia DR2 3209528081326372864) has a RUWE ~28, this BD-05 1307 (Gaia DR2 3017265515291765760) is a K1-
latter star is also a known binary (Daemgen et al. 2012). type star (Van Altena et al. 1988) with a mass estimate of

~2.5 M@ and an estimated age of ~0.3 Myr (Hillenbrand
1997). It has a rest frame space velocity of ~33kms~!. It
5.2 3D-candidates is also the brightest 3D RW star in our data set with an

Fig. 6 shows the CMD of RW and WW stars that can be ?ESOlutf r?zg; ltud,e thN g.7m§xg an(i lsds't~ltn lOcatfe d4"(‘)’gthm
traced back in 3D to our search region. Ten of the 31 RW ¢ central 2.0 p¢ search boundary at a qistance ot ~ pe.

2D-candidates are successfully traced back in all three di- We find another potential 3D RW star TYC 4774-868-1
mensions using Gaia DR2 RV. (Gaia DR2 3209532135777678208). This star could be an ex-

The fastest RW star (Gaia DR23216203177762381952) ample of a special case described in Schoettler et al. (2019).
in our sample has an ONC rest frame space velocity of These authors found stars that appear bound in proper mo-
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Table 6. WW star 2D candidates. Column 243: velocity in ONC rest frame [rf]; Column 3: RV sources - ¢ Gaia DR2, ? Cottaar et al.
(2015), € Gontcharov (2006),4Kounkel et al. (2018); Column 4: indication of 3D-candidate status; Column 5: minimum flight time since
ejection (crossing of search boundary); Column 6: age from PARSEC isochrones (Bressan et al. 2012); Column 7-9: from literature
sources - 'Van Altena et al. (1988), 2Hillenbrand (1997), 3Houk & Swift (1999), * Rebull et al. (2000), Da Rio et al. (2010), Tetzlaff
et al. (2011), "Da Rio et al. (2012), 8Hsu et al. (2012), “Hsu et al. (2013), °Da Rio et al. (2016), 'Sota et al. (2011), '?Hohle et al.

(2010).

Gaia DR2 source-id 2D-velocity rf  Radial velocity rf  3D-cand.  Flight time Iso. age Age Mass Spectral type
(kms™) (kms™) (Myr) (Myr) (Myr) Mop)

3222368036380921600 26.7 +0.4 -8.9 +13.7¢ yes 1.3 3.0%5:0 - - -
3209653627514662528 25.8 +0.5 12.9 +6.6° no - 0.4 0.1 0.210 0.310 -
3013902388397518208 25.7 £0.4 - - 1.0 1.0+0.5 - - -
3209590577396377856 25.2 +1.1 - - 0.1 5.0%13:0 - - Me*
3231583219428074752 25.1 +0.3 - - 2.9 8.0+%0 - - -
3209228906 787768832 24.8 +0.4 -8.4 +6.8¢ yes 0.8 10.0 %10 - - -
3004263966389331456 22.4 0.4 -15.4 +6.6¢ yes 3.0 6.0 £2.5 - - -
3181732702253990144 22.2 £0.4 - - 2.9 1.0420 - - B9}
3017260292611534848 21.7 +0.4 3.5 £6.7¢ yes 0.1 3.0779 7.710 1.910 -
3023589704313257600 19.7 0.6 - - 1.0% 0.270-4 - - -
3023540054490074752 18.6 +1.7 - - 0.6 10.0 7300 - - -
3015018014743100544 18.5 +0.4 -21.2 +20.7¢ yes 1.4 0.9%¢ - - -
3014981937018182144 18.4 +0.7 - - 1.7 12427 - - -
3209624872711454976 18.1 +0.4 14.7 +6.67 yes 0.2 1.7 £0.6 0.410 0.510 -
3209836391259368960 17.4 1.3 - - 0.3 10.0 7200 - - -
3017166907140904320 17.2 0.4 5.3 +6.67 yes 0.2 2.8%0-3 1.010 0.610 K7.58
3017242051888552704 16.7 0.4 -5.5 +6.97 yes in cluster 4.0 %30 1.810 0.710 -
3209497088842680704 16.5 0.4 - - 0.2 3.0 £1.5 - - M2*
3015625563635553024 16.5 0.4 -3.5 6.6° yes 0.9 0.8%32 1.210 0.310 M2.9%
3209424108758593408 16.4 £0.4 8.3 £6.6° yes in cluster L0%9 052501 1.1.23%1 (el
3016070590967059968 16.4 0.6 -4.5 +6.64 yes 1.0 0.5%3 - - -
3214878167468186880 15.9 0.5 - - 2.4 2.1+1.1 - - -
3220151695816273152 15.6 +0.4 10.0 +6.6¢ yes 2.2 21430 - - -
3017402614955763200 14.8 0.4 -13.7 £8.1¢ yes 0.1 6.0 +4.0 - - K7
3208349129984108800 14.8 0.4 - - 2.4 2.1+1.1 - - -
2984454031031531008 14.8 0.4 - - 3.8 2.843-2 - - -
3209424108758593536 14.1 +0.4 -4.3 +6.6" yes in cluster 40758 0.5-25%1 0.75-11 K72
3017384129418196992 14.1 0.4 - - 0.1 2.5%)3 - - M2*
2984723926777044480 13.9 0.4 -10.1 £6.6¢ yes* 3.4% 0.4+0.3 - -
3012142379518284288 13.5 0.4 - - 2.0 2.1139 - - -
3015334914608642688 13.3 £0.5 17.3 £7.6° yes 1.8 1.5+ - - M1.68
3209074803362165888 13.2 +0.4 - - 0.6 0.8%9 - - -
3014834946056441984 13.1 +0.4 - - 1.6 1.0+4 16 3.8 AB°
3209531650444835840 13.0 +0.4 -4.2 +7.8¢ yes in cluster 0.3%] - 3.8% Ko!
3012280432650658304 12.9 +3.6 - - 2.9 14.0 -0 - - -
3216889827071056896 12.6 +0.6 - - 1.4 1L.0%-0 - - -
3013899158582179712 12.4 +1.4 - - 1.9 50750 - - -
3216174629116142336 12.1 0.4 - - 1.7 2.5 1.5 - - -
3016101579155228928 12.1 +1.4 - - 1.1 L.o+%0 - - -
3219378365481960832 11.7 +0.4 - - 3.3 2.8779 - - -
3017341385903759744 11.7 0.4 1.1 +6.64 yes in cluster 3.0£1.0  0.7-0.9>!! 0.5>11 K6*
3017340664349130368 11.3 +0.4 14.7 +16.9¢ yes 0.3 2.0+10.0 - - K5*
3209527291054667136 11.1 +0.5 10.6 +6.6° no - 1248 08231 25320 -
3017260022031719040 10.6 +0.4 8.7 +6.649 yes in cluster 2.5 +1.5  0.7-1.5>7  0.3-0.5%7 M33
3017270879709003520 10.5 +0.4 -1.2 6.8 yes in cluster 0.9709 0.310 1.410 K4!
3016961676421884672 10.4 +0.6 - - 0.8 0.6%):3 - - -
3016424530632449280 10.2 £1.5 -4.9 +7.1¢ no - ~4 - 24.112 09.711
3215804677813294976 10.1 +0.8 - - 1.2 0.5%3 - - -
3017252600328207104 9.3 +0.4 -4.9+6.64 yes 0.1 12422 0.110 0.310 M3?
3209680466766984448 9.1 +0.4 16.0 +6.6¢ yes 1.4 0.4+ - - -
3017174741161205760 8.7 0.4 -17.2 £9.14 yes 0.3 4.0 7300 - - K3°
3217017610938439552 6.3 +0.4 -8.2 +11.1¢ yes 3.2 1573 - - -
3017367151399567872 3.6 +0.4 12.2 +9.0¢ yes in cluster 4.0 +2.0 1.710 2.710 -
3209529112120792320 3.0 0.4 12.1 +6.6° yes in cluster ~ 20.0 7309 6.2 1.110 -

*age estimate is smaller than the flight time
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Figure 6. Colour magnitude diagram showing all 3D-candidates (at RW and WW velocities). We magnitude limit the diagram to
-3.5bmag < Mg — Ag < 1llmag, which corresponds to a G-magnitude ~ 19 mag at the fainter end. Around this apparent magnitude
value, the typical uncertainties in the 5-parameter astrometry increase quickly, however our faintest 3D-candidate is much brighter than
this limit and has an absolute magnitude of ~7mag. Our confirmed 3D-candidates are all located towards the upper end of the 4 Myr
isochrone. All of our 3D RW stars (red “x”) are identified using Gaia DR2 RV. Among the 3D WW stars we separately show the
candidates with RV from Gaia DR2 (blue square) and from secondary sources (Cottaar et al. 2015; Kounkel et al. 2018) (purple dot).
Finally we show the five 3D WW stars what we have in common with McBride & Kounkel (2019) (green square). Many of our identified
candidates have large errors in magnitude and colour, which are predominantly driven by the errors in the extinction and reddening.
Interestingly, we also find a small number of 3D trace-backs that sit along the MS, below the isochrone (with RW-velocity: orange “x”,
with WW-velocity: light-blue “+”) and even when considering their errors they are too old to have been born in the ONC. These might
be past visitors to the ONC or could possibly belong to an older population of stars, as their estimated isochronal ages are between 5-40
Myr.

tion or 2D-velocity space and are still located in the cluster, rest frame would be high enough to turn it into a RW star.
however a very high RV turns these stars into RWs. If we There is a caveat as Cottaar et al. (2015) states a much lower
only consider its 2D-velocity of ~3.4kms™!, TYC 4774-868-1 RV of ~28.3 km/s, which results in a RV of ~6.5 km/s in the
appears to be still bound to the ONC. It is also still located ONC rest frame. This leads us to not consider this star as

in the central region. However its Gaia DR2 RV in the ONC
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a RW until further clarification of its RV. The data for this
star is contained in Table B1 in Appendix B.

The brightest 2D RW candidate HD 288089 (Gaia
3222673430030590592) also traces back in three dimensions,
however its isochronal age is smaller than its flight time.
While it traces back to the ONC, it cannot have been
born there, but must have instead come from somewhere in-
between the ONC and its current position. It is not counted
in the final list of 3D RWs and this leaves us with 9 3D RWs.

Of the 54 WW 2D-candidates, 27 are also 3D-
candidates. Fourteen of these using Gaia DR2 RV, another
9 candidates using RV from Cottaar et al. (2015) and 4 can-
didate using RV from Kounkel et al. (2018). Five of the 7
2D WW candidates we have in common with McBride &
Kounkel (2019) are also 3D WW candidates:

e V¥ V1961 Ori Gaia DR2 3209424108758593408): has a
G9 spectral type (Hsu et al. 2012) with an estimated mass of
~1.1-2.3 M@ and an age of ~0.1-2.5 Myr (Da Rio et al. 2010,
2016). Its space velocity in our rest-frame is ~18 km sl

e Brun 259 Gaia DR2 3209424108758593536): has a spec-
tral type K7 (Hillenbrand 1997) with a mass of ~0.7 Mg and
an age estimate of ~0.5-2.5 Myr (Da Rio et al. 2010, 2016).
It has a rest-frame space velocity of ~15kms™!.

e V1321 Ori Gaia DR2 3209531650444835840): this star
has a spectral type KO (Van Altena et al. 1988) and a mass
estimate of 3.8 Mg (Hillenbrand 1997). Its space velocity is
~14kms~!.

e V1440 Ori Gaia DR2 3209624872711454976) is one of
the faster 3D WW stars with an ONC rest frame space veloc-
ity of ~23kms~!, it is a sub-solar mass (~0.5 M) star with
an age estimate of ~0.4 Myr (Da Rio et al. 2016), suggesting
it left the cluster shortly after its birth.

e Haro 4-379 Gaia DR2 3017166907140904320): has a
space velocity ~18 km s~ with a spectral type of K7.5 (Hsu
et al. 2012), has a sub-solar mass (~0.6 M) and an age
estimate from literature of ~1 Myr (Da Rio et al. 2016).

The slowest confirmed 3D WW star is Brun 519 (Gaia DR2
3017252600328207104) and has a rest frame space velocity
just above the 10kms™! lower velocity limit. It is also one
of the youngest 3D WW star in our sample with an age and
mass estimate of ~0.1 Myr and ~0.3 Mg, respectively (Da
Rio et al. 2016). Its spectral type is suggested to be a M3
(Hillenbrand 1997).

Like we have for the 3D RW candidates, we also
find one 3D WW candidate BD-13 1169 (Gaia DR2
2984723926777044480), where the flight time since ejection
is considerably larger than the estimated isochronal age,
strongly indicating that this star was not born in the ONC.
We exclude this star from the 3D WW list and are left with
26 3D WW stars.

We also find three further potential 3D WW stars that
we might still consider to be bound to the ONC if we
only had information about their proper motion (or 2D-
velocities). Here a larger RV (from Gaia DR2 or secondary
sources) can turn these stars into 3D candidates. These WW
candidates (like the RW candidate TYC 4774-868-1) show
very different RV measurements in different surveys, which
could have an alternative explanation of a bound binary sys-
tem. These candidates are shown separately in Table B1 in
Appendix B.

We also find several older 3D RW/WW stars below the
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isochrone in Fig. 6 along the main sequence. These stars are
possibly past “visitors” to the ONC, having travelled through
the ONC from their origin. Information about these visitors
is provided in Appendix C in Table C1.

6 DISCUSSION

The ejected RW stars in our N-body simulations quickly
leave our 100 pc search region, as most of them have been
ejected during the very early dynamical evolution of our sim-
ulated star-forming regions. After 2 Myr in the simulations,
an average of ~11 (and maximum of 15) RWs are still lo-
cated within the search area but this average reduces to ~4
(maximum of 10) and ~1 (maximum of 3) RWs after 3 and 4
Myr, respectively. In contrast, all WW stars remain within
our 100 pc boundary until at least 3 Myr, only travelling
past this boundary towards the end of our simulations.

Our analysis of Gaia DR2 finds a total of 31 RW 2D-
candidates by tracing back the positions on the sky for up
to 4 Myr. Of these RW 2D-candidates, 7 have RV measure-
ments but do not trace back to the ONC in 3D. Nine RW
stars can be traced back in three dimensions, all using RVs
from Gaia DR2.

We find a further potential RW star TYC 4774-868-
1 Gaia DR2 3209532135777678208), which appears bound
when considering only its proper motion but it turns into a
RW in three dimensions using its Gaia DR2 RV measure-
ment. However, Cottaar et al. (2015) states a much lower RV
of ~28.3 km/s, which results in a RV of ~6.5 km/s in the
ONC rest frame instead of 58.5 km/s using Gaia DR2 RV.
Using this secondary RV source results in a rest-frame space
velocity < 10 km/s, which is below our lower boundary for
WW stars. Detailed information about this star is shown in
Table B1 in Appendix B.

While simulations show (Schoettler et al. 2019) that we
can expect to find RW stars where only one of their velocity
components would identify them as a RW or WW star, there
can be other explanations such as the possible binarity of the
system. In this case, the difference in RV measurements from
two surveys hint at this star being part of a binary, located
in the ONC centre.

We also find a potential ejected binary HD 36697 Gaia
DR2 3016354436766366848) based on the RV measurements
by Cottaar et al. (2015). This could be either a 3D RW
or WW system. Its identification depends on the system’s
radial velocity, as its 2D-velocity is high enough to put it at
least into the WW-velocity regime.

Two of these 9 RWs have mass estimates from the litera-
ture putting them all in the low/intermediate-mass category
with masses of 1.9-2.5 M (Hillenbrand 1997; Da Rio et al.
2016). Based on their position on the CMD, the other 7 3D
RW stars are also within the low/intermediate-mass range,
as none are consistent with the part of the isochrone that
has already reached the MS;, i.e. quickly evolving high-mass
stars. When we compare the CMD-positions of the 3D RWs
to the 3D WWs, we see that they do not extend below the
lowest masses of any identified WWs, so we can conclude
that none of the RWs identified in our search have a mass
< 0.3 M@. This is a consequence of the magnitude-limit
we applied to the CMD, removing any fainter candidates
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Figure 7. Location of the identified 3D RW and WW stars. The ONC is located in the centre of the plot and extends to a radius of
2.5 pc. We invert the x-axis to replicate the orientation on the sky (i.e. decreasing right ascension from left to right). The 9 RW stars
are plotted in “red”, with the length of the arrows indicating their 2D-velocity in the ONC rest frame, the 24 WW stars are plotted in

“blue”.

with unreasonably large uncertainties in their astrometric
and photometric measurements.

Fig. 3 shows that a large number (about half) of all RW
and WW stars in our simulations have a mass below 0.3 Mg .
This suggests that we can expect to find a large number of
RWs/WWs at these low masses. To compare the findings
from Gaia DR2 to simulations covering the same mass range,
we count only low/intermediate-mass RWs within 100 pc
with masses between 0.3-8 M@. We find a RW average of
7.3 £2.3 at 1 Myr, decreasing to 5.5 £2.5 at 2 Myr. The
number further reduces to 2.2 +1.4 (0.8 £0.9) RWs at 3 (4)

Myr. The maximum number of RWs from a single simulation
reduces to 10 at 2 Myr and 5 (3) RWs at 3 (4) Myr.

Comparing the 9 3D RWs we find in Gaia DR2 with
our simulation results for the number of RWs gives us an
age estimate of ~1.3 Myr when we compare it to the average
and ~2.4 Myr when compared to the maximum number from
our simulations. This age range is in good agreement with
the mean age range (2-3 Myr) of Da Rio et al. (2010) and
Reggiani et al. (2011). Four of the identified runaways are
located within our applied cluster boundary on the sky or
are still located within just a few pc of the centre. Several
of our RWs only trace back to the region when we consider
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their large radial velocity and distance errors, making these
candidates less certain.

We have not identified any high-mass (> 8 Mg) RW
stars in our analysis (neither 2D, nor 3D). We find a B5-star
HD 41288 (Gaia DR2 3122639449820663040) in 2D, however
without an explicit mass estimate from literature. Based on
its spectral type, its mass is unlikely to be within our high-
mass category. It does not have RV information so cannot be
confirmed in 3D. Two high-mass OB-runaways (AE Aur and
1 Col) have previously been postulated to have originated in
the ONC, and Blaauw & Morgan (1954); Hoogerwerf et al.
(2001) suggested these stars were ejected ~2.5 Myr ago. We
find a maximum of 2 high-mass RW stars at the end of one of
our simulations, however these 2 RWs are not ejected at the
same time. The second RW only gets ejected at the very end
of this simulation and is in fact a RW-binary. The ejection of
high-mass RW stars are rare events in our simulations (as in
reality) and in several of our simulations we do not see any
high-mass RWs. Due to the IMF, the number of high-mass
stars in our simulated regions is low to begin with, which
in turn results in only a small number of high-mass RWs;
which differs in-between individual simulations.

At lower WW velocities, we find 54 2D-candidates with
30 of them having RV information (either from Gaia DR2
or literature sources). We find one O-star v Ori (Gaia DR2
3016424530632449280) WW-candidate in 2D, however its
RV measurement (Gontcharov 2006) prevents it from turn-
ing into a 3D-candidate. It is not a known binary (Boden-
steiner et al. 2018). The Simbad database (Wenger et al.
2000) lists further RV measurements for this star, none of
which is large enough to change this. To become a WW star
from the ONC, this O-star would require its RV to point
opposite to its current direction.

We can successfully trace back 26 WW stars to the
ONC in 3D, with stellar masses (where available from
the literature) between ~0.3-2.7 M. Our upper age es-
timate using 3D RWs is 2.4 Myr and we find 2 3D
WWs (Gaia DR2 3004263966389331456 and Gaia DR2
3217017610938439552) that have flight times since ejection
that are larger than this age estimate. These 2 candidates
are excluded from the results as they might have come from
a different young star-forming region in the neighbourhood
of the ONC and we are left with 24 3D WWs.

Within the low/intermediate-mass range > 0.3 Mg, the
simulations produce an average of 19.2 +3.9 WWs within
100 pc at 1 Myr, which increases to 23.1+4.2 at 3 Myr. By
4 Myr, we see a reduction in the WW numbers within 100
pc to 21.4 +4.5, due to stars travelling past this boundary.
The maximum number of WWs within 100 pc from a single
simulation is 27 WWs at 1 Myr increasing to 32 WWs at 3
Myr then reducing to 30 WWs by 4 Myr. The number of 3D
WWs we find in Gaia DR2 matches the average number of
WWs > 0.3 Mg in our simulations at ~1.5 Myr. It matches
the maximum number found in a single simulation only at
an age of ~0.3 Myr, however further identified 3D WWs will
increase these age estimates.

Fourteen of the identified 31 RW and 24 of the 54 WW
2D-candidates are missing RV information. From Table 5
and 6, we see that even 2D-candidates with RV are not
all confirmed as full 3D-candidates, however 2D-WW can-
didates with RV measurements appear more often to be 3D
WW stars than their RW counterparts. Due to the missing
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RV information, we are unable to draw any further con-
clusions from the list of 2D-candidates as RV is required
to make an unambiguous RW/WW identification. We have
also seen that a high RV might change the RW/WW status
of a star that is identified as still bound to the ONC only
considering its proper motion.

Gaia does not detect any stars in the IR and more than
half of the members of the ONC are only detectable in this
range (Hillenbrand 1997). Fig. 7 shows the location of all
identified 3D RW and WWs in relation to the ONC, which
is located at the origin in this figure. Several of these are still
within the close vicinity (a few pc) of the ONC, we should
expect to find further candidates at IR wavelengths.

Regardless of these limitations, we show with this anal-
ysis that the ONC has produced RW and WW stars across
the full stellar mass range. In addition to the two known
OB-RW stars, we find many more low/intermediate-mass
RW and WW stars. This is consistent with the predictions
made in the simulations of Schoettler et al. (2019).

A clear 3D-identification is affected by missing or lower-
quality radial velocities for many of our 2D-candidates and
also by uncertainties in their distances. Furthermore, our
analysis is influenced by the uncertainties about the radial
extent and distance to the centre of the ONC. Our search
region projected on the sky has a diameter of 5 pc, based on
the location of existing members. In contrast in the radial
direction our search region has a size of 30 pc (15 pc in either
direction of the adopted ONC distance of ~400 pc).

When constructing the CMD, we correct for extinction
and reddening, however only a subset of our data has in-
dividual Ag and E(Ggp — Grp). This results in us having
to estimate values for the remaining stars by averaging over
neighbouring stars, leading to highly uncertain age estimates
as shown in Table 5 and 6. Even where stars have Gaia DR2
measured extinction and reddening values, some have very
large errors in these quantities, which can lead to up to a
magnitude of error on the CMD. The consequence of these
errors are large age ranges for our candidate stars, in partic-
ular upper age ranges. Andrae et al. (2018) also note that the
Gaia DR2 extinction and reddening itself are inaccurate on
a star-by-star level. While the age estimates from literature
(Da Rio et al. 2010, 2012, 2016) are not always consistent
with our isochronal age estimates for the confirmed 3D-stars,
they still confirm that most of the candidates are younger
than the upper age of the ONC.

The CMDs in Fig. 4 and 5 reveal a large number of 2D
trace-backs that are located along the main-sequence and
are therefore much older than the ONC’s upper age limit.
This highlights further that a trace-back on the sky is no
indication of the origin of a star without an age estimate.
More surprising is the trace-back of several older stars (on
the main-sequence with ages of ~5-40 Myr) in 3D, which
qualifies these stars as having “visited” the ONC in the past.

It is possible that some of these stars might have even
originated in the ONC. Palla et al. (2007) find lithium deple-
tion in a small group of low-mass stars within the ONC. The
authors suggest that this is an indication of these stars being
older (>30 Myr) than the rest of the stars in the ONC. How-
ever, Sergison et al. (2013) suggest that these differences in
lithium are not necessarily evidence of an older population.
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7 CONCLUSIONS

In this paper, we combine Gaia DR2 observations with pre-
dictions from N-body simulations to search for runaway and
walkaway stars from the ONC within a distance of 100 pc
in an attempt to constrain the region’s initial conditions.
The conclusions from our simulations and the search in Gaia
DR2 are summarised as follows:

(i) We find a number of 3D RW (>30kms™!) and 3D WW
(10-30kms™!) stars originating from the ONC using Gaia
DR2 astrometry and photometry in the low/intermediate-
mass range (<8 Mg). However, we find no high-mass stars
(>8 M) in either of the velocity ranges in all three dimen-
sions. About 40 per cent of our 2D-candidates are missing
RVs and cannot be confirmed in 3D until this information
is available.

(ii) We trace back 9 RWs to the ONC in Gaia DR2 that
are still within our 100 pc search boundary. Our N-body
simulations suggest that the older a star-forming region is,
the fewer RWs are still found within this boundary. The
number of RWs we find in our simulations agrees with those
in Gaia DR2 when our simulated regions have an age of ~1.3-
2.4 Myr. This age estimate for the ONC is in agreement with
others from literature (Da Rio et al. 2010; Reggiani et al.
2011).

(iii) Our simulations predict that all WWs are still to be
found within the search region until at least 3 Myr and that
the number of WWs increases up to this age. In Gaia DR2,
we find 26 WWs all with masses between 0.3 and 2.7 Mg.
Twenty-four of those have been ejected within the past 2.4
Myr (upper age implied from our RW findings). This agrees
with the average number of WWs at an age of ~1.5 Myr
from our simulations, but is below the maximum from a sin-
gle simulation at virtually any age. However, future Gaia
data releases and complementary IR surveys may enable us
to identify further WWs, which will increase these age esti-
mates.

(iv) Our analysis shows that ejected stars might be useful
in constraining the initial conditions of star-forming regions.
However to use this method to its full extent requires fur-
ther improvements in Gaia or other observations, e.g. more
measurements of radial velocities in addition to proper mo-
tion; extinction and reddening values for a larger number of
stars.
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APPENDIX A: EXCLUDED CANDIDATES

Table A1l provides information on the identified 2D-
candidates that have been excluded, either due to their RV
pointing towards the ONC or because their required RV due
to their radial position would be above [500| kms~!.

APPENDIX B: 2D-CANDIDATES WITH
MULTIPLE, VARYING RV MEASUREMENTS

Table B1 provides information on identified 2D-candidates
that would not be identified as RWs or WWs only by their
2D-velocity, but could be when considering their RV mea-
surements. We have identified several such stars in Table 6,
but also have stars with multiple RV measurements between
different literature sources, which could also be indicating a
binary system.

APPENDIX C: PAST VISITORS TO THE ONC

Table C1 provides information on sources that can be suc-
cessfully traced back in 3D to the ONC in the past 2.4 Myr
(upper age limit implied by the identified RW stars) but
their position on the CMD identifies them as MS stars or
older pre-MS stars.

This paper has been typeset from a TEX/IATEX file prepared by
the author.

MNRAS 000, 1-20 (2020)


http://dx.doi.org/10.1086/523596
http://dx.doi.org/10.1086/432052
http://dx.doi.org/10.1111/j.1365-2966.2011.20397.x
http://dx.doi.org/10.1093/mnras/stt1932
http://dx.doi.org/10.1086/145971
http://dx.doi.org/10.1051/0004-6361/201219621
http://dx.doi.org/10.1051/0004-6361:20079083
http://dx.doi.org/10.1093/mnras/stz1487
http://dx.doi.org/10.1111/j.1365-2966.2010.16253.x
http://dx.doi.org/10.1093/mnras/stt973
http://dx.doi.org/10.1088/0067-0049/193/2/24
http://dx.doi.org/10.1086/115880
http://dx.doi.org/10.1086/421721
http://dx.doi.org/10.1111/j.1365-2966.2010.17434.x
http://dx.doi.org/10.3847/0004-637X/828/1/48
http://dx.doi.org/10.1051/aas:2000332
http://dx.doi.org/10.1051/0004-6361:20042489
http://dx.doi.org/10.1093/mnrasl/sly238
http://dx.doi.org/10.5303/JKAS.2019.52.3.57
http://dx.doi.org/10.1051/0004-6361/201834150

Runaway and walkaway stars from the ONC

21

Table Al. Excluded RW and WW star 2D-candidates. Column 2+-3: velocity in ONC rest frame [rf]; Column 3: RV sources — ¢ Gaia
DR2, P Cottaar et al. (2015), € Gontcharov (2006); Column 4: Reason for exclusion; Column 5-7: from literature sources — IDa Rio et al.

(2016), 2Houk & Swift (1999), 3Nesterov et al. (1995), “Houk & Smith-Moore (1988), >Tetzlaff et al. (2011).

Gaia DR2 source-id 2D-velocity rf  Radial velocity rf Exclusion reason Age Mass  Spectral type
(kms™") (kms™") (Myr)  (Mo)
Excluded RW candidates
3011539434830106624 64.5 +0.4 -26.5 +6.84 RV points towards ONC - - -
3016948241764201472 50.2 +0.8 - RV required > |500| kms™! - - -
3187254518368160000 47.5 £0.4 -66.3 +6.6¢ RV points towards ONC - - -
3017157630011568000 42.8 £0.4 -57.6+6.67 RV points towards ONC 131! 1.4! -
3011184292574204672 41.7 0.4 15.0 +6.6¢ RV points towards ONC - - -
3017247618166246784 39.4 +0.4 86.1 +6.64 RV points towards ONC 2.0! 2.2 -
3206712880587397120 38.9 +0.4 -16.7 £6.6¢ RV points towards ONC - - -
3122079111207514496 32.7 +0.4 28.2 £6.6¢ RV points towards ONC - - -
Excluded WW star candidates
3209554744485606400 24.5 £0.7 - RV required > |500] km s - - -
3013314424554785024 23.9 £0.4 -17.2 £6.6¢ RV points towards ONC - - G8/KO2
2989308443587969664 18.5 £0.3 0.3 +6.64 RV points towards ONC - - F6/74
3017240746218498176 17.9 £0.6 -2.3 +6.6° RV points towards ONC - - -
3015045708692252672 17.4 +0.5 -11.4 +6.6¢ RV points towards ONC - - -
3023538370864242688 17.3 £0.5 -19.2+6.67 RV points towards ONC - - AT
3019516254250648832 14.6 +0.4 -23.2 £6.7¢ RV points towards ONC - - -
3215185309169853568 11.1 0.6 8.1 £6.9¢ RV points towards ONC 0.2° 7.9 B32
3017244216552060672 0.5 £0.4 15.6 +9.8¢ RV points towards ONC 5.71 1.3! -

Table B1. Slow 2D-candidates with multiple, varying RV measurements; Column 2: velocity in ONC rest frame [rf]; Column 3: RV
sources of varying measurements - ¢ Gaia DR2, ?Cottaar et al. (2015), ¢ Kounkel et al. (2018); Column 4: indication of 3D-candidate
status; Column 5: minimum flight time since ejection (crossing of search boundary); Column 6: age from PARSEC isochrones (Bressan
et al. 2012); Column 7-9: from literature sources - 'Hillenbrand (1997), 2Da Rio et al. (2016).

Gaia DR2 source-id 2D-velocity rf =~ Radial velocity rf  3D-cand. Flight time Iso. age Age Mass  Spectral type
(kms™) (kms™) (Myr) (Myr)  (Myr) (Mo)
3209532135777678208 3.2 +0.4 a, b ? in cluster 50739 5.62 2.12 -
3017270669252519680 2.9 +0.4 a, b ? in cluster ~ 1.0*20 0.6 1.0% -
3209528012609165440 2.5 0.3 a, b ? in cluster 2,573 7 1.4? 0.9 -
3209521037582290304 1.7 0.4 a, c ? in cluster 0.3 0.2 0.3% 1.62 K3!
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Table C1. Past visitors to the ONC. Column 2+4-3: velocity in ONC rest frame [rf]; Column 3: RV sources — ¢ Gaia DR2; Column 4: age
from PARSEC isochrones (Bressan et al. 2012); Column 5-7: from literature sources — 'Da Rio et al. (2016).

Gaia DR2 source-id 2D-velocity rf  Radial velocity rf  Iso. age Age Mass  Spectral type
(kms™") (kms™") (Myr)  (Myr) (M)

Visitors at RW velocities

2986529565387616896 85.1 +0.3 -18.3 +6.8¢ ~22-30 - - -
2976576167656119296 80.9 +0.3 -35.1 +6.7¢ ~30 - - -
3240725452454418048 64.4 +0.4 14.0 +6.7¢ ~18-20 - - -
3014832609594260224 63.1 +0.4 -16.0 £19.5¢ ~15-20 - - -
3009308457018637824 58.1 +0.3 -66.2 £6.7¢ ~25-30 - - -
3021115184676332288 57.8 +0.4 10.1 +6.6¢ ~20 - - -
2992509671692197632 57.2 +0.3 -36.7 £6.7¢ ~25 - - -
2981722809790374400 52.8 +0.3 -45.5 +6.6¢ ~25-30 - - -
2989584932106141184 51.6 +0.3 -22.9 +6.6¢ ~20-25 - - -
3024722888484450944 51.6 +0.4 23.7 £6.7¢ ~17-20 - - -
2971498824821941760 46.6 £0.4 -26.1 £6.7¢ ~17-20 - - -
3240501873637049856 46.5 +0.4 -16.7 +6.7¢ ~20 - - -
2998151094058000128 44.5 £0.4 -34.3 £6.7¢ ~28-30 - - -
3015908138125994112 42.2 +0.4 28.9 +6.8¢ ~20 - - -
3005776138475075712 38.5 +0.4 10.6 £9.2¢ ~30-35 - - -
3014762309569718272 36.3 +0.3 -45.8 +6.7¢ ~30 - - -
3228935835946246272 33.8 +0.4 3.1 £6.7¢ ~12-15 - - -
2989747213149681408 32.4 +0.4 -4.7 £6.7¢ ~25-30 - - -
3017817268267372032 30.2 +0.4 -25.5 £7.7¢ ~30-35 - - -
3011733017597107840 29.9 +0.4 -14.0 +6.8¢ ~20-22 - - -
3010392369324807808 27.5 £0.4 -12.9 +6.8¢ ~30 - - -
3207687464502067456 27.4 +0.5 34.2 £7.7¢ ~12-15 - - -
3022827296078444672 25.6 +0.4 29.4 £6.7¢ ~17-20 - - -
3019025799048789504 22.7 +0.4 22.8 +6.6¢ ~17-20 - - -
3017348803299280896 22.6 +0.4 -46.1 +6.7¢ ~25-30 27.0! 1.1! -
2999242806023093888 21.4 £0.3 -53.0 £6.7¢ ~30 - - -
3210090515884826752 21.1 +0.4 23.7 £7.0¢ ~25-30 - - -
3209536636903447936 15.4 £0.4 -38.8 +6.7¢ ~12-17 16.2! 1.4! -
3011879768037861504 13.3 £0.4 -28.7 +6.6¢ ~10-15 - - -

Visitors at WW velocities

2996472071080530176 24.5 +0.3 -14.5 +6.9¢ ~30 - - -
3016578221743133952 23.8 +0.3 8.7 £6.8¢ ~35-40 - - -
3219402241203000576 23.2 +0.4 -0.8 £7.2¢ ~30 - - -
3010331032894313984 22.5 +0.4 -8.3 +6.7¢ ~7-10 - - -
3010652777484841344 20.6 +0.4 -1.6 +6.7¢ ~28-30 - - -
3010517434474967040 19.9 0.3 6.1 +12.2¢ ~5-20 - - -
3208716023269799808 19.8 +0.4 0.3 £13.7¢ ~30-32 - - -
3009639233922459008 19.3 £0.3 -20.8 +7.6¢ ~30 - - -
3207885750255374336 18.3 £0.3 -17.5 £7.4¢ ~40 - - -
3022823615290307840 17.1 £0.4 -23.4 +6.7¢ ~20 - - -
3014826802798497920 17.1 £0.4 -8.4 £7.5¢ ~30-32 - - -
3012237036301375872 16.8 +0.4 -13.5 £7.6¢ ~20-25 46.0! 1.2! -
3210977649969156224 13.7 £0.3 1.1 £6.6¢ ~20-35 - - -
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