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Hypervelocity Stars are fast enough to overcome the force of the Galactic
potential and have unbound trajectories.
SDSS J090744.99+4-024506.8, also known as “The Outcast Star”, was found
in 2005 by Brown, confirming the existence of HVS which were theoretically
predicted in the late 1980s. Such extraordinary fast stars are most likely
produced in what is called the slingshot mechanism. A binary system getting
very close to the supermassive black hole at the Galactic center is torn apart.
One of the stars is being captured by the black hole, whereas the other is
ejected with a velocity of the order of 1000km /s. However, the Galactic halo
hosts other classes of old stars that move almost as fast as the local escape
velocity. Distinguishing Hypervelocity stars from extreme halo stars requires
careful analysis.

The aim of this project is to investigate SDSS J125949+4363036, a star
with an unusually high proper motion. With the available SDSS spectra its
distance, velocity, age and origin shall be determined.
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1 Introduction

The Sun orbits the Galactic center at a rotational velocity of about 220km/s. This
velocity lies well below the amount that is needed to overcome the gravitational pull
that keeps it bound to the Milky Way. There is no chance the Sun gets to see what is
outside of our galaxy, it is born in it and it will die in it. This is the fate for almost
all stars in our galaxy. But in the year 1988 Hills [9] showed with numerical simulations
that an interaction of a binary system with a massive black hole could lead to stars with
velocities up to 4000km/s. With the galactic escape velocity lying at around 450km/s
this is far enough for a star to travel beyond the boundaries of the Milky Way. Hills
theory, nowadays known as the Hills or slingshot mechanism, states that a system of
two or more stars making close encounter with a massive black hole can get torn apart.
The black hole captures one of the companions and recoils the other. Even though
two more production mechanisms with similar ejection velocities were suggested by Yu
and Tremaine [28], the Hills mechanism remains the most likely one. Yu and Tremaine
additionally introduced the idea of an encounter of two single stars and an encounter of a
single star with a binary black hole. In 2005, Brown found a star that, due to its velocity,
could indeed be explained with Hill’s theory [4]. He discovered SDSS J090745.0-+024507
which is speeding away from the Galactic center with a radial velocity of over 700km/s.
In the same year, two Hypervelocity Stars were found by Hirsch et al. [10] and Edelmann
et al. [7]. At the present day, only 22 unbound Hypervelocity Stars are known. This
is not very astonishing since the production rates for the Hills mechanism predict only
one to tenthousand Hypervelocity Stars in our Milky Way. With a total population of
approximately 100 billion stars those extraordinary fast ones are very scarce.

In this work, the possible HVS candidate SDSS J125949.16+4-363036.3 is studied in
order to gain knowledge of its Galactic rest frame velocity and possible origin. The star
was selected because of its unusually high proper motion. Spectra and magnitudes are
taken from the Sloan Digital Sky Survey (SDSS) Data Release 9.

2 Astrophysical Background

2.1 Basic quantities

In this Section the quantities used in this work are explained and their definitions given.

2.1.1 Energy flux, flux density and luminosity

The major part of information obtained in this work is based on the star’s optical spec-
trum. Here the energy flux is plotted against the wavelength. Hence a proper definition
of what flux means is necessary. There are two kinds of fluxes that need to be distin-
guished: the radiative flux F, that is given at a certain frequency v and the total fluz
which is the radiative flux integrated over all frequencies. The definition of the flux is
given as the rate of energy transfer per unit area and is therefore given in units of Wm2s
(for the radiative flux at a certain wavelength) or Wm =2 (for the total flux).



The luminosity of a star is linked to the flux. It is defined as the energy radiated by a
star per unit time and can be expressed as

L= 55 fdS = 4rd*f (2.1)
Sphere

Thus calculating a star’s luminosity requires knowledge of its distance.

2.1.2 Magnitudes and colors

Magnitudes measure the brightness of a star. The classification of stars according to
their apparent brightness goes back to the second century B.C., when it was of course
not known that the human eye does not correspond linearly to the brightness of the
incoming light. Magnitudes are therefore logarithmic quantities. Different magnitude
systems exist. Without knowing an objects’ distance, all we can say is based on the flux
that is measured on Earth. For example, the apparent magnitude is defined as

m = —2.5log <f> (2.2)
fo
where f donates the total flux density and fy refers to the historically set zero point of
the magnitude. What we will need later on for our calculations is the visual magnitude
my which instead of f uses the flux integrated over the visual band. But if we want to
compare the brightness of two stars, we need the absolute magnitude M which involves
the stars distance by using the star’s luminosity:

L
M = —2.5log (> (2.3)

Lo
Precise measurements of magnitudes are made by using photoelectric photometers equipped
with filters that only allow certain wavelength bands to pass. In our case the SDSS uses
ugriz-filters corresponding to ultraviolet, green, red and two wavelength regions of in-
frared.

2.1.3 Effective temperature

One can not simply assign a single temperature to a star since it varies within the different
regions. Instead the effective temperature Toy is defined as the temperature at which the
total flux emitted by a black body equals the total flux at the star’s surface. This can
be expressed with the Stefan-Boltzmann law

F =0Tk (2.4)

with the Stefan-Boltzmann constant o.



2.1.4 Metallicity

The chemical composition of a star can again be characterized by several quantities. We
use the metallicity which is defined as the logarithm of the ratio of iron abundance to
hydrogen abundance compared to that of the Sun:

[Fe/H] = log (%1) —log (]X;)@ (2.5)

Thus the chemical composition of a star with [Fe/H] = 0 equals the composition of the

Sun.
Sometimes the metal mass fraction Z is used instead of the metallicity.

2.2 Coordinate systems

In the course of this work we will make use of different coordinate systems. This section
explains the ones used.

2.2.1 The equatorial coordinate system

The equatorial coordinate system is geocentric, i.e. a coordinate system with the center
of the Earth at its origin. It is commonly used to identify objects on the celestial sphere
and counsists of the two coordinates right ascension a and declination §. One of the main
advantages over other geocentric coordinate systems such as the horizontal coordinate
system is that the equatorial coordinate system is independent of the observer’s position.
The projection of the Earth’s equator onto
the celestial sphere is called the celestial
equator. Perpendicular to the plane of
the celestial equator are the North celes-
tial pole and the South celestial pole. A st s
celestial meridian, also called an hour cir-
cle, connects the two poles with a great .iueswsispner
circle on the celestial sphere. In order to Easer
derive a coordinate system that is indepen-
dent of the Earth’s rotation, one has to de-
termine a primary direction. Defining the
ecliptic as the intersection of the Earth’s
orbital plane with the celestial sphere, one
gets two points where celestial equator and
ecliptic intersect. These are called vernal
and autumnal equinox. The primary di-
rection is given by the direction from the center of the Earth towards the vernal equinox.
Figure 2.1 illustrates the equatorial coordinate system.

Both declination and right ascension are angular distances. Declination gives the an-
gular distance perpendicular to the celestial equator. By definition it is positive to the

inclination

\J North celestial pole

celestial sphere

declination

o/ ecliptic

vernal equinox

right ascension

celestial meridian

South celestial pole

Figure 2.1: Equatorial coordinate system



north and negative to the south with the zero-point at the equator. Right ascension mea-
sures the angular distance from the vernal equinox eastward along the celestial equator
to the hour angle. In general it is given in sidereal hours, minutes and seconds rather
than in degrees.

Note that due to the precession and nutation of the Earth’s axis the coordinate system
is slowly rotating in time. Thus it is necessary to know the epoch in which the coordinates
are given. An epoch defines the vernal equinox of a specific date.

2.2.2 The galactic coordinate system

In contrast to the equatorial coordinate system, the galactic coordinate system has the
Sun at its origin. The primary direction is now given as the direction from the Sun
towards the approximate center of the Milky Way and the fundamental plane lies in the
assumed galactic plane. Instead of declination and right ascension the coordinates are
now given as longitude [ and latitude b (see Figure 2.2).

Measured eastward, the longitude [ de-
fines the angular distance on the galactic
equator from the Galactic center. The lat-
itude b measures the angular distance per-
pendicular to the galactic plane, positive
to the north galactic pole and negative to
the south galactic pole.

Other than the equatorial coordinate
system, the galactic latitude and longitude
are usually given in degrees.

o\¢

Center

Disc f’b//

With the Galactic rest frame, we finally F——O0"> 5
arrive at a coordinate system that is inde-

pendent of the Sun’s orbital motion. It is  Figure 2.2: schematic drawing of the galactic
a simple cartesian coordinate system with coordinate system

the Galactic center at the origin. The axes

are labelled X, Y and Z with the X axis di-

rected from the Sun towards the Galactic

center with increasing values. Perpendicular to the X axis in the galactic plane lies the
Y axis. Finally, the Z axis is directed towards the north galactic pole with increasing
values. One can derive the Galactic rest frame coordinates from the galactic coordinates
with the transformation formula

2.2.3 The Galactic rest frame

cosbcosl X
Z=d| cosbsinl | =Y (2.6)
sinb A

with d being the heliocentric distance.



2.3 Structure of the Milky Way

—...m-,::.,

irglS T
| spir
nOrma fg I w})
D
_:;? it = 'K /
ﬁ'ﬁ)’ 4 il
o i 7 5o el
elliptical nebuioe e 24 B
£ £3 £7 QMG $Bb
o \//w-\ SBL‘
® f‘ = L g
00/*/1Q s
0;0”'0/5

Figure 2.3: Classification of galaxies

Our Milky Way can be classified as a barred spiral galaxy (see Figure 2.3) consisting
of four main parts: central bulge, bar, disk and stellar as well as dark halo.

The central bulge is spherical symmetric and surrounds the supermassive black hole
at the center of our galaxy. It inhabits mostly relative old stars in the outer part of the
bulge while massive and luminous stars can be found in the complex central region.

The disk encloses the galactic bulge and can be further separated into the thin disk
and the thick disk. The main part of the younger stars can be found in the thin disk
since star formation can happen almost only in the spiral arms of the galaxy. Older stars
are more likely to be found in the thick disk.

The stellar halo embeds galactic bulge and disk. Its radius is yet to be determined but
possibly ranges from 50 to 100kpc. It houses the oldest known stars, some in globular
clusters, i.e. stable, spherical arrangements of several thousand stars.

The dark halo consists of dark matter and has a much larger mass than the stellar
halo. Model potentials of the halo are therefore based on the distribution of the dark
matter and the stellar halo is neglected.

2.3.1 The Galactic potential

In order to decide whether or not a star is bound to the galaxy, it is necessary to know
the Galactic potential. According to Allen and Santillan [2], the potential is split up into
three distinct components.

For the galactic bulge a spherically symmetric potential yields good results for objects
on highly eccentric orbits but is not capable of modeling the dynamics of the innermost
part of the bulge. Nevertheless it is far better than assuming a pointlike mass distribution.



It is given as
M,

(I)Bulge (p, Z) - - 1 (27)
(p2 + 22+ bl) 2
and corresponds to a total mass of 1.41 - 1010M@.
For the disk component a potential of the form
M.
Ppisk (p,2) = — 2 (2.8)

{p2 + az + (22 +03) 7] }

has been derived. The disk’s total mass is 8.56 - 1010MO.
Finally, the potential of the halo component reads

M (%)202 Ms RN 102 1.09
Ppark matter halo (R) = - —( ) In <1 + <>> _

1.02 1.02 T.02
(1 +(2) ) R 5 o 1+ (&8)7]

(2.9)
The overall Galactic potential is the superposition of the different components:

200

Palactic = PBulge + Ppisk + PDark matter halo (2.10)

In this work we use the updated constants from Irrgang et al. [11] rather than the
original values from Allen and Santillan. They are listed in Table 1.

M; = 410.0

Central mass constants by — 0.23
Ms = 2856.0

Disk constants az = 4.22

by = 0.292
M3 =1018.0

Dark matter halo constants a3 = 2.562

Table 1: Constants for the Galactic potential. The mass constants are given in Galactic
mass units, the lengths in kpc.

The local escape velocity determines the velocity needed for an object to overcome
the gravitational forces acting on it. In the case of a star this is the velocity at which
it can escape its galaxy and become unbound. Calculating the local escape velocity is a
straightforward task. In order to escape the gravitational force a body’s kinetic energy
must exceed its potential energy at its location.

[2F.
Vesc = pot (211)
m



2.4 Stellar evolution

Star formation almost solely takes place in regions of relatively high molecular density
called interstellar clouds. When the cloud’s hydrostatic equilibrium is distorted, either
by interstellar compression waves, pressure waves of supernova explosions or radiation
pressure of nearby stars, it collapses. Stars mainly form in clusters since interstellar
clouds are far too big and heavy to form a single star. The released gravitational energy
heats the contracting matter until the conditions for hydrogen burning in the core are
fulfilled.

An important tool for stellar classification is the Hertzsprung-Russell-Diagram (short:
HRD, see Figure 2.4 for an example). It plots the stars’ luminosity or absolute magnitude
over the effective temperature or spectral type.
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Figure 2.4: Hertzsprung-Russell-Diagram



In general, the luminosity increases to the top and the temperature decreases to the
right. Thus, from a star’s position in the HRD its radius can be determined. If a star is
at the same effective temperature less luminous than another its radius has to be smaller
and vice versa.

By far the densest population can be found for the main sequence reaching from the
upper left to the lower right corner. Members of the main sequence are called dwarf
stars. They are burning hydrogen at their cores and find themselves to be in hydrostatic
equilibrium, i. e. the outward thermal pressure is balanced by the inward gravitational
pressure. A dwarf star’s position is primarily determined by its mass and chemical
composition. The more massive a star, the shorter its lifetime. As soon as the hydrogen
in the core is exhausted, the star evolves either to a red giant or a white dwarf, depending
on its mass. Stars with a mass less than approximately 0.5 solar masses will directly
become white dwarfs[1], which have no internal source of energy and cool down until
they become a cool black dwarf. Other stars with masses ranging from approximately
0.5 to 8 solar masses expand to red giants. Red giants are stars that are no longer burning
hydrogen in the core. If the star’s mass is lower than 2.5M ), the electron gas in the core
is in a degenerate state in which the pressure is no longer dependent of the temperature.
Since the supply of energy can no longer be compensated by the expansion of the core, the
fusion of helium to carbon begins almost immediately. The star reaches the horizontal
branch on which it remains as long as hydrogen is burned in the core. Afterwards it
expands and the fusion of helium takes place in a shell around the contracting core.
When the helium is exhausted the star evolves to a white dwarf.

For stars with higher masses the fusion of helium is in hydrostatic equilibrium. If the
mass loss, which can be very high on the asymptotic giant branch, is neglected, a star
with a mass higher than 8M) collapses in a supernova, leaving behind a neutron star or
a black hole. 97% of the red giants will end up as white dwarfs.[8].

3 Quantitative Spectroscopy

The major part of information we can get about a star is accessible over its optical
spectrum. Even though we are primarily interested in the stars position and velocity,
we need to figure out its atmospheric parameters. We are solving this task by setting
up a model atmosphere and finding the set of parameters which gives the best fit of the
synthetic spectra to the measured data.

3.1 Model atmospheres

Modeling an atmosphere is a nontrivial task. Every simplification that can be made
without leading to significant errors is a great advantage. When calculating the model
atmosphere the following assumptions are made: since the thickness of the stellar atmo-
sphere (the part of a star in which emission and absorption of photons takes place and
thus the part we can see) is small compared to the star’s radius, its geometry can be seen
as plane parallel. Furthermore, we assume the local thermodynamical equilibrium. That
is to say the stellar atmosphere is thought to be separated into distinct parallel layers

10



being homogeneous each, i.e. there are no variations perpendicular to their normal. Ad-
ditionally it is seen as constant in time and as being in hydrostatic as well as in radiative
equilibrium.

We now need to specify the atmospheric parameters which influence the spectrum.
First of all, the effective surface temperature Teg tells us how many atoms can be found
in excited states and thus determines the depth of the spectral lines. Since our spectra
are dominated by the Balmer lines of hydrogen it is convenient to explain this using the
Balmer lines as an example. Balmer lines are transitions from the first excited state of an
atom to higher excited states. If we want to observe Balmer lines the temperature has to
be high enough that a non-negligible amount of atoms can be found in the first excited
state. But the intensity of the Balmer lines does not increase steadily with temperature.
Instead a maximum can be found at around 9500K[5]. This is because the amount of
ionized hydrogen also increases with temperature. These atoms are no longer involved
in the transitions because no bound electron is left. Fventually there are hardly any
neutral hydrogen atoms left and the Balmer lines are getting weaker and weaker with
ever increasing Tef.

Next, the surface gravity induces gravitational line broadening. A higher surface grav-
ity leads to a higher density of the atoms. The electric field created by the surrounding
ions and electrons lifts the degeneracy of the energy levels by means of the Stark effect.
Due to the rapidly varying electric fields we can observe a broadening of the lines.

A further source for line broadening can be found in the star’s rotational velocity
Urot Sin ¢, where ¢ stands for the angle between the star’s rotational axis and the line of
sight. This effect is called Doppler broadening. The wavelength of the absorbed light is
Doppler shifted in opposite directions since one side of the star is moving away from and
the other towards us.

Especially for metal lines that have barely visible wings an effect called thermal broad-
ening becomes important. Due to the Maxwell velocity distribution atoms and ions in a
gas are moving at different velocities, inducing a Doppler effect that leads to a broadening
of the absorption lines. Figure 3.1 demonstrates the effects of the different parameters.

Lastly the metallicity affects the ratio of hydrogen and helium lines to metal lines.

3.2 Deriving atmospheric parameters

Using the fitsb2 routine from Napiwotzki et al. [18] and the Munari grids [17], a syn-
thetic spectrum is fitted to the measured one via a X2 minimization technique based
on a simplex algorithm. The grid used has a temperature range from 5250K to 10000K
and a metallicity between 40.5 and -2.5. Surface gravity can be selected in the region
2.5 < logg < 4.5. The parameters Tyg, logg, log M, vt and vy can be fitted either
simultaneously or separately. A set of initial values is given to fitsb2 which interpolates
between the grid points until it finds a local minimum. This solution can then be taken
as a new set of starting parameters. This procedure is repeated until a satisfactory match
of synthetic and measured spectra is obtained.

11
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Figure 3.1: Influence of the atmospheric parameters Tyg, log g, vy and vyt -

4 Kinematics

In order to get detailed knowledge about the kinematics of a star we need to calculate its
position and velocity. Only with these information it is possible to say whether the star
has a trajectory bound to the Galaxy or not. Additionally it can give us insight into its
origin and possible formation mechanism.

The velocity is combined of the one dimensional radial velocity and the two dimensional
tangential velocity. Whereas the latter is quite difficult to obtain and afflicted with rather
large errors, the radial velocity is by far the easiest thing to deduce from the measured
spectra. All absorption lines coming from the stellar atmosphere are Doppler shifted:

B_Urad
A ¢

(4.1)

Thus the radial velocity can be derived simply by comparing the wavelength of the known
absorption lines with the rest wavelength once the spectral lines have been identified. In
contrast, the tangential velocity is not directly accessible and requires the knowledge of
the stars distance and proper motion.

4.1 Distance determination

Since right ascension and declination are only the projection of the star’s position on the
celestial sphere its distance is necessary to describe its current position.

Assuming energy conservation of the emitted light, we can state that the flux integrated
over the stellar surface with radius R, equals the flux integrated over a sphere whose

12



radius equals the stars distance d:

%F = 47R’F = 4nd*f (4.2)
2F
ad = R} (43)

We have to consider that we only measure the astrophysical flux fy which is connected
with the visual magnitude my :

%4

my = —25log | fr 2] — 21,107 (4.4)
erg

= fy = 360710798 .10 04mv (4.5)
cm?sA

The visual magnitude can be calculated from the ugriz-colors provided by the SDSS with
the empirical transformation formulas of Jester et al. [13]:

my =g —0.59 (g —r)—0.01 (4.6)

Newton’s law of gravity allows us to determine the radius as we already know the
surface gravity from the synthetic spectrum:

G M,

g = R (4.7)
M,

=R, = Gg (4.8)

What is left is the astrophysical flux at the star’s surface. Unfortunately it cannot
simply be derived from the equation F = o7 for a black body since we are only
interested in the flux in the visual band. Furthermore Fy is influenced by the surface
gravity. Putting together these equations, the distance can be calculated with the formula

o]

M cm Fy (Teg,log g) cm? - A

d=1.11k
be Mey gs? 108 erg-s

100-4mv (4.9)

But calculating the surface flux Fy requires model atmosphere, the distance calculation
is therefore left to computer programs.

13



4.2 Proper motion

Proper motions describe the change in a star’s coordinates which are usually given in
right ascension and declination. They are therefore angular velocities measured in mil-
liarcseconds per year. Determination of proper motions is done by comparing pictures
of the star from different epochs. Distant background galaxies are assumed to remain
constant in that time and are taken as reference points. The star’s proper motion is then
obtained via a linear fit. Knowing the distance and proper motion (with the symbol p)
of our star, we can derive its tangential velocity over

D p
Vtan = pd = 4.74 <1pc> (1”/yr> (4.10)

The prefactor arises from the unit conversion.
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5 Analysis of J125949.164+363036.3

SDSS J125949.16+363036.3 (referred to as J1259+3630 from now on) is a very blue
object and has a significant proper motion as noticed by Scholz [25]. The available data,
containing coordinates, proper motion and ugriz-colors is given in Table 2.

Lo [ 5 [ | s |
| 194.95486° | 36.51010° | —7.2+7.9™a> | —24.3+1.772 |

yr y
u g T i 7

16.31 £0.01 | 15.13£0.00 | 15.26 =0.00 | 15.38 £0.00 | 15.51 £ 0.01

Table 2: Measured data of J1259-+3630

The following Section discusses the steps taken to determine the star’s nature and
possible origin.

5.1 Modeling the atmosphere

Using the fitsb2 routine and an appropriate set of starting parameters, the atmospheric
parameters Teg, log g, and [F'e/H] were obtained. The final set of parameters is given in
Table 3.

’ Tor ‘ logg ‘[Fe/HH Urot ‘
| 84174+ 33K [ 44404+0.133 | —2.0 | 0.0%" |

Table 3: Atmospheric parameters for J1259+3630, also stating the errors given by fitsb2

Due to the limited resolution of the SDSS spectra any rotational velocity below 100km /s
cannot be detected. For J12594-3630 almost every fit resulted in rotational velocities close
or equal to zero. Thus for the final set of parameters it is set to zero. The remarkably low
metallicity was kept fixed at [Fe/H] = —2.0 because otherwise it led to surface gravities
that are out of limits of the Munari grid. Those were therefore extrapolated which made
the results not trustworthy. Nevertheless, the metallicity indicates that J1259+3630 is a
very old halo star since younger stars generally have a higher metallicity. The metallic-
ity of halo stars peaks around log M = —1.6 according to Prantzos [21]. The retrieved
metallicity is therefore realistic, but needs to be checked nonetheless. To find an upper
limit for the metallicity, the regions of possible metal lines are investigated for different
metallicities (see Figure 5.1). This helps us to see at which metallicity metal lines would
appear that must exceed the signal to noise ratio of the SDSS spectra. Up to a metal-
licity of [F'e/H] = —1.5 metal lines should have been visible. Furthermore a fit focusing
only on the Balmer series and the visible iron lines was made confirming the metallicity
of [Fe/H] = —2.0. Last but not least this metallicity gives a slightly better overall fit

15



compared to the same synthetic spectrum received for the same values of Teg and log g

but with a metallicity of [Fe/H] = —1.6.

logM = -1.5 logM = -2.0
1.6 — y— r T e 16 T T T T —
5169.0 A Fell 5172.7 A Mgl 5183.6 A Mgl measurex .0 A 7 A 6 A measure
_ 51690AF ‘ g ‘ g athene . 5169.0 A Fell ‘5172 7 AMgl ‘51 83.6 A Mgl b
T T ‘\ RN NN, eS| D P e~ — e e
\ 7 NN ~7 o~ N . 7 N 7 ~—" = ———
S % N\ A < S
14F N 1 14 F \/’ e N
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tr e See—— | r e :—‘,‘\\77\‘/ = ———— =]
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06 . 0.6
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Figure 5.1: Comparing the effects of different metallicities using the example of the lines

A4583.8A Fell, A\4923.9A Fell, A5169.0A4 Fell, A5172.7A Mgl and A5183.6A
Mgl. For metallicities higher or equal than [Fe/H] = —1.5 the absorption
lines would be significantly stronger than what is measured.

Another possibility to cross check the retrieved atmospheric parameters is to compare
the measured color indices with the grids of synthetic colors provided by Castelli [6].
These grids contain the color indices for different combinations of Teg, log g and [Fe/H].

As

our star seems to belong to the Population II stars the grids with a-enhancement were

used. An interpolation between the grid points yields color indices which are consistent
with the observed ones as one can see in Table 4. The difference between the values
could be at least partly explained by interstellar reddening since this effect was neglected

for

the calculations. Finally, the Call-line at A3933.66A is also a good evidence that

J1259+3630 is a cool star. By measuring the line’s Doppler shift it can be shown that it

has to come at least partly from the star (see Section 5.4).

u-g g-r ‘ -1 i-z
measured 1.18 -0.13 -0.12 -0.13
synthetic | 1.029 + 0.024 | —0.103 +0.010 | —0.139 £+ 0.004 | —0.142 4+ 0.003

Table 4: Comparison of measured and synthetic color indices

16

30



relative flux

relative flux

relative flux

0.2

09

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.9

0.8

0.7

0.6

0.5

0.4

0.3

T T T

3933.66 A Call
I

3970.07 A HI&Call
|

4076.00 A Fell
|

4101.73 A HI
|

4143.90 A Fel
|

4219.40 A Fel

measured ——

measured ——— i
synthetic synthetic
L L L L . . L i . . L L L . | . | |
3920 3930 3940 3950 3960 3970 3980 4000 4010 4040 4060 4080 4100 4120 4140 4160 4180 4200 4220
Wavelength / A Wavelength / A
T T T T T T T T T T T T T T T T
#395.00 A Till 4516.30 AFell  4555.90 A Fell 4861.32 A HI 4923.90 A Fell 5018.40 A Fell
| | | | | |
o -
4416.50 A Fell
measured measured
synthetic - synthetic -
| | . | . . f | | | | . . . . | .
4400 4420 4440 4460 4480 4500 4540 4560 4580 4840 4860 4880 4900 4920 4940 4960 4980 5000 5020
Wavelength / A Wavelength / A
T T T T T T T T T T T T T T T T T T T
5169.00 A Fell 5227.00 A Fell 5325.60 A Fell 6562.80 A HI

|

Figure 5.2: Synthetic spectrum for J1259+3630, blue part
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Figure 5.3: Synthetic spectrum for J1259+4-3630, red part

5.2 Mass and age determination

With the help of Tog —log g-diagrams it is possible to gain knowledge of a star’s mass and
age. Fortunately J1259+3630 lies well below the horizontal branch. If it layed above it
we would need additional information to determine if the star belongs to the horizontal
branch or to the main sequence because the evolutionary tracks of these two intersect.
As for J1259-+3630, we can focus on the main sequence. In this work the tracks from
Schaller et al. [24] were used as well as the newer ones provided by Bertelli et al. [3].
Both tracks are given for different metal abundances Z. In this case we had to choose
the tracks for Z=0.001 since this is in both cases the lowest metallicity provided by the
models. Note that J1259+3630 has an even lower metallicity which leads to further errors
in mass. For the tracks of Schaller et al. a program written by Irrgang was available to
interpolate between the evolutionary tracks for different solar masses. The Pedua tracks
from Bertelli et al. lead to a slightly lower mass and about twice the age. The results
are listed in Table 5, Figure 5.4 shows the star’s position on the different evolutionary
tracks.
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All following calculations were made using the mean value and standard deviation from

both tracks.

’ ‘ mass ‘ age
Schaller et al. | 1.26 M | 1451.77Myrs
Bertelli et al. | 1.10M | 2855.46Myrs

Table 5: Mass and age derived from different evolutionary tracks

evolutionary tracks from Schaller and Schaerer

evolutionary tracks from Pedua
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Figure 5.4: T.g — log g-diagram following Schaller et al. (left) and Bertelli et al. (right)

As stated before, the low metallicity indicates a very old Population II star. This
leads to a discrepancy since the mass according to the tracks is significantly higher than
the typical mass of a halo star of this age. A possible explanation for this may be that
J1259+3630 is a Blue Straggler. Blue Stragglers can be easily identified in clusters. Stars
of clusters are all formed at roughly the same time, meaning that their position on the
HRD is solely influenced by their initial mass. As a consequence one can see a clearly
defined turn off point at which the stars evolve away from the main sequence and become
giants. Blue Stragglers peak out from the other cluster stars because they seem to remain
on the main sequence above the turn off point. This has to mean that they are either
younger than the rest or that they have gained mass during their lifetime. But as we
have just said, cluster stars form at nearly the same time and thus the process of mass
gaining is much more likely. The merger of two stars of a binary system[14]| as well as
mass transfer between two stars[15] are possible scenarios for this to happen.

Even if we could have determined the age from the evolutionary tracks the deviation
would have been high. Identification of Blue Stragglers in the field is difficult because it
is not possible to determine its age. Considering the metallicity J1259+3630 could easily
belong to the Milky Way’s oldest stars with an age up to 13.6 billion years.
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5.3 A few words on error estimation

The program fitsb2 offers the possibility to output lo errors for the fitted atmospheric
parameters. The errors stated refer to the added spectrum. To check whether they are
realistic or not they were compared to the mean values and standard deviations of the
atmospheric parameters from the individual spectra and found to be consistent.

For later applications, where error propagation becomes increasingly difficult, a Monte
Carlo simulation is used instead. This statistical approach assumes that the input pa-
rameters have a Gaussian distribution. The input parameters are varied randomly with
the respective probabilities. Mean value as well as standard deviation is gained from the
result’s distribution.

5.4 Distance and velocity

As mentioned in Section 4 we use our knowledge of the absorption lines’ rest wavelength
to calculate the Doppler shift. To avoid possible errors from single lines all visible lines

but the weakest were taken into account. For example, the H.-line at )\3889.05;1 is a
blend with interstellar Calcium and could thus lead to an error for the Doppler shift. All
three spectra were observed separately to check whether J1259-+3630 shows variabilities
in its radial velocity. SDSS spectra are typically recorded directly after one another, so it
is not possible to exclude the possibility that J1259+3630 is a member of a binary system
with a high period. But in the case of the individual spectra the radial velocity remains

constant. Additionally, the Doppler shift of the Call-line at )\3933.7;1 was measured.
Since interstellar neutral Calcium has an optical transition at the same frequency, the
observed absorption line must not necessarily come from the star’s atmosphere. It was
found that the Doppler shift of the Call-line matches the radial velocity obtained from
the remaining lines. This is consistent with the synthetic spectra which also shows a
slight amount of Call.

For distance determination a program written by Ramspeck et al. [22] was used which
is based on the formula presented in Section 4.1. Error propagation is difficult because
the involved variables Teg, log g and M, are entangled. Instead the errors were derived
from Monte Carlo statistics. With the distance now known and the proper motion the
tangential velocity is calculated. The results are shown in Table 6. Note that these values
are given in the celestial coordinate system and do not match the velocity in the Galactic
restframe.

| d | o | v
| 2849.9 +525.02pc | —243.52 + 1.0152 | 342.36 & 63.0752 |

Table 6: Distance and velocity of J1259+-3630
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5.5 Examination of J1259+3630’s possible origin

As shown in the last section, J1259+3630’s heliocentric velocity is in the order of 400km /s.
But this velocity is afflicted with the relative motion of our Solar system. In order to
gain comparable values for the velocity we need the Galactic rest frame velocity at the
time J1259+-3630 left the Galactic disk. Its ejection point was obtained tracing back
its orbit by integrating backward in the Galactic potential. For this purpose an ISIS
(Integrated Spectrographic Innovative Software) program written by Irrgang was used
which uses Runge-Kutta integration methods with adaptive stepsize and offers the use of
three different potentials. Firstly the potential of Allen and Santillan [2] is implemented
with the updated constants from Irrgang et al. [11]. Secondly the bulge and disk potential
of Miyamoto and Nagai [16] is included once with a halo component from Navarro et al.
[19] and with a truncated, flat rotation curve dark matter halo from Wilkinson and Evans
[27]. The program takes the stars celestial coordinates, proper motions, radial velocity
and distance with the associated errors as input parameters. It traces the trajectories
back in time until they reach the X-Y-plane at a predefined radius representing the
Galactic disk. The stellar density outside of this region is so low that an interaction with
other stars or black holes is highly unlikely. The output contains the initial and final set
of parameters in galactic restframe coordinates including the time of flight, components
of position and velocity vector, angular momentum and total energy. ISIS then provides
convenient statistical analysis of the data.

All three potentials are taken into comparison using a Monte Carlo simulation with
a depth of 50,000 for each. With 180Myrs being roughly the time of flight for all three
of them, the resulting orbits were reduced by those with a time of flight greater than
500Myrs. This includes the ones that could not be traced back to the galactic disk.
Additionally, the whole trajectory for the mean values of the input parameters was saved.

‘ ‘ Allen and Santillan ‘ Miyamoto&Nagaj/Navarro et al.

—170.21 + 64.40Myrs —159.61 + 49.01Myrs
r 5.15 + 5.17kpc 4.98 £ 4.51kpc
Umom | 269.16 £ 47.97km /s 269.16 & 47.97km /s
Vejec | 408.54 % 112.49km /s 409.19 + 106.58km /s
L, | 0.87=+0.76kpc?/Myr 0.88 & 0.78kpc2/Myr

Miyamoto&Nagaj with rotation curve halo
—176.69 + 69.32Myrs

T 5.28 £ 5.48kpc
VUmom 269.16 £ 47.97km /s
Vejec 407.79 £ 116.31km/s

L, 0.88 4 0.75kpc? /Myr

Table 7: Statistics for the different potentials

First of all, one can see in Table 7 that J12594-3630’s actual velocity in the Galactic
restframe of 269.16 4+ 47.99km /s is not particularly high. The high heliocentric veloc-
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ity arises from the very steep orbits. This also indicates that J1259+3630 might have
originated from a colliding satellite galaxy. With the use of a U-V-diagram as shown in
Figure 5.5 J1259+3630’s affiliation to the halo population, which was already expected
from the low metallicity, can be shown.

400 T T T T T T T T

300 - i

200 1

U/kms™
o
T

-100 |

-200 |-

-300 1

_400 1 1 1 1 1 1 1 1
-500 —-400 -300 -200 -100 0 100 200 300 400

V/kms™'

Figure 5.5: U-V diagram with a sample of white dwarfs from Pauli et al. [20] as reference.
The continouos line marks the 30 range from the thin disk, the dashed line
represents the thick disk. Being clearly outside these regions, J12594-3630
belongs to the halo population.

The different models show a very good agreement in the resulting final values (see
Table 7 for details). It turns out that not a single unbound orbit can be found in any
of the used potentials. Our preferred definition describes Hypervelocity stars as objects
with trajectories that are not bound to the Galaxy. In this sense J12594-3630 is not a
Hypervelocity star as long as the model potentials do not overestimate the total mass of
the Galaxy. Brown et al. [4] focus on the star’s origin when defining Hypervelocity stars.
Since the Hill’s mechanism could indeed apply to J1259+3630, it can be seen as a bound
Hypervelocity star.
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Velocity distribution of known halo stars
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Figure 5.6: Comparison of J1259+4-3630’s velocity with the sample of Sakamoto et al. [23].

Figure 5.6 compares J1259+3630’s velocity and distance to the Galactic center to
other halo stars recorded by Sakamoto et al. [23]. Despite the moderate current velocity,
J1259+3630’s velocity exceeds the average velocity when crossing the Galactic disk. With
a median distance to the Galactic center of approximately 3.6kpc about 6% of the orbits
pass it within a radius of 1kpc. Further details can be seen in Figures 5.7 to 5.9. The
first diagram always shows the distribution of the star’s velocity at the time it crossed
the Galactic disk. In the second diagram the distance to the Galactic center at this time
can be seen. The ejection velocity lies at around 400km /s for all of the model potentials.
Moreover, as stated above the Hill’s mechanism could serve as an explanation for these
unusual high ejection velocities since non-negligible amounts of trajectories are crossing
the Galactic center within a radius of 1kpc or less.
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ejection velocity distribution for the Allen and Santillan potential
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Figure 5.7: Distribution of velocity and distance to the Galactic center for the potential
of Allen and Santillan with updzazfed constants



ejection velocity distribution for the Miyamoto/Nagaj and Navarro/Frenk/White potential
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ejection velocity distribution for the Miyamoto/Nagaj potential with rotation curve halo model
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Figure 5.9: Distribution of velocity and distance to the Galactic center for the potential
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Figures 5.10 to 5.12 show the ejection points from the galactic disk as seen in the
X-Y-plane. The errorbars state the 1o errors for the X and Y coordinate. Again one can
see that J1259+3630 could have undergone the Hill’s mechanism.
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Figure 5.10: Ejection points from the Galactic disk for the Allen and Santillan potential
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Miyamoto and Nagaj with halo from Navarro, Frenk and White
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Figure 5.11: Ejection points from the Galactic disk for the Miyamoto and Nagaj potential
with halo from Navarro et al.

Miyamoto and Nagaj with truncated, flat rotation curve halo model
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Figure 5.12: Ejection points from the Galactic disk for the Miyamoto and Nagaj potential
with truncated, flat rotation curve dark matter halo
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Figures 5.13 and 5.14 show the projection of J1259-+3630’s orbit onto the X-Y and Y-Z

plane for the mean values of the input parameters in the potential of Allen and Santillan.
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Figure 5.13: Projection of the trajectory onto the X-Y plane

Projection of the orbit on the Y-Z-plane for median values
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Figure 5.14: Projection of the trajectory onto the Y-Z plane

Even though the orbit is not closed it shows a periodic behavior. As one can see in
Figure 5.15, J1259+3630 frequently reaches near the Galactic center and then leaves

again.
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If there has been an interaction with the supermassive black hole, it could have been
anytime in the past. These calculations have to be taken with caution nevertheless.
The used potentials are based on mass distributions and therefore do not model the
disturbance of nearby stars that would rather correspond to pointlike masses. This fact
becomes even more important in the dense stellar regions of the bulge. Every crossing of
the galactic disk would presumably lead to a small change in the star’s direction, meaning
that in reality J1259+3630’s trajectory most likely may not be periodic at all.

Distance of J1259+3630 from Galactic center for median values
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Figure 5.15: J1259+3630’s distance to the Galactic center over time
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6 Summary and Outlook

In the course of this work the star J125949.16+363036.3 with a high proper motion was
examined. Based on SDSS spectra the atmospheric parameters, mass, age, distance and
radial velocity were determined. A Monte Carlo simulation of the star’s trajectories
gave insight to its possible origin. Even though J125949.164-363036.3 does not belong
to the class of unbound Hypervelocity Stars it remains an interesting object for further
observations as its very low metallicity and relatively high mass indicate that it is a
Blue Straggler. In general, stars with high velocities that have also bound orbits can
be used to calculate a lower limit for the mass of the Milky Way. But in the case of
J1259+3630 the Galactic rest frame velocity is not particularely high. Furthermore, the
orbit calculation is influenced by the large errors of the proper motions, leading to a wide
spread of possible crossing points of the Galactic disk. With the data from the GATA
(Global Astrometric Interferometer for Astrophysics) mission, starting in autumn 2013,
more accurate proper motions will be obtainable.
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