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Abstract

Investigations based on kinematic properties are performed for eleven run-away stars in order
to find their possible places of birth in the Galactic disk and hence gaining hints of how they could
have emerged.
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2 DETERMINATION OF THREE DIMENSIONAL VELOCITY COMPONENTS

1 Introduction

According to [11]| a run-away star is a "star that
is moving with very high velocity, typically hun-
dreds of kilometers per second, relative to the lo-
cal standard of rest". Up to now, two generally
accepted scenarios for its creation exist: firstly,
the star is the minor component of a binary sys-
tems whose primary star explodes as a supernova
enabling the other one to escape from the for-
merly bound system. Secondly, the run-away star
could be produced by close dynamical encounters
in dense star clusters such as binary-binary inter-
actions.

Due to their high velocities, run-away stars are
able to pass through large regions of the Galaxy
and therefore being good probes for the Galactic
gravitational potential provided that their ejec-
tion mechanism is sufficiently understood. On
the other hand, it may be possible to infer in-
formation about the complex processes that take
place during supernova explosions respectively
many-body interactions from the spectroscopic
and kinematic properties of these stars. Perhaps
one could even gain some hints about regroup-
ment processes that take place at the star’s sur-
face when supernova ejecta are brought to deeper
layers of its atmosphere.

Usually the ejection velocity of run-away stars is
smaller than the Galactic escape speed leading
to bound motions of these stars (the only known
exception is HD 271791, see [4], which is a partic-
ular case). Nevertheless several stars with veloci-
ties exceeding the escape speed of the Galaxy are
observed, the so-called hyper-velocity stars. It is
generally assumed that they are produced by a
supermassive black hole in the Galactic center,
whose tidal forces might disrupt a closely pass-
ing binary system and accelerate one member to
sufficient large velocities (see [5]). However, the
example of HD 271791 shows that both types are
tightly related.

In this project the possible origins in the Galac-
tic disk of eleven run-away stars are examined by

numerical means. In order to do so, the three
spatial velocity components of each star are de-
rived from their spectroscopic quantities myv, Teg,
log(=2=), vrad and from their proper motions s,
and pgs. Having the current positions and veloci-
ties and a model for the gravitational potential of
the Galaxy, the stars’ orbits are numerically cal-
culated back in time to find the intersection point
with the Galactic disk. The stellar region around
the intersection point might give hints of how the
stars have been produced.

2 Determination of three di-
mensional velocity compo-
nents

2.1 Equatorial coordinate system
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Figure 1: Right ascension « and declination &
in the equatorial system (taken from [10]).

The (almost) constant rotation axis of the Earth
provides a quite natural coordinate system for as-
tronomers, namely equatorial coordinates given



2 DETERMINATION OF THREE DIMENSIONAL VELOCITY COMPONENTS

by right ascension a and declination 4 and us-
ing the celestial equator as plane of reference. As
illustrated in figure 1 « is measured along the ce-
lestial equator in hours, minutes and seconds from
the vernal equinox point — the fixed intersection of
the celestial equator with the ecliptic occurring in
spring — to the object in east direction. Declina-
tion is measured from 0° to 90°/-90° between ce-
lestial equator and the north/south celestial pole.
Tangential velocities are given by proper motions
te and ps, which are the angular velocities in «
and ¢, via v, = d-cos (§)- s and vs = d-ps with d
being the distance from the object to Earth. Ad-
ditionally one has the heliocentric radial velocity
Urad, corrected for Earth’s motion and rotation.

2.2 Obtaining distances from spec-
troscopy

For all stars, considered in this project, proper
motions are available in various astronomical cat-
alogs. But in order to convert them into tangen-
tial velocities, the distances d of the respective
stellar bodies are needed.

Fitting simulated spectra, numerically computed
from theoretical model atmospheres, to measured
stellar spectra, it is possible to determine the two
quantities log(—%=) (surface gravity) and Teq (ef-
fective temperature: temperature of an object
found by assuming that its total emission over
all wavelengths is that of a black body). More-
over, again using simulated model atmospheres,
one can get the flux Fy (log(=24=), Teq) (in units
of %) at visual wavelength Ay = 550nm ema-
natcir;llg from the stellar surface for given g and T,g

(see |6]). However, since the stellar spectrum is
influenced almost solely by the surface of the star,
properties like mass or radius are unaccessible via
spectroscopy.

Unfortunately mass is necessary to specify the
distance: Neglecting interstellar absorption, one

Lit is customary in literature to list y - cos (§) instead
of pa

has as direct consequence of energy conservation
(with fy denoting the flux arriving at Earth again

in units of % and Rg being the star’s radius):
cm<s A
2 2 Rs ?
drRg“Fy = 4nd fV = fv = 7 by (21)

Using Newton’s law of gravitation at the surface

of the star g = g—é\g = R¢’= GTM:

|GM Fy
d= | —=Y
g fv

A solution to this problem is given by stellar evo-
lution models based on the following observation:
Plotting a log(g) — log(Tex) diagram for a large
number of stars of the same type and mass with
different lifetimes, one recognizes a definite track
in the a log(g) — log(T.¢) plane. These so-called
evolution tracks, describing a star’s time evolu-
tion, depend on the stellar mass and can quite
well be reproduced by computer models (see e.g.
[15]). Hence mass and evolution age Tiyo can be
derived from the stars’ location in the correspond-
ing diagrams, for instance see figure 2:

(2.2)

log (g/cm &%)

ZAMS

L L I

44 23 &2 4

Figure 2: log(g) —log(Tws) diagram for different
stellar masses: each filled dot represents a star
(taken from [13])

The only remaining unknown quantity in equa-
tion 2.2 is fy, which is, however, closely related
to the visual magnitude my by definition of the



3 GALACTIC GRAVITATIONAL POTENTTAL

latter:

o)
m?s A

erg

my = —2.5log(fy )—21.107  (2.3)

The last term defines the historically set zero
point of the magnitude scale. Solving this for fy:

fv = 3.607 - 107028 _q(-04my
cm?s A

(2.4)

Eventually introducing the astrophysical flux Fy
by Fy = m-Fy and inserting everything into equa-
tion 2.2, one maintains:

d (mv, M, Tog,log (%)) = 1.11kpc-
cms™
_9 g
M cms FV (Teﬁ’ lOg (cms*iz) 100-4mv (25)

Mo g 1086rgcm*28*1&

Table 1 lists the distances obtained from the data
of table 3 of appendix A, and compares them to
values given in literature if available.

Table 1: Distances d of investigated stars: the
errors originate from taking a general uncertainty
of 0.2 for log (Cmg_Q) and neglecting all other er-
rors for quantities occurring in equation 2.5. For

comparison, values dj;; taken from the correspond- 3 (Jglactic

ing reference are stated as well.

2.3 Velocity

The three dimensional velocity is finally given by
its two tangential components v, = d - cos () - fiq
and vy = d - ug, summarized in table 2, and its
radial component v,,4, gained from the Doppler-
shift of atomic line transition wavelengths in the
spectra.

Table 2: Tangential velocities v, = d-cos () i
and vs = d - us of analyzed stars:

| star | valkm/s| | wslkm/s] |
HIP 60350 —240 £ 80 280 £ 50
PG 09344145 || 230 £ 145 | —130+£ 120
Feige 40 -6+ 14 —42 + 23
PG 12054228 || —180 + 60 —7+12
PG 1315-077 || =150 £160 | —50 % 60
PHL 159 —80+£ 70 —230£70
PHL 346 210 £140 | =330 £ 120
BD -15 115 170 £ 80 44+ 14
PG 2345+241 || —50 £ 60 —90 £ 60
HD 149363 —47+14 —73+£24
HD 209684 0+20 —8+6

tential

gravitational po-

| star | dlkpc] | dilkpc] | reference |
HIP 60350 3.6 £0.6 3.5 [7]
PG 09344145 TE£2 - -
Feige 40 1.3+03 | 1.26 9]
PG 1205+228 | 24+ 04 2.8 [14]
PG 1315-077 || 4.24+0.7 - -
PAL 159 | 5409 | 5.3 [13]
PHL 346 9+2 8.7 [13]
BD-15115 || 46+08| 49 I13]
PG 2345+241 || 4.8 £ 0.8 - -
HD 149363 | L1+£02| 121 [9]
HD 209684 1.7+0.3 1.54 9]

Calculating orbits of stars requires a suitable
model for the Galactic gravitational potential, for
instance given by Allen & Santillan (see [1]). Us-
ing Galactic cylindrical coordinates r, ¢ and z
with r = 2z = 0 corresponding to the Galac-
tic center and the relation R = v/r? + 22, their
potential, consisting of a spherical central mass
distribution simulating the bulge ®p (R), a disk
component ®p (r, z) and a spherical halo &y (R),
has the simple form:

O (r,z) = Pg (r,2) + Pp (1, 2) + P (1, 2) (3.1a)
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whereby
Mg
®p (r,2) = Py (R) = ———2—  (3.1b)

vV R? + sz
M

Op (r,2) = — D = (3.1¢)

\/7"2 + <aD + /22 + bD2>

M R 2.02

Byt (r,2) = By (R) = — 2 ~ Toa

z=100kpc
A1+ (1)1'02 S - (3.1d)
ay 1+<%>1402 .

=R

Giving distances in kpc and masses in terms of
Galactic mass Mga (Mga = 2.32 - 107 My) the
gravitational constant G is unity. The parame-
ters used in the above equations are obtained by
fitting the results of computations based on the
model potential to observations such as Galac-
tic rotation curve or perpendicular force and are
given by: Mg = 606.0 Mga, Mp = 3690.0 M.,
My = 4615.0 M@a;, bg = 0.3873 kpe, ap = 5.3178
kpc, bp = 0.2500 kpc, ag = 12.0 kpc.

From the deﬁmtlon of the gravitational potential
¢ = -G/ £

tity V2 —47d <a:

obtains the Poisson equation enabling one to cal-
culate the mass density p (Z) from @ (Z):

4 and the well known iden-

— :E) one immediately

.Z|-‘ _;|

V20 (%) = 47Gp (7) (3.2)

The choices made for ® in equations 3.1b and 3.1c
are such, that on the one hand extreme mathe-
matical simplicity is achieved and on the other
hand the resulting densities are in good corre-
spondence to the observed mass distribution. E.g.
applying the Poisson equation to ®p in fact yields
a disk-like density just as seen in the Milky Way.
The form of ®y in equation 3.1d arises from the
following: in order to reproduce the observed flat
rotation curve of the Galaxy, the mass of the
halo’s dark matter, enclosed in a sphere of ra-
dius R, has to grow linearly with R at least for

large R, for instance M(R) = %. What

is more since the gravitational potential of a ho-
mogeneous sphere is equal to that of a point-like
mass at its center for the case that one is out-
side the sphere respectively constant when being
inside it, one has:

@H(R):—@— / ;d]\j;R)dR (3.3)

An arbitrary cutoff for the halo at R = 100 kpc
has been introduced. Performing the integration

with M(R) given above, equation 3.3 becomes
3.1d.

Figure 3 illustrates the resulting mass densities:

| ! | |

o] 5 10 15 20 25

Figure 3: Contours of equal density p(r,z) in
the r-z plane (units are kpc) obtained from the
Allen & Santillan potential described by equa-
tions 3.1 (taken from [1]).

Advantages of the Allen & Santillan potential are
its closed analytic form, mathematical simplicity,
lack of unphysical expressions like negative mass
densities and good agreement with observational
data.

4 Numerical program and er-
ror estimation

Numerical computations are performed with the
program ORBIT6 developed by Odenkirchen &
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Brosche (see [12]), which calculates the time de-
pendent coordinates and velocities of a test body
in the Galactic potential of Allen & Santillan in
equidistant time steps. The input parameters are
equatorial coordinates o and ¢, distance d from
the sun, heliocentric radial velocity v..q and ob-
served absolute proper motions fi, cos (0) and fis.
The tables 1, 3 and 4 contain all necessary infor-
mations. Output parameters are among others
the time of flight Thign it takes to travel back to
the Galactic disk, crossing coordinates ... and
Yeross, 1-€. the position where the stars’ trajecto-
ries intersect the disk and corresponding veloci-
ties v,, v, and v,. For convenience right-handed
galactocentric coordinates x, y and z are used,
whereby x goes in antisolar direction and z points
to the Galactic north pole, see figure 4:

p4

Galactic
north pole

rotation

Figure 4: Galactocentric coordinate system: a
right-handed frame of reference with the Galactic
center at the origin. The sun’s position is x* =
—8.5 kpe, y=2=0.

In order to have expressive results, error estima-
tion is indispensable. However, this is a rather
strenuous task since so much sources of error
occur during the whole calculation and lots of
data taken from literature do not even contain
any information about the limits of validity lead-
ing to further uncertainty. Moreover, straight-
forward error propagation is far too complex due
to the use of numerical integration. Nevertheless
crude estimations of error margins are achieved
by taking into consideration the most significant
sources:

e Experience shows that deviations in the sur-
face gravity g dominate all other quantities
when calculating the distance d according
to equation 2.5. Hence a rather large er-
ror of Alog(cmz,2) = 0.2 is applied, in-
tended to compensate for the unknown and
hence neglected errors of the other quanti-
ties. Therefore d;, and dp,.. correspond to

log (=4=) +£0.2.

e Uncertainties in the proper motions pu, -
cos (0) and s are maintained by a weighted
average over several catalogs, see table 4, and
usual error estimation.

e Since literature provides error estimates for
Uraq and inaccuracies in right ascension and
declination are negligible, all input param-
eters for the numerical program are taken
into account. So error propagation can
be achieved by the following Monte Carlo
method: after generating a large sample of
different initial conditions assuming a Gaus-
sian distribution for the input parameters
(using the given data as mean value and stan-
dard deviation), the program computes the
output parameters for each starting condi-
tion and calculates from that the statisti-
cal properties of the resulting sample such
as standard deviation and mean value. Note
that all input parameters are varied simulta-
neously.

The next section shows the necessity of proper
error estimation for the interpretation of the re-
sults.

5 Results and discussion

All calculations are performed using a time step
of 0.01 Myr and 5000 Monte Carlo runs. Results
are summarized in tables 5 and 6 of appendix B
and discussed in the following lines.

HIP 60350: Due to its extreme high current ve-
locity v = Va2 + Us2 + Uraq? = 430490 km /s be-
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ing very close to the Galactic escape speed, HIP
60350 is the most interesting star investigated in
this work. It intersected the Galactic disk at
Teross = —0.04 £ 2.80 kpe and yYeposs = —7 £ 2
kpc about Thigny = 20 &= 4 Myr ago. This agrees
to similar calculations done by Tenjes et al. (see

[16])-

Knowing a good model for the Galactic rota-
tion curve (see e.g. [1]) and hence the distance—
depending rotation velocity one can compute the
region of the Galaxy to which the crossing area
has evolved during the star’s time of flight. This
allows to examine the possible places of birth of
the analyzed stars. In this work, the task is to
find open clusters in those regions in order to ar-
gue for or against the second creation mechanism
mentioned in the introduction: close dynamical
encounters in dense star clusters. The search is
restricted to open clusters since their ages cor-
respond to the ones of the investigated stars and
because they are most likely found in the Galactic
disk.

0l « — HIP 60350
Galactic center X
-1 Sun X
5 Ruprecht 90 O
— -3
(8]
o
X 4
>
-5
-6 =
-7
-8
9 8 7 6 5 -4 -3 2 -1 0
x[kpc]
Figure 5: Open cluster candidates for HIP

60350: Ruprecht 90 is approximately 12.6 Myr
old and has a z—component of —20.9 pc. For sim-
plicity, the error margins are adopted from the
crossing positions and hence are crude estima-
tions as rotation effects are completely neglected.

For HIP 60350 only one candidate — Ruprecht 90

WEBDA database of stellar clusters?, compare
figure 5. However, there are two serious argu-
ments against Ruprecht 90 as birthplace of HIP
60350: firstly there is a non negligible discrep-
ancy between the time of flight Thigne = 20 £ 4
Myr and the cluster’s age of 12.6 Myr implying
that HIP 60350 began its voyage before Ruprecht
90 existed. Secondly the error margins in figure
5 (and in all following ones) are just crude esti-
mations since they are adopted from the crossing
positions neglecting completely rotational effects
that would transform them in a non trivial man-
ner. As Ruprecht 90 already lies at the outermost
part of the uncertainty region, it is likely that it
falls out due to the transformation.

On the other hand the first creation mecha-
nism described in the introduction, the super-
nova scenario, is according to [16] also unlikely
because of the huge relative ejection velocity ve;

\/Ur2 + (U — Vrot)? + 0.2 = 440 + 230 km/s (see
table 6 for values and descriptions).

Therefore the origin of HIP 60350 remains still
uncertain. Tenjes et al. assume that an open
cluster of appropriate age exists in the crossing
region being yet undiscovered due to absorption
in the interstellar medium and propose more pre-
cise spectroscopic and kinematic measurements to
bring some light into the dark.

PG 0934+145: With a time of flight Thign =
27 £ 6 Myr being much smaller than the age of
61 Myr PG 0934+145 could come without prob-
lems from the Galactic disk. Moreover abundance
estimates achieved in [14] do not differ signifi-
cantly from those belonging to stars of the Galac-
tic plane. Nevertheless not even one open clus-
ter candidate is found for PG 0934+4241. The
small absolute circular velocity v, = 3050 km/s
of PG 09344145 implies an ejection velocity di-
rected strongly against the Galactic rotation.

Feige 40: For Feige 40 at least four open cluster
candidates exist: ASCC 109 (204 Myr, 27.6 pc),

2see http://www.univie.ac.at/webda/ for more in-

(age: 12.6 Myr, z = —20.9 pc) — is found in the formation

8
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NGC 7058 (224 Myr, 4.1 pc), ASCC 103 (234
Myr, 88.0 pc) and Alessi 20 (166 Myr, —29.0 pc).
The first two seem to be the best ones since their
ages fit to that of Feige 40 which is T, = 200
Myr. Furthermore their spatial distance is not so
far, see figure 6.

0.8
0.7
*
0.6
0.5
T 04 . &
o
X
= 03
0.2 Feige 40 ——— | |
Sun X
0.1 ASCC 103 *
ASCC 109 o
0 NGC 7058 L]
Alessi 20 o
-0.1 : . :
-8 -86 -84 -82 -8 -78 -76 -7.4
X[kpc]

Figure 6: Open cluster candidates for Feige 40:
ASCC 109 (204 Myr, 27.6 pc) and NGC 7058 (224
Myr, 4.1 pc) seem to be perfect possible places of
birth for Feige 40 due to their age and small 2-
component. But ASCC 103 (234 Myr, 88.0 pc)
and Alessi 20 (166 Myr, —29.0 pc) cannot be dis-
dained as well.

Apart from the discrepancy between the time of
flight Thighe = 15 =4 Myr and age indicating that
Feige 40 was ejected a long time after the clus-
ter began to exist, the probability for one of the
mentioned clusters to be the birthplace of Feige
40 is large.

PG 1205+228: Rolleston et al. state that PG
1205-+228 is most certainly a Galactic disk run-
away (see [14]). Comparing evolution age Tovo =
51 Myr to Thigne = 15 £ 2 Myr this assumption
can be assured. Yet no open clusters are found to
match the crossing region of PG 1205+4228.

PG 1315-077: According to Hambly et al. (|3])
PG 1315-077 probably originated in the halo and
not in the Galactic disk. However, the huge
uncertainty in the stellar age leaves space for a

wide range of interpretations. Comparing Thighs =
2245 Myr to Thyor = 1...20 Myr a run-away sce-
nario cannot be excluded. Moreover there even
exists a possible birthplace in the Galactic plane,
the open cluster vdBergh 113 (32 Myr, —46.6 pc),
see figure 7.

4 ; . .
PG 1315-077 ———+—
3.5 Sun X .
Galactic center *
3 vdBergh 113 ©
25
[} 2
o
=
= 15
1
0.5 -
0
-0.5
-8 -6 -4 -2 0 2

X[kpc]
Figure 7: Open cluster candidates for PG 1315-
077: vdBergh 113 is 32 Myr old and has z
—46.6 pc.

Unfortunately, the lifetime of vdBergh 113 ex-
ceeds the evolution age of PG 1315-077 by far,
which should not be the case. But as the latter
one is not determined accurately, this problem
could be solved by precise further measurements.

PHL 159 and BD -15 115: PHL 159 and BD
-15 115 have times of flight almost identical to
their lifetimes indicating that they could come
from the Galactic disk if they were ejected very
soon after formation in accordance with the re-
sults of Ramspeck et al. (|13]). Unfortunately
no corresponding open clusters are listed in the
WEBDA database.

PHL 346: Similar to Ramspeck et al. ([13|) the
time of flight Thigne = 29 & 21 Myr of PHL 346
is larger than the evolution age Ty = 19 + 2
Myr arguing for a formation in the halo and
against the run-away scenario. Furthermore,
there is no appropriate open cluster fitting to
PHL 346 and the huge relative ejection velocity
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\/U7"2 + (,Uép - Urot)2 + 'Uz2 = 460 = &0 km/S
almost excludes the supernova scenario. Perhaps

PHL 346 is not a run-away star from the Galactic
disk at all.

’Uej =

PG 2345+241: PG 2345+241 is possibly a run-
away star coming from an open star cluster of the
Galactic plane as several good cluster candidates
exist: Biurakan 1 (17.8 Myr, 49.1 pc), NGC 7128
(17.9 Myr, 17.3 pc) and NGC 7419 (19.2 Myr,
27.0 pc) coincide in their ages quite well to the
lifetime Ty = 19 Myr of PG 2345-+241. Berke-
ley 62 (15.3 Myr, 35.2 pc), NGC 0581 (21.7 Myr,
—69.1 pc) and NGC 0663 (16.2 Myr, —32.1 pc)
are spatially close to PG 2345241, see figure 8.

g | [PG 23454241 ——
Sun  x
Biurakan 1 x
4L NGC7128 o
NGC 7419 =
Berkeley 62 o
= 3| NGCO581 e
- NGC 0663 =
— 1
> 2
[ ]
A O *
1 | |
0
-12 -1125 -11 -105 -10 95 -9 -85 -8 -75
x[kpc]
Figure 8: Open cluster candidates for PG

2345+241: Biurakan 1 (17.8 Myr, 49.1 pc), NGC
7128 (17.9 Myr, 17.3 pc) and NGC 7419 (19.2
Myr, 27.0 pc) have matching lifetimes, Berkeley
62 (15.3 Myr, 35.2 pc), NGC 0581 (21.7 Myr,
—69.1 pc) and NGC 0663 (16.2 Myr, —32.1 pc)
are spatially close to PG 2345-+241.

What is more, the time of flight Thign = 24 £+ 14
Myr is not directly in contradiction to this con-
clusion.

HD 149363: For HD 149363 three open cluster
candidates are found: Bochum 14 (9.9 Myr, —5.0
pc), NGC 6683 (10 Myr, —16.5 pc) and Biurakan
2 (10.3 Myr, 26.0 pc). Despite agreeing very well
with the age Towo = 10 Myr of HD 149363, their

location at the edge of the (crude estimated) un-
certainty region causes serious doubts about their
qualification as birthplace of HD 149363, see fig-
ure 9. A more detailed error analysis could dis-
sipate these doubts, especially as Thighy = 7 £ 7
Myr matches the star’s age being in favor of a
run-away scenario.

1.2
O
1
0.8
o
g o6
> *
0.4
HD 149363 ——+——
0.2 +{ Bochum14  x
NGC 6683 *
0 Biurakan2 _ ©
-8.6 -8.4 -8.2 -8 -7.8 -7.6 -7.4
x[kpc]
Figure 9: Open cluster candidates for HD

149363: The large spatial distance in compari-
son to error margins decreases the probability for
Bochum 14, NGC 6683 and Biurakan 2 to be the
birthplace of HD 149363.

1
0.8
*
0.6
O
o 04
o
2
= 02
HD 209684 ——+—
0 NGC 6755 X .
ASCC 104 *
02 fop ASCC 114 o
) Platais8 =
IC 2391 o
0.4 LTI
-9 -88-86-84-82 -8 -78-76-74-72 -7
x[kepc]
Figure 10: Open cluster candidates for HD

209684: NGC 6755 (52.3 Myr, —41.9 pc), ASCC
104 (51.3 Myr, —21.6 pc), ASCC 114 (56.2 Myr,
9.6 pc), Platais 8 (56.2 Myr, —20.3 pc) and IC
2391 (45.8 Myr, —20.8 pc).
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6 SUMMARY

HD 209684: Similar story as for HD 149363:
Several cluster candidates are found — NGC
6755 (52.3 Myr, —41.9 pc), ASCC 104 (51.3
Myr, —21.6 pc), ASCC 114 (56.2 Myr, 9.6 pc),
Platais 8 (56.2 Myr, —20.3 pc) and IC 2391
(45.8 Myr, —20.8 pc) — having appropriate ages
around 7o = 50 Myr but less fitting posi-
tions, see figure 10. Remarkable about HD
209684 is the small relative ejection velocity ve; =

\/ 0,2 + (U — Vror)? + 0,2 = 100 £ 25 km /s possi-
bly preferring the supernova scenario.

6 Summary

In this project, eleven run-away stars are analyzed
with the help of their kinematic properties.

A brief discussion about the definition and cre-
ation mechanism of run-away stars in the intro-
duction is followed by the determination of the
three dimensional velocities of each stellar body.
In order to do so, distances have to be calculated
from spectroscopic quantities mvy, Tyg, log (#)
and M, provided by literature. Taking proper
motions from astronomical catalogs and radial
velocities from spectroscopy, all velocity compo-
nents are known.

In the subsequent sections, the applied model for
the Galactic gravitational potential by Allen &
Santillan as well as the numerical program are
described, completed by deliberations about error
estimation.

In the last but one section, results are presented
and discussed: HIP 60350 seems to have orig-
inated in a not yet discovered star cluster of
the Galactic disk. Feige 40, PG 1315-077, PG
2345-+241, HD 149363 and HD 209684 have been
more or less likely created by close dynamical en-
counters in open clusters. Possible candidates are
stated. With a time of flight being unambiguously
larger than its age, perhaps PHL 346 is not a run-
away at all. The remaining stars show clear hints
to come from the Galactic disk, however, no open
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cluster candidates are found for them. Reasons
for that are manifold:

e not all clusters might have been discovered
until now

e other ejection mechanisms such as the super-
nova scenario are possible

e initial positions and velocities are not known
exact enough so that numerical calculations
could lead to wrong crossing regions

The results are summarized in compact form in
appendix B.
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A Stellar data

Table 3: Spectroscopic data of examined stars

| star | mv | Tog [K] | log (52=) | vraa [km/s] | M [Mg] | Tevor [Myr] | reference |
HIP 60350 | 11.60 | 16400 4.0 223 £ 15 5 15 21[7]
PG 09344145 || 13.14 | 16600 4.0 105 +4 5.3 61 [14]
Feige 40 | 11.1 | 15500 15 15+57 | 39 200 =[,[0]
PG 1205+228 || 11.01 | 16600 4.1 156 £4 5.1 o1 [14]
PG 1315-077 | 12.32 | 19000 4.3 134 £5 6.0 1...20 3]
PHL 159 10.9 | 18500 3.59 88 £3 8.0 28 £2 [13]
PHL 346 11.4 | 20700 3.58 63 £4 9.9 19+£2 [13]
BD -15 115 10.8 | 20100 3.81 93+4 8.0 26£4 [13]
PG 23454241 || 12.43 | 18800 4.2 82=E3 6.0 19 [14]
D 149363 | 7.8 | 30000 10 | 1458+71] 15 10 R[, 9]
HD 209684 | 9.8 | 21000 | 425 | 71.6+£7.7 | 68 50 5], 9]

Table 4: Kinematic data of investigated stars: proper motions are obtained by averaging over the
given catalogs, whereby "Hipparcos (van Leeuwen 2007)" (1), "UCAC2 (Zacharias et al. 2003)"
(2), "USNO-B1 (Monet et al. 2003)" (3) and "Carlsberg Meridian Catalog (CMC 1999)" (4) are
weighted twice as much as "ASCC (Kharchenko 2001)" (5), "Tycho-2 (Hog et al. 2000)" (6) and

"ACT (Urban et al. 1997)" (7).

| star | a[hmgs] [0 [°,am,as| | fia - cos(6) [mas/yr| | s [mas/yr] | catalogs used |
HIP 60350 12 22 29.6 | +40 49 36 —14+2 164+03 | 1,2,3,4,5,6,7
PG 0934+145 || 09 37 04.0 | +14 18 24 T£3 —4+3 2
Feige 40 || 1121 29.3 | +11 19 17 112 —7+2 123456 7
PG 1205+228 || 12 07 57.7 | +22 31 51 —16 £2 —0.6£0.9 1,2,3,5,6, 7
PG 1315-077 || 13 17 37.1 | -07 57 47 —8E7 —2£3 2
PHL 159 | 214842 | 01 57 00 312 9+1 | 1,2.3.56,7
PHL 346 22 37 38.3 | -18 39 51 oE2 —7.7+0.9 2,3,5,6,7
BD -15 115 00 38 20.3 | -14 59 54 8 £ 2 02=£0.6 1,2,3,5,6,7
PG 22294099 || 22 32 08.5 | +10 14 25 —7+2 —-3.3£0.5 2,4,5
PG 23454241 || 23 48 22.4 | +24 23 06 —2+£2 —4£2 2,3,5,6,7
HD 149363 16 34 28.3 | -06 08 10 -9+1 —14+£2 2,4,5
HD 209684 | 22 05 31.2 | -13 46 12 0+2 1.0+06 | 23,4,5,6
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B Results

Table 5: Crossing coordinates Teyoss and Yeross and times of flight T for analyzed stars maintained
from the intersection of the stars’ orbits with the Galactic plane. For comparison, the corresponding

stellar ages T,y are stated as well.

’ star H xcross[kpcl ‘ ycross[kpc] ‘ Tevol[Myr] ‘ Tﬂight[Myr] ‘
HIP 60350 —0.04 £ 2.80 —7+2 15 204
PG 0934+145 | —146+£3.1 | —45+1.9 61 271+6
Feige 40 —77+£06 | —28+0.3 200 15+4
PG 12054228 —51+£0.7 | =2.0+£0.2 51 15+2
PG 1315-077 —4£2 —24+£171 1...20 22+5
PHL 159 —10+£2 0x+1 28 £ 2 25 £ 18
PHL 346 —3£2 5Dt2 19+2 29+ 21
BD -15 115 —2x1 —-3.4£0.7 26 £4 28 £ 2
PG 2345-+241 —10£2 —3+2 19 24+ 14
HD 149363 —79£05 | -09+£0.5 10 ==
HD 209684 —71+£09 | -3.6£05 50 18+ 6

Table 6: Absolute ejection velocities v, v,, and v, for examined stars, defined as velocity com-
ponents at the moment of disk intersection. Additionally v, = v, - cos (7 — ¢) + v, - sin (7 — ),
Uy = Uy - SIn (T — @) — vy, - cos (T — ) and v, — vyt are given, whereby r and ¢ are two dimensional
galactocentric polar coordinates with ¢ increasing in direction of Galactic rotation and ¢ = 0 for
solar orientation (see figure 4). Hence v, — vy is the ejection velocity in angular direction corrected
for Galactic rotation.

| star | wvilkm/s] | vlkm/s] | v.[km/s] | wv,[km/s| | vylkm/s] | v, — vit[km/s] |
HIP 60350 —450£50 | 310£20 | 210£20 | —310 4220 | 450 £ 120 230 =130
PG 09344145 90 £ 90 60 + 70 210£70 | —110+£100 | 30=+£50 —200 = 60
Feige 40 —70+£20 | 140 %20 90 £ 20 20 £ 20 160 £+ 10 —60 £ 20
PG 1205+228 || —260£40 | 90 £ 20 180 = 10 210 £ 50 180 £ 40 —45 £ 50
PG 1315-077 || —180+110 | 0+ 70 210 +£40 150 £150 | 90 + 130 —120 £ 140
PHL 159 110 £ 40 150 £40 | =160 £40 | —110£40 | 150 £ 10 —70+£20
PHL 346 —100£50 | =10 £50 | =330 £ 50 40 £ 60 —90 £ 80 —315 £ 50
BD -15 115 —290£40 | 90+30 | —220+ 30 70 £ 90 290 £ 40 80 £ 50
PG 23454241 —30+£50 | 270 £30 | —140£30 | —50 £ 50 270 £ 20 o0 £ 20
HD 149363 110 £+ 30 160 £30 | 80 %20 —130 £ 30 | 150 £ 10 —70£20
HD 209684 —60+10 | 230£30 | —90 & 20 —50+£10 | 230 £ 10 10 £ 20
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Figure 11: Crossing coordinates for all investigated stars: the data come from table 5.
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