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ABSTRACT

The early third data release (EDR3) of the European Space Agency satellite Gaia provides coordinates, parallaxes, and proper
motions for ~1.47 billion sources in our Milky Way, based on 34 months of observations. The combination of Gaia DR2 radial
velocities with the more precise and accurate astrometry provided by Gaia EDR3 makes the best data set available to search
for the fastest nearby stars in our Galaxy. We compute the velocity distribution of ~7 million stars with precise parallaxes, to
investigate the high-velocity tail of the velocity distribution of stars in the Milky Way. We release a catalogue with distances,
total velocities, and corresponding uncertainties for all the stars considered in our analysis'. By applying quality cuts on the Gaia
astrometry and radial velocities, we identify a clean subset of 94 stars with a probability P,, > 50 per cent to be unbound from
our Galaxy. In total, 17 of these have Py, > 80 per cent and are our best candidates. We propagate these stars in the Galactic
potential to characterize their orbits. We find that 11 stars are consistent with being ejected from the Galactic disc, and are
possible hyper-runaway star candidates. The other six stars are not consistent with coming from a known star-forming region.
We investigate the effect of adopting a parallax zero-point correction, which strongly impacts our results: when applying this
correction, we identify only 12 stars with Py, > 50 per cent, 3 of these having Py, > 80 per cent. Spectroscopic follow-ups with

ground-based telescopes are needed to confirm the candidates identified in this work.
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1 INTRODUCTION

The majority of nearby stars rotate coherently with the Sun around
the Galactic centre in the shape of a flattened disc (Oort 1927)
with a velocity ~240kms~! (Bland-Hawthorn & Gerhard 2016).
The halo of the Milky Way, a diffuse stellar component extending
far beyond the disc and showing large random motions, exhibits
a typical velocity dispersion ~150kms~! (e.g. Smith et al. 2009;
Evans et al. 2016). Observations reveal the presence of nearby
objects with motions deviating significantly from these components:
high-velocity stars, moving remarkably faster than the surrounding
neighbours. These objects are unique tools to probe our Milky Way;
they travel through the Galaxy during their lifetime, being observed
far away from their birthplace, and they give us insights into some of
the most extreme phenomena in the local Universe. Fast stars have
been observed across the whole velocity spectrum, up and beyond the
escape speed from the Galaxy, which decreases from ~530kms~!
at the Sun position (Deason et al. 2019) to ~380 km s~'in the outer
halo (Williams et al. 2017).

Historically, two main ejection mechanisms have been introduced
to explain the puzzling observations of young O- and B-type stars at
high Galactic latitudes, the so-called runaway stars (Blaauw 1961).
The first scenario involves the explosion of a supernova in a binary
system, with the companion star being ejected with a high velocity
(Blaauw 1961; Portegies Zwart 2000). The other possible explanation
involves close encounters in dense stellar systems (Poveda, Ruiz &

* E-mail: tommaso.marchetti @eso.org

Allen 1967). Both scenarios have been shown to be responsible for
the observed population of runaway stars, even if the relative contri-
bution given by these mechanisms is still unclear (Hoogerwerf, de
Bruijne & de Zeeuw 2001; Silva & Napiwotzki 2011). The majority
of runaway stars produced by both scenarios have typical velocities
below ~10kms~! (Portegies Zwart 2000; Eldridge, Langer & Tout
2011; Renzo et al. 2019), the so-called walkaway stars (de Mink
etal. 2014). Highest velocities up to several hundreds of kms~' can
be attained for particular combinations of the parameter space (e.g.
Leonard & Duncan 1990; Portegies Zwart 2000; Przybilla et al. 2008;
Gvaramadze, Gualandris & Portegies Zwart 2009; Renzo et al. 2019),
and predicted upper limits are around 450 km s~! for early-type stars
(Irrgang et al. 2019). Runaway stars of lower masses can be ejected
with unbound velocities (Leonard 1991; Tauris 2015), but the rate of
ejection of unbound runaway stars (also called hyper-runaway stars)
is predicted to be extremely small (Perets & Subr 2012; Brown 2015;
Evans, Renzo & Rossi 2020).

Extremely high velocities of the order of thousands of kms™
can instead be easily reached by hypervelocity stars (HVSs), first
predicted by Hills (1988) as the result of a close interaction between
a binary system and the massive black hole residing in the Galactic
centre (see Brown 2015, for a comprehensive review on HVSs).
The first HVS candidate was observed by Brown et al. (2005) while
targeting blue horizontal branch stars in the outer halo of the Milky
Way. This star has a total velocity of 673kms~!, which is high
enough to escape from the gravitational field of the Galaxy (Brown,
Geller & Kenyon 2014). A following dedicate survey, the MMT
HVS Survey, discovered a total of 21 late B-type HVSs, unbound
from radial velocity alone (Brown et al. 2014, 2015). The fastest HVS
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has been recently discovered by Koposov et al. (2020): S5-HVSI,
an A-type star at a distance of ~9kpc from the Sun, with a total
velocity of ~1700kms~'. The velocity vector of S5-HVS1 points
unambiguously away from the Galactic centre, making the Hills’
mechanism the only possible explanation for its extreme acceleration.
The unique property of HVSs is that, given their unbound velocities,
they can travel hundreds ofkpc during their lifetime, with their
orbit being shaped by the underlying Galactic potential. HVSs can
therefore be used as tools to probe the shape and the orientation of
the matter (and dark matter) distribution in our Galaxy (e.g. Gnedin
et al. 2005; Yu & Madau 2007; Contigiani, Rossi & Marchetti
2019), even if tight constraints are hampered by the precision of
currently available data (Rossi et al. 2017). The same mechanism
producing HVSs is expected to eject a population of bound HVSs,
with velocities sufficiently high to escape the gravitational field of
the massive black hole, but not to exceed the escape velocity from the
Galaxy (e.g. Bromley et al. 2006; Kenyon et al. 2008). The ejection
velocity distribution in the Galactic centre is expected to peak at
bound velocities (e.g. Rossi, Kobayashi & Sari 2014), and bound
candidates are expected to outnumber unbound HVSs from the inner
bulge to ~10kpc beyond the solar neighbourhood (Kenyon et al.
2014; Marchetti et al. 2018).

Other ejection mechanisms have been introduced to explain the
observations of stars exceeding the known limits for runaway stars.
These include, but are not limited to, the ejection of runaway stars and
HVSs from the Large Magellanic Cloud (LMC; Boubert & Evans
2016; Boubert et al. 2017), the acceleration of single stars following
the interaction between a black hole binary made of Sagittarius A*
and an intermediate mass black hole (Yu & Tremaine 2003; Sesana,
Haardt & Madau 2006; Rasskazov et al. 2019), tidal interactions of
dwarf galaxies with the Milky Way (Abadi, Navarro & Steinmetz
2009), and the infall of globular clusters towards the Galactic centre
(Capuzzo-Dolcetta & Fragione 2015; Fragione & Capuzzo-Dolcetta
2016). Relative contributions from the different mechanisms are still
unknown.

The European Space Agency (ESA) satellite Gaia has been
scanning the sky in the Lagrangian point L2 since 2014, with the goal
of producing the largest and most precise three-dimensional map of
the Milky Way (Gaia Collaboration 2016). The most recent Gaia data
release is the early third data release (EDR3), out on 2020 December
3 (Gaia Collaboration 2020). Gaia EDR3 contains positions and
magnitudes in the G band for ~1.81 billion sources, and parallaxes
and proper motions for a subset of ~1.47 billion sources (Lindegren
et al. 2020b). Gaia EDR3 provides also photometry in the blue pass
(BP) and red pass (RP) filters for ~1.55 million objects (Riello et al.
2020). While no new radial velocities are provided as part of Gaia
EDR3 (Seabroke et al. 2020), and the catalogue content is similar to
the one provided by the second Gaia data release in 2018 April (DR2,
Gaia Collaboration 2018a), the extended observational baseline of
34 months (compared to the 22 months of Gaia DR2) results into
more precise astrometric measurements. In particular, parallax errors
have reduced by a factor ~ 20 per cent, and proper motions are twice
more precise. In addition to the increased astrometric precision, also
an overall reduction of systematics has been achieved. The parallax
offset inferred from distant quasars has decreased from —29 pas
in Gaia DR2 to —17 pas in Gaia EDR3 (Lindegren et al. 2018,
2020a). Lindegren et al. (2020a) provide a tentative formula to correct
Gaia EDR3 parallaxes, as a function of the position, photometry
and astrometry of the source. Gaia DR2 provides radial velocities
for ~7.2 million bright stars (G < 13) with effective temperatures
in the range [3550, 6900] K (Katz et al. 2019), obtained with the
radial velocity spectrometer (RVS) on board of the satellite (Cropper
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et al. 2018). Boubert et al. (2019) introduced several quality cuts
to select reliable radial velocities from Gaia DR2, especially in
crowded fields, where nearby bright stars might contaminate the
radial velocity measurements. In Gaia EDR3, ~4000 erroneous
radial velocities from Gaia DR2 have been excluded, including all
the cases in which the absolute value of the radial velocity was
above 625 kms~! (Seabroke et al. 2020). In addition, ~10 000 radial
velocities from Gaia DR2 could not be associated with Gaia EDR3
sources (Seabroke et al. 2020). New information, including new
radial velocities, astrophysical parameters, spectra, and non-single
stars, will be included as part of the full third Gaia data release
(DR3), currently expected in the first half of 2022.2

Several papers used the precise astrometry (in particular proper
motions) from Gaia DR2 to revisit our knowledge on the fastest
stars in our Galaxy. Boubert et al. (2018) computed total velocities
for all the previous known unbound star candidates, finding that the
majority of the high-velocity late-type stars are likely to be bound to
the Milky Way. Brown et al. (2018) used the new Gaia DR2 proper
motion to test the origin of the known HVS candidates, confirming
that the fastest stars are still consistent with coming from the Galactic
centre. Erkal et al. (2019) traced back the orbit of one HVS candidate,
HVS 3, to the centre of the LMC, providing evidence for the existence
of a massive black hole with a mass of at least 4 x 10°—10* M.
Marchetti et al. (2018) predicted the expected population of HVSs
in Gaia, finding that, even if thousands of HVSs with precise proper
motions are already included in the Gaia catalogue, the missing
radial velocity measurement for the majority of them makes their
identification extremely challenging.

The high-velocity tail of the velocity distribution of stars with
full phase space information in Gaia DR2 has been characterized
by several works. Marchetti, Rossi & Brown (2019, hereafter M19)
derived distances and total velocities for all the ~7.2 million sources
in Gaia DR2 with full phase space information. The authors found
20 stars with probabilities higher than 80 per cent of being unbound
from the Galaxy. Surprisingly, the majority of these are on orbits that
are not pointing away from a known Galactic star-forming region
(such as the Galactic disc), but an extragalactic origin is preferred.
Bromley et al. (2018) focused on a subset of the same sample, finding
2 stars with a probability ~ 100 per cent of being unbound from the
Galaxy. In addition, the authors found 19 stars with precise parallaxes
and proper motions that are unbound in tangential velocity alone.
Hattori et al. (2018) reported the discovery of 30 old, metal-poor stars
with total velocities higher than 480 km s~!, and provided constraints
on the mass of the Milky Way, under the assumption that these stars
are bound to the Galaxy. In this work, we update the results found
in M19, revisiting the high-velocity tail of the velocity distribution
of stars with Gaia DR2 radial velocities, using the new, precise
astrometry from Gaia EDR3. We derive distances and total velocities
for all the stars with precise and positive parallaxes, and we trace-
back in the Galactic potential the stars with highest probabilities of
being unbound.

This paper is organized as follows. In Section 2, we detail our
method to derive distances and velocities for the stars with full phase
space information and precise parallaxes from Gaia DR2 and Gaia
EDR3. In Section 3, we show the spatial and velocity distributions
for the whole sample of stars, and we identify a clean subset
of high-velocity stars with accurate Gaia measurements and high
probabilities of being unbound from the Galaxy. Next, in Section 4
we trace-back in the Galactic potential the candidates with the highest

Zhttps://www.cosmos.esa.int/web/gaia/release, accessed on 2021 January 28
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Figure 1. Aitoff projection of the sky density in Galactic coordinates of the
7209831 sources in Gaia EDR3 with radial velocities from Gaia DR2. We
histogram-equalized the colourmap to increase the density contrast.

probability of being unbound from the Galaxy to characterize their
orbits and to identify their ejection location. We introduce individual
high-velocity star candidates in Section 5. In Section 6, we correct
Gaia EDR3 parallaxes using the zero-point correction introduced
in Lindegren et al. (2020a), and we explore its impact on the high-
velocity star candidates identified in this work. Finally, we discuss
our findings and present our conclusions in Section 7.

2 DERIVING DISTANCES AND TOTAL
VELOCITIES

Gaia EDR3 provides right ascension «, declination §, parallax @,
and proper motions [ty and s (the full 5-parameters astrometric
solution?) for 1467744818 stars (Gaia Collaboration 2020). A sample
of 7209 831 bright stars with Gaia magnitudes G < 13 have radial
velocities from Gaia DR2 (Seabroke et al. 2020), and will be the
main focus of this work. 6 per cent of these stars have a SOURCE_ID
in Gaia EDR3 different from the one reported in Gaia DR2. The
density of these sources, in Galactic coordinates, is shown in Fig. 1.
We can clearly see the overdensity along the Galactic plane, with
features related on large scales to dust structures and, on smaller
scales, to the Gaia scanning law and the RVS selection function.
A total of 7180466 of these sources have also full astrometry from
Gaia EDR3. In this Section, we derive distances and velocities in
the Galactocentric rest-frame for this sample of stars with full phase
space information. We follow the same approach outlined in M19,
which we report here again for clarity.

Deriving an accurate distance from an observed parallax is
straightforward as d = 1/o only when @ > 0 and f =0,/ <
20 per cent (Bailer-Jones 2015; Luri et al. 2018), where o, is the
reported random uncertainty in parallax. In this paper, we thus
choose to focus only on the subset of 6969 738 stars with precise
parallaxes satisfying these criteria (~ 97 per cent of the total sample
of stars with full phase space information). The sky density of this
subset of stars does not differ appreciably from the one shown in

3In Gaia EDR3, a distinction has been made between the 5-parameters
and the 6-parameters astrometric solutions (Lindegren et al. 2020b). The
extra parameter is the astrometric pseudo-colour, which is determined for
882328 109 Gaia EDR3 sources. A total of 238 890 of the 7209 831 Gaia
EDR3 sources with radial velocities from Gaia DR2 have a 6-parameters
solution (~ 3 per cent). In this paper, we do not distinguish between the
two types of astrometric solutions, and we use the pseudo-colour only
in Section 6, when estimating the zero-point in parallax for each source,
following Lindegren et al. (2020a).
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Fig. 1. In principle, a Bayesian approach can be implemented to
infer distances for stars with noisy or even negative parallaxes (see
Bailer-Jones 2015; Astraatmadja & Bailer-Jones 2016a,b; Bailer-
Jones et al. 2018; Luri et al. 2018; Bailer-Jones et al. 2020), but the
resulting distance (and therefore total velocity) depends strongly on
the choice of the prior probability on distances P(d; e.g. Astraatmadja
& Bailer-Jones 2016b; Marchetti et al. 2017). Since our goal is to
identify a clean, precise sample of high-velocity stars in the Milky
Way, we do not follow this approach, and we choose to restrict our
analysis to the sources with precise parallaxes, for which we can get
a clear identification of their trajectory. The remaining 210 728 stars
with either o < 0 or f > 20 per cent are not considered further in
this work. We note how the number of stars with positive and precise
parallaxes increased from ~ 89 per cent of the sample of stars with
astrometry and radial velocities in Gaia DR2, to ~ 97 per cent in
Gaia EDR3.

For the subset of ~7 million stars with precise and positive
parallaxes, we implement a Monte Carlo (MC) simulation to derive
distances and velocities starting from the observables («, 8, @, Lo«
s, VUrag) and their corresponding uncertainties o;. We draw 5000
MC realizations of the astrometry of each star from a multivariate
Gaussian distribution, with mean vector:

m= [/’La*a:u/z%w], (1)

and covariance matrix

or. O Oy P(Harks 145) Opiy Oy (g @)
2 = | 0. 00, P(has. 1s) o2, 04, 0w p(s @) | 2)
0110 O PP T) 0y Oy Py o) o2

where p(i, j) is the correlation coefficient between the two given
astrometric parameters i and j. In the equations above, we have
neglected uncertainties and correlations in the sky coordinates o
and §, which are subdominant. Typical uncertainties in parallaxes
are ~0.02—0.03 mas for the sample of bright stars considered in this
paper, and typical errors in proper motions are ~0.02—0.03 mas yr~!
(Gaia Collaboration 2020). Radial velocities from the spectrometer
on board of Gaia are not correlated to the Gaia EDR3 astrometry,
so we draw the same number of MC radial velocity samples from a
univariate Gaussian distribution centered on v.,q and with standard
deviation equal to o, ,. Typical errors in Gaia DR2 radial velocities
are of the order of ~200—300 m s~' at the bright end, and of a
few km s~! at the faint end (Katz et al. 2019).

Distances are derived by inverting the MC parallax samples, d =
1/w . To compute Cartesian coordinates and velocities in the Galac-
tocentric frame, we assume a distance of the Sun from the Galactic
Centre of ro = 8.122 kpc (Gravity Collaboration 2018), a height of
the Sun above the Galactic disc of zo = 25 pc (Bland-Hawthorn &
Gerhard 2016), a circular velocity at the Sun’s position of 235 km s~!
and a Sun’s peculiar velocity vector vo, = [11.1, 12.24, 7.25] km s~!
(Schonrich, Binney & Dehnen 2010). We compute Galactic rectan-
gular velocities (U, V, W) following the convention that U is positive
when pointing towards the Galactic Centre, V in the direction of
Galactic rotation, and W towards the North Galactic Pole (Johnson &
Soderblom 1987). The total velocity of each star in the Galactocentric
frame is then obtained as vge = VU? + V2 + W2,

Finally, we estimate the probability P, of each star of being
unbound from the Milky Way as the ratio of MC realizations resulting
in a total velocity vgc higher than the escape speed from the Galaxy
at the position of the star. We compute the escape speed as a function
of distance using the same Galactic potential model that we use for
the orbits integration, as detailed in Section 4. The resulting value at
the Sun’s position is ~560 km s~!, consistent within the uncertainties
with the estimates from Smith et al. (2007), Williams et al. (2017),

Gz0zZ AInp 0g U Jasn a10n) o10es [9q B9110NED AlUN A 850GS L9/ ZE L/L/E0S/DI0NE/SEIUW/LIO0D dNODILSPED.//:SA)Y WO} POPEOJUMO(



0 200 400 600 800
vae [km/s]

Figure 2. Histogram of median total velocities in the Galactic frame for all
the 6969 738 stars with precise and positive parallaxes considered in this paper
(the black line). The purple line shows the 5191 458 objects surviving the qual-
ity cuts RUWE < 1.4, DR2_RV_NB_TRANSITS >4 and o, /vGc < 30 per cent.
The light blue histogram shows the distribution for the clean subset of 94
stars with Py, > 0.5, as discussed in Section 3.1.

and Monari et al. (2018), and slightly higher than the value reported
in Deason et al. (2019).

In Section 6, we discuss the impact of adopting a zero-point
correction to Gaia EDR3 parallaxes, following the approach outlined
in Lindegren et al. (2020a). A comparison between the distances
derived in this work and those recently inferred in Bailer-Jones
et al. (2020) for ~1.47 billion stars in Gaia EDR3 is presented
in Appendix A.

3 SPATIAL AND VELOCITY DISTRIBUTIONS

Following the methodology described in Section 2, we can now
study the three-dimensional spatial and velocity distributions of our
sample of stars. We publish the resulting catalogue of positions
and velocities as a single Flexible Image Transport System (FITS)
file, publicly available here. The list of the catalogue columns is
provided in Appendix B. In the following, we will report and plot
our results in terms of the median of the distribution, with lower and
upper uncertainties computed using the 16th and 84th percentiles,
respectively.

Fig. 2 shows the histogram of the median total velocities in the
Galactocentric rest-frame for all the stars considered in our analysis
with a black line. Comparing this to the findings of M19 (see their
fig. 1), we note how the high-velocity tail of the distribution extends
to lower values. This is due to the fact that stars with extremely high
velocities (>1000kms~') are likely due to be artefacts resulting
from noisy parallaxes, which we do not consider in this work.

In Fig. 3, we show the total velocity in the Galactocentric frame
vge as a function of distance from the Galactic centre rgc. The
overdensity of sources at rgc ~ 8kpc and vge ~ 250km s7!
corresponds to nearby bright disc stars, and we see how the density
decreases with increasing velocities. The grey-dashed line shows the
escape velocity as a function of distance computed using the potential
model described in Section 4. In Fig. 4, we show the Toomre diagram
for the stars in our sample. This diagram is useful to distinguish
between different populations of stars (thin disc, thick disc, and
halo), based on their kinematics (e.g. Venn et al. 2004). On the x-
axis we plot V, the Galactocentric component of the velocity along
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the direction of Galactic rotation, while on the y-axis the component
orthogonal to V. We see that the majority of sources move on rotation
supported, disc-like orbits centered on the value of the local standard
of rest (Gaia Collaboration 2018b). An extended and more diffuse
population of stars with halo-like kinematics is visible centered at
V = 0, with a larger spread in ~/U? + W2 (e.g. Bonaca et al. 2017,
Koppelman, Helmi & Veljanoski 2018; Yan et al. 2020).

In Fig. 5, we plot the spatial distribution of the stars in our
sample, with the left-hand panel showing the distribution in Cartesian
Galactocentric coordinates (xgc, Yoc), and the right-hand panel the
distribution in (xgc, Zgc)- As expected, both plots show that the peak
of the distribution is at the Sun’s position at —8.122kpc on the x-
axis, and the majority of stars lie within a few kpc of the Galactic
plane. Several features related to the presence of extinction are visible
especially at low Galactic latitudes in the direction of the Galactic
centre. Comparing these figures to figs 4 and 5 in M19, we notice
how the combined effect of the increasing precision of Gaia EDR3
parallaxes and the removal of star with noisy parallaxes results in a
decrease in the number of sources at high Galactic latitudes and at
large distances in the direction of (and beyond) the Galactic centre.

Before discussing the population of stars with total velocities in
excess of the local escape speed shown in Fig. 3, in the following
Section we will apply several quality cuts to the Gaia astrometry and
radial velocities, to select a clean sample of high velocity candidates.

3.1 Selecting a clean sample of high-velocity stars

A selection of clean, well-behaved sources is essential when focusing
on a subset of stars in a catalogues with million of entries. This is
particularly true when searching for velocity outliers, since a wrong
parallax, proper motion, and/or radial velocity can easily result into
a wrong high-velocity object. We choose to apply the following
quality cuts to our sample of stars, to remove possible outliers or
instrumental artefacts:

(i) RUWE <1.4;
(ii) DR2_RV_NB_TRANSITS >4,

The Renormalized Unit Weight Error (RUWE) is the recommended
Gaia EDR3 goodness-of-fit statistic to select astrometrically well-
behaved sources (Lindegren et al. 2020b), and it is provided as
a part of the Gaia EDR3 main catalogue. This is the magnitude
and colour renormalized version of the unit weight error (UWE),
which is defined as the square root of the reduced astrometric chi-
squared statistic.* The distribution of this quantity should peak at
1 for those sources for which the astrometric model (assuming
single stars moving with uniform velocity) is a good fit to the
observations. Possible sources showing an excess of RUWE include
extended objects, variable stars, and multiple systems, for which the
centre of light and the centre of mass do not coincide (see Belokurov
et al. 2020; Penoyre et al. 2020). Lindegren (2018) shows how the
cut RUWE <1.4 selects the 70 per cent astrometrically best sources,
which justifies our selection above.

Our further cut on the number of transits used to compute the
radial velocity in Gaia DR2 ensures that each star is observed a
sufficient number of times for the radial velocity to be representative
of the velocity of the system. In contrast with M 19, here we follow
Boubert et al. (2019), that shows that a value >4 retains a larger
number of stars with a reliable radial velocity compared to the
commonly used cut DR2_RV_NB_TRANSITS >5. This cut also helps

4See the Gaia technical note GAIA-C3-TN-LU-LL-124-01.
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Figure 3. Total velocity in the Galactocentric frame as a function of distance from the Galactic centre for the ~7 million stars with a radial velocity from Gaia
DR2, and with positive and precise parallaxes from Gaia EDR3. Colour is proportional to the logarithm of the density of sources in each bin. The grey-dashed
line marks the escape speed from the Galaxy, computed using the GALA potential MILKY WAYPOTENTIAL (Price-Whelan 2017, refer to Section 4). The light blue
points with errorbars represent our clean sample of 94 high-velocity stars with Py, > 0.5. The green stars mark the subset of 11 Galactic stars with Py, > 0.8
and Pyw > 0.5, and the red triangles the six extragalactic stars with Py, > 0.8 and Pyrw < 0.5 (see Section 5).
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Figure 4. Toomre diagram for all the stars analyzed in this work. Colours
and markers are the same as in Fig. 3.

removing stars with blended spectra, which might have wrong radial
velocities due to the presence of a nearby bright star (Boubert et al.
2019).

By applying the quality cuts described above, we are left with a
total of 5208 323 stars (~ 72 per cent of the original sample) with
reliable astrometry from Gaia EDR3 and radial velocities from Gaia
DR2. We further select stars with relative errors in total velocities

MNRAS 503, 1374-1389 (2021)

Ovge/VGe < 30 per cent, where we compute o0,,. by summing in
quadrature the lower and upper uncertainties on the total velocity
of each star. 5191458 stars survive this additional cut. The velocity
distribution of these stars is shown in purple in Fig. 2, where we can
see that the cuts above exclude some of the fastest objects, which
are likely to be instrumental artefacts, while retaining a few stars
with vge > 700kms~!. As a final cut, since we are interested in
the fastest objects with high probabilities of being unbound from the
Galaxy, we select sources with Py, > 50 per cent, for a total of 94
stars. A totla of 17 of these stars have Py, > 80 per cent, and will be
discussed in more details in Section 5. Our cuts are summarized in
Table 1, showing the number of stars surviving each cut.

Our clean sample of high-velocity stars with Py, > 0.5 is marked
in light blue in Fig. 2 and following figures, where we also plot the
uncertainties associated with this subset of stars. Looking at Fig. 3,
we see the presence of a few unbound objects with extremely high
and precise total velocities that do not survive the quality cuts detailed
above. These stars are likely not to be true high-velocity stars, but
‘normal’ stars with either a not reliable astrometry (RUWE >1.4) or
a possibly wrong radial velocity (DR2_RV_NB_TRANSITS <4), which
mimics a high-velocity star. If we look at the sky distribution of the
clean high-velocity stars identified in this work, shown in Fig. 5,
we see that high-velocity stars are observed mostly at high Galactic
latitudes, in the direction of the Galactic centre.

Fig. 6 presents the observational Hertzsprung—Russell diagram
for all the ~7 million sources considered in this work, showing the
absolute magnitude in the Gaia EDR3 G band (computed assuming
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Figure 5. Distribution of stars on the Galactic plane (left-hand panel) and in the (xGc, zgc) plane (right-hand panel). Horizontal grey lines in the right-hand
panel mark the edges of the thick disc at £3 kpc (Carollo et al. 2010). The coordinates of the Sun are (xo, yo, z0) = (— 8.211, 0, 0.025) kpc. Colours and

markers are the same as in Fig. 3.

Table 1. Summary of the cuts employed to select a clean subset of high-
velocity stars. The column N5 denotes the number of stars in Gaia EDR3
surviving each cut. The bulk of the analysis of this paper relies on the sample of
6969 738 stars with precise astrometry from Gaia EDR3 and radial velocities
from Gaia DR2.

Cut Nstars
Number of stars in Gaia EDR3 1811709 771
Vrad from Gaia DR2 7209 831
parallax and proper motions from Gaia EDR3 7180 466
w > 0,04/ <20% 6969 738
RUWE <1.4 6061 394
DR2_RV_NB_TRANSITS >4 5208 323
Ovge/vae < 30% 5191 458
Pup > 50% 94

Py > 80% 17

Mg

Figure 6. Colour—magnitude diagram for the stars considered in this work.
Colours and markers are the same as in Fig. 3.

the median distance derived in Section 2) as a function of the colour
in the Gaia EDR3 BP Ggp and RP Ggp. Most of the high-velocity
stars are identified to be giants, consistently with the Gaia DR2 RVS
results presented in M 19, with the discussion in Hattori et al. (2018),

and with the results from high resolution spectroscopy presented in
Hawkins & Wyse (2018). Note that we do not correct magnitudes
and colours for extinction. The absence of early-type high-velocity
stars is not surprising since Gaia DR2 provides radial velocities for
stars with effective temperatures in the range [3550, 6900] K (Katz
et al. 2019).

4 ORBIT INTEGRATION

In this section, we perform orbital integration for our sample of 94
clean high-velocity stars with probabilities higher than 50 per cent of
being unbound from the Milky Way, using the PYTHON package GALA
(Price-Whelan 2017). We use the GALA potential MILKY WAYPOTEN-
TIAL, a mass model of the Milky Way consisting of four different
components. The bulge and the nucleus are modelled as a Hernquist
spheroid (Hernquist 1990):

GM;
rec+ 1

¢i(rec) = — (3)

with i = b, n for the bulge and the nucleus, respectively. The
stellar disc is modelled as a Miyamoto & Nagai axisymmetric disc
(Miyamoto & Nagai 1975) in Cylindrical coordinates (Rgc, Zgc):

GM,
=,
\/ R&c + (ad +Vzge + bﬁ)

and the dark matter halo follows the spherically symmetric Navarro—
Frenk—White (Navarro, Frenk & White 1996) profile:

M ln(l + rG—C) )

Ts

“

¢a(Rae, 26e) = —

G
¢n(re) = —

r'Ge

The characteristic parameters of each component are the best-fitting
parameters to mass measurements of the Milky Way out to ~150 kpc
(Bovy 2015), and they are reported in Table 2.

We integrate the orbit of each star back in time for a total time
of 1Gyr, with a time-step of 0.1 Myr. Following the same method
outlined in Section 2, we draw 5000 MC realizations of the orbit of
each star starting from the MC samples of the observables, and we
then derive the eccentricity, the energy and the angular momentum.

In Fig. 7, we plot the absolute value of the maximum distance from
the Galactic plane |Z,,,x| as a function of the eccentricity of the orbit.

MNRAS 503, 1374-1389 (2021)
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1380 T. Marchetti

Table 2. Characteristic scale parameters used in
the GALA potential MILKY WAYPOTENTIAL (Bovy
2015; Price-Whelan 2017).

Component Parameters
Bulge My =5.00 x 10° Mg
rp, = 1.00 kpc
Nucleus M, =1.71 x 10° Mg
rn = 0.07 kpc
Disc My =6.80 x
10'° Mg
ag = 3.00kpc
bg = 0.28 kpc
Halo My =5.40 x
10" Mg
ry = 15.62 kpc

102.
o
=
= 10'4
g
E
S S A SO R .|} GO,
104
107!
0.6 0.7 0.8 0.9 1.0
eccentricity

Figure 7. Maximum distance from the Galactic plane |Znax| as a function of
eccentricity for the clean sample of 94 high-velocity stars with Py, > 0.5. 8
stars for which the eccentricity could not be determined from their orbits are
not shown in this plot. The green stars (the red triangles) mark the sample of
Galactic (extragalactic) stars.

This plot provides information on the shape of the orbit and of the
vertical oscillations, and it has been used to identify stars moving on
similar orbits (e.g. Boeche et al. 2013; Hawkins et al. 2015). We note
that |Zax | 1s systematically above 3 kpc (the horizontal dashed line)
for the majority of our sources, corresponding to the edge of the thick
disc (Carollo et al. 2010). As expected, all of our candidates have
very large eccentricities, compatible with the population of fast halo
stars, and they can reach very large distances from the Galactic disc
during their orbits, with values of |Z.«| up to several hundreds of
kpc. We note that, since these stars are unbound in the majority of the
MC realizations, the value of |Z,,«| depends on the total integration
time, which we arbitrarily set to 1 Gyr.

In our search for HVSs, we want to test whether our best candidates
are consistent with coming from the very inner region of the Galaxy.
For each orbit, we thus keep track of each Galactic disc crossing
(Galactic latitude b = 0), to identify the possible ejection location.
Following M 19, we define the crossing radius r, as the distance from
the Galactic centre attained by the star during one disc crossing:

re =4/x24y2, (6)

MNRAS 503, 1374-1389 (2021)
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Figure 8. Minimum crossing radius rmi, as a function of orbital energy per
unit mass E for the same stars plotted in Fig. 7. The vertical dashed line
separates bound (E < 0) from unbound (E > 0) orbits. Colours and markers
are the same as in Fig. 7. Extragalactic stars that never crossed the Galactic
disc in the past 1 Gyr are not shown in this plot, since for these objects it is
not possible to determine rpip.

where x and y. are, respectively, the x and y Cartesian Galactocentric
coordinates at the moment of the disc crossing. Note that since these
stars have high probabilities of being unbound from the Galaxy, there
is a maximum of one crossing of the Galactic plane per orbit in the
majority of the MC realizations. In the case of bound realizations
with multiple disc crossings, we define rpy;, as the minimum value of
r.. In Fig. 8, we plot the minimum crossing radius 7y, as a function
of the orbital energy per unit mass E. We see how our stars travel
on unbound orbits (E > 0), and typical values of ry,;, range from a
few kpc to more than 100 kpc. Five stars are consistent with having
rmin < 1kpc within the uncertainties, so the Galactic centre cannot
be excluded as the ejection location for these sources.

5 HIGH-VELOCITY STAR CANDIDATES

In this section, we discuss our most promising candidates, the 17 stars
with Py, > 0.8. Their Gaia EDR3 identifiers, the observed properties
from Gaia EDR3, and a few quantities derived in this work are listed
in Table 3. Median total velocities range from ~600kms~! to more
than 800 km s~!, and there are 12 stars with Py, > 0.9.

In addition to the cuts discussed in Section 3.1, we check that none
of these stars is flagged as a DUPLICATED_SOURCE in Gaia EDR3
(which might point to multiplicity or to cross-matching problems
in crowded fields). In addition, we inspect the Gaia EDR3 column
IPD_GOF_HARMONIC_AMPLITUDE, which measures the amplitude of
the variation of the reduced chi-square of the image parameters
determination module as a function of the scan direction. A large
value might be due to multiplicity of the source, which might in turn
affect the astrometry and radial velocity determination. We check
that this value is <0.05 for all of our sources.

Finally, we check the distribution of the Gaia EDR3 column
VISIBILITY _PERIODS _USED. A visibility period is defined as a group of
observations separated by more then 4 d from the other groups, and
a value greater then 8 is required internally for the full astrometric
solution (Lindegren 2018; Lindegren et al. 2018, 2020b). All of our
sources have VISIBILITY -PERIODS_USED > 13, suggesting again a reli-
able astrometry. Furthermore, all the stars have DR2_RV_NB_TRANSITS
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>5. In addition, the Gaia EDR3 SOURCE_ID is equal to the Gaia DR2
SOURCE.ID for all of the sources.

In M 19, we found that more than half of the stars with probabilities
> 80 per cent from the Galaxy have orbits that never intersected
the Galactic disc in the past therefore they are not consistent with
being ejected from a known Galactic star-forming region. These stars
were therefore labelled as extragalactic. Here, we follow the same
approach as in M19, and we divide our sample of 17 clean high-
velocity stars with Py, > 80 per cent in Galactic and extragalactic
stars. We define the probability of coming from the Milky Way disc
Pyw as the fraction of MC realizations resulting into the orbit of the
star intersecting the Galactic disc, which translates into the following
condition on the minimum crossing radius: ry,;, < 25kpc (Xu et al.
2015). A high value of Py is anecessary condition for both HVS and
hyper-runaway star candidates. We define as Galactic stars those stars
with Pyyw > 0.5, and as extragalactic stars those sources satisfying
Pyw < 0.5. The best unbound candidates discovered in M19 are
revisited using the new Gaia EDR3 astrometry in Appendix C.

Table 4 shows Galactocentryc cylindrical coordinates, energy per
unit mass E, the minimum crossing radius ry;,, the ejection velocity
vej, and the flight time ¢ for the sample of stars with Py, > 0.8.
We compute the ejection velocity as the total velocity of the star
at the moment of crossing the Galactic disc, and the flight time as
the time spent between the disc crossing and the current observation
of the source. The minimum crossing radius, the ejection velocity
and the flight time are defined only for the sample of Galactic stars.
The position of these stars in Galactocentric cylindrical coordinates
is shown in Fig. 9, where the arrows point in the direction of the
total velocity vector. From this plot, we can clearly see that Galactic
stars point away from the Galactic disc (horizontal dashed line at zgc
= 0), while extragalactic stars are currently pointing away from an
unknown star-forming region. In the following, we will present and
discuss the most interesting objects.

5.1 Galactic stars

In total, 11 of the clean sample of 17 stars with P, > 0.8 have Py
> 0.5, and are therefore labelled as Galactic stars. They are marked
as the green stars in Fig. 3 and following figures. These stars could
be either HVS or hyper-runaway star candidates. Looking at the
distribution of the minimum crossing radii, shown in Fig. 8, we can
see that the minimum crossing radius is around 3.5 kpc, with typical
values of several tens of kpc. We can therefore conclude that the
Galactic centre is excluded as the ejection location of these stars, and
therefore there are no HVS candidates, consistently with predictions
from simulations (Marchetti et al. 2018). We will discuss this further
in Section 7.

Ejection velocities are in the range ~600—820 km s~!, challenging
for the current model predictions or hyper-runaway stars. We note
that all ejection velocities are higher than the current upper limit of
~450km s~! for early-type stars, but this is not surprising since our
sources are likely to be giants (see Fig. 6). Flight times from the
stellar disc are of the order of a few tens of Myr, consistent with
the extreme observed velocities, and are much shorter then typical
lifetimes of giant stars. All of the Galactic stars have probabilities
Pyw > 0.9 except for Gaia EDR3 6065230602133664000, which
has Pyw ~ 0.6. This can be seen in Fig. 9, where its velocity vector
is almost parallel to (but slightly point towards) the Galactic disc.

Gaia EDR3 1383279090527227264 was already identified as a
Galactic hyper-runaway star in M19, Bromley et al. (2018) and Du
et al. (2018). With a total velocity of more than 800kms~' and
a probability of being unbound P,, = 1, this star is our strongest

MNRAS 503, 1374-1389 (2021)

hyper-runaway candidate.’ The new distance derived from the Gaia
EDR3 parallax is ~7.7 kpc, lower than the 8.5 kpc reported in M19
and Bromley et al. (2018). Its ejection velocity is estimated to be
~800kms~!, and it was ejected from the Galactic disc ~11 Myr
ago. Another possible origin for this object is discussed in Bromley
et al. (2018), which suggest that this star could have originated from
the LMC, having an orbit passing ~15kpc from the LMC centre,
~70Myr ago. We test this possibility using the new Gaia EDR3
astrometry. We find that the minimum distance of its trajectory from
the centre of the LMC is now ~50 kpc, which excludes the LMC as
a possible origin for this star.

The other Galactic candidates are not reported in M19, Bromley
et al. (2018), Hattori et al. (2018), and Du et al. (2018), so they are
new hyper-runaway star candidates from Gaia EDR3.

5.2 Extragalactic stars

The other 6 of the 17 stars with P, > 0.8 have Pyw < 0.5, and
therefore an extragalactic origin is preferred for these sources. These
stars are marked as red triangles in Fig. 3 and following figures.
Looking at Fig. 9, it is evident that these sources are pointing away
from the stellar disc. Therefore, if confirmed, these objects need to
have formed either in the stellar halo (e.g. Hambly et al. 1996) or to
come from a disrupting satellite (e.g. Abadi et al. 2009).

Total velocities of these stars range from ~620 to ~720kms~!,
and their distribution in Galactic coordinates in Fig. 5 shows that they
are mostly observed at high Galactic latitudes. None of these stars
are listed as an unbound candidate in M19, Bromley et al. (2018),
Hattori et al. (2018), or Du et al. (2018).

Gaia EDR3 2038763839481341056 is observed at a Galactic
latitude b ~ 7° (zgc ~ 1.9kpc) therefore even it is classified as
an extragalactic star, it is likely to have originated in the Galactic
disc of the Milky Way. This is also confirmed by its trajectory, which
runs parallel to the disc (see Fig. 9).

6 PARALLAX ZERO-POINT

In this section, we discuss the impact of assuming a zero-point in
Gaia EDR3 parallaxes. The difference between the observed parallax
of a star in Gaia EDR3 and the true parallax of the source can
be modelled as the sum of a random error r with mean zero and
variance given by the square root of the quoted parallax uncertainty,
and a systematic error s (Lindegren et al. 2018; Arenou et al. 2018;
Lindegren et al. 2020b). The mean value of the systematic error s
is the parallax zero-point @ ,,. In Gaia EDR3, the median value of
@, for quasars is —17 pas (Lindegren et al. 2020a). In principle,
@, is expected to be a complex function of the magnitude of
the source, its colour, its position on the sky, and possibly on a
number of other variables. Following Lindegren et al. (2020a), this
can be modelled as being dependent on the Gaia EDR3 columns
PHOT_-G_-MEAN_MAG (the magnitude of the star in the Gaia EDR3
G band), ECL_LAT (the ecliptic latitude of the star), PSEUDOCOLOUR
(the pseudo-colour of the source estimated using the astrometry),
NU_EFF_USED_IN_ASTROMETRY (the effective wavenumber of the
star used in the astrometric fit), and ASTROMETRIC_PARAMS_SOLVED
(indicating which astrometric parameters were determined for the
star). Estimating the zero-point for each star in our sample, we find
that typical values of @ ,, range from —80 pas to ~0, as shown in

SThis is also confirmed when correcting for the parallax zero-point, as
reported in Section 6.
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Unbound stars in Gaia EDR3 1383

Table 4. Galactocentric cylindrical coordinates (RGc, zgc), energy per unit mass £, minimum crossing radius rmin, ejection velocity vej, and flight time #¢ for

the clean sample of 17 stars with Py, > 0.8. Stars are ordered as in Table 3.

Gaia EDR3 ID Rac zGe E Fmin Vej Ig
(pe) (pe) (kpe® Myr~?) (pe) (kms™") (Myr)
Galactic
138 627 0.106 1163 113 0.3
1383279090527227264 7558% 4, 577471 0.191%5 %% 124127% 508 796744 10.9%)3
191 1212 0.131 3117 148 0.2
1375165725506487424 6972%¢] 82051 50; 0.161 039 200201304 728% 0% 21.0%53
400 1261 0.128 2819 148 0.5
1591615309672292224 9211730 82657958 0.143%7 028 1910615513 7087118 19.7793
973 309 0.167 3522 152 1.8
6703116567945367808 2821713 —2529130 0.172% 100 618873002 819710% 10445
504 478 0.125 2840 141 0.2
4337459232822884992 11985505 3317436 0.122% 507 12498357 708% 55 16.0703
1284 159 0.148 1571 150 0.2
5847216962695435392 8456743 —1218%3)3 0.1227 63 55821421 7667104 59703
390 100 0.067 22501 33 30.32
6065230602133664000 690732 9497} 0.0661)0%; 17538+2522 59613 354170
732 306 0.102 776 118 0.0
6090995247640198016 62117723 17497358 0.0761 ) 0s 5593472 706" 44 3100
1663 935 0.076 2065 100 0.0
2123569205674089856 1316311553 569713 0.055% s 1330513957 606713 9.670
994 1397 0.098 4863 63 3.6
6193551030782723072 6771750, 69707434 0.0467 1 02y 346873353 70275 17.4539
109 1232 0.089 3625 109 1.2
1477675943342041472 67581%¢ 85707953 0.057%) 052 12836153 61273 233417
Extragalactic
959 1329 0.132
1297316350890352000 5907200 7685 525 0.1241) 033 - - -
3644492029415356032 3648145 799011547 0.09970 018 - - -
4450458649852400640 33821330 4522%4%0 0.0587007% - - -
328 612 0.071
3859294747025975552 10173558 4591723 0.059%0 047 - - -
2822 388 0.106
2038763839481341056 13889F73% 19061355 0.0910 095 - - -
+445 +597 +0.079
6571360298580575104 382175 —5725752) 0.0497 501} - - -
Note. Derived quantities are quoted in terms of the median of the distribution, with uncertainties derived from the 16th and 84th percentiles.
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Figure 9. Distribution in Galactocentric cylindrical coordinates (Rgc, zGc)
of the clean sample of high-velocity stars with Py, > 0.8. The green stars
mark the Galactic stars, while the red triangles mark the extragalactic sources.
The arrows point in the direction of the total velocity vector vgc, and their
length is proportional to vgc. The horizontal dashed line at zgc = 0 marks
the position of the Galactic disc. The Sun is at (Rgc, zgc) = (8.122, 0.025)
kpc.

Fig. 10. The median of the distribution is at —33 pas, and the mode
is around —43 pas.

We subtract the estimated parallax zero-point to the quoted Gaia
EDR3 parallax for all the 7180466 sources with full Gaia EDR3
astrometry and radial velocities from Gaia DR2. Then, we derive
distances and total velocities for the sample of stars with o /(@
— @) < 0.2, for a total of 7065053 sources. For the subset of
221406 sources with 6-parameter solutions (~ 3 per cent), we draw

Wy [pias]

Figure 10. Histogram of the estimated parallax zero-point @, for the
sample of 7180466 stars with Gaia EDR3 astrometry and Gaia DR2 radial
velocities.

5000 MC samples from a multivariate Gaussian distribution, with
mean vector:

m = (g, s, @, Degr] @)

where D is the pseudo-colour of the source. The covariance matrix is
now expressed as a 4 x 4 symmetric matrix, with diagonal elements
= O‘iz, and off-diagonal elements X; = o,;0;0(i, j), with 7, j
being the astrometric parameters [iy«, [Ls, @, Derr. We then subtract
to each parallax sample the zero-point value estimated using the
corresponding pseudo-colour sample, and we derive distances and
total velocities as described in Section 2. The approach used for the
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sources with 5-parameter solutions is equivalent to the one outlined
in Section 2.

By applying the same quality cuts discussed in Section 3.1,
we find a total of 12 stars with reliable Gaia measurements and
with Py, > 0.5. 3 of them have P, > 0.8. The observational
and derived properties of the 12 stars with Py, > 0.5 are pre-
sented in Table 5. Following the approach discussed in Section 5,
seven of these sources are classified as Galactic hyper-runaway
star candidates, and five as extragalactic stars. A total of four
Galactic sources (Gaia EDR3 4337459232822884992, Gaia EDR3
6090995247640198016, Gaia EDR3 1383279090527227264, and
Gaia EDR3 1375165725506487424), and one extragalactic star
(Gaia EDR3 4182243409716233856) are in common with the
candidates selected in Section 5 and presented in Table 3. For these
stars, the classification in Galactic and extragalactic sources does
not depend on the inclusion of the parallax zero-point. We note that
velocities are lower than those reported in Table 3, since the effect
of the negative offset in parallax is to lower derived distances, and
therefore total velocities.

7 DISCUSSION AND CONCLUSIONS

We have fully characterized the high-velocity tail of the velocity
distribution of ~7 million stars with precise astrometry from Gaia
EDR3 and radial velocities from Gaia DR2. In Section 6, we
have investigated the impact of assuming a zero-point correction to
Gaia EDR3 parallaxes, using the approach outlined in Lindegren
et al. (2020a). We have derived positions and velocities in the
Galactocentric frame for all the stars, which are available in a FITS
catalogue accessible here. In Appendix B we detail the catalogue
content. We have further selected stars with reliable astrometry and
radial velocities, focusing on objects with a high probability of being
unbound from our Galaxy. We obtained a clean sample of 94 high
velocity giant stars with P, > 50 per cent, with reliable astrometry
and radial velocities. By back-propagating the orbits of the high-
velocity stars in the Galactic potential, we find that

(i) in total, 17 of these stars have Py, > 80 per cent, and represent
our best unbound star candidates. These stars are presented in Table 3,
and properties derived from their orbits are presented in Table 4.
Fig. 9 shows the direction of the total velocity vector of these objects.
If we include the effect of the parallax zero-point, the number of stars
with Py, > 50 per cent and P, > 80 per cent reduces, respectively,
to 12 and 3;

(ii) in total, 11 of the 17 stars are consistent with being ejected
from the Galactic disc, and are therefore hyper-runaway star candi-
dates. The analysis including the zero-point correction to parallaxes
identifies seven hyper-runaway star candidates with Py, > 0.5, 3
of those having P,, > 0.8. Our best candidate is Gaia EDR3
1383279090527227264, which was already identified in M 19, Brom-
ley et al. (2018) and Du et al. (2018). This star has a total velocity of
~820kms~!, and we predict it to have been ejected with a velocity
of ~800km s~! from the Galactic disc ~11 Myr ago;

(iii) in total, 6 stars with P, > 0.8, when traced back in time, do
not intersect the Galactic plane, and therefore an extragalactic origin
is preferred. The orbits of these stars are currently pointing towards
the Galactic disc. We find five extragalactic stars with P, > 0.5 once
we correct parallaxes for the parallax zero-point; and

(iv) regardless of the choice of adopting or not the zero-point cor-
rection to Gaia EDR3 parallaxes, 0 unbound stars are consistent with
coming from the Galactic centre, so there are no HVS candidates.
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Table 5. Observed and derived properties for the clean sample of 12 high-velocity stars with a probability Py, > 0.5 of being unbound from the Milky Way, computed including the estimate of the parallax

zero-point @ ;. Stars are ordered by decreasing values of Pyp.

Puw Py

VGe

r6e
(kms™")

VUrad

Mas
(mas yr~!)

W — @y

(mas yr~!)

(1 b)
(mas)

(RA, Dec.)

Gaia EDR3 ID

(pc)

(pc)

(mag)

(kms™")

Galactic

0.88
0.86
0.84
0.71
0.62
0.59
0.50

1.0

112

170
+107
70210

729%

1766
52787176

213
3359721

2307
1069372397

12.94
12.5

—253.194 + 8513

—7.848 £ 0.014
—14.857 £ 0.013
—9.655 £ 0.016

0.118 £ 0.017 —15.224 £ 0.018
—19.142 £ 0.017
—25.726 £+ 0.013

(337.33, 17.97)

(233.205, —33.907)

6014438731195297408
4337459232822884992

1.0

+992
—752
+521

7745

6071
7807

—290.985 + 0.411

0.14 £ 0.015
0.199 £ 0.013
0.139 £ 0.018
0.118 £ 0.017
0.156 £+ 0.013
0.101 £ 0.015

(6.8,23.1)

(65.46, 48.85)
(315.62, 11.83)

(249.981, —10.467)

1.0

+68
—-59

606

—+243
—190
+528

=2 8710

+1239
—935

13.0

—180.902 + 2.421

(240.337, 41.167)
(212.05, —49.143)

(309.967, —10.203)

1383279090527227264
6090995247640198016
6901673112193397248

1.0

105
630*10

—256

6180

12.4

21.091 £ 0.523
—455.382 + 2.084

8.515 £ 0.02
—10.591 £ 0.013
—14.147 £ 0.015

—9.861 £ 0.015

—16.81 £ 0.02

587113 1.0

+1805
—993

7572

2468
10726733

12.88

11.19

12.15

6.933 £ 0.018
—15.14 £ 0.011
—9.219 £ 0.018

(35.99, —28.68)

9
e 940914 55518 1.0

—+832

7789
11315

—84.773 £ 0.435

(57.9, 55.86)
(341.93, 33.73)

(231.849, 36.034)
(226.415, —18.787)

1375165725506487424
6257153998879080320

Extragalactic

56075°  0.96

+1867
—1023

6977

+2420
—1620

336.968 + 1.76

0.73
0.72
0.61
0.56
0.52

0.22

+141
-89

569111562 642

2293
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1547
1172

11410
9713+

12.59
12.92
12.63
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12.31

—304.986 + 0.815

—11.065 £+ 0.012
—14.42 £ 0.015
—11.653 £+ 0.012
—6.631 £ 0.012

—-9.69 £+ 0.017
—9.756 £ 0.013
—9.511 £ 0.016
—5.097 £ 0.011

—10.489 + 0.016

0.103 £ 0.014
0.129 £ 0.014
0.102 £ 0.013

0.084 £+ 0.01

(349.46, 26.01)

(236.994, —20.512)

6241679678390298880
1204061267883975040
4182243409716233856

0.44

1023 124
8518%192 60472

—262.04 £+ 0.835

(33.45, 48.2)
(24.94, —18.54)

(238.111, 20.197)
(296.209, —15.205)

1

0.4
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597243
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—135.681 + 1.457

0.24

+2277 +87
—1616 —60
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14885
11553

—485.643 + 0.523

(52.3,33.99)
(27.84, —10.85)

(257.42, 29.977)
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0.33
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5855150
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6038 i
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—1586

—194.05 £ 1.165

—8.89 £ 0.014

0.093 £ 0.014

Note. Distances and total velocities are quoted in terms of the median of the distribution, with uncertainties derived from the 16th and 84th percentiles.
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In our search for the fastest stars in the Galaxy, we focused on
stars with the highest probability of being unbound from the Galaxy.
The absence of HVSs is not surprising, since even if their ejection
rate is expected to be higher than the one of hyper-runaway stars
(Brown 2015), the bulk of the unbound HVS population is predicted
to be too distant (and therefore too faint) to have a radial velocity
measurement from Gaia DR2 (Marchetti et al. 2018). We cannot
exclude the presence of bound HVSs in the sample considered in
this work, as suggested by Fig. 8.

The general validity of our results, in terms of observed and
ejection velocity distributions and production mechanisms, is limited
by the completeness function of Gaia EDR3, and in particular be the
selection function for the subset of sources with a radial velocity from
Gaia DR2. A number of studies have been focusing on determining
the selection function of Gaia DR2 (e.g. Boubert, Everall & Holl
2020, Boubert & Everall 2020, and Rybizki et al. 2020b, for the
RVS sample), and these findings need to be included if one wants to
infer rates or study the relative contribution of the different ejection
mechanisms to the observed population of high-velocity stars.

One possibility that we have not considered in this work is that
our best candidates are actually bound to the Milky Way. In this
case, they could constitute the highest velocity tail of the velocity
distribution of halo stars (see Abadi et al. 2009), as suggested by
the observed colour—magnitude diagram shown in Fig. 6 (see also
Hattori et al. 2018), and by spectroscopic follow-ups of a sample
of fast stars in Gaia DR2 presented in Hawkins & Wyse (2018).
This might result either from the escape speed at their position being
higher than the value adopted in this work (see the discussion in
Hattori et al. 2018), or because of inaccurate astrometry or radial
velocities reported in Gaia EDR3. In this work, we have chosen to
focus on the stars with the highest probabilities of being unbound
to tackle the first issue. Results computed including the tentative
parallax zero-point correction introduced in Lindegren et al. (2020a)
show that the number of unbound candidates decreases drastically,
suggesting that these stars, if the parallax offset is confirmed, could
actually be bound to the Milky Way (we refer the reader to Section 6).
Furthermore, in Appendix D we estimate the fraction of possible
statistical outliers contaminating our sample of high-velocity star
candidates, finding this number to be ~ 40 per cent. Future Gaia
data releases will improve even more the precision and the accuracy
of the measurements thanks to the longer observational timeline.
More precise data will also be essential to provide tighter constraints
on the Galactic potential and to map the escape speed on a large
range of distances from the Galactic centre, allowing us to gain more
confidence in the goodness of our candidates.

Our knowledge on the fastest nearby stars will be revolutionized by
the third data release of Gaia, which is currently planned for the first
half of 2022. Gaia DR3 will provide new radial velocities for sources
with Grys < 14. A hundred of HVSs will be bright enough to have
a radial velocity measurement (Marchetti et al. 2018), even if their
expected velocity distribution peaks at bound velocities, making their
observational identification not trivial (Marchetti et al. 2018). The
bulk of the HV'S population will not have a radial velocity from Gaia
therefore a synergy with ground-based spectroscopic facilities will
be essential to discover it. A larger sample of HVSs will be needed,
for example, to provide tight constraints on the shape of the Milky
Way dark matter halo (Contigiani et al. 2019). The synergy with
upcoming spectroscopic surveys such as WEAVE (Dalton et al. 2012)
and 4MOST (de Jong et al. 2019) will be essential to complement
Gaia precise astrometry, providing radial velocities and chemical
abundances for tens of millions of stars. Furthermore, high-resolution
spectroscopy of the most interesting candidates would allow also to
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gain deeper insights into the ejection location of the fastest stars.
For example, hyper-runaway stars ejected in the binary scenario
are expected to exhibit evidence of polluting elements from the
supernova ejecta (Przybilla et al. 2008; Pan, Ricker & Taam 2012),
and chemical tagging can be used to separate stars belonging to the
disc, halo, and LMC populations (e.g. Hogg et al. 2016; Hawkins &
Wyse 2018).
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APPENDIX A: COMPARISON WITH OTHER
DISTANCE ESTIMATES

In this Appendix, we compare our distance estimates to the recent
results of Bailer-Jones et al. (2020). The authors derive distances for
~1.47 billion stars in Gaia EDR3, using a Bayesian approach with
priors constructed using realistic simulations of our Galaxy (Rybizki
et al. 2020a). Two types of distances are determined: geometric
distances, inferred from the sky position, parallax, and parallax
uncertainty; and photogeometric distances, which depend also on the
source magnitude and colour. Both distances are derived including
the estimate of the parallax zero-point introduced in Lindegren et al.
(2020a) therefore we extend our comparison only to the distances
computed in Section 6. In Fig. Al, we compare the distances
computed in Section 6 following the method outlined in Section 2, to
the distances inferred in Bailer-Jones et al. (2020). In both panels, we
can see how the majority of stars lie on the y = x line, with a smaller
spread in the case of purely geometric distances (top panel). The
blue points refer to the 12 stars selected in Section 6 with Py, > 0.5.
Far all of these stars but one, Gaia EDR3 4200563090205883392,
our distance estimates are consistent, within the uncertainties, with
those inferred in Bailer-Jones et al. (2020). We note that the majority
of stars have median distances d higher then the values of geometric
and photogeometric distances inferred in Bailer-Jones et al. (2020).
This can be explained by the fact that the values of the median of
the distance prior used in the Bayesian approach in Bailer-Jones
et al. (2020) range from ~1 to ~4.4 kpc, lower than the distances
determined by inverting the quoted Gaia EDR3 parallaxes.
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Figure Al. Distance comparisons for the subset of stars with d > 5kpc.
The top panel (bottom panel) shows geometric (photogeometric) distances
from Bailer-Jones et al. (2020) on the y-axis, while distances on the x-axis
are derived in this work, including the effect of the parallax zero-point. The
blue points correspond to the 12 stars selected in Section 6 with Py, > 0.5.
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APPENDIX B: CATALOGUE CONTENT

A description of the columns provided in the catalogue containing
derived distances and velocities for the 6969 738 stars with Gaia
EDR3 precise astrometry (z > 0 and 0,/ < 0.2) and Gaia DR2
radial velocities is presented in Table B1. The catalogue can be
downloaded as a single FITS file here.

At the same web address, it is also possible to download the
catalogue constructed subtracting the estimated parallax zero-point
to the parallax of each source, as discussed in Section 6. In this case,
the quoted parallax in the fourth column of the catalogue is once
again the one provided by Gaia EDR3, and the estimated parallax
zero-point @ ,;, for each source is given as an additional last column.
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Table B1. Description of the columns of the catalogue with distances and velocities. Entries labelled ! are taken directly from the Gaia EDR3 catalogue, while
entries labelled 2 are derived in this paper. We refer the interested reader to Section 2 for details on how these quantities are computed. For the entries labelled 2,
the quoted values correspond to the median of the distribution, with lower and upper uncertainties computed, respectively, from the 16th and the 84th percentile.
Column 60 is present only in the version of the catalogue which includes the effect of the parallax zero-point.

Column Units Name Description

1 - source_id Gaia EDR3 identifier!

2 deg ra Right ascension'

3 deg dec Declination'

4 mas parallax Parallax'

5 mas e_parallax Standard uncertainty in parallax’

6 mas yr—! pmra Proper motion in right ascension’

7 mas yr~! e_pmra Standard uncertainty in proper motion in right ascension'

8 mas yr—! pmdec Proper motion in declination’

9 mas yr~! e_pmdec Standard uncertainty in proper motion in declination’

10 - corr_parallax_pmra Correlation between parallax and proper motion in right ascension'
11 - corr_parallax_pmdec Correlation between parallax and proper motion in declination'
12 - corr_pmra_pmdec Correlation between proper motion in right ascension and proper motion in declination’
13 kms~! vrad Gaia DR2 Radial velocity'

14 kms~! e_vrad Gaia DR2 Radial velocity error!

15 mag GMag G-band mean magnitude'

16 mag BPMag BP-band mean magnitude'

17 mag RPMag RP-band mean magnitude'

18 - RUWE Renormalized Unit Weight Error!

19 - RV_NB_TRANSITS Number of epochs used in Gaia DR2 to determine the radial velocity'
20 pc dist Distance estimate?

21 pc el_dist Lower uncertainty on distance?

22 pc eu_dist Upper uncertainty on distance”

23 pe rGC Spherical Galactocentric radius®

24 pc el.rGC Lower uncertainty on spherical Galactocentric radius?

25 pc eurGC Upper uncertainty on spherical Galactocentric radius?

26 pc RGC Cylindrical Galactocentric radius®

27 pc el_ RGC Lower uncertainty on cylindrical Galactocentric radius’

28 pc eu_RGC Upper uncertainty on cylindrical Galactocentric radius?

29 pc xGC Cartesian Galactocentric x-coordinate?

30 pe el.xGC Lower uncertainty on Cartesian Galactocentric x-coordinate?
31 pc euxGC Upper uncertainty on Cartesian Galactocentric x-coordinate?
32 pc yGC Cartesian Galactocentric y-coordinate”

33 pc el.yGC Lower uncertainty on Cartesian Galactocentric y-coordinate?
34 pc eu_yGC Upper uncertainty on Cartesian Galactocentric y-coordinate?
35 pc zGC Cartesian Galactocentric z-coordinate®

36 pc el_.zGC Lower uncertainty on Cartesian Galactocentric z-coordinate?
37 pe euzGC Upper uncertainty on Cartesian Galactocentric z-coordinate?
38 kms~! U Cartesian Galactocentric x-velocity?

39 km s~! el.U Lower uncertainty on Cartesian Galactocentric x-velocity?

40 km s~! eu U Upper uncertainty on Cartesian Galactocentric x-velocity”

41 km s~! A% Cartesian Galactocentric y-velocity?

42 kms~! el.V Lower uncertainty on Cartesian Galactocentric y-velocity?

43 kms~! eu_V Upper uncertainty on Cartesian Galactocentric y-velocity?

44 km s~! W Cartesian Galactocentric z-velocity?

45 kms~! el.W Lower uncertainty on Cartesian Galactocentric z-velocity?

46 km s~ euW Upper uncertainty on Cartesian Galactocentric z-velocity?

47 km s™! uw Cartesian Galactocentric xz-velocity?

48 kms™! el . UW Lower uncertainty on Cartesian Galactocentric xz-velocity”
49 km s~! eu.UW Upper uncertainty on Cartesian Galactocentric xz-velocity?
50 km s~! vR Cylindrical Galactocentric R-velocity?

51 kms~! el.vR Lower uncertainty on cylindrical Galactocentric R-velocity?
52 kms~! eu_vR Upper uncertainty on cylindrical Galactocentric R-velocity>
53 kms~! vphi Cylindrical Galactocentric azimuthal velocity?

54 kms™! el_vphi Lower uncertainty on cylindrical Galactocentric azimuthal velocity?
55 km s~! eu_vphi Upper uncertainty on cylindrical Galactocentric azimuthal velocity?
56 km s~! vtot Total velocity in the Galactic rest-frame?

57 km s~! el_vtot Lower uncertainty on total velocity in the Galactic rest-frame?
58 kms~! eu_vtot Upper uncertainty on total velocity in the Galactic rest-frame?
59 - P_ub Probability of being unbound from the Galaxy?

60 mas parallax_zp Parallax zero-point, estimated as in Lindegren et al. (2020a)
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APPENDIX C: REVISITING THE FASTEST
STARS IN GAIA DR2

We have already remarked the small overlap between the new
unbound star candidates found in Gaia EDR3 and the best candidates
found in Gaia DR2 by M19. In this Appendix, we revisit the 20 stars
with Py, > 0.8 presented in M19, and we discuss the reasons why
they are no longer classified as high-velocity stars when using the
new and more precise Gaia EDR3 astrometry.

We verify that the Gaia DR2 identifier has not changed in Gaia
EDRS3 for all the objects. Gaia EDR3 1383279090527227264, the
only candidate from Gaia DR2 which is selected by our updated
search in this paper (see discussion in Section 5.1 and Table 3), will
not be considered here.

(i) In total, 1 star, Gaia EDR3 5932173855446728064, does not
have a Gaia DR2 radial velocity in Gaia EDR3. This star was the most
solid unbound candidate found by M19 and Bromley et al. (2018),
with an extremely precise total velocity of ~750kms~!. This high
velocity was due to the radial velocity measured by Gaia DR2, equal
to —614.5kms~!. Subsequent spectroscopic follow-ups presented
in Boubert et al. (2019) reported a radial velocity of —56.5kms™",
remarkably different from the one measured by Gaia. Boubert et al.
(2019) explain this large discrepancy between the measurements as
due to the contamination from a nearby bright star to the spectrum
of the source collected by the RVS. This wrong radial velocity from
Gaia DR2 was therefore excluded from Gaia EDR3.

(i1) In total, 7 stars do not satisfy the parallax cuts introduced in
Section 2. These objects are Gaia EDR3 1396963577886583296,
Gaia EDR3 5593107043671135744, Gaia EDR3
5546986344820400512, Gaia EDR3 5257182876777912448, Gaia
EDR3 5831614858352694400, Gaia EDR3 5830109386395388544,
and Gaia EDR3 4073247619504712192. All but one of these stars
were classified as extragalactic stars in M19. These stars have
values of f = 0, /@ in the range [0.21, 1.08] in Gaia EDR3, making
their distance determination highly uncertain. Spectro-photometric
distances are needed in order to confirm or reject their nature as
velocity outliers.
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(iii) Intotal, 1 star, Gaia EDR3 1990547230937629696, has RUWE
=1.49, and is therefore excluded according to the cuts introduced in
Section 3.1. Interestingly, the reported RUWE in Gaia DR2 is 1.17.
The increase in RUWE from Gaia DR2 to Gaia EDR3 could be a hint
that this star is an unresolved binary system (e.g. Belokurov et al.
2020).

(iv) The other 10 stars identified in M19 have P, < 0.5 when using
the new astrometry from Gaia EDR3. The fastest object among these
is Gaia EDR3 5935868592404029184, with vgc = 613kms~!, and
Py, =0.44.

APPENDIX D: ESTIMATING THE FRACTION
OF STATISTICAL OUTLIERS

Since we are looking for the fastest objects in a catalogue of ~7
million stars, in this Appendix we quantify the fraction of high-
velocity star candidates identified in this work that are likely to be
statistical outliers. We sample the astrometry of each star by drawing
a random realization of its astrometry vector m’ from a multivariate
Gaussian distribution centered on the observed mean vector m (see
equation 1) and with covariance matrix given by equation (2). We
then repeat the same analysis described in Section 2, drawing 5000
MC realizations of the astrometry of each source from a multivariate
Gaussian distribution centered on m’ with covariance matrix given
by equation (2), and then we derive distances and total velocities.
We repeat this approach 12 times, and we check how many of the
best candidates identified in Section 5 are retrieved when applying
the quality cuts introduced in Section 3.1 and P, > 0.8. We find
that, on average, we recover 10 of the 17 stars listed in Table 3,
suggesting that up to ~ 40 per cent of the fastest stars in the sample
could be statistical outliers. The more precise astrometry from future
data releases of Gaia will be crucial to identify the most robust
candidates.

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