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ABSTRACT

Context. Young massive stars in the halo are assumed to be runaway stars from the Galactic disk. Possible ejection scenarios are
binary supernova ejections (BSE) or dynamical ejections from star clusters (DE). Hypervelocity stars (HVSs) are extreme runaway
stars that are potentially unbound from the Galaxy. Powerful acceleration mechanisms such as the tidal disruption of a binary system
by a supermassive black hole (SMBH) are required to produce them. Therefore, HVSs are believed to originate in the Galactic center
(GC), the only place known to host an SMBH.

Aims. The second Gaia data release (DR2) offers the opportunity of studying HVSs in an unprecedented manner. We revisit some of
the most interesting high-velocity stars, that is, 15 stars (11 candidate HVSs and 4 radial velocity outliers) for which proper motions
with the Hubble Space Telescope. were obtained in the pre-Gaia era, to unravel their origin.

Methods. By carrying out kinematic analyses based on revised spectrophotometric distances and proper motions from Gaia DR2,
kinematic properties were obtained that help constrain the spatial origins of these stars.

Results. Stars that were previously considered (un)bound remain (un)bound in Galactic potentials favored by Gaia DR2 astrometry.
For nine stars (five candidate HVSs plus all four radial velocity outliers), the GC can be ruled out as spatial origin at least at 20
confidence level, suggesting that a large portion of the known HVSs are disk runaway stars launched close to or beyond Galactic
escape velocities. The fastest star in the sample, HVS 3, is confirmed to originate in the Large Magellanic Cloud.

Conclusions. Because the ejection velocities of five of our non-GC stars are close to or above the upper limits predicted for BSE and
DE, another powerful dynamical ejection mechanism (e.g., involving massive perturbers such as intermediate-mass black holes) is

likely to operate in addition to the three classical scenarios mentioned above.
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1. Introduction

Hypervelocity stars (HVSs) travel so fast that they are potentially
unbound from the Galaxy. When they were discovered serendip-
itously more than ten years ago (Brown et al. 2005; Hirsch et al.
2005; Edelmann et al. 2005), the so-called Hills mechanism
(Hills 1988) was readily accepted as a viable ejection mecha-
nism. According to Hills, the supermassive black hole (SMBH)
at the Galactic center (GC) acts as a slingshot by tidally disrupt-
ing binary systems (see Brown 2015 for a review). Because the
first HVS was found to be a late B-type main-sequence (MS)
star, a wide-field spectroscopic survey was initiated that targeted
stars of similar spectral type and mass (2.5-4 My). After sur-
veying no less than 12000 square degrees of the northern sky,
about two dozen unbound HVS candidates of late B-type have
been discovered (Brown et al. 2014). However, the Hills mecha-
nism also ejects stars at velocities that are too low for the stars to
escape the Galaxy. The respective rates are predicted to be sim-
ilar to those for unbound HVSs (Bromley et al. 2009). Sixteen
candidates for these so-called “bound HVSs” were identified by
Brown et al. (2014).

The HVS phenomenon is not restricted to early-type MS
stars, but is also observed among evolved low-mass stars such
as hot subdwarf stars (e.g., US 708, which is also known as
HVS 2; Hirsch et al. 2005; Geier et al. 2015) and white dwarfs
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(Vennes et al. 2017; Raddi et al. 2018; Shen et al. 2018). Kine-
matic studies excluded the Hills scenario for those stars, sug-
gesting that they are the surviving remnants of double-detonation
supernova la explosions (Geier et al. 2015; Vennes et al. 2017).
Several claims for unbound late-type stars have been rejected
(Ziegerer et al. 2015; Boubert et al. 2018). Hence, B-type stars
constitute the main component of the known HVS population. In
addition to the late B-type stars from the survey of Brown et al.
(2014), even more massive and younger MS stars have been
found to escape from the Galaxy. Heber et al. (2008a) discov-
ered the 12 My B-giant HD 271791 moving at hypervelocity.
Hipparcos parallaxes allowed the full six-dimensional phase
space information to be exploited and the place of origin to be
identified. The latter lies in the outer disk and thus excludes the
Hills ejection mechanism. Przybilla et al. (2008a) suggested that
HD 271791 is an extreme runaway B star ejected as the surviving
companion of a very massive Wolf-Rayet primary that exploded
in a core-collapse supernova event. The ejected star was boosted
by Galactic rotation to overcome the Galactic escape velocity.
HIP 60350 is a similar candidate originating in the Galactic disk
(Irrgang et al. 2010). Finally, the set of known B-type HVSs was
complemented by four stars from the Lamost spectroscopic sur-
vey (Zheng et al. 2014; Huang et al. 2017; Li et al. 2018).

HE 0437-5439 (HVS3) is a particularly interesting HVS.
It was discovered by Edelmann et al. (2005) to be a 9 My B

A48, page 1 of 14


https://doi.org/10.1051/0004-6361/201833874
https://www.aanda.org
http://www.edpsciences.org

A&A 620, A48 (2018)

star at a distance of 61kpc, which was too young (25 Myr) to
have traveled from the GC to its present position (=100 Myr).
Edelmann et al. (2005) suggested that the star was ejected from
the Large Magellanic Cloud (LMC) rather than from the Galaxy
because of its spatial proximity to the LMC. The LMC is not
known to host an SMBH, therefore an LMC origin is contro-
versial, and triple ejection from the GC and rejuvenation have
been discussed as an alternative (Gualandris & Portegies Zwart
2007; Perets 2009; Fragione & Gualandris 2018). An LMC ori-
gin of many more HVSs was hypothesized by Boubert & Evans
(2016) and Boubert et al. (2017), which was motivated by the
intriguing clustering of many HVSs in the constellation Leo (see
Brown 2015).

Progress in HVS research can be made from high-precision
astrometry. In the pre-Gaia era, the best proper motions came
from the Hubble Space Telescope (HST). Brown et al. (2015)
determined proper motions for 12 candidate HVSs (including
HVS 2 and HVS 3) as well as for 4 radial velocity outliers from
their Hypervelocity Star Survey (see Brown et al. 2014, 2018
for the selection criteria of the survey). Already with its sec-
ond data release (DR2), the Gaia mission (Gaia Collaboration
2016, 2018; Lindegren et al. 2018) may provide proper motions
superior to the HST measurements. Because the stars are very
distant (30-100 kpc), Gaia DR2 trigonometric parallaxes are of
limited use. Hence, accurate and precise spectrophotometric dis-
tances are mandatory for constructing tangential velocities by
combining them with Gaia proper motions. To that end, we car-
ried out detailed quantitative spectral and photometric analyses
of 14 of the late B-type stars with HST astrometry to revise
their atmospheric parameters, radial and rotational velocities,
masses, spectrophotometric distances, and ages (Irrgang et al.
2018; henceforth Paper I). Based on these results, we present
here the kinematic analyses of that sample (including HVS 3) by
making use of Gaia DR2 proper motions.

2. Stellar properties
2.1. Atmospheric parameters

Our quantitative spectral reanalysis of the MMT spectra of
Brown et al. (2014) confirmed that the atmospheric parameters
(Tesr, log(g)) of the 14 program stars are consistent with models
for MS stars with masses between 2.5 M and 5 M (Paper I).
Further support for their MS nature comes from the rota-
tional properties of the sample. All but two stars have pro-
jected rotational velocities exceeding 50kms~'. While being
typical for MS stars, this is not expected for old horizontal
branch stars of similar 7.¢ and log(g), which are slow rota-
tors (see, e.g., Heber et al. 2008b). The two exceptions (HVS 12
and B711) exhibit projected rotational velocities that are too
low (v sin(i) < 50kms™") to be precisely measured with the
low-resolution MMT spectra. Radial velocities from our spectral
analysis are in excellent agreement with previous determinations
by Brown et al. (2014).

2.2. Spectrophotometric distances

In addition to the spectral analysis, we investigated spec-
tral energy distributions (SEDs) to determine stellar distances
and interstellar reddening parameters. In Fig. 1 we compare
our spectrophotometric distance estimates to previous ones by
Brown et al. (2015). For ten stars, both distance determinations
are consistent. The remaining five stars, however, show partly
significant discrepancies. The most severe correction (+68%)
was applied to B711, which we reclassified in Paper I as an early
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Fig. 1. Spectrophotometric distances dg;s from Brown et al. (2015) are
compared to the distances dj;g derived in Paper I (stars with HVS iden-
tifier are shown in black, others are red). The dashed line is the identity
line. Potential outliers are labeled to facilitate identification. Error bars
are lo.

A-type rather than a late-B type star. The distances for HVS 5
(=31%), HVS 8 (—=30%), and HVS 12 (—22%) are smaller than
previously assumed, while HVS 4 is now farther away (+22%).

2.3. Proper motions

To derive the velocity vectors, proper motions are required. Prior
to Gaia, the best proper motions for HVSs have been secured
with HST (16 stars; Brown et al. 2015). They were obtained
by measuring stellar positions with respect to galaxy reference
systems in WFC3 and ACS images. It should be stressed that
HST proper motions were derived from three epochs on a time
base of 6.4 years from ACS and WFC3 astrometry for HVS 1,
HVS 3, and HVS 4, whereas only two epochs of ACS posi-
tions for HVS 5 and two epochs of WFC3 astrometry for all
other stars were available separated by about 3 years. For the
brightest stars (B434, B485, B711, B733, HVS 7, and HVS 8),
an additional systematic uncertainty arises because the posi-
tions were measured by combining shallow and deep images
to measure the stellar position and to establish galaxy reference
frames, respectively. As suggested by Brown et al. (2018), we
added 0.5 mas yr~! in quadrature to the proper motion uncertain-
ties given by Brown et al. (2015). We selected 15 high-velocity
stars from that sample, excluding only the sdO star HVS 2. In a
first step, we compare those proper motions to Gaia DR2 values
(Lindegren et al. 2018).

According to Fig. 2, the HST proper motions are mostly con-
sistent with those given by Gaia DR2, except for the incon-
sistent outlier B711. Like all other program stars, it satisfies
the Gaia quality controls advised by Lindegren et al. (2018),
see Brown et al. (2018). We therefore studied the kinematics of
B711 from both Gaia and HST proper motions. While Gaia
DR2 proper motions are more precise than those of the HST
for 8 of the sample stars (HVS 3, HVS 5, HVS 7, HVS §, B434,
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Fig. 2. Comparison of HST proper motions (Brown et al. 2015) to those from Gaia DR2 (stars with HVS identifier are shown in black, others are

red). The dashed line is the identity line. Error bars are 1o

Table 1. Comparison of derived parameters of the three Milky Way
mass models by Irrgang et al. (2013) to observations.

Parameter Model I Model I Model 11T Observation
M(<20.0kpc) 2.3 2.2 2.7 1.91ﬁ8::g”
M(<39.5kpc) 4.1 3.8 6.1 4,4igng; 6.1 t}:gc
M(<200kpc) 19 12 30 Myw >9.175¢
Vesc.0 616 576 812 ~600°;580 + 63/

Notes. The quantity M(<R) is the total mass enclosed within a radius
R and is given in units of 10" M. The Galactic escape velocity at the
Sun’s position, Ve o, is in kms™!.

References. @Posti & Helmi  (2018), ®Watkins etal. (2018),
©Sohn et al. (2018), “Helmi et al. (2018), ©Hattori et al. (2018),
("Monari et al. (2018).

B485, B711, and B733), this is not the case for HVS 1, HVS 10,
HVS 12, and HVS 13. Although a kinematic analysis of the
HST proper motions has been given in Brown et al. (2015), our
revised distances also call for a reanalysis of these 4 stars. For 3
objects (HVS 4, HVS 6, and HVS 9), Gaia DR2 proper motions
are of similar quality as those of the HST.

When combined with radial velocities and spectrophotomet-
ric distances from Paper I, the six-dimensional phase space infor-
mation is at hand (see Table 2), and kinematic analyses can be
carried out.

3. Galactic mass models and stellar trajectories

To trace back stellar trajectories to the Galactic plane, we numer-
ically integrated the equations of motion resulting from three
different Milky Way mass models (see Irrgang et al. 2013 for
details). Model I is based on the potential of Allen & Santillan
(1991), Model II is the truncated, flat rotation curve model of
Wilkinson & Evans (1999), and Model I1I is the widely used one

by Navarro et al. (1997) derived from numerical cosmological
simulations. Irrgang et al. (2013) updated the model parameters
of all three potentials by making use of observational constraints
from the Galactic rotation curve, the proper motion of Sgr A*,
the local mass surface density, the velocity dispersion in Baade’s
window, and the assumption that the kinematically hottest halo
star is bound. Recent analyses based on Gaia DR2 astrometry of
the motions of globular clusters, satellite galaxies, and extreme
velocity halo stars seem to favor Models I and II over Model 111
(see Table 1). In particular, the huge escape velocity from the
solar neighborhood predicted by Model III is at odds with the
observational results.

Monte Carlo simulations were carried out to propagate the
uncertainties of the input parameters (spectrophotometric dis-
tance, radial velocity, and proper motions) assuming Gaussian
distributions for each parameter while also accounting for asym-
metric error bars and the correlation between the two proper
motion components. The difference between Galactic rest-frame
and the local escape velocity determines whether a star is bound
(vGef — Vese < 0) to the Galaxy or not (v — Vese > 0). The
fraction of Monte Carlo runs for which the star is bound to the
Milky Way is denoted as the probability Py,. The trajectories
were integrated backward in time for twice the stellar age, except
for HVS 3, whose trajectories were calculated for 200 Myr (see
Sect. 4). The corresponding Galactic plane-crossing quantities
allow the stars’ place of origin to be constrained. The ejection
velocities vej (defined as the Galactic rest-frame velocity relative
to the rotating Galactic disk) impose strong constraints on the
ejection mechanisms. Moreover, the time of flight from the plane
to the present location of the star must not exceed its age. All rel-
evant kinematic quantities derived from the three different mass
models are listed in the appendix (Tables A.1-A.3). As expected
for very fast objects, the Galactic plane-crossing quantities are
almost independent of the choice of the Galactic mass model. In
contrast, the bound probability is very model sensitive because
the adopted mass of the dark matter halo differs. For the lowest
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Table 2. Input and output parameters of the kinematic analyses.

Object d Hq COS O Ms Corr. Urad UGrf Vejp Py Tflight,p T
(kpe) (mas yr") (kms™) (%) (Myr)

HVS 1 (H) 99.3t1§-7§ 0.08+026 -0.12+022 ... 829.7’:% 690’:‘%’ 750%9 0 112%‘ 27212
HVS3 62.3fg;7 0.85+£0.11 1.94+0.17  0.19 723.0%% 820%70 ... 0 1047 184
HVS 4 78.3%;3 0.00+0.65 -1.25+049 -0.67 604.6%;8 630*'2) 840" 70 0 129ﬁ§§ 150§
HVS5 312552 -0.02+0.18 -1.18+0.27 022 542572 650*10 6400 0 467 973l
HVS 6 577455 —038£0.67 —050+051 —0.02 619.3%% 550750 68070 0 9673 14273
HVS7 48.2%%3  -0.68+038 046+026 -028 524.0*'7 50070 53070 5 8219 185* 7
HVS38 37.2%%  -097+037 0.12+037 -0.38 499.6%3 500%3) 450j‘3‘§ 16 87f}§ 226%%
HVS9 66.6f$f§ 041+0.75 -021+0.75 -0.25 622.0§fé 570710 690*10 0 9073} 175%;81
HVS10 (H) 54.2%%% -1.07+036 -0.58=+0.42 462.059 45070 600%10 29 114718 210+
HVS 12 (H) 51.7%?17 040+036  031+0.34 545.0%35 500fg70 510f;‘§ 8 881 90%1
HVS13(H) 952%1)7 -090+038 046+044 ... 568.1%% 690*10  610*]0 0 179772 200732
B434 40.5%‘;3 0.10+0.38 -1.96+0.30 -0.10 445'5%% 38012%) 590j§§ 92 118+2¢ 402%2
B485 33.3*7  -0.87+0.14 —0.11+0.13 -0.51 422.9;;3 450* 420f18 89  83*1l 947
B711 28500 0.62+£021 -256+0.18 0.02 271.0%7; 42073 44038 99  113*32  393+?
B711 (H) 285431 —096+0.95 1.55+1.00 ... 271.0°12 510*12 600f28 48 61*1) 3933%
B733 9.9%07  -1.23+0.06 -452+0.10 0.69 350871 46010 450710 100 22¢2 1234

Notes. Spectrophotometric distances d, radial velocities vy,4, and stellar ages 7 are from Paper I (except for HVS 3, whose age and radial velocity
are from Przybilla et al. 2008b). Proper motions y, cos d, us, and their correlations (“Corr.” column) are from Gaia DR2. A suffix “(H)” in the
“Object” column indicates that proper motions are from the HST. The quantities v, (current Galactic rest-frame velocity), v, (ejection velocity
from the plane corrected for Galactic rotation), P, (probability to be bound to the Galaxy), and Tpjgnp (flight time from the Galactic plane)
result from trajectories calculated in Model I of Irrgang et al. (2013). More information on the trajectories is listed in Table A.1 and visualized in

Figs. 3 and A.1. The given uncertainties are 1o

Milky Way mass (Model IT), HVS 1 to HVS 13 have zero prob-
ability to be bound (see Table A.2), while for the most massive
halo (Model III), only HVS 1 has zero probability to be bound,
the probabilities for HVS 3, HVS 4, and HVS 13 are lower than
50%, for HVS 6, HVS 9, and HVS 12 they are higher than 50%,
and HVS 5, HVS 7, HVS 8, and HVS 10 have 100% probability
to be bound (see Table A.3). The four velocity outliers (B434,
B485, B711, and B733) are very likely bound in Models I and
III, while B485 would be unbound in Model II.

In Table 2 we summarize the most important results based on
Model I, that is, the current Galactic rest-frame velocity, ejection
velocity, probability for a star to be bound, and the time of flight
to reach the Galactic plane. These quantities are complemented
by the spectrophotometric distance, radial velocity, and stellar
age from Paper 1. The three-dimensional trajectories are shown
in Figs. 3 and A.1.

3.1. Plane-crossing properties

The plane-crossing properties are listed in Tables A.1-A.3 and
plotted in Fig. 4. Because they are basically independent of the
choice of the Galactic potential, we restrict ourselves to discuss
the properties derived from Model I (Table A.1).

3.1.1. HVSs

HVS 3: As shown in Fig. 4, the star does not cross the Galactic
plane anywhere near the GC or disk. The plane-crossing con-
tours lie well beyond the 20 kpc radius adopted here as estimate
for the size of the Galactic disk. Its time of flight (104f%(7) Myr)
is more than five times its evolutionary lifetime (18 + 3 Myr),
confirming the results of previous studies (Edelmann et al. 2005;
Przybilla et al. 2008b) and providing additional evidence against
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an origin in the Milky Way. Because HVS 3 has been suggested
to originate from the LMC, we investigate this option in detail in
Sect. 4.

HVS1,HVS4,HVS 6, HVS 9, HVS 10, and HVS 13: Avail-
able astrometry is insufficient to narrow down the place of origin
other than to the full Galactic disk (see Fig. 4), thus also cov-
ering the GC. This is consistent with the HST-based result (see
Fig. 4 in Brown et al. 2015). Three-dimensional trajectories are
shown Fig. A.1. We have to await the next Gaia data releases to
draw further conclusions.

HVS 5, HVS 7, HVS 8, and HVS 12: Gaia DR2 astrometry
and/or our revised distances are sufficient to exclude the GC at
a confidence level of more than 20 (see Figs. 3, A.1, and 4).
HVS 5 originates in the disk close to the solar circle, while it is
likely that HVS 7, HVS 8, and HVS 12 come from the outer rims
of the Galactic disk. All four stars are therefore disk-runaway
stars. However, their high ejection velocities, which range from
45030 km s~ (HVS 8) to 640*30 kms~! (HVS 5), are a challenge
to the ejection scenarios (see Sect. 5). In addition to HVS 10,
HVS 8 and HVS 12 have the highest probabilities to be bound to
the Galaxy among the HVSs (see Table A.1). A higher Galactic
halo mass than anticipated in Model I would render them bound
to the Galaxy.

3.1.2. Radial velocity outliers

The plane-crossing properties of B434, B485, B711, and B733
clearly show that these objects are runaway stars from the Galac-
tic disk rather than bound HVSs from the GC. Their ejec-
tion velocities, which range from 420*30 kms™' for B485 to
59030 kms™! for B434, are almost as high as that of the presum-
ably unbound disk-runaway stars HVS 5, HVS 7, HVS 8, and
HVS 12.
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Fig. 3. Three-dimensional orbits of HVS 5 (top left panel), HVS 7 (top middle panel), HVS 8 (top right panel), B485 (bottom left panel), B111 (bot-
tom middle panel), and B733 (bottom right panel) in a Galactic Cartesian coordinate system in which the z-axis points to the Galactic north pole.
The trajectories (red line; the arrow indicates the current position of the star) are traced back to the Galactic plane using Model I of Irrgang et al.
(2013). The black rimmed, red and blue shaded areas mark regions where 68% and 95% (1o and 20°) of the trajectories intersected the Galactic
plane when uncertainties in the distance, proper motions, and radial velocity were propagated. Orbits that did not cross the Galactic plane within
twice the estimated stellar lifetime were omitted to account for the finite age of the star. The positions of the Sun and the GC are marked by a

yellow © and a black +, respectively.

B733: This object is much brighter (g = 15.67 mag) and
closer (9.9 kpc) than any other sample star. Therefore, the Gaia
DR2 proper motions are of excellent quality and allow its place
of origin in the Galactic disk to be pinned down to a narrow
region close to the solar circle (see Figs. 3 and 4).

B485: This is probably the youngest (94f§ Myr), most mas-
sive (4.8 M), and hottest (Teg = 152007370 K) sample star
after HVS 3. Its place of origin is in the outer disk, but it is
not yet constrained as precisely as that of B733 (see Figs. 3
and 4).

B434: This star is the oldest (402*)$Myr) in the sam-
ple. Its plane-crossing properties are still not well defined (see
Figs. 4 and A.1). Nevertheless, the GC can be excluded at more
than 20 confidence, and its origin appears to be at the outer rim
of the Galactic disk.

B711: This object is the coolest (Teg = 9170328 K) and most
evolved in the sample. Owing to its low effective temperature, we
have reclassified B711 as an A-type star in Paper 1. Because the
Gaia and HST proper motions are discrepant (see Sect. 2.3), we
performed the kinematic analysis of B711 twice. As expected,
the plane-crossing properties differ widely (see Fig. 4). The Gaia
DR?2 astrometry would place it outside of the 20 kpc circle, while
the HST one would allow for an origin in the Galactic disk. The
latter appears to be more plausible but implies a very high ejec-
tion velocity of 600”_’28 kms™!.

3.2. Time of flight versus stellar age

If the assumption of an origin in the Galactic disk is correct, the
times of flight from the Galactic plane must be shorter than the
stellar ages. In Fig. 5 these two quantities are plotted against each
other. The times of flight are indeed shorter than the stellar life-
times for all program stars except for HVS 3, which we discuss
in the following section.

4. LMC origin of HVS 3

Because of its proximity to the LMC on the sky (x16°),
Edelmann et al. (2005) suggested that HVS 3 originated in the
LMC. A differential abundance analysis of high-resolution spec-
tra (Przybilla et al. 2008b; Bonanos et al. 2008) strengthened
this idea because a subsolar abundance pattern was found, con-
sistent with patterns of B-type stars in the LMC. Proper motions
from the HST allowed reconstructing the trajectory of HVS 3,
which led to inconclusive results, however (Irrgang et al. 2013;
Brown et al. 2015). Because the star is too far away to have a
useful Gaia DR2 parallax (—0.0117 + 0.0582 mas), kinematic
analyses still have to rely on alternative distance estimates. By
making use of recent photometric measurements, we revisit the
spectrophotometric distance of HVS 3. Combined with proper
motions from Gaia DR2, its place of origin can finally be con-
strained.
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Fig. 4. Galactic plane-crossing locations of the program stars (the black rimmed, red and blue shaded areas have the same meaning as in Fig. 3).
The full circle in the middle indicates the position of the GC. The dashed circles have radii of 8 and 20 kpc, thus roughly indicating the solar circle
and the outer edge of the Galactic disk, which rotates clockwise in this plot. Because Gaia DR2 and HST proper motions are inconsistent for
B711, the trajectories were calculated for both cases. Results based on proper motions from HST are marked by the suffix (H).

4.1. Spectrophotometric distance of HVS 3 revisited

Photometric observations of HVS 3 were scarce. Edelmann et al.
(2005) and Przybilla et al. (2008b) had to rely on a single
photographic magnitude (V 16.2 + 0.2mag) from the
Hamburg ESO Survey and to assume zero interstellar red-
dening to derive the spectrophotometric distance of 61 kpc.
Only later did photoelectric measurements become available
(Bonanos et al. 2008; O’Donoghue et al. 2013; Kilkenny et al.
2015; APASS: Henden etal. 2016). SkyMapper (Wolf et al.
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2018), Gaia (Evansetal. 2018), and the VISTA Hemi-
sphere Survey (VHS, McMahon et al. 2013) now provide high-
precision optical and infrared photometry to construct the SED,
which we used to determine the stellar angular diameter ® and
interstellar reddening in form of the color excess E(B — V) (for
details, see Paper I and Heber et al. 2018). To this end, we com-
puted a synthetic SED based on the atmospheric parameters
derived by Przybilla et al. (2008b) from high-resolution spec-
troscopy and fit it to the photometric observations by varying
® and E(B — V). The resulting synthetic SED matches optical
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and infrared photometry very well (see Fig. 6) and yields a color
excess E(B — V) = 0.007*00%) mag that is consistent with zero.
Assuming a mass of M = 9.1 M (Przybilla et al. 2008b), we
can compute the distance d by expressing the stellar radius R in
terms of the surface gravity g = MG/R? and inserting it in the
defintion for the angular diameter § = 2R/d. Our revised value
of d = 62.3+7.7kpc is consistent with the estimate of 61 +9 kpc

(Przybilla et al. 2008b) and the inconclusive Gaia parallax.

4.2. Past trajectories of HVS 3 and LMC

To test an LMC origin of HVS 3, we computed 10° orbit pairs
in a Monte Carlo simulation. The input parameters of HVS 3
are listed in Table 2. The distance employed for the LMC
is 50.1 = 2.4kpc (Freedman et al. 2001), the radial velocity
is 262.2 + 3.4kms™' (van der Marel et al. 2002), and proper
motion components are f, cosd = 1.910 + 0.020 mas yr~' and
us = 0.229 +0.047 mas yr~' (Kallivayalil et al. 2013), which are
in excellent agreement with Gaia measurements (Helmi et al.
2018). To model the gravitational attraction of the LMC on
HVS 3, we followed our approach in Irrgang et al. (2013) and
used a moving Plummer potential with a mass of 2 x 10'° M,
and a radius of 3kpc. The resulting distributions of distance
dperi, time Tper, and relative velocity vper; at periastron are rel-
atively insensitive to the adopted masses of the Milky Way and
of the LMC and are therefore only shown for Model I in Fig. 7.
For comparison, we also show the same quantities with respect
to the GC. The results clearly demonstrate that HVS 3 and the
LMC had a very close encounter just at the time when HVS 3
was born (dperi = 67 kpc, Tperi = 217 Myr). However, the ejec-
tion velocity of vpe; = 870+70km s! is higher than for any
other star in our sample. These results are in agreement with
those of Erkal et al. (2018), who used different Galactic poten-
tials (Bovy 2015; McMillan 2017) and LMC parameters.

5. Summary and discussion

We selected 15 high-velocity stars that have the best pre-Gaia
proper motions, measured with the HST. The second Gaia data
release showed that for 4 of them (HVS 1, HVS 10, HVS 12, and
HVS 13), the HST measurements remain the best. For 3 stars

(HVS 4, HVS 6, and HVS 9), data from HST and Gaia DR2 are
more or less consistent and at a similar level of precision. Most
important are the Gaia DR2 proper motions for HVS 3, HVSS,
HVS 7, HVS 8, B434, B485, and B733 because they are superior
to, while still consistent with, the HST measurements. For B711,
the statistical uncertainties of the Gaia DR2 proper motions are
considerably smaller than those from the HST, but both are seri-
ously different, which hints at an as yet unidentified systematic
uncertainty for that star. Because HVSs are widely assumed to
originate in the GC through the Hills mechanism, we focused on
identifying the place of origin in the Galactic plane. By model-
ing the trajectories of the stars in three different Milky Way mass
models, we derived their Galactic plane-crossing properties.

Brown et al. (2018) carried out similar kinematic calcula-
tions based on the same Gaia DR2 proper motions and a Galactic
potential (Kenyon et al. 2014) whose total mass is close to that
of Model II employed in this study. Therefore, similar results are
in principle expected. However, there are two main differences:
First, Brown et al. (2018) relied on distances from Brown et al.
(2015), while we used our revised distances from Paper 1. As
shown in Sect. 2.2, the two distance estimates differ markedly
for five stars. Our smaller distances for three of them (HVSS5,
HVS 8, and HVS 10) allow their spatial origin to be constrained
with much higher precision, enabling us to rule out an ejec-
tion from the GC at more than 20 confidence (see Fig. 8).
Second, and more importantly, the outcome of the kinematic
calculations is viewed from quite different perspectives. While
Brown et al. (2018) computed probabilities for a Galactic disk
origin by assuming that the most likely place of origin is that
with the lowest ejection velocity, our approach is a straightfor-
ward interpretation of the plane-crossing properties, which then
hints at the existence of an as yet unknown or neglected but pow-
erful disk-ejection mechanism. In the following, we summarize
and discuss our findings.

For 6 stars (HVS 1, HVS4, HVS6, HVS 9, HVS 10, and
HVS 13), the available astrometry is (still) insufficient to place
meaningful constraints on their place of origin within the Galac-
tic plane. Hence, a GC origin remains a valid option for them,
in particular for HVS 1 and HVS 4, whose ejection velocities
(750£90kmss™!, 840,70 kms™!) are so high that the Hills mech-
anism is the most likely scenario. For 5 unbound (HVS 3, HVS 5,
HVS7, HVS S, and HVS 12) and 4 bound (B434, B485, B711,
and B733) stars, however, astrometric data were sufficiently pre-
cise to rule out the GC as the place of origin. Consequently, the
Galactic plane-crossing properties of our sample suggest that a
large portion of the high-velocity stars are actually runaways
launched at very high velocities from the Galactic disk rather
than from the GC. Until recently, only 2 unbound runaway B-
stars, so-called hyper-runaway stars, were known (Heber et al.
2008a; Irrgang et al. 2010). Three new members (HVS 5, HVS 7,
and HVS 8) from this work and one (LAMOST-HVS4) from
Li et al. (2018) are now added to form a group of six. Studying
a sample of 96 MS B-type runaway stars, Silva & Napiwotzki
(2011) discovered that the distribution of their ejection veloc-
ities vej is bimodal. A small group of 11 “high velocity” stars
(Vej = 400-500 km s~!) is well separated from the “low velocity”
population with v;; < 300kms™'. Taking into account the run-
away stars B434, B485, and B733, the number of “high velocity”
runaway B-stars increases to 14.

Two mechanisms have been proposed decades ago for eject-
ing runaway stars. Blaauw (1961) proposed a binary super-
nova ejection (BSE) scenario, where the secondary star of
a close binary system is ejected when the binary system is
disrupted by the core-collapse of the more massive primary.
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Population synthesis models suggest that only for a small frac-
tion, that is, less than 1%, ejection velocities above 200 km g
(Portegies Zwart 2000) or even above 60kms™' (Renzo et al.
2018) can be reached. Hence, hardly any are expected in excess
of 400 km s~', as found in this study. However, in extremely rare
cases when a very close binary is disrupted, higher velocities
can be achieved. Tauris (2015) studied the ejection of late B-
type stars of 3.5 M, which is similar to the objects considered
here, and found an upper BSE limit of 540kms~' in the most
favorable conditions. Such stars could reach their local Galac-
tic escape velocity if the ejection happens to occur in the direc-
tion of Galactic rotation. Interestingly, we found three (HVS 5,
HVS 7, HVS 12) out of five unbound and two (B434, B711) out
of four bound stars to be disk runaways with ejection velocities
close to or even above (HVS 5 and B434) that limit. Therefore,
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BSE cannot satisfactorily explain most of our extreme disk run-
away stars.

The second mechanism to create runaway stars is dynami-
cal ejection (DE) via three- or four-body interactions in a dense
stellar environment (Poveda et al. 1967). N-body simulations of
the dynamical ejection of massive stars from moderately mas-
sive star clusters by Oh & Kroupa (2016) show that only very
few stars with masses lower than 5 M, are ejected from a young
star cluster with 3000 M, at more than 100kms™' (see their
Fig. 4). Perets & Subr (2012) carried out similar N-body simula-
tions for star cluster dynamics and concluded that “the ejection
rate of hyper-runaways, with velocities >300 km ™', appears to
be too low to explain a significant fraction of the observed HVSs
in the Galactic halo and could at most explain a small fraction
of the observed bound HVSs”. Thus, the “classical” dynamical
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ejection from a star cluster does not seem to be a viable scenario
either.

A combination of the DE and BSE mechanisms is also
conceivable. A massive, tightly bound binary may be ejected
from a dense, massive stellar cluster, and thereafter, the primary
explodes as a core-collapse supernova. Numerical experiments
by Perets & Subr (2012) indicate that no binaries are ejected by
DE with velocities in excess of 150 km s~!. Hence, the combined
DE/BSE scenario would shift the BSE speed limit by such an
amount in the most favorable, though very unlikely, case of a
perfect alignment between ejection vectors. This scenario could
explain the hyper-runaway star HD 271791 (Heber et al. 2008a),
which shows atmospheric chemical peculiarities indicative of
supernova debris accretion (Przybilla et al. 2008a).

A more realistic explanation for our extreme disk-runaway
objects, however, is offered by dynamical interactions involving
massive perturbers. Three possible channels for extreme dynam-
ical ejection events were discussed by Gvaramadze (2009):
(i) The break-up of unstable, close triple systems, (ii) the inter-
action of two massive close binaries, and (iii) close encounters
between massive close binaries with a very massive star. (i) For a
triple system composed of an inner binary with two MS stars of
50 M, with an orbital separation as small as 40 Ry, which is close
to filling their Roche lobes, and an outer component of 10 M,
Gvaramadze (2009) estimated that the latter may be ejected at
a velocity as high as ~800kms~!. (ii) Although runaways from
binary-binary ejections are likely to be ejected at velocities sim-
ilar to the stars’ orbital velocities (Leonard & Duncan 1990),
the interaction of massive close binaries could eject stars at
velocities as high as the escape velocity from the surface of the
most massive component in the binaries (Leonard 1991), which
could exceed 1000 kms™! if stars of 2040 M, were involved
(Gvaramadze 2009). (iii) Runaways from three-body interac-
tions between a massive close binary and a very massive star or
an intermediate-mass black hole of 1000-10000 M, were stud-

ied by Gvaramadze et al. (2008, 2009). In both cases, high stel-
lar densities of 10°-107 stars per pc® are required, which may
occur when a young massive cluster forms in a core-collapse
phase, but have never been observed so far. If the high-velocity
stars were indeed ejected during cluster formation, their stellar
ages would be expected to be almost identical to their times of
flight. However, this it not the case for the extreme disk-runaway
stars in our sample. Except for HVS 12, the stellar lifetimes
are significantly longer than the flight times (see Table 2 and
Fig. 5). Gaia will improve the census of Milky Way open clus-
ters (Cantat-Gaudin et al. 2018) and may finally allow the parent
clusters of these stars to be identified.

For the most massive HVS, HVS 3, we revised the spec-
trophotometric distance (62.3 + 7.7kpc) using optical and
infrared photometry and excluded a place of origin in the Galac-
tic disk. Previous indications that the star originates in the LMC
are confirmed here. The most likely place of origin lies only
63 kpc from the center of the LMC. Its ejection velocity is as
high as 870 + 70 km s~!, well above the classical speed limits for
BSE and DE. Gualandris & Portegies Zwart (2007) suggested
that HVS 3 was dynamically ejected from a young massive star
cluster in the LMC, but Erkal et al. (2018) considered the very
high ejection velocity as strong evidence for the ejection via the
Hills mechanism, and therefore as evidence for the presence of
an as yet undiscovered massive black hole in the LMC.
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Appendix A: Additional tables and figure

Table A.1. Kinematic parameters of the program stars for Model I of Irrgang et al. (2013).

X Yy < Uy Uy Uz UGrf UGrf — Uesc Pb Xp Y 3p p Uxp Uyp Uzp UGrfp Uejp Tflight,p

(kpe) (kms™) (%) (kpe) (kms™) (Myr)

HVS1(H) -659 -624 51.6 -420 -310 440 690 330 0 -16.0 —24.3 0.0 342 -470 -380 470 770 750 112
Stat +5.4 +5.8 +8.0 +110 +80 +110  +40 +40 +22.7 +18.3 +0.1 +16.8 +110 +100 +100 +30  +90 +34
at. -89 -9.6 —4.8 -100 -90 110 -20 -30 " -17.5 -141 -0.1 -16.1 -8 -90 -60 -20 90 -22
HVS3 -14.1 -46.7 -40.8 -670 =310 -360 820 400 0 557 -99 0.0 56.8 —-620 =370 —-400 820 720 104
Stat +0.8 +5.8 +5.1 +100 +30 +40  +70 +80 +22.2 +4.6 +0.1 +21.8 + 90 +30 +30 +70  +90 +20
at. -0.8 -59 =5.1 - 90 -30 -30 =70 -80 -17.5 —-42 -0.1 -17.1 -100 -30 -30 -50 =70 -17
HVS4 -64.2 -147 529 -360 -310 360 630 240 0 -129 259 0.0 458 —-430 -280 440 680 840 129
Stat +5.2 +1.4 +5.9 +190 +180 +160 +120 +120 +46.9 +22.9 +0.1 +27.1 +210 +160 +120 +90 + 70 +56
- —6.1 -1.6 —4.8 -180 =200 -170 - 60 - 60 °°° -32.5 -185 -0.1 -22.6 =100 =200 -100 -30 =130 -35
HVSS5 -28.6 135 195 -400 330 400 650 180 0 -85 -2400 9.1 -500 340 450 760 640 46
Stat +1.6 +1.5 +2.0 +30 +40 +30  +10 +10 +1.8 +22 +0.1  +1.7 +30 +40 +20 +20  +50 +4
- -2.1 -1.1 -1.6 -30 -40 -30 -10 -10 - -1.8 -21 =01 -18 —40 -30 =20 -20 40 -5
HVS6 -21.6 -26.1 49.7 -160 —170 460 550 120 0 -3.8 -6.1 0.0 193 -220 -250 570 650 680 96
Stat +1.7 +3.3 +5.8 +170 +130 +90  +60 +70 +17.9 +15.5 +0.1 +13.9 +160 +130 +50 +50  +90 +21
i -1.6 -3.0 -6.2 -170 —-140 -90 -30 =30 ¢ -16.2 -13.1 -0.1 -10.2 - 90 - 70 —60 -30 -80 =17
HVS7 -11.1 -254 408 -200 -0 450 500 50 5 6.3 -22.1 0.0 24.1 -200 —100 510 570 530 82
Stat. +0.2 +2.0 +3.7 + 90 +50 +40  +50 +50 +8.2 +4.8 +0.1 +54 +70 +70 +30 +20  +30 +10
- -0.3 24 -3.2 —-100 -50 -30 -40 -40 - =72 -49 -0.1 48 —80 —-60 -20 -30 =30 -8
HVSS8 -303 -13.5 269 -420 80 260 500 40 16 9.3 -164 0.0 19.8 -450 -40 350 570 450 87
Stat +2.2 +1.4 +3.2 +70 +60 +50  +50 +60 +11.3 +52 +0.1  +9.8 +40 +70 +30 +20  +40 +18
- -2.6 -1.7 -2.6 -60 =70 -50 40 -50 - 80 -6.1 -0.1 -6.3 -40 —80 —40 -10  -30 -14
HVS9 -28.8 —43.0 465 —-40 —-170 480 570 160 0 -22.6 -24.1 0.0 41.8 -100 -230 520 620 690 90
Stat +2.2 +4.6 +4.4 +250 +170 +150 +140 +140 +25.0 +245 +0.1 +16.3 +260 +180 +130  +110 +110 +34
at. -19 -4.0 -4.9 —250 -170 -150 - 80 -90 - -22.2 -170 -0.1 -16.9 —200 —160 -100 - 50 -120 -21
HVS10(H) -13.0 -12.6 52.5 -200 —110 380 450 20 29 95 1.2 0.0 149 -160 —130 540 580 600 114
Stat +0.5 +1.3 +6.1 +110 +110 +30  +60 +60 +12.7 +125 +0.1 +12.8 +50 +50 +70 +60  +70 +18
- -0.6 -14 -53 -100 -110 -30 -30 -40 - - 95 -103 -0.1 - 83 =70 -50 —50 -20 -40 -14
HVS12 (H) -20.6 -29.0 41.0 -240 -20 430 500 60 8 1.7 -23.8 0.0 25.6 -260 —110 480 570 510 88
Stat +1.4 +3.4 +7.2 +90 +80 +50  +60 +60 +10.4 +8.0 +0.1  +9.1 +70 + 90 +50 +30  +40 +19
. -2.2 -5.1 —49 -90 =70 —60 -50 -50 " - 179 -87 -0.1 -7.7 -70  -100 —30 -20  -30 -14
HVS13 (H) -274 =573 73.6 -550 -50 360 690 310 0 689 -42.0 0.0 89.3 -500 —-110 430 680 610 179
Stat +2.6 + 7.7 +13.8 +190 +170 +130 +170 +190 +64.4 +37.5 +0.1 +57.6 +180 +170 +100  +160 +170 +72
at. -3.6 —-10.8 - 99 =200 -160 —130 -150 -150 °°° —38.5 =312 -0.1 =359 -200 —150 —100 -100 =100 —44
B434 -16.0 -22.4 329 120 -280 220 380 -80 92 -242 132 0.0 29.0 —-10 -280 320 430 590 118
Stat +0.7 +2.1 +3.9 +80 +60 +40  +50 +60 + 9.0 +13.1 +0.1 +13.2 +100 +30 +30 +20  +20 +26
al. -0.9 -2.6 -3.0 -70 —60 -50 -40 40 - -10.7 -87 -0.1 -93 - 90 -40 —40 -10 -20 -19
B485 =267 -59 272 =330 140 270 450 -20 89 44 -148 0.0 156 -390 20 380 540 420 83
Stat +1.0 +0.3 +3.0 +30 +20 +20  +20 +20 +3.7 +1.6 +0.1 +29 +10 +20 +10 +10  +20 +11
y -2.1 -0.7 -1.5 -30 -20 -20 -20 =20 - -2.7 -21 -0.1 -21 —10 =30 -20 -10  -10 -6
B711 37 05 258 390 50 130 420 -90 99 -36.0 —-4.5 0.0 364 270 30 270 380 440 113
Stat +1.4 +0.1 +2.8 +40 +30 +20  +30 +40 + 7.1 +33 +0.1 +10.5 +40 +30 +20 +20  +10 +22
at. -0.9 -0.1 -2.0 -40 —40 -20  -30 -30 - -10.6 =27 =01 -170 -40 -20 —30 -10 -10 -14
B711 (H) 37 05 258 -90 340 350 510 0 48 7.8 -18.8 0.0 21.8 =30 250 460 530 600 61
Stat +1.4 +0.1 +2.8 +130 +130 +60 +120 +130 +7.2 +83 +0.1 +93 + 90 +150 +50  +100 +90 +11
at. -1.0 —-0.1 -2.1 -120 —140 -60 -110 -100 " =72 -98 -0.1 -8.0 -120 —140 -60 - 50 -50 -8
B733 =55 33 89 230 190 350 460 -120 100 -99 -13 0.0 10.0 130 200 420 480 450 22
Stat +0.2 +0.3 +0.7 +20 +20 +10  +10 +10 +0.4 +03 +0.1 +03 +20 +20 +10 +10  +10 +2
at. =03 -04 =09 =10 =20 -10 -10 =10 - -04 =03 01 -03 =10 =20 =10 =10 -10 =2

Notes. Results and statistical uncertainties (“Stat.” row) are given as median values and 1o~ confidence limits, which are derived through a Monte
Carlo simulation. The Galactic coordinate system is introduced in Fig. 3. Plane-crossing quantities are labeled by the subscript “p” and are based
on all orbits that crossed the Galactic plane within twice the estimated stellar lifetime to account for the star’s finite age (for HVS 3 this limit is set
to 200 Myr, see text for details). The Galactic rest-frame velocity v = (v} + v} + v2)"/?, the local Galactic escape velocity v, the Galactocentric
radius r = (x* +y? + z2)!/%, the ejection velocity v,; (defined as the Galactic rest-frame velocity relative to the rotating Galactic disk), and the flight
time Ty;gn are listed in addition to Cartesian positions and velocities. The probability Py, is the fraction of Monte Carlo runs for which the star is
bound to the Milky Way.
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Table A.2. Kinematic parameters of the program stars for Model II of Irrgang et al. (2013).

X Yy 4 Uz UGtf UGrf — Uesc Xp Yp 3p p Uy.p Uzp UGtfp Uejp Tfightp
(kpe) (kms ™) (kpe) (kms ) (Myr)
HVS1MH) -659 -624 51.6 440 700 380 -16.1 -24.3 0.0 344 =370 470 760 740 112
+5.4 +5.8 +8.0 +110  +40 +40 +22.9 +185 +0.1 +16.8 +100 +90 +40  +90 +35

Stat.
HVS 3 141 —46.7 —408 360 820 430 563 —99 0.0 574 370 400 820 730 103
Stat +0.8 +5.8 +5.1 +40  +80 +80 +22.5 +4.7 +0.1 +22.1 +30 +40 +70  +80 +20
- -0.8 -5.9 —5.1 -30 =70 —80 -17.8 -42 -0.1 -17.3 0 -20 -30 -50 =70 -18
HVS4 -64.2 -147 529 360 640 290 -134 264 0.0 464 -280 440 670 820 130
Stat +5.2 +1.4 +59 +160 +110 +120 +47.3 +232 +0.1 +27.1 +160 +110 +90 + 80 +56
al. —6.1 -1.6 -4.8 -170 - 70 — 60 -324 -18.6 -0.1 -22.7 =210 -110 -30 -120 -35
HVS5 28.6 13,5 195 400 650 230 8.6 300 9.1 340 450 750 630 46
Stat +1.6 +1.5 +2.0 +30  +10 +10 +1.9 +22 +0.1  +1.7 +40 +20 +20  +60 +5
HVS6 26 261 497 460 530 170 35 —60 00 195 250 570 650 680 96
Stat. +1.7 +3.3 +5.8 +90  +60 +60 +18.2 +15.7 +0.1 +14.0 +140 +40 +40  +80 +22
- -1.6 -3.0 -6.2 -90 -30 -30 -16.3 -132 -0.1 -103 - 60 =70 -40 -80 -17
HVS7 -11.1 =254 408 450 500 100 6.3 -22.1 0.0 24.2 -90 510 560 520 83
Stat +0.2 +2.0 +3.7 +40  +50 +50 +8.4 +4.7 +0.1 +54 +60 +30 +30  +30 +9
VS 303 ~13.5 269 260 500 90 94 ~165 00 19 40 340 570 440 88
Stat +2.2 +1.4 +3.2 +50  +50 +50 +11.5 +53 +0.1 +10.1 +80 +40 +20  +50 +18
- -2.6 =1.7 -2.6 -50 -40 -50 - 8.1 -6.1 -0.1 - 63 =70 -40 -20 =20 -14
HVS9 —28.8 —43.0 465 480 580 210 -22.8 =242 0.0 42.0 -230 510 620 690 90
Stat +2.2 +4.6 +4.4 +150 +130 +140 +25.2 +24.8 +0.1 +16.3 +190 +140  +110 +100 +35
VS 10 (H) ~13.0 ~12.6 525 380 450 70 06 14 00 151 130 540 580 590 115
Stat +0.5 +1.3 +6.1 +30  +60 +60 +13.1 +12.8 +0.1 +13.2 +60 +60 +50  +70 +18
at. -0.6 —1.4 =53 -30 -30 —40 - 9.6 -10.5 -0.1 - 84 =50 —60 -30 -40 -14
HVS12 (H) -20.6 -29.0 41.0 430 500 110 1.8 =239 0.0 25.7 -110 480 560 510 89
Stat +1.4 +3.4 +7.2 +50  +60 +60 +10.5 +8.1 +0.1  +9.1 +100 +40 +40  +40 +19
- -2.2 —5.1 —4.9 -60 -50 -50 - 80 -87 -0.1 -78 - 90 —40 -20 -40 -15
HVS13 (H) -274 =573 73.6 360 690 360 69.8 —42.6 0.0 90.4 -100 420 680 620 180
Stat +2.6 + 7.7 +13.8 +130 +170 +180 +65.8 +37.5 +0.1 +58.7 +170 +100  +170 +170 +74
B434 160 224 329 220380 30 72 247 136 0.0 207 280 310 430 580 119
Stat +0.7 +2.1 +3.9 +40  +60 +60 + 9.1 +13.6 +0.1 +13.7 +30 +40 +20  +20 +27
B4sS 207 58 272 270 450 30 45 145 00 157 20 370 540 420 84
Stat +1.0 +0.3 +3.0 +20  +20 +20 +3.7 +1.7 +0.1  +29 +30 +20 +10  +10 +11
B711 37 05 258 130 420  —40 88 —37.0 -44 0.0 374 30 260 380 430 116
Stat +1.4 +0.1 +2.8 +20  +30 +40 + 74 +33 +0.1 +11.1 +30 +30 +20  +20 +22
y -0.9 —-0.1 -2.0 -20 -30 -40 -11.2 -29 -0.1 =173 —20 -30 -10  -10 -16
B711 (H) 37 05 258 350 510 50 7.9 -18.9 0.0 22.0 260 460 530 600 62
Stat +1.4 +0.1 +2.8 +60 +120 +130 +7.2 +84 +0.1 +94 +140 +50  +100  +80 +11
g -1.0 -0.1 -2.1 —-60 -110 -110 - °* =73 -99 -0.1 -8.1 -140 -60 - 50 -50 -8
B733 -55 33 89 350 460 -80 100 -9.9 -1.2 0.0 10.0 200 420 480 450 22
Stat +0.2 +0.3 +0.7 +10  +10 +10 +0.3 +0.3 +0.1  +0.3 +20 +10 +10  +10 +2
. -0.3 -04 -0.9 —10 -10 -10 —04 04 01 -03 =20 —10 —10 _-10 =2

Notes. Same as for Table A.1.
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Table A.3. Kinematic parameters of the program stars for Model III of Irrgang et al. (2013).

X Yy 4 Ux Uy U, UG UGt — Uese Po Xp Yp 3p " Ux,p Uyp Uzp UGtfp Uejp Tfightp

(kpe) (kms™") (%) (kpe) (kms™) Myr)

HVS1MH) -659 -624 51.6 -420 -310 440 700 120 0 -15.5 -23.3 0.0 32.8 -500 —410 490 810 790 110
Stat +5.4 +5.8 +8.0 +110 +80 +110  +40 +40 +21.9 +18.0 +0.1 +16.7 +110 +100 +90 +40 +110 +31
- -89 -9.6 -4.8 -100 -90 -110 =30 =30 *°° -17.3 -14.0 -0.1 -158 - 70 - 90 —60 =20 =100 =22
HVS3 -14.1 -46.7 -40.8 —-670 -310 —-360 820 180 1 527 -9.2 0.0 53.7 -600 —400 —420 830 710 101
Stat +0.8 +5.8 +5.1 +100 +20 +40  +80 +90 +20.6 +4.5 +0.1 +203 +90 +20 +30 +60  +70 +18
- -0.8 -5.9 —5.1 - 90 -30 -30 =70 -80 - -164 -4.0 -0.1 -159 -90 -30 -30 -50 =70 -17
HVS4 -64.2 -1477 529 -360 -320 360 640 30 32 -11.0 245 0.0 43.6 —480 -260 470 720 910 126
Stat +5.2 +1.4 +59 +190 +190 +160 +110 +120 +45.2 +21.5 +0.1 +26.7 +220 +140 +100 +70 + 60 +50
al. —6.1 -1.6 -4.8 -180 -190 -170 - 70 -60 " -32.8 -17.5 -0.1 -21.5 - 70 =210 - 90 -40 -150 -33
HVS5 -28.6 135 195 -400 330 400 650 -40 100 -84 -22 0.0 89 -520 350 460 770 660 45
Stat +1.6 +1.5 +2.0 +30 +40 +30  +10 +10 +1.8 +2.1 +0.1  +1.7 +40 +30 +20 +20  +50 +5
- -2.1 1.1 -1.6 -30 =50 -30 -10 -10 *°° -1.7 -21 -0.1 =17 —40 -30 -20 -10 -50 —4
HVS6 -21.6 -26.1 49.7 -160 —170 460 550 -90 92 -3.6 -5.6 0.0 182 -230 -270 600 690 720 92
Stat +1.7 +3.3 +5.8 +170 +130 +90  +60 +60 +16.8 +14.6 +0.1 +13.2 +150 +130 +40 +40 +100 +20
at. -1.6 -3.0 —6.2 -170 —-140 -90 -30 -40 - -15.5 -125 -0.1 - 9.6 - 80 - 60 —60 -40 - 90 -15
HVS7 -11.1 -254 408 -200 -0 450 500 -160 100 6.0 =20.9 0.0 22.8 -200 —130 540 600 550 80
Stat +0.2 +2.0 +3.7 + 90 +50 +40  +50 +50 +7.8 +4.6 +0.1 +52 +60 +60 +20 +20  +30 +9
. -0.3 24 -3.2 -100 —60 -30 -40 e -6.9 -47 -0.1 -4.6 -70 -60 -20 -20  -20 -8
HVSS8 -303 -13.5 269 -420 70 260 500 -180 100 88 —-15.2 0.0 185 —-460 -70 370 600 460 84
Stat +2.2 +1.4 +3.2 +70 +70 +50  +50 +60 +10.2 +4.8 +0.1 +88 +30 +70 +30 +20  +40 +15
- -2.6 -1.7 -2.6 -60 -60 -50 -40 -40 - - 75 =56 -0.1 58 -40 -70 —40 -10 =20 -13
HVS9 -28.8 —43.0 465 —-40 —-170 480 580 -50 66 -21.7 -23.1 0.0 40.2 -120 -270 530 650 740 88
Stat +2.2 +4.6 +4.4 +250 +170 +150 +130 +140 +24.0 +23.8 +0.1 +16.2 +250 +190 +130 +90 +110 +31
at. -19 -4.0 -4.9 —250 —180 —150 - 90 -90 " -21.6 -169 -0.1 -16.8 —200 —-140 - 90 -40 -140 -20
HVS10 (H) -13.0 -12.6 52.5 -200 —-110 380 460 -200 100 8.8 1.3 0.0 13.8 —-160 —140 580 620 640 108
Stat +0.5 +1.3 +6.1 +110 +110 +30  +50 +60 +11.5 +11.5 +0.1 +11.5 +40 +50 +60 +50  +70 +16
- -0.6 -14 -53 -100 -110 -30 40 -30 - - 8.8 -95 =01 -175 —60 -40 —40 -20 40 -12
HVS12 (H) -20.6 -29.0 41.0 -240 -20 430 500 -160 99 1.7 =225 0.0 242 -270 -150 510 600 540 86
Stat +1.4 +3.4 +7.2 +90 +70 +50  +60 +70 +9.8 +7.8 +0.1  +8.7 +70 +90 +40 +30  +40 +17
. -22 -5.1 —49 -90 -80 —60 -50 -50 - -7.6 -84 -0.1 -75 —60 -90 -30 -20 -40 -14
HVS13H) -274 -573 736 -550 -50 360 690 100 25 645 -38.0 0.0 83.6 —480 -160 460 690 610 171
Stat +2.6 + 7.7 +13.8 +190 +160 +130 +170 +190 +59.9 +36.8 +0.1 +54.3 +170 +180 + 90 +150 +150 +66
at. -3.6 —-10.8 - 99 -200 -160 —130 140 =150 - °° —35.8 =313 -0.1 =343 -200 —150 -100 - 70 - 80 —40
B434 -16.0 -22.4 329 120 =280 220 380 -300 100 -21.9 12.2 0.0 264 -50 —-290 350 460 640 110
Stat +0.7 +2.1 +3.9 +80 +60 +40  +60 +60 +8.1 +11.2 +0.1 +11.4 +90 +30 +30 +20  +20 +22
al. -0.9 -2.6 -3.0 -70 —60 -50 -40 s -9.5 -79 -0.1 -83 —80 -40 -30 -10 -10 -16
B485 =267 -59 272 =330 140 270 450 -240 100 42 -13.8 0.0 146 —410 -0 400 570 440 80
Stat +1.0 +0.3 +3.0 +30 +20 +20  +20 +20 +3.4 +1.5 +0.1 +26 +10 +20 +10 +10  +20 +10
: =2.1 -0.7 -1.5 -30 =30 =20 -20 -20 -~ -2.6 -1.8 -0.1 -19 -10 =30 -20 -10 -10 -6
B711 37 05 258 390 50 130 420 -310 100 -32.2 -3.8 0.0 325 240 30 300 380 460 105
Stat +1.4 +0.1 +2.8 +40 +30 +20  +30 +40 +5.8 +2.9 +0.1 +8.2 +30 +20 +20 +20  +10 +17
at. -0.9 —-0.1 -2.0 —40 —40 -20  -30 -30 °°° -8.3 =25 =01 =57 =30 -20 —20 -10 -10 -13
B711 (H) 37 05 258 -90 330 350 510 -210 96 7.6 —18.0 0.0 20.9 -30 240 480 540 620 60
Stat +1.4 +0.1 +2.8 +130 +140 +60 +120 +120 +6.9 +8.0 +0.1 +8.8 + 90 +140 +50 +90  +80 +10
at. -1.0 -0.1 -2.1 -120 —140 —-60 -110 -110 -~ °° -7.0 -92 -01 -77 -110 -130 —60 -50 -50 -8
B733 -55 33 89 230 190 350 460 -330 100 -99 -1.2 0.0 10.0 140 200 420 480 450 22
Stat +0.2 +0.3 +0.7 +20 +20 +10  +10 +10 +0.3 +0.3 +0.1  +0.3 +10 +20 +10 +10  +10 +2
. -03 —04 —09 -10 =20 —10 -10 -0 *-* —04 03 01 -03 =20 =20 =20 —10 _-10 =2

Notes. Same as for Table A.1.
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Fig. A.1. Same as Fig. 3
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