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1 INTRODUCTION

ABSTRACT

Hypervelocity stars (HVSs) are amongst the fastest object in our Milky Way. These stars
are predicted to come from the Galactic center (GC) and travel along unbound orbits across
the whole Galaxy. In the following years, the ESA satellite Gaia will provide the most com-
plete and accurate catalogue of the Milky Way, with full astrometric parameters (position,
parallax, and proper motions) for more than 1 billion stars. In this paper, we present the ex-
pected sample size and properties (mass, magnitude, spatial, velocity distributions) of HVSs
in the Gaia stellar catalogue. We build three Gaia mock catalogues of HVSs anchored to cur-
rent observations, each one exploring different assumptions on the ejection mechanism and
the stellar population in the GC. In all cases, we find numbers ranging from several hundreds
to several thousands. The mass distribution of observable HVSs peaks at ~ 1 M, for stars
with a relative error in total proper motion below 10%, and will therefore probe a different
mass range compared to the few observed HVS candidates discovered in the past. In par-
ticular, we show that a few hundreds to a few thousands of HVSs will be bright enough to
have a precise measurement of the three-dimensional velocity from Gaia alone. Finally, we
also show that Gaia will provide more precise proper motion measurements for the current
sample of HVS candidates. This will help identifying their birthplace narrowing down their
ejection location, and confirming or rejecting their nature as HVSs. Overall, our forecasts are
extremely encouraging in terms of quantity and quality of HVS data that can be potentially
exploited to constrain both the Milky Way potential and the GC properties.

Key words: methods: numerical - Galaxy: centre - Galaxy: kinematics and dynamics - cata-
logues.

Lower mass HVSs have been searched for in the inner Galactic
halo, using high proper motion, high radial velocity, and/or metal-

A hypervelocity star (HVS) is a star observationally characterized
by two main properties: its velocity is higher than the local escape
velocity from our Galaxy (it is gravitationally unbound), and its or-
bit is consistent with a Galactocentric ori gin ) The
term HVS was originally coined by @) and the first de-
tection happened only in 2005 MM) Currently ~ 20
HVS candidates have been found with the MMT HVS Survey of
the northern hemisphere, in a mass range [2.5,4] Mg, and at dis-
tances between 50 kpc and 100 kpc from the Galactic Centre (GC)
). This restricted mass range is an observational
bias due to the survey detection strategy: they were targeting mas-
sive late B-type stars in the outer halo, that were not supposed to
be found there (the halo is not a region of active star formation),
unless they were ejected somewhere else with very high velocities.
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licity criteria. Most of these candidates are bound to the Galaxy,
and/or their trajectories seem to be consistent with a Galactic disc
origin (e.g.Heber et al 1 M) Palladino et al JdZJM) Zheng et all
(2014); Hawkins et all (2013); Ziegerer et all (2015); Zhang et all
(2016); Ziegerer et all (2017)).

One puzzling aspect of the observed sample of B-type HVSs
is their sky distribution: about half of the candidates are clumped in
a small region of the sky (5 % of the coverage area of the MMT
HVS Survey), in the direction of the Leo constellation (Brow
M). Different ejection mechanisms predict different distributions
of HVSs in the sky, and a full sky survey is needed in order to iden-
tify the physics responsible for their acceleration.

The leading mechanism to explain the acceleration of a star
up to ~ 1000 km s~! is the Hills mechanism ). Ac-
cording to this scenario, HVSs are the result of a three body in-
teraction between a binary star and the massive black hole (MBH)
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residing in the centre of our Galaxy, Sagittarius A*. This mech-
anism predicts an isotropic distribution of HVSs over the sky.
One possible alternative ejection mechanism involves the interac-
tion of a single star with a massive black hole binary (MBHB) in
the GC (Yu & Tremaind [2003). Current observations cannot ex-
clude the presence of a secondary massive compact object com-
panion to Sagittarius A*, with present upper limits around 104
Mo (Gillessen et all [2017). In this case, the ejection of HVSs
becomes more energetic as the binary shrinks, with a typical
time-scale of the order of tens of Myr. This results in a ring
of HVSs ejected in a very short burst, compared to the con-
tinuous ejection of stars predicted by the Hills mechanism (e.g.
Gualandris et al. (2005); Sesana et al! (2006, 2008)). Other mech-
anisms involve the interaction of a globular cluster with a su-
per massive black hole 7z0-Dol Fragion M) or

with a MBHB (Fragione & Capuzzo-Dolcettd 2016), the interac-

tion between a single star and a stellar black hole orbiting a MBH
Zi’Lé;& & Loeb ), and the tidal disruption of a dwarf galaxy

i ). Recent observations have even shown evi-
dences of star formation inside a galactic outflow ejected with high
velocity from an active galactic nucleus (Maiolino et gl] M),
confirming that HVSs can be produced in other galaxies in such
jets (Silk et all2012; Zubovas et alll2013).

A more recent explanation for the observed B-type HVSs is
given by [Boubert et all (2017), which interpret the current sample
of candidates as runaway stars from the Large Magellanic Cloud
(LMC). Alternatively, HVSs could be produced by an hypothetical
MBH in the centre of the LMC with a process that is analogous to
the Hills mechanism (Boubert & Evans 2016).

All these mechanisms predict an additional population of
stars, called bound HVSs. These objects are formed in the same
scenario as HVSs, but their velocity is not sufficiently high to es-
cape from the gravitational field of the MW (e.g.
12006; [Kenyon et all [2008). These slower stars can travel along a
wide variety of orbits, making their identification very difficult
(Marchetti et all[2017).

In the past years HVSs have been proposed as tools to study

multiple components of our Galaxy. The orbits of HVSs, span-
ning an unprecedented range of distances from the GC, integrate
the Galactic potential, making them powerful tracers to study the
matter distribution and orientation of the MW (i.e.
(2003); [Sesana et all (2007); [Yu & Madau (2007); [Kenyon et all
2014); |Emgmne_&_LQeH (2017)). On the other hand, HVSs come
from the GC, therefore they can be used to probe the stellar popu-
lation near a quiescent MBH. It has been shown that a fraction of
the original companions of HVSs can be tidally disrupted by the
MBH, therefore the ejection rate of HVSs is directly linked to the
growth rate of Sagittarius A* (Bromley et gl“lﬂ). A clean sam-
ple of HVSs would be also useful to constrain the metallicity dis-
tribution of stars in the GC. M), adopting the Hills
mechanism, first attempted to constrain both the properties of the
binary population in the GC (in terms of distributions of semi-major
axes and mass ratios) and the scale parameters of the dark matter
halo, using the sample of unbound HVSs from ).
They show that degeneracies between the parameters are prevent-
ing us from giving tight constraints, because of both the restricted
number and the small mass range of the HVS candidates.

The ESA satellite Gaia is going to revolutionize our knowl-
edge on HVSs, shining new light on their properties and origin.
Launched in 2013, Gaia is currently mapping the sky with an un-
precedented accuracy, and by its final release for the nominal mis-
sion duration, planned for the end of 2022, it will provide pre-

cise positions, magnitudes, colours, parallaxes, and proper motions
for more than 1 billion of stars dﬁalaﬁpllabgnaxmn_e_t_aﬂhﬂlﬁﬁﬂ)
Moreover, the Radial Velocity Spectrometer (RVS) on board will
measure radial velocities for a subset of bright stars (magnitude in
the Gaia RVS band Grys < 16). The first data release, Gaia DR1,
happened on 2016 September 14, and it contains positions and G
magnitudes for more than 1 billion of sources. In addition, the five
parameter astrometric solution (position, parallax, and proper mo-
tions) is available for a subset of ~ 2x 100 stars in common between
Gaia and the Tycho-2 catalogue, the Tycho-Gaia Astrometric So-
lutlon (TGAS) catalogue (Michalik et all [2015; [Lindegren et all
). The next data release, Gaia DR2, is planned for April
2018, and will be consisting of the five parameter astrometric so-
lution, magnitudes, and colours for the full sample of stars (> 107
sources). It will also provide radial velocities for 5 to 7 million stars
brighter than the 12th magnitude in the Grys band. Effective tem-
peratures, line-of-sight extinctions, luminosities, and radii will be
provided for stars brighter than the 17th magnitude in the G band

(Katz & Brown 2017).

A first attempt to find HVSs in Gaia DR1/TGAS can be found
in[Marchetti et all (2017), who develop a data-mining routine based
on an artificial neural network trained on mock populations to dis-
tinguish HVSs from the dominant background of other stars in the
Milky Way, using only the provided astrometry and no radial veloc-
ity information. This approach avoids biasing the search for HVSs
towards particular spectral types, making as few assumptions as
possible on the expected stellar properties. They find a total of 14
stars with a total velocity in the Galactic rest frame higher than 400
km s~ | but because of large uncertainties, a clear identification of
these candidates as HVSs is still uncertain. Five of these stars have
a probability higher than 50% of being unbound from the MW. Be-
cause most of the stars have masses of the order of the Solar mass,
they form a different population compared to the observed late B-
type stars.

In this work we show how the situation will greatly improve
in the future thanks to the next data releases of Gaia , starting in
April with DR2. Relying on a few reasonable assumptions on the
population of stars in the GC and on the Galactic potential, this
manuscript presents number estimates of HVSs in Gaia , and it is
organized as follows. In Section[2] we explain how we build a mock
catalogue of HVSs, the VESC catalogue, using a simple assump-
tion on the total velocity, and how we simulate Gaia observations
of these stars. Here we present the first results: how many HVSs we
are expecting to find in the Gaia catalogue using this first simple
catalogue. In SectionBlwe specialise our estimates on HVSs adopt-
ing the Hills mechanism, drawing velocities from a probability dis-
tribution, and we show how previous estimates and results change
because of this assumption. In Section ] we build the third mock
catalogue, the MBHB catalogue, assuming that HVSs are produced
following the three-body interaction of a star with a MBHB. Here
we also discuss the resulting number estimates. Finally, in Section[3]
we estimate Gaia errors on the current sample of HVS candidates
presented in M), and in Section [6] we summarize
our results for the different catalogues, and we discuss their impli-
cations and limitations in view of the following data releases from
the Gaia satellite.

© 2017 RAS, MNRAS 000, [1H1 5



2 THE "VESC" MOCK CATALOGUE: A SIMPLE
APPROACH

We create synthetic populations of HVSs in order to assess and
forecast Gaia s performance in measuring their proper motions and
parallax. We characterise the astrometric and photometric proper-
ties if the stars using their position in Galactic coordinates (I, b, r)
and mass M, and then estimate Gaia ’s precision in measuring these
properties.

In this section we choose to compute the total velocity v of
a HVS adopting a simple conservative approach, i.e. to assume it
equal to the escape velocity from the Galaxy at its position:

v(l, b, r) = vesc(l, b, 1). (1)

Our decision is motivated by the choice not to focus on a par-
ticular ejection mechanism, but just to rely on the definition of a
HVS as an unbound object. In addition to that, proper motions for
a star travelling away from the GC on a radial orbit are directly
proportional to the velocity, see equations @) and (), therefore a
higher velocity (an unbound star) would result in a lower relative
error in total proper motion, making the detection by Gaia even
more precise (refer to Section2.3). The impact of adopting a par-
ticular ejection mechanism for modelling the velocity distribution
is explored in Sections[Bland @ where we also introduce predictions
for the expected bound population of HVSs.

For clarity and reference within this paper, we refer to this first
catalogue as VESC.

2.1 Astrometric Characterization of a HVS

In first approximation, HVSs are travelling away from the Milky
Way on radial trajectories. This assumption holds if we consider
the contribution given by the stellar disc to be sub-dominant in the
total deceleration of the star ), and if we ne-
glect deviations from spherical symmetry in the dark matter halo

). For a given position in the sky (/, b, r), it is
possible to derive the combination of proper motions in Galactic
coordinates (uj, = pjcosb, up) which is consistent with a star
flying away from the GC on a straight line:

pnt by = BYEBD gy ydo Sl @
r r ch(l, b, r)

i) = EVEBI) iy do coslsinb 5
r r ch(l, b, r)

where P and q are unit basis vectors defining the plane tangential to
the celestial sphere, dg is the distance between the Sun and the GC,

and rge(l,b,r) = \/rz + dé —2rdg cosl cos b is the Galactocen-
tric distance of the star. In the following, we will assume do = 8.2
kpc (Bland-Hawthorn & gierhaﬂ M). In order to simulate how
these stars will appear in the Gaia catalogue, we correct proper
motions for the motion of the Sun and for the local standard of rest
(LSR) velocity, following ).

The total velocity v, equal to the escape velocity from the
Milky Way in that position, is computed assuming a three com-
ponent Galactic potential: a Hernquist bulge ),
a Miyamoto & Nagai disk (Miyamoto & Nagai [1979), and a
Navarro-Frenk-White (NFW) halo profile (M] @).
The mass and radius characteristic parameters for the bulge and the

disk are taken from [Price-Whelan et al| (2014), while the NFW pa-
rameters are the best-fit values obtained in[Rossi et all M). This

© 2017 RAS, MNRAS 000, [1H15
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choice of Galactic potential has been shown to reproduce the main
features of the Galactic rotation curve up to 100 kpc
), see Fig. Al in).

As aresult of Gaia scanning strategy, the total number of ob-

servations per object depends on the ecliptic latitude of the star £,
which we determine as (Jordi et al. ):

sin 8 = 0.4971 sin b + 0.8677 cos bsin(l — 6.38°). ()

To complete the determination of the astrometric parameters,
we simply compute parallax as @ = 1/r, where @ is expressed in
arcsec and r in parsec.

2.2 Photometric Characterization of a HVS

Knowing the position and the velocity of a HVS in the Galaxy,
we now want to characterize it from a photometric point of view,
since Gaia errors on the astrometry depend on the brightness of the
source in the Gaia passbands.

To compute the apparent magnitudes in different bands, we
need to know the age of the HVS at the given celestial location
at the moment of its observation. This is required in order to cor-
rectly estimate its stellar parameters (radius, luminosity, and effec-
tive temperature) and the corresponding spectrum. We estimate the
flight time t;, the time needed to travel from the ejection region in
the GC to the observed position, as:

rge(l, b, r)

t¢(l,b,r) = ol )’

(5)
where vq(r, [, b) is the velocity needed for a star in the GC to reach
the observed position (r, [, b) with zero velocity. We compute v us-
ing energy conservation, evaluating the potential in the GC at r = 3
pc, the radius of influence of the MBH ). Since
HVSs are decelerated by the Galactic potential, ¢ is a lower limit on
the actual flight time needed to travel from 3 pc to the observed po-
sition. We then compare this time to the total main sequence (MS)
lifetime fys(M), which we compute using analytic formulae pre-
sented in , assuming a solar metallicity value
). If t > ts we exclude the star from the catalogue:
its lifetime is not long enough to reach the corresponding position.
On the other hand, if #; < t\1g, we estimate the age of the star as:

(M, 1,b,r) = &(tpms(M) — t(1, b, r)), (6)

where ¢ is a random number, uniformly distributed in [0, 1].

We evolve the star along its MS up to its age ¢ using analytic
formulae presented in ), which are functions of
the mass and metallicity of the star. We are then able to get the
radius of the star R(t), the effective temperature T, (f), and the sur-
face gravity log g(7). Chi-squared minimization of the stellar pa-
rameters 7o () and log g(¢) is then used to find the corresponding
best-fitting stellar spectrum, and therefore the stellar flux, from the
BaSeL SED Library 3.1 (Westera & Busgﬂmzj), assuming a mix-
ing length of 0 and a an atmospheric micro-turbulence velocity of
2kms L.

At each point of the sky we estimate the visual extinction
Ay using the three-dimensional Galactic dust map MWDUSTA

). The visual extinction is then used to derive the
extinction at other frequencies A, using the analytical formulae in

\Cardelli et al! (1989), assuming Ry = 3.1.

' We assume the MS lifetime to be equal to the total lifetime of a star.
2 [https://github.com/jobovy/mwdust
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Given the flux F(1) of the HVS and the reddening we can then
compute the magnitudes in the Gaia G band, integrating the flux in

the Gaia passband S(2) ):
[ da F(2) 1070440 s(2)

[ dA FVega(a) S(2)
The zero magnitude for a Vega-like star is taken from
). Similarly, integrating the flux over the Johnson-Cousins V
and /¢ filters, we can compute the colour index V — I¢

). We then compute the magnitude in the Gaia Grys band

using polynomial fits in ).

G =-2.5log GVer, @)

2.3 Gaia Error Estimates

We use the PYTHON toolkit PYGAIAE to estimate post-
commission, end-of-mission Gaia errors on the astrometry of our
mock HVSs. Measurement uncertainties depend on the ecliptic lat-
itude, Gaia G band magnitude, and the V — I colour of the star,
which we all derived in the previous sections. We can therefore re-
construct Gaia precision in measuring the astrometric properties of
each HVS, which we quantify as the (uncorrelated) relative errors
in total proper motion z;, = 0y, /¢, and in parallax z = 0w /.

2.4 Number Density of HVSs

In order to determine how many HVSs Gaia is going to observe
with a given precision, we need to model their intrinsic number
density. We assume a continuous and isotropic ejection from the
GC at a rate N. Indicating with p(rgc, M) the number density of
HVSs with mass M at a Galactocentric distance rgc, we can simply
write the total number of HVSs with mass M within rgc as:

rGgc
N(< rge, M) = / anrp(r’, M)dr'. 8)
0

We assume HVSs to travel for a time tg = rgc/vp to reach the
observed position, where ve = 1000 km s~! is an effective av-
erage travel velocity. We also neglect the stellar lifetime after its
MS, which could only extend by ~ 10% the travel time. Current
observations seem to suggest that the ejection of a HVS occurs at
a random moment of its lifetime: fej = NMS ),
with 7 being a random number uniformly distributed in [0, 1]. We
can then only observe a HVS at a distance rgc if 7 satisfies:

IF = S—FC <tMs — tej = tms(1 = 1). )
We can then write the total number of HVSs of mass M within rgc
as:

1
N(< rge, M) = ¢(M)NrG—C/ 6
VF o

.
tvs(1—=7) - Vi}f) dn, (10)

where ¢(M) is the mass function of HVSs, and 6(x) is the Heaviside
step function. Differentiating this expression, we get:

. 1
NG rae, M) ) N / (tMs(l —n) - ch) '
VE o VE

orge
'GC | 'GC
- 5(¢Ms(1 -n) - )
VF VF

1
dn,

3 lnttps://github.com/agabrown/PyGaid

where §(x) is the Dirac delta function. Evaluating the integral and
comparing this equation with the one obtained by differentiating
equation (8)) with respect to rGc, we can express the number density
of HVSs within a given Galactocentric distance rgc and with a

given mass M as:
N
) $(M) - (—2 +

plrge. M) =0\ tprs(M) -
4rve r&e

(12)

o)
2nrGe l‘Ms(M)v?

[Brown et all M), taking into account selection effects in the
MMT HVS Survey, estimated a total of ~ 300 HVSs in the mass
range [2.5, 4] Mo over the entire sky within 100 kpc from the GC,
that is:

N(rGC < 100 kpe, M € [2.5,4] M@) = &N =300. (13)

100kpc

vt
In this equation, &; is the mass fraction of HVSs in the [2.5,4] Mg
mass range, taking into account the finite lifetime of a star:

Mo ! 100k
C
8f=80/ ¢(M)dM/ Q(IM(I—U)— P )dn- (14)
h.5M, o vE

Assuming a particular mass function we can therefore estimate the
ejection rate N needed to match observations using equation (I3)
and ({4). In the following we will assume a Kroupa IMF
), for which we get N ~28-107% year_l. This estimate is
consistent with other observational and theoretical estimates
w; Perets et al“ﬂﬂl; Zhang et allm; Brown et al“lﬂ).

For each object in the mock catalogue we can then compute
the intrinsic number density of HVSs in that given volume dVdM
using equation (I2). With a coordinate transformation to the helio-
centric coordinate system, the corresponding number of HVSs in
the volume element dV dM is:

N(l,b,r,M) = p(rgc, M)dVdM
= p(l, b, r, M)r* cos b dl db dr dM.

5s)

2.5 "VESC' Catalogue: Number Estimates of HVSs in Gaia

We sample the space (I, b, r, M) with a resolution of ~ 6° in [, ~ 3°
in b, ~ 0.7 kpc in r and ~ 0.15 Mg in M. For each point we count
how many HVSs lay in the volume element dV dM using equation
(13). We want to stress that the results refer to the end-of-mission
performance of the Gaia satellite.

Fig.[MIshows the cumulative radial distribution of HVSs within
40 kpc: stars which will be detectable by Gaia with a relative
error on total proper motion below 10% (1%) are shown with a
blue (purple) line, and those with a relative error on parallax be-
low 20% with a red line. The total number of HVSs with a rel-
ative error on total proper motion below 10% (1%) is 709 (241).
The total number of HVSs with a relative error on parallax be-
low 20% is 40. We have chosen a relative error threshold of 0.2
in parallax because, for such stars, it is possible to make a reason-
able distance estimate by simply inverting the parallax, without the
need of implementing a full Bayesian approach (B m
|Astraatmadja & Bailer-Joned |2Q1ﬁd]ﬂ) This is a great advantage
because uncertainties due to the distance determination dominate
the errorbars in total velocity (Marchetti et alJM). In all cases we
can see that almost the totality of HVSs will be detectable within
10 kpc from us.

© 2017 RAS, MNRAS 000, [1H1 S
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Figure 1. VESC catalogue: cumulative radial distributions of HVSs: the
total number of HVSs within a heliocentric radius r. The blue (purple) line
shows the cumulative radial distribution for HVSs which will be observable
by Gaia with a relative error on total proper motion below 10% (1%). The
red line refers to those stars with a relative error on parallax below 20%.
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Figure 2. VESC catalogue: cumulative number of HVSs in the Gaia cat-
alogue for a relative error on total proper motion (solid line) and parallax
(dashed line) within a given relative error threshold.

Fig.2lshows the total number of HVSs expected to be found in
the Gaia catalogue as a function of the chosen relative error thresh-
old in total proper motion (solid) and parallax (dashed). We see
that there is a total of ~ 1000 (~ 60) HVSs with a relative error on
total proper motion (parallax) below 30%. This imbalance reflects
the lower precision with which Gaia is going to measure parallaxes
compared to proper motions.

Being proper motions the most precise astrometric quantities,
we quantify the radial and mass distribution of these precisely-
measured HVSs in Fig. 3l Solid and dashed curves refer, respec-
tively, to stars detectable with a relative error on total proper mo-
tion below 10% and 1%. Most HVSs with precise proper motions
measurement will be at 7 =~ 8.5 kpc, but the high-distance tail of the
distribution extends up to ~ 40 kpc for HVSs with z;, < 10%. The

© 2017 RAS, MNRAS 000, [IH15
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102 . . : : . . .

Number of HVSs

Number of HVSs

Figure 3. VESC catalogue: heliocentric distance (upper panel) and mass
(lower panel) distribution for HVSs detectable by Gaia with a relative er-
ror on total proper motion below 10% (solid), 1% (dashed), and for the
golden sample of HVSs with a three-dimensional velocity by Gaia alone
(dot-dashed).

1041

Number of HVSs

1001

[— HVSs with Gpryg < 16: 115]

101 H n n

10 15 20 25
G RVS magnitude

Figure 4. VESC catalogue: cumulative distribution of HVSs in the Gaia
Grys passband (the golden sample). We estimate a total of 115 HVSs
brighter than the 16th magnitude in this filter.

most precise proper motions will be available for stars within ~ 20
kpc from us. Also the mass distribution has a very well-defined
peak which occurs at Mpe,x =~ 1 Mg, consistent with observa-
tional results in i (2017). This is due to two main
factors. The chosen IMF predicts many more low-mass than high
mass stars, therefore we would expect a higher contribution from
low-mass stars, but on the other hand low-mass stars tend to be
fainter, and therefore will be detectable by Gaia with a larger rel-
ative error. These two main contributions shape the expected mass
function of HVSs in the catalogue.

Thanks to our mock populations and mock Gaia observa-

30
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Figure 5. VESC catalogue: fraction of HVSs in the golden sample for a
relative error on total proper motion (solid) and parallax (dashed) below a
given relative error threshold.

tions, we can also determine for how many HVSs Gaia will pro-
vide a radial velocity measurement. We refer to this sample as the
golden sample of HVSs, since these stars will have a direct total
velocity determination by Gaia . To address this point we compute
the cumulative distribution of magnitudes in the Grys passband,
as shown in Fig. @] There is a total of 115 HVSs which satisfy the
condition Grys < 16, required for the Radial Velocity Spectrome-
ter to provide radial velocities. The dot-dashed line in Fig. [3|shows
the distance and mass distribution for the golden sample of HVSs.
The radial distribution is similar to the one shown in Fig[3l with a
peak at r =~ 8.5 kpc. The mass distribution instead has a mean value
~ 3.6 Mo and a high-mass tail which extends up to =~ 6 M.

Fig. [ shows the cumulative distribution function of stars in
the golden sample with a relative error on proper motion (solid) and
on parallax (dashed) below a given threshold. This plot shows that
proper motions will be detected with great accuracy for all of the
stars: 7, < 0.4% over the whole mass range. 39 of these stars (34%
of the whole golden sample) will have z < 20%, and therefore it
will be trivial to determine a distance for these stars, by simply
inverting the parallax.

2.5.1 Estimates in Gaia DR1/TGAS and DR2

On September 14th 2016, Gaia DRI provided positions and
G magnitudes for all sources with acceptable errors on posi-
tion (1142679769 sources), and the full five-parameters solution
(a, 6, @, Uax, Ms) for stars in common between Gaia and
the Tycho -2 catalogue (2057050 sources, the TGAS catalogue)
2016H]d; Lindegren et all2016).

To estimate the number of HVSs expected to be found in the
TGAS subset of the first data release, we repeat the analysis of Sec-
tion[2.3lconsidering the principal characteristics of the Tycho-2 star
catalogue ). We employ a V < 11 magnitude cut,
corresponding to the ~ 99% completeness of the Tycho-2 catalogue
). We find a total of 0.46 HV Ss surviving this mag-
nitude cut. This result is consistent with results in
), which find only one star with both a predicted probability
> 50% of being unbound from the Galaxy and a trajectory consis-
tent with coming from the GC.

Gaia data release 2, planned for April 2018, will be the first

release providing radial velocities. It will consists of the five-
parameter astrometric solution for the full billion star catalogue,
and radial velocity will be provided for stars brighter than Grys =
12. We find a total of 2 HVSs to survive the Grys < 12 magnitude
cut.

3 THE "HILLS" CATALOGUE

In the previous analysis we derived model independent estimates
for unbound stars, by assuming that the total velocity of a HVS in
a given point is equal to the local escape velocity from the Milky
Way. In this and the next section, we instead employ a physically
motivated velocity distribution. In this section we adopt the Hills
mechanism (Hills m, 1988 8), the most successful ejection mechanism
for explaining current observations ). In this case we
will have a population of bound HVSs, in addition to the unbound
ones (see discussion in Section [T). We call this catalogue HILLS,
to differentiate it from the simpler VESC catalogue introduced and
discussed in Section[2l

3.1 Velocity Distribution of HVSs

We start by creating a synthetic population of binaries in the GC,
following and expanding the method outlined in[Rossi et all M)
and [Marchetti et all (2017). We identify three parameters to de-
scribe binary stars: the mass of the primary m), (the more mas-
sive star), the mass ratio between the primary and the secondary
q < 1, and the semi-major axis of the orbit a. For the primary mass,
we assume a Salpeter initial mass function in the range [0.1, 100]
Mg, which has been found to be consistent with the initial mass
function of stellar populations in the GC ). We
assume power-laws for the distributions of mass ratios and semi-
major axes: fg o g7, fq < a®, withy = —1, @ = -3.5. This com-
bination is consistent with observations of B-type binaries in the
30 Doradus star forming region of the LMC WM)
and provides a good fit to the known HVSS candidates from the HVS
survey for reasonable choices of the Galactic potential
M). The lower limit for a is set by the Roche lobe overflow:
amin = 2.5max(Rp, Ry), where R, and Ry are, respectively, the ra-
dius of the primary and secondary star. The radius is approximated
using the simple scaling relation Ri oc m;, with i = p,s. We arbi-
trarily set the upper limit of a to 2000 Re.

Kobayashi et all (2012) showed that, for a binary approach-
ing the MBH on a parabolic orbit, there is an equal probability of
ejecting either the primary or the secondary star in the binary. We
then randomly label one star per binary as HVS (mass M) and the
other one as the bound companion (mass ). Following
2010); Kobayashi et all (2012);Rossi et all (2014) we then sample
velocities from an ejection distribution which depends analytically
on the properties of the binary approaching the MBH:

1/6
M. /
myg ’

2Gmg
a

(16)

Vej =

where My = 4.3 - 10° M, is the mass of the MBH in our Galaxy
(Ghez et all 2008:; |Gillessen et al! [2009; Meyer et all 2012), m; =
M + mc is the total mass of the binary, and G is the gravitational
constant. This equation represents the resulting ejection velocity
after the disruption of the binary for a star at infinity with respect
only to the MBH potential. Rigorously, there should be a numerical
factor depending on the geometry of the three-body encounter in
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front of the square root, but it has been shown to be of the order of
unity when averaged over the binary phase, and not to influence the

overall velocity distribution (Rossi et al. ).

3.2 Flight Time Distribution of HVSs

Following the discussion in Section2.2] the flight time #’ of a HVS
is defined as the time between the ejection of the HVS and its ob-
servation. The ejection time of a HVS is expected to be a uniform
fraction of the total stellar lifetime (]Xu_&_'[r_emmnd |2993; [Brown
M), which we take equal to the main sequence lifetime of a star,
computed following ): fej = nims. The star can
then travel for a maximum flight time equal to tps—Zej = tms(1-1).
Assuming the ejection rate of HVSs from the GC to be constant and
that we observe the star at a random moment of its orbit, we can ex-
press the flight time as:

'(M) = e extpms(M), 17

where €, = (1 —n) and e, are two random number, uniformly dis-
tributed in [0, 1]. The correspondent probability density function is
then:

1 t'(M)
og .
tms(M) ~ tvs(M)
We can then write the survival function g(¢’, M), the fraction of
HVSs alive at a time ¢’ after the ejection, as:

'(M) o '(M) .
tms(M) tms(M) ’
19)

f', M) = -

(18)

g(t’,M)=1 —/Ot f(r,Mydr =1+

To take into account the finite lifetime of the Milky Way fypw, we
rewrite equation (I7) as:
eretvs(M) it tys(M) < 1
() = 1619 ms(M) : ms(M) MW 20)
€1€IMW if tms(M) = tmw

where we take fyyw = 13.8 Gyr.

3.3 Initial Conditions and Orbit Integration

The ejection velocity for the Hills mechanism, given by equation
({I8), is the asymptotic velocity of a HVS at an infinite distance
from the MBH. In practice, we model this distance as the radius of
the gravitational sphere of the influence of the black hole, which is
constrained to be of the order of 7y = 3 pc ). We
then initialize the position of each star at a distance of 7(), with ran-
dom angles (latitude, longitude) drawn from uniform distributions.
Velocities are drawn according to equation (I6), and the velocity
vector is chosen is such a way to point radially away from the GC
at the given initial position, so that the angular momentum of the
ejected star is zero.

The following step is to propagate the star in the Galactic po-
tential up to its position (I, b, r) after a time ¢’ from the ejection.
We do that assuming the potential model introduced in Section
.11 The orbits are integrated using the publicly available PYTHON
package caLPYA ) using a Dormand-Prince integra-
tor (Dormand & Princd HM). The time resolution is kept fixed at
0.015 Myr. We check for energy conservation as a test for the ac-
curacy of the orbit integration.

4 [https://github.com/jobovy/galpyl

© 2017 RAS, MNRAS 000, [1H15

Prospects for detection of HVSs with Gaia 7

10* ‘
1 2,<0.1

, 1 z,<0.01
©n 10 5
C§ Gprys < 16
jun
3
o 107 E
(<]
el
g
=
Z 10t} 4

0 500 1000 1500 2000 2500

Vior [km s7]

Figure 6. HILLS catalogue: distribution of total velocities in the Galacto-
centric rest frame for the HVSs with a relative error on total proper motion
below 10% (blue), 1% (purple), and with a radial velocity measurement
(yellow).
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Figure 7. HILLS catalogue: cumulative distribution of HVSs in the Gaia
Grys passband. We estimate a total of 2793 HVSs brighter than the 16th
magnitude in this filter, and 38 HV Ss brighter than the 12th magnitude.

We therefore obtain for each star its total velocity v in the
observed position, and we build a mock catalogue of HVSs with
relative errors on astrometric properties, following the procedure
outlined in Sections 2] to

3.4 "HILLS" Catalogue: Number Estimates of HVSs in
Gaia

We start by estimating the number of HVSs currently present in our
Galaxy. We call dd—A'f[(M ) the normalized probability density func-
tion of masses upon ejection. We note that this is not a Salpeter
function, because the HVS is not always the primary star of the
binary, and the secondary star is drawn according the mass ratio
distribution f o ¢33, Assuming that the GC has been ejecting
HVSs at a constant rate n for the entire Milky Way’s lifetime #yw,
the present Galactic population of HVSs in the mass range [0.5, 9]
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Figure 8. HILLS catalogue: sky distribution in Galactic coordinates of the current population of HVSs in our Galaxy (10° stars).
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Figure 9. HILLS catalogue: distribution in Galactocentric cylindrical coordinates (R, z) of all HVSs (left), bound HVSs (centre), and unbound HVSs (right)

within 15 kpc from the Galactic Centre.

Mg is computed numerically as:

Mw Mg dn
N = 17/ dt’/ dM — (M)g(t', M). (21)
o 05M, dM
We choose to restrict ourselves to the mass range [0.5,9] Mg be-
cause stars with higher or lower masses are, respectively, very rare
given our chosen IMF or not bright enough to be detectable by Gaia
with good precision. Assuming an ejection rate = 1074 yr! we
get N ~ 10°. We thus generate 10° HVSs in the GC as explained
in the previous sections, and we propagate them in the Galaxy.

We can now use this realistic mock catalogue to predict the
main properties of the Galactic population of HVSs. We find:

o 52% of the total number of stars travel along unbound orbits.
Note that this does not imply that most of the HVSs will be detected
with high velocities: given our choice of the Galactic potential, the

escape velocity curve decreases to a few hundreds of km s~ at

large distances from the GC (2, 100 kpc). Therefore a large number
of HVSs is classified as unbound even if velocities are relatively
low. The distribution of total velocities in the Galactic rest frame
is shown in Fig. 6l where we can see that the distribution peaks
at v < 500 km s~ . The blue (purple) curve refers to HVSs that
will be detected by Gaia with a relative error on total proper motion
below 10% (1%), while the yellow curve is the distribution of HVSs
with a radial velocity measurement. We can see that majority of
stars with extremely high velocities (v 2 1000 km s~1) will not
be brighter than Grys = 16, but few of them will be included in
the catalogue, becoming the fastest known HVSs. The majority of
stars, having low velocities, could easily be mistaken for disc, halo,
or runaway stars, based on the module of the total velocity only.

e 2.8% of the HVSs will have Grys < 16 with Gaia radial

© 2017 RAS, MNRAS 000, [1H13]



velocities. This amounts to around 2800 stars. The cumulative dis-
tribution function of Grysg magnitudes for all stars in the mock cat-
alogue is shown in Fig.[7] 125 of the Ggrys < 16 stars are unbound.
This estimate is consistent with the one presented in Section
(see Fig.[). 268 of the Grys < 16 have total velocity above 450
km s~

e From Fig.[7lwe can see that 38 stars are brighter than the 12th
magnitude in the Grys band, so there will be direct Gaia radial
velocity measurements already in Gaia DR2. We find 3 of these
stars to be unbound from the MW, with total velocities > 600 km
s~ . Proper motion error estimates for Gaia DR2 can be obtained
rescaling the errors from PYGAIA by a faCtO]E (60/21)15 ~ 48.
We find all the 38 stars to have relative errors in total proper motion
< 0.01%, and in parallax < 20%.

e 249 unbound HVSs with masses in [2.5, 4] M are within 100
kpc from the GC. This number is consistent with the observational
estimate in Brown et all M), confirming the quality of our mock
catalogue.

Fig. [8] shows the distribution in Galactic coordinates of the
current population of 10° HVSs, while Fig.Dlshows the distribution
in Galactocentric cylindrical coordinates of the HVSs within 15 kpc
from the Galactic Centre. In all cases we can see that most HVSs
lie in the direction of the GC: (I,b) = (0,0). This is due to the
presence of the population of bound HVSs, whose velocity is not
high enough to fly away from the Milky Way, and therefore they
spend their lifetime in the central region of the Galaxy on periodic
orbits. Fig.[9also shows how the majority of HVSs in the inner part
of the Galaxy are travelling on bound, periodic orbits.

The distance distribution of the HVS sample is shown in the
top panel of Fig.[T0for three samples: stars with a relative error on
total proper motion below 10% (blue), below 1% (purple), and with
a three-dimensional velocity determination (yellow). We can see
that most stars lie within few tens of kpc from us, with only a few
objects at distances ~ 50 kpc. We also note the substantial overlap
between the purple and the yellow histogram, suggesting again that
HVS with a radial velocity measurement will have an accurate total
velocity by Gaia . The peak in the distributions, below 10 kpc, well
agrees with the one shown in Fig.[3

We show the mass distribution of the sample of HVSs in the
bottom panel of Fig.[I0} The colour code is the same as before. As
expected, massive stars are brighter, and will therefore be measured
by Gaia with a higher precision. This reflects in the fact that the dis-
tribution peaks to higher masses for lower relative error thresholds
(brighter stars). In any case, we see that the shape of the curves re-
sembles the ones obtained with the simple approach described in
Section 2] (see Fig.[3).

We can compare our estimates with results from
Marchettietall (2017), who data-mined Gaia DRI/TGAS
searching for HVSs. In the HILLS catalogue we find a total of 8
HVSs with a magnitude in the V band lower than 11, the ~ 99%
completeness of the Tycho-2 catalogue MM) Only one
of these stars is unbound, with a total velocity ~ 600 km 571 , while
all the others have velocities < 400 km s~! . We conclude that
the overall estimate on the number of stars is in a good agreement
with findings inMarchetti et all (2017), even if our simulations are
not able to reproduce the typical velocity ~ 400 km s~! found for
bound HVSs in their paper.

5 This numerical factor is derived considering that Gaia DR2 uses 21
months of input data, and that the error on proper motion scales as #~!-3
(taking into account both the photon noise and the limited time baseline).
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Figure 10. HILLS catalogue: heliocentric distance (top) and mass (bottom)
distribution of the HVSs with a relative error on total proper motion below
10% (blue), 1% (purple), and with a radial velocity measurement by Gaia
(yellow).

4 THE "MBHB'" CATALOGUE

In this section, we explain how we create a mock population of
HVSs ejected by a hypothetical massive black hole binary in the
GC. We rely on results from full three-body scattering experiments
presented in ). In the following we will assume
a massive black hole companion to Sagittarius A* with a mass
M. = 5-10° Mg, which can not be ruled out by the latest ob-
servational results of S stars in the Galactic Centre

M). We assume a stellar density in the GC p = 7 - 104 Mg

pc~3 and a velocity dispersion of stars in the GC o = 100 km s~
(Sesana et all 2007). The MBHB, with mass ratio ¢ ~ 1.2 - 1073,
is assumed to be in a circular orbit, with an initial separation
ap = 0.01 pc at a given time 7 after the Milky Was formed, cor-
responding to a look-back time #y,. Using the results presented in

), we adopt the best-fit parameters for the lowest
mass ratio explored in their simulation, i.e. ¢ = 1/243. This choice
is motivated by noticing that the authors’ results do not vary appre-

ciably when comparing results obtained for different mass ratios
(see Fig. 3 and 5 in )). In the following we will
assume that the orbit of the MBHB remains circular as the binary
shrinks.
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4.1 Ejection of HVSs by the MBHB

We create a grid of 100 semi-major axes evenly spaced on a loga-
rithmic scale, from a minimum value equal to 0.01 aj,, to a maxi-
mum value of aii The value ay, defines the minimum separation of

a hard binary (Quinlan )
GM,

ap = —— ~ 110 au. (22)
402

The total stellar mass ejected by the binary in each bin is computed

as[Sesana et all (2006):
an
AMej = J(Ma + Mc)ATn| = | (23)

where a is the semi-major axis of the MBHB, and the mass ejec-
tion rate J = J(a) is computed using the fitting function presented
in ), with best-fit parameters for a circular orbit
with mass ratio ¢ = 1/243.

4.1.1 Rates of Orbital Decay

We now compare the rate of orbital decay of the MBHB due to the
ejection of HVSs to the one due to the emission of gravitational
waves (GWs). We determine the hardening rate of the binary fol-
lowing m M):

o d

1

A hard binary (a < aj,) hardens at a constant rate H.
The rate of orbital decay due to the ejection of HVSs is then
computed as:

da
dt

- _GPH o 25)

HVS 7
where the hardening rate H = H(a) is computed using the nu-
merical fit in ) assuming a circular binary with
q =1/243.

The rate of orbital decay due to the emission of gravitational
radiation can be approximated by M@)

da

Z _ —EG3CS (MOMC)(M' + ML').

5 3 20

GW

The two rates of orbital decay are equal for @ = 48.4 au ~ 0.44qy,.
For a < a the orbital evolution is dominated by the emission of
gravitational waves, driving the binary to the merging. The binary
will start evolve more rapidly, ejecting stars with a lower rate, since
the time the binary spends in each bin of a will be dictated by the
emission of GWs. For a < a we therefore correct equation (23))
by multiplying it for Tgw/Tavs, Where Tgw is the time needed to
shrink from a to a — Aa because of GWs emission, while Tyyyg is
the time the binary would have taken if it was driven by hardening.
The times Tyys and Tgw are computed, respectively, integrating

equations (23) and (26).

4.1.2  Creating the Mock Catalogue

For each ejected mass bin AM,;, see equation (23), we derive the
corresponding number of HVSs AN as:

AMyj

Minax ’
/ M f(M)dM
M .

min

AN =

@7

102

n]

a/ay

Figure 11. Time evolution of the MBHB binary separation (in units of ay,,
top panel), computed integrating equations (23)) and 28}, and of the ejected
stellar mass (bottom panel), computed using equation (23).

where f(M) is the stellar mass function in the GC, My, = 0.1 Mg,
and Mpax = 100 Mg. We then draw AN stars of mass M from a
power-law mass function f(M).

We draw velocities from the velocity distribution

(Sesana et al][2006):

-3

Y
; (28)

where w = v/ve, ve = \/G(Me + M,)/a is the binary orbital ve-
locity, h = V2q/(1 + q), A = 0.236, « = —0.917, 8 = 16.365,
and y = —0.165 ). We note that in this scenario

the ejection velocity does not depend on the mass of the HVS. We
sample this velocity distribution using the MCMC sampler EMCEE

[Foreman-Mackey et al| (2013). Velocities are drawn in the range
[Vmin> Vmax]> vmax = ve/(1 + @) ( M) We fiX vin

considering that we are only interested in stars with a velocity high
enough to escape from the MW bulge. To be more quantitative, we
only consider stars with a velocity v greater then the escape velocity
from the radius of influence of the binary, ri,s = 2GM/ 2% ~ 1
pc. Assuming the same bulge profile as discussed in Section 211
we get viip = 645 km s71, ~ 100 kms~! higher than the one used
in M). We note that since a decreases with time, v,
(and therefore vimax) increase as the binary shrinks: HVSs with the
highest velocities will be ejected right before the merger of the two
black holes, but the majority of HVSs will be ejected right before
the rate of orbital decay is driven by GW emission (see discussion
in Section [ T.1).

For each star, we can compute the corresponding time of ejec-
tion after #: At = t—1y, by integrating equation 23) (equation (28)))
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Figure 12. MBHB catalogue: sky distribution in Galactic coordinates of the current population of HVSs in our Galaxy (122473 stars).
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Figure 13. MBHB catalogue: distribution in Galactocentric cylindrical coordinates (R, z) of all HVSs (left), bound HVSs (centre), and unbound HVSs (right)

within 15 kpc from the Galactic Centre.

for a > a (a < a). The flight time of a star is computed according
to t’ = fjp — At. The value of fj, is chosen in such a way to match
the observational estimate of 300 HVSs in the mass range [2.5, 4]
Mg within 100 kpc from the GC. We find that we can match this
value by assuming that the binary started to eject HVSs #, = 45
Myr ago (see discussion in Section [4.2)).

We then determine the initial condition of the orbit and we
propagate each star in the Galactic potential, with the same proce-
dure outlined in Section[3.3] In doing that, we assume for simplicity
that the ejection of HVSs by the MBHB is isotropic. Photometry for
each star is computed as in Section[2.2] and Gaia errors on astrom-
etry are estimated following Section 23]

The evolution of the MBHB binary is summarized in Fig. [[1]
where we plot the binary separation (top panel) and the ejected stel-
lar mass (bottom panel) as a function of time. We highlight three

© 2017 RAS, MNRAS 000, [1H15

key moments in the evolution of the system: the time at which it
becomes a hard binary #(a = ay,) (solid line), the time at which its
evolution is driven by GW emission #(a = a) (dot-dashed line), and
the present time 7y, (dashed line). We can see that, to reproduce the
estimates on the current population of HVSs, we are assuming that
the MBHB in the GC has not yet shrunk to the hardening radius ay,,
and that its evolution is still driven by dynamical hardening. Once
GW emission dominates, the two black holes merge in a few Myr.

4.2 "MBHB'" Catalogue: Number Estimates of HVSs in
Gaia

Having created a catalogue of HVSs ejected by the MBHB, we can
forecast how many of these HVSs we are expecting to find in the
Gaia catalogue. We find a total of N = 122473 HVSs ejected from
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Figure 14. MBHB catalogue: total velocity (in the Galactocentric rest
frame) of HVSs.
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Figure 15. MBHB catalogue: cumulative distribution of HVSs magnitudes
in the Gaia Grys passband.

the MBHB, corresponding to a total stellar mass Mot ~ 3.7 - 104
Mg. We note that this number is about of the same order of mag-
nitude than the estimate made using equation @I)) for the HILLS
catalogue.

The sky distribution of the population of HVSs is shown in
Fig.[[2] Fig. [[3lshows the distribution of stars within 15 kpc from
the GC in cylindrical coordinates (R, z). We can see that the dis-
tribution of unbound HVSs is isotropic, while for bound HVSs the
distribution is slightly tilted towards z = 0, because of the torque
applied by the stellar disc.

We find 59 % of these stars to fly along bound orbits, and the
total velocity distribution of the stars is shown in Fig. [[4] for the
subset of stars which will be precisely measured by Gaia . Fig.
shows the cumulative distribution of magnitudes in the Gaia GRVS
filter. A total of 1265 (31) stars will be brighter than than the 16th
(12th) magnitude, the magnitude limit for the final (second) data
release of Gaia . If we focus on the Grys < 16 stars, we find that
476 of them are unbound from the Milky Way, and that 702 of them
have a total velocity higher than 450 km s~! . We find 326 unbound
HVSs with mass between 2.5 and 4 MSun within 100 kpc from the
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Figure 16. MBHB catalogue: heliocentric distance (top) and mass (bottom)
distribution of the HVSs with a relative error on total proper motion below
10% (blue), 1% (purple), and with a radial velocity measurement by Gaia
(yellow).

GC, which agrees extremely well with the 300 HVSs estimated in
) and the estimate presented in Section[3.4

We predict 8 of the 31 Grys < 12 stars to be unbound from the
Galaxy. Their typical relative error in proper motions is < 0.01%,
and in parallax is < 40%, with 80% of the stars with z < 0.2.
These numbers have been corrected for the numerical factor intro-
duced in Section[3.4]

The heliocentric distance (mass) distribution of HVSs in the
catalogue with a precise astrometric determination by Gaia is
shown in the top (bottom) panel of Fig.[I6] Comparing these curves
with the one obtained for the other mock catalogues, we can see
that the shapes and the peak are reasonably similar, since they are
shaped by the adopted mass function and stellar evolution model.

We can compare once more our estimates with results in
Marchetti et all (2017) for Gaia DR1/TGAS. We find a total of 7
HVSs with V < 11. One of these stars are unbound, while the oth-
ers have velocities < 400 km s~! | in good agreement with findings
in the aforementioned paper.

© 2017 RAS, MNRAS 000, [1H1 5



0.8 T T T 4 T T T
7/
— HVs13
I 0.7F /
- /7
) ’
2 o6l ,/
£ V/;12
‘§ 05) J"VSlﬁ
U 7
/7
by ’
8 0.4} ’
g K HVs10
5 o3 K HVs6
5] ,
g , Hvso
/ VS2
SV
&l 38s7
& VS5 711
/
A K $485 Hvs3 Ji733
0'%. 0t2 0t4 0?6 0t8 ltO 1?2 1t4 1.6

Proper motion error: HST [mas yr ']

Figure 17. Expected performance of Gaia in measuring proper motions of
the observed sample of candidates inm M). Red dots corre-
spond to stars with a trajectory consistent with a GC origin, while black dots
are disk runaways. On the x axis we report the quadrature sum of the HST
proper motion errors (Table 1 in )), while on the y axis
the estimate obtained with PYGAIA. Stars below the dashed line (y = x)
will have a more precise proper motion determination in the final data re-
lease of the Gaia mission.

5 PROSPECTS FOR THE CURRENT SAMPLE OF HVSS

In this section we assess Gaia performance in measuring the astro-
metrical properties of the current observed sample of HVS candi-
dates. Brown et all M) measured proper motions with the Hub-
ble Space Telescope (HST) for 16 extreme radial velocity candi-
dates, finding that 13 of them have trajectories consistent with a GC
origin within 20~ confidence levels, and 12 of them are unbound to
the Milky Way. Proper motion accuracy is essential in constrain-
ing the origin of HVSs and is the main source of uncertainty in
the orbital traceback, therefore we estimate Gaia errors on the total
proper motion for this sample of HVS candidates.

For each star we determine the ecliptic latitude using equa-
tion (@). We find 10 of these 16 stars in Gaia DR1, from where
we take Gaia G band magnitudes. All of the other stars but one
(HE 0437-5439 = HVS3, [Edelmann et all[2003) have SDSS mag-
nitudes, and we compute Gaia G band magnitudes according to
the polynomial fitting coefficients in ). Conversion
from SDSS passbands to (V — I.) Johnson-Cousins color index is
done using the fitting formula in M). For HVS3, we
estimate the G magnitude and the (V — I..) color from its B and
V magnitude, according to [Natali et all (1994); [Jordi et all (2010).
We then use PYGAIA to estimate Gaia end-of-mission errors on
the two proper motions for each star.

Fig. [[7] shows the comparison between HST proper motions
determination and Gaia estimates. In both cases we show the
quadrature sum of the errors in the two proper motions. Stars with
measurements consistent with coming from the GC are shown as
red dots, while disk runaways are indicated as black dots, accord-
ing to the classification presented in ). The black
dashed line divides stars that will be detectable with a better ac-
curacy than the current one: all stars but three (HVS1, HVS12,
and HVS13) will have a better proper motion determination by
Gaia . This will help reducing in size the errorbars and identify-
ing the ejection location, confirming or rejecting the GC origin hy-
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pothesis. This will be crucial to test the alternative ejection model
presented in/Boubert & Evand (2016); [Boubert et all (2017), where
HVSs originate in the LMC.

We want once more to stress that these estimates refer to the
final data release of the Gaia satellite, currently planned for 2022.
Rescaling proper motion errors for the correcting factor ~ 4.8 in-
troduced in Section 3.4l we find that 7 stars (the brightest in the
sample) will have a better proper motion determination already in
Gaia DR2: HVS3, HVS5, HVS7, HVSS8, B485, B711, and B733.

6 DISCUSSION AND CONCLUSIONS

In this paper we build mock catalogues of HVSs in order to predict
their number in the following data releases of the Gaia satellite. In
particular, we simulate 3 different catalogues:

(i) The VESC catalogue does not rely on any assumption on the
ejection mechanism for HVSs. We populate the Milky Way with
stars on radial trajectories away from the Galactic Centre, and with
a total velocity equal to the escape velocity from the Galaxy at their
position. Therefore we only rely on the definition of HVSs as un-
bound stars, and we do not make any assumption on the physi-
cal process causing their acceleration. We then spatially distribute
these stars assuming a continuous and isotropic ejection from the
GC.

(i) The HILLS catalogue focuses on the Hills mechanism, the
leading mechanism for explaining the origin of HVSs. Assuming
a parametrization of the ejection velocity distribution of stars from
the GC, we numerically integrate each star’s orbit, and we self con-
sistently populate the Galaxy with HVSs.

(iii) The MBHB catalogue assumes that HVSs are the result of
the interaction of single stars with a massive black hole binary, con-
stituted by Sagittarius A* and a companion black hole with a mass
of 5-103 M. In this and in the previous catalogue there are bound
HVSs: stars that escape the GC with a velocity which is not high
enough to escape from the whole Galaxy. These are the result of
modelling a broad ejection velocity distribution.

We characterize each star in each catalogue from both the as-
trometric and photometric point of view. We then derive the star
magnitude in the Gaia passband filters and the Gaia measurement
errors in its astrometric parameters. The aim is to assess the size
and quality of the Gaia HVS sample.

As a summary and for quick consultation, our results for the
size of three mock catalogues discussed in the paper are sum-
marised in Table[Il Regardless of the adopted ejection mechanism,
we can conclude that Gaia will provide an unprecedented sample
of HVSs, with numbers ranging from several hundreds to several
thousands. The peak of the mass distribution and the limiting he-
liocentric distance at which HVSs will be observed by Gaia are
presented in Table 2] We can see that these values differ from the
current sample of observed late B-type stars in the outer halo (refer
also to Fig. B [10L [[6). Most HVSs will have precise proper motion
measurements, and therefore data mining techniques not involving
the radial velocity information need to be developed in order to
extract them from the dominant background of other stars in the
MW (Marchetti et all2017). Stars with precise proper motions will
be visible at typical heliocentric distances r < 50 kpc, while stars
bright enough to have a radial velocity measurement from Gaia will
typically be observed at » < 30 kpc, with a peak in the distribution
for r ~ 10 kpc.

We estimate the precision with which Gaia will measure
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Table 1. Number estimates of HVSs in Gaia , for the three implemented catalogues of HVSs: VESC, HILLS, and MBHB. Ny is the total number of HVSs
in the Galaxy, N(z;, < 0.1) (N(z;, < 0.01)) is the number of HVSs which will be detected by Gaia with a relative error on total proper motion below 10%
(1%), N(z& < 0.2) is the number of HVSs with a relative error on parallax below 20%, and Nyag (Nyrad, pr2) is the number of stars bright enough to have a
radial velocity in the final (second) data release of Gaia . We remind the reader that the VESC catalogue only includes unbound objects, while the HILLS and

the MBHB catalogues contain both bound and unbound stars.

Catalogue Niot N(zy <0.1)  N(zu <0.01) N(z <0.2)  Nyad Nyrad, DrR2
VESC 17074 709 241 40 115 2
HILLS 100000 12415 4266 757 2793 38
MBHB 122473 5471 2382 499 1265 31

Table 2. Peak mass of the mass distribution and maximum heliocentric distance for the HVSs in the three different mock catalogues. The maximum heliocentric
distance is defines as the distance at which we predict a total of 0.5 stars. Due to the small number of HVSs with a three-dimensional velocity in Gaia DR2,

we choose not to characterize their distributions here.

Catalogue zu < 0.1 zu < 0.01 Zew < 0.2 vrad

VESC (1.0 Mg, 40kpe)  (1.5Mp,25kpe)  (2.5Mp, 12kpe) (2.7 Mg, 25 kpc)
HiLLS (1.2 Mg, 54 kpc) (1.8 Mo, 23 kpc) (2.9 Mg, 11 kpe) (3.0 Mg, 24 kpc)
MBHB (0.8 Mg, 47 kpe) (1.4 Mg, 29kpe)  (2.2Mp, 12kpe) (2.5 Mg, 29 kpc)

proper motions for the sample of HVSs candidates presented in

(2013). Fig.[T7] shows that the majority of HVSs will
have a better proper motion determination by Gaia . This will
help determining their ejection location, confirming or rejecting the
Galactocentric origin hypothesis.

We now briefly discuss the impact of the assumptions made
on the stellar population in the GC. The VESC catalogue does not
depend on the binary population properties, but only on the choice
of the Galactic potential, which we fix to a fiducial model consis-
tent with the latest observational data on the rotation curve of the
MW. In the HILLS catalogue, our choice for the binary distribu-
tion parameters @ = —1, ¥ = —3.5 is motivated by the fit of the
sample of unbound late B-type HVSs to the velocity distribution
curve modelled using the Hills mechanism ). We
repeat the same analysis presented in Section Bladopting y = 0: a
flat distribution of binary mass ratios. This choice implies a higher
mass for the secondary star in the binary, compared to the steeper
value of y = —3.5. Given the mass dependency of equation (I6),
this results in high total velocities for binaries in which the HVSs
is the primary star. This in turn implies, on average, a larger num-
ber of HVSs with higher mass, which will be observed by Gaia to
higher heliocentric distances with lower relative errors. Neverthe-
less, the final estimates on the number of HVSs we are expecting to
be found in the Gaia catalogue are consistent with results presented
in Section3l A choice of a top-heavy initial mass function for stars
in the GC (e.g. Bartko et alJ M; Lu et alJ M) would produce
similar results. For the MBHB catalogue, we fix the value of the
secondary black hole to 5 - 103 Mo. Higher (lower) masses result
in a larger (smaller) total mass ejected by the binary (see equa-
tion (23)). Tuning the value of 1, the loockback time at which the
MBHB started ejecting HVSs, it is then possible to find different
values of the secondary mass which are consistent with the obser-
vational estimate given by (M). Regardless of .,
we find M. = 1000 Mg to be a lower limit on the black hole mass
to be able to observe 300 HVSs in the observed mass range [2.4, 5]
Mo, within 300 kpc from the GC. The possibility of considering
multiple merging events, and/or a full parameter space exploration
to break the degeneracy between M, and fy, are beyond the scope
of this paper. An improvement over this catalogue would consist in

modelling the ejection angles of HVSs as a function of the decreas-
ing binary separation.

To summarize, the sample of known HVSs will start increas-
ing in number in April 2018 with DR2, with a few tens of stars
with a precise three-dimensional velocity by Gaia alone. We pre-
dict a handful of them to be unbound from the Galaxy. This sample
will already be comparable in size with the current tens of HVSs
candidates, but the largest improvement in terms of stars with full
three-dimensional velocity will come with the final Gaia data re-
lease, with hundreds of stars unbound from the Milky Way. The
majority of HVSs in Gaia will not have radial velocities from Gaia,
therefore dedicated spectroscopic follow-up programs with facil-
ities such as 4MOST (de Jong etall 2016) and WEAVE
) will be necessary to derive their total velocity and to clearly
identify them as HVSs.
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