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"Ships that pass in the night,
and speak each other in passing,
only a signal shown,
and a distant voice in the darkness;
So on the ocean of life,
we pass and speak one another,
only a look and a voice,

then darkness again and a silence.”

— Henry Wadsworth Longfellow —
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Abstract

Open star clusters and associations are excellent tracers to study the formation, evolution,
and structure of the Galactic disk. A key characteristic of open clusters is their small
velocity dispersion. Therefore, they appear as small-scale velocity structures in the Milky
Way, and their investigation delivers insights into e.g. the dynamical evolution of star
clusters in tidal fields, star cluster disruption and mass loss, the build-up of the Galactic
field population, and the mass distribution of the Galactic disk. The second Gaia data
release provides astrometric data with a precision we have never had before. Its accurate
position and velocity measurements enable new insights into the properties of stellar
populations in the Galactic disk and contribute greatly to revolutionizing our knowledge
about the Milky Way.

This thesis studies the well-known open cluster Coma Berenices and a previously unknown
moving group of stars in its velocity and spatial neighborhood. The new group identified
in tangential velocity space as measured by Gaia contains at least 177 coeval members
distributed in two subgroups, and appears as a flattened structure parallel to the plane,
stretching for about 50 pc. More remarkably, the new group, which appears to have
formed about 300 Myr later than Coma Berenices in a different part of the Galaxy,
will share essentially the same volume with the older cluster when the centers of both
groups will be at their closest in 13 Myr. This will result in the mixing of two unrelated
populations with different metallicities. The phase of cohabitation for these two groups
is about 20 - 30 Myr, after which the two populations will drift apart. We estimate that
temporal cohabitation of such populations is not a rare event in the disk of the Milky
Way, and of the order of once per Galactic revolution. Our study also unveils the tidal
tails of the Coma Berenices cluster, an effect of cluster disruption due to the tidal field
of the Milky Way.
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1. Introduction

The universe is a pretty large mystery, and we enrich our knowledge about it step by step,
gradually studying its components, longing to increase our insights into the processes

and mechanisms that make its presence and our existence possible.

The aim of this work is to study open clusters and associations, stellar components
of the Milky Way's disk, as they deliver insights into the structure of our Galaxy, and

contribute to our knowledge of its formation and evolution.

1.1. Open clusters and associations

A star cluster is a group of stars held together by gravitational forces. The stars belonging
to a star cluster were born in the same molecular cloud, and therefore share the same
age and chemical composition. They are located at approximately the same distance
from the Sun, and orbit the center of the Galaxy. The Milky Way is home to billions of
stars and thousands of star clusters. Therefore, in order to understand the formation,
structure, and evolution of our home galaxy, it is key to study the properties, formation,

and evolution of its star clusters.

As stated in Castro-Ginard et al. (2018b), the investigation of young open clusters delivers
insights into the formation mechanism of stars, e.g. the star formation efficiency, the
fragmentation of the cloud, and the IMF. Furthermore, young star clusters are excellent
tracers for star forming regions, because they are located not far away from their parent
molecular clouds. By studying the evolution of open clusters, especially the continuous
evaporation of cluster stars into the field, they deliver hints to the build-up of the Galactic
field star population. Old open clusters allow to study the chemical enrichment of the
Galactic disk. In addition, open clusters are key to study stellar evolution and dynamical
interactions between stars, and are excellent tracers to study the formation, evolution

and structure of the Galactic disc, as well as the Galaxy's spiral arm structure.

1.1.1. General properties

We distinguish between two main types of star clusters, namely the open clusters® and
the globular clusters. Globular clusters orbit the Galactic center in the halo of the

Galaxy. They contain tens of thousands to hundreds of thousands of stars, are very

'Due to their location in the Galactic disk, they are often referred to as 'galactic clusters'.
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(a) Messier 80 (b) Pleiades

Figure 1.1.: Comparison between Messier 80, an old far and massive globular cluster (a),
and the Pleiades, a young nearby, and less massive open cluster (b). Credit:
Hubble Heritage Team/Antonio Fernandez-Sanchez

tightly bound by gravity, and show a spherical shape. They are among the oldest objects
associated with the Galaxy and show very low metallicity. On the other hand, open
clusters are concentrated close to the Galactic disk. They have up to a few hundred
member stars, are very loosely gravitationally bound and can have an irregular shape.
They are very young, typically between a few tens up to a few hundred million years old,
and their member stars have a higher metallicity than globular clusters. Open clusters are
only found in spiral and irregular galaxies where star formation is still ongoing, whereas

globular clusters are also present in elliptical galaxies.

Figure 1.1 shows two stellar clusters associated with the Milky Way. The globular cluster
Messier 80 is located at a distance of about 10 kpc, has an age of approximately 12.5
billion years, and is dominated by several hundred thousand stars with very low masses.
Due to their low temperatures, they appear to shine in red, orange, and yellow. On the
other hand, the Pleiades open cluster, with a distance of approximately 136 pc one of
the closest clusters to the Sun, has an age of only about 100 million years, and contains

many massive, hot stars, which therefore appear to shine in white and blue.

Another type of stellar groups are the so-called stellar associations. The stars of stellar
associations were born together and are still moving together in space, but appear as
very loose groupings, because they are not gravitationally bound. They are not easy
to detect, because they hardly stand out against background field stars. In the past, it

has often been stated that associations are the result of star cluster dispersal over time.
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Figure 1.2.: Observational Hertzsprung-Russel diagram of Gaia DR2 sources. Credit:
Gaia Collaboration et al. (2018a)

However, recent work shows that they most likely already formed in-situ as extended
low-density structures (Wright, 2018; Ward et al., 2019). An attempt to physically
define whether a population is a bound cluster or a loose association was done by Gieles
and Portegies Zwart (2011). They compare the age of the stars to the crossing time
of stellar groups. According to their work, stellar groups for which the age of the stars
exceeds the crossing time are referred to as bound clusters, whereas those for which the
crossing time exceeds the stellar age are referred to as unbound associations (Gieles and
Portegies Zwart, 2011).

A very powerful diagnostic tool in astronomy is the Hertzsprung-Russel diagram. Fig-
ure 1.2 shows a Hertzsprung-Russel diagram for stars in the Gaia DR2 catalogue, the
colorscale corresponds to the source density in the plot. It demonstrates the relation
between the temperature/spectral type and the absolute magnitude of stars, and repre-
sents an important tool for studying stellar evolution. In this diagram, the temperature
decreases from left to right, and the luminosity increases from bottom to top, which

indicates that hot bright stars are located at the upper left corner of the diagram, and
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cool faint stars appear in the bottom right corner. The densest region is the main se-
quence, which is a diagonal lane from the upper left to the lower right part. Different
evolutionary stages are clearly separated, e.g. white dwarfs appear in the bottom left
corner, and giants and subgiants are located above the main sequence. The location
of a star in this diagram provides information about its present evolutionary stage and
mass. As stars change their temperature and luminosity during their lifetimes, they also

change their position in the diagram.

Stellar clusters are key to improve our knowledge of stellar evolution, which is a difficult
task as this takes place on billion-year time scales. Stellar clusters contain stars with
similar ages, chemical composition and distance, but present a wide range of masses.
If all stars of a star cluster plotted in a Hertzsprung-Russel diagram show a narrow se-
quence, they likely have a similar age and chemical composition. The so-called turn-off
point for a star shows where it leaves the main sequence, which depends on the stellar
mass. Thus, we can estimate the age of a stellar population by determining the main
sequence turn-off, where older clusters show a turn-off at lower luminosities and tem-
peratures. Therefore, star clusters are an important basis for stellar age determination
via isochrones. Isochrones are lines in a Hertzsprung-Russel diagram and represent stel-
lar populations with equal ages. On one hand, we need star clusters to obtain these
isochrones, in order to estimate ages. In turn, we can then use these isochrones to

determine the ages of other star clusters.

1.1.2. Formation of open clusters

Most stars are born in clusters® (Lada and Lada, 2003). Their birthplaces are dense
and cold (T = 10-20 K) molecular clouds, which consist mainly of molecular hydrogen
(Hs). Initially, these clouds are in an equilibrium state, where the gas pressure stabilizes
the cloud against gravitational forces. Small perturbations (e.g. cloud-cloud collisions,
nearby supernova explosions, galaxy interactions, shockwaves from spiral arms) can ini-
tiate a gravitational contraction of the cloud, which is stronger than the internal thermal
gas pressure, and leads to a collapse of the cloud. The so-called Jeans-mass (M) is the

critical mass, above which the cloud becomes gravitational unstable (Jeans, 1902).

My oc T?3p=1/2 (1.1)

2We use the term 'cluster’ for an enhancement over the background, not for a gravitational bound
structure.
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(a) Visible light (b) Near infrared

Figure 1.3.: The embedded cluster Trapezium, observed in different wavelengths by the
Hubble space telescope. Due to the surrounding gas and dust, the newborn
stars are hardly visible in optical wavelengths, but become visible in the IR.
Credit: NASA/ESA

As can be seen in Equation 1.1, the mass limit is lower if the temperature is lower or
the density is higher, which makes cold and dense molecular clouds ideal birthplaces for

stars.

As the cloud contracts, the density rises, but due to cooling processes in the cloud,
the temperature remains constant at first (isothermal collapse). This decreases the
mass limit of the Jeans-criterion, and subsequently small initial density inhomogeneities
become unstable as well, and individual regions start to collapse independently. This
process is called fragmentation. The cores in the middle of the fragments become
denser and hotter, until nuclear fusion starts. The pressure from nuclear fusion starts
to act against the gravitational force, which stabilizes the system. The typical timescale
for star formation is very short and estimated to last for about 1 Myr.

After their formation phase, the new born stars remain (fully or partially) embedded in
their natal molecular cloud during their first 2-5 million years. Figure 1.3 shows that
these so-called embedded clusters are difficult to observe at optical wavelengths, because
they are surrounded by gas and dust, but become visible through infrared observations.
These embedded clusters are the progenitors of open clusters. However, according to
Lada and Lada (2003), about 90% of them disrupt at early stages, because we observe
a 10 times lower number of open clusters than embedded clusters. The fact that only
10% of the clusters survive their parent molecular cloud is called infant mortality, and the

main driving mechanism responsible for their early destruction is gas expulsion: stellar
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Figure 1.4.: The fraction of stellar mass which is lost due to rapid gas expulsion, as a
function of time for different star formation efficiencies. For SFE's <30%,
the cluster disrupts. For SFE's >30%, the cluster manages to retain a bound
core, but still loses a huge fraction of its mass. Credit: Goodwin and Bastian
(2006)

feedback (e.g. massive stellar winds, radiation pressure, supernovae) drives out the gas

which was not used for star formation, and disrupts the young star clusters.

Several parameters are important to determine whether gas expulsion destroys an em-
bedded cluster (Lada and Lada, 2003; Baumgardt and Kroupa, 2007). One fundamental
parameter is the star formation efficiency (SFE), which is the fraction of gas that is
converted into stars. Star formation is a very inefficient process, and observations of
embedded clusters reveal typical values of only about 10-30%, in reference to dense gas
(Alves et al., 2007). The overall star formation efficiency in giant molecular clouds is only
of order 1-3% (Lada, 2005). In addition, the timescale for gas removal determines how
disruptive gas expulsion acts. Figure 1.4 shows the fraction of stellar mass which is lost
due to rapid gas expulsion, as a function of time for different star formation efficiencies.
If the gas removal is fast (< crossing time), then all clusters with a SFE < 30% are
destroyed (Goodwin and Bastian, 2006). If the gas removal is slow (> crossing time),
the effects of gas loss are less dramatic, and lower SFE’s are possible. Furthermore, the
cluster lifetime is determined by its mass. Those clusters that survive gas expulsion and
violently relax into an equilibrium state are likely to be the most massive ones, with an
embedded cluster mass of Mgc > 500 Mg, (Lada and Lada, 2003). However, taking
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only SFE, gas removal time, and cluster mass into account seems to be a simplification
of the processes (Pelupessy and Portegies Zwart, 2012). Simulations, which take more
parameters into account (e.g. an external tidal field or the virial state of clusters before
gas expulsion (Baumgardt and Kroupa, 2007; Goodwin, 2009) show that - depending
on the conditions - even star clusters with SFE = 5% might even be able to survive.
However, work done by Kruijssen (2012) shows that gas expulsion does not destroy
embedded clusters in general. As stated in his work, gas expulsion does not affect the
formation of bound clusters which are born in high-density regions and achieve high star
formation efficiencies, but significantly affects regions with lower density and low star

formation efficiency, resulting in unbound stellar groups.

1.1.3. Evolution of open clusters

After about 10 million years, the surviving clusters are free of their natal gas. However,
these clusters do not orbit the Galactic center as bound systems forever. In addition
to the high infant mortality rate in the first place, several further factors influence and
shorten the lifetimes of these stellar systems. Oort et al. (1958) stated that there is a
lack of old open clusters in the Milky Way. The reason for this is that open clusters
suffer further disruption due to internal and external processes, and continuously lose
mass. This mass loss destroys clusters, as they dissolve and evaporate stars into the

field, which results in an enrichment of the Galactic field population.

In general, the dynamical evolution of a star cluster can be divided in two evolutionary
stages (Martinez-Barbosa et al., 2016). The expansion-dominated phase is dominated by
internal processes, whereas external forces dominate the evaporation-dominated phase.
The expansion-dominated phase lasts for approx. 40% of a cluster’s lifetime and is
dominated by internal evolutionary effects. In this phase, open clusters lose mass due
to stellar evolution and two-body relaxation, which results in an expansion of the open
cluster’s size. The main mechanisms of mass loss during the expansion-dominated phase

are discussed in the following bullet points.

- Mass loss due to stellar evolution does not depend on the structure and orbit of the
cluster (Lamers et al., 2010). Stars have different lifetimes, mainly depending on their
mass. Stars with very high masses have the shortest lifetimes and generate mass loss in
form of gas that is ejected (e.g. stellar winds, supernovae), already in the early stages
of cluster evolution. Furthermore, their appearance changes into stellar remnants, such

as white dwarfs, neutron stars or black holes.
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- Additionally to stellar evolution, the so-called evolution-induced mass loss contributes
to the dynamical evolution of star clusters. According to Lamers et al. (2010), this
evolution-induced mass loss is due to the fact that the cluster radius expands and the
tidal radius decreases during ongoing stellar evolution. This results in an escape of
stars with velocities above the escape velocity. This mass loss is proportional to the
mass loss by stellar evolution, but as it needs time to build up and does not start im-
mediately, it amounts between 10-50% of the total amount of mass loss due to stellar

evolution. Lamers et al. (2010)

- In addition to stellar evolution, star clusters lose mass due to two-body relaxation.
According to Binney and Tremaine (1987), a star can escape a cluster by a single
close encounter with another star. This produces a velocity change for both stars, and
possibly one star reaches a velocity above the escape velocity. Also, more distant and
therefore weaker encounters can gradually increase a star's energy, until an additional
weak encounter is sufficient to give the star the necessary energy to escape. In addition
to these effects, there exists equipartition, which is the tendency of kinetic energy to
equalize during an encounter, and results in so-called mass segregation. This means
that the more massive stars lose kinetic energy and sink towards the center, while
lighter stars gain kinetic energy and their orbits expand, possibly until a star escapes
the cluster (Binney and Tremaine, 1987).

In case the cluster has survived the expansion-dominated phase, the tidal effects of
the Galaxy become important. This phase is called the evaporation-dominated phase
(Martinez-Barbosa et al., 2016). In this stage, the cluster loses mass due to external
effects (e.g. tidal stripping and interactions with spiral arms or giant molecular clouds),

with the result that the cluster dissolves and stars dissipate into the field.

Tidal stripping is evoked because open clusters are situated in the disk region of the
Galaxy and strongly influenced by the tidal field of the Milky Way. According to
Kharchenko et al. (2009), the tidal forces of the Milky Way stretch clusters in ellip-
soidal shaped oriented towards the Galactic center, and additionally produce cluster tails
which pour out from the endpoints of the ellipsoids, known as so-called tidal tails. The
reason for this is the differential rotation of our Galaxy. Disk galaxies like our Milky Way
rotate differentially, thus follow a given rotation curve. In the solar neighborhood, all
stars rotate with similar velocities. Stars closer to the Galactic center have higher angular
velocities and overtake the cluster, forming a leading tail. Stars with larger galactocen-

tric radii have lower angular velocities, and therefore lag behind the star cluster, building
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Figure 1.5.: The shape of a model cluster at different timesteps, unveiling the formation
of tidal tails, as shown by N-body simulations. Credit: Kharchenko et al.
(2009)

a trailing tail.

Figure 1.5 shows an N-body simulation done by Kharchenko et al. (2009). Their sim-
ulation shows that a spheroid model cluster with an initial mass Mo = 103M,, at a
galactocentric distance Ry = 8.5 kpc expands along the orbital path of the cluster over
time. From top left to bottom right, the evolution of the cluster shape is illustrated for
different timesteps. Clearly, there are no signatures of tidal tails during the first 50 Myr.
However, after 200 Myr, the cluster already loses low-mass member stars at its ends
farthest and nearest to the Galactic center, which results in the formation of more than
100 pc long tails of stars (cyan) escaping the cluster (red). For a cluster age of 1 Gyr,
the tidal tails extend even over 1100 pc in both directions.

Chumak and Rastorguev (2006) studied the evolution of the middle-aged (600-700 Myr)
open clusters Praesepe, Hyades, and Coma Berenices, as well as of the relatively young
clusters (< 120 Myr) Pleiades, a Persei, 1C2391, and IC 2602. As can be seen in
Figure 1.6, The older clusters reveal very prominent tidal tails, whereas the young clusters
have not formed tidal tails yet. These tidal tail predictions were observationally confirmed

by several recent studies. Meingast and Alves (2019) and Roser et al. (2019) revealed
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Figure 1.6.: N-body simulations for the evolution of open clusters in the solar neighbor-
hood. Credit: O. Chumak and Rastorguev (2006)

the Hyades' tidal tails, Tang et al. (2019) and this work (Fiirnkranz et al., 2019) showed
the existence for Coma Berenices' tidal tails, and Roser and Schilbach (2019) unveiled

the tidal tails which were predicted for Praesepe.

Additionally, interactions with the Galaxy's high-density regions, play an important role
for the disruption of open clusters. Tidal shocks through the Galactic disk (disk shocks)
or the Galactic bulge (bulge shocks), as well as passages through spiral arms and en-

counters with giant molecular clouds decrease the lifetime of star clusters significantly.

Martinez-Medina et al. (2017) performed a study on the evolution of high-altitude open
clusters, investigating their mass loss as they witness strong tidal interactions while
crossing the Galactic disk. Their study revealed that for star clusters up to 600 pc
vertical orbital height, the lifetime decreases with increasing height. In this case, the
crossing velocity is the main disruption factor. In the second case, for stars with an
orbital height > 600 pc, this trend is reversed, and from this point the lifetime of the
cluster increases with increasing orbital height. In this case, the lifetime of a cluster is
determined by the number of crosses through the disk, which decrease with increasing
height (Martinez-Medina et al., 2017).

According to Boutloukos and Lamers (2003), the dissolution time t4s of open clusters
can be described with a power law depending on the initial mass of the cluster, which

scales with the disruption time t4 of a 10 M® cluster (see Equation 1.2). It shows

10
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Figure 1.7.: Mass loss of an open cluster due to stellar evolution, tidal field, spiral arms,
and giant molecular clouds. Clearly, giant molecular clouds are the main
dissolution cause for open clusters. Credit: Lamers and Gieles (2006a)

that high mass clusters are expected to have longer lifetimes than clusters with lower
mass. However, there appears to be a discrepancy between the observed dissolution
times of open clusters in the solar neighborhood (t; = 1.3 Gyr for clusters with 10% <
M < 107, Lamers et al., 2005) and the disruption time found by N-body simulations
(t4 = 6.9 Gyr, Baumgardt and Makino, 2003). The fact that the observed disruption
times are a factor 5 shorter is the result of external time-dependent perturbations (which
have not been taken into account in these simulations), such as spiral arm passages and
encounters with giant molecular clouds, which also affect the dissolution of open clusters
significantly (Gieles et al., 2006).

tais = ta(M; /107 Mg)*% (1.2)

Gieles et al. (2007) studied the effects of spiral arm passages, and Gieles et al. (2006)
studied the effects of giant molecular clouds on the disruption of open clusters, respec-
tively. Revealed by these studies, spiral arm passages contribute little to the disruption
of open clusters, but giant molecular clouds turn out to be very dominant disruption fac-
tors in the evolution of open clusters. Lamers and Gieles (2006b) studied the evolution
of open clusters with simulations taking into account stellar evolution, tidal stripping,

shocking by spiral arms and encounters with giant molecular clouds. The mass loss of

11
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Figure 1.8.: This all-sky image of the Milky Way shows the brightness and colors of stars
observed by Gaia DR2. Credit: ESA/Gaia/DPAC

a 10* M, open cluster due to these four separate effects is illustrated in Figure 1.7. It
shows the mass loss of an open cluster as a function of time, and reveals that encounters
with giant molecular clouds are the main dissolution effect of open clusters in the solar
neighborhood. Moreover, these encounters and the subsequent large amount of mass

loss can also explain the short observed dissolution rates for open clusters.

All those stars that leave their cluster of origin - be it from internal dynamical interactions
or from external perturbations - live their existence as field stars until the end of their

lives, and thus form our Galaxy's main stellar component.

1.2. Contribution of Gaia

The data provided by Gaia represent a unique opportunity to study the structure, for-
mation and evolution of open clusters as discussed above. Gaia provides astrometric,
photometric and spectroscopic measurements, full-sky coverage, has a very faint limit-
ing magnitude, and delivers data with an accuracy and precision that was not available

before.

Gaia is the follow-up mission of the first astrometric space mission Hipparcos, which
operated between 1989 and 1993. Gaia was launched by the European Space Agency in
2013. Its launch vehicle was a Soyuz-Fregat rocket, which brought the satellite into a
Lissajous-type orbit around the second Lagrange point. The science mission was designed
to perform observations for five years, which has been extended until the end of 2020.

Its primary goal is to measure positions, parallaxes and proper motions for one billion

12
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Figure 1.9.: An illustration of Gaia's observation principle. Credit: ESA

stars, which corresponds to about one percent of the Galactic stellar population, with

the aim to produce for the first time a 3D map of the Milky Way.

Figure 1.8 shows an all-sky view of our Galaxy as observed by Gaia. The colors are
composed of the total amount of light with the blue and red light measured by Gaia in
each pixel of the image. The flattened bright structure is the Galactic disk, in which
most stars are located. The dark lanes across the plane are interstellar gas and dust,
which cover the stars in their background. The two bright spots on the bottom left are

the Small and Large Magellanic Clouds.

In order to map the stars in the Galaxy, the space observatory measures stars systemati-
cally in two field of views, which are separated by an angle of 106.5° (line of sight 1 and
2 in Figure 1.9). In order to observe a cycle, the spacecraft rotates 1° per minute (60
arcsec s™!) around the satellite spin-axis, which is perpendicular to the field-of-views, so
it scans a whole circle in six hours. Furthermore, the satellite’s spin axis rotates in a 45°
angle around the Sun (precession circle in blue in Figure 1.9). The resulting observed

circles are illustrated in red in Figure 1.9.

On April 25, 2018, the second Gaia data release (Gaia DR2) was published. The cata-
logue contains data from 22 months of observation. It provides positions, parallaxes and
proper motions (five-parameter astrometric solution) for more than 1.3 billion sources
within limiting magnitudes of G = 21 mag and G = 3 mag, as well as radial velocity
measurements for 7.2 million stars with G magnitudes between 13 mag and 4 mag. Fur-

thermore, it delivers G magnitudes for more than 1.38 billion sources as well as BP/RP

13



1. Introduction
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Figure 1.10.: Velocity plane of the stars in the solar neighborhood as measured by Gaia.
The color scale indicates the number of stars per km s™! bin. Credit: Gaia
Collaboration et al. (2018b)

magnitudes for more than 1.38 billion stars, both with limiting magnitudes between G

= 20 mag and G = 13 mag.

One of the first published results obtained with Gaia DR2 data is shown in Figure 1.10. It
shows the velocity plane of stars in the solar neighborhood, and the color scale indicates
the number of stars per km s™! (Gaia Collaboration et al., 2018b). Already the first
view shows that this parameter space is highly substructured, unveiling large, arch-like
features that have not been seen in any data before. These large-scale structures are
caused by resonances of the Galaxy's bar and spiral arms (Gaia Collaboration et al.,
2018b). The most prominent arches (going from top to bottom) are the moving groups
Sirius, Coma, Hyades and Pleiades, and the Hercules stream (which seems to be split
into two branches). Moreover, a closer look at the velocity distribution enables smaller
and more rounded structures on top of the large-scale structures. These small-scale
velocity structures correspond to open clusters in the solar vicinity>. They are hardly
visible in the velocity distribution, because the wealth of Gaia data superimposes these

small velocity clumps, making their further investigation a challenging task.

3Unfortunately, the name 'moving group’ is commonly in use for both the large-scale arch-like struc-
tures and the co-moving stellar associations in the solar neighborhood.
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Figure 1.11.: Wavelet decomposition of stars in the solar neighborhood. Open clusters
and associations are visible as small-scale overdensities. This work analyses
the well-known cluster Coma Berenices at (v,, v,) = (8.8, 226.9) and a
new moving group of stars at (v;, v) = (6.2, 223.6). Credit: S. Meingast
2019

1.3. Motivation and goal of the thesis

Work done by Meingast et al. (2019) enables to extract these small-scale velocity struc-
tures from the Gaia DR2 velocity distribution. Figure 1.11 shows a wavelet decomposi-
tion of stars in the solar neighborhood. The selected velocity scale ranges from 1.5 to
3 km s7! and allows open clusters to appear as prominent overdensities in the velocity
distribution. The left panels of Figure 1.11 still show the arch-like structures as discussed
in the previous section, but the small-scale overdensities, corresponding to open clusters,
appear much more clearly.

This wavelet decomposition shows the small-scale velocity structure of the Milky Way
disk in unprecedented detail, and was used as a starting point for the investigation of
open clusters and associations in the solar neighborhood, and resulted in a paper series
named "Extended stellar systems in the solar neighborhood”. The studied stellar systems

in this series are marked in the bottom panel of Figure 1.11. While the first paper revealed

15



1. Introduction

long-expected tidal tails for the Hyades open cluster (Meingast and Alves, 2019), and
the second paper reported the detection of a 120° stellar stream at a distance of only
100 pc (Meingast et al., 2019), this work analyses the well known star cluster Coma
Berenices and a second previously unknown moving group of stars, both of which are
visible as overdensities in the wavelet decomposition of stars in the solar neighborhood.
These two groups do not only share very similar kinematics, they are also closely located
in space. This unique configuration made us analyze the orbital motions of both groups
in more detail, in order to predict a possible future open cluster encounter scenario.
Such an incident has not yet been observed in our Galaxy before, therefore delivers new

insights into our knowledge about the structure and dynamics of the Milky Way disk.
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2. Methods description

This chapter describes the coordinate frames which were used for the investigation of
Coma Berenices and its neighbor moving group, explains the astrometric position and
velocity data provided by Gaia DR2, and shows the calculation of additional coordinates
and velocities. Moreover, it provides a description of the orbit integration done for
both groups and discusses the uncertainties and errors of orbital parameters in this
context. Last, it explains the clustering method which was used to obtain a meaningful
membership determination for both groups and describes our approach to estimate the

contamination fraction.

2.1. Calculation of galactic coordinates and velocities

The Gaia catalogue contains the position angles of the equatorial coordinate frame
(spherical) in right ascension («) and declination (§) in degrees. The coordinates are
given in the International Celestial Reference Frame (ICRF), and origin at the barycenter
of the Solar System. lts main advantage is that the axes are fixed and do not depend
on the motion of Earth. Additional spherical coordinates, namely galactic longitude (1)
and galactic latitude (b) are also provided by Gaia. This coordinate system is a simple
rotation of the equatorial system and more convenient for studying the Galaxy. This
coordinate frame origins at the position of the Sun. The longitude measures the angular
distance along the Galactic equator, and the latitude represents the angle north our

south of the Galactic plane.

In addition, the Gaia catalogue provides parallax measurements. The parallax (w) is
defined as the angle between two lines of sight, which observe the same object from
two different locations. It is used as a distance (d) indicator for stars. As Earth rotates
around the Sun, the positions of the stars seem to move, where the movements of the
closer stars seem to be larger. Therefore, the parallax can be described as an apparent
shift of the stars. The connection between parallax and distance of a star is given by the

following relation:

d=— (2.1)

w

Here, the distance is given in units of parsec and the parallax in arcseconds. However,

for this work, a more advanced bayesian distance estimate by Bailer-Jones et al. (2018)
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2. Methods description

was used, as it accounts for the non-linearity of the transformation between parallax and

distance.

In addition to coordinates, Gaia also observes the motions of the stars, in particular

L or line-

the radial velocity and proper motions. The radial velocity (rv) in km s~
of-sight-velocity shows how fast a star moves towards or away from us. The proper
motions of a star represent its apparent change in the on-sky position compared to the
background. They are given in equatorial coordinates, namely p, and ps5, and have units

Lin the Gaia catalogue. The published proper motion in right ascension is

of mas yr~
Lo = Mo -cos(0). The proper motions can be transformed from equatorial coordinates to
galactic coordinates, resulting in y; for the longitude and p, for the latitude. In contrast
to rv, proper motions are dependent on the distance, as more distant stars have smaller
proper motions. Furthermore, proper motions together with the distance can be used
to derive the tangential /transverse velocities of a star, because this motion cannot be
measured directly. The conversion from proper motions to tangential velocities is given

by the following equation:

v=4.74 - d (2.2)

Here, the tangential velocity is given in km s~!, the proper motion in mas yr~!, and the
distance in units of parsec. Using this equation, we obtain tangential velocities v, and

vs for the equatorial system, and v; and v, in galactic coordinates.

We can use the data provided by Gaia to calculate galactic cartesian coordinates and
velocities. The galactic cartesian coordinate frame is centered at the Sun and is described
with the coordinates X, Y and Z in parsec. X is pointing towards the Galactic center, Y is
positive in the direction of Galactic rotation, and Z is positive towards the north Galactic

pole. We obtain these coordinates by calculating them with the following equations:

X =d-cos(l) - cos(b)
Y =d- sin(l) - cos(b) (2.3)
Z =d - sin(b)

In order to calculate the corresponding velocities, we additionally need the radial velocity
and the tangential velocities in galactic coordinates. The velocities U, V and W in km s~!
can then be calculated according to the following equations (e.g. Bobylev and Bajkova,

2019):
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2.1. Calculation of galactic coordinates and velocities

U =rv-cos(l) - cos(b) — v, - sin(l) — v, - cos(l) - sin(b)
V =rv-sin(l) - cos(b) + vy - cos(l) — vy, - sin(l) - sin(b) (2.4)
W =1rv - sin(b) + vy, - cos(b)

These velocities can also be corrected with the local standard of rest. The local standard
of rest represents the mean motion of stars in the neighborhood of the Sun (assuming
they move around the center of the Galaxy in a perfectly circular orbit). Therefore, we

can use the convention by Schonrich et al. (2010) to calculate the corrected velocities:

Usp =U +11.1 kms™t
Visg =V +12.24 kms™! (2.5)
Wisp =W +7.25 kms ™t

If we study the Milky Way on global scale, it is more convenient to use a galactocentric
coordinate frame, which is centered at the Galactic center. In order to adopt this
coordinate frame, we have to add additional information. We assume that the Sun is
located at a distance of Ry = 8300 pc away from the Galactic center (Gillessen et al.,
2009), at a height of 27 pc above the plane Chen et al. (2001). Also, the circular velocity
at Ry is assumed to be 220 km s—! (Kerr and Lynden-Bell, 1986). As we are dealing
with motions of stars (which are approximately circular), it is more convenient to use
a cylindrical coordinate frame instead of a cartesian coordinate frame. Using a simple
coordinate transformation, we can transform the cartesian coordinates into cylindrical

coordinates. First, we have to calculate the position angle © with the following relation:

Y

tan(©) = T=X)

(2.6)

This angle can then be used to calculate the galactocentric cylindrical velocities in km

s

v, = —=U-cos(©) + (Vo + V) - sin(O)
vy =U-sin(©)+ (Vo +V) - cos(O) (2.7)

v, = Wisr

A comparison between the galactic cartesian velocities and the galactocentric cylindrical
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2. Methods description

Galactic north pole

Galactic Center

Figure 2.1.: Comparison between galactic cartesian velocities UVW (red) and galacto-
centric cylindrical velocities (green). Credit: S. Meingast 2019

velocities can be seen in Figure 2.1. Independent of the location in the Galaxy, the UVW
velocity vectors (red) are always oriented with respect to the Sun's current position. In
contrast, the v,v,v, velocity vectors (green) are always oriented with respect to the
Galactic center. In other words, while galactic cartesian coordinates are static, the
galactocentric cylindrical coordinate system is corotating, which is a main advantage

when investigating the dynamics of a rotating system like the Milky Way.

2.2. Galactic dynamics

Our investigation of Coma Berenices and its neighbor group contains a very detailed
kinematic analysis. Although both groups show a generally very similar kinematic profile,
we do find relevant differences between both groups when examining the galactocentric
cylindrical velocities. Figure 2.2 shows the YZ view of all stars with radial velocity
measurements, color-coded in v,, vy, and v, (left to right). As revealed by Figure 2.2,
there is a clearly visible difference between the radial and azimuthal velocity components
of both groups (Av, = 2.9 km s™!, Av, = 3.5 km s7!), whereas the vertical velocity
component is virtually identical. | addition to the more than 3 km s~! higher velocity
of Coma Berenices in the direction of rotation, Coma Berenices is lagging behind its

neighbor group in this direction. This configuration can clearly be seen in the middle
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Figure 2.2.: YZ view of Coma Berenices and its neighbor group, color-coded in galacto-
centric cylindrical velocities v,, vg, and v, (left to right).

panel of Figure 2.2, and indicates a potential drift of Coma Berenices into its neighbor
group within the near future. In order to investigate this plausible encounter scenario,
we perform an orbit integration of both groups, and provide a detailed description of

orbit initialization and error calculation below.

2.2.1. Orbit integration with Galpy

In order to calculate the orbits of Coma Berenices and its neighbor group, we use Galpy,
which is a Python package for galactic dynamics (Bovy, 2015), and provides a number
of galactic potentials. We use the recommended MWPotential2014 (Bovy, 2015), which
includes a bulge, a disk and a dark-matter halo. However, it is a very basic model of the
Milky Way potential, and therefore does not include non-axisymmetric components, like

spiral arms or a bar.

We initialize the orbits with the following observational Gaia DR2 data: the position
in right ascension and declination, the distance, the proper motions in right ascension
and declination, and the radial velocity. In addition to this, the following assumptions
complete the initialization: the galactocentric distance of the Sun ry = 8.3 kpc, the
height of the Sun above the plane zy, = 27 pc, the circular velocity of the Sun vq =
220 km s !, and the Solar motion (11.1, 12.24, 7.25) km s~ !, which was taken from
Schénrich et al. (2010).

Figure 2.3 illustrates the movement of an open cluster in the Milky Way. Particularly, it
shows the orbit of Coma Berenices, integrated backwards for 700 Myr, the approximate
time of its birth. The track of the cluster is shown in blue, and the Galactic center
(GC) is marked with a black dot. It is important to note that Figure 2.3 represents
an 'ideal’, and therefore unrealistic scenario, as in this setup the open cluster does not
suffer any perturbations during 700 Myr. In reality, interactions between the cluster

and the galactic plane, encounters with spiral arms or giant molecular clouds, dynamical
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Figure 2.3.: Orbit of Coma Berenices, integrated using Galpy backwards for 700 Myr,
the approximate time of its birth.

friction and further perturbations influence the movement of an open cluster. However,
the top-down view in the left panel shows that - in an unperturbed case - typical open
clusters orbit the Galactic center on nearly circular tracks. In addition to this, the middle
and right panel unveil an up- and down movement of the open cluster perpendicular to
the Galactic plane. In the example case of Coma Berenices, the largest distance to the
galactic plane is 150 pc in both directions. After reaching this maximum, the cluster
starts to move towards the plane again. Furthermore, we see that during its lifetime,
Coma Berenices has circled the Galactic center and passed the Galactic plane several

times already.

2.2.2. Uncertainties and errors of orbital parameters

The observational data we use to initialize the orbits have errors in measurement. Due
to this fact, a forward or backward integration becomes inaccurate, and we have to
calculate the uncertainty of the orbital parameters due to these measurement errors,
in order to provide proper information about the movement of Coma Berenices and its
neighbor group. We perform the orbital uncertainty calculation in three steps, which are

described in detail below.

First, we sample the initial parameters of each star from the error distribution, in order
to obtain a meaningful prediction of the uncertainties of orbit integration. To do so, we
make the assumption that the errors in measurement are symmetric, and use a normal
distribution for the errors, with the actual measurement as mean and the standard
deviation as error. The method to compute uncertainties was adopted from Price-
Whelan (2017).

Due to the very precise position measurements, we do not sample in right ascension and

22



2.2. Galactic dynamics

100 1001

g g 5%
= 801 = 801 -

% g % 20

n 60 v 60 » i

5 5 5 15

T 401 g 404 310
IS € €

2 20 2 201 é 5

0 y y 0 T T 0 T .
214.0 214.5 58.0 58.5 101 102
a(°) 6(°) d (pc)
25

" 0 20 n 201
9 20 Q o
£ £15 £

i 15

3 151 & 0 >
G G ‘s

101 J

5 10 5 g 10
Q Q Q
€ € IS

S 5/ S 51 > 54
b= = =

(0 y y ? 0 T T 0 T T .
-16.5 -164 -16.3 -16.2 -3.0 -2.9 -6 -5 -4
Uq (Mas yr71) Us (mas yr1) rv (km s™1)

Figure 2.4.: Distribution of the orbital parameters for one example star after sampling
from the error distribution.

declination. The errors - namely the standard deviation - for proper motions and radial
velocity were provided by the Gaia catalogue. In order to obtain the error in distance,
we use the following equation, where the distance is given in units of parsec, and the

parallax is given in mas:

o

6d = 1000 — (2.8)

Figure 2.4 shows the distribution of the orbital parameters for one example member star
in Coma Berenices, after sampling from the error distribution. The first two panels show
right ascension and declination, which we did not sample. The other orbital parameters
show normal distributions. Looking at the sampling distributions reveals that 30 ~ 0.1
mas yr—! for proper motions, 30 ~ 0.7 pc for distance, and 30 ~ 1.6 km s~ for radial
velocity. The large distribution of radial velocities results from the large measurements

errors of the observational radial velocity data.

Second, we integrate the orbit for every sampling for every star for every timestep for
the next 50 Myr. Third, we calculate the orbital uncertainty in two different ways. In

order to obtain the uncertainties of the distance between both groups in the future,
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2. Methods description

we calculate for every sampling for every timestep the XYZ coordinates of the cluster
centers, which is done by calculating the mean XYZ value for each group. We then
calculate for every sampling for every timestep the distance between the cluster centers,
and extract for every timestep the mean value, as well as the standard deviation (30).
In order to get the uncertainties of the XYZ positions of every single star in the future,
we calculate for every timestep for every star the mean value and the standard deviation
(30).

2.3. Cluster membership determination

In order to study open clusters, it is essential to identify their member stars. This section
explains the methods we use to distinguish cluster member stars from field stars and

describes our approach to estimate the contamination fraction of our member selection.

2.3.1. Clustering with DBSCAN and k-NN algorithm

Stars of an open cluster were born and move together (Castro-Ginard et al., 2019).
This implies that stars of open clusters are likely to share the same velocity and galactic
volume. Considering this fact, we select cluster member stars in two steps, which are
discussed in more detail below, but briefly summarized here: Firstly, we associate clusters
with overdensities in velocity space. In particular, we apply the density-based clustering
algorithm DBSCAN (Ester et al., 1996) on 2D tangential velocities (v,, vs), and extract
stars located in overdensity spots. Secondly, we apply the k-NN algorithm to sort out
sources which are spatially not connected to the clusters. Following this membership
determination, we find that the extracted sources follow narrow and well-defined main
sequences on a Hertzsprung-Russel diagram, proving that our method selects open cluster

member stars properly, as each sequence represents a coeval stellar population.

There are a variety of clustering algorithms which are able to identify similar objects in
a data set, and group them into clusters. In order to cluster stars with similar velocities,
we chose the density-based algorithm DBSCAN (Ester et al., 1996). It has the ability
to discover clusters with arbitrary shape, and additionally, it can identify outliers (noise
points). Both features are essential for this work, as both groups do not appear as perfect
point-like structures in velocity space, and as we do not want to cluster probable field
stars. In addition, DBSCAN requires two parameters, namely the cluster size MinPts
and the linking length €, which are easy to tune in a physically reasonable way. MinPts
represents the minimum number of points to form a dense region, and ¢ represents the

radius of the sphere around a point. The principle of the clustering algorithm is illustrated
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2.3. Cluster membership determination

Figure 2.5.: Ann illustration of the DBSCAN method. Core points are colored in green,
neighbor points are represented in blue, and noise points are illustrated in
red. Credit: Castro-Ginard et al. (2018a)

in Figure 2.5. The algorithm differs between three kinds of points: core points (green),
neighbor points (blue) and noise points (red). A core point is defined as a point that has
MinPts neighbors within its radius €. Neighbor points are points that are within the ¢
radius of a core sample, but are not a core sample themselves. Core points and neighbor
points are all part of a cluster. A noise point is a point that is not within the radius ¢ of
a core point, and therefore not part of the cluster. Figure 2.5 shows the example case
of MinPts = 3 (the length of ¢ is illustrated with an arrow).

Figure 2.6 illustrates the behavior of the two parameters MinPts and e. Each panel
shows the tangential velocity space around the velocity coordinates of Coma Berenices
and its neighbor group. The linking length € rises from left to right in 0.1 km s !
steps, and the cluster size MinPts increases from top to bottom in 10-point steps. The
performance plots reveal that if € is too small, a large part of the data will not be
clustered (left column). On the other hand, if € is too high, clusters will start to merge
(right column). Looking at the behaviour of MinPts, we find that larger values form
more compact clusters (going from top row to bottom row). However, too compact
clusters tend to loose stars which should be associated with the clusters. The panel in
the center (MinPts = 70, ¢ = 0.5 km s™!) shows our final parameter setup. This setup
was chosen, because it delivers two pronounced velocity clusters associated with the two
prominent overdensities in velocity space and assigns both clusters a high number of

probably member stars.
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Figure 2.7.: Top down view on Coma Berenices and its neighbor group. lllustrated is the
member selection after no spatial filtering (left), and after applying the final
nearest neighbor criterium that excludes all stars with less than 30 neighbors
within 20 pc (middle), in comparison with a too conservative (40 neighbors
within 10 pc) filter (right).

In addition to the clustering in tangential velocities, we assume that member stars of
both groups must also be grouped in spatial coordinates. Therefore, we apply a spatial
density filter on our velocity selection, in order to clean our member selection. We
use the simple classification algorithm k-NN (k-nearest neighbor), which assumes that
similar objects in a data set are near each other. The algorithm computes the Euclidean
distance of every point of one cluster to k other points of the same cluster. We then
sort out stars which do not spatially connect with the clusters by excluding stars which

do not have a certain number of neighbors within a defined distance of the star.

Figure 2.7 illustrates the effect of applying a k-nearest neighbor criterion. All panels
show Coma Berenices and its neighbor group in galactic cartesian coordinates. The
left plot displays the member selection of both groups after DBSCAN clustering without
applying a spatial density filter. Although both clusters are clearly visible, a large fraction
of stars appear to be randomly scattered in space, indicating that they do not belong to
one of the clusters. This shows the need of an additional spatial filtering, as clustering
in velocities alone is not sufficient enough. The middle panel shows the final filtering
criterion that excludes all stars with less than 30 neighbors within 20 pc. This setup
perfectly unveils the structure of both clusters, with all stars remaining that physically
belong to the clusters. In order to show how important a well-chosen filter is, the right
panel of Figure 2.7 illustrates a very conservative criterion, excluding all sources with

less than 40 neighbors within 10 pc. In this setup, only the stars in the central parts
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Figure 2.8.: 2D lllustration of the contamination estimate approach, which represents
the spacial components of the estimate.

of both clusters remain, which leads to a loss of a large fraction of potential members

stars.

2.3.2. Contamination fraction estimate

As described above, we carefully select candidate member stars for Coma Berenices and
its neighbor group. However, it is very likely that our selection still contains sources which
do not belong to one of the groups. We therefore estimate the contamination fraction
of our selection by extracting sources in a symmetric phase-space on the opposite side
of the Galactic plane (see also Meingast et al., 2019). This is performed in three steps
which are described below. A 2D illustration of the approach is shown in Figure 2.8.

First, we invert the vertical velocity component (v.) of the cluster members. Next, we
take the whole Gaia database and apply the error cuts which were used throughout

this work. We extract all stars (with radial velocity measurements) that have velocities
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2.3. Cluster membership determination

within 30 of the velocity dispersion of the clusters. Second, we mirror all group sources
around the Galactic plane. We do this by simply inverting the Z-coordinates of the
stars. Third, we make a sphere around each mirrored star. The radius of the sphere is
half the maximum nearest neighbor distance of the group member stars. To obtain the
contamination fraction, we count the Gaia database stars which are located within one
of the spheres. The number of these stars represents the contamination fraction of our

member selection.

Figure 2.8 represents a simple 2D illustration of the contamination estimate. The blue
stars represent member stars of a cluster. The maximal nearest neighbor distance be-
tween two stars is d,,q.. All stars are mirrored into the opposite side of the Galactic
plane, and their mirrored counterparts are illustrated with blue dots. The small black
dots represent stars that were selected from the Gaia database, and have velocities within
3-0 of the velocity coordinates of the group (with inverted v,). The magenta spheres
around the mirrored stars have a radius of d,;.,/2. In the example illustration of Fig-
ure 2.8, one Gaia database star is located within a sphere, from what follows that we

have one contaminating source in this case.
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3.Coma Berenices and its neighbor moving

group

3.1. Overview

This article is the third part of our paper series "Extended stellar systems in the solar
neighborhood”, in which we study the structure, dynamics, and evolution of open clus-
ters and associations in the solar neighborhood. It is the result of our investigations of
Coma Berenices and a second moving group of stars in its velocity and spatial neighbor-
hood. We find that both groups will share the same Galactic volume in 13 Myr. This
cohabitation is temporal, as both groups are not massive enough for merging to occur.
We estimate that such encounter events are not rare in the Milky Way, but can happen

about once per Galactic revolution for each cluster.
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ABSTRACT

We report the discovery of a kinematically cold group of stars, located in the immediate neighborhood of the well-known star cluster
Coma Berenices (Mel 111). The new group identified in tangential velocity space as measured by Gaia contains at least 177 coeval
members distributed in two subgroups, and appears as a flattened structure parallel to the plane, stretching for about 50 pc. More
remarkably, the new group, which appears to have formed about 300 Myr later than Mel 111 in a different part of the Galaxy, will
share essentially the same volume with the older cluster when the centers of both groups will be at their closest in 13 Myr. This will
result in the mixing of two unrelated populations with different metallicities. The phase of cohabitation for these two groups is about
20-30 Myr, after which the two populations will drift apart. We estimate that temporal cohabitation of such populations is not a rare
event in the disk of the Milky Way, and of the order of once per Galactic revolution. Our study also unveils the tidal tails of the

Mel 111 cluster.

Key words. stars: kinematics and dynamics — solar neighborhood — open clusters and associations: individual: Coma Berenices

1. Introduction

Stellar clusters are unique probes of the physical and chemical
conditions at their time and place of birth in the Galaxy. Gaia
provides reliable distances and kinematics to a large number of
cluster members and with an unprecedented accuracy. This is
causing a renewed interest in the field, in particular in validating
ideas for which observational data was lacking. For example,
long-suspected dynamical features such as tidal tails have now
been identified for the nearest cluster to Earth, the Hyades cluster
(Roser et al. 2019; Meingast & Alves 2019; hereinafter Paper I).
At the same time, the expected counterparts of old disk clusters
and associations are now beginning to be unveiled (Ibata et al.
2019; Meingast et al. 2019; hereinafter Paper II). This newly
available parameter space promises to open a new window on
cluster disruption, the build up of the field population, the quan-
tification of anisotropies in the mass distribution of the Milky
Way disk, and the homogenization of different stellar popula-
tions.

Nevertheless, there is room for surprises. In this Letter we
present our follow-up work on the “Extended stellar systems
in the solar neighborhood” series. While a final catalog is in
preparation (Meingast et al., in prep.), we report here evidence
for temporal cohabitation of different stellar populations in the
same Galactic volume. The clusters in question, Coma Berenices
(Mel 111) and a newly found moving group in the velocity and

* Full Table A.2 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg. fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/qcat?]/A+A/624/L11

Article published by EDP Sciences
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spatial neighborhood, are not massive enough for capture of pop-
ulations to occur, but they will appear in the near future, and for
a limited time, as a multi-population cluster.

2. Data description and member selection

As in Paper II, we detected overdensities in velocity space,
given by Gaia DR2 (Gaia Collaboration 2016, 2018b), with
a wavelet decomposition in Galactocentric Cylindrical coordi-
nates'. Among the extracted significant peaks, we found the
velocity coordinates of the well-known star cluster Mel 111 at
Vr,vg, V) = (8.83,226.93,6.54) km s7!, as well as a nearby
second overdensity at (v, vg4,v;) = (6.21,223.57,5.41)km s7h,
belonging to a previously unknown stellar population. An extrac-
tion of all sources within a 5km s~ radius around the identified
peaks indicated that both populations do not only share very sim-
ilar velocities, but are also adjacent in spatial coordinates, mak-
ing them an interesting case for further investigation on possible
cluster interactions.

In order to minimize the error budget, we adopted filtering
criteria similar to Paper II: o, /tes < 0.5, 05/@w < 0.5, and
maxysp < 0.5. Since Mel 111 and its newly discovered neigh-
bor are located well above the Galactic plane, we also restricted
our database to Opc < Z < 150pc, =75pc < X < 75pc, and
-50pc < Y <100 pc.

In contrast to the prominent stream identified in Paper II,
here we find structures with smaller spatial extent. In such cases

! For details on the coordinate system definition see Paper I.
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Fig. 1. Left panel: KDE, using an Epanechnikov kernel with a bandwidth of 0.4 km s~ in the tangential velocity space for the 11294 stars in our
final database. Two prominent overdensities are visible, corresponding to Mel 111 and the new group which are displayed in the middle panel in
blue and magenta, respectively. Right panel: our selection in the v,v4—velocity plane. Small black dots represent all sources from the filtered Gaia

database.

projection effects are minimized and consequently we based
our member selection on 2D tangential velocity space (vy, Vs)
rather than on 3D velocities. We obtained tangential velocities
for every source from proper motion and distance data, and
applied a further restriction of —15kms™ < v, < Okms™' and
—10kms™"' < vs < 5kms™!. After applying these filters, a total
number of 11294 sources remained. The tangential velocity dis-
tribution of the remaining sources is illustrated with a kernel
density map in the left panel of Fig. 1. In this view, two local
overdensities become clearly visible. The tight, point-like struc-
ture at (vg, vs) ~(=5, —4)kms~' contains sources associated
with Mel 111, whereas the elongated arc-shape at (v, vs) ~ (=8,
—2)kms~! represents a previously unknown stellar group.

Following the setup outlined above, we then extracted clus-
tered sources with the density-based algorithm DBSCAN (Ester
et al. 1996). Specifically for our selection, we manually chose
minPts = 70, ¢ = 0.5kms™' for the DBSCAN setup which
resulted in two tangential velocity clusters associated with the
two apparent overdensities in the left panel of Fig. 1. This selec-
tion extracted 245 sources of Mel 111, and 237 stars associated
with the new group. Following the previous papers, we addition-
ally restricted the selection by applying a spatial density filter.
We tested several setups, where our final criterion excludes all
sources that have less than 30 neighbors within 20 pc. Finally,
we manually removed one star that was located below the main
sequence and also showed a large photometric excess factor,
indicating contaminated Gaia photometry. This resulted in a
final selection of 214 Mel 111 sources and 177 sources for the
new group. Table A.1 lists several parameters measured for these
two groups.

The middle panel of Fig. 1 shows the final selection for both
groups in the tangential velocity space. While the blue points
represent our member selection for Mel 111, the new group is
illustrated in magenta. For clarity, these colors are the same for
all the figures presented here. The right panel of Fig. 1 displays
the distribution of the stars in the v,v4—velocity plane, where the
two significant overdensities are colored corresponding to our
member selection of Mel 111 and the new group. It shows both
populations tightly clustered, thus verifying our selection pro-
cess.

We estimated the contamination level with two methods.
First, we applied the same method as described in Paper II,
which extracts sources in a symmetric phase-space region on the

L11, page 2 of 7

opposite side of the Galactic plane. Following the same steps
(with adapted measurements), we find a fractional contamina-
tion level of only a few percent. Secondly, the velocity distri-
bution in Fig. 1 reveals that each group contains a few stars
which do not fit the general velocity profile of the groups. This
closely matches the galactic field contamination estimate out-
lined above. Here, we chose not to remove these outliers in
velocity space from our selection, since such a restriction could
only be consistently applied to stars with radial-velocity mea-
surements and not to all sources.

3. Results and discussion
3.1. Structure

Figure 2 illustrates the final member selection in Galactic Carte-
sian coordinates. The same distribution projected on the sky is
shown in Fig. A.1. Mel 111 is located at a distance of approxi-
mately 85 pc from the Sun in the direction of the north Galactic
pole. The new group is located at almost the same distance to the
Galactic plane and at a similar Galactocentric radius, but about
60 pc ahead in the direction of Galactic rotation.

The Mel 111 selection reveals a flattened shape parallel to
the Galactic plane, as well as a pronounced core in the cluster
center. The XY distribution of the cluster shows a tilted ellip-
soidal structure, with a length of about 60 pc and a thickness
of about 25 pc. Following the discoveries of tidal tails associ-
ated with the Hyades (Roser et al. 2019; Meingast & Alves
2019), we also compared our findings for Mel 111 to the pre-
dicted tail structure as given by Chumak & Rastorguev (2006).
The approximate shape of the tails is shown in the left panel of
Fig. 2, which is in excellent agreement with our selected Mel 111
sources.

In contrast to Mel 111, the new group shows different mor-
phological characteristics. Most importantly, it does not have
a similarly pronounced core, which is likely the reason why it
has not yet been found. Moreover, the top-down view of the
new group members reveals an inhomogeneous distribution of
sources, which are arranged in two parallel lanes. The two sub-
groups show a systematic offset in proper motions, but we do not
find a significant difference in space velocities and other physi-
cal parameters. Therefore, we argue that the difference in proper
motions only results from projection effects.
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Fig. 2. Positions of the final member selection in Galactic Cartesian coordinates. The position of the Sun is indicated with the black circular
symbol. The gray shaded area represents the approximate shape of the tidal tails of Mel 111 (Chumak & Rastorguev 2006). The small black dots
correspond to all sources that where identified in our proper-motion clustering application but did not pass the spatial filtering.

We derive stellar masses similar to the previous entries in
this paper series by interpolating isochrones for the systems
(Sect. 3.2). Figure A.2 shows the resulting present-day mass
functions compared to a series of initial mass functions (IMF;
Kroupa 2001), which we used to estimate the birth masses of
the systems. In general, we find a good match between the mass
function for Mel 111 and the new group, suggesting similar cur-
rent masses (affected by two-body relaxation and tidal forces).
Also, we find that the present-day mass function is in overall
good agreement with a 200 M, IMF for both systems (espe-
cially near the higher-mass end of our selection). However, the
measured present-day masses of magnitude-limited samples are
generally affected by incompleteness. Paper I determined the
Hyades selection in this mass range to be incomplete by a factor
of approximately two. Following this result, but considering the
larger distances to the two groups discussed in this manuscript,
we estimated the bias to result in a factor of approximately three
or more, shifting the mass function closer to a 500 M, initial
mass estimate. This estimate should be seen as a lower limit,
because we did not consider mass loss caused by stellar evo-
lution and tides. Moreover, in Sect. 3.2 we show that the new
group is most likely several hundred million years younger than
Mel 111. Therefore, if the initial masses of the systems were
similar, the current lack of a pronounced core in the new group
indicates either a different initial condition (cluster vs. associa-
tion) or a very different dynamical evolution.

3.2. Age and metallicity

We present an observational HRD of our member selection in
Fig. 3. Both groups show a well-defined main sequence, indicat-
ing that each group by itself comprises a coeval stellar popula-
tion. While Mel 111 hosts two stars beyond the main sequence
turn-off, as well as one white dwarf, all selected members of the
new group are located on the main sequence. Comparing the two
sequences, we find significant differences both near the upper
and lower main sequence. The upper main sequence of Mel 111
is located on top of the new group, whereas this offset reverses as
we follow the main sequence down to the cooler and less lumi-
nous stars, shifting Mel 111 to the bluer part.

In order to estimate the age of the two groups, we compared
our selections with PARSEC isochrones (Bressan et al. 2012).
Assuming solar metallicity for Mel 111 (Netopil et al. 2016),
the 700 Myr isochrone appears to fit the sequence well. This is
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also consistent with previously published ages for Mel 111 (e.g.,
Tang et al. 2018; Gaia Collaboration 2018a). The upper main
sequence of the new group indicates a turnoff at higher luminosi-
ties compared to Mel 111 and therefore a younger stellar age.
Adjusting only the age of the isochrones, we find that a 400 Myr
isochrone fits well to the upper part of the sequence. However,
this adjustment does not match the observed offset near the lower
main sequence.

As also metallicity generally affects the location and shape
of the main sequence, we cross-matched our selection with
LAMOST DR4 (Cui et al. 2012), resulting in nine matches for
Mel 111 and eight matches for the new group. The mean metal-
licity of the matched sources is [Fe/H] = —0.117 + 0.115 for
Mel 111 and [Fe/H] = —0.003 + 0.093 for the new group. We
note here that the measured metallicity for Mel 111 is not consis-
tent with our previous assumption of solar metallicity. This dif-
ference is likely caused by a systematic offset in the survey and
we therefore only take the relative metallicity offset of ~0.1 dex
between both groups into account. The 400 Myr isochrone with
higher metallicity then also fits well to the lower main sequence
of the new group. Clearly, more data and an improved set of
models are needed to better age the new group, but the two
groups were formed at different times. For the remainder of this
Letter we assume their age difference to be about 300 Myr.

3.3. Kinematics and Galactic orbit

As pointed out in Sect. 2, the two groups have a very similar
kinematic profile. An inspection of the Galactocentric Cylindri-
cal velocities of both groups reveals only small differences in the
radial and azimuthal velocity component (Av, = 2.9kms™! and
Avg = 3.5km s1). The vertical velocity component is virtually
identical. Interestingly, Mel 111, lagging behind in the Galactic
rotation, is more than 3km s~ faster in v, compared to the new
group. This configuration therefore indicates that Mel 111 could
drift into the new group within the next few million years.

To analyze a potential encounter in more detail, we calcu-
lated the orbital motions of the groups with Galpy (Bovy 2015).
We used a predefined axisymmetric setup for the gravitational
potential of the Milky Way (MWPotential2014) which com-
prises a bulge, a disk, and a dark-matter-halo component; it does
however not include spiral arms or molecular clouds. For a full
description of the orbit, radial-velocity measurements are also
required for which we added another quality criterion, limiting
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Fig. 3. Observational HRD for the member stars of Mel 111 and the
new group. The solid line represents the 700 Myr PARSEC isochrone
with solar metallicity and the dashed line illustrates the 400 Myr
PARSEC isochrone with z = 0.019. The gray dots in the background
are all sources in our filtered database.

the error in radial velocity to o, < 2kms~!. This was applied

to keep the errors of the orbit integrations at a manageable level
and at the same time retain the bulk of our selection (about 90%
of the sources which have radial-velocity measurements). Within
these limits, we find 61 Mel 111 sources and 26 sources associ-
ated with the new group.

We estimated position errors along the integrated orbit by
randomly sampling the error distribution in distance, o, s,
and radial velocity. Each random sample (total sample size 100)
was then integrated independently, resulting in a distribution of
positions for each time-step. Here, the error most significantly
depends on the radial-velocity measurement. Together with the
location of the groups near the Galactic north pole, this results
in relatively large errors in the vertical position.

Figure 4 shows the distance between the group centers
(determined as the mean position of sources) as a function of
time going forward along their orbit, including the 3-o- error
interval. Remarkably, the two groups continue to converge for
the next few million years where we find a minimum distance of
25 pc in 13 Myr after which they start to drift apart again. Here,
the escape velocity at a distance of 25 pc even for a mass esti-
mate of 500 M, for Mel 111 is only 0.4kms™". Thus, the rela-
tive velocity offset between the groups is too large for a potential
merging event. Nevertheless, given their spatial extent of at least
50 pc, the two systems will essentially share the same volume for
about 20-30 Myr. Figure A.3 shows the position of all sources
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Fig. 4. Distance between Mel 111 and the new group as a function
of time. The black solid line displays the mean distance and the gray
shaded area corresponds to the 3-0- error. We find a minimum at ¢ =
13 Myr.

in Galactic Cartesian coordinates both now and at the time of
minimum distance. We also note that the orbits are integrated
independently and that we did not add additional gravitational
potentials for the individual groups.

This close encounter between two stellar populations encour-
ages speculations on how often such events occur in the Galaxy.
To test this, we created a simple setup of open clusters scattered
across the entire Galactic disk, integrated their orbits 100 Myr
forward, and calculated the average number of encounters (dis-
tance between two groups <20 pc). Specifically, we started with
estimating the top-down surface density of clusters in the disk.
The Webda database (Paunzen 2008) lists a total of 345 open
clusters (including loose associations and moving groups) within
1 kpc. This number translates into an average of about 55 such
objects per kpc? in the Galactic plane. Since the actual dis-
tribution of star clusters in the Galaxy is unknown and their
radial distribution could even be a function of cluster age (e.g.,
Scheepmaker et al. 2009), we favored an isotropic setup for our
toy model with a total number of 50000 open clusters for a
30 kpc-wide disk. Furthermore, we randomly sampled the veloc-
ity distribution directly from the Gaia DR2 measurements of
all stars in the solar neighborhood. A forward integration for
100 Myr revealed an average rate of 200 encounters per million
years across the entire disk. Therefore, for our 50 000 mock clus-
ters, each cluster should have on average one encounter every
250 Myr, indicating that such meetings of groups can happen
about once per Galactic revolution.

4. Summary and conclusions

Following the previous papers in this series, we used position
and velocity data provided by Gaia DR2 to analyze two specific
overdensities in velocity space (Fig. 1). The first, more promi-
nent peak corresponds to Mel 111, while the second overdensity,
separated by only a few kilometres per second, marks a previ-
ously unknown stellar population. Moreover, these groups do not
only share similar kinematics (Table A.1), but they are also cur-
rently only about 60 pc apart (Fig. 2). The spatial arrangement
of the source selection for Mel 111 also shows striking simi-
larity to theoretically predicted tidal tails. The new group how-
ever does not show a pronounced core, but instead appears to
be arranged in two parallel lanes, which are not clearly separa-
ble in velocity space. A comparison of the main sequences of
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the groups, taking into account metallicity differences, reveals
an age of about 700 Myr for Mel 111 in agreement with pre-
viously obtained results. The age of the newly discovered
group appears to be best represented by a 400 Myr isochrone
(Fig. 3).

We also analyzed the kinematics of the groups in order to
investigate a possible future interaction. By integrating individ-
ual orbits we find that both groups currently converge, with
a minimum distance of only 25pc between the cluster cen-
ters 13 Myr from now (Fig. 4), resulting in temporary mix-
ing of two unrelated stellar populations (Fig. A.3) for about
20-30Myr. The masses of the systems are however not large
enough to overcome the velocity difference, preventing a merg-
ing process. A toy setup and forward integration of mock open
clusters distributed across the entire Galactic disk reveals that
such encounters can happen at a rate of about one per Galac-
tic revolution for each cluster. Thus, the observed encounter
between Mel 111 and the newly discovered group is probably
not a unique phenomenon. This process is reminiscent, although
not proof, of the multi-populations found in the massive globular
clusters (Bedin et al. 2004).
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Appendix A: Supplementary plots and tables

Table A.l. Fundamental properties of our member selection for
Mel 111 and the new group.

Property Mel 111 New group
Candidate members 214 (67) 177 (31)
Age estimate (Myr) 700 400

RA (deg) 189.28 215.82
Dec (deg) 26.24 55.20

X (pc) -401+£9.62 -834+7.16
Y (pc) —3.48 £12.60 52.97 + 12.24
Z (pc) 85.05+3.28  82.17 +4.65
d (pc) 86.67 £3.51  98.93 +7.94
rv (kms™) -0.83+4.78 —6.00 + 1.81
v (kms™) 8.91 + 0.61 6.04 £ 0.48
vy (kms™) 226.73 £ 1.18 22321 + 1.07
v, (kms™") 6.06 + 4.67 579+ 1.25
U (kms™) —228+071 —=3.56 +0.63
V (kms™) -551+1.19 -9.08 +1.07
W (kms™") -120+4.67 -147+125
v (kms™) -480+041 -7.81+0.50
vs (kms™h) -3.53+045 —1.54+0.73
Uo (masyr™!) -11.68 £+ 1.10 -16.75 + 1.97
us (masyr") -859+1.13 -3.38+1.76
ov3p (kms™h) 1.23 1.08

Here we provide supplementary material. Table A.1 shows fun-
damental properties of both groups. The parameters are average
values obtained from our final source selection. The numbers
in parenthesis correspond to the group members with radial-
velocity measurements. As a measure of the dispersion in each
parameter, we additionally quote the standard deviation of the
obtained values. The comparably high dispersion of the ver-
tical velocity component of Mel 111 can be explained by
outliers in our selection and the strong dependence on radial-
velocity measurements. Our determined values for Mel 111
are in excellent agreement with the literature. For example,
Tang et al. (2018) estimated an age of ~800 Myr and a dis-
tance of ~86.7 pc. Riedel et al. (2017) published position and
velocity coordinates of (X, Y,Z) = (-6.706,—6.308, 87.522) pc
and (U, V,W) = (-2.512,-5.417,—-1.204) km s7!, and Kraus &
Hillenbrand (2007) determined the mean cluster proper motion
as (Uq, Ms) = (—11.5,-9.5) mas yr‘].

Figure A.1 shows the distribution of our member selection
in a slant orthographic projection, centered at the north Galactic
pole. Figure A.2 displays the mass distribution of both groups, as
well as a series of IMFs. As discussed in Sect. 3.1, both groups
match well with a 200 M IMF. Due to incompleteness however,
we estimated their birth masses to be closer to 500 M, in con-
trast to the ~100 M, measured for the present-day mass of the
cluster core (Casewell et al. 2006; Kraus & Hillenbrand 2007).
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Fig. A.1. Distribution of our final member selection displayed in a slant
orthographic projection with the north Galactic pole at its center.
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Fig. A.2. Mass functions of all member sources for both groups, with a
series of IMFs on top.

Figure A.3 illustrates the positions of the member stars of
Mel 111 and the new group both now and at the time of minimum
distance in Galactocentric Cartesian coordinates. The mean posi-
tion values are represented as dots, and the 3-o errors are illus-
trated with transparent ellipses. As described in Sect. 3.1, both
groups appear as flattened structures parallel to the Galactic
plane. However, we do not find a similarly flat arrangement in
13 Myr. This is however caused mostly by measurement errors
associated with the radial velocities.
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3. Coma Berenices and its neighbor moving group
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Fig. A.3. Top row: current position of all selected stars with radial-velocity measurements (o7, < 2kms™") in the Galactocentric Coordinate frame.
Bottom row: positions of these sources at ¢ = 13 Myr. The ellipses represent the errors of orbit integration (3-07). The large errors in the direction of
Z correspond to the large errors in radial velocities and are responsible for the disappearance of the flatness of the structure parallel to the Galactic

plane.

Table A.2. Top five entries: subsample of our selected Mel 111 members, five bottom sources: new group.

Gaia DR2 source_id RA Dec X Y Z Vo Vs
(deg) (deg)  (pe)  (pe)  (pc) (kms™') (kms™!)

1259389659361730048 214.82614 26.32159 24.11 17.26 83.21 -3.9 -2.82
1259987931126020736  212.32184 26.65464 21.23 1532 83.83 -3.96 -2.74
1260123858250996608 212.78305 27.52297 20.49 16.48 8245 —4.12 -2.93
1260617607691437952  214.32504 28.43993 23.09 20.71 90.01 -3.71 -2.41
1285098955638193792  215.03606  30.4291 19.93 22.01 83.01 -4.93 -2.76
1489389418670610816 222.51166 42.15855 13.95 4438 8593 -7.59 -2.14
1497425469984297088 208.26637 41.39739 236 2891 83.94 -7.96 -2.47
1498322916287022976 211.56849 41.59869 494 31.51 8277 -7.57 -2.49
1499294845909337344  211.22797 4292375 3.13 31.67 79.9 -7.75 -2.51
1503770755884281344 206.30482 4631112 —-4.2 32.06 80.3 -8.02 -2.49

Notes. The full selection, including additional columns is available at the CDS.
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4. Conclusions and Outlook

This chapter provides a summary of the main results of this work. Additionally, it dis-
cusses the conclusions we can draw from it, and furthermore addresses some remaining
unsolved questions and mysteries in this context, as well as how these could be ap-

proached in follow-up work.

4.1. Summary of results

The main results of this work are listed here.

1. We unveil the long-predicted tidal tails of Coma Berenices, an effect of cluster
disruption due to the tidal field of the Milky Way. Our member selection of Coma
Berenices reveals a pronounced core in the cluster center, as well as stars expanding
from this core, flattening the group parallel to the Galactic plane.

2. We find a previously unknown moving group of stars in the velocity and spatial
neighborhood of Coma Berenices. Due to its curious morphological characteristics,
this group might have been difficult to detect in the past. It does not have a
pronounced core, and its member stars appear to be arranged in two parallel lanes,
extending over 50 pc in space.

3. We use PARSEC isochrones to estimate the age of Coma Berenices and its neighbor
group to about 700 and 400 Myr, respectively. This difference in age reveals that
the clusters in case represent different stellar populations, as they were formed at
different times.

4. Investigation of the Galactic orbits for the next few million years shows that both
groups are going to drift into each other, sharing the same Galactic volume for a
few million years, after which they will drift apart again.

5. A toy setup and forward integration of mock open clusters distributed across the
entire Galactic disk reveals that such encounters are not rare events in the Milky
Way disk, and happen at a rate of about one per Galactic revolution for each

cluster.

4.2. Discussion and future work

The wealth of data provided by Gaia DR2 unveils the small-scale velocity structure

of our Milky Way in unprecedented detail, and the investigation of open clusters and
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4. Conclusions and Outlook

associations had never been so promising as during this era. The available measurements
enable not only the detection of unknown stellar groups, but also contribute to increase
the number of assigned member stars, and allow us to study stellar populations in
various ways, e.g. their formation processes, their internal structure and kinematics,

their evaporation processes, and their impact on the Galactic disk properties.

However, there are still puzzles that remain unsolved. In this work it could not yet be
clarified as which kind of stellar population the previously unstudied group would be
classified. As already addressed, this group is obviously no open cluster, as it clearly
lacks a core in its center. Moreover, this group was probably also not formed as an
association. Meingast et al. (2019) show that an association extends over 400 pc after
only 120 Myr of age (Curtis et al.,, 2019). The group’s spatial extent of only 50 pc
after 400 Myr clearly indicates a different formation mechanism, or points to a possible

different dynamical evolution.

A first step towards answering this question would be an improvement of the groups’
age estimate. In this work, the age determination was done using PARSEC isochrones
(Bressan et al., 2012) and metallicities obtained by LAMOST DR4 (Cui et al., 2012).
It is widely known that evolutionary models such as isochrones are subject to big uncer-
tainties and must be viewed with caution. Additionally, LAMOST provides metallicity
measurements only for a small fraction of the stars, along with big measurement uncer-
tainties. A useful approach to confirm or renew the age estimates obtained in this work
are observations of spectra of the groups’ member stars, in order to obtain lithium abun-
dances. Lithium abundances in stars decrease with increasing age and could therefore

be used as meaningful age tracers.

Further on, our membership determination method should be extended, as it is not
well applicable at the outer region of Coma Berenices' core, where the stellar density
strongly decreases, and the cluster member stars hardly stand out from the field stars
anymore. As the abundances of elements are equal for stars that were born together,
open clusters and associations appear to be chemically homogeneous (Kos et al., 2018).
Therefore, chemical tagging could help to identify more member stars of these stellar
populations. This method is one of the most promising future identification methods
to study dispersed stellar populations, but also requires a a high number of measured
abundances, and therefore a huge amount of high precision observations (Hogg et al.,
2016).

The intention of our simple cluster encounter approach was to get a solid educated guess
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4.2. Discussion and future work

on the number of close encounters. However, we neglected the fact that the density of
star clusters within the disc decreases with distance from the Galactic center, as well as
a possible age dependency on this distribution (Scheepmaker et al., 2009). Moreover,
we did not take into account the influence of the rotation curve of the Galaxy on the
cluster velocities. Advanced simulations could address these and more parameters, and

would yield to a more sophisticated encounter estimate.

Given their small survival rate due to infant mortality in the first place, it is even more
surprising that encounters of unrelated open clusters seem to be not rare events in the
Milky Way disc. Advanced simulations might also be able to show how likely - if at all

- merger events between open clusters occur.

In order to improve our knowledge of open clusters and associations, we need more
observational data. In 2020 an early Gaia DR3 (EDR3) is going to be published, con-
sisting of improved astrometric and photometric data. The full Gaia DR3 catalogue will
be available in the second half of 2021, including - among other parameters - radial
velocities for a significantly larger number of stars, due to a fainter magnitude limit.
This will allow us to build on the exciting results of this work, and will open even more
opportunities to investigate the stellar components of the Milky Way galaxy. With this
in mind, we can look forward to to an eventful and enlightening time that will greatly

contribute to our knowledge about the mysteries of the universe.
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A. Appendix

The Appendix includes additional material and information. First, | provide a German
summary (Zusammenfassung) of my thesis work, which is required by the University of
Vienna. Second, | provide an overview of all Figures in this work. Third, | include a
reprint permission of the journal Astronomy and Astrophysics for my published article,

which | incorporated in Chapter 3 of this thesis.
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A.1. Zusammenfassung

A.1. Zusammenfassung

Offene Sternhaufen und Assoziationen sind hervorragende Indikatoren zur Untersuchung
der Entstehung, Entwicklung und Struktur der galaktischen Scheibe. Aufgrund ihrer
geringen Geschwindigkeitsdispersion erscheinen offene Sternhaufen als kleinraumige Ge-
schwindigkeitsstrukturen in der MilchstraBe. lhre Untersuchung liefert Einblicke in die
dynamische Entwicklung von Sternhaufen in Gezeitenfeldern, in die Auflésung von Stern-
haufen und Masseverlust, in die Zusammensetzung der galaktischen Feldsternpopulation
und in die Massenverteilung der galaktischen Scheibe. Der zweite Gaia Datenrelease
liefert astronomische Daten mit einer nie dagewesenen astrometrischen Genauigkeit. Die
genauen Positions- und Geschwindigkeitsmessungen ermoglichen neue Einblicke in die
Eigenschaften von Sternpopulationen in der galaktischen Scheibe und tragen dazu bei

unser Wissen uber die MilchstraBe zu revolutionieren.

Diese Arbeit untersucht den bekannten Sternhaufen Coma Berenices und eine uns bisher
unbekannte Gruppe von Sternen, die in dessen unmittelbarer Nahe liegt und ein sehr
ahnliches Geschwindigkeitsprofil aufweist. Die neu entdeckte Gruppe wurde im Tan-
gentialgeschwindigkeitsraum identifiziert, enthalt mindestens 177 Sterne und erstreckt
sich (iber 50 Parsec. Sie erscheint als abgeflachte Struktur parallel zur galaktischen
Scheibe und ist etwa 300 Myr spater als Coma Berenices in einem anderen Teil der
Galaxie entstanden. Bemerkenswerterweise liegen die Zentren beider Gruppen in 13 Mil-
lionen Jahren so nahe, dass beide Populationen dasselbe galaktische Volumen einnehmen
werden. Dies flihrt zu einer temporaren Vermischung zweier nicht verwandter Popula-
tionen mit unterschiedlichen Metallizitaten. Nach der Phase des Zusammenlebens von
etwa 20-30 Millionen Jahren werden die beiden Populationen auseinanderdriften. Wir
schatzen, dass das Zusammentreffen solcher Populationen in der galaktischen Scheibe
kein seltenes Ereignis ist und in der GroBenordnung von einmal pro galaktischer Revolu-
tion liegt. Die Arbeit enthiillt auch die Gezeitenschweife von Coma Berenices, ein Effekt

der Sternhaufen-Auflésung durch das Gezeitenfeld der MilchstraBe.
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