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A B S T R A C T 

Hypervelocity stars (HVSs) are stars which have been ejected from the Galactic Centre (GC) at velocities of up to a few thousand 

km s −1 . They are tracers of the Galactic potential and can be used to infer properties of the GC, such as the initial mass function 

and assembly history. HVSs are rare, ho we ver, with only about a dozen promising candidates disco v ered so far. In this work, 
we make use of a no v el, highly efficient method to identify new HVS candidates in Gaia . This method uses the nearly radial 
trajectories of HVSs to infer their distances and velocities based on their position and Gaia proper motion alone. Through 

comparison of inferred distances with Gaia parallaxes and photometry, we identified 600 HVS candidates with G < 20 including 

the previously disco v ered S5-HVS1, out of which we obtained ground-based follow-up observations for 196 stars. As we found 

no new HVSs based on their radial velocity, we used detailed HVS ejection simulations to significantly impro v e previous HVS 

ejection rate constraints. In particular, the ejection rate of HVSs more massive than 1 M � cannot be higher than 10 

−5 yr −1 at 2 σ

significance. Additionally, we predict that there are 5–45 unbound HVSs in the complete Gaia catalogue (1 σ interval), most of 
which will be main-sequence stars of a few M � at heliocentric distances of tens to hundreds of kpc. By comparing our results 
to literature HVS candidates, we find an indication of either a time-dependent ejection rate of HVSs or a non-GC origin of 
previously identified HVS candidates. 

Key words: surv e ys – binaries: general – stars: kinematics and dynamics – Galaxy: centre – Galaxy: nucleus. 
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 I N T RO D U C T I O N  

he Galactic Centre (GC) is a highly complex environment, hosting 
oth a nuclear star cluster and a supermassive black hole called 
agittarius A 

∗ (Sgr A 

∗; e.g. Genzel, Eisenhauer & Gillessen 2010 ).
he combination of these tw o f actors gives rise to a unique, high-
nergy environment within our Galaxy, which challenges our under- 
tanding of key physical processes. The origin of the S-star cluster, for
nstance, remains unknown to this day, because the strong tidal force 
n this region inhibits standard star formation from molecular clouds 
Genzel et al. 2010 ). In addition, the initial mass function (IMF) of
tars near the GC has been a long-standing point of debate, whose
esolution can give us an important clue as to the mass assembly
istory of the GC. Some studies find it is consistent with the canonical
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roupa ( 2001 ) IMF (Maness et al. 2007 ; L ̈ockmann, Baumgardt &
roupa 2010 ), while others find evidence for a top-heavy IMF in disc

tructures near Sgr A 

∗ (e.g. Paumard et al. 2006 ; Klessen, Spaans &
appsen 2007 ; Bartko et al. 2010 ; Lu et al. 2013 ; von Fellenberg
t al. 2022 ). The combination of high line-of-sight extinction and
ource crowding make the study of the GC challenging, requiring 
pecialized instruments such as GRAVITY (Eisenhauer et al. 2011 ). 

One promising means of better understanding our GC comes from 

ypervelocity stars (HVSs), which are stars ejected from the GC at
xtremely high velocities. They are believed to be ejected from the
icinity of Sgr A 

∗ (order of 10 au), but can be observed in parts of
he sky more accessible to study (Hills 1988 ; Yu & Tremaine 2003 ).
his in turn allows for detailed stellar parameter measurements with 
xisting observatories, and the study of wavelength ranges entirely 
naccessible near the GC. It has also been suggested that HVSs could
 xplain the e xistence of the S-star cluster, because the companion
f the HVS in the progenitor binary is deposited at radii consistent
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Figure 1. A diagram of the position ( � R ) and velocity ( � V ) of an HVS relative 
to the GC. This can be expressed in terms of a combination of the star’s 
observed position ( ̂ n ) and proper motion ( � μ) and measurements of the Sun’s 
position relative to the GC ( � R 0 ) and velocity ( � V 0 ) along with the distance to 
the star ( D) and its radial velocity ( V r ). 
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ith the S-star cluster (Gould & Quillen 2003 ). This migration of
lready-formed stars into the S-star cluster could therefore solve the
ssue of in situ star formation in the strong tidal field near Sgr A 

∗

e.g. Ghez et al. 2003 , see, ho we ver, Habibi et al. 2017 ). 
In recent years, the term HVS has been used inconsistently. For

larity, we define an HVS to be characterized e xclusiv ely by having
een ejected from the vicinity of Sgr A 

∗. Since ejections can occur
t a range of velocities, some of these HVSs will still be bound to
he Galaxy. 

The disco v ery of HVSs has pro v ed challenging in spite of
heir significant scientific potential. Only a few dozen promising
andidates (e.g. Brown, Geller & Kenyon 2014 ) and a single star
hat can be confidently traced back to the GC (Koposov et al. 2020 )
ave been identified. The main challenges include their rarity and the
ifficulty in disentangling these stars from e.g. hyper runaway stars
rom the Galactic disc (e.g. Przybilla et al. 2008 ; Kreuzer, Irrgang &
eber 2020 ; Irrgang et al. 2021 ). 
In this work, we perform a targeted surv e y of HVS candidates.

he candidates are identified using a no v el, highly efficient selec-
ion method with Gaia Data Release 3 (DR3; Gaia Collaboration
016 , 2023 ), which means we have excellent sensitivity to HVSs
rom relati vely fe w candidates. We perform ground-based follo w-
p observations for the most promising HVS candidates and use
hese observations in combination with sophisticated models to
onstrain the GC environment and the ejection of HVSs. We use these
onstraints to investigate the total population of HVSs accessible to
aia in current and future data releases. We furthermore e v aluate
reviously identified candidates using our observational constraints.
In Section 2 , we describe how we select HVS candidates from

aia DR3. In Section 3 , we present our follow-up observations. In
ection 4 , we discuss the model and simulations, in addition to how
e apply the observational selections to the models. In Section 5 ,
e present constraints on the GC environment and HVS from our
bservations in combination with the simulations. In Section 6 , we
iscuss our results and implications for existing HVS candidates as
ell as what we might expect from Gaia DR4. Finally, in Section 7
e provide closing remarks. 

 H V S  C A N D I DAT E  SELECTION  

he main challenge when searching for HVSs is that they are
xtremely rare; there are for instance no HVSs with velocity greater
han 700 km s −1 in the 34M sources in Gaia DR3 with radial
elocities, that could be robustly identified (Marchetti, Evans & Rossi
022 ). HVS candidates selected from observational catalogues for
ollo w-up observ ations are therefore typically strongly contaminated
y non-HVSs. Here, we present our new method to identify HVS
andidates originating from the GC. In Section 2.1 , we present the
eneral principle we use to find HVSs, and in Section 2.2 we provide
he precise selections on the Gaia catalogue for our observational
ampaign. 

.1 Radial trajectory 

et � R be the vector from the GC to the star and � V the star’s velocity
 ector relativ e to the GC. We can write these down in terms of the
bservables 

(i) � R 0 : Vector from the GC to the Sun 
(ii) ˆ n : Unit vector from the Sun to the source 
(iii) D: Distance from the Sun to the source 
(iv) � V 0 : Velocity of the Sun in the Galactic frame of rest 
NRAS 533, 2747–2761 (2024) 
(v) V r : Radial velocity of the source relative to the Sun 
(vi) � μ: Proper motion of the source in the Heliocentric frame

al w ays ⊥ to ˆ n ) 

giving 

� 
 = 

� R 0 + D ̂  n (1) 

nd 

� 
 = 

� V 0 + V r ̂  n + D � μ. (2) 

e provide a sketch of the configuration in Fig. 1 . We use the
easurement of � R 0 from GRAVITY Collaboration ( 2018 ), which

s 8.122 kpc, and � V 0 from Drimmel & Poggio ( 2018 ), which
s [12 . 9 , 245 . 6 , 7 . 78] km s −1 . The unit vector ˆ n is set by the sky
oordinates of a star which are provided by Gaia , as is the proper
otion v ector � μ. F or most sources in Gaia DR3, approximately 1.5

illion, we have measurements for all but D and V r . It is worth
oting here that Gaia does measure parallaxes, but only for nearby
ources do these result in precise distance measurements. The way
f circumventing this lack of knowledge of D and V r is to only focus
n objects that have radial trajectories pointing out from the GC. As
e will see later, this enables us to calculate the distance and radial
elocity from proper motion and sky position alone. For a star on
 radial trajectory from the GC, its velocity aligns with the vector
ointing from the GC to the star. This means the position � R and
elocity � V are parallel and thus obey 

� 
 × � V = 

� 0 . (3) 

e can expand this using equations ( 1 ) and ( 2 ) leaving the terms 

� 
 0 × � V 0 + V r ( � R 0 × ˆ n ) + D( � R 0 × � μ + ˆ n × � V 0 ) + D 

2 ( ̂  n × � μ) = 

� 0 

(4) 

nd we can pull out the distance and radial velocity by taking the dot
roducts with ˆ n and � μ and rearranging. 
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Table 1. Overview of the HVS candidate selections used in this study. 

Selection Section for reference 

� I − � Gaia < 2 σ 2.2.1 
800 < V I < 3500 km s −1 2.2.1 
� I /σ� I > 5 2.2.1 
RUWE < 1 . 4 2.2.1 
D I − D BJ < 2 σ 2.2.1 
−1 . 5 < M G − 4 . 3 × ( G BP − G RP ) < 2 . 5 2.2.2 
A G < 1 . 5 2.2.2 
G BP − G RP < 0 . 5 2.2.2 
N HVS , sim 

/N HVS , candidates > 5 2.2.3 
Separation from LMC > 8 deg 2.2.3 
Separation from SMC > 3 deg 2.2.3 
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Taking the dot product of equation ( 4 ) with ˆ n reveals 

 = 

ˆ n ·
(

� R 0 × � V 0 

)
� R 0 · ( ̂  n × � μ) 

= 

V 0 

μ

( 

ˆ n · (
ˆ R 0 × ˆ V 0 

)
ˆ R 0 · ( ̂  n × ˆ μ) 

) 

(5) 

nd similarly the dot product of equation ( 4 ) with � μ gives 

 r = 

D 

� V 0 · ( ̂  n × � μ) − � μ ·
(

� R 0 × � V 0 

)
� R 0 · ( ̂  n × � μ) 

= V 0 

( 

D 

R 0 
ˆ V 0 · ( ̂  n × ˆ μ) − ˆ μ · (

ˆ R 0 × ˆ V 0 

)
ˆ R 0 · ( ̂  n × ˆ μ) 

) 

. (6) 

his means that for a star moving on a radial trajectory, the distance
nd radial velocity are set by the observables available for ∼ 1 . 5B
tars in Gaia DR3. 

For HVSs, the assumption that their trajectory is purely radial 
an be reasonable, since stars moving much faster than the escape 
elocity are not deflected significantly by the Galactic potential 
Kenyon et al. 2018 ; Boubert, Erkal & Gualandris 2020 ). In this
ork, we apply the abo v e presented method to determine the distance

nd radial velocity to all stars in Gaia DR3. Since those solutions
re only physical for stars on radial trajectories, which most stars
n Gaia are not, we refer to them as the implied distance, D I , and
mplied radial velocity, V r, I . 

We convert D I to implied parallax ( � I ) to allow for convenient
omparison to measurements by taking the inverse of D I . We 
alculate the uncertainty on � I assuming that the proper motion mea- 
urement is the only source of uncertainty. We make the simplifying
ssumption that the proper motion uncertainties are uncorrelated and 
ince � I ∝ μ, we can approximate the uncertainty on � I as 

� I = 

√ [ 
� R 0 · ( ̂  n × ˆ μδ) σμδ

] 2 
+ 

[ 
� R 0 · ( ̂  n × ˆ μα∗) σμα

] 2 
ˆ n ·

(
� R 0 × ˆ V 0 

) , (7) 

ith ˆ μδ and ˆ μα the basis vectors for the proper motion in Dec and RA
espectively, and σμδ

and σμα
the uncertainties on the proper motions 

n Dec and RA, respectiv ely. F or a more accurate uncertainty analysis
ne would sample o v er the uncertainty on all observables. 

.2 HVS candidate selection criteria 

he � I and V r, I we derived in the previous section can be used to
dentify HVS candidates. Here, we give a short conceptual o v erview
f our approach. We first compare the implied parallax to the Gaia
arallax and reject candidates for which they are inconsistent. In 
ddition, we determine the location in the Hertzprung–Russel (HR) 
iagram according to the implied distance and remo v e an y candidates
or which we consider this solution to be unphysical. Furthermore, 
e only look at HVS candidates with a high enough 3D implied
elocity for our radial trajectory assumption to be reasonable. Lastly, 
e apply additional cuts that are aimed to reduce the contamination 
f our sample. We base some of these cuts on catalogues of mock
VSs obtained from simulations described in Section 4.2 . These 

imulations model the orbits of ejected HVS populations and use the 
haracteristics of Gaia to predict their observational properties. 

Having discussed the general principle of how we select HVS 

andidates in Gaia , we now provide the detailed requirements set for
 particular star to be observed in our surv e y. We cate gorize these
nto four groups, each discussed in detail below and summarized 
n Table 1 . The goal of the selections presented here is to increase
he purity of the sample; i.e. reduce the number of non-HVSs while
etaining the real HVSs as much as possible. This is moti v ated by
he necessarily limited number of sources we can provide follow-up 
bservations for. 

.2.1 Astrometric and kinematic selections 

e start by using the astrometric and kinematic properties of stars
o select potential HVSs. HVSs need to be very fast to prevent
ignificant deviation from their otherwise radial trajectories by 
he torque on the orbit generated by the non-sphericity of the
alactic potential. For this reason, we only consider stars with total

mplied velocity, V I , in the range [800 , 3500] km s −1 , independent
f Galactocentric distance. The lower limit ensures that (excluding 
he inner GC) all stars would be unbound. The upper limit includes

ost of the extremely fast predicted HVSs (Rossi, Kobayashi & Sari
014 ), while limiting contamination by non-HVSs (which can have 
xtremely high implied velocities). Second, we compare the implied 
arallax to the parallax measured by Gaia . We only select sources
ith implied parallax consistent with measured parallax within 2 σ , 

onsidering both the uncertainty on the measured and the implied 
arallaxes. We do this comparison to the parallax and not the distance
ince the parallax has Gaussian uncertainties. 

The source of uncertainty on � I is the measured uncertainty on � μ

rom Gaia . Because comparing parallaxes is not constraining when 
oth are highly uncertain, we only consider sources where � I o v er its
ssociated uncertainty is larger than five. In addition, most parallaxes 
n the Gaia catalogue have large fractional uncertainties. This also 
eans that requiring the implied parallax and measured parallax to 

e consistent is often not a stringent requirement. To alleviate this,
e additionally compare the implied distances to the photogeometric 
nes determined in Bailer-Jones et al. ( 2021 ). The photogeometric
istances make use of the colour–magnitude information from 

tars by incorporating a colour–magnitude dependent prior on the 
xtinction-corrected absolute magnitude, which varies as a function 
f sky position. Similar to the parallax selection, we require that the
mplied distances are consistent with the photogeometric ones. As a 
hreshold we use 2 σ , where we use the 16th and 84th percentiles from
ailer-Jones et al. ( 2021 ) as the ne gativ e and positiv e 1 σ estimates

or the posterior respectively. 

.2.2 Photometric selections 

he implied position of many stars in the HR diagram (according
o the implied distance) will be unphysical, because the implied 
istances are only appropriate for stars moving on radial trajectories. 
MNRAS 533, 2747–2761 (2024) 
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M

Figure 2. Reference HR diagram created from sources in Gaia . The dotted 
line gives our colour limit, only stars to the left of which we consider. The 
solid lines indicate the main-sequence region within which we consider HVS 
candidates. The colour scale is logarithmic. 
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Table 2. Here, we provide the first five sources, ordered by source id , 
from our catalogue of 600 HVS candidates with their Gaia DR3 source id , 
implied heliocentric radial velocity, and implied heliocentric distance. 

Gaia DR3 source id V r, I ( km s −1 ) D I ( kpc ) 

16 647 293 239 608 960 805 6.6 
57 537 894 455 885 184 1429 15.2 
292 010 016 092 347 648 829 21.1 
307 220 183 209 400 448 638 12.2 
331 500 110 074 917 120 1092 18.7 
... 
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o remo v e unphysical solutions, we only consider sources within
art of the HR diagram. 
We first correct the G, G RP , and G BP magnitudes for extinction

sing the 2D extinction map from Schlegel, Finkbeiner & Davis
 1998 ) and the recalibration from Schlafly & Finkbeiner ( 2011 ),
ssuming every source is behind the extinction layer. We use an R V =
 V / E(B − V) of 3.1 with the Fitzpatrick ( 1999 ) extinction law. We
se the values provided by Gaia to convert the extinction at 550 nm
o the rele v ant bands. 1 Since those corrections are formally only
alid when the intrinsic colour is known, we perform 10 iterations
 v er the extinction coefficients, adjusting the colour of the source
t each step. We only select sources which are implied to be within
 M G = 2 of the main sequence, which we define to be M G = 4 . 3 ×

 G BP − G RP ) + 0 . 5. This is a fairly simplistic selection, which can be
mpro v ed upon in future surv e ys by, for instance, taking the relative
ontamination of our HVS candidate catalogue by field stars into
ccount as a function of position on the HR diagram. To exclude
ighly extincted regions, we only consider HVS candidates with a
 -band extinction coefficient A G < 1 . 5. 
We noticed that the relative contamination of our HVS candidate

atalogue by field stars was lowest for blue sources, based on the
imulations we discuss in Section 4 . For this reason we select only
ources with an extinction-corrected G BP − G RP colour below 0.5,
hich corresponds to a mass � 1 . 3 M �. We show these selections

n Fig. 2 in combination with a reference HR diagram for sources in
aia . To provide perspective, we also overlay the density of HVS

andidates in Gaia in Fig. A1 in the appendix. 
NRAS 533, 2747–2761 (2024) 
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.2.3 Sky coordinate selections 

e know that the distribution of HVSs on the sky should be
nisotropic, even for an isotropic ejection mechanism in the GC due
o on-sky projection. Moreover, we expect that the contamination of
ur HVS candidate sample is highest near the GC and anticentre,
here our selections are relatively ineffective. In addition, in the
alactic plane we expect the contamination to be higher than at high
alactic latitudes due to the high relative number of field stars to

xpected HVSs. In order to limit contamination by field stars, we
efine the expected number of HVSs to number of candidates for
ifferent directions in the sk y. F or this purpose, we use HEALPIX 

2 

 ns i de = 3; G ́orski et al. 2005 ; Zonca et al. 2019 ) to divide the
ky into equal area pixels. We determine the expected density of
VSs across the sky using the simulations described in Section 4 .
e only observe sources in HEALPIX pixels where the ratio of the

ensity of expected HVSs to candidates (normalized by the number
f candidates) is larger than five. 3 

To prevent contamination from stars in the Large Magellanic Cloud
LMC) or Small Magellanic Cloud (SMC), we additionally require
ny HVS candidate to be more than 8 and 3 deg from their respective
entres. 4 

The selection steps up to this point leave us with only 600 HVS
andidates, the previously identified S5-HVS1 being one of the top
andidates (Koposov et al. 2020 ). We provide an overview of the
elections in Table 1 . The complete source list can be found online. 5 

e provide the first five sources in Table 2 . 

.2.4 Instrument-specific selections 

e used two observatories for follow-up observations of our candi-
ates: the Isaac Newton Telescope ( INT ) and the New Technology
elescope ( NTT ). The INT is a 2.54-m telescope located on the island
f La Palma and the NTT is a 3.58-m telescope sited at La Silla in
hile. We used two observatories to gain both Northern and Southern
emisphere co v erage of the sky. The instrument-specific selection for
he INT is 

(i) G < 19 
(ii) Dec > −20 deg 
(iii) RA < 60 deg or RA > 230 deg. 

Our instrument specific selection for the NTT is 
9–73, 78, 82–85, 93–96, 101, 102, 103, and 107 in the ring scheme based 
n RA and Dec. 
 The LMC centre we use has l = 280 . 4652, b = −32 . 8884 deg. The SMC 

entre we define to be at l = 302 . 8084, b = −44 . 3277 deg. 
 https:// zenodo.org/ doi/ 10.5281/ zenodo.12179452 

https://www.cosmos.esa.int/web/gaia/edr3-extinction-law
http://healpix.sf.net/
https://zenodo.org/doi/10.5281/zenodo.12179452
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Table 3. Overview of the observing dates for our survey. 

Instrument Observing dates Run number 

INT 2022 Aug 20–21 ING.NL.22B.002 
INT 2022 Sep 19–30 ING.NL.22B.002 
NTT 2022 Nov 25–28 110.23SU.001 & 110.23SU.002 
NTT 2023 June 3 111.24MP.001 
NTT 2023 July 14–15 111.24MP.002 
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(i) G < 19 . 3 
(ii) Dec < 0 deg. 

We find a total of 284 HVS candidates in Gaia that match
ll of the listed selections. We performed spectroscopic follow-up 
bservations for these sources, which are described in Section 3 . 

 OBSERVATIONS  

n the previous section, we discussed how we select our HVS 

andidates. In this section, we describe the follow-up observations 
e performed for those candidates. We describe the instrument set-up 

n Section 3.1 , the data reduction in Section 3.2 , the spectral analysis
n Section 3.3 , and lastly the observed stars in Section 3.4 . 

An o v ervie w of our observ ations is gi ven in Table 3 . 

.1 Instrument set-up 

o confirm or reject HVS candidates, we do not require high radial
elocity precision. We therefore set up the instruments to allow 

fficient radial velocity measurements with uncertainties of a few 

ens of km s −1 . 
At the INT , we use the Intermediate Dispersion Spectrograph (IDS) 

ith the EEV10 detector and the R400V grating. This gives us an
pproximate resolution of R = 

λ
�λ

= 1600 at 4500 Å. 6 We were 
llocated a total of 12 nights of observing at the INT . 

At the NTT , we use the ESO Faint Object Spectrograph and Camera
v.2; EFOSC2) with grism Gr#07. This set-up gives us a resolution of
bout 500 at 3800 Å. 7 We were allocated seven nights of observing
t the NTT . 

.2 Data reduction 

n the following, we describe the data reduction steps applied to the
aw data from the INT and NTT . We use the same pipeline for the
wo telescopes, with minor adjustments where needed to account for 
he different instruments. 

We perform standard bias subtraction and flat-field correction to all 
cience spectra. We then mask out any cosmic rays using CCDPROC

Craig et al. 2022 ). We trace and subsequently extract the spectra
sing PYRAF , which is the PYTHON implementation of IRAF (Tody 
986 , 1993 ). Background subtraction is performed by selecting a 
egion around the science spectrum. Through visual inspection, we 
ake sure there are no sources in the background region and make

djustments where needed. In the case of poor seeing during the 
bservation, for instance, the background region might need to be 
 https:// www.ing.iac.es/ astronomy/ instruments/ ids/ idsgrat tables.html 
 https:// www.eso.org/ sci/ facilities/ lasilla/ instruments/ efosc/ inst/ 
fosc2Grisms.html 

F
c
a
v
m

urther separated from the centre of the science spectrum. In the
ase of the INT , wavelength calibration is performed using the
uAr + CuNe lamp. For the NTT , we make use of the He and
r lamps. An arc spectrum is taken after every science exposure to

ccount for instrument flexures. No flux calibration is applied, since 
t is not required for radial velocity measurements. 

We additionally calculate the signal-to-noise (S/N) as a function 
f wavelength. We start by taking the square root of the sum of
quares of the photon noise and the readout noise. We remark that
his is an approximation, because in the regime of low photon counts,
he constraint on the flux is not Gaussian (see e.g. Guy et al. 2023 ,
ection 4.2.9). We use the same trace used in extracting the science
pectrum to extract the noise spectrum and perform error propagation 
n subtracting the background. 

.3 Spectral analysis 

aving obtained wavelength-calibrated spectra, we now describe 
ur analysis. We determine the radial velocities from our reduced 
ata using RVSPECFIT (Koposov 2019 ). This software relies on direct
ixel fitting using interpolated stellar templates from the PHOENIX 

pectral library (Husser et al. 2013 ). For the spectra from the NTT
e use the wavelength interval 3500 < λ < 5240 Å, while for

he INT we use the wavelength interval 3600 < λ < 6800 Å. We
erform barycentric correction on the resulting radial velocities using 
STROPY . 

.4 Obser v ed HVS candidates 

e obtained radial velocity measurements for 196 out of our 284
VS candidates. This translates to a completeness factor of about 69
er cent. We only consider spectra with an S/N larger than two and
hree for the INT and NTT , respectiv ely. F or lower S/N spectra, we
ere not able to reco v er reliable radial velocity measurements. For

nother five stars, we found previous radial velocity measurements 
n the SDSS DR14 low-resolution stellar catalogue (Abolfathi et al. 
018 ) or in the LAMOST DR8 low-resolution catalogue (Zhao et al.
012 ). We give the data on these stars in Table B1 . We will also
onsider these five sources in our observational sample, bringing our 
otal completeness to about 71 per cent. In Fig. 3 , we plot the sky
istribution of our HVS candidate catalogue, indicating which ones 
ave been observed successfully. 
MNRAS 533, 2747–2761 (2024) 

igure 3. Sky distribution of our HVS candidate sample in Galactic 
oordinates. Black points indicate the stars with follow-up observations 
nd the orange crosses the ones with either SDSS or LAMOST radial 
 elocity measurements. F or the gre y stars we do not hav e radial v elocity 
easurements. 

https://www.ing.iac.es/astronomy/instruments/ids/idsgrat_tables.html
https://www.eso.org/sci/facilities/lasilla/instruments/efosc/inst/Efosc2Grisms.html
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Table 4. Five sources from our observed HVS candidates in no particular order. The full table can be accessed online (see main text). The radial 
velocities are in the barycentric frame. 

Gaia DR3 source id Radial velocity ( km s −1 ) Radial velocity uncertainty ( km s −1 ) Date of observation Instrument 

6 408 940 170 344 856 320 220.6 38.0 2022-11-28 NTT 

16 647 293 239 608 960 42.4 40.6 2022-09-23 INT 

4 080 886 923 180 284 928 32.8 35.4 2023-06-04 NTT 

3 755 045 965 083 116 160 281.0 21.2 2022-11-26 NTT 

4 195 180 362 312 873 984 −75.7 80.2 2023-07-16 NTT 

... 

Figure 4. Implied radial velocity against the measured radial velocity for the 
HVS candidates we observed. The dashed line gives the bisection. The blue 
points indicate our measurements, the red star highlights our measurement 
of S5-HVS1, and the orange points show the stars with radial velocity 
measurements from SDSS and LAMOST . 
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We provide an observational log of our observations in an online
able, 8 the first five rows of which are shown in Table 4 . 

In Fig. 4 , we plot the implied radial velocity against the measured
adial velocity. We can see that only the previously identified S5-
VS1 falls on the bisection, clearly identifying it as an HVS.
o we ver, not all HVSs will be on the bisection, because either their

rajectories are not purely radial or due to observational uncertainty.
n practice, this means we cannot state with absolute certainty that
he other observed sources are not HVSs, because of observational
ncertainty and orbits which are not purely radial. We will return to
his point in Section 4.3 . 

 H V S  M O C K  C ATA L O G U E S  

n this work, we use a comparison between observations and
imulations to infer properties of HVSs. Section 4.1 describes the
VS ejection mechanism and Section 4.2 discusses the simulation

uite in which it is applied. We use these simulations to make
nformed decisions for our HVS candidate selection, mentioned in
ection 2.2 . Most importantly, the simulations allow us to provide
onstraints on the ejection of HVSs and the GC environment as
resented in Section 5 . 
NRAS 533, 2747–2761 (2024) 

 https:// zenodo.org/ doi/ 10.5281/ zenodo.12179452 

f  

a  

9

.1 Hills mechanism 

e assume HVSs are ejected through the Hills mechanism proposed
n Hills ( 1988 ; for a re vie w see Brown 2015 ). In this mechanism, a
inary star system approaches a massive black hole (MBH) within
he tidal radius, where the tidal force from the MBH exceeds the
inary self-gravity. The result is that the binary is separated; one
tar is captured by the MBH in a tight, elliptical orbit and the
ther star is ejected as an HVS. If the progenitor binary is on a
arabolic orbit, which is an excellent approximation in the scenario
ssumed here (Kobayashi et al. 2012 ), both stars in the binary have
n equal likelihood of being ejected, independent of mass ratio (Sari,
obayashi & Rossi 2009 ). The velocity at which the HVS is ejected

rom the sphere of influence of the MBH is given by 

 ej = 

√ 

2 Gm c 

a 

(
M MBH 

M 

)1 / 6 

, (8) 

here we neglected a multiplicative constant factor of order unity
hich depends on the geometry of the encounter (see e.g. fig. 10

n Sari et al. 2009 ). In equation ( 8 ), m c is the mass of the captured
ompanion, M MBH in the case of the Galaxy is the mass of Sgr A 

∗

4 × 10 6 M �; Eisenhauer et al. 2005 ; Ghez et al. 2008 ; Gillessen et al.
009 , 2017 ; Sch ̈odel, Merritt & Eckart 2009 ; Boehle et al. 2016 ; Do
t al. 2019 ; GRAVITY Collaboration 2019 ), and M the total mass of
he progenitor binary (Sari et al. 2009 ; Kobayashi et al. 2012 ; Rossi
t al. 2014 ). Most of the stars ejected through this mechanism are
till bound to the Galaxy, but the ejections can occur at velocities in
xcess of 1000 km s −1 , putting stars on orbits unbound to the Galaxy.

.2 Simulations 

he simulation framework we use is SPEEDYSTAR 

9 (Contigiani,
ossi & Marchetti 2019 ; Evans et al. 2022b ). This code is able

o create mock observational catalogues of Hills mechanism HVSs,
nd of stars ejected by a binary MBH (Evans et al. 2023 ). Here, we
ocus e xclusiv ely on the Hills mechanism. Below we describe the
ost important steps to understand the model, for details we refer to
vans et al. ( 2022b ). 
We start by creating an HVS progenitor population of binaries.

hese binaries are characterized by the primary zero-age main-
equence mass ( m p ), mass ratio ( q), and the orbital semimajor axis
 a) at the moment of disruption. The mass of the primary is drawn
rom a mass function (MF) which follows a power -law distrib ution of
he form f ( m p ) ∝ m 

−κ
p in the range [0 . 1 , 100] M �. The secondary is

hen assigned a mass according to a mass ratio distribution of the form
 ( q) ∝ q γ , with 0 . 1 ≤ q ≤ 1. Lastly, the orbital semimajor axis are
ssigned assuming a binary orbital period distribution of the form
 https:// github.com/ frasere v ans/speedystar

https://zenodo.org/doi/10.5281/zenodo.12179452
https://github.com/fraserevans/speedystar
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Figure 5. Observational completeness of our sample of HVS candidates as a 
function of apparent G magnitude. We also show the distribution of simulated 
HVSs and our observed candidates in G magnitude in red on the right axis. 
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 ( log P ) ∝ ( log P ) π . Dif ferent v alues for the three parameters κ , γ ,
nd π are explored with uniform priors to account for uncertainty in 
he HVS progenitor population. For κ we use the interval [0 . 3 , 3 . 3]
o allow for both very top-heavy and bottom-heavy MFs. For γ we 
se the interval [ −2 , 2] and for π the interval [0 , 2]. We allow for
he wide range in MF index because of the uncertainty on the IMF
ear the GC, alluded to in the introduction. IMF inde x es of 0.45,
.7, and a canonical 2.3 have all been claimed near Sgr A 

∗ (Bartko
t al. 2010 ; L ̈ockmann et al. 2010 ; Lu et al. 2013 , respectively). The
arameter range on π allows for a log-uniform period distribution 
also known as Öpik’s law), or distributions with increasing fractions 
f wide binaries. The parameter range on q encapsulates the results
rom different studies into massive binaries in star-forming regions 
Sana et al. 2012 , 2013 ; Moe & Stefano 2013 , 2015 ; Dunstall et al.
015 ). 
For each star we assume solar metallicity, with Z � = 0 . 0142

Asplund et al. 2009 ). Additionally, we performed tests with su-
ersolar metallicity values of [ Fe / H ] = 0 . 3, since stars near the GC
re mostly metal rich (Do et al. 2015 ; Feldmeier-Krause et al. 2017 ;
andakumar et al. 2018 ; Schultheis et al. 2019 ). 
From this progenitor population, binaries are drawn at a constant 

ate. One of the binary components is selected at random and 
ssigned an ejection speed according to equation ( 8 ). We assume the
jection is isotropic and assign the star a random age within the total
ifetime of the shorter lived star of the progenitor binary, where we
mplicitly assume a constant star formation rate. The ejected stars are 
ubsequently integrated in the potential of the Galaxy (see Marchetti 
t al. 2018 , table 1). The result is a simulated current population of
VSs throughout the Galaxy. These HVSs are evolved using single 

tellar evolution models from Hurley, Pols & Tout ( 2000 ) in AMUSE
Portegies Zwart et al. 2009 ; Pelupessy et al. 2013 ; Portegies Zwart
t al. 2013 ; Portegies Zwart & McMillan 2018 ). 

Lastly, mock observations are performed incorporating the visual 
xtinction along the line of sight, ef fecti ve temperature, surface 
ravity, and metallicity of the simulated HVSs. This is done using
he MESA Isochrone and Stellar Tracks model grid (Choi et al. 2016 ;
otter 2016 ). This allows us to determine the magnitude and colour
f these stars as they would be observed by v arious observ atories.
strometric uncertainties in parallax and proper motion, as observed 
y Gaia , are determined using the DR3 astrometric spread function 
f Everall et al. ( 2021 ). 

.3 HVS candidate selection applied to simulations 

ow that we have described both our simulations and observations, 
e will describe how we apply the selections discussed in Section 2

o our simulated HVSs. 
First, we have to consider which stars are observed by Gaia in the

rst place. Although the magnitude limit of Gaia is G = 20 . 7 (Gaia
ollaboration 2016 ), not all sources down to that depth appear in

he published Gaia catalogue for various reasons. A description of 
hich stars do and do not appear in the published Gaia catalogue is

eferred to as the Gaia selection function, which has been empirically 
etermined in Cantat-Gaudin et al. ( 2023 ). 10 Although Gaia is
irtually complete down to our magnitude limit of G = 19 . 3 except
n crowded regions, we none the less incorporate the empirical 
aia selection function for completeness. We also convolve the 

true’ parallaxes and proper motions with their uncertainties. No 
ncertainties are considered on the photometric measurements. 
0 https:// github.com/ gaia-unlimited/ gaiaunlimited?tab = readme- ov- file 

l
o  

c  
Most of the selections described in Section 2.2 can be directly
pplied to the resulting mock HVS catalogue. We can calculate 
he implied distance and radial velocity for the mock HVSs in the
ame way we did for the Gaia catalogue and apply our selections.
he same can be done for the photometric, sky coordinate, and

nstrument-specific selections. An exception is the photogeometric 
istance from Bailer-Jones et al. ( 2021 ). To apply this selection to
he mock HVS catalogue, we resort to the Bailer-Jones ( 2015 ) source
ode (C.A.L. Bailer-Jones, pri v ate communication) and calculate the 
hotogeometric distances for the simulated HVSs. After obtaining 
he photogeometric distances for all our mock HVSs in this way,
e again apply the same selections to our mock catalogue as to the
aia catalogue. The only exception is the RUWE , which we do not
odel for our simulated HVSs. We expect HVSs to be single stars

nd for single stars fewer than one in a million have RUW E > 1 . 4
Penoyre, Belokurov & Evans 2022 ). 

Since our observational catalogue does not co v er ev ery candidate
rom the selections introduced in Section 2 , we need a prescription
o quantify our observational completeness. In Fig. 5 , we show our
ollo w-up observ ational completeness as a function of the apparent
agnitude of the HVS candidates. For each bin in G magnitude,
e calculate the fraction of sources we observed over the number
f sources in our catalogue (see Section 2.2.4 ). As can be seen, the
bservational completeness decreases for fainter sources, since we 
rioritized bright sources. In addition, we have lower completeness 
or regions with many HVS candidates that were not accessible 
or a significant amount of time during the observational runs. This
xpresses itself mainly in a lower completeness near the GC. In Fig. 6 ,
e show our follow-up observational completeness as a function of 

he angle to the GC. Since the observational completeness shows a
tronger bias in G magnitude than in the sky position, we decide to
odel the observational completeness only on G magnitude. We bin 

he magnitudes of our candidates using 50 bins between G = 0 and
 = 19 . 4 and calculate the fraction of observed stars within each bin.

f there are no candidates in a bin, we consider the observations to
e complete. The model of the selection function of our observations
s then the completeness fraction per bin in G magnitude, which we
an apply to our simulations. 

Lastly, we noted in Section 3.4 that we cannot reject with abso-
ute certainty the HVS candidates that have significantly different 
bserved and implied radial velocities. To account for this, we only
onsider simulated HVSs for which V r, I − V r < 300 km s −1 , which
MNRAS 533, 2747–2761 (2024) 

https://github.com/gaia-unlimited/gaiaunlimited?tab=readme-ov-file
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Figure 6. Observational completeness of our sample of HVS candidates as 
a function of the angle to the GC. In addition, we show the distribution of 
simulated HVSs and our observed candidates as a function of their angular 
separation from the GC in red on the right axis. 
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olds for about 86 per cent of HVSs in our simulations. None of the
ources we observed, except S5-HVS1, meet this criterion. 

By combining all observational selections and applying them to
he simulations, we can predict the number of HVSs that should be
n our observational sample, which we use to provide constraints on
he GC in Section 5.2 . 

 C O N S T R A I N T S  O N  T H E  GALACTIC  C E N T R E  

aving described the observations, we can now provide physical
onstraints on the GC environment and HVS ejection process. Before
e do so in Section 5.2 , we will first discuss the properties of HVSs

hat can be observed with Gaia in Section 5.1 . 

.1 HVSs obser v able by Gaia 

ot all HVSs can be observed by Gaia . Low-mass stars, for instance,
an only be observed out to short heliocentric distances, due to their
ntrinsic low brightness. To establish the properties of HVSs that can
e observed by Gaia , we make use of the simulations described in
ection 4.2 . We require that to be observed by Gaia and be considered
n HVS, the star must have an apparent G magnitude below 20.7, in
ddition to travelling on an unbound orbit. We additionally consider
he Gaia selection function mentioned in Section 4.3 . 

F or ev ery set of model parameters we can now find the stars
hat would appear in the Gaia catalogue. We caution that due to
bservational uncertainties, not all of these real HVSs could be
rivially identified as such; in practice, it can be challenging to
etermine if a star is in fact unbound or not. In Fig. 7 , we plot
he distance against the mass for HVSs that can be observed by
aia , along with the colour–magnitude diagram. In the left column,
e add the contributions from all MFs within our prior range

see Section 4.2 ). In the middle and right columns, we show the
istribution for two specific MFs (a top-heavy one, κ = 1 . 7, and
ne close to the canonical Salpeter MF, κ = 2 . 3). The resulting
istribution should be seen as a prediction for the o v erall population
istribution of HVSs present in the Gaia catalogue, disco v ered or
ndisco v ered. We can see that most of the HVSs in the Gaia catalogue
ill be at heliocentric distances between about 10 and 200 kpc, be of

he order of a few solar masses, and be main-sequence stars. Below
NRAS 533, 2747–2761 (2024) 
eliocentric distances of ∼ 5 kpc, the volume co v ered by Gaia is
oo small which makes disco v ering an y HVSs within this region
ighly unlikely. The vertical feature in the top row at ∼ 8 kpc is
he GC, where, due to projection effects, an o v erdensity of HVSs
n the sky is present. The cut-off feature towards low-mass/distant
tars is caused by the detection limit of Gaia in apparent magnitude.
he stars below this boundary are giants, which are visible out to

urther distances than main-sequence stars. The upper right of the
gure is not populated, because extremely massive stars do not live

ong enough to travel far from the GC. In Fig. C1 , we additionally
how the apparent magnitude distribution for an MF index κ = 2 . 3. 

Interestingly, the MF has little effect on the ratio of evolved to
ain-sequence stars we expect to be within the Gaia catalogue. The

raction of evolved HVSs is expected to be about 0.17, changing by
ess than 0.03 between different MFs. 

Using these results, we can also determine the completeness of
aia for HVSs as a function of mass. In other words, what fraction
f HVSs is expected to be in the Gaia catalogue as a function of
ass. For this, we only consider HVSs that have not evolved into

emnants. We show the results in Fig. 8 for varying distance limits.
e can see that the completeness for HVSs in Gaia approaches zero

or masses below ∼ 1 M � even when only considering HVSs within
0 kpc from the Sun, which are the ones our observations are mainly
ensitiv e to. F or high-mass HVSs ( M � 5 M �), the completeness
onverges to nearly one, because those stars do not live long enough
o travel far from the GC. 

.2 HVS parameter constraints 

aving established the types of HVSs that Gaia is sensitive to, we
ill now describe our constraints on the ejection of HVSs. 
By applying the same selections to the simulations described in

ection 4 as the observations, we can predict the number of HVSs that
hould be observed in our catalogue given a set of model parameters.
y rejecting models that are incompatible with the observed number
f HVSs, we provide constraints on the model parameters, and as
uch, the physical environment of the GC and the process of HVS
jection. 

We use uniform priors within the parameter ranges given in
ection 4.2 . The posterior probability of the model with parameters
 is therefore given by 

 ( M| N HVS ) ∝ 

λN HVS exp −λ

N HVS ! 
, (9) 

ith N HVS the number of observed HVSs and λ the average number
f expected HVSs according to the simulations for a given set of
arameters M . 
We find that the main parameters we can constrain based on the

umber of observed HVSs are the ejection rate and MF (as is also the
ase in Evans et al. 2022a , b ). Both the log-period distribution and
ass-ratio distributions are significant in their effect on the observed

umber of HVSs, but affect the results much less than the MF and
jection rate. 

In Fig. 9 , we provide the posterior on the MF and ejection rate,
arginalized o v er the binary period and mass ratio distributions.
ompared to previous studies, we see a remarkable impro v ement

n the upper limit on the combined ejection rate and MF. Even
hough we only obtained 196 radial velocity measurements, our
esults are about 1 dex more constraining than the ∼ 34 M radial
elocity measurements in Gaia DR3 (also considering S5-HVS1
as disco v ered). This demonstrates the ef fecti veness of our targeted

urv e y v ersus blind surv e ys when identifying HVSs. It is also worth
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Figure 7. Predicted population of unbound HVSs in the Gaia catalogue. The three columns display different assumptions on the MF of the primary of the 
HVS progenitor binary population, as indicated abo v e the respective columns. The numbers per bin are calculated for a fiducial ejection rate of 10 −6 yr −1 . Top 
row : the distance–mass distribution for predicted HVSs in Gaia . The black crosses indicate the median values of the respective panels, while the grey crosses 
indicate those for the other panels for easy comparison. The black star indicates the position of S5-HVS1. Bottom row : the extinction corrected colour–magnitude 
distribution for predicted HVSs in Gaia . 

Figure 8. Completeness of unbound HVSs in the main Gaia catalogue as 
a function of mass. The different lines correspond to different limits on the 
heliocentric distance as indicated in the legend. Our observations are mostly 
sensitive to HVSs within 50 kpc. 
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oting that we use a more conserv ati ve prior on the log-period
istribution compared to earlier work, since the prior used in Evans 
t al. ( 2022a , b ) results in higher ejection velocities to which our
bservations are most sensitive. We only highlight the upper limit 
nd not the lower limit, because the upper limit is better constrained.
he lower limit is highly sensitive to the prior used (e.g. uniform or
amma distribution). In Fig. D1 , we show the posterior if we use a

og-uniform prior of 1 /λ. The posterior with the log-uniform prior
hows that the upper limit remains, while allo wing lo wer ejection
ates with equal probability. 

For κ � 1 . 5, we can see in Fig. 9 that the ejection rate is a strong
unction of the MF index. This is caused by our limited sensitivity
o low-mass stars, as demonstrated in Fig. 7 . A more bottom-heavy

F would cause a lower fraction of HVSs to be observable by Gaia ,
hus necessitating a relatively higher ejection rate. For extremely 
op-heavy MFs, the ejection rate and MF index become relatively 
ndependent due to two competing effects: 

(i) a larger fraction of HVSs is sufficiently massive to be observed
ith increasingly top-heavy MFs, and 
(ii) the finite lifetime of these increasingly massive stars causes a 

ignificant fraction of HVSs to evolve into stellar remnants before 
xiting the sphere within which they would be visible were they
ain-sequence stars. 

Overall, our upper limit ejection rate constraints are consistent 
ith the process where stellar binaries’ centre of mass trajectories 
a ve undergone gra vitational scatterings off other (single) stars or
iant molecular clouds: once every 10 4 − 10 6 yr a binary star is sent
n a highly eccentric orbit such that its pericentre becomes equal
r smaller than the tidal separation radius (a.k.a. ‘loss cone orbit’)
nd an HVS is ejected (Yu & Tremaine 2003 ; Perets, Hopman &
MNRAS 533, 2747–2761 (2024) 
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M

Figure 9. Posterior probability on the log of the HVS ejection rate and MF 
of the primary in the progenitor binary. The solid line gives the 2 σ upper 
limit of the combined ejection rate and MF inde x. F or comparison, the dotted 
and dashed lines give the 2 σ upper limit on the same parameters from blind 
searches in the 6D phase-space Gaia eDR3 and DR3 samples, respectively. 
The eDR3 constraint was calculated in Evans, Marchetti & Rossi ( 2022b ) 
and the DR3 constraint is calculated by multiplying the posteriors in fig. 3 
of Marchetti et al. ( 2022 ) with the top-right panel of fig. 5 in Evans et al. 
( 2022b ). 
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Figure 10. Same as Fig. 9 , but now only for HVSs with M > 1 M �. 

Figure 11. Predicted distribution of flight times for HVSs to which our 
observations are sensitive. 
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le xander 2007 ). F or a recent re vie w on rates see Stone et al. ( 2020 ,
specially section 3.6.3). Robust rate predictions to compare with
ur observational constraints should include realistic descriptions of
he phase space and properties of binary stars, as well as those of
ingle stars and giant molecular clouds out to ∼ 100 pc from SgrA ∗
n our GC. Such calculations and comparisons are beyond the scope
f this paper and will be presented in a follow-up investigation. 
We can re-parametrize the ejection rate, such that it is no longer a

unction of the MF index by only considering HVSs massive enough
o be observable by Gaia . The total ejection rate defines the ejection
ate of HVSs in the mass range [0 . 1 , 100] M �, as explained in
ection 4.2 . We can transform this to the ejection rate in a different
ass range by integrating the MF, which allows us to determine the

umber of stars in a mass interval [ M 1 , M 2 ] 

( M 1 < M < M 2 ) ∝ 

1 

κ + 1 

(
M 

κ+ 1 
2 − M 

κ+ 1 
1 

)
. (10) 

he ejection rate for stars in the mass range [ M 1 , M 2 ] is then the
otal ejection rate times the fraction of stars in the mass interval
 M 1 , M 2 ]. In Fig. 10 , we give the resulting posterior for HVSs more
assive than 1M �, making them potentially accessible to Gaia . The
gure demonstrates that irrespective of the MF, the ejection rate of
VSs more massive than 1M � cannot be higher than about 10 −5 

r −1 at 2 σ confidence. 
In Fig. 11 , we show the flight time (i.e. time since disruption)

istribution of HVSs that our observations are sensitive to. We can
ee that the observations presented in this work are sensitive to
jections o v er the past ∼ 50 − 100 Myr. Our ejection rate constraint
herefore applies to ejections within the last ∼ 50 − 100 Myr. HVS
jections that occurred more than 100 Myr ago would not produce any
bservable HVSs in our sample and can therefore not be constrained
ith our observations. 
NRAS 533, 2747–2761 (2024) 
In the hypothetical case we observed two HVSs instead of one,
he effect on our constraints is mainly that the posterior (Figs 9 and
0 ) becomes more narrow (the 2 σ confidence interval by ∼ 0 . 5 dex).
n addition, the 2 σ upper limit constraint would increase by about

0 . 1 dex. 

.3 How many HVSs are in Gaia ? 

sing our constraints from Section 5.2 , we can predict how many
VSs are in the complete Gaia DR3 catalogue. Along with the
redicted mass–distance relation, shown in Fig. 7 , this gives us a
erspective on the discovery space of HVSs in Gaia . In Fig. 12 ,
e show the expected number of HVSs in Gaia as a function
f the MF. Within 1 σ , we expect there to be between about 5
nd 45 HVSs (1 . 7 < κ < 2 . 3), with the mode of the distribution
round 18. The significant uncertainty in this number is caused
y the single confirmed HVS within our observational sample.
mportantly, the number of predicted HVSs is about one to two
rders of magnitude less than predicted in earlier work (Marchetti
t al. 2018 ). This difference is mostly caused by a much lower ejection
ate than previously expected. Theoretical prospects relying on Gaia
isco v ered HVSs will have to take this into account. 
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Figure 12. Number of unbound HVSs in the complete Gaia catalogue as a 
function of the MF of the progenitor binary population. 
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 DISCUSSION  

aving presented our main results, we will now provide some 
iscussion. We start by re vie wing our assumptions in Section 6.1 ,
econd we discuss the influence of the LMC on our results in
ection 6.2 , then we discuss the previously disco v ered HVS S5-
VS1 in light of our results in Section 6.3 , we discuss some
reviously identified HVS candidates in Section 6.4 , and lastly 
rovide prospects for the discovery of additional HVSs in Section 6.5 . 

.1 Assumptions 

n this work, we rely on simulations to interpret our observational 
esults. Evaluating the assumptions the simulations rely on is there- 
ore important. Most of these have been discussed in Evans et al.
 2022b ), including alternative MF and mass ratio parametrizations. 

e focus here on differences. 
The MF we use in the simulations is different from the IMF for

VS progenitor binaries. The simulation assigns a random ejection 
ime within the lifetime of a star, which makes the MF we constrain
n this work more analogous to the present-day MF. In addition, the
se of a single, time-independent MF in the simulations implicitly 
ssumes a constant star formation rate. This is a simplifying assump-
ion, which we know does not hold in detail (e.g. Nogueras-Lara 
t al. 2020 ). 

Regarding the log-period distribution, we use a more stringent 
rior compared to Evans et al. ( 2022b ). Power-law indexes in α (see
ection 4.2 ) below zero would result in higher ejection velocities 
ecause of the lower binary separation (see equation 8 ). Since our
bservations are most sensitive to the fastest HVSs, our prior is more
onserv ati ve. 

We assumed a solar metallicity for the progenitor binaries through- 
ut this work. We e v aluate the ef fect of metallicity on our results by
unning identical simulations with [ Fe / H ] = 0 . 3. The difference on
he posterior presented in Fig. 9 is about 7 per cent of the statistical
ncertainty. We therefore conclude that metallicity is currently not 
n important consideration for our work. 

We also tested the influence of the adopted Galactic potential on 
ur results. To compare, we ran the simulations for the potential 
etermined in McMillan ( 2017 ). This potential is a more massive
ommonly used potential compared to our default one. The difference 
n our posterior from Fig. 9 changes by 0 . 01 − 0 . 1 dex, which is well
elow the statistical uncertainty. 

.2 Influence of the Large Magellanic Cloud 

ur search for HVS candidates is based on pure radial trajectories. In
eality, the non-spherical potential of the Galaxy deviates HVSs from 

 xclusiv ely radial trajectories. Because we compare our observations 
ith simulations that are performed with a realistic, non-spherical 
otential and an identical selection procedure, these deviations from 

adial trajectories are not a concern for our results. Ho we ver, the LMC
s not incorporated in the potential model of the Galaxy in which the
imulated HVSs are propagated. This might be a concern if the LMC
ignificantly deviates HVSs from their trajectories (see Kenyon et al. 
018 ; Boubert et al. 2020 ). In that case, simulations o v erpredict the
umber of HVSs we would be able to find and therefore bias the
jection rate constraint towards values which are too small. 

We can e v aluate the influence of the LMC by a comparison
etween integrating orbits of simulated HVSs with and without the 
MC. We reran the simulations for κ = 2 . 3 including the LMC
ith a mass of 1 . 5 × 10 11 M �, which is near the total mass most

tudies find and close to half the mass of the Galaxy within 50 kpc
Erkal et al. 2019 ; Vasiliev, Belokurov & Erkal 2020 ; Shipp et al.
021 ; Koposov et al. 2023 ). In the run with the LMC, we found
n increase of about 2.8 per cent in the number of reco v ered HVSs
n the simulation, which is about half the Poisson noise for those
imulations. Our simulation with the LMC did not include the reflex
otion of the Galaxy, but since this effect is of the same order as the

eflection (Boubert et al. 2020 ), we conclude that the LMC has no
iscernible influence on our results. 

.3 S5-HVS1 

he serendipitous disco v ery of S5-HVS1 in the S 

5 surv e y (Li et al.
019 ) appears curious. It is the only HVS that can be unambiguously
raced back to the GC and is, by far, the fastest out of the stars that
re suggested to originate from the Hills mechanism, in addition to
eing the closest (Brown et al. 2014 , 2018 ; Koposov et al. 2020 ).
n interesting question to pose is then: What is the chance that the
 

5 surv e y included an HVS? To understand this likelihood, we again
ake use of the simulations described in Section 4.2 . 
We consider the footprint of the S 

5 surv e y to be any stars with
aia parallax � < 3 σ� 

+ 0 . 2, mock DECam (Dark Energy Surv e y
ollaboration 2016 ) photometry 15 < g < 19 . 5, −0 . 4 < ( g − r) <
 . 1, and falling within 2 deg from an S 

5 pointing (see Li et al. 2019 ,
able 2) following Evans et al. ( 2022b ). Only HVSs with heliocentric
adial velocities of V r > 800 km s −1 are considered, since these were
nspected in Koposov et al. ( 2020 ). We find that within the 1 σ
osterior probability on the MF and ejection rate from Fig. 9 , the
umber of expected HVSs in S 

5 is about 0 . 14 + 0 . 36 
−0 . 11 . Although unlikely,

he disco v ery of S5-HVS1 in S 

5 is consistent with our constraints on
he ejection rate of HVSs. 

The radial velocity we measure for S5-HVS1 is 995 ± 12 km s −1 

hen considering the wavelength range 3850–5240 Å. We used this 
avelength range in particular because the spectrum we obtained 

or S5-HVS1 was much higher S/N than the other sources, and we
oticed the wavelength calibration below 3850 Å showed systemat- 
cs. This is most likely caused by the lack of calibration lines being
vailable for that part of the spectrum. Our measurement is consistent
ith the earlier found 1017 ± 2 . 7 km s −1 , so we find no indication of
inarity. 
MNRAS 533, 2747–2761 (2024) 
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Throughout this work, we assume that S5-HVS1 has been ejected
y the Hills mechanism. Other mechanisms have, ho we ver, not been
uled out. A three-body interaction between a hypothetical interme-
iate mass black hole and Sgr A 

∗, for instance, could have ejected
5-HVS1 and is consistent with the S-star eccentricity distribution
Generozov & Madigan 2020 ). Ho we ver, Ev ans et al. ( 2023 ) find that
he lack of further detected HVSs in Gaia would necessitate a very
pecific configuration of any hypothetical intermediate mass black
ole and Sgr A 

∗. 

.4 Distant HVS candidates 

n general, the predicted HVSs in Gaia (see Fig. 7 ) appear similar
o those found in Brown et al. ( 2014 ), being dominated by distant
tars of a few M �. The difficulty with these stars is that due to their
istance, their orbits cannot be confidently traced back to the GC
Irrgang, Kreuzer & Heber 2018 ; Kreuzer et al. 2020 ). Confusion
ith other types of sources, such as disc runaways and halo stars is

herefore an issue (e.g. Brown et al. 2018 ). 
We use the posterior on the ejection rate from Fig. 9 to make a

rediction on the number of HVSs within the MMT HVS Surv e y
Brown et al. 2014 ). We reproduce the same colour selections
utlined in section 2.1 of Brown et al. ( 2012 ). For simplicity, we
onsider the footprint of SDSS to be Dec > 0 deg for the Northern
alactic cap, and Dec > −15 deg for the Southern Galactic cap with
 Galactic latitude | l| > 30 deg (for the sky coverage see Aihara
t al. 2011 ). Brown et al. ( 2018 ) only study stars with a heliocentric
adial velocity transformed to the Galactic frame greater than 275
m s −1 , which we follow. In their study, Brown et al. ( 2018 ) identify
even stars with a probable origin in the GC. We use the posterior
rom Fig. 9 , in combination with the abo v e selections to calculate
ow many HVSs there are predicted to be within this footprint.
e sample the MF index in the range [1 . 7 , 2 . 3] and multiply each

ample by the posterior on the ejection rate for that MF index. We
nd that within a 68 per cent confidence interval, we expect there to
e between 0.3 and 2.8 HVSs in the MMT surv e y footprint. F or the
5 per cent confidence interval, we expect there to be between 0.1
nd 5.1 HVSs respectively. It is thus likely that a number of the stars
dentified in Brown et al. ( 2018 ) are genuine HVSs. Interestingly
o we ver, there is thus a > 2 σ tension between our results and the
umber of GC origin HVSs found in Brown et al. ( 2018 ). Apart from
 statistical deviation, we have two main hypotheses as to the origin
f this tension: the ejection rate of HVSs has not been constant o v er
he flight time of the stars identified in Brown et al. ( 2018 ), or (a
raction of) the stars identified in Brown et al. ( 2018 ) have a different
rigin (supported by Generozov & Perets 2022 ). To investigate the
rst hypothesis, we show the distribution of flight times for predicted
VSs in the MMT footprint in Fig. 13 . By comparison to Fig. 11 , we

an clearly see that the simulated HVSs matching the MMT surv e y
elections tend to have been ejected longer ago relative to those our
urv e y presented in this work is sensitive to. The unbound HVS
andidates reported to have a probable origin in the GC have flight
imes between about 50 and 150 Myr (see Brown et al. 2014 , table
), which is consistent with our predictions. 
Brown et al. ( 2018 ) estimated the ejection rate of unbound HVSs

n the mass range 2 . 5 ≤ M � ≤ 4 to be 1 . 5 × 10 −6 yr −1 . Using
ur observations, we can provide an independent constraint on the
jection rate in this mass range. We do this following the same
rocedure as for Fig. 10 , but now with the abo v e-mentioned mass
ange. Our constraints on this ejection rate are relati vely insensiti ve
o the MF varying by a factor of about 3. The 2 σ upper limit peaks
t about 1 . 3 × 10 −6 yr −1 for an MF index κ ∼ 2 . 5, while the mode
NRAS 533, 2747–2761 (2024) 
f the posterior peaks at about 2 . 8 × 10 −7 yr −1 (at the same MF
ndex). Our maximum likelihood prediction is thus more than five
imes lower compared to the findings in Brown et al. ( 2018 ). 

.5 Prospects 

aia DR4 will include radial velocities for sources with a limiting
agnitude of G RVS < 16 . 2 (Katz et al. 2023 ). If we consider all

nbound HVSs with our ejection rate constraints from Section 5 ,
e predict there to be about 3 + 4 

−2 HVSs within the Gaia DR4 radial
elocity catalogue if the MF index is between 1.7 and 2.3. It is,
o we ver, unlikely that all hypothetical HVSs in the footprint of the
adial velocity catalogue of Gaia DR4 could be recognized as such. If
e additionally require an accurate parallax measurement ( �/σ� 

>

), we only expect there to be 1 + 1 
−1 HVSs. If on top of that, we only

onsider HVSs with radial velocities > 500 km s −1 , we are left with
ewer than one expected HVS. 

A potentially promising means to extend to fainter stars is
sing radial velocities from the low-resolution Gaia G BP / G RP spectra
Verberne et al. 2024 ). These spectra will be published for all Gaia
ources in DR4. The radial velocity measurements from these spectra
re most accurate for blue sources ( G BP − G RP � 0 . 7 ), which is the
xpected main discovery space for HVSs in Gaia (see Fig. 7 ).
ecause the nominal uncertainties are high for radial velocity
easurements using the G BP / G RP spectra, we only consider HVSs
ith radial velocities greater than 1000 km s −1 , in addition to only

electing stars with G BP − G RP < 0 . 7. Within this parameter range,
e expect there to be 7 + 9 

−5 HVSs in Gaia DR4. Ho we ver, significant
mpro v ements would be required in the technique of obtaining these
adial velocities from the G BP / G RP spectra to reliably identify these
VSs (Verberne et al. 2024 ). 
In addition to Gaia DR4, large upcoming spectroscopic surv e y

nstruments such as DESI (Cooper et al. 2023 ), WEAVE (Dalton et al.
014 ), and 4MOST (de Jong et al. 2019 ) provide the opportunity
o observe much larger numbers of sources. As part of the low-
esolution high-latitude surv e y, WEAVE will observ e about 20 000
VS candidates in the Northern hemisphere. This is two orders of
agnitude larger than the observational sample described in this
ork. Moreo v er, WEAVE will allow us to observe stars down to the
etection limit of Gaia . The precise surv e y strate gy for WEAVE will
e discussed in upcoming work. 
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 C O N C L U S I O N  

n this work, we presented a no v el selection method of HVS
andidates. Utilizing ground-based follow-up observations, we were 
ble to reject all newly identified candidates. By combining this null-
etection of new HVSs with sophisticated simulations, we were able 
o significantly impro v e the constraints on both the ejection rate of
VSs and the MF of the HVS progenitors. We show that the MF and

jection rate are degenerate because Gaia is only sensitive to HVSs 
ore massive than about 1 M �. We are therefore able to provide

obust constraints on the ejection rate for HVSs more massive than 
 M � independent on the MF. Over the past ∼ 50 − 100 Myr, the
verage ejection rate for these stars cannot have been higher than 
bout 10 −5 yr −1 at 2 σ significance. 

We use our constraints on the ejection rate and MF to e v aluate
reviously identified HVS candidates. We find evidence that either 
he ejection rate of HVSs has varied significantly o v er the past ∼ 150

yr, or these previously identified candidates include stars that do 
ot originate in the GC. 
Our constraints predict that within a 68 per cent confidence 

nterval, there are between about 5 and 45 unbound HVSs in the
omplete Gaia catalogue. The majority of these stars will be main- 
equence stars with a mass of a few M � and be at heliocentric
istances between 10 and 100 kpc. 
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n the HR diagram. In Fig. A1 , we show where HVS candidates in
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he HR diagram. 
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ensity of HVS candidates that meet all our selections, except the colour–
agnitude based ones. 
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sequence and red giant branch. We can see that most HVSs in 
Gaia will be faint, as expected, since the observed volume increases 
tow ards f aint magnitudes. 

APPENDI X  D :  LOWER  LIMIT  O N  T H E  

E J E C T I O N  R AT E  A N D  MF  

The lower limit on the ejection rate and MF is sensitive to the prior 
used. Throughout the main text, we used a uniform prior in λ. In 
Fig. D1 , we instead show the posterior if we use a log-uniform prior 
equal to 1 /λ. This prior might be more appropriate, since we do not 
know the magnitude of the rate, but do know it should be positive. 
This prior ef fecti v ely remo v es the lower limit, since the posterior 
peaks for the limit of the ejection rate approaching zero. 

Figure D1. Posterior on the ejection rate and MF. Same as Fig. 9 , but with 
a log-uniform prior on the ejection rate of 1 /λ. The 95 per cent upper limit is 
indicated by the solid line. 
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PPEN D IX  B:  R A D I A L  VELOCITIES  F RO M  

DSS A N D  LAMOST 

n Table B1 , we list the five sources for which we found literature
adial velocity measurements in either SDSS or LAMOST . 

able B1. Gaia DR3 source id ’s and radial velocities for the five stars for
hich we used literature radial velocity measurements. 

aia DR3 source id Radial velocity ( km s −1 ) Source 

494761131458383872 −185 ± 13 SDSS 
700705779669486848 −73 ± 10 LAMOST 
792400463887610368 182 ± 13 LAMOST 
430178054799074688 197 ± 8 SDSS 
459380675615776640 −189 ± 5 SDSS 

PPEN D IX  C :  G M AG N I T U D E  DISTRIBU T I ON  

aia OBSERVABLE  HVSS  

n Fig. C1 , we show the apparent G magnitude distribution for
redicted HVSs that are observable by Gaia assuming an MF- 
nde x κ = 2 . 3. The two v ertical features correspond to the main-

igure C1. Apparent G magnitude distribution of simulated HVSs predicted 
o be observable by Gaia . 
MNRAS 533, 2747–2761 (2024) 
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