The Galactic Centre cloud G2 and
scattering processes in the young
stellar ring

Miriam Keppler

Munich 2013






The Galactic Centre cloud G2 and
scattering processes in the young
stellar ring

Bachelor thesis
at the

Ludwig—Maximilians—Universitat Miinchen

Miriam Keppler
(Matr. nr.: 10392881)
born in Munich on 12/12/1990

supervised by
Prof. Dr. Andreas Burkert

and
Dr. Marc Schartmann

Munich, August 12, 2013



Evaluator: Prof. Dr. Andreas Burkert

Date for the oral examination: October 8, 2013



Contents

[Introduction| 1
(1. The 'compact source’ scenario| 5
(L.1. Constraints on a star embedded in G2 . . . ... ... ... ... .. 5
[1.2. The young stellar ring . . . ... ... ... ... ... ........ 6
[1.3. G2 as a photoevaporating protoplanetary disk] . . . . . .. .. .. .. 7
(1.4. A T-Tauri star as compact source| . . . . . . . . .. . ... ... ... 9

[2. First estimates from scattering theory| 11
2.1. Two-body scattering| . . . . . . . . ... ... ... 11
[2.2. A simple analytical approach|. . . . . .. ... ... ... ... ... 13
[2.2.1.  Approximation for three-body problem| . . . . . . . . . .. .. 13

222, Crosssectionl . . . ... ... .. ... .. 15

[2.2.3. Delivery ratel . . . . . . . ... 15

(3. N-body simulations| 18
[3.1. Collisional and collisionless systems| . . . . . . . ... ... ... ... 18

3.2. REBOUND Codel

[4.2.1.  Delivery rates and probabilities| . . . . . .. ... .. ... .. 30
[4.2.2. Single scattering encounters| . . . . . . . ... ... L. 30
[4.2.3. Energyloss . . ... . ... ... 31
[4.2.4.  Dynamical properties of perturber stars{. . . . . . . . ... .. 32
[4.2.5. Accuracy of timestep| . . . . . ... ... 32
34
[Acknowledgements| 37

A AYs]o q 39



Contents

vi
Bib grap 49
[List of Figures| 51

Statement of self-reliancel 53



Introduction

A gas cloud is moving towards the super-massive black hole in the Galactic Centre
of our Milky Way.

At a distance of 8.33 kpc, in the centre of our galaxy, resides a super-massive black
hole (SMBH). It is identified with the central compact radio source, SgrA*. By
monitoring stellar orbits in its direct environment, the gravitational potential which
determines the motion of the nearby stars could be directly observed. With this
approach a black hole mass of 4.31 x 10° times the mass of our sun was found
(Gillessen et al., 2009).

In popular scientific terms, black holes often have a mystic status as ’cosmic vacuum
cleaners’ or ’energy monsters’. This association might come from the fact that at
some distance to the black hole, the so-called ’Schwarzschild radius’, even light is
not able any more to escape the black hole’s attracting force. For the case of SgrA*
this corresponds to a distance of ~ 1.3 x 10° m or 0.09 au. Further, when a black
hole is accreting material, gravitational energy from infalling matter is released as
thermal radiation, but also bremsstrahlung, synchrotron and cyclotron radiation can
be detected from the environment of Active Galactic Nuclei.

Currently, the black hole in our galaxy has been remarkably faint. Its luminosity
lies more than eight orders of magnitudes under its Eddington luminosity (Genzel
et al 2010). The Eddington luminosity corresponds to a maximum accretion rate
which a black hole (or an accreting star) can reach under hydrostatic equilibrium
- if the luminosity exceeds this limit, radiation pressure gains the upper hand and
gravitational infall is diminished or even stopped. If accretion is non-spherical,
e.g. in a disk, even super-Eddington accretion is possible. Hence, a low luminosity
corresponds to a low accretion rate. But for the case of SgrA* things are potentially
going to change: observations of the Galactic Centre indicate that the black hole is
now going to be fed.

In 2011, while studying stellar orbits in the Galactic Center with the Very Large
Telescope, |Gillessen et al.| (2012)) discovered an object moving with a velocity of

1700 km/s on a nearly radial orbit towards SgrA*. Combining astrometric and
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Fig. 0.1.: The cloud was observed in the L’-band (b), but not in the Kg-band (a) (dashed circles).
Panel (c) shows the cloud’s positions in 2004 (red), 2008 (green) and 2011 (blue). The
cross marks the position of SgrA*. Adapted from |Gillessen et al.| (2012).

spectroscopic data, they found the object to be a dusty, ionized gas cloud having a
mass of about three Earth masses and a radius of ~ 100 au. Dark, dusty clouds cover
the view to the innermost of the Milky Way from Earth. Consequently, observations
are mainly conducted in the infrared spectrum where dust is more transparent. The
cloud (nick-named 'G2’) was discovered in the L’-band (3.76 wm) and in the M-
band (4.7 pm), but was not seen in the Kg-band (2.16 pm)(see Figl0.1). According
to this, a dust temperature of ~ 550 K could be estimated. Spectroscopically, G2
appears as a source of redshifted Bry and Brd hydrogen, and 2058 um He I emission
which indicates that the cloud consists mainly of ionized gas. G2’s discoverers were
able to trace the cloud’s orbit looking back into archival data of the last 10 years.
They could see that the cloud is moving on a Keplerian orbit with a very high
eccentricity of 0.97 and semi-major axis of about 5500 au implying an apocenter
distance of 11000 au and a pericenter distance of only 190 au (corresponding to
2200 Schwarzschild radii) (Gillessen et al [2013al). Also [Phifer et al. (2013) could
observe the cloud and derived an eccentricity of even 0.98 and a pericenter distance
of 130 au. This is a remarkable value in view of the fact that only two stars have
been detected at closer distances to the black hole so far (Gillessen et al., 2009).
Observations show a growing velocity gradient along its travelling direction due to
the tidal forces exerted by the gravitational potential of SgrA*. As a consequence,
the cloud is already being stripped (see Fig.

Not only that G2 has started to stretch like a 'spaghetto’ but also some fraction
of the cloud seems to have already passed pericenter (Gillessen et al., [2013b]). Nev-
ertheless, it is assumed that the passage of closest approach to the black hole for the

whole cloud will last for a period of about one year. This event will provide a unique
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Fig. 0.2.: Position-velocity diagrams of G2 of the last couple years. The growing velocity gradient
is clearly visible. Adapted from |Gillessen et al.| (2012)).

opportunity to probe the physical conditions of the black hole’s direct environment
and will allow us to learn more about the properties of its accretion flow. To benefit
from this astounding event, numerous observations are planned in a wide range of
the electromagnetic spectrum E]

Given the extraordinary character of this observation it is reasonable to ask: what
is actually the origin of the G2 cloud? And how could the cloud happen to reach
such an unusual orbit? There are several propositions about the nature of G2:
Gillessen et al.|(2012)) and Burkert et al.| (2012) suggested that the cloud could have
formed due to colliding winds produced by stars in the Galactic Centre environment.
Schartmann et al.| (2012) conducted hydrodynamical simulations to show that the
evolution of a pure gas cloud having originally had a homogeneous or spherical
shell-like structure on its way towards the black hole could match the observations.
Meyer and Meyer-Hofmeister| (2012)) proposed that the cloud results from a recent
nova outburst.

Two models, presented by |Murray-Clay and Loeb| (2012) and |Scoville and Burkert
(2013)), suggest a compact source inside the cloud: a low-mass star which is too faint
to be observable. Having originally been member of the disk of young, massive stars
in the Galactic Centre, scattering events with its neighbours could have brought the
star to its current orbit. But this opens a new question: how likely is such an orbital
evolution?

In this bachelor thesis, I examine this question concerning the likelihood of scatter-
ing events in the young stellar ring leading to highly eccentric orbits. After having

presented the two models about a compact source for G2 (chapter 1) I will exam-

see https://wiki.mpe.mpg.de/gascloud/ProposalList
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ine scattering theory and make a first analytical approach to delivery rates in the
young stellar ring (chapter 2). Finally, I run N-body simulations to elucidate scat-
tering probabilities and will present procedure and results (chapter 3) followed by a

discussion (chapter 4). I will finish the bachelor thesis with a summary.



1. The 'compact source’ scenario

At first glance, the two models described by Murray-Clay and Loeb| (2012)) and
Scoville and Burkert| (2013)) for a compact source of G2 are very similar: they
both assume a low-mass stellar object inside the cloud which is too faint to be
detected. This star originates from the disk of young stars around the Galactic
Centre, and through gravitational interaction with massive perturbers it has been
scattered on its highly eccentric orbit. Though, the physics of the cloud formation in
the two scenarios is very different. In this chapter, I will briefly discuss the observed
constraints on a potential star inside the cloud, then I will present the proposed
origin of the star, namely the young stellar ring. Finally I will elaborate the details

of the two different cloud formation processes.

1.1. Constraints on a star embedded in G2

No star is detected at the location where G2 is observed. Hence, it is to speculate
which type of star could still be the source of G2, but without being detected. Ob-
servations of the Galactic Center yielded images of G2 at different wavebands. These
can be used to infer constraints on the energy distribution of a possibly embedded
star inside the cloud. As no emission is detected in the Kg-band, |Gillessen et al.
(2012) conclude a lower limit of 17.8 for the absolute magnitude in this waveband.
Besides, they suggest the cloud to be optically thin to infrared radiation, so they
can neglect that the stellar source could be hidden due to local extinction. These
facts lead to two constraints on a star inside the cloud: it would be favourable if its
temperature is high enough (T > 10%% K) to shift its emission sufficiently in the UV
spectrum. But at least its luminosity needs to be low enough ( L < 1037Lg) to lie
below the detection limits. These constraints include for example sun-like low mass

stars. Possible candidates are present in the young stellar ring.
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1.2. The young stellar ring

The innermost of the Milky Way shows evidence of extreme properties that make
the direct environment of the black hole a ’stellar collider’ (Alexander, 2005): the
close presence of the black hole causes extraordinarily strong tidal forces and ac-
celerates stars to high velocities, and high stellar densities (int the central ~ 0.1
pc about a factor 10° higher than in the sun’s neighbourhood) increase the rate of
stellar collisions. The central parsec of our Galaxy can be divided into three stellar
substructures (Alexander, 2005): in the innermost environment of the black hole,
extending to a distance of ~ 0.04 pc, observations show evidence of a cluster of faint,
blue stars, also called the ’S-cluster’. Their orbits seem to be randomly distributed
in space. Jumping to some outer regions, outside ~ 0.4 pc, the stellar distribution
goes slowly over into a large-scale mixed population of old and young stars.
Between these two populations, more precisely in a range of 6700 - 10% au appears a
configuration of young massive stars (Bartko et al., [2009). They are mainly identi-
fied as O, B and Wolf-Rayet stars and all have the property to be massive, hot and
luminous. Especially the Wolf-Rayet (WR) stars are undergoing rapid mass loss by
strong winds. Most of these stars reside in a clockwise-rotating disk which is part
of a system containing two counter-rotating and strongly inclined rings. Already
~ 100 massive stars could be identified with observations. But also a few thousand
low-mass stars down to masses of 0.3 My are assumed to be hosted by the young
stellar ring. The orbits in the clockwise rotating disk are found to have an open-
ing angle of |h|/R ~ 10°, with h the scale height and R the local ring radius, and
seem to be modestly eccentric (mean eccentricity ~ 0.35). The two disks probably
formed from one or two massive gas clouds which were captured by the potential of
the black hole some 10° years ago (Bonnell and Rice| (2008)), |Alig et al.| (2011)), |Alig
et al.| (2013)). By examining the fractions of its star populations, the age of the disk
system could be estimated to ~ 6 My.

Now, what is the link between the G2 cloud and this stellar system? The obser-
vations gave a remarkable result: the plane of the cloud’s orbit coincides with that
of the clockwise rotating disk, and further, its apocenter distance (~ 11000 au) lies
well within the inner part of the young stellar ring. This lead Murray-Clay and Loeb
(2012) and [Scoville and Burkert (2013) to their presumption, that the low-mass star

originally belonged to the ring, and was scattered to its plunging orbit.
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1.3. G2 as a photoevaporating protoplanetary disk

Most of the stars in a cluster are initially equipped with proto-planetary disks
(Haisch et al., |2001). A good fraction of these disks gets lost within a period of
3 My whereas some stars may hold them for up to 6 or even 10 My. The extend of
circumstellar disks can reach a few hundred au (Nattaj, 2004).

In the scenario of Murray-Clay and Loeb| (2012), the star is surrounded by such a
protoplanetary disk. It consists of cold dust and gas of temperatures ~ 300 K, so
that the disk itself can’t be observed. Assuming an initially circular orbit for G2
with approximately the radius of its current apocenter distance (11000 au), they ar-
gue that a solar mass star can be able to host a proto-planetary disk on its original
orbit. Their argumentation goes as follows: consider a test particle surrounding the
low-mass star. Due to the gravitational force of the black hole, there is one outer-
most orbit radius for which the particle is still bound to its host. The corresponding
radius is called Roche radius. It can be calculated as follows (Binney and Tremaine,

2008):

1

my \? ms 431 x 105M,\ 3
roche = ' dy =~ 50 ~ - 1.1
froch <3MBH> ’ " (M® Mpu ) (L1)

with dy = 11000 au being the distance between the star and black hole on its initial
orbit, m, and Mgy the masses of the low-mass star and the black hole respectively.
Murray-Clay and Loeb| (2012)) argue, that a star could then host a stable disk with
radius ~ roene/3. This would mean, that a solar-mass star could hold a stable disk
with radius rgis. ~ 17 au, and a star of mass 0.3M could be surrounded by a disk
with radius rgs. ~ 9 au.

During its evolution in the young stellar ring, the star experiences scattering events
from neighbour stars at different distances that bring it to its low angular momen-
tum orbit. The configuration of the system can be seen in Fig[1.1] (left). Since later,
the cloud will be formed from disk material, it is important that these encounters
occur on such distances, that the disk is not stripped or even destroyed by tidal
forces. Therefore, Murray-Clay and Loeb| (2012)) (Supplementary Discussion) cal-
culate a minimal impact parameter of ~ 10 au which ensures the disk not to be

disrupted during the scattering process.
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Fig. 1.1.: In the model of Murray-Clay and Loeb| (2012), G2 originates from the inner part of
the young stellar ring and is scattered to its plunging orbit (left). Photoevaporation
and growing tidal forces then disrupt the disk and lead to the formation of a dusty gas
cloud, G2 (right). Adapted from Murray-Clay and Loeb (2012).

Now, during its plunge towards the black hole, there are two mechanisms that
lead to mass loss from the disk and finally to the formation of the cloud:
The star’s Roche radius shrinks as it approaches the black hole. In the end, at
pericenter, it will be only ~ 1 au (m, /M@)%. Whatever is outside the Roche radius
is going to get stripped away and forms a cloud of debris around the star. As a
consequence, both, the disk and also the cloud, are tidally stretched and more and

more material is disrupted. So, an increasing amount of particles contributes to the

formation of the cloud and to its emission. From this point, Murray-Clay and Loeb|
(2012) expect a significant increase of the total Bry luminosity during the cloud’s

plunge towards the Galactic Centre.

Further, the Galactic Centre shows evidence of ionizing and far ultraviolet (FUV)

photons from the nearby hot and massive stars. This high-energy radiation heats
kT

Mparticle

the surface of the disk. If the thermal velocity vy, ~ exceeds the local

escape velocity Vese ~ \/% at a distance d.., then particles are lifted from the
disc and also form a dusty and gaseous cloud around the star (see Fig[L.1] right).
These calculations lead the authors to assume that material is lifted from an inner
extend of about 10 to 100 au.

During gravitational encounters or pericenter passages the cloud and even parts of
the disk may be disrupted. But as long as some material is left on the disk, the
cloud can be regenerated. The current pericenter passage will be critical, though:

disk and cloud material out of ~ 1 au could be disrupted. In any case, the star itself
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will survive pericenter passage, tidal forces will significantly truncate the disk and
hence the cloud generating wind should at least be reduced for some time.

This model can account for the observed size and emission properties of the G2
cloud. But, current observations did not show the expected increase of emission so
far, on the contrary, following |Gillessen et al.| (2012)), it has stayed constant during

the last years.

1.4. A T-Tauri star as compact source

Also in the model presented by [Scoville and Burkert, (2013), the G2 cloud is formed
around a low-mass, young-aged, and still disk-surrounded star. It originally belonged
to the young stellar ring and has been scattered inwards to the Galactic Nucleus.
So far, identical to the model above. The difference comes with the formation of
the cloud: the star is currently in the so-called T-Tauri phase which is one of the
last stages for sun-like stars before main sequence life starts. At this time, the star
undergoes strong winds from the inner edge of its disk with wind velocities of order
100 km/s. After being scattered inwards towards the Galactic Centre the star dives
into the hot, X-Ray emitting gas which is present in the innermost of the Galaxy. In
general, every body which is moving through a fluid or a gaseous medium undergoes
a drag force due to ram pressure as the medium on its front is compressed. The ram

pressure is of order (Binney and Tremaine, [2008)
P = pv? (1.2)

with p the density of the ambient medium and v the velocity of the body. Conse-
quently, as the star approaches the Galactic Centre, the hot gas exerts ram pressure
on the star: P,y = pgasvf. This is countered by the pressure of the outflowing

T-Tauri-wind: Pying = pwind (1)025,q4 = (M / (47T7“2?}Wind)> vZ. .. Hence, the point

in front of the star where these two pressures are in equilibrium Py, = Pying is at
distance 7equi from the star ‘
quui - 4M”wind2 . (13)
T Pgas Uy

Choosing typical values for T-Tauri stars, M = 4 x 1078 M), Vyina = 100 km/s, and
for the hot ambient gas, pg.s = 107%'g/cm?® and assuming a stellar velocity of 2000

km/s, Scoville and Burkert (2013)) compute requ ~ 14 au. Hence, at this location,
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the wind is stopped and a strong shock front occurs, consisting of two layers: the
stellar wind meets the compressed gas at 7equi producing a cold shock front; this
in turn meets the hot ambient gas farther outside causing a hot bow shock. The
configuration can be seen in Fig[l.2

cold —»

bow shock
10% em™ -— hot
ambient
medium
400 cm™?
mass loss
envelope
hot
bow shock I
1600 cm? 2x10™ 0 -2x10™

cm

Fig. 1.2.: As the T-Tauri star moves through the hot ambient gas, ram pressure due to the
interaction of the T-Tauri wind and the gas leads to the formation of a shock front.
Adapted from [Scoville and Burkert| (2013).

In this scenario, the observed cloud emission lines come from the shock front
region: wind material passing the bow shock lead to collisional ionization of the
medium. On this way, the observed constancy of the line flux can be explained:
since mass-loss rate and velocity of the T-Tauri wind are insensitive on the distance
to SgrA*, also the ionization rate and hence emission line flux are a pure function of
the stellar parameters which causes the observed constancy of luminosity. Since the
wind launching region (~ 0.2 au) on the inner range of the disk is small compared
to the Roche radius at pericenter distance (of order 1 au, see section the wind
and hence the cloud should not be destroyed during the closest approach period. So

G2 should survive and stay observable after pericenter passage.



2. First estimates from scattering

theory

For both models, the same question occurs: how likely is the transport of a low-mass
star originated from the young stellar ring to such a highly eccentric orbit? The aim

of this chapter is to make a rough estimation on delivery rates to G2-like orbits.

2.1. Two-body scattering

The gravitational interaction of two bodies, m and ms, moving initially with relative
velocity v, can be simplified by splitting the system into the motion of the center
of mass and the motion of the bodies relative to it (see Landau and Lifshitz (1966))).

Hence, the system is described by the movement of a reduced particle with mass

U= mimao
mi1+me

fixed in the origin. For this so-called Keplerian problem exists an exact solution.
The orbit of the reduced particle is described by

in a central potential generated by the mass M = m; + mo which is

LZ
= 2.1
P pa (1 + € cos(p)) (2.1)
with o = Gmyms, L the angular momentum of the reduced particle, e = /1 + 25(1%2

the eccentricity, ¢ the current angle with respect to the semi-major axis, and p the
time-dependend radial distance to the origin (see Fig2.1]). For total energy £ < 0
is € < 1, and the particle does not have enough energy to escape. It is bound on a
closed, elliptical orbit. In the case where E > 0, the particle follows a hyperbolic

orbit and is able to escape to infinity.
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Fig. 2.1.: Bound, elliptical orbit in the Keplerian problem. Adapted from |Fliessbach| (2009).

During a two-body scattering process, the total energy of the system is conserved,
as well as angular momentum. Additionally, in case that no external potential is
present and if the scattering is elastic, energy conservation is also valid for each
particle itself (m and mgy or g and M respectively). As a consequence the absolute
value of the scattered particle’s velocity before the gravitational encounter equals
that after the scattering (|| = |¢/|). It is useful to introduce the impact parameter
b which is the perpendicular distance of the particle’s orbit at p — oo with respect

to the center.

Fig. 2.2.: Hyperbolic orbit during two-body scattering (for a repulsive potential). Adapted from
Fliessbach| (2009)).

As long as the reduced particle is at infinite distance (that means before any
significant gravitational interaction occurs), its angular momentum can be written
as L = pbvy. From equation its orbital angle computes as &g = ®(p — ) =
arccos (%) By introducing the scattering angle § = m — 2®( (see Fig, and
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remembering that € depends through L on b and v,.;, one can establish a connection

between the impact parameter and the scattering angle:

p(o) = Gl tma) o (g) (2.2)

2
vrel

2.2. A simple analytical approach

Now, how do scattering processes look like in the young stellar ring? To keep things
as simple as possible, I will consider only scattering encounters that bring the cloud
to its highly eccentric orbit via one single scattering event. Having just considered
the Keplerian problem, the situation for scattering in the young stellar ring turns
out to be more complicated: a dominant external potential, namely that of the black
hole, is present and changes the configuration from a two-body configuration to a
three-body problem. In general, such a problem can’t be solved analytically. To get

an impression though, I will make the following approximations.

2.2.1. Approximation for three-body problem

Let’s assume a low-mass star with m, = 1M moving initially on a circular orbit
with radius r, ~ 11000 au and a velocity v, = ,/G(MB;—I:W ~ 590 km/s. A single
scattering event which brings the cloud to high eccentriéity needs to be quite strong
and hence is more effective the higher the perturber’s mass. Observations on the
young stellar ring show evidence of stars up to 60 M (see section , below),
so let’s assume this value as the perturber mass. In my model, this massive star
is orbiting with a typical eccentricity of 0.35. As it spends a good fraction of its

time on apocenter, I assume it to be most likely that scattering takes place during

G(MpH+mpert)(1—€) ~ 480

Tapo

this period, and adopt an apocenter distance of 11000 au for the perturber star (see
Fig.. At this location, it moves with velocity vpe =
km/s. Hence, the two stars have a relative velocity of 110 km/s at the perturber’s

apocenter.
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young stellar ring

scattering

- H———e’h. }
evest B 100000 "o
oo N kG2

new orbit

Initial orbit

Fig. 2.3.: Sketch of the scattering configuration in my approximated calculations. Scattering takes
place for an infinitely short time at the perturber’s apocenter.

The question now is: which scattering angle and hence which impact parameter
would lead to a change in eccentricity of €, ~ 0.9 for the low-mass star? To estimate
this, I consider the following scattering process: initially, the two stars are orbiting
the black hole without any respective gravitational interaction. As the perturber
star reaches apocenter, the potential of the black hole is turned off, and the two
stars are now gravitationally interacting. Hence, the scattering process itself takes
place without any external potential. Further, I assume that the length scale of the
respective gravitational interaction is negligibly small compared to the whole system,
so that the scattering can be approximated as a point-like event. Right after the
perturber has left apocenter, the scattering is fullfilled and the gravitational field of
the black hole can be turned on again. Now, the stars are moving again on constant
orbits, but without any respective interaction. As in my system during scattering
itself no black hole field is present, I can treat it as a two-body problem and hence
can assume energy conservation for each of the two stars.

The new, post-scattering eccentricity €, of the low-mass star depends on its energy
E’ and angular momentum L/, (see section . Let’s evaluate these values. Before

scattering, the energy of the low mass star is
]_ 2 GMBHm*

E0 == - IBHT R 2.3
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where identification £ = E’ is due to energy conservation. ppy = AﬁBHHﬁ;* denotes
the reduced mass of the system black hole — low mass star. Further, as explained
in section [2.1] during two-body scattering, the absolute value of velocity of each
star remains constant. Only its direction changes, from v, = (0,v.) to vz =

(v,sind, v,cosf). Hence, the angular momentum right after scattering reads:

’ZZ‘ = PJBH|Fapo X UZ| = ‘UBHTapov*COSm (2.4)

Combining ([2.3]) and (2.4]) , one gets the new eccentricity with respect to the black
hole:

, 2B, L2
€. =4/1+ . =/1—cos(6)? (2.5)

UBHO?

To reach an eccentricity of 0.9, a scattering angle of ~ 65° is required.

2.2.2. Cross section

From particle scattering theory, I can now compute the cross section:

9. (2.6)

(%

2
do = 27bdb = Qﬂb(g”%(;)’de _on (G(mper; + m*)) ;is((ee//;)?)

rel

For a scattering event transporting the low-mass star to €, > 0.9 it results

Mﬂﬁ:/j@wp;;m»)z(%) " 2

vrel

2 —4
~ 4.1 x 1024 m? (Mpert + ) Urel (2.8)
‘ 61M, 110 km/s ) '

Obviously, the cross section is proportional to mf,ert which means that scattering

processes are dominated by high-mass perturbers.

2.2.3. Delivery rate

From this point, a scattering rate f per low-mass star can be calculated via

f =nov. (2.9)



16 2. First estimates from scattering theory

The only value which needs to be yet computed is the number density n of perturber
stars in the inner region of the young stellar ring.

The best fit for the radial surface density (number dNV of stars on surface 27rdr)
of the clockwise stars results in a power law X(r) oc r~** (Bartko et all 2009).
The mass function describing the number of stars N with mass m, follows the law

dnN

o %% for massive stars from 7 M, to an upper observed limit of 60 Mg; below

this mass range (0.3—7 M) it can be described by the Salpeter initial mass function
o m=235 (Murray-Clay and Loeb, 2012). In total, a mass of Mg ~ 10" My is
associated with the young stellar ring. As N o [ %dm ox m%% for massive stars,
and Miotal [ Nmdm oc [ m'?>dm it follows, that the largest fraction of mass is

concentrated in the massive stars (see Figl2.4]).

1.0

0.8

0.6

04

fraction fN mdm/ M,y

0.2

0.0

10 20 30 40 50 60
m [Me)]

Fig. 2.4.: Plot of mass fraction contained in stars up to mass m with respect to the total mass
of the young stellar ring. It can be seen that nearly 50% of mass is included in stars
between 50 and 60 M.

For this reason, about 10* M /60 My ~ 170 massive stars of 60 M, could reside
in the ring (compare [Murray-Clay and Loeb (2012)). Not the whole disk but only
the neighbourhood of the cloud’s apocenter where the scattering takes place, let’s
say a range between 6700 and 20000 au, is of interest here. So, what fraction of

perturber stars would we find in this region? That is calculated from the surface
20000 au

r—14rdr
: Ninner range au 3
density by frme—mese — S ~ 0.25, hence Nper = 170/4 ~ 40 high-mass
J rldArdr

6700 au
stars could be found near the cloud’s apocenter.
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What about the amount of low mass stars? As N = A x m%® for a range of 7 - 60
My and N = B xm 13 for 0.3 -7 My with A and B being constants, N(60 M) =
40 = Ax60°% perturbers reside the inner part of the ring. This results in A ~ 4.2.
Knowing A now, A x 799 ~ 12 ~ B x 7713 stars of 7 M, can be found. It follows
B ~ 166. So, B x 17135 ~ 170 stars of 1 M, and B x 0.3M;"** ~ 900 stars of 0.3
M, could be hosted by the inner part stellar ring.

Back to the number density of perturber stars. The volume of the inner range of the
ring can be estimated as a cylindrical ring form: V = 7(R3 x 2h(Ry) — R? x 2h(Ry))
with Ry = 20000 au and R; = 6700 au. The scale height at radius R is ~ 10° x R
(see section [I.2)), hence h(R;) ~ 1200 AU and h(Rs) ~ 3500. The number density

of perturber stars is

N@'I‘ — — — —
n = th ~47x 107 2an? &~ 1.4 x 107 m 3 (2.10)

In total, these calculations give a scattering rate for a single star of ~ 2x 10~8yr~!

for both types, 1My and 0.3M, stars. According to their populations of 170 and
900 stars respectively, this corresponds to a delivery rate of f x 170 ~ 3 x 10~ %yr !
for m = 1M, and one of f x 900 ~ 2 x 107%yr~! for m = 0.3M. In summary, about
20 1M, stars and 108 0.3M, stars could be delivered onto highly eccentric orbits
up to the current age of the stellar ring. This makes roughly 10 % of each population.



3. N-body simulations

To get more reliable answers about scattering processes in the young stellar ring, it
is reasonable to carry out N-body simulations. The configurations of the simulations
is similar to those conducted by Murray-Clay and Loeb (2012)). They include the
super massive black hole (of mass 4.3 x 105M,), the inner part of the young stellar
ring represented by 40 massive perturbers of 60 M, each, and 900 test particles
which correspond to the low-mass stars (see section for a detailed derivation of
population numbers). The initial conditions for each star are randomly set accord-
ing to the properties of the young stellar ring. To get a statistical conclusion, 10
simulations with different random realisations of the initial conditions are launched.

But before being able to start, an appropriate code has to be found.

3.1. Collisional and collisionless systems

Gravitational systems can be divided in two classes: collisional and collisionless
systems. The deciding parameter therefore is the relaxation time t.e.x - This is the
time after which sufficient gravitational encounters have taken place to have changed
a star’s initial orbit on a significant way. So, if the stellar system is relaxed (that
means t > tyelax ), informations about the orbit’s initial conditions have been washed
out.

For collisional sytems, t.cax is short compared to their age so that gravitational
encounters have been playing an important role for the evolution of the system. So,
in this case it is recommendable to use a collisional N-body code which computes
the forces exerted by all included mass points by direct summation. In contrast,
if timescales < t.ax are considered, the system can be treated as a collisionless
system. Gravity is by far the weakest, but most long-range of the fundamental
forces. Hence, in the case where close gravitational encounters do not play an
important role, the potential can be approximated by a smooth mean potential.

This saves significant computation cost in contrast to direct summation methods
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(see |Binney and Tremaine| (2008))).

The relaxation time for the young stellar ring is estimated to be of order 10° yr
Alexander]| (2005)). Considering its age of ~ 6 Myr we are formally concerned with
a not relaxed, collisionless system. But in the simulations, rare scattering events
which hardly influence the dynamics of the ring system as a whole, are of special
interest as they are the mechanisms that could bring stars onto highly eccentric
orbits. Hence, it is the most appropriate to use a collisional N-body code. For this
bachelor thesis, the REBOUND code has been chosen.

3.2. REBOUND Code

REBOUND is an open—sourcdﬂ N-body code for collisional systems entirely written
in C (Rein and Liu, [2012). It was originally designed to simulate processes in sys-
tems like planetary rings (Rein and Latter], 2013), (Latter et al., |2012) or planetary
formation (Paardekooper et al. |2013)) but due to its high modularity it can be used
for a variety of problems in astrophysics. Several different modules concerning grav-
ity, collisions and boundary conditions are available. One can determine a certain
time interval for which positions, velocities and orbital parameters of each particle
are put out in an ASCII-file. To accelerate computation, it is possible to run the pro-
cesses fully parallelized with MPI as well as with OpenMP. Furthermore, a real-time
3D-visualization using OpenGL can be enabled. With REBOUND, three different
integrators are available: Leapfrog, the symplectic epicycle integrator (SEI), and a
Wisdom-Holman mapping. After having tested several of them, I decided to use the
Leapfrog integrator.

3.3. Leapfrog Integrator

The aim of my simulations is to compute the motion of the stars in the young
stellar ring (represented as point masses) in the potential of the super-massvie black
hole and under their mutual gravitational interaction. This is a classical N-body

problem. Such a system is governed by the Hamiltonian

"https://github.com/hannorein/rebound
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with T and ® being the total kinetic and potential energy; p; the momentum and

7; the position of particle i. By solving the equations of motion

. OH
P 2
717, ap—; ) (3 )
OH

or;

mr; = p; = — (3.3)
one can calculate the evolution of position and momentum with time. As there is no
analytical solution for the N-body problem including more than two particles, the
task for an orbit integrator is to solve iteratively the equations of motion for each
timestep t, = to + nAt. There are several methods to do so by direct summation
of the occurring forces (Dehnen and Read, 2011). The simplest one is the so-called
FEuler method which corresponds to a Taylor expansion of position and velocity in
time to first order in At. An often used method to increase accuracy is the so-called
Leapfrog integrator. It is applied in a wide range of fields like stellar dynamics,
plasma physics, and molecular dynamics (Hut et al.,|1995]). Leapfrog is a symplectic
integrator which means that it exactly solves an approximated Hamiltonian H =
H+H.,,.. A property of symplectic integrators is to preserve phase-space volume and
Poincaré invariants which implies total energy conservation (Binney and Tremaine,
2008)).

The leapfrog integration scheme goes as follows:

. (t ; %) = (1) + S (3.4)
Pt +At) =p(t) — At VO <F(t + %)) (3.5)
F(t+At) =71 (t + %) + %ﬁ(t) (3.6)

This integration method is also called ’drift-kick-drift’ algorithm because in the first
part only position is changed (’drift’), followed by a change in momentum
(’kick’) (3.5)), and the whole timestep is finished by again fullfilling a drift operation
. In the limit At — 0 this scheme solves the exact Hamiltonian H.

An appealing property of Leapfrog is its second-order accuracy in At, in contrast to
the first-order Euler method. Besides, Leapfrog is time reversible which surpresses

numerical dissipation.
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3.4. Initial Conditions

Now, initial conditions have to be set. A Keplerian orbit is uniquely identified by 6
elements: eccentricity €, semimajor axis a, inclination ¢, longitude of ascending node
), argument of periapsis w, and true anomaly v. € and a define the shape of the
ellipse, while i (angle of orbital plane with respect to x-y plane) and 2 (angle in x-y
plane from positive x-axis to ascending node) describe the orientation of the orbital
plane in space. Finally, the parameter w (angle from direction of ascending node to
pericenter distance) defines tho orientation of the ellipse in its plane and v (angle
of orbiting star with respect to pericenter distance) implies the current position of
the object on its orbit. The parameters are illustrated in Fig[3.1]

Argument of périapsis

Y

Reference
direction

Longitude of ascending node

P.\‘ane
of refefence
Inclination
£3

Ascending node

Fig. 3.1.: Orbital elements of Keplerian orbit. Adapted from [Wikipediaj (2010)).

To set the initial conditions in the code, the orbital parameters have to be ex-
pressed as cartesian coordinates. To do this, the following considerations are im-
portant: given € and a, the orbit can be drawn in xy-plane. Identifying semi-major
axis with the x-axis and pericenter showing to positive x-axis this can be done from
the orbital equation (compare equation ([2.1]))

p(t) = H_+;OS(V), (3.7)
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with p = a(e* — 1) = ﬁ—i called parameter. Each point on this orbit can be reached

by
e pcos(v) _ 1122(;8/) . (3.8)
psin(v) )\

Taking the derivative with respect to time, one gets

. pr —sin(v)
= (1 + ecos(v))? ( cos(v) + € ) ' (3:9)

Since in general, orbits are not embedded in the x-y plane the ellipse has to be

placed in space. Therefore three rotation transformations are carried out: rotate
the orbit by w around the z-axis, then by ¢ around x-axis, and finally by €2 again

around the z-axis. These calculations result in

—~ N

Q)cos(w) — cos(4)sin(Q)sin(w)) g, — (sin(€2)cos(w)cos(i) + cos(Q)sin(w)) g,
(sin€2)cos(w) + cos(Q2)sin(w)) + (cos(£2)cos(w)cos(i) — sin(Q2)sin(w)) g,

sin(w)sin(i)g, + cos(w)sin(z)g,

(cos

(3.11)

To calculate 7 now, ¢, ¢, and g, simply have to be replaced by (f, ¢, and g, respec-
tively.

The orbital parameters are randomly chosen according to the observed properties
of the young stellar ring. For all stars, the values for eccentricities are drawn from
uniform random distribution between 0 and 0.3 (expecting that they will modestly
self-excite during 6 My to values 0.3-0.4). Semi-major axes are randomly distributed
between 6700 and 20100 au according to the oc r~14 surface density, and inclinations
are chosen between 0 and 10°. Longitude of ascending node, argument of periapsis
and true anomaly are drawn from uniform distributions between 0 and 27. The set

of initial conditions of one example simulation is shown in Fig|3.2]
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Fig. 3.2.: Histograms of initial conditions for one simulation (configuration I). From up to down:
eccentricity, inclination, argument of periapsis (left column); semi-major axis, longitude
of ascending node and true anomaly (right column).
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3.5. Timestep

The Leapfrog integrator in REBOUND comes with a constant timestep. This en-
sures - if the timestep is small enough - energy conservation for the total system.
The problem now is to find a timestep that on the one hand keeps the numerical
errors sufficiently small. On the other hand computation time should stay in a real-
isable range. gives an estimation for an upper timestep limit to usefully

extrapolate the motion of a particle in N-body simulations:

~leross

lextrap = NEaN (3.12)
with t..0ss the crossing time which is needed by a typical star for a significant fraction
of its orbit and N the number of stars in the system. In the case of the young stellar
ring, teross ~ 102 yr and N ~ 10%, resulting in tewwap ~ 1 yr. But, this represents
only an upper limit. It is still possible that if stars come very close their encounter
is not resolved accurately. These encounters are indeed the most interesting events
in the simulations as they can lead to strong scattering events bringing a star to a
highly eccentric orbit. To ensure that also small encounter distances are accurately
resolved I proceed as follows:
For the sake of computation time costs, first, test simulations including only the
black hole and the perturber stars are conducted. Using a timestep of 1 yr, it can
be observed that perturber stars self-excite in an unphysical way and a substantial
fraction of stars is scattered out of the system (Fig left panel). While reducing

the timestep, the stars stay more and more stable until the eccentricities are only

1.0 L
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Fig. 3.3.: Evolution of eccentricities of perturber stars in simulations over 6 My with timestep
dt=1 yr (left) and timestep dt = 0.01 yr (right) under identical initial conditions.Each
colour corresponds to a different star.
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Fig. 3.4.: Evolution of total energy of perturber stars with timestep dt = 0.01 yr.

modestly excited with a timestep of dt= 0.01 yrs (Fig[3.3] right panel). Using this
timestep, the total energy of perturber stars does show evidence of some unphysical
discontinuity but the relative change is only of order 1073 (see Fig) So I choose
this value as timestep for my simulations. It seems to be sufficiently accurate to
evolve the perturber stars in a physical way, and the amount of computation time
(~ 1 week when all 941 stars are included) is still in an acceptable range.
Nevertheless, it remains to check which close encounters distances are still resolved
using this timestep and which are not. Therefore close encounter test simulations
are conducted. I place a (non-moving) perturber star on the center and let a test
particle move with a certain velocity and impact parameter in direction to the per-
turber. From the velocity output of the simulation I can calculate the scattering
angle via cos(f) = o). v'/(|0y|[v']) and compare it with the theoretical expected
scattering angle from . As T also know how close the bodies will come during
the scattering from r,;, = a(l — €) with a = 55, a correlation between the relative
error in scattering angle dependent on velocity and closest approach distance for the
chosen timestep can be derived. Varying relative velocities and impact parameters,
I find that a minimal encounter distance of down to 2.5 au lead to relative errors of
order 1073 or smaller, which I consider as an acceptable limit for the moment (see
Fig{3.5)).
Now, the simulation are launched using dt = 0.01 yr including all particles, that
means black hole, perturber stars and test particles. An additional function cal-
culates and outputs the distances of every test particle to every perturber for each

timestep. On this way it can be checked which particle gets closer to a perturber
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Fig. 3.5.: Plot of relative error in scattering angles at different encounter distances. Different
colours refer to different velocities.

than the limit of 2.5 au and hence is expected to be calculated inaccurately.
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3.6. Results

In total, I run 10 simulations with different random seeds for a total of 6 Myr.
Results on dynamical properties can be seen in Figl3.6| for one realisation, an in
the appendix for the other simulations. The number of test particles scattered to
G2-like orbits with € > 0.9 and 7pe < 250 au varies from simulation to simulation
between 0 and 2. On average, 0.4 of 900 low-mass stars reach orbits fulfilling these
criteria over the simulation lifetime. All of them can be observed on their highly
eccentric orbits between 4 and 6 Myr. Further, a mean fraction of 0.4% of low-mass
stars happen to be kicked out of the system, that means they reach € > 1.

The evaluation of the distances between perturbers and low-mass stars reveals that
10% of all test particles happens to have encounters with perturber stars at distances
less than 2.5 au. Especially 95 % of the low mass stars that are kicked out of the
ring (e > 1), and 3/4 of stars on G2-like orbits have experienced close encounters.
Perturber stars stay — as expected — quite stable. Their mean eccentricity after 6
My reaches a value of 0.26, and inclinations result on average in 8.7° (see Table .

’ simulation ‘ a ‘ b H ¢ ‘ d H e H f ‘ g ‘

I (srand 81430) 211112121821 0.27] 8.0
II (srand 111820) 115|597 028 8.6
ITI (srand 1001) 00339302278
IV (srand 91166) 00 2]2|81]0.22]|88
V' (srand 20280) 0103131971 0.22]9.5
VI (srand 935991) 1121 87]0.26]8.2
VII (srand 400087) |0 | O || 6] 5 | 83 0.30 | 9.6
VIII (srand 5508428) | 0 | O || 4 | 4 || 86 || 0.24 | 8.3
IX  (srand 121290) 0104141961 0.32]9.5
X (srand 599989) 0|0 |I5]5|75]0.24]85

Table 3.1.: Results of all 10 simulations. (a) number of test particles scattered on G2-like orbits,
(b) number of particles in (a) that experience close encounters, (c) number of test
particles kicked out of the system, (d) number of particles in (c¢) that experience close
encounters, (e) number of all test particles experiencing close encounters < 2.5 au, (f)
mean eccentricity of perturber stars after 6 My (g) mean inclination [°] of perturber
stars after 6 My.
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Fig. 3.6.: Evolution of semi-major axes, pericenter distances, eccentricities and inclinations for
perturber stars (left column) and low-mass stars (right columns) of simulation configu-
ration I. Each colour corresponds to one test particle. Low-mass stars that experience
close encounters (< 2.5 au) are plotted in gray colour.



4. Discussion

4.1. Analytical calculations

The calculated scattering rate suggest that it is a very likely event to observe stars
on G2-like orbits - if a hundred G2 clouds are traveling through the Galactic Center
it should be nearly unlikely to not observe any of them. The point of delivery rates
was already discussed by Murray-Clay and Loeb| (2012); they computed rates of
6 x 10~ "yr~! for stars of mass 1M, and one of 3 x 10~%yr~! for such with mass
0.3M and which hence are a factor of about 6 smaller.

Still it is important to note that my approximations are very, if not too rough. First
of all, the energy during three-body encounters is not conserved for each particle. For
example, in space travel, nearby passages of space crafts on planets are used to speed
up the vehicle relative to the sun (also called ’gravitational slingshot maneuver’).
Giving up energy conservation has as consequence that the relation between €, and
scattering angle 0 (equation is not exact. By conducting several test simulations
of three-body scattering it turned out that a scattering angle of at least 85° is
necessary to scatter the low-mass star on a highly eccentric orbit. As a consequence,
scattering and delivery rates may be diminished by a factor of 8. Then, numbers
would come in a comparable range to that computed in Murray-Clay and Loeb
(2012). Besides, scattering the star on a high eccentricity does not yet absolutely
mean that it will have the same orbit as G2. Starting with radius (and hence semi-
major axis) of 11000 au and assuming strict energy conservation for the low mass
star, after scattering, it would end with an apocenter distance of a(1 + €) ~ 22000
au - twice the observed value. Consequently, either the star has to start with the
half of its radius assuming energy conservation, that means with an initial radius
of 5500 au, or energy loss has to be included in the theoretical considerations. The
former appears to be very unlikely - observations suggest an very inner edge of the
young stellar ring of ~ 6700 au. If G2 originates from farther inside, its link to the

clockwise rotating disk can’t be justified.
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In total, the calculations give a first, upper limit for the delivery rate in the young
stellar ring. Several considerations lead to the assumption that energy loss of the

scattered star can’t be neglected.

4.2. Simulation

4.2.1. Delivery rates and probabilities

On average, 0.4 of 900 test particles are scattered on G2-like orbits within 6 My
corresponding to a delivery rate of 6.7 x 10~8yr~!. This lies about one order of mag-
nitude below the delivery rates analytically calculated in Murray-Clay and Loeb
(2012) (and significantly under that calculated in section [2.2.3| as expected). So
you would have to wait for two times the age of the young stellar ring to get a
probability of 80 % to observe at least one star on a G2-like orbit. Even if - with
a probability of 40 % - one star is scattered to a highly eccentric orbit after 6 Myr,
we have still to discover it, that means we have to watch on the right time the right
part of the sky. So, all in all, my simulations let it be a quite unlikely event to
observe G2 on its plunge towards the black hole. If G2 really hosts a star inside -
we are somewhat fortunate to observe it. But, on the other hand it has to be noted

that scattering to G2-like orbits seems to be indeed possible.

4.2.2. Single scattering encounters
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Fig. 4.1.: Evolution of eccentricities (left) and pericenter distances (right) of the four particles
that are scattered on G2-like orbits in the total of the simulations.
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Fig[4.1] shows the evolution of eccentricities and pericenter distances of the stars
that reach highly eccentric orbits. It can be seen that one particle experiences a
very strong encounter which transports it from an eccentricity of 0.2 to 0.9 and
which diminishes pericenter distance by a factor of ten (blue line). Another particle
experiences an encounter which transports it from an eccetricity of 0.4 to 0.8 (green
line). Hence, strong scattering events seem to play some role in the dynamics of the
young stellar ring, end even transporting a star to a low angular momentum orbit
via one scattering encounter as discussed in section seems to be indeed possible.
The two other stars evolve quite constantly. It is only a question now if the strong

scatterings can be considered as physical, or if there is some numerical error due
to the choice of the timestep (see discussion |4.2.5) below) that produces the strong

at-once scatterings.

4.2.3. Energy loss
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Fig. 4.2.: Final orbits of the 4 stars that in total reach G2-like orbits. Also their initial orbits
are shown (dashed) and as well the cloud’s proposed initial orbit at 11000 au (black,

dotted).
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In Fig. can be seen the final and as well the initial orbits of the 4 highly
eccentric low-mass stars produced in the simulations. As their final apocenter dis-
tances are in neighbourhood to their initial orbits, it follows that energy loss plays
an important role during the scattering processes: 7,50 = a(1+¢) = 55 (1 +¢€), that
means under the assumption of strict energy conservation, a significant change in
e would be followed by a significant change in 7,,,. As their apocenter distances
do not significantly change, energy cannot be conserved (see also discussion in .

Indeed, all four low mass stars lose an amount of specific energy in the range of 170
- 230 %.

4.2.4. Dynamical properties of perturber stars

From Table [3.1] a mean eccentricity of 0.26 and a mean inclination of 8.7° for the
perturber stars can be derived. These values lie slightly under the observed mean
eccentricity of ~ 0.35 and the mean inclination of ~ 10° in the young stellar ring.
This may have as reason either the choice of initial conditions (perhaps initial ec-
centricity between 0.1 and 0.3 would fit the observations on a better way than the
values between 0 and 0.3 as used in the simulations). Besides, it could be possible
that by further reducing the timestep scattering encounters are even better resolved

and perturbers do more self-ecxite.

4.2.5. Accuracy of timestep

Despite all the accuracy tests which have been done before starting the simulations,
there remains the problem that 10 % of all low-mass stars experience close encounters
with distances less than 2.5 au. As shown in Fig[3.5 computation errors increase
significantly at distances under the limit of 2.5 au. Even if the timestep of 0.01
yr seems to be appropriate for the perturber stars (relative energy change of total
energy of perturber stars is of order 1072 or less, in each simulation), numerous if not
all of the test particles experiencing close encounters could be computed incorrectly.
Hence, the next step to improve accuracy should be to find a smaller timestep which
brings the dynamics of these particles to convergence. This could be done by running
simulations including only black hole, perturber stars and the close encounter test
particles using timesteps that are reduced step by step. One could compare final
orbital parameters or positions of each timestep and decide for the timestep at which

the relative difference in some parameter is for example of order 1073 relative to the
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next bigger timestep. When ~ 10% of all particles are included, simulations should
run substantially faster and also with smaller timesteps computation time could stay
in an acceptable range.

By conducting the three-body simulations mentioned in section [£.I} I could see
that at very small impact parameters the test particle can be kicked out of the
system using a larger timestep, but remains bound to the system using some smaller
timestep. As 95% of the kicked out stars in my simulations have experienced close
encouters I expect that less or even no particle is kicked out at convergent timestep.
Due to their small encounter distance they could then experience strong scatterings
that might bring them on highly eccentric orbits instead being kicked out. This
could increase the delivery rate determined above.

It should be noted that Murray-Clay and Loeb|(2012) compute a minimum encounter
distance of about ~ 10 au to ensure that the protoplanetary disks in their model
stays safe from disruption. As 3/4 highly eccentric stars suffer close encounters at
2.5 auor less it is clear that the probability of observing G2 as a photoevaporating

disk further shrinks from my simulations.



Summary

The Galactic Centre gas cloud G2 is moving towards the black hole of our Milky
Way on a highly eccentric, low angular momentum orbit. Two models presented by
Murray-Clay and Loeb| (2012) and |Scoville and Burkert| (2013) assume a low-mass
star as source for the observed cloud which could have been scattered by perturber
stars of the young stellar ring to its unusual orbit. In this bachelor thesis I focused
on the question of the likelihood for a low-mass star originating from the disk of
young stars in the Galactic Centre to be scattered on a G2-like orbit.

First, I made a rough analytical approximation on the delivery rates on highly ec-
centric orbits by one single scattering event assuming that energy for each particle
is conserved and that the scattering takes place for an infinitely short time. As a re-
sult, about 20-100 low-mass stars could reach G2-like orbits on that way, depending
on their mass. This would represent a quite likely event. Though, the approxima-
tions used for the calculations turned out not to match the simulated conditions of
scattering processes in a three-body problem; especially the assumption of energy
conservation for each particle seems not to be justified. Hence, these approximations
are not appropriate to get reliable and accurate results.

As a consequence I run 10 N-body simulations with different initial conditions imi-
tating the evolution of the young stellar ring. On average, 0.4 of 900 low-mass stars
are scattered on a G2-like orbit within 6 My which is in strong contrast to the ana-
lytical result. This means a very low probability to get scattered into the Galactic
Centre. Further, it could be shown from the simulations that energy loss indeed
plays an important role during scattering processes, and that stars indeed can be
scattered onto the highly eccentric orbits by one scattering event as considered in
the analytical approach.

But also simulations are imperfect: it is to notice that the chosen timestep does not
seem to provide convergence for the test particles yet. 10 % of the low mass stars
get close encounters that cannot be resolved on a reliable way. It is a future task

to find an appropriate timestep and to resimulate the particles that suffer too close
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scatterings. I expect the probability to get scattered on highly eccentric orbits to

increase while approaching convergence.

But all in all, independent of any delivery rate or scattering probability - we do
observe a gas cloud on a highly unusual orbit. And if there is really a star embedded
inside - at the latest in a few years from now after pericenter passage we will know
more about it. Even though the physics of a black hole an its accretion flow in
reality doesn’t have anything to do with that of its popular status as a ’cosmic
vacuum cleaner’, there will take place a siginificant interaction with G2 which could
reveal its nature. In any case, if the cloud is still observable after pericenter passage,

this would be a clear hint that the stellar source models could be very close to reality.
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A. Appendix

In the plots of Fig. to Fig. can be seen dynamical properties (evolution of
semimajor axes, pericenter distances, eccentricities and inclinations) of perturber
stars (left columns) and low-mass stars (right columns) for the initial configurations
I1-X. Each line and colour corresponds to one star. Gray lines are associated with
low-mass stars that have experienced close encounters with perturbers at distances

< 2.5 au.
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Fig. A.1.: Evolution of semi-major axes, pericenter distances, eccentricities and inclinations for
perturber stars (left column) and low-mass stars (right columns) of simulation configu-
ration II. Each colour corresponds to one test particle. Low-mass stars that experience
close encounters (< 2.5 au) are plotted in gray colour.
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Fig. A.3.: Evolution of semi-major axes, pericenter distances, eccentricities and inclinations for
perturber stars (left column) and low-mass stars (right columns) of simulation configu-
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close encounters (< 2.5 au) are plotted in gray colour.
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