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ABSTRACT

We present our investigation into the origins of high- and hyper-velocity stars around
the Milky Way by exploring Gaia data. We begin by establishing a working set of
criteria for a star to even be considered as a potential hyper-velocity star, which we
defined chronologically as: if the uncertainty in parallax is acceptably low; if the star
has above average total velocity for its home set; and finally if the star has mostly radial
velocity, we will investigate it further. We also discuss the complications encountered
trying to identify candidate stars. Finally, we perform a time-reversing procedure to
trace our final set of stars back to where they may have originated. We found a large
number of candidate stars in our initial broad range search, but by enforcing stricter
constraints we found a final sample of 1,158 potential hyper-velocity stars. This set
displayed zero stars passing close enough to Sagittarius A? to have been thrown out
or boosted to their current velocities. However, by selecting hyper-velocity stars with
little proper motion in right ascension and declination, we discovered five stars which
may have passed close enough to Sagittarius A? to have had their orbits significantly
altered. A detailed analysis of the trajectories of those stars was performed, resulting
in one star that may have originated from a binary system that had a close encounter
with Sagittarius A?. We propose a potential binary partner in some of the known stars
orbiting Sagittarius A? with similar periapsis.

Key words: High Velocity Stars, Hyper-velocity Stars, Hills Mechanism, Slow In-
truder, Python, Gaia, Sagittarius A?.

1 INTRODUCTION

In the early 1960s Adriaan Blaauw (Blaauw 1961) postu-
lated a hypothesis to explain the high space velocities of sev-
eral observed stars; he named these Runaway Stars. These
first observed runaway stars, ranging from type O5 to type
B5, were travelling at considerable velocities, with some
nearing 200kms−1, as opposed to the more common veloci-
ties of below 30 km s−1.

In order to explain the velocities of runaway stars
Blaauw proposed what is now commonly known as the Su-
pernova Kick Mechanism (Brown 2015; Erkal et al. 2019;
Hattori et al. 2019; Hoogerwerf et al. 2001). This mecha-
nism attributes the high space velocities of runaway stars
to one star in a binary star system undergoing a supernova
explosion. When the more massive, shorter lifetime star ex-
plodes it results in the less massive companion star being

? Based on observations obtained with ESA’s Gaia space obser-
vatory.
† PHYS369 supervisor

repelled at considerable velocity. What happens next is de-
pendent upon the direction of the runaway star’s velocity. If
it is aligned with the rotation of the Galaxy then, depend-
ing upon the distance of the star from the galactic centre
(GC), it may become unbound from the Galaxy. If the di-
rection of velocity of the star is opposed to the rotation of
the Galaxy then it is more likely that the star will remain
galactically bound as its effective velocity will be smaller due
to its galactic rotation velocity opposing its ejection velocity
(See also Leonard & Duncan 1990; Hoogerwerf et al. 2001;
Irrgang et al. 2019).

A few years later, after analysing the motion of other
runaway stars, Poveda et al. (1967) proposed an additional
mechanism explaining the velocities of runaway stars which
could not be explained by the supernova kick mechanism.
The motion of these stars was observed to not originate
from a supernova, but rather from a collapsed proto-stellar
galactic cluster. Poveda et al. theorised that the process of
collapse of these clusters resulted in dynamical interactions
(Chatterjee & Tan 2012, for example) that could result in
high velocities for stars escaping the cluster. Throughout the
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Figure 1. Diagram depicting the Hills mechanism. It can be seen

that the black hole captures the closer star, resulting in the ejec-
tion of the farther star at high velocity. Figure inspired by J.

Guillochon (Brown 2015)

rest of the paper we shall refer to this as the Poveda Mech-
anism (See also Hattori et al. 2019; Capuzzo-Dolcetta &
Fragione 2015). These runaway stars can also subsequently
undergo a slingshot interaction with a black hole, accelerat-
ing the runaway star to the extent that it becomes a hyper-
velocity star.

In 1988, Hills (1988) analysed the motion of hyper-
velocity stars whose origins could not be explained by ei-
ther of the aforementioned mechanisms, and proposed the
Hills Mechanism. This mechanism involves an interaction in
which a massive black hole (MBH) captures a star from a bi-
nary pair, resulting in the other star being ejected from the
binary with very high velocity (see Fig.1). The Hills mech-
anism has been attributed as the originator of high velocity
stars with speeds exceeding 1000kms−1. There does not nec-
essarily exist an exact, uniform definition of hyper-velocity
stars, and definitions can vary between papers as per their
specific objectives; our definition is provided in our method-
ology section.

More recently, Yu & Tremaine (2003) published a paper
suggesting a new mechanism capable of producing hyper-
velocity stars involving a binary black hole (BBH) inter-
acting with a single star. Commonly referred to as the Slow
Intruder Scenario (Darbha et al. 2019), this case describes a
star being attracted towards the more massive black hole as
it passes in between the BBH and gaining a velocity boost.
The star is subsequently ejected as a hyper-velocity star (see
Fig.2). This three body system of two black holes and a sin-
gle star can also produce HVS’ in the Bound Scenario, in
which a MBH being orbited by a star is approached by a
second black hole disrupting the orbit and causing the star
to be ejected with high velocity (see Fig. 3, Gualandris et al.
2005 and Darbha et al. 2019). These scenarios are still pos-
sible within the Milky Way as a BBH in the Galactic centre
has not yet been ruled out (e.g. Rasskazov et al. 2019; Yu &
Tremaine 2003; Herrnstein et al. 2004).

One final mechanism to be considered is when a dwarf
galaxy makes a pericentric passage, pericentric meaning the
point in an orbit nearest the centre of gravity of which the
body orbits, of the larger galaxy (Abadi et al. 2009). In this

Figure 2. Diagram depicting the Slow Intruder Scenario. The

black holes have unequal mass, in this case Mblackhole2 >

Mblackhole1. As the star passes between the black hole binary it
experiences greater gravitational force towards the more massive

black hole and its trajectory is altered accordingly. This results

in the star being ejected from the system as a high-velocity star.

Figure 3. Diagram depicting the Bound Scenario. In the case in

which a star is orbiting a black hole, another black hole may ap-

proach this system, causing the orbit of the star to be destabilised
and thus resulting in the star being ejected as a high velocity star.

scenario, the dwarf galaxy passes close to the larger one and
causes a disruption of the tidal forces in the dwarf creating
a stream, otherwise known as the tidal tail, of stars in the
halo of the larger galaxy in a high-velocity orbit, occasionally
exceeding the local escape velocity of the galaxy (see also
Abadi et al. 2006).

Not much is currently known about hyper-velocity stars;
data has been limited in previous surveys, however recently
Gaia changed this by providing a huge number of sources
with data on parameters including radial velocity and ef-
fective temperature. This paper will be able to explore the
origins of this rare phenomenon with a focus on stars that
likely had an origin close to Sagittarius A?. Section 2 will
explain where our data came from. Section 3 will explain
how the data was refined, and how the simulation was con-
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structed. The results are covered in section 4, with the re-
sults being discussed and concluded in section 5, and section
6 respectively.

2 CATALOGUE

We have used data from the second data release (DR2) of
ESA’s Gaia mission to produce this study. The Gaia mis-
sion was originally proposed in 1993 for the ESA’s Horizon+
programme with the aim of measuring the position, parallax
and proper motion of at least 1 billion stars with a magni-
tude of 20 or brighter; this accounts for approximately 1%
of the total population of the Milky Way (Liu et al. 2012).
The Gaia satellite was successfully launched in December of
2013 with an initial mission duration of 5 years. However, at
the time of writing, the Gaia satellite is expected to remain
operational until at least 2024.

The Gaia satellite is equipped with three main instru-
ments of measurement. These are composed of:

• An astrometry instrument, which, by taking repeated
measurements of the same targets over the duration of
Gaia’s mission allows for the calculation of the targets’ po-
sitions, distances and proper motions (Liu et al. 2012).
• Blue and red photometers, together able to detect light

between 330nm and 1050nm from stars of magnitude 20 or
brighter. The data attained by these photometers can then
be used to calculate the age, temperature, mass and compo-
sition of the target bodies (Jordan 2008).
• A radial-velocity spectrometer, able to calculate the ve-

locity of stars moving either towards or away from Gaia by
measuring the Doppler shift in the observed wavelengths
(Jordan 2008).

In order to use the Gaia data, we applied various restric-
tions and produced a catalogue of 3 million stars. We then
implemented some different methods to identify and study
a set which we consider likely to be high velocity stars. We
discuss the reasoning and methodology behind these restric-
tions in sections 3.1 and 3.2.

3 METHODOLOGY

3.1 Gathering our Data

Our initial sample was obtained by taking a section of the
sky from the Gaia survey around Sagittarius A? and im-
mediately constraining the radial velocity to greater than
500kms−1. The value of 500kms−1 was chosen after collect-
ing data for 3 million stars (see section 2) and looking at the
Gaussian distribution for their velocities as shown in in Fig
4.

A cut off velocity of 500kms−1 was decided as, after
reviewing Fig 4, this velocity is greater than 10σ from the
mean suggesting that stars greater than 500kms−1 are suf-
ficiently fast enough to fit with the usage in other papers
((Brown 2015; Marchetti et al. 2018; Boubert et al. 2019))
and faster than established high velocity stars ((Blaauw
1961; Poveda et al. 1967)).

The initial search gave us 12 candidate stars, however
to avoid any bias we revised our parameters to produce a

Figure 4. Gaussian distribution of total velocity of all 3 million
stars in our data search.

full-sky data set, which we then cut down by applying a
constraint on total velocity for the body, one on parallax
and one on parallax error as detailed in section 3.2. This
yielded 1158 viable stars. The results from these stars are
discussed in section 4.1.

3.2 Data Selection and Constraints

As discussed in section 2, we applied various restrictions and
constraints to our sample. We originally restricted the stars
in our data set to those with parallax angles between 0.001
and 1 milliarcsecond (1kpc to 1Mpc) with fractional errors in
their parallax angles of 20% or less. We also only used stars
which had non-zero proper motion and angular velocity.

We took our collection of 3 million stars and narrowed
it down to 1158. This was done by taking all stars that
fit the criteria of having a velocity of at least 500kms−1 as
defined in section 3.1. The values of right ascension, and
declination were used to converted to Cartesian velocity co-
ordinates with:

vx = −Aναsin(α)

θ
− Aνδsin(δ)cos(α)

θ
+ vrcos(δ)cos(α) (1)

vy =
Aναcos(α)

θ
− Aνδsin(α)sin(δ)

θ
+ vrcos(δ)sin(α) (2)

vz =
Aνδcos(δ)

θ
+ vrsin(δ) (3)

where v is velocity in x, y, and z directions; A is a conversion
constant equal to 4.7404; ν is the proper motion motion
in right ascension (α), and declination (δ); vr is the radial
velocity; and θ is the parallax angle.

These stars were then plotted to show their position in
the sky as shown in Fig 5. This plot allowed us to better
select stars to find those most likely to have originated from
a black hole, which could then be used in the simulation (see
section 3.3).

We attempted to narrow the search to just HVS’ with
very small proper motion (here defined as < 1” in both
right ascension and declination), see appendix A1, which
returned a single star with v = 450kms−1. Having small
proper motion means that it is most likely moving directly
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Figure 5. Position plot of all stars in the search that qualify as HVS’, showing a greater concentration in the area of sky around

Sagittarius A?

.

towards Earth and almost certainly has its origin near Sag
A?. This star was named ‘That Weird One’ (TWO) due
to the unexpected nature of its movements when simulated
(see section 4). Upon allowing for a larger parallax error, this
same search returned a further 4 stars, dubbed TWO-410,
TWO-558, TWO-570, and TWO-599, named due to their
similarity to TWO and followed by the first three digits of
their Gaia data source ID to differentiate between them, see
appendix C. Collectively, these stars have been named ‘The
TWO Family’.

3.3 Constructing the Simulation

3.3.1 The Original N-body Simulation

In order to predict the paths of the stars that were stud-
ied, it was necessary to construct an N-body simulation.
To do this we utilised a simplified simulation built in soft-
ware:python, which was based on previous work. This sim-
ulation employs a simple method of calculating the acceler-
ation for each body in the system, along with a time-step
system to update the velocities and positions of the bodies
via the Euler-Cromer method. The simulation takes a list
of objects to simulate. These objects are in the form of a
Particle class, which contains information about the body
such as:

• Name
• Position
• Velocity
• Acceleration
• Mass
• Radius

In this class, there are also functions by which the particle
can update these parameters.

The list of objects was created in software:python by
reading a comma-separated variable (CSV) file which con-
tained data on the stars that were of interest to the project.
This was generated using the software: Topcat with data
from the Gaia survey, as discussed in section 3.1.

Once the list of bodies to simulate is defined, for each
time-step the simulation iterates through a list of bodies,
calculating the acceleration on each by finding the sum of
the individual acceleration values on a first body due to each
other body:

a =

n∑
i=1

Gmi

r2i
r̂i (4)

where G is the gravitational constant (6.67408 ×
1011m3kg−1s−2), mi is the mass of the other body, ri is
the magnitude of the distance between the bodies, and r̂i
is the unit vector of the distance between the bodies. This
may be derived from a more general equation for calculat-
ing the force on a body in an N-body simulation (Trenti &
Hut 2008), which in the case of no external potential may
be written as follows:

F = −
∑
j 6=i

Gmimj(~ri − ~rj)

|~ri − ~rj |3
r̂i (5)

Once this has been calculated, the Euler-Cromer
method (Saroja & Nuriyah 2019) for calculating the updated
velocity and distance of each body is applied:

vn = vn−1 + aδt (6)

xn = xn−1 + vδt (7)

where a is the acceleration calculated using Equation 5, vn
is the velocity for the nth time-step, xn is the position for
the nth time-step, and δt is the value of the time-step.

During each step, data is saved regarding the posi-
tions of the bodies in the system. Once a predetermined
amount of time has been simulated, the simulation stops
and plots a graph of the positions of the bodies of the system
during the simulation. This allows for the visualisation of
orbits and trajectories of bodies in the system.

In addition, there is a collision system modelled in to
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Ab.png

Figure 6. Test run demonstrating the paths of stars undergoing
the Hills mechanism using a dummy binary system.

the simulation in which two bodies can collide and the mass
of the smaller body will be added to the larger body. The
momentum of the larger body will be altered by the collision.
This collision model is limited in that it calculates collision
on a time-step basis. If an object has a large enough velocity,
it can begin the time-step on one side of an object and end
it on the other side, essentially skipping over the object and
not detecting a collision where one should realistically occur.

3.3.2 Subsequent Additions and Improvements

In an attempt to improve the accuracy of the simulation,
an alternate version of the simulation was created which re-
placed the Euler-Cromer method of updating particles with
a fourth-order Runge-Kutta method. This method is able to
better estimate the acceleration on each particle, as it cal-
culates the acceleration on the particle at differing points
over the course of one time-step, using different initial ac-
celeration values, then weighing the individual results and
combining them to provide a final acceleration value.

3.3.3 Testing the Simulation

To ensure that the simulation performs as expected, sev-
eral test simulations were ran modelling the Hills mechanism
(Fig 6), the slow intruder scenario (Fig 7), and the bound
scenario (Fig 8; orbital data for the star from Gillessen et al.
(2017)). Sagittarius A? was used in all three of the test plots,
with data for the BBH adjusted to fit with Sagittarius A?

from Rodriguez et al. (2006), the mass of the intermediate
mass black hole (IMBH) was taken to be 5M� (Greene et al.
2019).

3.4 Galactic Models and Comparisons

In addition to the main simulation used for tracing the paths
of the candidate stars, we also constructed a simple model
galaxy in Python expressly to predict the escape velocity of
objects at any distance from the galactic centre, within an
approximate radius of the dark matter halo. This model is
based on some found in literature (Schmidt 1956; Innanen
1971; Flynn et al. 1996), but heavily simplified in order to
be completed in our time frame. We used a sum of different
potentials characteristic to the different parts of the galaxy
to calculate the escape velocity as:

vesc =
√

2|Φ(r)| (8)

Figure 7. Test run demonstrating the paths of the star and black

holes in the slow intruder scenario.

Figure 8. Test run demonstrating the paths of the star and black
holes in the bound scenario.

Where Φ(r) is the total radius dependent potential.
In order to calculate this potential, we divided the galaxy
into three principle components: the bulge, the disk and the
dark matter halo, each with its own specifically formulated
potential ΦB , ΦD and ΦH respectively.
The halo potential was modelled as an individual potential
as shown in equation 9, however the disk and bulge poten-
tials were divided again into three and two sub-potentials
respectively of different mass sections to more accurately
model the overall mass distribution in our galaxy. This gave
us the following potential behaviours:

ΦB = − GM1√
r2 + r21

− GM2√
r2 + r22

(9)
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Figure 9. Escape velocity vs distance from galactic centre for a

galaxy with Milky Way-like mass values and a galaxy with a disk

that is twice as heavy.

for the bulge, which is recognisably close to the standard
spherical potential of a point mass, implemented using two
estimates of the mass of the central section of the Milky
Way, contained within the radii r1 and r2:

ΦD = ΦD1 + ΦD2 + ΦD3 (10)

for the disk, where each of the sub-potentials take the form:

3∑
i=1

−GMi√
r2 + (ai +

√
b2 + z2)2

(11)

Here b is the scale thickness of the disk, chosen as a constant
average value appropriate for a thick disk galaxy like the
Milky Way, z is a parameter to modify the height above
the galactic plane being considered, and ai is related to
the scale length of that section of disk. This potential is
based on a cylindrical consideration of the galaxy, with z as
the cylindrical height. Originally the dark matter halo was
expected to be modelled, with a radius overlapping that
incorporated by the disk potential out to an estimate of the
outer edge of the galaxy, however this idea was discarded
as it was unfeasible.
Equations 9 and 10 were implemented as functions in soft-
ware:python which contributed to an overall summation of
potential. This “toy” galaxy was then initiated twice with
two separate sets of of approximate mass values (tabulated
in appendix B) to produce a plot displaying an area of
viable velocities at each radial distance.

All of the original values shown in table B1 except for
the scale thickness value b were taken from Flynn et al.
(1996). To check their validity, the code was run with var-
ious combinations of a range of values close to these. The
final pair of simplified galaxies produced the graph in Fig 9.

3.5 Dynamic Mass Modelling

In order to model the mass which is having a non-negligible
gravitational effect on our simulation we performed the fol-
lowing calculations.

Figure 10. Diagram used to approximate the net gravitational

force exerted upon a subject high velocity star due to dark matter.

3.5.1 Luminous Matter

In order to calculate the gravitational attraction due to lu-
minous matter we modelled the distribution of matter with
respect to distance from the galactic centre as 1

r2
. We were

therefore able to calculate the mass contained within a given
radius with the equation:

ML = πξ ln

(
d

rs

)
+MSagA∗ (12)

Where ξ is a constant equal to 1.368×108M�, MSagA∗ is the
mass of Sagittarius A∗, taken to be 3.6 × 106M� (Schödel
et al. 2009), d is the distance of the simulated high velocity
star from the galactic centre and ML is the total luminous
mass contained within the area bound by d.

3.5.2 Dark Matter

We also wanted to calculate the net gravitational effect of
dark matter throughout the Galaxy on our subject star.
In order to do this we approximated the Galaxy as a 2-
dimensional circular plane. It is obvious that net gravita-
tional force can only exist parallel to the line defined between
Sagittarius A? and a given HVS, the net gravitational force
perpendicular to this will always be 0 as dark matter is dis-
tributed approximately evenly throughout the Galaxy. We
used various geometric arguments to reduce the region of
dark matter considered to be exerting a net gravitational
force upon the HVS to the trapezium bounded by dashed
lines. We then multiplied by the mass of dark matter per
unit area to calculate the mass and, by extension, the con-
tribution to the gravitational field strength of dark matter.

gdm =
8πGρdmdrgal

9
(
rgal + d− 6rgal+2d2

3rgal

)2 (13)
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Figure 11. The effective mass of Sagittarius A? as a function of

radius, with distance from Sagittarius A? on the x-axis, and the

effective mass on the y-axis, as given by equation 14.

Here, G is the gravitational constant, ρdm is the mass
per unit area of dark matter in the milky way, found to be
2.91kgm−2. The value rgal is the radius of the milky way
and d is the distance between a given HVS and Sagittarius
A?.

We were therefore able to model the net gravitational
force acting on the HVS as acting from a single point mass
located at the centre of the Galaxy with mass M∗ as:

M∗ = ML +
gdmd

2

G
(14)

As such, the effective mass of Sagittarius A? changes
with radius as in Fig 11, rapidly increasing before reaching
a plateau, as is to be expected based on real-world observa-
tions.

3.6 Error Propagation

The initial data set that we have used from Gaia included er-
rors in their measurements. These errors include uncertain-
ties related to relativistic corrections, aberration corrections
and estimation of errors in the sky background and certain
assumptions about stars, amongst others. Due to the nature
of these errors, they are relatively large, with the fractional
errors in velocity being as large as 0.28 (28%).
To calculate the errors in both the position and velocity
of our stars, we have used a Monte Carlo approach. This
method works by selecting a random value that is within
the margin of error for each parameter used to calculate a
component of the velocity or position, and repeating this
process for 150 iterations. Plotting these values results in
a Gaussian distribution, and the error is then given as the
standard deviation of this curve.

3.7 Mass, Lifetime and Range

Assuming the star in question is in its main sequence, its
estimated lifetime can be determined by the following rela-
tion:

τ = τ�

(
T

T�

)−4

(15)

From this, should a star be on escape from the Milky
Way, we can set a limit on how far the star is expected
to travel during its main sequence. We can also use this to
verify if it has had sufficient time to travel to its current
position from Sagittarius A?. Of course, if it has not then
this suggests erroneous data, or invalid assumptions made.

Similarly, the mass of the star can be estimated from a
mass-temperature relation below:

M = M�

(
T

T�

) 8
5

(16)

Here it is assumed the star is main sequence. Using the
colour, apparent magnitude, and positional data from Gaia,
a visual comparison on a HR diagram can verify this.

4 RESULTS

4.1 Results from Original Search (‘Search 1158’)

Our first set of queries resulted in 1158 stars with total ve-
locity v > 500kms−1, which we then sub-divided into a sec-
tion of stars with total velocity v > 700kms−1 in order to
ascertain a velocity distribution for the set.

When these stars were imported into the simulation and
individually tested in a 2-body system with Sagittarius A?,
it was observed that none of the stars (when simulated back-
wards in time) displayed paths consistent with a significant
interaction with the black hole.

Some of the paths of the stars showed that they had
indeed been affected by the gravitational pull of the black
hole, but none of these apparent perturbations were signifi-
cant enough to warrant a closer analysis. The paths did not
deviate far from a straight line past the black hole, and many
did not come close enough to the black hole for there to have
possibly been an interaction such as the Hills mechanism.

4.2 Results of little proper motion stars (‘The
TWO Family’)

The next set of queries we used loosened the constraint on
radial velocity, but imposed a new set of constraints for
proper motion in right ascension and declination to demand
that the stars are travelling close to a line directly between
Sagittarius A? and Earth. This gave us five stars with low
R.A. and Dec. proper motion. From the results of passing
these stars through the simulation with a variety of time
steps and running times, we were able to utilise the escape
velocity graph produced (see Fig. 9) to compare the stars’
total velocity with the velocity with which we would expect
them to be able to escape the Galaxy, and whether the sim-
ulation predicts them leaving the Milky Way if their path
is uninterrupted. This “dummy check” allows us to quickly
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Figure 12. The trajectory of TWO in the previous 11 Myr. TWO

is seen to approach Sagittarius A? from the lower right and has
its orbit significantly affected by the black hole, suggesting an

interaction has occurred.

identify if the results are obviously erroneous or potentially
invalid.

4.2.1 TWO

TWO was the first result from the little proper motion
search. While it seems that TWO had interaction with Sagit-
tarius A? in the past 11 Myr, the star’s closest approach to
the galactic center was (5.0 ± 0.1) × 1018m, certainly not
close enough to have undergone the Hills mechanism. Other
factors for its unusual trajectory, shown in Fig 12, may be
in effect and we cannot rule out the possibility of TWO
originating from the bound scenario or supernova kick. As
discussed by Rasskazov et al. (2019), there is the possibility
of an IMBH near the galactic center.

Certain properties supporting TWO’s supernova kick
are its mass and spectral type. Assuming TWO is main se-
quence, and given its temperature T = 4695+111

−97 K from the
Gaia data, its mass is estimated to be 0.7+0.7

−0.6M�, calcu-
lated using equation 16. This would make the star an M,
K, or G class star, typical of that from a supernova kick.
To more concretely confirm the star’s supernova kick origin
we would need to look at TWO’s stellar composition, how-
ever as discussed in section 5 this was considered beyond the
scope of this project.

4.2.2 TWO-410,558,570

The past trajectories of these stars are extremely similar,
and are shown in appendix C, figures C1 through C3. None
of these stars pass close enough to Sagittarius A? to be con-
sidered as likely having an origin at the galactic center, cer-
tainly not as close as TWO or TWO-599. While it seems
TWO-558 may have approached Sagittarius A? within the
errors, we still consider this error too large to make any firm
conclusions from the results and so these stars must have
either total velocities different to those we have determined,

Figure 13. The trajectory of TWO-599 in the previous 1.6 Myr,
focusing on the area within 5× 1017 meters of Sagittarius A?.

which is possible due to the large errors discussed in section
3.2, or originate somewhere else.

4.2.3 TWO-599

Of the TWO Family of stars, the results from TWO-599 are
by far the most interesting. On a plot of TWO-599’s past
trajectory, Fig 13, it can be seen that the star passed very
close to Sagittarius A? within the past 1.6 Myrs. Its trajec-
tory follows close to Sagittarius A?, with various possible
paths accounting for all extremes of error. One such path
causes the star to be captured by Sagittarius A?, one takes
it on a direct collision course with Sag A? (which obviously
cannot be case as that would imply the star originated in-
side the black hole) and has a random trajectory from here
due to limitations in the simulation. Three other paths take
TWO-599 on an ordinary trajectory around Sag A?.

A plot of distance against time was produced, as shown
in Fig. 14. Here we look at the distances around time
−5 × 1013 seconds. It is seen that there are two potential
trajectories that show a slingshot interaction, with TWO-
599 approaching the black hole only once, while another is
captured and approaches the black hole with some periodic-
ity. TWO-599 has a mean closest approach of (4.5±4)×1015

meters (30080±13369AU). Indeed, if this were the case, then
it has a similar periapsis to stars R44 and S87 Gillessen et al.
(2017) at 23287+3346

−2814AU and 17391+375
−445AU, respectively. As

such, assuming interaction through the Hills Mechanism,
this would mean that it is highly likely that one of R44 or
S87 may well be TWO-599’s binary partner prior to interac-
tion with Sagittarius A?. In this case, TWO-599 became the
high velocity star, and R44 or S87 would be the captured
partner. However, with the tools we have access to, we are
unable to verify this.
Furthermore, some properties of the system can be deter-
mined should R44 or S87 be the binary partner. While we
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Figure 14. Magnitude of distance between TWO-599 and Sag

A? around time −5×1013 seconds, showing multiple approaches.

Figure 15. The expected trajectory of TWO-599 in the next 80
Myr. The Galactic Center is at the coordinate origin, and the

current position of TWO-599 is indicated with a bold spot.

know TWO-599 has a mass 0.49M� (assuming it follows
the mass-temperature relation as given in equation 16), the
mass of R44 or S87 can only be estimated. Based on data
provided in Habibi et al. (2017) and taking apparent mag-
nitudes and known masses for select stars near the galactic
center, we can estimate the mass of R44 and S87. Star S2
has an apparent magnitude of 14.1 in the K-band and a
mass 13.6+2.2

−1.8M�. Similarly, we can take the K-band appar-
ent magnitudes of R44 and S87 from Gillessen et al. (2017)
as 14. and 13.6 respectively, and make the approximation
that they are of a similar distance, if not closer to Earth.
This would mean that they would have similar luminosities,
and therefore mass. Hence, we can set an upper limit on the
masses of R44 and S87 as 13.6M�.

TWO-599’s future trajectory was also investigated. As
per Fig. 9, and given TWO-599’s current velocity of 400 ±
6 kms−1 and its current distance from the galactic center
891.7 ± 0.3pc, the star is not expected to escape from the
Milky Way Galaxy, as seen in Fig. 15.

5 DISCUSSION

5.1 Assumptions

Our model assumes a static Galaxy in which only the star
we are investigating moves, which is valid for relatively short
periods of time but fails over a large time scale such as a stel-
lar lifetime. Therefore we can run our simulation backwards
or forwards to see where a star may have originated or where
it may be heading if its orbit remains unperturbed, but this
hypothetical path becomes less valid as the time scale in-
creases, and also loses validity as it heads to regions of the
Galaxy with a high density of bodies such as close to Sagit-
tarius A?. Given the low number of bodies in each run of the
simulation, we incorporated the mass of all luminous matter,
and dark matter on the far side of Sagittarius A? to better
represent the gravitational effects on the hyper-velocity star.
We assumed that all of this additional mass could be added
to the mass of Sagittarius A? as detailed in section 3.5.2.
The result of adding this was small, but not negligible. One
final assumption that we made is that Newtonian mechanics
are valid in all parts of the simulation. While we would have
preferred to incorporate relativity, the computational power
required, as well as the time to fully code it was beyond the
time frame of the project.

5.2 Simulation

Creating a non-stationary galaxy simulation would be a mas-
sive step up in required hours, research and computational
power, so this is a hard limit on the scope of our project,
however the short range results we have achieved are reason-
ably accurate. The other main limitation on the accuracy of
our results is the minimum time step we are able to simu-
late: we would require a higher level of computational power
than that which was available to us to run a simulation for
a longer amount of time with a time interval much smaller
than 105s, which means a star may ”skip” over an important
interaction in its path. We did however manage to run some
simulations for much shorter periods of time (∼ 3Myrs) with
a time step on the order of 1yr, although this took a long
time to process. This limitation caused some erroneous re-
sults for some of the TWO family stars, which we handled
by reducing the time step as far as possible while still cal-
culating the trajectory for a usable time, and analysing the
resulting graphs carefully by eye.

5.3 Note on the Sagittarius Stream

An external source of high velocity objects is the Sagittarius
dwarf galaxy (Sag DEG) stream ((Ruhland et al. 2011; Her-
nitschek et al. 2017)), which produces K and M type giant
stars similar to those we have investigated. From literature
it has been shown that galactic-stream objects can be iden-
tified from their characteristically higher metallicity, with
Ren et al. (2017) using the separation [Fe

H
] < −2.0dex for

Galactic Halo stars, however we were unable to introduce
this parameter into our project and so we cannot defini-
tively discard the stream as a possible origin. One argument
against a Sag DEG stream origin for any of our candidates
is found in Ruhland et al. (2011), where the radial velocity
distribution for objects in the stream is shown to be largely
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within the bound |vrad| < 250kms−1, which is below our
lower limit even with errors. This distribution includes data
specifically for M type giant stars, sourced from Majewski
et al. (2004).

5.4 Future Work

One step we discussed taking but ultimately decided against
due to time constraints was performing a spectral analysis of
the stars to see if they have any key identifying features such
as significant metallicity, which would point to a supernova-
or cluster-origin star. Follow up work on this will include
adding relativity in the simulations in an attempt to reduce
the number of assumptions being made, as well as running
simulations for longer time periods at shorter steps on more
powerful computers to increase the accuracy of the plots
ascertained. Furthermore, while difficult to create, we would
also like to simulate the supernova kick, and cluster-origin
runaway stars

6 CONCLUSIONS

The results from this work are:

• High velocity stars are rare, and those with the potential
to originate from Sagittarius A? are very difficult to find.
• TWO-599 could have been produced by undergoing the

Hills mechanism with Sagittarius A?, and although we can-
not confirm this reproduced the result using a range of rea-
sonable masses for its hypothetical binary partner, which
can be found in stars near Sagittarius A?.
• The rest of our TWO family almost certainly passed

close to Sagittarius A?, but likely did not originate in the
galactic centre, so the reason for their high velocity is unde-
termined but nevertheless interesting.
• It is possible that some of our candidate stars origi-

nated from the Sagittarius dwarf galaxy stream based on
their spectral type, however we cannot prove this.

All the results of our testing, including those which did not
produce any identifiable or plausible origin for the stars,
have provided us with reasonably confident models of the
paths of many high velocity stars, as well as a smaller set of
good short-term predictions. Although there are many large
sources of error in our data, the fact that we have been able
to reproduce directly observable systems to some degree of
accuracy in the same simulation through which we ran our
candidate stars adds confidence to our results.
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APPENDIX A: DATA SELECTION

The selection constraints are given in table A1. Here θ is the
parallax angle in milliarcseconds, ∆θ is the parallax error, να
is the proper motion in milliarcseconds per year (mas yr−1)
in right ascension and similarly νδ in declination, vr is the
radial velocity in kms−1, and teff the effective temperature
of the star in Kelvin.

APPENDIX B: DATA FOR ESCAPE VELOCITY

The data used to produce the graph of escape velocity for
the Milky Way vs distance from the galactic centre is con-
tained in table B1. The data in the first column is taken
from (Flynn et al. 1996), while the second column contains
data for a galaxy on the same size scale but with a heavier
disk designed to approximate a dark matter halo and pro-
duce a range of escape velocities to which to compare our
candidate stars.

APPENDIX C: THE TWO FAMILY

For further reference, the full source IDs in the Gaia DR2
for ‘The TWO Family’ of stars are as in table C.

The trajectories of stars TWO-410, TWO-558, and
TWO-570 are figures C1, C2, and C3 respectively. Each had
a run time of 22 Myr, hence why not all of them show a full
trajectory towards Sagittarius A?, however the time step for
all was on the order of 100 yr. By comparing the trajectories
to that of TWO-558, which does approach Sagittarius A?,
it can be determined by inspection that the others are sim-
ilar enough to regard them as not being of Hills mechanism
origin.

This paper has been typeset from a TEX/LATEX file prepared by

the author.
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Step Data Set Constraints # stars returned Data used for

Original Gaia DR2 0.001 < θ < 1, ∆θ < 0.2θ, να 6= 0, νδ 6= 0, 3,000,000 Further selection
vr 6= 0, teff 6= 0

Reduced vtotal > 500 1158 Simulations

Search TWO Gaia DR2 θ < 1, ∆θ < 0.5θ, να < 1, νδ < 1, vr > 400, ∃teff 5 The TWO Family/Simulations

Table A1. The constraints in place for star data selection. Initially we searched for stars from the Gaia database that had small parallax,
and so their proper motion could not be due to their proximity to Earth; and simply had proper motion and temperature data. This was

further reduced to those with a total velocity greater than 500kms−1, as per our definition of a hyper-velocity star. Search TWO was

then constrained to give stars with little R.A. and Dec. proper motion, with all their velocities radial.

Figure C1. The expected trajectory of TWO-410 in the past 22 Myr. It is seen that the star had an origin near to Sagittarius A?, but

extrapolating the trajectory reveals that it does not pass close enough to the black hole to be considered of having its true origin there.

Component Original Values Heavy Version

RC1 0.42kpc 0.42kpc

MC1 3.0× 109M� 3.0× 109M�

RC2 2.7kpc 2.7kpc

MC2 1.6× 1010M� 1.6× 1010M�

a1 5.81kpc 5.81kpc

a2 17.43kpc 17.43kpc

a3 34.86kpc 34.86kpc

MD1 6.6× 1010M� 13.2× 1010M�

MD2 −2.9× 1010M� −5.8× 1010M�

MD3 3.3× 109M� 6.6× 109M�

b 0.306kpc 0.306kpc

z 0 0

Table B1. Table of values used in the galactic potential models.

Star Name Gaia Source ID

TWO 4662254521025223680

TWO-410 4107382439059824768
TWO-558 5588591555569392512

TWO-570 5709258382570534272
TWO-599 5990629356697925120

Table C1. The source IDs of the TWO Family of stars.
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Figure C2. The expected trajectory of TWO-558 in the past 22

Myr. TWO-588 clearly interacts with Sagittarius A?, and within
error could have passed close enough to be considered as being
of Hills Mechanism origin, but due to the large error this was
discounted as such.

Figure C3. The expected trajectory of TWO-570 in the past 22

Myr. The star is seen to approach Sagittarius A? in its past, but
would not be close enough to be considered of Hills Mechanism

origin.
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