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ABSTRACT

Gaia DR2 5932173855446728064 was recently proposed to be unbound from the Milky
Way based on the −614.3 ± 2.5 km s−1 median radial velocity given in Gaia DR2. We
obtained eight epochs of spectroscopic follow-up and find a very different median
radial velocity of −56.5±5.3 km s−1. If this difference were to be explained by binarity,
then the unseen companion would be an intermediate-mass black hole; we therefore
argue that the Gaia DR2 radial velocity must be in error. We find it likely that the
spectra obtained by Gaia were dominated by the light from a star 4.3 arcsec away,
and that, due to the slitless, time delay integration nature of Gaia spectroscopy, this
angular offset corresponded to a spurious 620 km s−1 shift in the calcium triplet of the
second star. We argue that such unanticipated alignments between stars may account
for 105 of the 202 stars with radial velocities faster than 500 km s−1 in Gaia DR2
and propose a quality cut to exclude stars that are susceptible. We propose further
cuts to remove stars where the colour photometry is suspect and stars where the
radial velocity measurement is based on fewer than four transits, and thus produce
an unprecedentedly clean selection of Gaia RVS stars for use in studies of Galactic
dynamics.

Key words: stars: kinematics and dynamics – binaries: general

1 INTRODUCTION

The fastest stars travel so rapidly that they can escape
from the Milky Way’s gravitational well. These ‘hyperve-
locity stars’ are objects of on-going study because their
origin in the tidal disruption of binaries by massive black
holes, chaotic N-body stellar encounters or the supernova of
their companion star makes them invaluable probes of those
events. Only a few tens of hypervelocity stars are known1

and thus we are still in the regime where individual hyper-
velocity star discoveries are noteworthy.

The Gaia space telescope (Gaia Collaboration et al.
2016) is expected to enable the discovery of hundreds of
hypervelocity stars (Marchetti et al. 2018b), because it will

⋆ E-mail: douglas.boubert@magd.ox.ac.uk (DB)
1 See The Open Fast Stars Catalog (Boubert et al. 2018) at
https://faststars.space for an up-to-date listing of hyperve-

locity stars.

make the first measurements of the tangential velocities of
over a billion stars and the radial velocities of over 100 mil-
lion. The diverse data produced by Gaia have necessitated
separate pipelines for the astrometry, Radial Velocity Spec-
trometer (RVS) and colour photometry (GBP and GRP), and
each of these complicated pipelines were still in active de-
velopment at the time of the preliminary second Gaia data
release (DR2, Gaia Collaboration et al. 2018) which lim-
ited the number of stars published with these measurements.
Nonetheless, Marchetti et al. (2018b) predicted that among
the limited sample of 7,224,631 stars with radial velocities
in DR2 there would be a handful of hypervelocity stars.

The Gaia DR2 RVS sample was a crowded hunting
ground with Marchetti et al. (2018a), Hattori et al. (2018)
and Bromley et al. (2018) all conducting searches for high-
velocity stars:

• Marchetti et al. (2018a) identified as many as 20 stars
with a probability greater than 80% of being unbound from
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the Milky Way. Surprisingly, only 7 of these stars were con-
sistent with originating in the Milky Way disk and thus
Marchetti et al. (2018a) proposed an extragalactic origin for
the remaining 13 stars.

• Hattori et al. (2018) reported 30 stars with extreme
space velocities (greater than 480 km s−1). They conjectured
that one or two could originate in the Galactic centre, as
many as three might originate in the LMC, and that the
remaining stars were likely halo objects based on their old
age. Hattori et al. (2018) noted that this implies the escape
velocity near the Sun must be around 600 km s−1.

• Bromley et al. (2018) whittled the Gaia DR2 RVS sam-
ple down to just 25 likely high-velocity stars and singled out
two as being likely hypervelocity stars, while the other high-
velocity stars were categorized as statistical outliers. Of their
two likely candidates, Bromley et al. (2018) cautioned that
Gaia DR2 1383279090527227264 is possibly a bound late-
type giant and that Gaia DR2 5932173855446728064 would
require follow-up observations because it lies in a crowded
field.

There are many potential pitfalls when identifying hy-
pervelocity stars in Gaia DR2, because calculation of the
total Galactocentric velocity relies on estimating a distance
from the parallax. There are known issues with the Gaia

DR2 parallaxes, such as a systematic offset that varies as
a function of position and magnitude and the need to add
a systematic component to the published uncertainties. If
these issues are not accounted for then the distance may be
overestimated, which propagates into an inflated Galacto-
centric velocity and a false positive hypervelocity candidate.
One example of this is given in Appendix D of Marchetti
et al. (2018a), where the authors show that including the
approximate global parallax offset of −0.029 mas results in
only 4 out of 20 of their candidates still having a probability
greater than 80% of being unbound. Similarly in Appendix
E, Marchetti et al. (2018a) show that appropriately inflat-
ing the uncertainties in the parallax (without including the
parallax offset) causes only 5 out of 20 of their candidates
to still be likely unbound. Undoubtedly, the uncertainties
and systematics will be better understood with the later
Gaia data releases. Until then, it remains true that the only
guaranteed hypervelocity stars are those in which the radial
velocity alone is greater than the escape velocity.

Fortuitously, there is one such star among the crop
of candidates found by these three searches: Gaia DR2
5932173855446728064 (hereafter referred to as Gaia DR2
593...064). This star has an incredible radial velocity of
−614.286±2.492 km s−1, which alone is sufficient to class it as
a hypervelocity star. This object was the premier candidate
of both Marchetti et al. (2018a) and Bromley et al. (2018).
It was absent from the candidate list of Hattori et al. (2018)
due to their choice to select high-tangential velocity stars as
a means to avoid stars with spuriously large radial veloci-
ties. Using the methodology of The Open Fast Stars Catalog
(Boubert et al. 2018), we find that the precise parallax of
0.454±0.029 mas places Gaia DR2 593...064 at 2.08±0.12 kpc.
By contrast, Marchetti et al. (2018a) found 2197+162

−120
pc and

Bromley et al. (2018) found 2.2 ± 0.1 kpc – the difference
arises because the latter two papers neglected to include the
parallax offset. Taking the parallax, proper motions and ra-
dial velocity together, the star has a total Galactocentric

space velocity of 749.6 ± 6.8 km s−1 (Marchetti et al. 2018a
found 747+2

−3
km s−1, Bromley et al. 2018 found 747±3 km s−1;

the offset in the medians is likely due to differing choices for
the Solar motion and the larger size of our uncertainty is be-
cause we propagated the uncertainties in both the location
and velocity of the Sun). Bromley et al. (2018) commented
that the de-reddened colours suggest it is either an A-type
main sequence star or in the process of evolving off the main
sequence.

Boubert et al. (2018) found that the nearest main se-
quence candidate hypervelocity stars to the Sun are Li10
at 3.2 kpc (Li et al. 2015) and SDSS J013655.91+242546.0
at 8.5 kpc (Tillich et al. 2009), and thus there is a possi-
bility that Gaia DR2 593...064 is the nearest known main
sequence hypervelocity star to the Sun. The known main-
sequence hypervelocity stars have a mean heliocentric dis-
tance of more than 50 kpc (Boubert et al. 2018) and thus a
hypervelocity star as close as 2 kpc would probe a new kine-
matic regime and allow the first detailed characterisation
of a hypervelocity star’s motion, atmosphere and chemistry.
Bromley et al. (2018) sounded a note of caution because
Gaia DR2 593...064 was the only one of their 25 candidates
that was flagged as a duplicated source (likely due to it
being in a crowded field) and suggested that follow-up ob-
servations would be necessary.

The objective of this work is to conduct follow-up of
Gaia DR2 593...064 to ascertain whether it is a genuine hy-
pervelocity star. In Sec. 2, we highlight the unusual concen-
tration of other stars aroundGaia DR2 593...064 in SkyMap-
per images and present eight new epochs of ground-based
spectroscopic radial velocities which are in tension with the
Gaia radial velocity. We argue in Sec. 3 that the inconsis-
tency can only be reconciled if either Gaia DR2 593...064
is in orbit around an intermediate-mass black hole or the
Gaia measurement is spurious, and conclude the latter to
be much more likely. In the remainder of Sec. 3 we identify
a novel failure mode in the Gaia RVS pipeline and discuss
the implications of this for the use of Gaia radial velocities.

2 OBSERVATIONS

2.1 Images and photometry

Gaia DR2 593...064 lies close to the plane of the Milky
Way at (l, b) = (329.9◦,−2.7◦), which led Bromley et al.
(2018) to conjecture that the Gaia data may suffer from
it being in a crowded field. In the Gaia catalogue, there
are 18 other sources within a 20 × 20 arcsec cut-out cen-
tred on Gaia DR2 593...064. To illustrate the density of
these sources, we show 20 arcsec and 100 arsec images from
SkyMapper DR1 (Wolf et al. 2018) in Fig. 1. We queried
the 2MASS point source catalogue (Skrutskie et al. 2006),
SkyMapper DR1.1 and the GLIMPSE Source Catalog (Ben-
jamin et al. 2003; Churchwell et al. 2009, contains photome-
try from the IRAC instrument on Spitzer); 2MASS contains
four sources in this field (excluding Gaia DR2 593...064),
SkyMapper also contains four sources (including Gaia DR2
593...064), whilst GLIMPSE contains five sources (including
Gaia DR2 593...064). The final list of photometry of Gaia

DR2 593...064 is given in Tab. 1.
We quantified whether this density of neighbours is un-
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Figure 2. Illustration of the analysis performed on the eight spectra obtained using the Goodman Spectrograph on the SOAR telescope.
Top: The normalized stacked spectrum of Gaia DR2 593...064 covering the range 4300-5585 Å (black line) and the best fit derived by
FERRE (red line), with the residuals shown at the bottom of the panel. The normalization was done using a running mean filter with

a 35 pixel window. The best fit stellar parameters are also shown. Bottom left: Same analysis applied to the normalized spectrum
covering the region 6040-6610 Å. Note that the series of lines in the region 6270-6300 Å that are not well fit by the model are likely related

to the well-known diffuse interstellar band at around 6284 Å. Bottom right: We estimated the signal-to-noise ratio of the spectrum in
the top panel by fitting a Gaussian to the residuals (in units of normalized flux), finding S/N = 74.8.

Table 2. New ground-based heliocentric radial velocities for Gaia

DR2 593...064 compared to the median value published in Gaia

DR2.

Julian Date Radial Velocity

(km s−1)

2458243.76 −70.0 ± 9.8

2458278.58 −43.3 ± 10.0

2458288.50 −59.0 ± 9.6

2458289.46 −54.7 ± 9.0

2458309.58 −82.5 ± 8.2

2458322.45 −46.7 ± 8.2

2458372.51 −58.2 ± 8.5

2458377.50 −52.3 ± 3.9

Our median −56.5 ± 5.3

Gaia median −614.3 ± 2.5

Difference 557.8 ± 5.9

ing 6040–6610 Å), Beta (spectrum covering 4500–5160 Å)
and Blue (a stack of the six spectra with lower resolution)
spectra. Both the grid and the three spectra are normal-
ized using a running mean filter with a window of 35 pixels.
The FERRE code utilises MCMC to identify a posterior on
the atmospheric parameters, assuming cubic interpolation of
the spectra between the grid points. Ten Markov chains of
1000 burn-in steps and 4000 science steps were used in each
of the three analyses. In Fig. 2, we illustrate the analysis of
the Blue and Alpha SOAR spectra, which have two different
gratings (1200 and 2100 lines mm−1).

To aid the discussion in the remainder of this work, we
combine the information from the three spectra into a joint
posterior on the atmospheric parameters and stellar prop-
erties. The method described above results in three sets of
MCMC samples from the posterior over the atmospheric pa-
rameters, corresponding to the Alpha, Beta and Blue spec-
tra. The Alpha and Blue spectra cover mutually exclusive
wavelength regions and thus the inferences drawn from each
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The curious case of the ‘fastest’ star in Gaia DR2 9

• Stars with a radial velocity uncertainty greater than
20 km s−1.

• Stars where more than 10% of the transits were detected
as being doubly-lined spectroscopic binaries.

• Stars which were detected to be emission line stars.

• Stars where the template has Teff ≤ 3500 K or Teff ≥

7000 K.

Additionally, the spectra of all stars where |RV | > 500 km s−1

were visually inspected. A further cut applied in the search
by Marchetti et al. (2018a) for high-velocity stars was to
require that RV NB TRANSITS > 5, and this cut has been
used widely in the literature. If the measurement is spurious,
then it must be spurious in a way that neatly avoids the
quality cuts in these earlier works and thus the star must be
in some way unusual.

There are two properties of Gaia DR2 593...064 that
make it slightly unusual among the RVS stars. Firstly,
its GRP magnitude of 13.2 places it in the faintest 2% of
Gaia DR2 RVS stars. Secondly, as mentioned in Sec. 3.1,
Gaia DR2 593...064 has the most other Gaia sources within
8 arcsec of the 34 stars that both meet all the criteria above
and have |vr | > 500 km s−1.

The reason to be concerned by the many nearby stars
is that it is possible for the light from two stars to blend
together in a single RVS spectrum. The Gaia RVS is an
integral-field spectrograph operating in time delay integra-
tion mode, with the result that windows need to be selected
around the spectra of individual stars (i.e. there is a conveyor
belt of spectra continually being read out). The RVS CCDs
see a changing wavelength region for each star as Gaia scans
across the sky, and thus the overall wavelength scale of each
spectra must be determined from the known position of the
star from Gaia astrometry. When RVS spectra overlap each
other on the CCD their windows are truncated in the Across
Scan (AC) direction, reducing their AC width down from the
nominal 10 pixels. The truncation is designed to share the
flux from the two spectra between the two windows so that
each window could be de-blended from the other, however
there was no attempt in Gaia DR2 to de-blend windows,
which means that a single window can contain two different
spectra with two different wavelength scales. To mitigate the
issue of blended windows, all those windows that were trun-
cated in a non-rectangular pattern were filtered out of the
RVS pipeline. Windows that were truncated in a rectangular
pattern were let through because most of the time they were
truncated by very faint spurious sources. Spurious sources
are detected onboard around and along the diffraction spikes
of sources brighter than about 16 mag in the SkyMapper
CCDs (Fabricius et al. 2016, not to be confused with the
SkyMapper Survey). If the spurious source is brighter than
onboard magnitude GRVS = 16.2, then it also gets a RVS win-
dow. RVS windows only start or end on multiples of 105 pix-
els (before June 2015) or 108 pixels (after June 2015), called
macrosample boundaries (Cropper et al. 2018). 105 and 108
pixels corresponds to approximately 6.2 and 6.4 arcseconds
respectively. Two sources with angular separations in the
along scan (AL) direction smaller than these values will have
RVS windows starting on the same macrosample boundary.
Approximately 40% of the stars with onboard magnitude
GRVS between 7 and 9 have a spurious source sufficiently
close that the brighter window is truncated in the across

scan (AC) direction, such that its AC size is 5 pixels instead
of the normal 10, but the two windows are aligned in AL
so that the brighter window remains rectangular (Sartoretti
et al. 2018). While most truncated windows with rectangu-
lar geometries will be due to a spurious source, some spectra
containing a contribution from a second bright star will also
have been let through.

The implication is that if Gaia scans across two stars
that are lined up parallel to the AL direction and have an
angular offset along the AL direction of less than 6.4 arcsec

(resulting in a rectangular truncation), then their light can
be blended into one Gaia DR2 RVS spectrum, but with the
light from each star offset3 by 145.1 km s−1 arcsec−1, depend-
ing on the wavelength under consideration. As mentioned
above, this is not a problem in a majority of cases because
the other source is usually very faint and spurious. Never-
theless, in a small number of cases the other source may be
bright in the GRVS band and thus could have interfered with
the RVS measurement. This interference can range from a
small shift in the line centroid to the introduction of a much
stronger line which shifts the RVS measurement by hundreds
of km s−1. We should expect many of the cases where there
are two lines to have been filtered out by the doubly-lined
spectroscopic binary cut above.

Contamination of the RVS spectrum of Gaia DR2
593...064 by the light of a nearby star can explain the anoma-
lous radial velocity, but would require a star bright in GRVS.
The GRVS was not published in Gaia DR2, but, as a proxy,
we can say that a star is sufficiently bright to interfere if
either it itself has an RVS measurement or is at least as
bright as Gaia DR2 593...064 in GRP. Indeed, as mentioned
previously, Gaia DR2 593...352 lies only 4.284 arcsec away.
This corresponds to a velocity offset of 619.0−624.2 km s−1.
Gaia DR2 593...352 has a radial velocity reported in Gaia

of 5.40 ± 2.85km s−1, and thus subtracting the velocity off-
set from the true radial velocity gives −613.6−618.8 km s−1,
which encompasses the reported radial velocity for Gaia

DR2 593...064 of −614.3 ± 2.5 km s−1. The anomalous ra-
dial velocity reported for Gaia DR2 593...064 can be fully
explained if the spectra used to determine the radial velocity
was blended with that of Gaia DR2 593...352 in each of the
seven radial velocity transits.

The scenario outlined above requires that most of the
seven radial velocity transits occurred during Gaia scans
that passed across both stars. The Gaia Observation Fore-
casting Tool (GOST) provides both the dates and scanning
angles of the possible radial velocity measurements, how-
ever, as discussed above, we do not know which 7 of these
42 possibilities actually contributed to the RVS measure-
ment. The small standard deviation of the radial velocity
measurements (5.17 km s−1) provides one clue: if even a sin-
gle transit gave a measurement of the true radial velocity of
Gaia DR2 593...064 then the standard deviation would be
much greater. Thus, looking at Fig. 4, it seems quite likely
that all seven transits will have occurred in the 3.75-day win-

3 Cropper et al. (2018) state that the pixels in the along scan

direction are 0.0589 arcsec long and that the dispersion varies
from 8.51 km s−1 pix−1 at 847 nm to 8.58 km s−1 pix−1 at 873 nm,
which corresponds to 144.5−145.7 km s−1 arcsec−1 with a mean of
145.1 km s−1 arcsec−1.
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Table 4. List of all sources in Gaia RVS which have a companion
in the full Gaia DR2 catalogue within 6.4 arcsec that either itself
is in Gaia RVS or that is brighter in GRP or G. The columns
are the Gaia DR2 ID, the number NRVS of companions that are
in RVS, the number NRP of companions brighter in GRP and the
number NG of companions brighter in G. Only the first five rows
are shown here and the full table is available in a supplementary
datafile online.

SourceID NRVS NRP NG

83154861954304 0 1 1
739666383070976 0 1 0
969837975192832 1 0 0
969842270721536 1 1 1
990629912562048 1 0 0

that could be applied to the Gaia RVS sample. We list these
here in order of increasing complexity:

• The star must have reported GBP and GRP magnitudes.
• The radial velocity must be based on at least four tran-

sits (e.g. rv nb transits ≥ 4).
• The star must not have a neighbour within 6.4 arcsec

that either itself is in RVS or that is brighter in G or GRP.

The first and the third cuts aim to exclude sources with ra-
dial velocities that are suspected to be contaminated. This
paper finds one source that is highly likely to be contami-
nated but it is possible that these cuts will also exclude un-
contaminated sources with valid radial velocities. The first
and the third cuts will obtain the cleanest possible sample
(in terms of contamination) but at the expense of complete-
ness. The second cut removes sources where the number of
transits are too few to determine whether the radial veloc-
ity is representative of the systemic velocity of the system.
This may remove sources where the radial velocities are ac-
tually representative of the systemic velocity of the system.
Similarly to the other cuts, the second cut will obtain the
cleanest possible sample (in terms of well-behaved radial ve-
locity variances) but at the expense of completeness. There-
fore, the applicability of these cuts depends on the science
question being addressed.

We demonstrate the efficacy of these cuts in Fig. 8. The
final clean sample contains 6145608 stars, which is many
more than the 4809107 that survive the commonly used
rv nb transits > 5 cut. Of the 202 stars with radial ve-
locities greater than 500 km s−1, only 90 survive the four
cuts. To aid the reader in implementing the nearby, bright
companion cut, we give the necessary information in Tab. 4.

This work investigated the most likely of the hyper-
velocity candidates proposed by Marchetti et al. (2018a),
Hattori et al. (2018) and Bromley et al. (2018), however we
checked whether the issue of unreliable Gaia DR2 radial ve-
locities affects any of the other candidates in the literature.
We cross-matched The Open Fast Stars Catalog (Boubert
et al. 2018) against our list of stars with unreliable radial ve-
locities and identified two additional candidates which may
suffer from these issues. Gaia DR2 5958197813784543872
(otherwise known as 2MASS 17464606-3937523) was pro-
posed by Kunder et al. (2012) as a possible hypervelocity
star based on their measured 447 km s−1, although those au-
thors commented that its metallicity of [Fe/H] = −0.86±0.05

is consistent with it being a bound bulge star. This star
was flagged because the median Gaia DR2 radial velocity
of 421.63 ± 3.09 km s−1 is based on only two measurements,
however we note that this radial velocity is consistent with
the value reported by Kunder et al. (2012). The other flagged
star is Gaia DR2 5300505902646873088 (otherwise known as
Gaia-T-ES2) which is a GRP = 12.4 star ranked by Hattori
et al. (2018) as the second most likely unbound candidate
in their list. The Gaia radial velocity of 160.22± 4.00 km s−1

was flagged because it is based on only three measurements.

4 CONCLUSIONS

Gaia DR2 593...064 was proposed by Marchetti et al.
(2018a) and Bromley et al. (2018) to be a likely hyperve-
locity star based on the incredible radial velocity −614.3 ±

2.5 km s−1 reported in Gaia DR2. Bromley et al. (2018)
suggested that this star may be in a crowded field due
to its proximity to the Galactic plane; taking images from
SkyMapper, we found that the star is indeed in a crowded
field surrounded by several relatively bright stars. Moti-
vated by this, we obtained eight epochs of ground-based
spectroscopic follow-up with the SOAR Telescope. From
these spectra, we measured a median radial velocity of
−56.5 ± 5.3 km s−1, which is seemingly inconsistent with the
radial velocity reported in Gaia DR2. Analysis of the eight
spectra determined that Gaia DR2 593...064 is an A-type
main-sequence or sub-giant star, and that the star is not
spectroscopically unusual in a way that could explain the
discrepancy.

The Gaia measurement is based on seven individual ra-
dial velocity measurements taken from seven RVS transits,
each transit corresponding to three RVS CCD spectra. Nei-
ther the individual measurements nor the dates on which
they were taken are publicly available, however it seems
likely that some of the seven measurements were taken dur-
ing a 3.75-day window beginning on 7th July 2015. This al-
lowed us to infer that if the Gaia measurement is correct,
then the star must be in orbit around an intermediate-mass
black hole, which suggests that the Gaia datum is likely spu-
rious. By contrast, the eight radial velocities we obtained
show evidence for binary motion with a period of less than
70 days and we constrained the likely parameters of that
binary.

The spurious Gaia radial velocity is most probably
caused by light from a nearby bright star blending with the
spectrum of Gaia DR2 593...064. The Gaia RVS is an in-
tegral field spectrograph that operates in time delay inte-
gration mode, and thus the angular offset between the two
stars translates into a velocity shift of the contaminating
spectrum relative to that of Gaia DR2 593...064 at a rate
of 145.1 km s−1 arcsec−1. This effect relies on all seven scans
passing across both stars, and thus makes it highly likely
that all seven transits occurred in the 3.75-day window be-
ginning on 7th July 2015.

That the reported radial velocity of Gaia DR2 593...064
could be so badly wrong begs the question: how many other
Gaia DR2 RVS sources are susceptible? We find that any
star with a companion closer than 6.4 arcsec that either itself
has an RVS measurement or is brighter in G or GRP could
be suspect. For the cleanest possible sample (in terms of
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corner (Foreman-Mackey 2016), emcee (Foreman-Mackey
et al. 2013) and The Joker (Price-Whelan & Hogg 2017;
Price-Whelan et al. 2017).
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