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”REMEMBER TO LOOK UP AT THE STARS AND NOT DOWN AT YOUR FEET.
TRY TO MAKE SENSE OF WHAT YOU SEE
AND WONDER ABOUT WHAT MAKES THE UNIVERSE EXIST.
BE curious.
AND HOWEVER DIFFICULT LIFE MAY SEEM,
THERE IS ALWAYS SOMETHING YOU CAN DO AND SUCCEED AT.
IT MATTERS THAT YOU DON’T JUST GIVE UP.‘

Stephen Hawking (In an Interview with Diane Sawyer, for ABC News, June 2010)
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ABSTRACT

It is generally agreed upon that stars typically form in open clusters and stellar associations, but little is known
about the structure of the open cluster system. Do open clusters and stellar associations form isolated or do
they prefer to form in groups and complexes? Open cluster groups and complexes could verify star forming
regions to be larger than expected, which would explain the chemical homogeneity over large areas in the
Galactic disk. They would also define an additional level in the hierarchy of star formation and could be used
as tracers for the scales of fragmentation in giant molecular clouds? Furthermore, open cluster groups and
complexes could affect Galactic dynamics and should be considered in investigations and simulations on the
dynamical processes, such as radial migration, disc heating, differential rotation, kinematic resonances, and
spiral structure.

In the past decade there were a few studies on open cluster pairs (de La Fuente Marcos & de La Fuente Marcos
2009albjc) and on open cluster groups and complexes (Piskunov et al.[2006). The former only considered spatial
proximity for the identification of the pairs, while the latter also required tangential velocities to be similar for
the members. In this work I used the full set of 6D phase-space information to draw a more detailed picture
on these structures. For this purpose I utilised the most homogeneous cluster catalogue available, namely the
Catalogue of Open Cluster Data (COCD; |[Kharchenko et al.[|2005alb), which contains parameters for 650 open
clusters and compact associations, as well as for their uniformly selected members. Additional radial velocity
(RV) and metallicity ([M/H]) information on the members were obtained from the RAdial Velocity Experiment
(RAVE,; [Steinmetz et al.|2006; Kordopatis et al.|2013)) for 110 and 81 clusters, respectively. The RAVE sample
was cleaned considering quality parameters and flags provided by RAVE (Matijevic et al.|[2012}; [Kordopatis
et al.[2013)). To ensure that only real members were included for the mean values, also the cluster membership,
as provided by [Kharchenko et al.| (2005alb), was considered for the stars cross-matched in RAVE.

6D phase-space information could be derived for 432 out of the 650 COCD objects and I used an adaption
of the Friends-of-Friends algorithm, as used in cosmology, to identify potential groupings. The vast majority
of the 19 identified groupings were pairs, but I also found four groups of 4-5 members and one complex
with 15 members. For the verification of the identified structures, I compared the results to a randomly selected
subsample of the catalogue for the Milky Way global survey of Star Clusters (MWSC; |Kharchenko et al.[2013)),
which became available recently, and was used as reference sample. Furthermore, I implemented Monte-Carlo
simulations with randomised samples created from two distinguished input distributions for the spatial and
velocity parameters. On the one hand, assuming a uniform distribution in the Galactic disc and, on the other
hand, assuming the COCD data distributions to be representative for the whole open cluster population.

The results suggested that the majority of identified pairs are rather by chance alignments, but the groups and the
complex seemed to be genuine. A comparison of my results to the pairs, groups and complexes proposed in the
literature yielded a partial overlap, which was most likely because of selection effects and different parameters
considered. This is another verification for the existence of such structures.



The characteristics of the found groupings favour that members of an open cluster grouping originate from a
common giant molecular cloud and formed in a single, but possibly sequential, star formation event. Moreover,
the fact that the young open cluster population showed smaller spatial separations between nearest neighbours
than the old cluster population indicated that the lifetime of open cluster groupings is most likely comparable
to that of the Galactic open cluster population itself. Still even among the old open clusters I could identify
groupings, which suggested that the detected structure could be in some cases more long lived as one might
think.

In this thesis I could only present a pilot study on structures in the Galactic open cluster population, since the
data sample used was highly incomplete. For further investigations a far more complete sample would be re-
quired. One step in this direction would be to use data from large current surveys, like SDSS, RAVE, Gaia-ESO
and VVYV, as well as including results from studies on individual clusters. Later the sample can be completed
by data from upcoming missions, like Gaia and 4MOST. Future studies using this more complete open cluster
sample will reveal the effect of open cluster groupings on star formation theory and their significance for the
kinematics, dynamics and evolution of the Milky Way, and thereby of spiral galaxies.



7/ USAMMENFASSUNG

Es ist weithin anerkannt, dass Sterne typischerweise in offenen Sternenhaufen und Sternassoziationen entste-
hen, dennoch ist wenig iiber Strukturen in diesem System der offenen Sternhaufen bekannt. Entstehen offenen
Sternhaufen und Sternassoziationen isoliert oder entstehen sie bevorzugt in Gruppen und Komplexen? Gruppen
und Komplexe von offenen Sternhaufen konnten bestitigen, dass Sternentstehungsregionen grofler sind als er-
wartet, was die Homogenitét der chemischen Zusammensetzung iiber weite Areale in der galaktischen Scheibe
erkldren wiirde. Sie wiirden auch eine weitere Stufe in der Hierarchie der Sternentstehung definieren und kon-
nten als Indikatoren fiir die Skalen der Fragmentierung in Riesenmolekiilwolken dienen. Des Weiteren konnten
Gruppen und Komplexe von offenen Sternhaufen die Dynamik unserer Galaxis beeinflussen und sollten in Un-
tersuchungen und Simulationen von dynamischen Prozessen, wie radiale Migration, kinematische Aufheizung
der Scheibe, differentielle Rotation, kinematische Resonanzen und der Spiralstruktur, miteinbezogen werden.
In den vergangenen Jahrzehnten gab es einigen Studien zu Paaren von offenen Sternhaufen (de La Fuente Mar-
cos & de La Fuente Marcos|2009a/bllc) sowie zu Gruppen und Komplexen von offenen Sternhaufen (Piskunov
et al.|2006). Erstere betrachteten ausschlieBlich raumliche Nihe fiir die Identifizierung der Paare, wihrend let-
ztere auch dhnliche tangentiale Geschwindigkeiten fiir die Mitglieder verlangten. In dieser Arbeit nutzte ich den
kompletten Satz an 6D-Phasenrauminformationen, um ein vollstindigeres Bild dieser Strukturen zu erstellen.
Aus diesem Grund habe ich den homogensten Sternhaufenkatalog verwendet, der zu dieser Zeit verfiigbar war,
niamlich den Catalogue of Open Cluster Data (COCD; |[Kharchenko et al.[2005alb), welcher Parameter fiir 650
offene Sternhaufen und Sternassoziationen, sowie deren einheitlich ausgewéhlte Mitglieder, enthdlt. Weitere
Radialgeschwindigkeits- (RV) und Metallizitédtsinformationen ([M/H]) fiir die Sternhaufenmitglieder wurden
mit Hilfe des RAdial Velocity Experiment (RAVE; [Steinmetz et al. 2006} |Kordopatis et al.|[2013) fiir 110
beziehungsweise 81 Haufen bestimmt. Der RAVE-Datensatz wurde mit Hilfe von Qualitdtsparametern aus
RAVE (Matijevic et al.|2012; |[Kordopatis et al.[[2013]) gereinigt. Um sicherzustellen, dass nur echte Mitglieder
fiir die Mittelwertbestimmung betrachtet wurden, wurde auch die Haufenmitgliedschaft, wie von |Kharchenko
et al.| (2005alb) bereitgestellt, fiir die in RAVE identifizierten Sterne miteinbezogen.
6D-Phasenrauminformationen konnten fiir 432 der 650 COCD Objekte bestimmt werden und ich habe eine
angepasste Variante des Friends-of-Friends Algorithmus genutzt, der in der Kosmologie verwendet wird, um
potenzielle Gruppierungen zu identifizieren. Der liberwiegende Teil der 19 identifizierten Gruppierungen waren
Paare, ich habe aber auch vier Gruppen mit 4-5 Mitgliedern und einen Komplex mit 15 Mitgliedern gefunden.
Fiir die Bestitigung der identifizierten Strukturen, verglich ich die Ergebnisse mit einem zufillig ausgewihlten
Datensatz aus dem Milky Way global survey of Star Clusters (MWSC; |Kharchenko et al.|2013), der kiir-
zlich erst zur Verfiigung gestellt wurde und hier als Vergleichsdatensatz verwendet wurde. Des Weiteren,
habe ich Monte-Carlo Simulationen mit zufélligen Datensédtzen implementiert, die anhand von zwei unter-
schiedlichen Varianten fiir die Ausgangsverteilungen der raumlichen und Geschwindigkeitsparameter generiert
wurden. Zum Einen unter der Annahme einer gleichmifigen Verteilung in der galaktischen Scheibe und zum
Anderen unter der Annahme, dass die Datenverteilungen im COCD représentativ sind fiir die gesamte Popula-
tion der offenen Sternhaufen.



Die Ergebnisse deuteten darauf hin, dass die Mehrheit der identifizierten Paare eher zufillige Anordnungen
sind, aber die Gruppen und der Komplex schienen echt zu sein. Ein Vergleich meiner Ergebnisse mit den in der
Literatur vorgeschlagenen Paaren, Gruppen und Komplexen ergab eine teilweise Uberschneidung, die hochst-
wahrscheinlich durch Auswahleffekte und die Verwendung unterschiedlicher Parameter bedingt war. Dies ist
eine weitere Bestitigung fiir die Existenz solcher Strukturen.

Die Eigenschaften der gefundenen Gruppierungen bevorzugen, dass die Mitglieder einer Gruppierung von offe-
nen Sternhaufen aus einer gemeinsamen Riesenmolekiilwolke stammen und in einem Sternentstehungsereignis
geformt wurden, das moglicherweise auch sequenziell ablief. Auflerdem zeigte die junge Population der offe-
nen Sternhaufen kleinere raumliche Abstinde zwischen den nichsten Nachbarn als die alte Haufenpopulation,
was darauf hindeutet, dass die Lebenszeit von Gruppierungen von offenen Sternhaufen vergleichbar ist mit
der fiir die Population galaktischer offener Sternhaufen selbst. Dennoch wurden auch unter den alten offenen
Sternhaufen Gruppierungen identifiziert, was andeutete, dass die gefundenen Strukturen doch in einigen Fillen
langlebiger ist als man denken konnte.

In dieser Doktorarbeit konnte ich nur eine Pilotstudie zu Strukturen in der Population der galaktischen offenen
Sternhaufen présentieren, da der verwendete Datensatz hochst unvollstindig war. Fiir zukiinftige Untersuchun-
gen wire ein deutlich vollstindigerer Datensatz notwendig. Ein Schritt in diese Richtung wire die Verwendung
von Daten aus grolen momentan verfiigbaren Beobachtungskampagnen, wie dem SDSS, RAVE, Gaia-ESO
und dem VVYV, sowie das miteinbeziehen der Ergebnisse von Studien an einzelnen offenen Sternhaufen. Spiter
konnte dieser Datensatz durch die Verwendung von Daten aus kommenden Missionen, wie Gaia und 4MOST,
komplettiert werden. Zukiinftige Studien mit einem vollstindigeren Datensatz werden den Einfluss von Grup-
pierungen von offenen Sternhaufen fiir die Sternentstehungstheorie und ihre Bedeutung fiir die Kinematik,
Dynamik und Entwicklung der Milchstrafle, und damit auch fiir andere Spiralgalaxien, entritseln.



CHAPTER 1

‘ INTRODUCTION

GGENERAL ASPECTS

( SectioN 1.1

The universe harbours about 10! galaxies of different ages and morphology. Each of these galaxies contains
about 10° — 10" stars at different stages of their evolution. In spiral galaxies, like our Milky Way, the young
stellar population concentrates in a relatively thin disc, while the older stellar population spreads out to higher
latitudes and also defines the stellar halo of the host galaxy. It is widely agreed upon that the majority of these
stars formed in a clustered mode (Lada & Lada/2003};|Ladal2006). Hence, studying stellar clusters is the key to
understand the formation and evolution of stars and galaxies, as well as the structures in galaxies. This was one
reason for putting stellar clusters in the focus of the project presented in this thesis. In the following chapter I
briefly summarise the current state of the art in the research of open cluster, stellar associations, as well as their
connection to star formation, Galactic structure and dynamics.

1.1.1 OPEN CLUSTERS

Stellar cluster can basically be understood as accumulations of stars within galaxies that are gravitationally
bound and, therefore, move with a common velocity vector. The challenge in reality is to separate these
overdensities from the stellar field population. For example, if one only follows the assumption that stellar
clusters occupy a confined area in the sky, one could be easily mislead, because in astronomy and astrophysics
2D-observations of objects distributed in 3D-space are performed, which induces projection effects. Thus, if
one only considers spatial criteria, stars that are actually in the fore- or background of a stellar cluster could be
misidentified as members. In consequence, velocities and distances of stars are usually considered as well for
the identification of stellar clusters and their members.

In this work I primarily investigated open clusters in the Milky Way, which show different morphologies ranging
from centrally concentrated systems to irregular shapes (see Fig. [I.Z). However, the density profiles for the
majority of open clusters can be approximately described by a so called King profile (King/{1962}; [Leonard
1988). For the common motion criterion velocities in two basic directions are accessible: proper motions,
describing the tangential motion in the celestial plane, and radial velocities, providing an estimate for velocities
along the line of sight. The HIPPARCOS missiorﬂ (Perryman et al.|[1997)) was the first extensive survey for
astrometric data of stars in the solar neighbourhood.

'HIPPARCOS - High Precision Parallax Collecting Satellite.
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It provided accurate positions and trigonometric parallaxes with accuracies to the 10 — 20% level for about
100,000 stars down to magnitudes of V ~ 12 mag. The related TYCHO catalogue (Hgg et al||2000) gave
proper motions for about 2.5 million stars down to magnitudes of V ~ 11 mag. On 19. December 2013 the
Gaia satellite (Vallenari|2014) was launched and will again significantly improve and extend the current sample
of astrometric data, including positions, distances and proper motions, through providing measurements from
the sub-mas down to the 10 uas level for about 10° stars in the Milky Way down to magnitudes of G = 20 mag.
Besides accurate multi-epoch position measurements, providing proper motions an parallaxes, Gaia will also
get radial velocities for the brightest stars through own spectroscopic observations.

Photometric and spectroscopic surveys have dif-
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10t }- N 10t }ﬁ T 1 potential open cluster members are better acces-
_z;}.'. ¥ . sible via proper motions than by radial veloci-
12¢ et 1 20, fg...-:,)‘- : 1 ties. Thus, for the majority of identified open clus-
S ters the kinematic membership is often based only
14 Lo Lo b Lo 14 : : : on proper motions, simply due to the lack of ra-
- EC; Y |:1 m02g 3 - é) _y Il mcé 5 dial velocity measurements of all stars in the area
around an open cluster.
2 A r T 2 L L L At present, there are more and more efforts to in-
NGC 3532 NGC 6475 . .

clude radial velocity measurement for the open
41 4 cluster membership selection (Geller et al.| 2008,
2010; [Hole et al.|2009; |Carreral 2012; Hayes &
o 6 . o 61 H Friel| 2014; Toflemire et al|[2014)), in parts be-
g o 2 3 cause for some clusters the proper motion values
< 8 % e ] c 8 ‘i. ] of the members are similar to those of the sur-
> 5. o > F\,‘ e rounding field stars. Regardless of whether only
101 2 o ] 100 e, M" . ] proper motions, or radial velocities, or both pa-
i . - &Ry - rameters are used for the kinematic membership
e _ t2p ¥ | selection, the criterion is rather simple. For real
14l o . . 1ab " " " members, their differences in proper motion/radial
1 0 1 2 3 1 o 1 o 3 velocity to the mean has to be within the error

B-V in mag B-V in mag margins of the kinematic parameter considered.

Another interesting aspect of open clusters is the

Figure 1.1: CMDs generated from most probable kine- distributions of confirmed members in a colour-

matic members (Py;, > 61%) for four open magnitude diagram (CMD), as illustrated in Fig.

clusters selected from the COCD. [L.T] for four open clusters selected from the Cata-

logue of Open Cluster Data (COCD; |[Kharchenko

et al.[|2005ajb) using kinematic memberﬂ These diagrams provide a way to illustrate stellar evolution, since

stars of different type, age, or mass occupy characteristic regions in the CMD. For the general stellar population
with a variety of distances, clear features can only be identified when using absolute magnitudes.

2The TYCHO catalogues were supplementary to the main HIPPARCOS catalogue.
3The SDSS g’ waveband roughly corresponds to the widely used V band.
“More details on the COCD, the membership selection, and corresponding stellar catalogues can be found in Sect.
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For open clusters, on the other hand, clear features are already present in the CMD when using apparent mag-
nitudes, such as a main sequence, indicating that the members of open clusters are of similar age. The finding
that cluster members have similar ages can be used as an additional requirement for the membership selection
to further reduce contamination by field stars, since the latter should have different ages and differ from the
characteristic features of an open cluster. The members for most of the known open clusters were identified
using a combination of the criteria listed above and since they interlink, the entire membership selection proce-
dure is usually an iterative process.

Images of three open clusters are displayed in Fig. namely of the Pleiades, the Hyades, and Westerlund
2. The former two are very nearby open clusters and of intermediate age. The Pleiades are 120 Myrs old and
located at a distance of 130 pc (Kharchenko et al.|2005a), while the Hyades are 625 Myrs old and located at
about 46 pc (Perryman et al.[1998)). Westerlund 2, on the other hand, is a very young and massive cluster, which
is further away. Its age was derived to be no more than 2 Myrs and its distance was determined to be about 2.85
kpc (Carraro et al.|[2013).

Figure 1.2: Images of Galactic open clusters, as copied from the NASA APOD websiteﬂ Left panel: The
nearby Pleiades (left corner) and Hyades (right corner) clusters (posted on 17 Nov. 2011), spanning
20° on the sky. Right panel: The young and massive Westerlund 2 cluster (posted on 26 June 2010).

From confirmed open clusters in the Milky Way some general characteristics can be visualised. The core radii
are typically a few pc and the tidal radii are of the order of 10 pc. The distribution for the apparent total radii,
converted to pc, is illustrated in Fig. [[.3] When compared to the histogram of the tidal King-radii (Fig. 1 in
Kharchenko et al.| (2013))), the distribution presented here peaks at lower values. This is because the apparent
total radii were accessed visually and did not take into account the faint members and therefore underestimated
the actual tidal radii. Open clusters show a typical stellar density of about 10? — 10* stars/pc’ and the number
of members reaches up to a few 1000 stars. However, not all these members are accessible through astrometry
or spectroscopy, which is why the number of observed open cluster members in Fig. [I.3]is typically smaller
than the expected number. Due to the large number of members, certain parameters for open clusters, such as
ages, distances and velocities, can be derived more accurately than for isolated stars.

The ages of open clusters are often determined through isochrone fitting, as for example done by |[Kharchenko
et al.| (2005alb, 2012). This required an understanding of the reddening effects in direction of the open clus-
ter investigated, as well as ensured selection of potential cluster members. From a visual inspection of the
cluster CMD one could get a first rough idea on which range of ages is covered and which set of isochrones
is reasonable to be used. For very young cluster with ages of only a few Myrs, the members populate tracks
leading up to the main sequence and Pre-Main sequence isochrones would have to be used (e.g. by [Siess et al.
2000). For older open clusters with ages of several 100 Myrs would populate tracks leading away from the
main sequence and post-main sequence isochrones have to be used (e.g. by |Girardi et al.|2002). At the main
sequence, isochrones for different stellar parameters are very close to each other. Hence, the more potential
members are used the more accurate is the age determination. Currently, the best estimates for logarithmic ages
of open clusters are accurate to about 0.2 dex.

SNASA Astronomy Picture of the Day (APOD) website: http://apod.nasa.gov/
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Figure 1.3: Left panel: Histogram for the cluster radii in pc, as derived from the apparent visual total radius
ry (given in deg). Right panel: Histogram for the observed number of 1o-members within the
determined cluster radii (right). Both histograms were generated with data from the Milky Way
global survey of Star Clusters (MWSC; [Kharchenko et al.|[2013).

For an accurate determination of the cluster radius, a reliable estimate on its distance is essential. For nearby
clusters, within a few 100 pc, trigonometric parallaxes are used to determine the distance of the cluster. For
more distant systems this method is challenging, since the parallaxes are of the order of their uncertainties. For
these clusters one could use the CMD and compare the main sequence generated from apparent magnitudes to
the expected main sequence generated from absolute magnitudes, referred to as distance modulus. To determine
the absolute magnitudes one has to understand the reddening effects induced through interstellar extinction by
gas and dust clouds. Furthermore, the location of the main sequence is usually identified by isochroneﬁ fitting,
which is highly dependent on the stellar evolution model chosen. Spectroscopic information on open cluster
members, combined with assumptions on the Galactic potential and stellar populations can also be used for
distance estimates (Binney et al.[2014). Considering the challenges for the different distance estimate methods,
it is not surprising that the best distances values are typically accurate to the 10 %-level.

oor | | | Figure 1.4: Spatial distribution of open clusters gen-
i erated with data from the Milky Way
50 7 global survey of Star Clusters (MWSC;
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The distribution of open clusters in the sky using Galactic coordinates showed another interesting characteristic
(see Fig. . The vast majority of clusters are located either in or near the Galactic thin disc (|b] < 30°),
where star formation is predominantly taking place. Hence, open clusters can be considered representative for
the young stellar population in the Milky Way. The derived ages for the known open clusters confirm this,
as the values range from a few Myrs to a few Gyrs. At optical wavelengths the gas and dust in star forming
regions obscures the light from cluster members in the line of sight, which induces a volume limit and at larger
distances only the very massive and bright clusters are detectable.

®Isochrones are tracks for stars of fixed age, derived using theoretical models for specific stellar parameters (e.g. mass, metallicity).
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1.1.2 STELLAR ASSOCIATIONS

Besides open clusters, stellar associations define a second type of accumulations with a more loose distribution.
The density of typically 10 — 100 members is about ~ 0.1 stars/pc®. This stellar density is far lower than that
for open clusters and just slightly higher than that of the field population. Therefore, stellar associations are not
gravitationally bound and are expected to dissolve even faster than open clusters. This is reflected in the typical
ages of just a few 10 Myrs. Thus, it is not surprising that stellar associations are often directly related to active

star forming regions, such as Orion (Alves & Bouy|2012} Rivilla et al.[2013), Scorpius-Centaurus

& Mamajek|2008; [Ortega et al|2009), Taurus-Auriga (D’Orazi et al.|[2011; Mooley et al.|2013), or Cygnus
(Wright et al|2014). Two exemplary images for OB-associations are displayed in Fig. [I.5] namely Cepheus

OB3 and Cygnus OB2.

Figure 1.5: Images of Galactic stellar associations, as copied from the NASA APOD website. Left panel: The
Cepheus OB3 association (posted on 19 Oct. 2013). Right panel: The Cygnus OB2 association
(posted on 4 March 2011).

The young age of stellar associations also implies that the majority of the low-mass stars (M< 1My) in these
systems are still in the pre-main sequence stage of their evolution (Bricefo et al.[2007). Moreover, it has been
suggested that star formation in OB-associations is sequential and possibly triggered by effects like shock waves
from supernova explosions (Blaauw|[1964} Preibisch & Zinnecker|2007).

The identification of the members and determination of mean parameters is similar as for open clusters. De-
pending on the dominant stellar type detected in a stellar association, they can be divided into two groups.
OB-associations show a large fraction of young O and B stars, which emit a lot of ionising radiation, while
T-associations harbour a large fraction of T Tauri stars.

SecTIiON 1.2
( THE HIERARCHY OF STAR FORMATION

Open cluster are commonly believed to be the birth places for the vast majority of stars (Lada & Ladal[2003};
ILada|2006), which poses a direct link to star formation and provides a key to understand the origin of stars. The
molecular clouds, where star formation takes place, show different levels of fragmented and clumpy structure

(Elmegreen|2007, [2010). The detected substructures in the internal gas of very young open clusters
& Hodapp|2008) typically dissolve after a few Myrs, before the gas expulsion (Cartwright & Whitworth/2004;

Schmeja et al.|2008)).
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Interestingly within clusters stars preferably form in binary and triple systems (Goodwin & Kroupa [2005}
Goodwin et al.|2007; [Duchéne et al.|[2007), providing an explanation for the larger binary fraction in open
clusters compared to the field population. The binary and multiple systems in open clusters are expected to
affect cluster parameters, such as velocity dispersion, and the clusters dynamical evolution (Kouwenhoven &
de Grijs|2008}; |Geller et al.|2008,, [2010; |Gieles et al.[2010).

Another characteristic discovered in open clusters is mass segregation, describing that the massive stars in
a cluster are typically observed in the centre, while in the periphery only lower mass members are detected
(Hillenbrand & Hartmann||1998; de Grijs et al.|[2002cjalb; (Gouliermis et al.|[2004). In Fig. this effect is
illustrated for 15 cluster{] of different age and at different distances.
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Figure 1.6: Mass of cluster members in relation with their distance from the centre in units of cluster radius

for 15 open clusters, as copied from [Schilbach et al.| (2006). Their name and distance modulus
are given on the left and their logarithmic ages on top of each panel. Black dots and red open
circles show members in the core and coronal area, respectively. The cyan circles highlight the
most massive members at a given distance from the cluster centre. These most massive members
were then included for the regression (solid line).

The cause for this effect is not yet clearly established, but observational studies and theoretical simulations
favour the scenario of primordial mass segregation, rather than dynamical segregation. [Sagar & Bhatt| (1989)
conducted a proper motion study on eight open cluster and found that only for one cluster the brighter main
sequence stars showed lower proper motion values, which would have indicated dynamical mass segregation.
N-body simulations by |Allison et al.|(2009) on open clusters showed that the cool, substructured clusters mass
segregate dynamically for masses down to a few solar masses on time scales of a few Myrs. One could conclude
that dynamical mass segregation can only take place in the very early stages of star and cluster formation and
mainly affects the gas, as well as the O and B stars in a cluster, but for the intermediate and older open clusters
mass segregation can be considered to be primordial.

"The 15 clusters shown in Fig. were selected from the Catalogue of Open Cluster Data (Kharchenko et al.[2005alb) by [Schilbach

et al.|(2006)).
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It is often said that members of the same cluster formed at the same time and thus have the same age, but already
studies on NGC 2264 showed that there are discrepancies. [Walker| (1956)) identified the turnoff for this cluster
at the spectral type O7, which corresponds to an age of 3 Myrs, whereas |Adams et al.| (1983)) used low-mass
stars and derived an age of 10 Myrs. Such a discrepancy in ages when using different stellar types was also
found for other open clusters and [Herbig| (1962)) pointed out that this indicates that low-mass stars form earlier
than high-mass stars. Otherwise, the formation of for example M stars would be interrupted by the supernova
explosion of a B star in the same cluster after 10 Myr, because low-mass stars form over a longer time span
than high-mass stars. Moreover, a supernova explosion within an open cluster would cause the expulsion of
the remaining gas and consequently the sequential formation of the cluster members would have to take place
within a few Myrs. This defines the maximum age spread within open clusters, which is typically within the
error margins of cluster age determination. Hence, for general purposes it can be assumed that cluster members
are of about the same age.

On the one hand, there are internal processes affecting the stability and evolution of open clusters, such as
gas expulsion induced by supernova explosions or kinematic encounters that in some cases lead to ejection
of members. On the other hand, also external forces influence the evolution of open clusters, like dynamical
interactions with molecular clouds or tidal stripping through the Galactic gravitational field (Spitzer]|1958]). All
these effects result in loss of members or gas from the gravitational field of an open cluster, and therefore in
mass loss. Fig. shows the results for a simulation of mass loss of open clusters over time for different
assumptions on the star formation efficiency (SFEﬂ namely 10-60%, as conducted by |Goodwin & Bastian
(2006)) and |Goodwin| (2009).

1L r ' ' 107 - Figure 1.7: Time dependent fractional mass loss of
30% open clusters, as copied from |Goodwin

E 0.8k (2009). The simulations were conducted
o within a distance of 20 pc from the cluster
£ 102 centre and for different assumptions on
5 08r i the star formation efficiency, illustrated
% by different lines (10 — 60%, see also
E 0.4F o | Goodwin & Bastian/2000)).
o
_é
02y 60% |

% 20 20 60 80

Time / Myr

One can see that clusters with very low densities and/or mass (SFE of 10-30%), loose the majority of their
mass within 20 or 30 Myrs, which is often referred to as infant mortality and mainly related to gas expulsion.
Through internal and external kinematic interactions these low-SFE clusters get entirely disrupted within either
50 Myrs (SFE of 10-20%) or a few 100 Myrs (SFE of 30%). Clusters with higher density and/or mass have
higher chances to survive the internal and external disruption processes, though they also undergo mass loss
within the first 30-40 Myrs.

Former members of open clusters, which were either ejected or spread out after the host cluster dissolved, join
the field population. These stars are typically of spectral type A and later, because the O and B stars, if present,
typically end their life before the cluster dissolves. This aspect explains why the most massive stars can only be
observed in a cluster environment and that the field population has a different mass function than, in particular,
the young cluster population. Hence, the initial mass function, which describes the typical stellar composition
of galaxies, should be better accessible from young open clusters than from the field population.

8The star formation efficiency describes how much gas is transformed into stars in a molecular cloud and is dependent, amongst others,
on the density, mass, metallicity and environment of the molecular cloud, as well as the cores within.
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GALACTIC STRUCTURE AND DYNAMICS

( SectioN 1.3

Besides their direct link to star formation, open clusters can be used as tracers for Galactic structure and dy-
namics. In spiral galaxies, like our Milky Way, star formation primarily takes places in the vicinity of spiral
arms (Bonnell & Dobbs|[2007; [Dobbs & Pettitt|2014). Thus, open cluster could be expected to trace the spiral
structure of the Milky Way. This is in particular the case for the young population with ages of a few 10 Myrs,
because clusters older than a few 100 Myrs should have migrated out of their birthplace due to dynamical in-
teractions. The dynamical interaction between open clusters and the Galactic field, leads to larger eccentricities
of their orbits and an increase for the height over the midplane (Z). This is also referred to as heating of the
Galactic disc (Smith et al|2012). Fig. [I.§]illustrates this aspect for Z, using open clusters from the Milky
Way global survey of Star Clusters (MWSC; [Kharchenko et al.[[2013)). The younger clusters (ages < 60 Myr)
are exclusively located within the thin disc (|Z| < 400 pc), while a considerable fraction of older clusters was
detected at higher latitudes (van den Bergh & McClure|[1980). In radial direction a relation of the location for
open clusters with their age is not that clearly established as for the vertical direction.

sprooT T T T Figure 1.8: Distribution in height over and under the
: midplane (Z) with respect to cluster age
2F . 3 for Galactic open clusters. This plot was

generated with data from the Milky Way
global survey of Star Clusters (MWSC;
Kharchenko et al.[2013)).
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More than that, the general open cluster population enables a better determination of the orbital motion in the
Milky Way, simply because their parameters, such as position, distance and velocity, can be determined to
higher accuracy than for isolated stars. Hence, open clusters are essential to trace the kinematics and dynamics
of the Galaxy, including heating and migration of Galactic objects. As a consequence a better determination of
the Galactic potential is possible.

Furthermore, even the stellar population could be traced to former open clusters, following the assumption
that the majority of stars form in a clustered mode. As open clusters dissolve, typically after a few 100 Myrs,
their former members join the field population, but still share similar age and chemical composition, although
moving on different velocity vectors. The identification of stellar population fulfilling these aspects are then
traced through backwards orbit calculations to identify their birthplace (Mitschang et al|2013} [2014). This is
referred to as chemical tagging. Since this field of research is relatively young, future results will show how
well stellar populations can be traced to their birthplace. In addition, this method could reveal how similar the
age and chemical composition of members in open clusters really is.

12
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All the aspects illustrate that open clusters are essential to understand the formation and evolution of stars and
our Milky Way, as they can be used as laboratories and tracers. They are essential to obtain a detailed picture
for the processes in spiral galaxies and to better understand the universe we live in.

SectioN 1.4
( PAST INVESTIGATIONS ON OPEN CLUSTERS AND STELLAR ASSOCIATIONﬂ

Throughout the past decades several comprehensive studies, observational and literature compilations, were
carried out to identify and characterise Galactic open clusters (OCs). One important study was conducted by
Lynga (1987)), providing a catalogue of 1151 OCs partly equipped with distances, ages and even more sparsely
with metallicities. It is often referred to as the Lund catalogue. Another set of catalogues was provided by
Ruprecht et al.| (1981), containing solely central coordinates and identifiers for 137 globular clusters, 1112
open clusters and 89 associations. The Two Micron All Sky Survey (2MASS;|Cutri et al.|2003) provided a new
source for cluster searches. |Bica et al.[{(2003alb) identified 276 infrared clusters and stellar groups as well as 167
embedded clusters related to nebulae. Besides the identifiers and coordinates, they listed angular sizes measured
by eye. Dutra et al.| (2003) extended these catalogues to the southern hemisphere by 123 clusters, providing
the same type of information. Another extensive infrared OC catalogue in 2MASS was generated by [Froebrich
et al. (2007) near the Galactic disc (|b| < 20°). They provided coordinates, radii and stellar densities for 1788
open and globular clusters, including 1021 new objects. In the optical HIPPARCOS (Perryman et al.|[1997)
and TYCHO-2 (Hgg et al.|2000) provided another opportunity for OC searches. Platais et al.|(1998) published
positions, distances, diameters, ages and proper motions for 102 clusters and associations in HIPPARCOS,
including 82 known objects and 20 new discoveries. |Alessi et al.|(2003)) detected 11 new OCs in the TYCHO-2
data and listed positions, diameters, distances, ages, proper motions and velocity dispersions.

Presently, most known OCs are summarised in two main online compilations. One is the collection of optically
visible open clusters and candidates by Dias et al.|(2002) (hereafter referred to as DAML). It contains positions
for 2174 open clusters, including a few associations, while for other parameters, like radii, distances, ages, and
proper motions, are provided in subsets for the majority of the entries. Radial velocities (RVs) were given for
543 listings (25%) and metallicities ([M/H]) or iron abundances ([Fe/H]) for 202 clusters (9%). The second
is the WEBDA data base[ﬂ created by Mermilliod (1988) and maintained by Netopil et al.| (2012), collecting
information on 970 Galactic OCs and 248 OCs in the Small Magellanic Cloud. For the Galactic OCs they listed
positions, diameters, distances, ages, proper motions, RVs and colour excess, if available. The vast majority of
WEBDA entries (910) is included in the DAML. These compilations are inevitable for comprehensive studies,
being the most complete collections of open clusters and associations. However, the information therein are
highly inhomogeneous, due to different data sources and algorithms used for the membership selection and
parameter determination. Furthermore, the provided parameters were not transferred to a uniform reference
system, possibly inducing additional systematic biases, which in turn could lead to false conclusions on the
overall characteristics of the OC system.

Kharchenko et al.| (2005alb) presented the Catalogue of Open Cluster Data (COCD) comprising in total 650
Galactic open clusters and associations (OCs). The OCs were extracted from the DAML or newly discovered.
They applied a uniform membership selection and provided a mostly homogeneous set of parameters for the
clusters and their members. Kharchenko et al.| (2007) extended the RV information in the COCD, based on
the second edition of the Catalogue of Radial Velocities with Astrometric Data (CRVAD-2; Kharchenko et al.
2007) and literature values. The results were published in the Catalogue of Radial Velocities of Open Clusters
and Associations (CRVOCA; |[Kharchenko et al.|[2007).

This section corresponds in most parts to the introduction from |Conrad et al.| (2014). For this publication I analysed and interpreted
the data obtained from the COCD and RAVE and wrote the entire text, considering discussion on details with the co-authors.
I'WEBDA - http://www.univie.ac.at/webda

13



CHAPTER 1. INTRODUCTION STUDIES ON STRUCTURES IN THE OPEN CLUSTER POPULATION

STUDIES ON STRUCTURES IN THE OPEN CLUSTER POPULATION

( SectioN 1.5

Up to the present open clusters were mainly investigated as isolated stellar systems, but are they really isolated?
Groupings of open clusters could shed new light on the formation of stars and help to better understand the
structure and dynamics of our Milky Way. |Piskunov et al. (2006) found accumulations of COCD objects
based on spatial distributions and proper motions, after they divided their sample into age bins. They proposed
two groups, namely the Perseus-Auriga group with eight members of ages between 220 and 400 Myr and the
Hyades moving group with nine members of ages between 0.4 and 1.4 Gyr. The open cluster complexes (OCC)
proposed by [Piskunov et al.| (2006) are younger: OCC1 with 20 members covering an age range from 5 to 50
Myr and OCC2 harbouring 20 members of ages between 204 and 390 Myr.

de La Fuente Marcos & de La Fuente Marcos| (2009albllc) provided a series of papers on smaller open cluster
groupings based on the WEBDA online data base and DAML. In the first paper|de La Fuente Marcos & de La
Fuente Marcos|(2009a) focused on the investigation of a kinematically coherent open cluster group spread over
the Cassiopeia and Perseus constellations. This Cassiopeia-Perseus family is located at a distance of about 2
kpc with a diameter of 600 pc and the members cover an age range of 20 —40 Myr. In the second publication|de
La Fuente Marcos & de La Fuente Marcos| (2009b) assumed that the separation of open cluster pairs should not
exceed three times the typical cluster tidal radius (~ 30 pc) in the Milky Way. Due to incompleteness at higher
distances they split up their sample. Within their volume limited sample (d < 850 pc) they identified 16 pairs,
two triples, and one quadruple. At higher distances they found 18 additional open cluster pairs and one more
triple with distances up to 2.3 kpc. In the third paper |de La Fuente Marcos & de La Fuente Marcos| (2009¢)
discussed the hierarchy of star formation in the Galactic disc based on open cluster pairs. They found evidence
for highly hierarchical star formation in the Milky Way and stated that in neighbouring regions star formation
is synchronised. This limits the time interval available for cluster formation and |de La Fuente Marcos & de La
Fuente Marcos|(2009c)) concluded that the vast majority of clusters should form in larger complexes.

In the Milky Way [Piatti et al.| (2010) verified another
binary of open clusters with a separation of 3.6 pc.
Both these clusters are rather small with individual to-
tal radii of about 1 pc. [Elias et al,| (2009)) investigated
the Gould belt open cluster population and found differ-
ences between the Orion and Sco-Cen regions. The for-
mer showed a very clumpy structure and can, therefore,
be referred to as a cluster complex. The latter seemed
to be dominated by isolated star formation and is more
likely an OB association. |[Elmegreen| (2009, 201 1)) sup-
ported the picture of hierarchical star formation in the
Milky Way. They found that the fragmentation of gi-
ant molecular clouds is reflected in the distribution of
young stars. On the largest scale they form cluster com-
plexes, and on smaller scales OB associations and open
clusters, down to isolated stars. A schematic for this
hierarchical structure in Galactic star forming regions
from [EImegreen| (2009) is shown in Fig. [I.9]

There were a few studies on hierarchical star formation in nearby galaxies. [Bonatto & Bica (2010) investigated
the Magellanic Clouds and identified similar patterns as in the Milky Way. For example that the young stars
followed the fragmentation of the gas. Moreover, the degree of grouping appeared to be higher for young
clusters than for old ones, which they suggested to be most likely caused by dynamical interactions.

Figure 1.9: Schematic for the hierarchical star forma-
tion in the Milky Way, as copied from
Elmegreen| (2009).
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In M33 the fractal dimension of molecular gas was found to be significantly smaller than for the Milky Way
(Sanchez et al.|[2010) with a transition from fractal structures to uniform distributions at a scale of about 500-
1000 pc. [Efremov| (2010) and |Gusev & Efremov| (2013) investigated star cluster complexes in the spiral arms
of M31 and M74, respectively. For both galaxies the cluster complexes appeared to be almost equally spaced
in a chain-like structure along the spiral arms. These findings suggest that grouping of open clusters is not only
a Galactic phenomenon.

SecTiON 1.6
( OUTLINE OF THIS THESIS

The goal of the project presented in this thesis was to investigate potential groupings in the open cluster popu-
lation, which would indicate an additional level of structure in the Galaxy and help gain a more detailed picture
on the relation between the fragmentation of gas and star formation, as well as how stars and clusters built up
to galaxies. All open cluster pairs, groups and complexes proposed so far were identified either solely using
spatial information or by additionally including proper motions, but never the full set of 6D phase-space in-
formation. This could lead to contamination or misidentification of groupings and potential members through
by chance alignment and projection effects. Genuine groupings of open clusters and/or stellar associations can
be expected to move with a common velocity vector. For this reason I investigated potential structures in the
galactic open cluster population using 6D phase-space information in the Cartesian system. Although the ma-
jority of known open clusters lack radial velocity information, which would be required for such an approach,
I generated a working sample of sufficient size with mean parameters of sufficient accuracy. A detailed investi-
gation of this cluster sample showed that even in an incomplete sample evidence for groupings in the Galactic
open cluster population can be identified.

Chapter 2: In order to conduct such an investigation an appropriate data set is essential. One of the largest
online compilations for Galactic open clusters currently available is the New Optically Visible Open Clusters
and Candidates Catalog (DAML; |Dias et al.|[2002), providing rather inhomogeneous parameters for the ob-
jects listed. For the work presented in this thesis, on the other hand, I needed a homogeneous sample on open
clusters, which is why the DAML was only used as a reference catalogue for the metallicities. When start-
ing the project the most extensive homogeneous data set available was the Catalogue of Open Cluster Data
(COCD; [Kharchenko et al|2005alb), which became the main source for my investigations, complemented by
data obtained from the second version of the Catalogue of Radial Velocities with Astrometric Data (CRVAD;
Kharchenko et al.|2007), the Catalogue of Radial Velocities of Open Clusters and Associations (CRVOCA;
Kharchenko et al.[2007)), and the RAdial Velocity Experiment (RAVE; [Kordopatis et al.[2013). In the second
chapter of this thesis I briefly describe the catalogues and data sets employed throughout the thesis.

Chapter 3: For the identification of overdensities in the open cluster population I planned to use 6D phase-
space information, but the COCD significantly lacked radial velocities, even when complemented with data
from the CRVAD-2 and CRVOCA. Therefore, additional radial velocities were obtained from RAVE through
cross-matching of cluster members with the catalogue for the fourth data release (DR4). These additional data
enabled me to newly computed mean radial velocities and metallicities for a larger subset of COCD clusters,
which then defined my final working sample. In the third chapter I show that the RAVE data are of sufficient
quality for the intended investigation of the open cluster population, through evaluating the uncertainties of the
data and comparing the results with reference samples.
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Chapter 4: After ensuring that the derived mean parameters for my working sample, containing 432 clusters,
were of sufficient accuracy, I determined the Cartesian X'YZ-coordinates and UV W-velocities and used these
6D phase-space information to search for overdensities in the open cluster population through applying an
adaption of the Friends-of-Friends (FoF) algorithm, as used in cosmology. Spheres in coordinate and velocity
space had to be predefined to use the FoF-like algorithm, which were based on educated guess for the size of the
expected structures. The values for these search radii are to a certain degree arbitrary, although derived by an
educated guess, and further verification was necessary to ensure which of the identified groupings were genuine.
I followed two approaches, namely a comparison to a randomised sample selected from a reference catalogue
(Milky Way global survey of star clusters (MWSC; |Kharchenko et al.|[2013)) and Monte-Carlo simulations
of randomised samples generated from parameter distributions that were representative for the open cluster
population. Chapter 4 summarises the determination and characteristics of the 6D-Cartesian parameters, as
well as the identification, verification, and characterisation of the identified open cluster groupings.

Chapter 5: In the final chapter I summarise the main findings of the project presented in this thesis and
provide an outlook on what should be done to generate a more complete sample, as well as what open cluster
groupings might tell us about our Galaxy and its evolution. The verification revealed that at least the large
complex with its 15 members was most likely genuine, while for the majority of pairs a chance alignment is
the more likely scenario. A closer look at the complex favoured the scenario that its members originate from
a common giant molecular cloud and formed in a single, possibly sequential, formation event. However, the
data set used for this project was highly incomplete and I could only provide a pilot study for the existence
and detectability of open cluster groupings. A step towards a more complete sample would be to use the more
extensive MWSC catalogue complemented by infrared data from the VISTA Variables in the Via Lactea survey
(VVYV), additional spectroscopic data from RAVE, SEGUE and APOGEEEL as well as results from studies
on individual clusters. With a more complete cluster sample it should be possible to identify further genuine
groupings and to verify that also open clusters form in a clustered mode. This would provide further constraints
on theoretical simulations on star formation as well as on the evolution and kinematics of the Milky Way.

Appendix: The tables for the newly computed mean RV values of 110 COCD clusters and mean [M/H] data
for 81 COCD clusters were too large to be included in the text flow. The same is true for the parameters of
the final working sample, which comprised 432 open clusters, and therefore these information are presented
in the appendix of this thesis. For the 19 potential OC groupings found with the lower limit of the radius for
the search sphere in velocity space the distributions in coordinate and velocity space, as well as their age and
metallicity spread, were also shifted to the appendix. As were the larger tables summarising the parameters of
the resulting grouping from the upper limit of the radius for the search sphere in velocity space.

ADDITIONAL REMARKS

Chapter 3 was already published as |Conrad et al.| (2014)) and parts of the introduction, as well as the majority
of the catalogue description, were also taken from this paper. In the pre-process of generating this publication,
I performed all steps of the selection, analysis and interpretation. That is I selected the COCD as being most
suitable cluster sample for the project and cross-matched the most probable cluster members with the catalogue
of the RAVE survey to obtain additional radial velocity and metallicity data. I performed the analysis of the
RAVE data and the interpretation of the results, yielding the mean parameters derived from RAVE to be suitable
for the purposes of the project presented in this thesis. In the final process of writing the manuscript for the
publication (Conrad et al.|[2014) I was in contact with the co-authors and discussed details, resulting in an
even better understanding of the data and results. The writing of the paper was entirely done by myself under
consideration of the discussions with the co-authors.

""SEGUE and APOGEE are part of the Sloan Digital Sky Survey (SDSS).

16



CHAPTER 2

‘ THE CATALOGUE

SectioN 2.1
( CATALOGUES ON (GALACTIC OPEN CLUSTERS

2.1.1 DAML

The New Optically Visible Open Clusters and Candidates Cataloﬁ (Dias et al.|2002) is the most extensive
online compilation for Galactic open clusters in the optical and is hereafter referred to as the DAML. This
compilation is updated continuously and for my study I used the Version 3.3 as provide on 10 Jan. 2013,
which comprised almost 2200 objects. Position for the cluster centres in the equatorial and Galactic system
and proper motions were listed for all objects, while radial velocities were provided for about 25% and overall
metallicities or iron abundances for about 9% of the listed clusters. Almost no stellar associations are included
in the DAML, because they are still embedded and better visible in the infrared.

The DAML compilation is not a homogeneous catalogue but merely a collection of literature values for known
Galactic open clusters. Thus, the listed parameters for the included clusters originate from different projects,
using different methods and reference systems to derive their values. The DAML provides a good overview on
the number of Galactic clusters, but does not provide a homogeneous sample for detailed investigations on the
cluster population. The study presented in this work required a homogenous cluster sample. Thus the DAML
could not be used as working sample, but was could still sufficient to be utilised as reference sample.

For the study presented in this work mainly the [M/H] information were of interest, which were not provided
by the actual working sample compiled from the Catalogue of Open Cluster Data (COCD; |Kharchenko et al.
2005alb) and had to be taken from the DAML. As stated above the cluster parameters were inhomogeneous
in the DAML, which is in particular true for the listed “metallicities”, since different methods either provided
overall metallicities ([M/H]) and actual iron abundance ([Fe/H]) and Dias et al.| (2002) did not distinguish
between those. In total the DAML listed [M/H] or [Fe/H] for 97 COCD objects and only 20 of those were
based on more than five individual measurements. The uncertainties in these “metallicities” were below 0.3
dex for all objects were this parameter was available. However, the additional information, namely the source
and method used to determine the “metallicities”, helped to distinguish between [M/H] and [Fe/H].

I'This chapter is an extended version of the catalogue description in|Conrad et al.|(2014). For this publication I analysed and interpreted
the data obtained from the COCD and RAVE and wrote the entire text, considering discussion on details with the co-authors.
DAML - http://www.astro.iag.usp.br/"wilton/
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In cases where the listed “metallicity” was derived solely based on iron lines it rather corresponded to the
iron abundance ([Fe/H]), while photometric methods most likely resulted in a value comparable to the overall
metallicity ([M/H]). If no information on the technique or literature reference was given in the DAML, I
assumed the value to refer to [M/H]. However, the [M/H] data in the DAML originate from different studies
using a variety of methods and therefore, the values have to be used and evaluated with a high amount of
caution.

2.1.2 Tue COCD anp CSOCA

This project was primarily based on the most homogeneous data set for open cluster currently available, that
is the Catalogue of Open Cluster Data (COCD; [Kharchenko et al.|2005a/b). The COCD was constructed
from the All-Sky Compiled Catalogue of 2.5 million stars (ASCC-2.5; [Kharchenko|2001), which contained
relatively bright stars (V jonnson down to 12.5 mag) listed with proper motions. The photometric and astrometric
parameters in the ASCC-2.5 were collected and combined from data given in the HIPPARCOS (Perryman et al.
1997), TYCHO (Hgg et al.|[{1997, 2000), CMCE] (Fabricius||1993), and PPME] (Roser & Bastian|/1991} [Bastian
& Roser||1993) catalogues, and were provided in the Johnson photometric and HIPPARCOS proper motion
reference systems.

In a first step, Kharchenko et al.|(2005a)) extracted a subsample of stars from the ASCC-2.5 that were located in
regions around 520 known clusters and associations from the DAML. These areas were predefined as quadratic
fields centred at the cluster centre coordinates with a side length of 2 - (r.; +0.1°), where r.; was the given radius
of the cluster in DAML. This subsample of ASCC-2.5 stars were then summarised in the Catalogue of Stars in
Open Cluster Areas (CSOCA; Kharchenko et al.|2004b), along with their parameters, such as equatorial and
Galactic coordinates, ASCC-2.5 identifier, proper motions, trigonometric parallaxes, B and V magnitudes, as
well as radial velocities and spectral type information, if available. Moreover, they provided angular distances
to the cluster centre and three membership probabilities for each star in the CSOCA.

Coordi _ . Figure 2.1: Schematic for the selection proce-
oordinate o | Proper motion Photometric

selection selection selection dure used to identify open clus-
ter members and to construct the
COCD, as copied from Kharchenko
et al.| (2004D).

\ 4
\ 4

Yes

A

16 —-member list changed?

No
4

Final member list

For the membership selection [Kharchenko et al.|(2004b) applied a uniform procedure considering radial stellar
density distributions (P, - spatial membership probability), common kinematics (Py;, - kinematic membership
probability) and isochrones in the colour-magnitude diagram (P, - photometric membership probability),
which was ran repeatedly and typically converged after a few iterations (see Fig. [2.1). For Py, and Ppuo
Kharchenko et al.| (2004b) provided equations for the membership probability, which correspond to Eq. 2.1|and

[2.2] respectively.

3CMC - The Carlsberg Meridian Catalogs
“PPM Star Catalogues - Positions and Proper Motions Star Catalogue for the northern and southern hemisphere
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The PMy y and epy x,y in Eq. @ are the proper motion components and standard errors of the individual star
in the ASCC-2.5, PMxy the averaged proper motions of the corresponding cluster, and ¢, is the correction for
external uncertainties in the proper motions. The (B — V), and (B — V), in Eq. correspond to the colour
indices of the blue and red limits in V-magnitude of the individual ASCC-2.5 star and -y, to the uncertainty
in the colour index for the individual star. Hence, all stars of the cluster region with (B—V), < (B-V) < (B-V),
have P, = 100% and are real members.

The P, values were set to unity for objects within the OC radius and zero otherwise. The Py;, and P, could
take values of 0—100% and was larger for stars sharing the common motion of the corresponding cluster and
for stars that were closer to the corresponding OC-isochrone in the colour-magnitude diagram, respectively.
In this work, stars with Pp, and Py, > 61% were called 1o-members, those with Py and Py, > 14%

were referred to as 2o0-members and targets with Ppj,, and Py, > 1% were considered as 3oc-members. In
addition, the CSOCA listed variability and binarity flags mainly from TYCHO-1 and -2 (Hgg et al.|1997],2000),
HIPPARCOS (Perryman et al.|[{1997), CMC(Fabricius||1993), GCVﬂﬂ (Samus et al.[[1997), NSVF_’] (Kazarovets
et al.|1998) and PPM (Roser & Bastian| 1991} | Bastian & Roser||1993)).

The GCVS/NSV flags only indicated if a star was variable or not, but did not specify the variability type. Neither
did the CMC variability flag, which in addition gave information on insufficient or missing magnitudes. The
PPM binarity flag again only indicated binary candidates, but did not provide further information on the system.
More detailed information on variability and binarity were provided by the TYCHO and HIPPARCOS flags.
I found that about 10.4% of the CSOCA stars were provided with flags indicating variability and about 4.1%
with flags indicating binarity. Among the flagged stars I found 3336 (1.7% of the CSOCA) indicated to be
duplicity induced variables.

The first version of the COCD comprised 520 clusters and was extended by [Kharchenko et al.|(2005b) through
an independent search for open clusters in the ASCC-2.5, which resulted in 109 previously unknown and
21 additional DAML clusters. The complete COCD provided center positions, core radii, tidal radii, distances,
ages and mean proper motions (PMs) for in total 650 OC based primarily on the most probable members with
Pppor and Py, > 61%. Mean radial velocities were provided for about 50% of the listed objects, but metallicities
were not included at all. For the vast majority of the clusters the distances were derived from a photometric
approach, since the majority of trigonometric parallaxes listed in the CSOCA were of insufficient quality.
Basically, [Kharchenko et al.| (2005alb) used 3-colour information and additional spectral type information,
where available, for the most probable members (P > 61%). Interstellar extinction was taken into account
as well. In cases where 3-colour and spectral type information were not available, literature values for the
distances were listed in the COCD.

SGCVS - The General Catalog of Variable Stars
SNSV - The New Suspected Variables catalog
7Since there are only 7 compact associations among the 650 entries in the COCD, I refer to all objects as OCs.
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The ages for the COCD clusters were mainly derived using post-main sequence isochrones from the Padova grid
(Girardi et al.[|2002)) and pre-main sequence isochrones from the Grenoble Pre-main sequence tracks Internet-
server (Siess et al.[|2000). First, Kharchenko et al.| (2005alb)) determined ages for the most probable kinematic
OC members through isochrone fitting and then averaged these individual ages to obtain the mean age of the
corresponding cluster. For the clusters, where the isochrone method could not be applied, literature values were
included in the COCD.

Uncertainties for individual clusters were provided for the proper motions and radial velocities, while for the
distances and ages only general uncertainties were given. The distances were accurate to the 10% level and the
uncertainties for the logarithmic ages were about 0.2-0.25 dex.

2.1.3 Tue CRVAD ano CRVOCA

The radial velocity (RV) information in the CSOCA and COCD were obtained from the Catalogue of Ra-
dial Velocities with Astrometric Data (CRVAD; |Kharchenko et al.[|2004a), which was primarily based on the
General Catalogue of mean Radial Velocities (Barbier-Brossat & Figon![2000). |Kharchenko et al.| (2007) up-
dated the CRVAD to a second version (CRVAD-2) using additional stellar RVs from the Geneva-Copenhagen
survey (Nordstrom et al.[2004), the Pulkovo Compilation of Radial Velocities (Gontcharov|[2006), as well as
CORAVEL and HIPPARCOS/TYCHO-2 kinematics on K and M giants (Famaey et al.[2005)). [Kharchenko et al.
(2007) stated that only 71% of the CRVAD-2 entries were provided with RV uncertainties. Another 21.5% had
RV quality indices from Dufolt et al.|(1993), either indicating specific standard errors or insufficient data. Only
nine stars in the CRVAD-2 showed flags indicating insufficient data, which was negligible compared to the
7.5% of CRVAD-2 entries with no uncertainties available.
In addition, [Kharchenko et al.| (2007) presented
100 ; the updated RV information for open clusters in
the Catalogue of Radial Velocities of Open Clus-

%0 ters and Associations (CRVOCA), which is cur-
60 - I - rently the most extensive and homogeneous RV

- catalogue for Galactic open clusters. It contains
40 R ;tg | literature and newly computed RV for 516 open
50 I ¢ i clusters and associations, including 395 COCD

etk objects. The calculated RV were based on poten-
= n“‘";ﬁF’If ,, . tial cluster members with Py, and Ppper > 1%.

RV, km/s

For 32 clusters they found no such potential mem-
] ber and took one star with Py, >1% and its RV
-40 - : *d; . - value as representative for the corresponding clus-
I ters. The literature values were obtained from the
DAML for clusters and from Melnik & Efremov
_go | | (1995ﬁ for associations (for a detailed list of ref-
—éo o —lm _‘20 ‘o 2‘0 4'0 po 8‘0 00 erences see |Kharchenko et al.|2007). For 177 ob-
jects in the CRVOCA computed and literature val-
RV (ref). km/s ues were available. In Fig. [2.2) one can see that
Figure 2.2: Comparison between the computed and litera- POth values agree very well.

ture RV data in the CRVOCA. as taken from Among the 395 COCD clusters in the CRVOCA,
Kharchenko et al] (2007, Fig. 2’). 363 have calculated RV. The remaining 32 OCs
were provided with only literature values. The

CRVOCA is currently the most homogeneous RV reference sample for Galactic open clusters.

-20

—60 — X .

8Melnik & Efremov|(1995) provided the Catalog of Line-of-sight Velocities and Proper Motions of the OB Associations that is available
via the following website. http://Infm1.sai.msu.ru/"anna/page3.html
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In this work I recomputed the mean RV values for the COCD clusters excluding the 3o-members and only
included values for the 20-members if not enough measurements on 1o-members were available. These values
were more representable for the clusters than the ones listed in the CRVOCA, which could have suffered from
field contamination through including least probable members. A cross-match between the CSOCA and the
CRVAD-2 revealed that 5% of the 3o0-members, 6% of the 20-members and 9% of the 1o-members in the
CSOCA were also listed in the CRVAD-2.

SEcTION 2.2
( THE RADIAL VELOCITY EXPERIMENT (RAVE)

The RAdial Velocity Experiment (RAVE) was a spectroscopic stellar survey in the southern hemisphere, ob-
serving preferably at high Galactic latitudes. The data were obtained with the six degree field (6dF) instrument
at the Anglo Australian Observatory, providing mid-resolution (R=7500) spectra in the spectral range covering
the Call-triplet (84108795 A). There were several data releases that not only used additional input catalogues
and extended the provided catalogue, but also improved and extended the pipeline and stellar parameters. The
input catalogues for the first data release (DR1; Steinmetz et al.[|2006) were TYCHO-2 (Hgg et al.|2000) and
SSSE] (Hambly et al.|2001) and the basic pipeline for the determination of the heliocentric radial velocities was
based on a standard cross-correlation procedure (Tonry & Davis|[{1979) using Fourier transforms. For the RV
determination the red and blue end of the spectra were excluded to avoid poor focus, defining the effective
wavelength range to be 8460 — 8746 A. Wavelength calibration as well as the normalisation of the continuum
were performed prior to the RV determination.

In the first spectra a zero-point shift was detected, which resulted in an RV offset of the order of ~ 1.5 km/s and
was believed to be most likely caused by temperature variations in the spectrograph room and was corrected in
the pipeline. The RAVE DRI pipeline yielded quality parameters for the derived RV data, such as y? -values,
signal-to-noise ratios, flags, correction parameters and a cross-correlation factor for the template matching. The
respective template spectra were taken from the libraries by Zwitter et al.| (2004) and Munari et al.| (2005) for
different spectral types. The typical RV uncertainties in DR1 were determined to be 2 km/s. The corresponding
RAVE catalogue provided photometry from TYCHO-2, the DEep Near-Infrared southern sky Survey (DENIS;
Epchtein et al.|[1997), USNO-B (Monet et al.|2003), and 2MASS (Cutri et al.|[2003). The proper motions
were obtained and combined from TYCHO-2, SSS, 2MASS, GSC 1.2 (Morrison et al.|[2001), and UCAC-2
(Zacharias et al.[2004), but no stellar parameters were provided for DR1, such as effective temperature (T sr),
surface gravity (log g), and metallicity ([M/H]).

In the second data release of RAVE (DR2; [Zwitter et al.|2008) the RV pipeline was improved, resulting in
RV uncertainties of typically 1 km/s, and stellar parameters (T,sr, log g, and [M/H]) were provided in the
corresponding catalogue, derived in the process of fitting template spectra to observed spectra for the RV de-
termination. The calibration for the metallicities in DR2 was derived following equation [2.3] where the [M/H]
and [m/H] are the calibrated and uncalibrated metallicities, [a/Fe] the a-enhancement, and log g the surface
gravity of a star observed by RAVE. The [a/Fe] values in RAVE DR2 could not be determined to high accu-
racy, but still reflect overall characteristics for the stellar population and the change from star to star was found
to not be random.

[M/H] = 0.938[m/H] + 0.767[a/Fe] — 0.064 log g + 0.404 2.3)
For stars cooler than 9000 K and with signal-to-noise ratio (S/N) of 40 the uncertainties in 7, sy were about 400

K. Hotter stars had higher uncertainties, and supergiants showed the smallest uncertainties in temperature. The
uncertainties in surface gravity did not exceed 0.8 dex and were largest for cool stars and dwarfs.

9SSS is the abbreviation for the SuperCOSMOS Sky Survey.
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The uncertainties in the calibrated metallicities were about 0.2 dex for stars cooler than 7000 K and increased
significantly for hotter stars, while the @-enhancement showed recovery errors of up to 0.15 dex. In the third
data release of RAVE (DR3; [Siebert et al.|2011) several aspects of the pipeline were improved, such as the
zero-point offset correction and the metallicity calibration. The new pipeline computed the zero-point offset
correction using a third-order polynomial derived from sky lines in the spectral RAVE window with correlation
to the fibre number and a constant correction, depending on the observational case. The metallicity calibration
was now more detailed by using Eq. [2.4] where S/N was the signal-to-noise ratio in the DR3 data, and the cg
to c5 the coeflicients for different stellar types and parameter ranges, as summarised in Tab.

[M/H]=co+ci-[m/H]+cy-|a/Fe]+cs- d

ﬁ+C4-1ogg+cs-S/N (2.4)

Table 2.1: Table for the coefficients in the metallicity calibration in RAVE DR3 (Eq. , as taken from
Siebert et al.| (2011)). Niot is the total number of data points used to derive the calibration. The
first row includes the DR2 calibration results for comparison.

Calibration Ntot Co Cq Cy C3 Cy Cs
Full sample
DR2 . 0.404 0.938 0.767 .. —-0.064
DR3-0 223 0578 +£0.098  1.095+0.022 1.246+0.143 —0.520 + 0.089 ...
DR3-1 217 0.587 £0.091 1.106 £ 0.024 1.261 £0.140 -0.579 +0.078 . 0.001 + 0.0004
DR3-2 223 0.518+0.127  1.111 £0.031 1.252+0.144 —-0.399 +0.187 —0.019 +0.026 ...
DR3-3 222 0.429+0.132  1.101 £0.032 1.171 £0.147 —-0.391+0.186 —0.018 £0.026 0.001 + 0.0004
Dwarfs only
DR3-0 89 0.612+0.236  1.081 +£0.045 1.215+0.203 —0.546 +£0.196 e
DR3-1 75 0.706 +0.199  1.250 £0.055 1.491+0.184 —0.683 +0.165 .. 0.001 + 0.0004
DR3-2 82  -0.174+0.222 1.061 £0.047 1.621+£0.158 -0.751+0.160  0.232 + 0.038 ...
DR3-3 81 -0.170+0.217 1.063+£0.047 1.586+0.155 -0.751+0.155 0.219+0.037  0.001 + 0.0003
Giants only
DR3-0 127 0763 +£0.197  1.094 £0.027 1.210+0.193 -0.711 £ 0.207 ...
DR3-1 119 0.399 £0.178 1.087 £0.027 1.300+0.185 -0.383 +£0.179 . 0.001 + 0.0005
DR3-2 127 0354 +0.287 1.162+0.044 1.285+0.194 —0.049+£0.398 -0.078 + 0.040 e
DR3-3 127 0.239+0.297 1.154+£0.045 1.217+0.200 -0.006+0.398 —0.080 +0.040 0.001 + 0.0007

DR3-0: DR3 calibration with no S/N no log g available; DR3-1: DR3 calibration with only S/N, but no log g available;
DR3-2: DR3 calibration with only log g , but no S/N available; DR3-3: DR3 calibration with S/N and log g available

For the fourth data release in RAVE (DR4; Kordopatis et al.[2013) new input catalogues were included, namely
DENIS (Epchtein et al.|[1997) and 2MASS (Cutri et al.|[2003)). Furthermore, additional stellar parameters
for the RAVE stars were determined, such as distances, ages, and extinctions (Binney et al.|[2014), as well
as element abundances by |Boeche et al.| (2011)). The observation footprint for the 482430 entries of 425561
stars in the RAVE DR4 is illustrated in Fig. [2.3] Moreover, a new pipeline for the determination of the
stellar parameters was implemented based on the DEGASEG] decision-tree method (Bijaoui et al.|2012) and the
MATISSEE-] projection algorithm (Recio-Blanco et al.[2006). DEGAS was a decision-tree algorithm based on
a grid of synthetic spectra with the parameters set (T.sr, log g, [M/H]) and a subset of spectra at each node of
the grid. It required a learning phase to establish the recognition rules, during which reference spectra were
compared to the grid. After the learning process DEGAS determined the parameters of the observed spectra
from computing weighted means of the differences to a subset of synthetic spectra at the corresponding node.

The parameters from DEGAS were then used to renormalise the spectra, which usually converged after a
few iterations. For spectra with S/N > 30 pixel ! MATISSE was run on the observed spectra with the DEGAS
parameters as input, since it was shown by Kordopatis et al.|(2011)) that MATISSE managed to better interpolate
between grid points. For spectra with lower S/N the DEGAS results were listed in the RAVE DR4 catalogue.

"DEGAS - DEcision tree alGorithm for AStrophysics
'"MATISSE - MATrix Inversion for Spectral SynthEsis
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Stellar Helioceniric Radial Velocities
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Figure 2.3: Observational footprint for the fourth data release of RAVE, as copied from the official RAVE
website: http://www.rave-survey.aip.de/rave

2.2.1 BINARY sTUDIES IN RAVE

Within the RAVE data base Matijevic et al.| (2010, 201 1)) conducted studies on spectroscopic binaries. Matijevic
et al.|(2011) identified 1333 stars (6.6% of RAVE DR3) with significantly varying RV data, based on multiple
measurements for about 8.7% of stars in the RAVE DR3, indicating those to be single-lined spectroscopic
binaries (SB1). In addition, they stated that for larger numbers of repetitions (five or six measurements) the
SB1 binary fraction could reach up to about 10-15% and refer to this as a lower limit for the binary fraction
in RAVE. Matjjevic et al.| (2010) investigated the cross-correlation function of observed to template spectra
(Munari et al.[[2005) in DR2 and identified 123 double-lined spectroscopic binaries (SB2), indicated either by
more than one peak or an asymmetric central peak in the spectrum. From simulations, Matijevic et al.| (2010)
concluded that RAVE could detect more than 2000 SB2 binaries, which would cover periods of about 0.8 — 2
days, assuming a luminosity ratio of > 0.3.

In their recent work, [Matijevic et al.| (2012) not only updated the SB2 list, but also provided quality flags on
RAVE spectra, indicating peculiar features in the stellar spectra or verifying the provided stellar parameters
to be reliable. These peculiar features might have been induced through binarity (SB2 binaries), problems
with the spectra (in continuum, wavelength calibration, emission features), through stars being too close to the
temperature limits of the pipeline (below 3500 K or above 7000 K) or stars being possible carbon stars. In
some cases the spectra looked peculiar or had S/N below 20, but could not be classified into one of the above
mentioned categories. These flags were included in the DR4 catalogue and stellar parameters derived from
spectra with peculiar features had to be considered with care.
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2.2.2 DEDICATED OPEN CLUSTER OBSERVATIONS IN RAVE

In 2004 members of the research team, that I was part of, proposed 12 observing fields to RAVE located in
the Galactic plane (see Fig. [3.1)). Each field contained at least 100 stars and fields with more than 150 targets
were suggested to be observed repeatedly with different fibre configurations to avoid allocation problems due
to crowding. In total the dedicated OC fields in RAVE covered about 1500 stars in areas around 85 known
open clusters (OC area, including about 400 stars with known RVs from CRVAD-2 to ensure reliable RV
determination for the observed OCs. The observation sample was compiled from stars being fainter than 9 mag
in the SSS /-band with no bright object within a radius of 10" and no star brighter than / =16 mag within a
radius of 8". The flux contamination of stars fainter than / =16 mag within a radius of 8" of the bright main
target could be considered negligible. Hence, such objects were included in the observing sample. Up to the
present, the overall number of OC areas covered by RAVE has increased by almost a factor of three with respect
to the 85 proposed areas, due to additional by chance observations in OC areas.

120C areas contained all stars located in regions around known OCs published by |Kharchenko et al.| (2005alb), while the OCs in this
work contained only actual members.
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CHAPTER 3

SAMPLE CHARACTERISTIC

SecTioN 3.1
’, OPEN CLUSTER MEMBERS

DEC in deg

0 100 200 300
RA in deg

Figure 3.1: Spatial distribution of stars in OC areas covered by RAVE. Black dots represent my high-quality
RV sample. The entire RAVE DR4 is underlayed in grey. The good and best RV members are over-
plotted as red asterisks and green triangles, respectively. The 12 dedicated OC fields are highlighted
by blue circles. See the following text for details on the samples.

I'This chapter, except for the last section, is consistent with the main part of the paper by [Conrad et al. (2014) with minor changes to
better include it in the read flow of this thesis. For this publication I analysed and interpreted the data obtained from the COCD and
RAVE and wrote the entire text, considering discussion on details with the co-authors.

25



CHAPTER 3. SAMPLE CHARACTERISTICS OPEN CLUSTER MEMBERS

3.1.1 SAMPLE SELECTION AND DATA QUALITY

To set up my working sample, I first updated the RV information in CSOCA with values from CRVAD-2 and
then cross-matched the RV-updated CSOCA with RAVE DR4 based on a coordinate comparison with a search
radius of 3". The spatial distribution of all COCD objects identified in RAVE is displayed in Fig. with the
12 dedicated OC fields highlighted. The majority of my OCs are located in or near the Galactic plane (|b| < 20
deg), usually avoided by RAVE. In addition to the 85 OC areas from the dedicated cluster observations, I found
159 more regions covered by RAVE. In total, I identified 6402 measurements of 4865 stars in 244 OC areas, all
equipped with RV information in RAVE. I refer to this as my RV sample. Since [M/H] determination required
spectra of higher quality, my metallicity sample comprised 6209 measurements of 4785 stars in 244 OC areas.
These two samples solely result from the cross-match between CSOCA and RAVE and still contain data of
insufficient quality. To ensure good data quality in my working sample, I applied several constraints in RAVE
quality parameters and spectral classification flags. As a final step I included OC membership probabilities in
my list of requirements to clean the working sample from non-members.

QUALITY CUT IN SIGNAL-TO-NOISE

One obvious parameter to define quality constraints is the spectral signal-to-noise ratio. Throughout this work
I used the listed SNR value in RAVE DR4 and show the distribution of RV uncertainties (eRV*) with respect to
the SNR in Fig. To better identify the overall trend I computed the median in eRV* (eRV) in bins along the
SNR. For an SNR < 100 I chose a bin size of 4 and for an SNR > 100 I changed it to 10, to include a sufficient
number of data points. Typically, the overall trend is very flat and well below 5 km/s. Only for an SNR < 10 a
significant increase in €RV is present. Thus, I defined my first cut at SNR > 10.

1501 T T T T 3 T L
r 7 140 - N
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100 - 100 - 4
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eRVx in km/s

60~ N
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Figure 3.2: eRV* vs. SNR distribution in RAVE DR4  Figure 3.3: eRV* vs. R distribution in RAVE DR4

(grey dots). Black dots show my high- (grey dots). Black dots show my high-
quality RV sample. The solid green and quality RV sample. The solid green and
red lines give the eRV trend and chosen red lines give the eRV trend and chosen
cut at SNR > 10, respectively. cut at R > 10, respectively.

QUALITY CUT IN THE SPECTRAL CORRELATION COEFFICIENT

However, even at high SNR (> 50) a considerable fraction of RAVE entries show eRV* of up to 40 km/s,
making additional quality requirements necessary. Therefore, I checked the correlation coefficient (R), which
characterised the goodness-of-match between the observed and the template spectrum.
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The better the match, the higher is R, and the more reliable are the derived stellar parameters. The eRV* vs.
R distribution (Fig. [3.3) is much tighter and appears to be more suited to ensure well-measured RV data than
the SNR. Again I computed the overall trend in DR4 as eRV in bins of 4 along R. At R < 10 the overall trend
shows a significant increase, indicating poorly determined stellar parameters. My second cut at R > 10 cleaned
my working sample from these unreliable targets and ensured eRV* < 20 km/s.

QuaALITy cUT IN THE RV CORRECTION PARAMETER

Moreover, RAVE provided RV corrections (corr_RV) based on systematic effects (for details see |Steinmetz
et al.[[2006; Zwitter et al|2008; [Siebert et al[[2011). The effect of corr_RV on the data quality, especially
regarding radial velocities, is shown as the eRV* vs. corr_RV distribution in Fig. 3.4l Apparently, corr_RV
can increase up to values of 50 km/s and the distribution becomes more clumpy for higher |corr_RV/| values.
This is seen even for stars that match the first two criteria (SNR > 10 and R > 10). Thus, my third cut I defined
as |corr_RV| < 9 km/s, where the distribution is very smooth.

140 3 Figure 3.4: eRV* vs. corr_RV distribution in RAVE
‘ ] DR4 (grey dots). Cyan crosses illustrate the
subsample that matches SNR > 10 and R >

) 100;* * 10. Black dots show my high-quality RV
B sof ] sample and the red solid lines illustrate my
: L ] cuts at [corr_RV| < 9 km/s.

w0 .

20 ]
: i :
- . - J

0 I I "

—40 -20 0 20 40
corr_RV in km/s

SPECTRAL FLAGS AND OC MEMBERSHIP

The study on the morphology of RAVE spectra by Matijevic et al.|(2012) provided quality flags for the majority
of RAVE spectra. The flags indicated SB2 binaries, too cool or too hot stars, problematic spectral features, and
reliable spectra. If an object was flagged reliable, I considered it for my working sample. If the RAVE target was
not classified at all, I only applied the quality constraints defined earlier (SNR > 10, R > 10 and |corr_RV| <9
km/s). These four constraints defined my high quality RV sample in OC areas covered by RAVE. Since I aimed
to investigate open clusters, I had to take into account the membership probabilities as well. Primarily, I used
lo-members, and combined with the previous requirements, I refer to these as my best RV members. In certain
cases I also included 2o-members, which I call my good RV members.

Table 3.1: Numbers for the different RV samples in RAVE and in OC areas.

RAVE DR4 OC sample
Number of entire  high-quality RV high-quality good RV  best RV
RAVE in RAVE | sample RV sample members members
Measurements | 483849 405944 6402 4768 764 520
Stars 426945 366922 4865 4064 664 443
Clusters — — 244 217 120 105
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In Tab. 3.1 I summarise the samples considered in this work. Only about 1% of the RAVE DR4 stars were
located in OC areas from COCD and only 37.5% of the COCD clusters were covered by RAVE. After applying
all quality requirements, I can only use about 12% of the RAVE stars in OC areas to calculate RV. The resulting
OC sample is still larger than the sample covered by the dedicated RAVE cluster fields.

ADDITIONAL QUALITY CHECKS

To better characterise my working samples I checked the distribution of eRV* for my different samples (Fig.
[3.5). Since the size of each sample is different, I normalised each histogram by the corresponding total number
of measurements to make them comparable. As expected, all histograms peak at about 1 km/s. However, eRV*
below 1 km/s are too optimistic, and thus I set all these very low eRV* to 1 km/s when computing the RV

Table 3.2: Comparison of eRV in each observing year
o ' ' ] between my best RV members and RAVE.

0.20 —
r high—quality RV sample
good RV members 1

: 1 best RV members entire RAVE
0151 ] Observing | No. of €RV | No. of €eRV
s ] year | entries in km/s | entries in km/s

—: 2003 0 — | 19164 1.90
] 2004 109 451 | 28924 1.67
2005 104 4.20 | 30889 1.56

2006 9 1.64 | 78493 1.22

] 2007 18 0.88 | 53899 1.20

. 20 2008 18 1.13 | 60387 1.06

e 2009 15 111 | 75465  1.03

Figure 3.5: eRV™ histograms for RAVE DR4 (grey), 2010 181 447 | 59192 1.08
my RV sample (yellow), high-quality RV 2011 20 0.87 | 50576 1.04

sample (black), as well as my good (red) 2012 46 1.66 | 25441 1.15

and best (green) RV members. 2013 0 — 1419 1.40

total 520 3.03 | 483849 1.18

My good and best RV members show a significant fraction of measurements with eRV* > 3 km/s and therefore
do not reflect the quality of the entire RAVE survey; yet I had to identify the reason for this finding. First, I
checked for a possible relation between the eRV* and RAVE observing date. In Tab. [3.2]1 list the number of
entries and eRV in each observing year for my best RV members and the entire RAVE DR4 for comparison.
The majority of best RV members (394 out of 520 measurements) were observed in 2004, 2005, and 2010.
The corresponding eRV are about a factor of 4 higher than the values of the remaining years. This is a specific
feature of my OC member sample, since for the entire RAVE the €eRV are almost equal for all observing years.
Although I could now relate the less accurate RVs of my best RV members to certain RAVE observing years, [
could not sufficiently explain the difference in data quality between RAVE and my good and best RV members.
To check for the degree of magnitude dependence in eRV*, I show the magnitude-separated eRV* histograms
for my high-quality RV sample in Fig. [3.6) and give the corresponding numbers of measurements and eRV in
Tab. For 8 — 12 mag the eRV are almost equal, only for the faintest magnitude interval the eRV value is
about 0.5 km/s higher, as seen in Fig. as well. Since the change in eRV* is only 0.5 km/s, the magnitude
dependence could be considered negligible in my working sample.
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V=6-9 mag | Figure 3.6: Magnitude dependent eRV* histograms
] for my high-quality RV sample. The
Vohnson Intervals are 6-9 mag (black), 9-
10 mag (blue), 10-11 mag (green), 11-12
mag (yellow), and 12-14 mag (red).

V=12-14 mag

N/Niotar

eRVx in km/s

Open clusters are relatively young objects and are expected to be dominated by dwarfs. In my samples I
separated dwarfs from giants based on logg in RAVE DR4. I considered giants to have logg < 3.75 dex
and dwarfs to show logg > 3.75 dex. Objects with no log g were not included in this separation. The DR4
pipeline provided log g, T.rr and [M/H], as well as flags indicating potential problems in the convergence
of the algorithm. Targets indicated to not converge or that had to be rerun were excluded from the log g
separation. Thus, the number of dwarfs and giants in Tab. [3.3|does not necessarily add up to the total number
of measurements in the corresponding magnitude bin.

Table 3.3: Number of entries, giant-to-dwarf ratios, and eRV in magnitude intervals as shown in Fig. for
my high-quality RV sample and good RV members.

Vionnson | high-quality RV sample good RV members
inmag | No. G/D* €RV | No. G/D* €RV
6-9 | 193 110/ 78 095 | 34 10/ 23 3.79
9-10 | 472 261/ 186 1.01 | 49 18 29 1.83
10-11 | 1582 1231/ 243 092 | 136 51/ 74 1.50
11-12 | 2170 1505/ 477 1.03 | 419 224/150 1.45
12-14 | 350 175/ 123 148 | 126 50/ 52 2.63
total | 4768 3282/1108 1.00 | 764 353/328 1.73

“G/D - giant-to-dwarf ratio.

Tab. [3.3]summarises the results for my high-quality RV sample and my good RV members. By total numbers the
high-quality RV sample is dominated by giants with a giant-to-dwarf ratio of 2.96, while the good RV members
contained an almost equal number of dwarfs and giants, showing a ratio of 1.08. These numbers confirmed my
expectation that OCs contain a larger number of dwarfs and that RAVE preferably observed giants. Considering
each magnitude interval, this becomes even more evident, because the number of good RV members that are
dwarfs in 6 < Vjonson < 11 mag is higher than the number of giants, and for 11 < Vj,pn50n < 14 mag the
number of dwarfs and giants are almost equal for the good RV members. In all magnitude intervals the eRV
of my good RV members are higher than the respective values in my high-quality RV sample, indicating a
potential relation between stellar type and eRV™.

To investigate this aspect in more detail, I display the eRV* vs. log g diagram in Fig. The pillar-like features
in the log g distribution are due to the grid of synthetic spectra used to derive stellar parameters in RAVE DR4
(see|Kordopatis et al.[2011},2013). I found that higher values of log g also show higher eRV*. Potential reasons
for this dependence could be that dwarfs show fewer and weaker absorption lines, which were used to derive
RV. For my good and best RV members the effect of higher eRV* with higher log g appears to be stronger.
Moreover, the location of my OCs in or near the Galactic disc might affect the quality of my working sample.
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. 1 Figure 3.7: eRV™ distribution with respect to log g. Sym-
s - ] bol and colour coding is the same as in Fig.
i The black solid line shows my giant-
dwarf separation limit at log g = 3.75.

* *
ey IO I IR ¢ @ X
x Fxoox
-

eRVx* in km/s

loggore

Therefore, I present the eRV* distribution with respect to the Galactic latitude (b) in the upper panel of Fig.
One can see that almost all good and best RV members with eRV* > 5 km/s are located very close to the
Galactic plane. In the lower panel I show the log g vs. b distribution and highlight all targets with eRV* > 5
kmy/s, which appear to be predominantly dwarfs. This confirms that the higher eRV* for my good and best
RV members are mainly caused by the higher percentage of dwarfs in my OC sample. The possible effect of
undetected binarity, extinction, or change in exposure time on eRV* could not be study in detail with the data
set used. Still, I could conclude that even though my OC sample in RAVE does not reflect the accuracy of the
entire survey, the quality of my working sample is still sufficient for my purposes , which are determining the
average radial velocities (RV) for open clusters.

Figure 3.8: Distribution of eRV* and logg with re-
-: spect to b along with the mid-plane and
] log g limit (3.75) overplotted as black
] solid line in the upper and lower panel, re-
] spectively. The symbol colour-coding is
the same as in Fig. [3.1] while dark orange
crosses highlight targets with eRV* > 5
km/s. This eRV* limit is displayed as the
black dashed line.
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3.1.2 RADIAL VELOCITIES

To better evaluate the RVs collected from RAVE, I obtained reference values from CRVAD-2 and created a
common sample for comparison via a cross-match based on coordinates with a matching radius of 3". The
numbers and eRV for the two catalogues and the common sample are given in Tab.
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Table 3.4: Comparison of numbers and RV uncertainties between RAVE, CRVAD-2, and the resulting common
sample. The eRV values are the median of the RV uncertainties and ARV correspond to the standard
deviation of the difference distribution.

Catalogues OC sample
entire high- RV  high-quality good RV  best RV
quality | sample RV sample members members

— RAVE —
No. of entries 483849 405944 6402 4768 764 520
No. of clusters — — 244 217 120 105
€RV in km/s 1.18 1.11 1.23 1.00 1.73 3.03
— CRVAD-2 —
No. of entries 54907 — 6782 — 1586 1092
No. of clusters 650 — 595 — 318 306
€RV in km/s 0.86 — 3.60 — 3.70 3.70
— common sample —
No. of entries 2475 1774 531 262 51 32
No. of clusters — — 104 73 13 9
€RVRgavE in km/s 1.23 1.02 6.06 1.45 2.04 2.28
€RVcRryap—2 in km/s 0.60 0.50 2.90 1.80 1.70 1.70
ARV in km/s 90.66 22.65 81.21 38.20 22.75 21.02

The increase of eRV after including membership probabilities, as stated above, is a RAVE-specific characteris-
tic, since it is only present in the RAVE data, but not in CRVAD-2. For the good and best OC members with RV,
on the other hand, the eRV are similar in the two catalogues. Interestingly, the common sample is very small
(2500 listings) compared to the size of the two catalogues (RAVE: ~ 460000 entries and CRVAD-2: ~ 55000
stars) and only a very small fraction of objects in each catalogue is located within OC regions (about 1.3%
in RAVE and about 12.3% in CRVAD-2). One reason for the small overlap between CRVAD-2 and RAVE is
that each catalogue has different observing samples. RAVE is a southern-sky survey, while CRVAD-2 was an
all-sky project. Another reason could be the slightly different magnitude range covered by the catalogues, as

seen in Fig. 3.9
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Figure 3.9: Histograms in V,,p,50, for RAVE (upper
panel) and CRVAD-2 (lower panel) for
objects in OC areas (grey), as well as my
good (red) and best (green) RV members.
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RAVE peaks at a magnitude of about 11.2 mag and CRVAD-2 at about 8.5 mag. Concluding from this, RAVE
and CRVAD-2 covered different magnitude ranges shifted by almost 3 mag, as can be seen in Fig. [3.9) This
also shows that RAVE covered fainter OC members than the CRVAD-2. Within OC areas the fraction of good
and best members are comparably large. In RAVE 12.3% of objects in OC areas are good members and in
CRVAD-2 the corresponding percentage is 23.4%. This indicated that the majority of objects in OC regions,
included in each catalogue, were at least good members.

For the high-quality common sample I display the RV comparison between RAVE and CRVAD-2 in Fig.
3.10, along with the corresponding difference distribution. The RV differences were computed as ARV =
RVcrvap-2 — RVgave. Near RVeaye = 0 km/s I found several stars with intrinsically higher RVcgyap-2 than
RVgave. For my good and best RV members this feature entirely disappears. In the difference distribution a
slight negative slope is visible in the high-quality sample. My good and best RV members do not show this slope
distinctly, since only two stars show significant differences, which could be by chance. The remaining good
and best members, except for the two deviating ones, show a spread in the difference distribution of 20 km/s.
Hence, my selected good and best RV members agree well with the reference values and show a sufficiently
good quality to derive RV for OCs in RAVE.
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Figure 3.10: Upper panels: RV comparison between RAVE and CRVAD-2 for the high-quality common sam-
ple (black dots). Lower panels: Corresponding difference distribution. The black solid lines show
the one-to-one relation and zero-difference line in the upper and lower panels, respectively. Red
asterisks and green triangles highlight good and best RV members in the common sample, respec-
tively. The right panels show the same diagrams enlarged to the RV range of my good and best
RV members.

Still, I had to understand the identified systematics of my high-quality sample (see Fig. [3.10). Accordingly, I
investigated the major CRVAD-2 source catalogues, namely Nordstrom et al.| (2004)), (Gontcharov| (2006), and
Barbier-Brossat & Figon| (2000). The results are presented visually in Fig. [3.11] and in numbers in Tab. [3.5
The vast majority of CRVAD-2 values were obtained from Barbier-Brossat & Figon| (2000) and Nordstrom
et al] (2004). The displayed difference distributions in Fig. [3.11] are relatively broad and might include several
outliers. Therefore, I applied a 3o--clipping algorithm to identify the actual distribution characteristics and also
included the results for the clipped distributions in Tab. [3.5|and Fig. [3.11] In the difference distributions (clipped
and unclipped) for the reference values from the source catalogues by |[Nordstrom et al.| (2004) and |Gontcharov
(2006) the standard deviations in the high-quality sample are considerably lower than for the comparison with
values from Barbier-Brossat & Figon| (2000). Thus, the reference values from the first two catalogues seem to
be more reliable.
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Table 3.5: Numbers for the RV difference distributions 100 ]
comparing RAVE with the CRVAD-2 source sob ]
catalogues for the high-quality sample, as ' ]
well as my good and best RV members in £ :
the common sample. g ook _

No. eRV ARV ocARV -100 _ Nordstrom et al. 2004 _
high-quality sample before 3o--clipping 100 :
Nordstrom 825 040 -0.69 8.10 oF ]
Gontcharov 93 0.60 -1.86 12.71 o k ]
Barbier-Brossat 852 1.70 6.54 4254 £

after 3o-clipping ; ok _
Nordstrom 743 030 -0.36 1.78 b . ]
Gontcharov 89 0.60 -0.18 3.82 =100 [ Gontcharov et al. 2006 7
Barbier-Brossat 728 170  -0.57 11.27 200 _ 3
good RV members before 30-clipping 200 3 _
Nordstrom — — — — > E
Gontcharov 5 040 -2050 4650 = |
Barbier-Brossat 46 2.00 -477 1893 > 3

after 3o-clipping 100 — 3
Nordstrom - _ _ _ -200 — Barbier—Brossat et al. 2000 L . 3
Gontcharov 4 1.30 0.29 0.90 -300 -200 —100 0 100 200 300
Barbier-Brossat 38 1.80 -0.66 4.04 RVawe In km/s
best RV members before 3o--clipping Figure 3.11: Radial velocity difference distributions
Nordstrom - — — — comparing RAVE with the source cata-
Gontcharov 3 040 -3442 5996 logues for CRVAD-2 (Nordstrom et al.
Barbier-Brossat 29 180 -1.44 11.27 (2004), |Gontcharov| (2006)), Barbier-

after 3o-clipping Brossat & Figon| (2000)). the colour-
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Moreover, the systematic effect near RVgaye = 0 km/s is visible in all source catalogues, whereas the possible
negative slope only appears in the comparison of my high-quality sample with values from [Barbier-Brossat
& Figon| (2000). Thus, I concluded that the trend is not a feature induced by the RAVE data, but by the
reference values from Barbier-Brossat & Figon| (2000). Surprisingly, I found no good and best members in
common with [Nordstrom et al.| (2004). Moreover, the number of common good and best RV members with
Gontcharovl| (2006)) is negligible, which in turn makes the questionable values by |Barbier-Brossat & Figon
(2000) the dominant source for RV references. Nevertheless, their values are the best RV references for OCs
available, and since my good and best RV members in RAVE show a better agreement with these references
than the high-quality data, it indicated that my cuts are suitable for deriving reliable RV for my OC sample.

3.1.3 METALLICITIES

I also aimed to provide mean metallicities ([M/H]) for the clusters in RAVE. For the metallicity determination
typically spectra of higher quality are needed and besides that different template spectra were used than for
deriving RVs. In DR4 |[Kordopatis et al.[|(2013)) applied several prior constraints, namely SNR > 20, v,,; < 100
km/s, eRV* < 8 km/s, logg > 0.5 and T,rr > 3800 K.
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This resulted in a slightly smaller sample; 6209 out of the 6402 RAVE observations in OC regions were
equipped with [M/H] and I had to slightly adapt my quality constraints to conduct a reliable metallicity study.
In addition, the DR4 pipeline provided quality flags for the convergence of the stellar parameter algorithm used
to derive log g, T.sr, and [M/H]. Since the RV values were derived by a different algorithm, I did not include
them in my RV sample but had to do so now for my metallicity sample. Objects with no converging algorithm,
or those which had to be rerun by the pipeline, were excluded from my metallicity study on open clusters.

: ' ' ' 1 Figure 3.12: Distribution of e[M/H]* from RAVE DR4
g E with respect to SNR for my high-quality
RV sample.

05F =

0.3F - E

e[M/H]*pgs in dex

0.1F

As noted by Kordopatis et al.| (2013)), the internal metallicity uncertainties (e[M/H]*) in RAVE DR4 were
derived from different sets of synthetic spectra, leading to a discrete distribution (see Fig. [3.12). These e[M/H]*
might reflect model errors instead of realistic measurement uncertainties. Therefore, I preferred to evaluate the
actual [M/H] values and not the uncertainties to define the adapted cuts for my metallicity study in open
clusters. In Fig. 3.13]1 display the [M/H] distribution with respect to SNR. To illustrate the overall trend in
RAVE DR4, I calculated [M/H] in bins of 4 along SNR and changed the bin size to 10 for SNR > 100, to gain
enough data points in each bin. This overall trend is quite flat and shows no specific correlation, not even for
low SNR. Therefore, I simply adapted the same cut as the RAVE DR4 pipeline at SNR > 20.
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Figure 3.13: [M/H] distribution with respect to SNR  Figure 3.14: [M/H] distribution with respect to R for

for my high-quality RV sample (black my high-quality RV sample (black dots).
dots). Red asterisks and orange crosses Red asterisks and orange crosses illus-
illustrate my good RV and [M/H] mem- trate my good RV and [M/H] members,
bers, respectively. The red and green respectively. The red and green solid
solid lines visualise my adapted cut at lines visualise my adapted cut at R > 20
SNR > 20 and the overall trend for the and the overall trend for the entire RAVE
entire RAVE DR4, respectively. DRA4, respectively.
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Moreover, I examined the [M/H] distribution with respect to R (Fig. [3.14) and computed the overall trend in
RAVE DR4 as [M/H] in bins of 4 along R. This overall trend indicates a slight correlation of [M/H] with
R, suggesting that the fewer lines in metal-poor stars lead to a better match of the observed to the template
spectrum, at least for stars with [M/H] > —1 dex. Because of this slope I cannot use the overall trend to
evaluate the cut refinement in R. However, for R < 20 a non-negligible number of good RV members show
unexpectedly low [M/H], and I chose the corresponding cut to R > 20 for my metallicity study in Galactic open
clusters.

I was unable to identify any dependencies of [M/H] on corr_RV and saw no need for additional changes of the
constraints for my high-quality [M/H] sample. Combined with the membership probabilities (Py;, and P,y >
14% or Py, and Ppper > 61%), the new cuts define my good and best [M/H] members, respectively. In Tab.
[3.6]T summarise the corresponding numbers of measurements, stars, and clusters for my metallicity samples.

Table 3.6: Numbers for the different [M/H] samples in RAVE and in OC areas.

RAVE DR4 OC sample
Number of entire high-quality | [M/H] high-quality good [M/H] best [M/H]
RAVE in RAVE | sample [M/H] sample members members
Measurements | 451474 354906 6209 3947 517 308
Stars 405176 322843 4785 3485 455 265
Clusters — — 244 192 94 77

Furthermore, I investigated a potential magnitude dependence of [M/H], which might affect the reliability of
my data (see Fig. [3.15)). The few members at [M/H] = —4.36 dex show obviously unrealistic values and were
therefore not considered any further in my metallicity study of OCs. To identify a possible dependence more

clearly, I computed the unweighted [M/H] and o[M/H] for my high-quality [M/H] sample in bins of 0.5 mag
along the Vj,p,50n magnitudes.

Figure 3.15: [M/H] distribution with respect to the
3 V jonnson magnitude for my high-quality
[M/H] sample (black dots). Orange
— crosses and turquoise triangles illustrate

§ : . E good and best [M/H] members, respec-
s 2f ) = tively. Red solid and dashed lines visu-
g ' alise [M/H] and o[M/H] for my high-
S 3 quality [M/H] sample, respectively.
aF E
6 8I 1‘0 1I2 14
Viohnsen N mMag

Both show a very flat behaviour and the variations at brighter magnitudes are most likely due to small number
statistics and are not representative for the overall trend. Hence, I was unable to identify any considerable
magnitude dependence of metallicities in RAVE, confirming my sample to provide reliable results. Since the
CSOCA did not provide any metallicity data, no reference values for individual cluster members were available.
For cluster mean metallicities, on the other hand, I found reference values in DAML, which I discuss in more
detail in Sect.
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OPEN CLUSTER MEAN VALUES

( SecTIiON 3.2

3.2.1 RADIAL VELOCITIES

First of all, I cleaned each OC from outliers by applying a 3o-clipping algorithm to obtain the most repre-
sentative RV. Then I determined RV for in total 110 OCs and summarise the results in Tab. along with
the identifiers COCD number (Seq) and cluster name. In addition, I provided two kinds of reference values.
On the one hand, I computed RV from the CRVAD-2, and on the other hand I listed values from CRVOCA
(Kharchenko et al.[2007). I preferred to use their computed RV and only where no calculated RV was available
I gave the literature value. For 37 OCs I provided RV for the first time. The RV from RAVE and CRVAD-2
were primarily derived from best RV or 1o-members, respectively. Only where just one or no most probable
member was available I included good RV or 20-members as well to compute the RV in RAVE and CRVAD-
2, respectively. The corresponding numbers are also included in Tab. CRVOCA included RV based on
30-members, while the RV references computed in this work considered at worst 2c-members to reduce the
field star contamination. A comparison between the reference catalogues yielded a very good agreement, as
expected, indicating that in CRVOCA the field star contamination can be considered to be relatively low and
the values as suitable references.

The provided RV in RAVE and CRVAD-2 were calculated as weighted mean considering individual eRV* and
membership probabilities Py;, and P, as weights (Eq. . As mentioned above, I considered all eRV* < 1
km/s to be too optimistic and replaced them with 1 km/s, which is also reflected in Tab. [A.1] T also give typical
RV uncertainties in OCs (W),computed as weighted mean from the individual eRV* of the members (Eq.
, including only OC membership probabilities as weights. The weighted standard deviatio (oRV; Eq.
and uncertainty of RV (eRV; Eq. could only be computed for OCs with at least two individual measure-
ments. For clusters with only one representative RV value I did not provide cRV and assumed eRV* = eRV*.

2 RV;-gi

RV = L — 3.1)

2 8i

¥ gi- (RV; = RV)?

RV = - 3.2
7 n—1 2 &i 3-2)
__ RV
kv = RV (3.3)

Vi
Z eRVi* : (Pkin,i : Pphot,i)

RV = - : (3.4)
Z(Pkin,i : Pphm‘,i)
i

Po i Py
with the weights defined as g = M 3.5
(eRVi*)2

2The “n” in the nominator of “n/(n — 1) is a scaling factor, since the individual weights (g; = (Prin,i * Ppiori)/(eRV} )?) never sum up to
n, with eRV* > 1 km/s and (Pyin, Ppior) < 1.
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In Fig[3.16] I show the histograms for the total number of measurements and stars used to obtain the RAVE
based and reference RV, respectively. I only included OCs observed in RAVE. The vast majority of RV in all
catalogues were based on fewer than six individual RV measurements and only a few OCs show RV derived
from more than 20 individual RV measurements in either data set. CRVOCA shows the largest number of
OCs with more than 20 individual RV values, since they used stars with lower membership probability than I
did. Considering the different numbers of OCs covered by the catalogues, the distributions for the number of
individual measurements show a very similar shape. This indicated that the resulting RV are of similar quality.

OF fve 0 T T T T T T T T T T Figure 3.16: Histogram for the number of measure-
FCRVAD—2 g ments or stars used to derive RV in
“op E RAVE (black) and CRVAD-2 (red), re-
: ] spectively. The cyan histogram shows
e s0f 3 the number of stars used for RV as given
R ] in the CRVOCA.
2 20F =
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No. of measurements used for mean_RV

Fig. illustrates a visual comparison between my RAVE results and the available references. The error
bars represent the eRV in each catalogue. The RV difference (Aﬁ) was defined as ARV = RVger — RVRavE,
where RV, are the reference values obtained from CRVAD-2 or CRVOCA for the corresponding panel. The
differences between RAVE results and reference values for my OCs (Fig. appear to be larger than for the
individual stars (Fig. [3.10).
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Figure 3.17: Upper panels: RV comparison between RAVE and reference values from CRVAD-2 (left) and
CRVOCA (right). The black lines show the one-to-one relations. Lower panels: Corresponding
difference distributions with the zero-difference lines included as black solid lines. Blue squares
and yellow diamonds illustrate clusters with > 10 individual RVs in RAVE and the reference
catalogue, respectively. Black crosses indicate missing eRV information in CRVOCA.
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One can see a negative slope in the difference distribution, which is mainly caused by two OCs with very large
differences and cannot be verified to be statistically significant. Contributing factors to the apparently larger
RV differences are the different OC members targeted by either survey and the potential systematics induced
by the reference values from Barbier-Brossat & Figon|(2000). In general, cluster RV s derived from only up to
five individual measurements have to be considered with caution in all data sets used in the presented project
(RAVE, CRVAD-2, and CRVOCA).

OCs with more than ten individual measurements in RAVE, on the other hand, show a very good agreement,
except for three. The three exceptions (Platais 8, Sco OB4, and Sgr OB7; left panel of Fig. are all stellar
associations, which naturally show an intrinsically higher velocity dispersion, because they are not as tightly
bound as open clusters. Since the membership selection is partly based on kinematics, it might be possible that
for the stellar associations mistaken membership can contribute to the larger differences, in particular because
different objects were targeted by RAVE and CRVAD-2.

CRVAD-2 references with more than ten individual RV measurements also show a good agreement, except for
two actual open clusters: NGC 2516 and Collinder 228. In CRVOCA even better measured OCs show relatively
large differences to the RAVE results. Thus, the field star contamination in CRVOCA is not negligible, though
I stated it to be relatively low. Thus it could be concluded that RAVE apparently provided more reliable RV
than CRVAD-2.
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Figure 3.18: Comparison between the oRV and eRV* values in CRVAD-2 (red asterisks) and RAVE (black
dots) for open clusters observed by RAVE. The black solid line represents the one-to-one relation.

In addition, I compared oRV and eRV* in RAVE and CRVAD-2 (Fig. . In both catalogues only very
few OCs show oRV similar to eRV*, the majority show higher cRV, and in certain cases they are about a
factor of 5-10 higher than eRV*. There are several possible reasons, namely small number statistics, partly
mistaken membership, or undetected binarity. Due to the first aspect, the RV have to be considered with care
and cannot be regarded in any way representative for the internal cluster velocity dispersion. The aspect of
binarity in my OCs is discussed in Sect. [3.2.2] Partly mistaken membership might be minimised when updated
membership probabilities from the recently provided catalogue for the Milky Way Star Cluster (MWSC) survey
(Kharchenko et al.|2013)) are included.

Moreover, it would be a great improvement to also include RVs as criteria for OC membership, but this is only
reasonable when RV data are available for all stars in OC areas. The CRVAD-2 o-RV are well below 20 km/s,
whereas the RAVE values reach up to 60 km/s. Most likely, this is due to the different targets included to
compute RV for the two catalogues (see Sect. .
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3.2.2 BINARITY FRACTION

Above I pointed out that undetected binaries might have a significant influence on the accuracy of my RV results.
For a detailed study multiple epochs for each member would be needed. I examined my best RV members in
RAVE for multiple epochs and only identified 76 out of 443 stars, where each object is only provided with two
measurements. This was by far not enough for a deep binary study based on RAVE data. Hence, I had to work
with limited sources of information to give an approximate idea on the binary fraction in my sample.

In a first step I checked the duplicity flags in CSOCA and found 14 stars indicated as potential or confirmed
binaries among my 443 best RV members. Secondly, I cross-matched my best RV members with the list of
SB1 (Matijevic et al.|2011)) and SB2 (Matijevic et al.|2010) binaries in RAVE and found no common object.
This was not surprising, since I rejected objects with bad spectral flags from Matijevic et al.[(2012). If I only
considered the cuts SNR > 10, R > 10, and |corr_RV| <9 km/s in RAVE along with Py;, and P o > 61%, 1
found 11 SB2 binaries in 4 OCs. However, all these numbers were far below the 6% binary fraction suggested
by Matijevi€ et al.|(2011]).

To provide a rough estimate on the binary fraction based on RAVE data I used a simple approach, namely that
the large scatter in Fig. and the high cRV were mainly caused by undetected binarity. For each cluster I
first computed the difference between individual RVs and RV. Then I compared these differences with 3eRV*,
defining my assumed velocity dispersion. This analysis could only be done for OCs with at least two individual
measurements, which reduced the number of clusters considered to 76. I assumed members exceeding the
3eRV* limit to be potential binaries and calculated the binary fraction with respect to the total number of RAVE
measurements in the corresponding OC. The results are summarised in Tab.

Table 3.7: Results for my rough binary fraction estimate in OCs with at least two RV measurements in RAVE.

binary fraction | 0% <25% 25-50% >50% | total

No. of OCs 41 9 7 17 74
Proportion (%) | 55.4 12.2 9.5 23.0 —

About half of my OCs with at least two RV measurements show no binarity and another 23% show a very high
estimated binary fraction (>50%). This effect is most likely due to small number statistics, where the binary
fraction can change fast from 0% to more than 50% if just one more star is outside the defined 3eRV* limit.
Therefore, the listed numbers can at most be considered as lower limits. In Tab. [A.T|about 45.9% of OCs with
at least two RV measurements show RV > 10 km/s, which is similar to the 44.7% of OCs with non-zero
binary fraction. This verified that undetected binaries were a dominant effect, inducing unexpectedly high RV
for my OCs.

3.2.3 METALLICITIES

Because of the more stringent requirements for my [M/H] sample, I was able to determine [M/H] for only
81 of my 110 OCs with RV in RAVE. Because I strictly distinguished between iron abundances and overall
metallicities in DAML (see Sect. , I obtained reference [M/H] for only 12 OCs. Hence, for 69 clusters
I presented [M/H] for the first time. The results are summarised in Tab. along with the cluster identifiers
(COCD number and cluster name). My metallicity results were primarily obtained from best [M/H] member
measurements after cleaning each OC from outliers by applying a 3o-clipping algorithm. Only where no or
just one best [M/H] member measurement was available I included good [M/H] member measurements as
well. The number of best and additional good [M/H] member measurements are also included in Tab.
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I computed the [M/H] as weighted mean, considering only the membership probabilities as weights (Eq. ,
since the listed e[M/H]* showed a very discrete distribution and might not reflect realistic measurement errors
(see Sect. [3.1.3). For OCs with at least two individual [M/H] measurements I computed weighted standard

deviation (c[M/H]; Eq. and uncertainties of [M/H] (e[M/H]; Eq. .

2IM/H]; - w;
(M/H] = T (3.6)
Ywi- (IM/H]; - [M/H])?

o[M/H] = 1 S (3.7

—_ o[M/H]

M/H = ——— .

e[M/H] v (3.8)
with the weights defined as wi = Prini* Pphow,i- 3.9

In Fig. I display the histograms for the number of measurements and stars used to obtain [M/H] in
RAVE and DAML, respectively. Again I only included OCs with [M/H] data available in RAVE. As expected,
the vast majority of OCs are covered by fewer than six individual [M/H] measurements and small number
statistics might affect my results. The number of references is too small to draw any conclusion on the shape of
the number distribution.

From Fig. [3.20] one can see that the majority of OCs in RAVE, except for four, agree very well with the
values from DAML within the uncertainties. I defined the differences between the catalogues as A[M/H] =
[M/H]pamr — [M/H]gave and they appeared to be similar to the uncertainties. Only the Pleiades (Melotte
22) were covered by more than ten individual measurements in RAVE and agree very well. In addition to the
Pleiades, DAML listed two more clusters with [M/H] based on more than ten values, namely NGC 2422 and
NGC 2354.
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My metallicity study in RAVE could only give a rough idea on the [M/H] behaviour of the Galactic OC system.
The typical uncertainties of [M/H] for individual members, obtained from the pipeline, were about 0.1 dex and
reflected only internal errors. When including external errors as well, the typical errors increased to values of
about 0.3 dex (Boeche et al[2011). The RAVE [M/H] accuracy was apparently not high enough to carry out a
detailed metallicity study within OCs.

3The “n” in the nominator of “n/(n — 1)” is a scaling factor, since the individual weights (w; = Pyini * Pphori) never sum up to n, with
(Pkina Pphot) <l
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A brief look at the difference distribution might suggest a negative slope with increasing metallicities. This
apparent slope is primarily caused by four clusters, which are metal poor in RAVE. If I eliminate them, the
distribution is consistent with not showing any trend and is centred around zero. In Tab. [A.2]T found ten
clusters and associations with [M/H] below —0.5 dex. This contradicts my expectation that open clusters and
associations in the solar neighbourhood have about solar metallicity. Except for one OC with three best [M/H]
member measurements, the [M/H] values for all metal-poor OCs were based on either one best [M/H] member
and/or mainly on good [M/H] members. Therefore, mistaken membership in combination with small number

statistics could be one reason for very low [M/H].
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However, this would not explain the amount of very metal poor OCs I found in my sample, since my mem-
bership selection used a uniform algorithm on homogeneous spatial, photometric, and kinematic information.
These unexpectedly metal-poor OCs could also indicate that the RAVE DR4 pipeline might underestimate the
corresponding metallicities for certain spectra. This was supported by my finding that three out of the 23 in-
dividual [M/H] measurements of Pleiades best members show values of —4.36 dex, which I excluded when I
computed [M/H].

To verify this hypothesis I analysed the results of the chemical pipeline implemented for RAVE by [Boeche
et al.| (2011). The authors employed slightly more stringent quality constraints (SNR > 20, v,,, < 50 km/s and
4000 < T,y < 7000 K). It also has to be noted that the chemical pipeline did not cover the very metal-poor
end, on contrary to the DR4 pipeline, since either the data quality was too low or the spectral characteristics
were not covered by the data grid used in the chemical pipeline.
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The chemical pipeline provided [M/H] for only 52 OCs with typically fewer individual measurements after
applying my quality requirements on this data set. I included these additional results in Tab. [A.2]along with the
number of good and best member measurements in this data set and show a visual comparison to the reference
[M/H] from DAML in Fig.

The two RAVE metallicity sets, DR4 and the chemical pipeline, agree well with the references from DAML
in the range —0.5 < [M/H] < 0.5. However, the chemical pipeline did not provide any very metal-poor
values for targets that match my quality requirements, and such stars were simply not listed in the resulting
data table. This might indicate that the apparently very metal poor stars in DR4 suffer from lower data quality.
Future investigation will show whether all these very metal-poor OCs simply arise from mistaken membership
combined with low number statistics or if potentially underestimated metallicities in RAVE DR4 may also play
arole.

3.2.4 SuMMARY ON THE RAVE pata

Current compilations and catalogues of Galactic open clusters significantly lack spectroscopic information,
such as RVs and metallicities. The RAVE survey allowed me to fill in some of the missing data. My project
was based on the most homogeneous OC catalogue by [Kharchenko et al.| (2005alb) (COCD) and the corre-
sponding stellar catalogue (CSOCA). Via a cross-match I identified OC members in RAVE DR4, with a bias
towards fainter stars. For the cleaned working sample I provided new RV and [M/H] data. Interestingly, my OC
members in RAVE did not represent the accuracy of the entire survey. I showed that this was most likely due
to the larger fraction of dwarfs in my OC sample. Still, the data quality was sufficient enough for determining
RV and [M/H] for Galactic open clusters, since the selected members showed a good agreement to previous
RV and [M/H] data in OCs. I derived RV for 110 OCs, including new data for 37 open clusters. [M/H] were
derived for only 81 OCs, due to more stringent constraints for my metallicity sample. For 69 of these OCs I
presented metallicities for the first time.

The RV sample from RAVE DR4 showed a better agreement to the reference values than the [M/H] sample.
The relatively large spread in both comparison distributions was most likely caused by different stellar samples
for each OC in RAVE and the reference catalogue, partly mistaken OC membership or undetected binarity.
Partly mistaken membership might be minimised, when the updated membership probabilities from the Milky
Way Star Cluster (MWSC) survey (Kharchenko et al.|[2013) are included, which could not be done in the
framework of this project. Furthermore, most my results were based on only a few individual measurements,
which in general made them less robust against the effects mentioned. Thus, all these clusters in RAVE and the
reference catalogues have to be considered with caution. Studies by |Kouwenhoven & de Grijs| (2008), (Geller
et al.| (2008} 2010) and |Gieles et al.| (2010) supported the assumption that binarity may significantly affect the
internal velocity dispersion of open clusters. Although I could not consider my o'RV to be representative for
the internal cluster velocity dispersion, I came to the same conclusion based on a rough estimate on binarity for
my OCs, yielding a comparable number of OCs with potential binaries present and OCs with unusually large
oRV.

My RV results were of sufficient quality to derive reliable 3D-kinematics for the Galactic OC system. Com-
bined with previous RV data on OCs this enabled me to re-evaluate the open cluster groups and complexes,
proposed by |Piskunov et al.[(2006)). The additional metallicity data obtained by RAVE might only give a rough
idea on the [M/H] behaviour of the Galactic OC system. I found 10 OCs with [M/H] < —0.5 dex, which
appeared to be too metal poor considering that those objects are located in the solar neighbourhood. Hence, the
DR4 metallicities presented in this work have to be considered with care.
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FINAL SET OF PARAMETERS FOR MY OPEN CLUSTER WORKING SAMPLE

( SecTION 3.3

3.3.1 COMBINED RADIAL VELOCITIES

In Section [3.1.2] I showed that the CRVAD-2 and RAVE provided RV data of similar quality, which allowed
me to combine the measurements from both catalogues and recompute the mean radial velocities (RV) for the
COCD clusters following Eq. [3.1}{3.5] (see Sect. [3.2.1). CRVAD-2 and RAVE are complementary data sets
and the combination of both catalogues provided more individual measurements per cluster, resulting in more
accurate RV. I primarily used best members, and only included good members, if no or just one best member
for a cluster was available. The selection from the CRVAD-2 was solely based on membership probabilities,
while for the RAVE selection additional quality constraints (SNR>10, R > 10 and |corr_RV| < 9 km/s) and flag
requirements (see Sect [3.1.2)) were considered. If a star had multiple RV measurements in RAVE I took the
value derived from the spectrum with the higher Signal-to-Noise ratio (SNR). If a cluster showed no individual
RV measurements of sufficient quality in CRVAD-2 or RAVE, I used the RV value listed in CRVOCA. These
values were either computed from stars in the OC regions with membership probability down to 1% or are
collected literature values (for details see |[Kharchenko et al.|(2007)) and I preferred to use the literature values.
In total I extracted 432 clusters from the COCD with available RV data, defining my working sample.
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Figure 3.22: Left panel: Histogram for the number of individual measurements used to compute RV from
RAVE and CRVAD-2 or the number of stars as given in the CRVOCA for my working sample.
Right panel: Histogram for the RV uncertainties either as determined for the computed values or
as taken from the CRVOCA.

The left panel of Fig. shows the distribution for the number of individual measurement used to obtain RV
for the OCs in my working sample. Clusters with number of stars equals “-1” were equipped with RV from
CRVOCA based on only one member with Py;, > 1%. One can see that, although the distribution was slightly
shifted towards higher number of stars, because of the combined catalogues, the majority of clusters are still
covered by less than seven individual RV measurements of good and best members. Thus, the RV values are
still affected by small number statistics.

The right panel of Fig. illustrates the distribution of the uncertainties in RV for the OCs in my working
sample, which peaks at about 1-2 km/s, but show a tail out to 20 km/s. The shape of the eRV histogram is very
similar to that for the individual RV measurements of OC members in RAVE (see Fig. [3.5).
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Figure 3.23: Dependency of the uncorrected radial velocities on Galactic longitude for different distance ranges
from the sun in the XY-plane. The blue dashed and solid lines indicate the effects of the differential
rotation and solar motion on the RV value for the lower and upper limit of the corresponding

distance range.
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The statistically computed uncertainties for the mean radial velocities were expected to be below the uncertain-
ties of the individual RV measurements, but since typically only a few members for each cluster were equipped
with RV measurements in RAVE or the CRVAD-2, the effect of small number statistics caused the eRV to be
of the order of the individual eRV*. For the general discussion of the Galactic open cluster population this
accuracy is sufficient, but for the discussion of individual clusters the values have to be considered with care.
The radial velocities presented here were not corrected for the solar motion with respect to the Galactic centre
or the differential rotation within the Galactic disc. Thus, these catalogue RVs should show a sinusoidal varia-
tion, in particular, along the Galactic longitude, as displayed in Fig. for different distance ranges from the
sun in the Galactic plane. The dxy in Fig. [3.23]correspond to the distance in the XY-plane from the sun, which
is the description of the Galactic midplane in the Cartesian coordinate systemﬂ The expected variation in RV
with Galactic longitude (/) is clearly visible in the data. In theory, the differential rotation in the Galactic disc is
defined through the Oort constants and the solar motion is basically the velocity vector of the sun with respect
to the Galactic centre. For the radial velocities the resulting theoretical relation is given by:

RV =A-d-sin2]l— (Uy-cosl+ Vy-sinl) (3.10)

where d is the distance of the cluster to the sun in kp(ﬂ A = 14.5 km s~! kpc™! is one of the Oort constants
and (Up, Vp) = (9.44,11.9) km/s are the (U, V) components of the solar motion, as given by |Piskunov et al.
(2006) for the Galactic OC system. In Fig. [3.23] the uncorrected RV data follow very nicely the theoretical
lines, supporting the reliability of the derived RV, even tough they suffer from small number statistics.

3.3.2 DISTANCES

The COCD provided distances for all 650 open clusters and stellar associations, derived from 3-colour informa-
tion and spectral type information, where available or obtained from the literature (Kharchenko et al.[2005a.b).
They stated that the distances were accurate to the 10% level. For this study I focused on the subsample of 432
clusters with available RV data.
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Figure 3.24: Left panel: Distance histogram in COCD for all 650 OCs (black) and my working sample of 432
OCs with RV available (red). The error bars were determined as /i, where 7 is the number of
OCs in the corresponding bin. Right panel: Percentage difference between the distance histograms
in the COCD computed as 1433 /ngso for each interval.

“For a detailed description of the Cartesian coordinate system see Sect.
°In general, Eq. used 3D-distances, but for Fig. I used the distance in the XY plane. The difference between both distances
was small, since open clusters are predominantly located in the Galactic disc.
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In Fig. [3.24]1 compare the distance distribution for my working sample to the one for the entire COCD, with
the corresponding percentage difference in the right panel. The distributions differ most in the distance range
400 pc and 1.8 kpc, where my working sample only covers about 50% of the entire COCD in the corresponding
bins. Hence, in the immediate solar vicinity almost all OCs were equipped with RVs. Moreover, most of the
very distant clusters (d > 2.9 kpc) have RV measurements, which might be because of very bright cluster
members in these distant OCs. Only at the intermediate distance range a significant number of clusters lack
RV information. Still, since the shape of both distributions is rather similar, my working sample could be
considered representative for the COCD.

3.3.3 PROPER MOTIONS

The RAVE catalogue provided proper motions (PMs) from the PPMXL (Roser et al.|2010), TYCHO-2 (Hog
et al.[[2000), as well as UCAC-2, UCAC-3, and UCAC-4 (Zacharias et al.|2004} 2010, 2013)) for the majority
of the observed stars. The mean proper motions (PM) for the clusters in the COCD, were based on ASCC-2.5
values (Kharchenko|2001), which were obtained from several source catalogues, such as the PPM catalogues
(Roser & Bastian|[1991} Bastian & Roser|[1993), TYCHO-2 (Hgg et al.|2000), and CMC (Fabricius|1993). In
this work I used the homogeneous COCD proper motions, mainly because they were available for all clusters.
Besides the PM in the equatorial system (PMg4 and PMpgc), [Kharchenko et al.| (2005alb) also listed PM
values in the Galactic coordinate system (PM; and PM,).

The COCD only listed uncertainties for the proper motion components in the equatorial coordinate system
(RA and DEC) and their distributions are displayed in Fig. for the cluster mean values (ePM, left panel)
and the best OC members (ePM*, right panel). The distributions for the ePM values appear to be narrower
than the ePM* distributions. This was expected, because all stars considered for the cluster identification and,
therefore, all OC members were equipped with PM values, which resulted in larger statistics for the cluster
proper motions. Furthermore, the ePM are statistical errors and are affected by the number of individual
measurements. Both histograms illustrate that the proper motions are of sufficient accuracy for the purposes of
the project presented in this thesis.

60 FT T T T E 1000 [T T T T
g ePMg, — COCD E [ n oPM’g, — CSOCA

e
T R T
1 e,

E L M ]
0kl f L ! 3 0 = | ! S i o s 1 s P
0.0 0.5 1.0 1.5 2.0 0 2 4 6 8 10

ePM in mas/yr ePM" in mas/yr

50 -

;s

No. of clusters

No. of clusters
N w
o o
I
1 1

Figure 3.25: Histograms for the proper motion uncertainties in RA (black) and DEC (grey) for the clusters (left
panel) and the best OC members (right panel) in the working sample.

As for the radial velocities, the provided proper motions were not corrected for solar motion and differential
rotation and should show a variation with Galactic longitude. However, for more distant clusters the effect
would be hard to detect, as proper motions decrease significantly with distance. But when converting the
proper motions to tangential velocities (Vr), the mentioned effects should become more visible.
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Figure 3.26: Dependency of the uncorrected tangential velocity in Galactic longitude (Vr;) on the Galactic
longitude for different distance ranges from the sun in the XY-plane. The blue dashed and solid
lines indicate the effects of the differential rotation and solar motion for the lower and upper limits
of the corresponding distance range.

47



CHAPTER 3. SAMPLE CHARACTERISTICS FINAL SET OF PARAMETERS FOR MY OPEN CLUSTER WORKING SAMPLE

This conversion is defined by Eq. [3.11] for the component of interest and the corresponding uncertainty can be
determined by Eq. [3.13]

Vr =4.74-PM-d (3.11)

where V7 is the tangential velocity component of interest in km/s, PM the proper motion component of interest
in mas/yr, and d the distance of the cluster to the sun in kpc. Since open clusters are primarily located in the
Galactic disc, the effect of solar motion and differential rotation should mainly affect the tangential velocity
component in Galactic longitude (V7). The theoretical description of the effect of solar motion and differential
rotation in V7, is defined by Eq.

Vrg=A-d-cos2l+B-d+ (Up-sinl—Vy-cosl) (3.12)

where d is the distance of the cluster to the sun and / its Galactic longitude, (A, B) = (14.5,—-13) km s~ kpc‘1
are the Oort constants, and (Uy, Vo) = (9.44,11.9) km/s are the U and V components of the solar motion, as
provided by [Piskunov et al| (2006) for the Galactic open cluster system. Fig. [3.26]illustrates the variation of
Vr,; with Galactic longitude for different distance ranges from the sun in the XY-plane. The data follow very
nicely the theoretical curves and verify the reliability and sufficient quality of the tangential velocities and,
therefore, of the proper motions used in this work.

Before calculating the uncertainties for the tangential velocities, I had to determine the uncertainties of the
proper motions in Galactic longitude. The COCD only provide uncertainties for the proper motions in RA and
DEC, but it could be assumed that the proper motion uncertainties in / and b are of the same order of magnitude.
In RA and DEC the uncertainties were typically well below 1 mas/yr, which was very optimistic, and therefore
I set the ePM in [ and b to 1 mas/ylﬁ The uncertainties in tangential velocity for the component of interest is
then defined by Eq. [3.13]following the Gaussian error propagation.

eVr = \/4.74 -[(ePM - d)* + (PM - ed)?] (3.13)

Fig. displays the distribution for the V7 uncertainties in the Galactic coordinate system. The V7 values
seemed to be of comparable accuracy as the RV values. Both velocity uncertainty distributions are well below
20 km/s, but peak at slightly different values. The eV peak at about 3 — 4 km/s, while the eRV values peak at
about 1 —2 km/s. Hence, both velocity uncertainty contribute to comparable amounts to the uncertainties in the
3D Cartesian-velocities, that were used for the identification of OC groupings in the following chapter.
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A more detailed discussion of the proper motion uncertainties can be found in the appendix Sect.
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3.3.4 AGEs

The COCD provided ages for all 650 objects in the COCD, either derived from isochrone fitting or obtained
form the literature (Kharchenko et al.|2005ab). They stated that the uncertainties for the ages in the COCD
were of the order of ojog; = 0.2 — 0.25. Fig. displays the age distribution for the entire COCD and my
working sample along with the percentage difference between both samples.
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Figure 3.28: Left panel: Age histogram in the COCD for all 650 OCs (black) and the working sample of 432
OCs with available RV data (red). Right panel: Corresponding percentage difference (1433 /n650)-

For my working sample the number of older clusters (8.3 < logt < 9.3) is significantly smaller than for the
entire COCD, considering the percentage difference in the right panel. Also the overall distribution appeared
to be flatter for my working sample than for the entire COCD, looking at the histogram in the left panel of Fig.
[3.28] This indicated that, in particular, older open clusters lacked RV information.

One reason could be that the older clusters were on average too faint to determine accurate RV values for the
members. Therefore, I checked whether the magnitude of the brightest most probable member of the clusters
in the entire COCD, regardless of available RV data, and my working sample were related to the age of the
corresponding cluster (Fig. [3.29).
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Almost all clusters with members brighter than 8 mag appeared to have radial velocity measurements, while for
clusters with members fainter than about 9-11 mag more clusters with missing RV information were present.
Moreover, the magnitudes of the brightest members show a slight positive slope with increasing cluster age in
Fig. The bright members for clusters with log# > 8.2 dex showed magnitudes fainter than 9 mag and
were more affected by the selection effect for RV information. This strengthens the statement made above that
older clusters lack more RV data than younger OCs.

3.3.5 METALLICITIES

Since the COCD did not provide metallicity information, I combined the [M/H] data from RAVE with the
literature values from DAML to obtain [M/H] for my working sample. The RAVE based [M/H] were derived
as described in Sect. [3.2.3] which have to be considered with care, due to small number statistics and potential
limitation effects in the RAVE pipeline. The DAML metallicities are highly inhomogeneous and I could only
include a subset of these values. The majority of spectroscopically derived values were based on iron lines
only and are rather comparable to iron abundances than overall metallicities, while the photometric methods
are more likely to result in overall metallicities, which I was interested in. If for a cluster RAVE and DAML

provided [M/H], I included the value based on more individual measurements.

- "4 Figure 3.30: Age-metallicity relation for my open
os5F ] cluster working sample. The solid and
dashed lines showed the mean [M/H]
and lo-limit, which were computed in
bins of 0.5 dex along log 7.
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Fig. displays the age-metallicity relation for the clusters in my working sample with available [M/H].
For the age range covered by my working sample no clear dependency or slope is visible. Hence, I conclude
that the Galactic open cluster population in the solar neighbourhood, with ages ranging from a few Myr to a
few Gyr, shows about similar overall metallicity. Apparently, a larger age range would be needed to detect the
proposed age-metallicity relation for the Galactic cluster population.

Furthermore, I checked the metallicity gradient in my working sample within the Galactic plane and perpen-
dicular to it. Fig. 3.3T]illustrates these potential relations, where the Galactocentric radius (Rxy in kpc) was
computed as

Rxy = \/(X + 85kp0)2 + Y2

with 8.5 kpc being the distance of the sun to the Galactic centre and the XY-coordinates given in kpc. In Fig.
no clear trend could be identified in either direction. Reasons for the rather constant [M/H] in my working
sample could be the size of the sample, the sample not being diverse enough, and/or the population being too
local.
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Hence, for an investigation on the metallicity gradient, based on open clusters, a far more extensive sample of
OCs equipped with homogeneous [M/H] data would be needed that reaches distances of at least 10 kpc from
the sun.

] [ T T T T T i
. 05f -]
] 0.0~ --_ =
_ 05 ) . _ o5k R N J 4
I r /e 7 T r N 4 7
< . : X F / .
= 7 1 = F N ]
-1.0F i — -1.0F -
-1.5— - -1.5 F 4
—2.0F . = —2.0F ]
C I | I 1 1 ] C 1 | 1 I 1 ]

6 7 8 9 10 11 12 -0.4 -0.2 0.0 0.2 0.4

Ryy in kpe Z in kpe

Figure 3.31: Metallicity gradients in radial (left) and vertical (right) direction. The solid lines show the mean
metallicity computed in bins of 0.1 kpc along Rxy and the dashed lines the corresponding 1o-
limits.
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CHAPTER 4

‘ OPEN CLUSTER GROUPS AND COMPLEXES

SecTiON 4.1
( 6D PHASE-SPACE INFORMATION

In the previous chapter I discussed the characteristics of the COCD and RAVE data and defined a final work-
ing sample of 432 OCs with available RV. There I had to distinguish between member parameters and cluster
parameter, but since hereafter only cluster parameters will be discussed I changed the nomination from RV to
RV and equivalent for the other parameters. The aim of this project was to investigate open cluster groups and
complexes and for their identification it was convenient to use positions and velocities in the Cartesian coordi-
nate system with the sun as point of origin.

The XYZ-coordinates were obtained from a conversion of spherical Galactic coordinates to Cartesian coordi-
nates following Eq. {.T| where d is the distance of the cluster to the sun in kpc and / and b are the Galactic
longitude and latitude. Here the positive X-axis points towards the Galactic anticentre, the Y-axis is positive in
direction of Galactic rotation, and the positive Z-axis points towards the north Galactic pole.

X —d - (cosb - cosl)
Y |=| d-(cosb-sinl) “4.1)
Z d-sinb

The UVW-velocities were computed from the spherical values in the Galactic coordinate system, but I had to
correct the RV and PM; values for differential rotation beforehand. The correction equations (Eq. 4.2] and {.3))
were taken from [Binney & Merrifield (1998, p. 637-640). Since differential rotation is mainly a radial effect
within the Galactic disc, a correction in the Galactic latitude component of the proper motion was negligible
and therefore not included here.

RV.pr = RV—A-d-sin2l (4.2)
PMjcor, = PM;—(A-cos2l+ B)/k (4.3)

where k=4.74 is the factor ensuring unit consistency, d the distance of the cluster to the sun in kpc, RV the
radial velocity of the cluster in km/s, PM; and PM}, are the proper motion components in mas/yr, and (A, B) =
(14.5,-13) km s~ kpc™! are the Oort constants as determined by [Piskunov et al.| (2006) for the Galactic open
cluster population in the COCD.
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The Galactic UVW-velocities were then computed using Eq. @Iﬂ with U being positive towards the Galactic
anticentre, V positive in direction of Galactic rotation and W being positive towards the north Galactic pole.
The correction for the solar motion was applied in the final equation through simply adding the values provided
by [Piskunov et al.|(2006) for the Galactic open cluster populatiorﬂ (Up, Vo, W) = (-9.44,11.9,7.2) km/s.

U —sin/ —cos/-sinb cosl-cosb Uy
V |=474-d-|PMjcorr | cosl |+ PMp-| —sinl-sinb [[+RVip-| sinl-cosb |+| Vo | (4.4)
w 0 cosb sinb Wo

The UVW-velocities computed here were not the actual velocities of the clusters in the Galaxy with respect to
the centre, but merely the velocity differences to the sun. Fig. [.1] displays the velocity field in the Galactic
plane and velocity component versus Galactic longitude diagrams for the computed UV W-velocities, corrected
for differential rotation and solar motion. Since the field looks rather random and no systematic dependency on
Galactic longitude is present, it was safe to conclude that the corrections were performed to a satisfying degree.
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The distributions for the UVW uncertaintief] (Fig. peak at about 3-4 km/s and the vast majority of values
are well below 20 km/s. These uncertainties covered approximately the same range as the uncertainties for
the input velocities (RV and Vr), which both contributed to equal amounts to the UVW-uncertainties. The
contribution of the uncertainties in distance, used to calculate Vr, is not negligible, whereas the uncertainties
in the Galactic coordinates (I and b) only play a minor role for the uncertainties in the Cartesian velocities.
Thus, the resulting distribution for the uncertainties confirmed that the UVW-velocities were still of sufficient
accuracy for the purpose of this project.

'Eq. corresponds to a coordinate transformation in velocity space and was verified through private communication with Nina
Kharchenko and Anatoly Piskunov.

The change of sign in U, between |Piskunov et al.{(2006) and this work is because of the flipped direction of the X-axis.

3The equations for the velocity uncertainties in UVW are given in the Appendix of this thesis Sect.
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IDENTIFICATION OF OPEN CLUSTER GROUPINGS

( SEcTION 4.2

Members of an open cluster group or complex were expected to show spatial proximity. If the number of
such groupings is large enough, they should appear as an additional peak in the separation distribution for
the nearest neighbours (see Fig. [{.3). Furthermore, members of an open cluster group or complex should
have similar velocity vectors. In general, objects in a restraint area of the Galactic disc could be expected to
move with similar velocity vectors and a velocity dispersion indicating the amount of random motion in that
region. For the purpose of this investigation I evaluated this random motion to gain insight on the importance
of including velocities in the identification algorithm.

The upper right panel of Fig. d.3|shows the minimal velocity difference between OC pairs, regardless of spatial
proximity, and most likely reflects the velocity dispersion of the Galactic disc in the solar vicinity. The lower
right panel of Fig. [4.3]illustrates the velocity difference between a cluster and its nearest spatial neighbour.
It is interesting, that the latter distribution is much broader than the one for the minimal velocity difference,
which verified the necessity for including the velocity as requirement for the group identification. Moreover,
the difference between the distributions in the right panels of Fig. [4.3] showed that there is a non-negligible
amount of random motion present in the Galactic OC population.

In this study no prior assumptions were made on the mean coordinates and/or velocities of the potential OC
groupings, which were expected to be of irregular shape. A suitable tool to identify genuine OC groupings with
a minimum of prior assumptions was the Friends-of-Friends (FoF) algorithm, as used in cosmology (Huchra
& Geller|[1982; |Geller & Huchra[1983). The basic working principle is to identify intersecting spheres of
defined radius, called the linking length. This linking lengths is equivalent to the expected typical separations
within the groupings, but smaller than the separation between groupings. Here I adapted this working method in
coordinate and velocity space and referred to it as FoF-like algorithm, which compared the 3D spatial separation
and 3D velocity differences with the two defined linking lengths.

The spatial linking length should have a value between the typical size of open clusters (= 10 pc) and the
scale of the Galactic spiral arms (= 1 kpc). The open cluster pairs identified by [de La Fuente Marcos & de La
Fuente Marcos| (2009albic) had predefined separations of in maximum 30 pc and the OC groups and complexes
proposed by Piskunov et al.| (2006) span regions of about 300 pc. The separation histogram for the nearest
neighbours showed two peaks, one at about 50 pc and a second at about 100 pc (left panel of Fig. 4.3), which
could be a signature for OC groupings. Hence, setting the spatial linking length in the FoF-like algorithm to
100 pc appeared to be a reasonable choice, although this held the possibility that the groups and complexes,
proposed by [Piskunov et al.|(2006), may not be recovered to their entire size.
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The velocity linking length should have a value comparable to a few multiples of the typical internal velocity
dispersion of open clusters, which is of the order of a few km/s, to ensure similar velocity vectors of the
group and complex members. The UV W-uncertainties were typically 3-4 km/s and mostly below 20 km/s (see
Fig. [4.2), but show a rather broad distribution. Since the distribution for the UVW-uncertainties exceeded the
expected values for the velocity dispersion of open clusters, I preferred to use the former to define the velocity
linking length. The typical UVW-uncertainties were well below 10 km/s, but the distribution continued to
values of 20 km/s. Thus, it seemed to be more reasonable to define a range of 10 — 20 km/s for the velocity
linking lengths than a single value, which can be expected to include the most likely value.
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Figure 4.3: Left panel: Histogram for the spatial sep-
aration of the nearest neighbours in XYZ-
space. Right panels: Histograms for the
velocity differences of nearest neighbours
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proximity, and nearest neighbours in XYZ-
space (lower).
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Because of the range in velocity linking length, I ran the FoF-like algorithm twice - first, with 100 pc and 10
km/s and, second, with 100 pc and 20 km/s. The resulting distributions in coordinate and velocity space of
the identified groupings are displayed in the upper and lower panels of Fig. [4.4] In this study, I distinguished
between pairs (two members), groups (< 10 members), and complexes (> 10 members) of open clusters.
Interestingly, the majority of identified groupings were pairs for both sets of linking lengths. The identified
OC groupings were detected preferably in the immediate solar neighbourhood at ~ 1 kpc for a velocity linking
length of 10 km/s and =~ 2 kpc for 20 km/s, where apparently the coverage with 6D phase-space information
is better. In velocity space the distribution of identified OC groupings appeared to be not as centralised as in
coordinate space and the groupings did not separate as clearly at visual inspection.

As expected, the number and size of the identified OC groupings increased with larger velocity linking length.
At a velocity linking length of 10 km/s, I found in total 19 groupings with 14 pairs, four groups with either
three or four members, and one complex with 15 members (left panel of Fig. @.5). At a velocity linking length
of 20 kmy/s, I identified in total 42 groupings with 32 pairs, nine groups with either three, four, five, seven, or
nine members, and one complex with 15 members (right panel of Fig. {.5)).
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Figure 4.4: Distribution of the identified OC groupings in coordinate (upper panels) and velocity (lower panels)
space for a spatial linking length of 100 pc and a velocity linking length of 10 km/s (left panels) or
20 km/s (right panels). The grey dots show the entire working sample, while the OC groupings are
highlighted by different colours and symbols independently for both sets of linking lengths.

A closer look at the upper panels of Fig. [f.4] also showed that there are not only more and larger groupings,
after increasing the velocity linking length, but that some smaller grouping seemed to merge. For example at
X ~ Okpcand ¥ = —0.1 kpc or X = 0.2 kpc and Y =~ —0.4. Still, the number and size of the identified OC
groupings stayed reasonable for the chosen range in velocity linking length.
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Figure 4.5: Histograms for the size of the identified OC groupings for both sets of linking lengths: 100 pc and
10 kmy/s (left); 100 pc and 20 kmy/s (right).

VERIFICATION OF OPEN CLUSTER GROUPINGS

( SecTION 4.3

The previous section discussed the definition of the spatial and velocity linking lengths needed for the FoF-like
algorithm and the identification of OC groupings. To a certain degree the definition of these linking lengths was
arbitrary, but could be constrained. For the spatial linking length I showed that 100 pc was the most reasonable
choice, but for the velocity linking length only a range of values could be defined. Although the defined
linking length appeared to be reasonable, further verification of the linking lengths and identified structures
was recommendable. In the following section I want to discuss two approaches for this verification. First,
I compared my results from the COCD to a reference catalogue that became available recently. Second, I
implemented Monte-Carlo simulations with two different input distributions for the randomised sample.

4.3.1 THE REFERENCE CATALOGUE

I44 Figure 4.6: Smoothed density profile in the XY-plane
38 for open clusters and associations in the
MWSC within 1.8 kpc. The cross illus-

* trates the position of the sun.

27

22
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Kharchenko et al.| (2013)) provided a new and more extended cluster catalogue, namely the Milky Way global
survey of star clusters (MWSC), comprising homogeneous data for about 3000 optical stellar associations,
open, and globular clusters. It is complete to about 1.8 kpc and contained all COCD objects. The smoothed XY-
surface density profile for the MWSC within its completeness limit (Fig. 4.6) showed voids and overdensities.
The general open cluster population in the Milky Way was expected to be distributed almost homogeneously
in the Galactic disc and the clearly distinct density differences present in Fig. [.6] appeared to be larger than
expected. Overdensities in the XY-surface density profile (Fig. [4.6)) could be caused by the spiral structure in
the Milky Way, because star formation is believed to primarily take place within spiral arms. Thus, young open
clusters should follow this structure and might induce apparent overdensities. Voids in the XY-surface density
profile (Fig. [4.6) could be caused by increased extinction induced by gas and dust clouds, which are more
frequent in the Galactic disc. These clouds mainly obscure the light in the optical wavelengths and, since the
MWSC is an optical catalogue, especially clusters that are only visible in the infrared would not be included by
Kharchenko et al.| (2013)).

Piskunov parameters Reid parameters
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Figure 4.7: Effect of extinction and Galactic spiral arms on the spatial distribution of MWSC clusters. For the
schematic spiral arms (Carina-Sagittarius arm - red, Perseus arm - blue, local arm - green) I applied
parameters from Piskunov et al.|(2006) (left panel) and Reid et al.|(2014) (right panel). The grey
scale illustrates the cluster extinction values as obtained from the MWSC. The cross shows the
position of the sun.

To evaluate which aspect affected the distribution more, I compared the location of the MWSC clusters with the
location of the Galactic spiral arms and an extinction map obtained from the MWSC in Fig. 4.7] The Galactic
spiral arms should roughly follow logarithmic spirals and I used two sets of parameters for the nearby spiral
arms. On the one hand, I applied the parameters provided by Piskunov et al.| (2006), which were derived from
a fit of logarithmic spirals to the location of young clusters in the Perseus and Carina-Sagittarius regions (left
panel of Fig. .7). On the other hand, I used parameters determined by [Reid et al.| (2014) from trigonometric
parallaxes and proper motions of masers (right panel of Fig. 4.7). For the Piskunov set the Carina-Sagittarius
arm directly crosses one of the voids and the Perseus arm is outside the considered area, while for the Reid set
all spirals were outside the voids and, in particular, the local arm is well associated with the central overdensity.
The MWSC provided extinction values for all listed objects, which were used to create the contour map shown
in Fig. 4.77] These contours were not equivalent to an extinction map, because no values were available for
regions between the MWSC objects, they merely give a rough idea on the extinction distribution in the Galactic
open cluster population. Towards the edges of the left apparent void the extinction values seem to increase,
while towards the right apparent void a trend in extinction is not that clear. This indicated that at least the left
apparent void is likely to be caused by obscuration though gas or dust clouds in the Galactic disc.
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It can be concluded that both effects, the spiral structure and obscuring clouds, contributed to the apparent
slightly inhomogeneous spatial distribution of the MWSC clusters and associations, but that in general the
Galactic cluster population within the completeness limit could be assumed to be distributed homogeneously.
For the construction of the MWSC additional input catalogues were considered to create a more extensive
parameter set, namely 2MASS, PPMXL, and SDSS. The latter was mainly used to extend the RV information
on OC members. Because of this difference in input catalogues between MWSC and COCD, I wanted to
evaluate how representative the MWSC was for the COCD. First, I compared the spatial distribution in the XY-
plane of clusters in both catalogues (left panel of Fig. {.8). The majority of COCD clusters (red dots) showed
an offset compared to the positions of MWSC clusters, which was more significant in the XY-plane than in the
RA-DEC distribution (right panel in Fig. [4.§).
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Figure 4.8: Distribution of open clusters in the XY-plane (left) and in RA-DEC coordinates (right). The black
dots correspond to all MWSC clusters within the completeness limit of 1.8 kpc, yellow dots indicate
MWSC clusters equipped with RVs and red dots show my COCD working sample.

A direct comparison in the Galactic coordinates (/ and ) for a common sample in MWSC and COCD (see Fig.
[4.9) verified that the shift in cluster centre position in the X'Y-plane between COCD and MWSC was not caused
by changes of the input coordinates, but more likely by the revised cluster distances (see Fig. [4.14] panel a).
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Figure 4.9: Comparison in the Galactic coordinates between COCD and MWSC: Galactic longitude (/; panel
a) and Galactic latitude (b; panel b). The differences were computed as A(l,b) = (I,b)ywsc —
(I, b)cocp and the black solid lines indicate zero-difference for reference.
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Another aspect to evaluate was how the identified OC groupings were affected by the differences in the XY-
plane between COCD and MWSC. Therefore, I extracted the members of the identified OC groupings in the
MWSC and visualise the comparison for the position of the identified OC gropings in COCD and MWSC in
the left and right panel of Fig. respectively. The very local groupings (< 500 pc) appear to be of very
similar position, but for the more distant groupings the members show larger separations in the XY plane. This
illustrated very well the issue stated earlier, that the XY-positions changed noticeable between the COCD and
the MWSC probably because of revised OC distances, which could result in different groupings identified in
the MWSC than in the COCD.
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Figure 4.10: Comparison for the location of OC groupings between the COCD (left panel) and MWSC (right
panel). The groupings were highlighted by different colours and symbols and refer to those de-
tected in the COCD with linking lengths 100 pc and 10 km/s. The grey dots refer to the remaining
COCD (left) and MWSC (right) clusters, which did not belong to a grouping.

To investigate the differences between MWSC and COCD in more detail, I compared the distributions for the
Cartesian XYZ-coordinates and UVW-velocities for the selected common sample (Fig. [4.12)). They agree very
well and show very similar shape for both catalogues. Also the distributions for the separations between the
nearest neighbours (Fig. [£.11)) agree very well between both catalogues. Hence, for general studies of the
Galactic open cluster population the MWSC is a good reference catalogue for the COCD.
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Still, the question remained which input parameters caused the location offset in the X'Y-plane and how these
differences affected the identification of OC groupings. Therefore, I compared the COCD and MWSC values
for the individual clusters and the corresponding residuals were computed as AA = Aywsc — Acocp, With A
being the parameter of interest. Fig. d.13|those for the output parameters (Cartesian coordinates and velocities)
and Fig. . 14]illustrates the comparison for the input parameters (distance, proper motion, tangential, and radial
velocity).

First, I wanted to discuss the comparison for the output parameters, namely the XYZ-coordinates and the
UVW-velocities (Fig. @.13)), to get a first hint on what is causing the shift in the cluster centre position between
MWSC and COCD, as detected in Fig. .8] The X and Y coordinates (panel a and b of Fig. 4.13)) show a very
good agreement in the immediate solar vicinity (d> 1 kpc), but for more distant clusters larger differences of
up to 1 kpc are present. The Z coordinates (panel ¢ of Fig. [4.13), on the other hand, agree very well between
both catalogues for all values. This indicated that with increasing distance the difference in XY-position is also
increasing. This has no effect on the Z component, because open clusters are primarily located in the Galactic
disc and their Z values are within a few 100 pc. The U and V velocities (panels d and e of Fig. f.13)) show
no such clear tendency and agreed quite well, although they show a slight negative slope, which is most likely
connected to the change in distance estimate. Only in W (panel f of Fig. f.13)) the differences between COCD
and MWSC seem to increase with larger values, which could be due to the W velocity component being more
affected by the radial velocity than the U and V components.

Second, I discussed the input parameters, namely distance, proper motions, tangential and radial velocities
(Fig. A.T4), to strengthen the finding stated above. The distances (panel a) show increasing differences between
the COCD and MWSC with larger distances. For clusters with d > 2 kpc even a negative slope is visible,
implying that the distance estimates in the MWSC are systematically smaller than those in the COCD. The
proper motions (panels b and c¢) agree very well, although in PM;, they show a slight negative slope. The radial
velocities (panel f) show differences of typically below 20 km/s and reach in maximum up to 50 km/s, which is
consistent with the uncertainty range found for the cluster population and for their members. When converting
the proper motions to tangential velocities, to make them more comparable to the RV values, the differences
in the comparison between COCD and MWSC became more noticeable. In each component they are spread
further than in the RV comparison and even reached values of 100 km/s. They also reflect the negative slope
seen in the distance comparison. The larger differences in the tangential velocities than in the RV indicated that
the changes in distance estimate between COCD and MWSC played the dominant role for the shifts of position
in the XY-plane.

MWSC SUBSAMPLE

In addition, I explored how the difference in the Cartesian parameters affected the statistics for the group
identification and implemented Monte-Carlo simulations with a randomised sample created as a subsample of
the MWSC with the same size as my working sample, hereafter abbreviated MCswsc. The MWSC listed 433
clusters with available RV information within its completeness limit, while only 333 COCD objects with RV
data were located within a distance of 1.8 kpc. Therefore, I randomly selected 333 out of the 433 OCs in the
MWSC completeness limit.

The mean spatial separation and velocity difference distributions for 1000 realisations of the MCywsc, as
displayed in Fig. 4.16] look very similar to the corresponding histograms in the COCD working sample. Also
the averaged parameter distributions (Fig. {.15) for 1000 realisations of the MCywsc agree very well with
those from the COCD working sample. Both aspects indicate that the statistics in the COCD and MWSC are in
very good agreement for general investigations of Galactic open clusters.
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Figure 4.15: Distributions of the XYZ-coordinates (left panels) and UVW-velocities (right panels) for 1000
realisations of the MCysws ¢ (blue) in comparison with the COCD working sample within 1.8 kpc
(black) for comparison.
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Figure 4.16: Histograms for the spatial separation (left panel) and velocity difference (right panel) for the near-
est neighbours in coordinate space. The blue histograms show the averaged distributions for 1000
realisations of the MCyswsc. The black histograms show the corresponding distributions in my
working sample.

For the identification of the OC groupings, I applied the same FoF-like algorithm as for my COCD working
sample with the first set of linking lengths (100 pc and 10 km/s). Fig. illustrates the distributions for the
number and size of the identified groupings in 1000 realisations of the MC s ¢ in comparison with the results
from my working sample in the COCD. The MCsws ¢ randomised sample recovered relatively well the number
of identified OC groupings found in my working sample, since the value for my working sample is within the
1o level of the distribution. However, in the simulated sample only pairs were detected, while in my working
sample also groups and one complex were found.
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Figure 4.17: Histograms for the number (left panel) and size (right panel) of the identified OC groupings from
1000 realisations of the MCywsc (blue) for linking lengths 100 pc and 10 km/s. The black
histogram and dashed line show the results for the COCD working sample.

In addition, I carried out the same Monte-Carlo simulations using the second set of linking lengths (100 pc
and 20 km/s) for the group identification in the randomised sample. The results for the number and size of
detected groupings are similar (Fig. [4.18), although the value for the number of groupings from the working
sample is slightly outside the 1o level of the simulated distribution and that not only pairs but also a fraction of
triples (~ 0.01) was found. This was most likely because of the increased value for the velocity linking length,
allowing larger 3D-velocity differences within the groupings.
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Figure 4.18: Histograms for the number (left panel) and size (right panel) of the identified OC groupings from
1000 realisations of the MCywsc (blue) for linking lengths 100 pc and 20 km/s. The black
histogram and dashed line show the results from the COCD working sample.

All in all, the MWSC can safely be considered a good reference catalogue for the COCD when investigating
general aspects. The relatively good agreement for the number of groupings detected in the MC s ¢ simulated
sample with the results from the COCD working sample supported the suspicion of structure in the Galactic
open cluster population. However, finding exclusively pairs in the randomised MWSC subsample suggested
that not only the different distance estimates in the COCD and MWSC affect the identification of OC group-
ings, but also that the random selection of clusters in a highly incomplete sample significantly decreased the
possibility to detect larger groups.

4.3.2 MONTE-CARLO SIMULATIONS

To evaluate the significance of the identified structure, I carried out Monte-Carlo simulations with randomised
data sets. On contrary to the simulations described in the previous section, the input for the Monte-Carlo
simulations presented in the following were based on general distributions and were not a random subset of
actual data. All simulations were implemented within the completeness limit of the MWSC, which was ensured
through the criterion VX? + Y? + Z2 < 1.8 kpc,. This was applicable because all groupings that were identified
in the working sample were located within 2 kpc for both sets of linking lengths. Within this region my working
sample decreased to 333 open clusters, defining the size of the simulated sample for a better comparison. As
input distributions for the XYZ-coordinates and UVW-velocities I applied two different approaches. On the one
hand, a uniform spatial distribution in the Galactic disc and Gaussian profiles in the velocities with the width
defined by the typical velocity dispersion in the Galactic disc. On the other hand, I used the actual spatial and
velocity distributions in my working sample as input.

For consistency purposes I applied the same FoF-like algorithm, as performed on my working sample, for the
group identification in the simulated data with linking lengths of either 100 pc and 10 km/s or 100 pc and 20
km/s. To draw statistically robust conclusions on the significance of the identified structures, I compared the
actual COCD results to averaged distributions for the parameters and resulting distributions for the number and
size of detected groupings obtained from 1000 realisations of the Monte-Carlo simulations for both approaches
of input distributions.
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SIMULATION INPUT: UNIFORM DISTRIBUTION

In general, open clusters are expected to be distributed almost homogeneously in the Galactic disc. Thus, in
a first step, I assumed a uniform distribution in the X and Y spatial components and a sech profile in Z, as
expected for the vertical distribution in the Galactic disc. The width for the sech-profile was assumed to be
equivalent to the estimated thickness of the thin disc in the solar neighbourhood of about 1 kpc in total and 500
pc from the midplane. Since the UV W-velocities were corrected for solar motion and differential rotation, it
was safe to assume that the velocity components of the simulated sample would follow Gaussian profiles. The
mean for these assumed Gaussian profiles were set to zero and the sigma was expected to be equivalent to the
velocity dispersion in the solar neighbourhood of about 5 km/s in each component. Hereafter I abbreviate this
set of simulations as MCy,,;.
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Figure 4.19: Histograms for the spatial separation (left panel) and velocity difference (right panel) for the near-
est neighbours in coordinate space, averaged for 1000 realisations of the MCy,,; (red). The black
histograms show the distributions for the COCD working sample.

The resulting averaged distributions for the spatial separation of the nearest neighbours in XYZ-space (left
panel of Fig. [£.19) agree very well, while the corresponding velocity differences (right panel of Fig. @.19)
show a slight offset between the real and simulated data.
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Figure 4.20: Histograms for the number (left panel) and size (right panel) of identified OC groupings from 1000
realisations of the MCy,,; (red) for linking lengths of 100 pc and 10 km/s. The black histogram
and dashed line show the results for the COCD working sample.
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The distribution for the number and size of the identified groupings in the simulated sample, using the first
set of linking lengths (100 pc and 10kmy/s; see Fig. 4.20), also show discrepancies between the results for the
simulated and real data. In the MCy,; typically 5-6 groupings were found, while in the COCD working sample
19 groupings were identified. The vast majority of the groupings in the MCy,; were pairs complemented by a
few triples, while in the COCD working sample the fraction of groupings with three or four members is larger
and even a complex with 15 members was identified. The discrepancies in the number and size of the found OC
groupings in the simulated sample to the results from the COCD working sample suggested that the majority of
the detected groupings could be real, but the discrepancies in the comparison for the parameters (see Fig.
put this finding in a relative perspective.

The Monte-Carlo simulations performed with the second set of linking lengths (100 pc and 20 km/s) yielded
similar results (see Fig. [4.21), only the number of detected groupings showed a slightly smaller offset to the
result for my working sample and the fraction of triples in 1000 realisations of the MCy,; slightly increased,
which could be expected when using a larger value for the velocity linking lengths.

M T T T T T T ] 1.0[7 T T T
140 C : ] simulated sample: uniform distr. (333)]
[ I » 4
120 :_ : _: 0.8+ L COCD sample (333) .
® C | 1 i 1
C
o 100 : - F ]
a L ! ] < 0.6 C 5
= 80 | b =
3 L [ 1 o
2 L I ] o F ]
5 60 1 7 =04 ]
s C |
=z 40 - | — L 4
r | 1 0.2} ]
20 : - [ ]
L I
oL \ ) | L \ 0.0 ﬂ [
0 10 20 30 40 50 60 0 5 10 15 20
Number of groups Size of groups

Figure 4.21: Histograms for the number (left panel) and size (right panel) of identified OC groupings from 1000
realisations of the MCy,; (red) for linking lengths of 100 pc and 20 km/s. The black histogram
and dashed line show the results for the COCD working sample.

In addition, I compared the averaged distributions of the Cartesian coordinates and velocities from 1000 reali-
sations of the MCy,,; with the corresponding distributions for my working sample in the considered area (Fig.
[.22). The Z component, as well as the V and W velocities, show a good agreement, whereas the averaged
distribution in U for the simulated sample is slightly broader than the one for the COCD working sample. In
the X and Y coordinates a significant disagreement between the simulated and real sample is present.

This indicates that the chosen input distributions are not as suitable for describing the actual COCD data as
expected. This might have been induced by the incompleteness of the working sample, especially regarding RV
information. The disagreement in the X and Y coordinates between the MCy,,; and COCD data could also be
responsible for the large discrepancy in the number and size distributions for the detected OC groupings in both
samples. Thus, I checked if a different setup for the Monte-Carlo simulations would lead to a different result
and a better agreement in the representation of the actual COCD working sample. These results are presented
in the following section.

However, first I wanted to answer the question whether the general distribution of the open clusters can
be considered to be homogeneous and created another randomised data set using Monte-Carlo simulations
(MCxycheck)- 1 assumed the same input distributions as for MCy,,;, but created a randomised sample of 1000
objects within a distance of 1.8 kpc, which corresponds to the size of the cluster sample within the MWSC
completeness limit, regardless of available RV information.
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Figure 4.22: Distributions for the XYZ-coordinates (left panels) and UVW-velocities (right panels) averaged
for 1000 realisations of the MCy,; (red). The black histograms illustrate the distributions for the

COCD working sample for comparison.
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I compared the resulting distribution in the X and Y coordinates, averaged over 1000 realisations of the
MCxycheck, to the X and Y distributions in the MWSC within the same area, as displayed in Fig. 4.23] One can
see that the distributions for the simulated and real sample agree quite well, which confirmed that, in general,
the Galactic open cluster population could be considered distributed almost homogeneously, but the subset of
OCs with available RV data appeared to be not that uniformly distributed. This could be because of selection
effects present for the spectroscopic observations, which could not be specified further in this work. Hence, the
approach is reasonable, but not applicable for the working sample used in this work.
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Figure 4.23: Averaged distributions in X (left) and Y (right) coordinates for 1000 realisations of the MCxycpeck
(red). The black histograms show the distributions for the real MWSC data in the same volume.

SimuLATION INPUT: COCD DATA DISTRIBUTIONS

Since a uniform distribution is not suitable to describe my working sample, I followed a second approach,
namely using the actual data distributions of the working sample as input for the Monte-Carlo simulations,
hereafter abbreviated MCpgy,.
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The COCD clusters were mainly located in or near the Galactic plane, which allowed me to consider the Z
component of the 3D-position to be independent. In the XY-plane I used a 2D histogram to describe the density
profile, as displayed in Fig. #.24] The 2D-histogram was generated from my working sample with a bin size of
500 pc.
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Figure 4.25: Cumulative distribution function for the Bothaspects verified that using the working sample
UVW-velocities. The black lines show the distributions of the XYZ-coordinates and UVW-
distributions for the COCD working sam- velocities as input for the Monte-Carlo simulations
ple and the green lines are the correspond-  resulted in a more representative randomised sam-
ing fitted distributions. ple of the actual data and would also make the re-
sults more reliable.
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Figure 4.26: Distributions for the spatial separation (left panel) and velocity difference (right panel) of the near-
est neighbours in XYZ-space for 1000 realisations of the MCp,,, (green). The black histograms
correspond to the results from my working sample.
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Figure 4.27: Distributions for the XYZ-coordinates (left panels) and UVW-velocities (right panels) averaged
for 1000 realisations of the MCp,, (green). The black histograms illustrate the corresponding
distributions for my COCD working sample for comparison.
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Again [ used the same FoF-like algorithm as for my working sample to identify OC groupings in the randomised
sample with the first set of linking lengths (100 pc and 10 km/s) and illustrate the histograms for the number
and size of the found groupings in 1000 realisations of the MCp,, in Fig. f.28] The value for the number
of identified groupings in my working sample is well covered by the distribution resulting from MCpy,, but
again the found groupings in the randomised sample were heavily dominated by pairs, complemented by a few
triples.
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Figure 4.28: Histograms for the number (left panel) and size (right panel) of the identified OC groupings from
1000 realisations of the MCp,, (green) for linking lengths of 100 pc and 10 km/s. The black
histogram and dashed line show the results from the COCD working sample.

For the MCp,;, using the second set of linking lengths (100 pc and 20 km/s) I obtained similar results regarding
the number and size of identified Galactic open cluster groupings in the simulated sample, compared to the
results from the COCD working sample, as displayed in Fig. Hence, I concluded that especially the
detected OC pairs were statistically consistent with being random alignments and it would be challenging to
verify the genuine pairs amongst them. The larger groups and the detected complex in the working sample,
on the other hand, were more likely to be genuine. In particular the complex, because for both sets of linking
lengths it had exactly the same members. Since for the MCp,, the distributions for the nearest neighbours and
parameters agree better to the actual distribution in my working sample than for the MCy,,; simulations, the
results for the former seem to be more reliable than the results for the latter.
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Figure 4.29: Histograms for the number (left panel) and size (right panel) of the identified OC groupings from
1000 realisations of the MCp,, (green) for linking lengths of 100 pc and 20 km/s. The black
histogram and dashed line show the results from the COCD working sample.
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In this work only a plausible range for the velocity linking length, namely 10 — 20 kmy/s, could be defined.
The most probable value should lie within this range, but its definition would require a far more extensive OC
sample with all 6D-phase space information available. A detailed investigation of the MWSC, complemented
with OCs only visible in the infrared would be one step in this direction. Such an extended study could not be
carried out in the framework of this project and remains an open question for future investigations.

SecTiON 4.4
( CHARACTERISATION OF THE FOUND OPEN CLUSTER GROUPINGS

In this section I want to discuss the characteristics for the identified groupings and, in a first step, I compared
the position of the detected OC groupings with the spiral structure in the Galactic disc, as described by [Reid
et al| (2014) and visualised in Fig. .30} For the first set of linking lengths (100 pc and 10 kmy/s, left panel)
the found groupings appear to roughly follow the spiral structure, but for the second set of linking lengths (100
pc and 20 km/s, right panel) the corresponding OC groupings also cover the areas in between. This indicates
that the apparent correlation between the location of the found groupings and Galactic spiral structure could be
simply a selection effect, because RV information were more accessible for nearby objects. It is more likely
that the OC groupings are as homogeneously distributed in the Galactic disc as the cluster population itself.
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Figure 4.30: Comparison for the positions of the identified OC groupings with the Galactic spiral structure,
using both sets of linking lengths (left panel - 100 pc and 10 km/s and right panel 100 pc and 10
km/s. The spiral arms are indicated by the black lines (solid - centre, dashed - width) and were
determined using parameters provided by [Reid et al,| (2014). The groupings are highlighted by
different colours and symbols and the grey dots indicate OCs in the working sample that did not
belong to a grouping.

Another approach to evaluate the connection between OC groupings and star formation was to check the typical
separations of the nearest neighbours in the young and old cluster population. Fig. illustrates this com-
parison for the entire COCD (left), where the young clusters have ages below 20 Myr and the old clusters ages
above 400 Myrs, and for the reference sample from the MWSC within 1.8 kpc (right), where the young clusters
have ages below 50 Myr and the old clusters ages above 700 Myrs. There are two reasons for the choice of
different interval margins used to extract the young and old cluster population in the COCD and the MWSC.
First, because the MWSC is a far more extensive cluster catalogue than the COCD. Second, because I wanted a
similar sample size for the young and old population in either catalogue and between the catalogues (145 OCs
in COCD and about 195 OCs in the MWSC).
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Figure 4.31: Comparison of the histograms for the spatial separations of the nearest neighbours in coordinate
space between the young (blue) and old (red) Galactic open cluster population in the entire COCD
(left; young < 20 Myr, old > 400 Myr) and the MWSC within the completeness limit of 1.8 kpc
(right; young < 50 Myr, old > 700 Myr).

For the young cluster population in the COCD the distribution for the spatial separation of the nearest neigh-
bours peaked at about 50 pc and 130 pc, while for the old clusters the distribution peaked at about 70 pc and
110 pc. In the MWSC the distribution for the spatial separation of the nearest neighbours peaked at about 70
pc for the young clusters and at about 170 for the old clusters. The double feature in the spatial separation dis-
tributions for the COCD sample could be because of the smaller sample size, which might affect the statistics.
In both samples the young cluster population apparently showed a higher density than the old OC population,
which supported the hypothesis that the OC groupings most likely originate from a common molecular cloud
and that not only stars form in clusters, but that also clusters form in groups. Moreover, this difference indicated
that the lifetime of these OC groupings might be comparable to the typical lifetime of open clusters and are
most likely affected by the high infant mortality in the Galactic OC population.

Besides the general aspects discussed above, the mean parameters for the identified potential OC groupings
are listed in Tab. for the first set of linking lengths (100 pc and 10 km/sﬂ including XYZ-coordinates,
UVW-velocities, distances and ages. Mean metallicities were not included, because for the majority of the
clusters in groupings [M/H] values were not available. The averaged values and the uncertainties in Tab. {4.1]
were computed as simple mean and standard deviations based on the values for the members. The individual
values for the members of the detected OC groupings are summarised in Tab. 4.2} also including metallicities.
In the identification, it was already indicated that all groupings were located within about 1 kpc and the num-
bers in Tab. {.T] verify this finding. The vast majority of the detected OC groupings were actually located even
within the stated completeness limit of the COCD (Piskunov et al.[2006, 850 pc; ) and only three groupings
were more distant than 1 kpc. Nevertheless, this aspects is more likely caused by the incompleteness of the
working sample, and because of RV data being more accessible in the immediate solar vicinity, than reflecting
an actual characteristic of OC groupings. When looking at the spatial coverage of the OC groupings identified
using the second set of linking lengths (100 pc and 20 km/s) this became more clear, visually in the upper
panels of Fig. f.4]and in numbers when comparing Tab. .1]and Tab. [C.2]

For the ages of the detected groupings, I found an age spread in the logarithmic ages of typically below 0.5 dex,
but also values slightly beyond 1 dex. Compared to the typical uncertainties of the cluster ages in the COCD
of 0.2 — 0.25 dex, this indicated a substantial age difference within the found potential OC groupings. In Fig.
M.32]1 compare the maximum age difference with the age of the oldest cluster within a grouping for both sets
of linking lengths (100 pc and 10 km/s - left, 100 pc and 20 km/s - right), and indicate pairs, groups and the
complex by different symbols.

“The table for the mean parameters using the second set of linking lengths are provided in the Appendix Sect.
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Table 4.1: Parameters for the identified open cluster groupings using linking lengths of 100 pc and 10 km/s: Number of OC grouping and members,
as well as mean parameters for the XYZ-coordinates, UVW-velocities, distances, and ages.

Number of No. of Xmean Ymean Zmean Umean Vmean  Wmean dmean log frmean
OC grouping members kpc kpc kpc km/s km/s km/s kpc dex
1 2 -0.002 (0.049) -0.071 (0.027) -0.065 (0.037) 1.8(0.8) -94(3.1) -04(.1)]| 0.107 (0.004) 7.81(1.29)
2 2 0.286 (0.021) -0.025 (0.031) -0.055 (0.004) 4.8 (1.9) 22(2.1) 1.3(1.5) | 0.293(0.024) 7.82(0.59)
3 15 0.367 (0.060) -0.176 (0.038) -0.118 (0.044) 52(5.9) 1.03.3) 1.1(3.3) | 0.427(0.065) 7.18(0.38)
4 2 0.336 (0.038) -0.363 (0.026) 0.014 (0.019) | 13.7(3.8) -7.1(0.5) -0.2(4.3) | 0.495 (0.006) 7.80 (0.46)
5 4 0.149 (0.033) -0.355(0.047) -0.058 (0.007) 2.0(2.1) 024.4) -59@2.7)]0.391(0.049) 7.62(0.17)
6 3 0.022 (0.030) -0.184 (0.013) -0.012(0.020) | 12.4(1.9) -45(24) -2.1(42)| 0.188(0.012) 7.91(0.17)
7 2 0.513 (0.007) -0.903 (0.006) -0.001 (0.006) 1.1 (2.8) 6.3(0.8) 1.6(1.2) | 1.038(0.002) 7.98 (1.11)
8 4 0.077 (0.033) -0.407 (0.013) -0.012 (0.031) 69 4.6) -58(23) 1.0(3.0)]| 0.416(0.016) 7.72(0.92)
9 2 -0.036 (0.023) -0.148 (0.002) -0.017 (0.004) | -0.0(1.1) 220.7) 6.3(2.2) | 0.155(0.007) 7.79 (0.06)
10 3 -0.144 (0.019) -0.558 (0.043)  0.000 (0.012) 512.1) -32(7.0) -6.8(2.0) | 0.577(0.040) 7.78 (0.71)
11 2 -0.348 (0.054) -0.391 (0.001)  0.033 (0.007) | 12.2(5.4) 157(1.4) 9.6(3.3) | 0.525(0.035) 8.52(0.11)
12 2 -0.484 (0.003) -0.067 (0.054)  0.006 (0.016) 1.5(.1) 1.2(3.3) 49(3.0) | 0.490 (0.005) 8.21(0.42)
13 2 -0.711 (0.056)  0.192 (0.020) -0.122 (0.013) | -11.2(3.5) -8.1(5.6) 6.9(2.1) | 0.746 (0.061) 7.66 (0.28)
14 2 -0.145 (0.004)  0.319 (0.016)  0.088 (0.016) 7.2(0.8) -10.3(3.5) -4.3(1.8)| 0.361 (0.016) 7.85(0.23)
15 2 -0.316 (0.067)  0.762 (0.011)  0.029 (0.012) 7.5@24) -109@1.5) -3.9(0.6) | 0.826 (0.037) 8.41(0.49)
16 2 -0.472 (0.004)  1.514 (0.018)  0.053 (0.006) | -19.6 (3.8) -145(2.9) 2.0(2.1) | 1.587(0.018) 7.12(0.18)
17 2 -0.294 (0.048)  1.087 (0.044)  0.019 (0.010) | -10.6 (0.9) -17.1(5.2) 5.4(0.9) | 1.127(0.030) 7.13(0.01)
18 2 0.162 (0.040)  0.794 (0.040) 0.072 (0.025) | -59(0.1) -1.54.3) 3.9(5.0)| 0.815(0.029) 7.18 (0.69)
19 2 0.125 (0.066)  0.584 (0.015) -0.039 (0.017) 38(0.1) -1.0(59 3.9(0.7) | 0.600 (0.000) 8.76 (0.24)

Note: Averaged metallicities could not be provided for the OC groupings in Tab. {.1] because only about 30% of the clusters,

which belong to a groupings, were equipped with [M/H] information. This can be seen in seen in Tab. {.2]
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Table 4.2: Parameters for the members of the identified OC groupings, namely identifiers, X YZ-coordinates,
UVWe-velocities, distances, ages, and metallicities.

Group | Seq Name X Y Z U v W d logt [M/H]
number kpc kpc kpc | km/s km/s km/s | kpc  dex dex
1 44 Alessi 13 0.033 -0.052 -0.091 24 -11.6 32 (0110 8.72 0.06
204 Mamajek 1 -0.037 -0.090 -0.039 1.2 -7.1 -4.0] 0.105 6.90 —

2 61 Platais 4 0.271 -0.003 -0.052 35 3.6 2310276 8.24 —
68 Collinder 65 0.301 -0.047 -0.058 6.1 0.7 0.2 ] 0310 7.41 —

3 72 Collinder 69 0413 -0.113 -0.092 | 15.8 0.8 -0.0 | 0438 6.76 —
73 NGC 1981 0.334 -0.178 -0.130 | 10.2 0.4 2.2 | 0400 7.50 —

74  NGC 1976 0.329 -0.183 -0.132 77 34 2.1 10399 17.71 —

75 NGC 1977 0415 -0.225 -0.164 21 48 42 1 0.500 7.08 —

76  NGC 1980 0451 -0.255 -0.184 1.9 -0.1 32 | 0550 6.67 —

77  Collinder 70 0.338 -0.158 -0.117 | 13.0 -1.8 -1.0 | 0391 6.71 0.14

80 Sigma Ori 0.340 -0.172 -0.119 | 109 4.1 5.1 10399 6.82 —

91 Platais 6 0313 -0.148 -0.038 | -3.9 47 -35 0348 7.79 —

95 NGC 2232 0.265 -0.183 -0.042 1.7 08 -251(0325 749 —

1016 ASCC 16 0.408 -0.156 -0.145 33 4.7 3.7 10460 6.93 —
1018 ASCC 18 0439 -0.178 -0.159 7.2 2.6 2.8 | 0.500 7.12 —
1019 ASCC 19 0299 -0.139 -0.117 3.1 3.0 22 10350 7.64 —

1020 ASCC 20 0.399 -0.158 -0.136 7.0 53 2.0 | 0450 7.35 —

1021 ASCC 21 0.451 -0.163 -0.142 33 43 32 10500 7.11 —

1024 ASCC 24 0318 -0.236 -0.057 | -5.8 20 -7.0 | 0400 6.96 —

4| 125 Alessi2l 0.363 -0.344 0.000 | 164  -6.7 29 | 0500 7.47 —
147 NGC 2422 0309 -0.381 0.027 | 11.1 -74 -32| 0491 8.12 -0.03

5 126  Collinder 132 0.183 -0.362 -0.066 41 36 -2.1| 0411 751 —
133 Collinder 135 0.112  -0.292 -0.062 33 30 -7.810319 754 -0.22

136  Collinder 140 0.168 -0.361 -0.055 0.6 14  -6.0 | 0402 7.57 -0.10

162 NGC2451B 0.132 -0.406 -0.050 | -0.2 5.8 -7.7] 0430 7.88 -0.45

6 | 159 NGC?2451A 0.056 -0.178 -0.025 | 136 -65 -6.8 | 0.188 7.76 -0.53
202 IC 2391 -0.001 -0.175 -0.021 | 134 -1.8 1.3 1 0.176  7.88 -0.15

218 Platais 9 0.010 -0.199 0.011 | 102 -52 -0.8 | 0.200 8.09 —

71 163 NGC 2447 0.518 -0.899 0.003 | -0.9 6.8 0.8 | 1.037 8.76 -0.10
164 NGC 2448 0.508 -0.907 -0.005 32 5.7 25| 1.040 7.19 —

8| 182 Vel OB2 0.048 -0.404 -0.057 29 9.1 32 10411 7.26 -0.29
190 vdBergh-Hagen23 | 0.120 -0.420 -0.008 56 52 2.1 | 0437 17.14 —

210 Trumpler 10 0.053 -0.414  0.005 57 54 3410417 738 -0.13

1048 ASCC 48 0.087 -0.390 0.011 | 135 -3.6 2.2 1 0400 9.09 —

9] 216 Platais 8 -0.020 -0.147 -0.020 0.7 2.7 4.8 | 0.150 7.75 -0.30
259 1IC 2602 -0.053 -0.150 -0.014 | -0.8 1.7 7.8 | 0.160 7.83 -0.09

10 | 245 Loden 143 -0.158 -0.579 -0.009 4.9 40 -57 | 0.600 8.45 —
255 vdBergh-Hagen 99 | -0.151 -0.509 -0.005 31 99 9210531 786 0.09

1058 ASCC 58 -0.122  -0.587 0.014 74 36 -57]0.600 7.04 —

11 333  Loden 915 -0.310 -0.391  0.028 84 167 12.0 | 0.500 8.44 —
349 ESO 175-06 -0.386 -0.390 0.038 | 16.1 14.8 7.3 1 0550 8.60 —

12 | 392 NGC 6281 -0.482 -0.105 0.017 5.1 3.5 7.0 | 0494 851 0.00
408 NGC 6405 -0.486 -0.029 -0.006 | -2.1 -1.1 2.8 | 0487 7091 0.20

13 | 455 Collinder 394 -0.671 0.178 -0.113 | -8.8 -12.1 83 | 0.703 7.86 —
457 NGC 6716 -0.750  0.206 -0.131 | -13.7 4.1 5410789 7.47 -0.31

14 | 456 Stephenson 1 -0.142 0331  0.099 6.7 -128 -56 | 0373 7.69 —
1100 ASCC 100 -0.148  0.308  0.077 78 -7.8 -3.1 0350 8.01 —

15 | 466 Turner9 -0.363  0.770  0.037 92 98 -351]0.852 8.06 —
1110 ASCC 110 -0.268  0.754  0.020 58 -11.9 -43 ] 0.800 8.75 —
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Table 4.2: continued

Group | Seq Name X Y Z U v \% d logt [M/H]
number kpc kpc kpc | km/s km/s km/s | kpc  dex dex
16 | 476 NGC 6871 -0.469 1501 0.057 | -22.2 -16.5 0.5 | 1.574 6.99 —

477 Biurakan 1 -0.475 1527 0.049 | -169 -124 34 | 1.600 7.25 —

17 | 478 Biurakan 2 -0.328  1.056  0.026 | -10.0 -20.8 47 | 1.106 7.14 —

488 NGC 6913 -0.260 1.118 0.012 | -11.2 -134 6.0 | 1.148 7.12 —

18 | 500 IC 1396 0.134 0.822 0.054 | -6.0 1.5 0.3 | 0.835 6.69 —

501 NGC 7160 0.191 0.766 0.089 | -58 45 7.4 1 0.794 7.66 —

19 | 509 NGC 7438 0.172  0.573 -0.051 38 52 3.4 | 0.600 8.93 —
1115 ASCC 115 0.078  0.594 -0.027 3.8 32 44 | 0.600 8.59 —

Fig. [.32] suggests that the older the grouping the larger the internal age difference, but this might not be a
genuine feature. In the COCD the ages were provided logarithmically with only overall uncertainties, which
means that the older a cluster the larger would be the linear value for the uncertainty, which could affect the
value for the age spread within the groupings. As stated above the majority of the pairs might not be real and
also for the groups some potential members might be by chance alignments. This is another aspect that could
explain the very large age differences, which were primarily present for the pairs and some of the groups, while
the complex seemed to cover a pretty narrow age range.
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Figure 4.32: Relation between age of the oldest member and maximum age difference for the detected OC
groupings using the first and second set of linking lengths in the left and right panel, respectively.

Although many of the OC pairs might not be real, some could be genuine and even show very large age differ-
ences. In this case it is unlikely that they formed in the same star forming region through one event. For such
systems a formation scenario could be triggered star formation by an older cluster crossing a recent star forming
region and basically catching the younger clusters through gravitational interaction. This is just a hypothesis
and it is more likely that members of an OC grouping originate from the same molecular cloud, as indicated
by the higher density of young compared to old clusters (see Fig. [4.3T)). For a detailed investigation of this
question a far more extensive cluster sample with 6D-phase space information would be required and could not
be discussed further in the framework of this study.

Since the found complex was likely to be genuine, it was only reasonable to take a closer look at its charac-
teristics. The distributions in coordinate and velocity space along with the spread in age and metallicity are
displayed in Fig. [4.33] For both sets of linking lengths (100 pc and either 10 km/s or 20 km/s) the complex was
recovered with exactly the same members, which again verified the complex to be genuine.
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Figure 4.33: Parameter distributions for the members of the open cluster grouping No. 3. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 3.
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In coordinate space the complex was very tight, covering about 200 pc in diameter, and in velocity space the
total spread was about 20-30 km/s. The ages of the members covered a range of log? = 6.67 — 7.79, which
corresponds to linear ages of 4.7 — 61.7 Myr and could be comparable to the time scale of one sequential
star forming event. Metallicity data were only available for one member and indicate a slightly metal rich
environment, which was already suspected by the young age of the complex members.

4.4.1 COMPARISON TO THE LITERATURE

In addition to the characterisation of the identified OC groupings in this work, I compared my results to the pairs,
groups, and complexes published in the literature (de La Fuente Marcos & de La Fuente Marcos|[2009alblic;
Piskunov et al.[2006). First, I considered the groups and complexes provided by |Piskunov et al.| (2006), which
were identified based on spatial proximity and common tangential velocities. I compare their positions (grey
squares) in the X'Y-plane to those for the OC groupings in this work (coloured symbols) in Fig. .34
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Figure 4.34: Spatial comparison in the XY-plane of the detected OC groupings in this work, highlighted by
different colours and symbols, with the groups and complexes proposed by [Piskunov et al.| (2006).
Black dots show COCD clusters with RV data, while grey squares indicate the OCC1 and OCC2
(upper left and right panels, respectively), as well as the Perseus-Auriga and Hyades group (lower
left and right panels, respectively).
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For the Gould-Belt complex (OCC1) from |Piskunov et al.[|(2006) I found counterparts in my sample, namely
the complex and a few pairs, which shows that the third dimension in velocity space held additional information
and should not be neglected for the identification of structures in the open cluster population. For the OCC2,
the Perseus-Auriga group, and the Hyades group, I did not find counterparts among my OC groupings. The
main reason for this discrepancy was that the majority of the members in the OCC2 and the two groups were
not equipped with RV datﬂ and were therefore simply not included in my working sample, while for the OCC1
all members were provided with RV information. Still, the verification of the OCC1 indicated that also the
other three proposed groupings may be real, although possibly split up into smaller groupings.

Second, I evaluated the pairs identified by |de La Fuente Marcos & de La Fuente Marcos| (2009albic) solely
considering spatial proximity. In particular, I concentrated on the sample and tables provided in de La Fuente
Marcos & de La Fuente Marcos| (2009b)). In Tab. I demonstrate the overlap between their sampleﬂ the
COCD and my working sample. One can see that about 77% of the clusters, provided by|de La Fuente Marcos
& de La Fuente Marcos| (2009b), were included in the COCD and only 49% of their clusters were included in
my working sample. Only 15 clusters resided in some of my OC groupings, which corresponds to 39% of the
common sample.

Table 4.3: Comparison between the cluster samples used by de La Fuente Marcos & de La Fuente Marcos
(2009b) with the COCD, my working sample and the members of the identified OC groupings.

Cluster COCD inmy work inmy OC | Cluster COCD inmy work in my OC
Name Number sample groupings || Name Number sample groupings
NGC 189 - - — || Ruprecht 91 266 yes -
ASCC 1004 1004 yes — || ESO 128-16 269 - -
NGC 659 21 - — || Markarian 38 - - -
NGC 663 22 yes — || Feigelson 1 - - -
ASCC 1006 1006 yes — || ASCC 1068 1068 - -
Stock 4 24 - — || Loden 565 305 yes -
NGC 1746 60 yes — || ESO 132-14 - - -
NGC 1758 - - — || NGC 5281 336 yes -
Bricefio 1 1016 yes yes || Loden 1171 340 - -
ASCC 1018 1018 yes yes || Loden 1194 344 yes -
ASCC 1020 1020 yes yes || NGC 5617 353 - -
ASCC 1021 1021 yes yes || Pismis 19 - - -
NGC 1981 73 yes yes || Trumpler 22 354 - -
NGC 1976 - - — || Alessi 8 362 - -
Collinder 70 77 yes yes || Johansson 1 - - -
o Orionis 80 yes yes || NGC 6204 382 yes -
Basel 8 100 yes — || Hogg 22 383 yes -
NGC 2251 102 yes — || Lynga 14 - - -
NGC 2302 113 - — || NGC 6242 387 yes -
NGC 2306 114 - — || Trumpler 24 - - -
ASCC 1034 1034 - — || NGC 6250 390 yes -
NGC 2421 146 - — || ASCC 1090 1090 - -
Czernik 31 - - — || NGC 6405 408 yes yes
NGC 2428 152 yes — || NGC 6425 413 yes -
Ruprecht 151 158 yes — || Basel 5 417 - -

>The missing RV data for the OCCs in|Piskunov et al.|(2006) are indicated by the grey squares not associated by a black dot.
The de La Fuente Marcos & de La Fuente Marcos|(2009b) sample is summarised in Tab. including all clusters listed in Tab. 1 and
Tab. 2 of|de La Fuente Marcos & de La Fuente Marcos| (2009b)).
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Table 4.3: continued

Cluster COCD inmy work inmy OC | Cluster COCD inmy work in my OC
Name Number sample groupings || Name Number sample groupings
NGC 2447 163 yes yes || NGC 6469 419 - -
NGC 2448 164 yes yes || Ruprecht 139 424 - -
Mamajek 1 204 yes yes || Bochum 14 - - -
Collinder 197 - - — || Collinder 469 - - -
Alessi 43 1050 yes — || NGC 6613 443 yes -
BH 91 240 - — || NGC 6618 444 yes -
ASCC 1059 1059 - — || ASCC 1100 1100 yes yes
NGC 3228 241 - — || ASCC 1101 1101 yes -
Loden 46 242 - — || NGC 6871 476 yes yes
Ruprecht 89 244 - — || Biurakan 1 477 yes yes
NGC 3293 253 yes — || Biurakan 2 478 yes yes
Loden 165 - - — || Ruprecht 172 481 - -
Carraro 1 - - — || Bical - - -
NGC 3324 254 yes — || Bica?2 - - -

Total: || 78 60 38 15

Table 4.4: Comparison to the OC pairs and groups proposed by de La Fuente Marcos & de La Fuente Marcos
(2009b)) with the members of the identified OC groupings in this work.

This work de La Fuente Marcos & de LLa Fuente Marcos (2009b)
Table 1 Table 2
Number of COCD Cluster Group  Cluster Group  Cluster
OC grouping Number Name Number Name Number Name
1 44 Alessi 13 1 Mamajek 1
204 Mamajek 1 Feigelson 1
2 61 Platais 4
68 Collinder 65
3 72  Collinder 69 2 Collinder 70 3 Collinder 70
73  NGC 1981 NGC 1981 o Orionis
74 NGC 1976 3 NGC 1976 4 o Orionis
75 NGC 1977 NGC 1981 NGC 1976
76 NGC 1980 4 ASCC 20 5 ASCC 20
77 Collinder 70 ASCC 16 Bricefo
80 o Orionis 6 ASCC 21 7 ASCC 21
91 Platais 6 ASCC 18 ASCC 18
95 NGC 2232
1016 ASCC 16
1018 ASCC 18
1019 ASCC 19
1020 ASCC 20
1021 ASCC 21
1024 ASCC 24
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Table 4.4: continued

This work

de La Fuente Marcos & de La Fuente Marcos| (2009b))

Table 1

Table 2

Number of

COCD

OC grouping Number

Cluster
Name

Group
Number

Cluster
Name

Group
Number

Cluster
Name

4

125
147

Alessi 21
NGC 2422

126
133
136
162

Collinder 132
Collinder 135
Collinder 140
NGC 2451B

159
202
218

NGC 2451A
IC 2391
Platais 9

163
164

NGC 2447
NGC 2448

21

NGC 2447
NGC 2448

15

NGC 2447
NGC 2448

182
190
210
1048

Vel OB2
vdBergh-Hagen 23

Trumpler 10
ASCC 48

216
259

Platais 8
IC 2602

10

245
255
1058

Loden 143
vdBergh-Hagen 99
ASCC 58

11

333
349

Loden 915
ESO 175-06

12

392
408

NGC 6281
NGC 6405

NGC 6405
ASCC 90

NGC 6405
ASCC 90

13

455
457

Collinder 394
NGC 6716

14

456
1100

Stephenson 1
ASCC 100

ASCC 100
ASCC 101

ASCC 100
ASCC 101

15

466
1110

Turner 9
ASCC 110

16

476
477

NGC 6871
Biurakan 1

30

NGC 6871
Biurakan 1

17

478
488

Biurakan 2
NGC 6913

22

Ruprecht 172
Biurakan 2

17

Ruprecht 172
Biurakan 2

18

500
501

IC 1396
NGC 7160

19

509
1115

NGC 7438
ASCC 115
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In their Tab. 1|de La Fuente Marcos & de La Fuente Marcos| (2009b) listed 34 OC pairs extracted from the
WEBDA online compilation and in their Tab. 2 they provided 27 pairs found in the DAML, with a significant
overlap. Tab. H.4] provides an overview on which pairs by [de La Fuente Marcos & de La Fuente Marcos
(2009b)) were recovered in my working sample. For both their tables I found about one third of their pairs
among my OC groupings and four of them being part of my complex. In some cases the pairs in common
were identical, whereas in others there was only one mutual member. On the one hand, this is because only
half of their clusters were included in my working sample. On the other hand, they based their identification
solely on spatial proximity with a relatively stringent separation criterion of 30 pc, whereas in this study the
spatial separation criterion was not that stringent (100 pc), which was compensated by also taking into account
3D-velocity information.

For both literature samples of open cluster pairs, groups, and complexes (de La Fuente Marcos & de La Fuente
Marcos|2009alblc; Piskunov et al.[2006) structures could be verified through my working sample, though some
only partly because of incompleteness of the available information and the cluster sample, along with that
not all detected OC groupings might be genuine. However, the common pairs and complexes strengthened
the statement that OC groups and complexes do exist. Future investigations will reveal further details on the
structures in the open cluster population and the role they play in star formation and evolution processes in the
Milky Way, as well as dynamics, structures and evolution of spiral galaxies.
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DiscussioN AND OUTLOOK

This work aimed at the identification and verification of an additional level of structure in the Galactic disc
defined by accumulations of open clusters and stellar associations. A suitable data set for such a study was
the Catalogue of Open Cluster Data (COCD), which was compiled by [Kharchenko et al.| (2005alb)) and pro-
vided homogeneous parameters and uniform membership selection for 650 open clusters and compact stellar
associations. For this work 6D phase-space information were required, but the COCD lacked radial velocity
information, which were complemented with data from the RAdial Velocity Experiment (RAVE; |Steinmetz
et al.[2006} [Kordopatis et al.[2013)) for 110 clusters in the COCD, including new values for 37 of these clusters.
In addition, I obtained [M/H] from RAVE for 81 COCD clusters. The final working sample selected from the
COCD, that fulfilled the condition of being equipped with 6D phase-space information, comprised 432 clusters.
For the identification of groupings in the Galactic open cluster population I applied an adaption of the Friends-
of-Friends (FoF) algorithm, as used in cosmology, in both coordinate and velocity space. The FoF-algorithm
required predefined linking lengths, which were set by the limiting values in separation between a grouping
and the field. In coordinate space I choose a value of 100 pc, which is expected to cover the typical separations
of clusters belonging to a grouping, as deduced from the findings by Piskunov et al.| (2006) and de La Fuente
Marcos & de La Fuente Marcos| (2009alblc). In velocity space I could only determine a range of 10 — 20 km/s,
which was derived from the UVW-uncertainty distribution and should cover the most likely value for the cor-
responding linking length. Therefore, I ran the FoF-algorithm twice. First for the set of linking lengths 100 pc
and 10 km/s, which resulted in the identification of 19 potential OC groupings. Second, for the set of linking
lengths 100 pc and 20 km/s, which resulted in the detection of 42 potential OC groupings.

Since the definition of the linking lengths was to a certain degree arbitrary, although based on an educated
guess, further verification of the findings was recommendable. For this purpose I implemented Monte-Carlo
simulations with randomised samples created from two distinguished input distributions for the spatial and
velocity parameters. First, assuming a homogeneous distribution in the X Y-plane, a sech-profile in Z and Gaus-
sian profiles in the UVW-velocities. Second, using the actual parameter distributions of COCD objects in the
XYZ-coordinates and UVW-velocities. These simulations revealed that the larger groups and the complex with
15 members appeared to be most likely genuine, although the majority of found groupings could be by chance
alignments, which is the case in particular for the pairs. A similar finding resulted from a comparison with
a random subsample from the Milky Way global survey of star clusters (MWSC; |Kharchenko et al.|2013),
making the finding more robust.

A characterisation of the identified OC complex, labelled as OC grouping No. 3, suggested that open cluster
groupings originate from a common molecular cloud and form in one possibly sequential star formation event,
because its mean age is logr = 7.176 with a spread of 0.379 dex, which is just slightly larger than the over-
all uncertainty in the cluster ages. For both sets of linking lengths the same members were identified for this
complex and it showed a very narrow distribution in coordinate and velocity space. This not only verified the
complex to be genuine, but also proved that the chosen spatial linking length and range for the velocity linking
length cover the most probable values for the dimensions of the investigated structure.
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A comparison of the density between the young and old cluster population suggested that the found groupings
have similar life times as the open cluster population itself. A comparison of my findings with pairs, groups and
complexes proposed by |[Piskunov et al.|(2006) and |de La Fuente Marcos & de La Fuente Marcos| (2009albic),
resulted in partial overlap. For example, the complex detected in my working sample partly recovered the
OCCI1 discovered by [Piskunov et al.| (2006). There may be several reasons for not recovering all proposed
groupings from the literature, such as that the spatial linking length might have been chosen slightly too small
to recover the entire OCC1 complex, which spans about 300 pc in diameter. Another reason could be that the
literature studies neglected RV information, resulting in a different working sample than in this work. A third
reason could be that some of proposed groupings in the literature, in particular the pairs, are rather by chance
alignments than real OC groupings.

REQUIREMENTS AND OPPORTUNITIES FOR A MORE COMPLETE CLUSTER SAMPLE

The cluster sample utilised in this work was homogeneous but highly incomplete, which allowed to only take
a first step towards investigating the existence and characterisation of overdensities in the open cluster pop-
ulation. Hence, for a more detailed investigation of these structures a far more extensive data set would be
required, covering a larger spatial volume and range in mass and age of clusters. Recently, a more extensive
cluster catalogue became available with homogeneous parameters for about 3000 stellar associations, open and
globular clusters in the Milky Way, namely the Milky Way global survey of star clusters (MWSC; Kharchenko
et al.[2013). About 1000 of these clusters were equipped with RV data and the MWSC is complete to about 1.8
kpc, which would significantly extend the number of clusters with 6D phase-space information and the volume
covered.

Both, the COCD and the MWSC, are optical catalogues, which posed a limitation for the completeness of the
working sample. In particular, young clusters with ages of at most a few 10 Myrs are still embedded in the
gas from the molecular cloud they formed in, absorbing most of the optical radiation form the stars. The emis-
sion of the older open clusters at larger distances is also affected by dust and gas clouds located in the line of
sight, obscuring these objects at optical wavelengths. However, at infrared wavelength the dust and gas clouds
become more transparent, allowing observations of younger and more distant clusters. Hence, including in-
frared observations would severely extend the working sample regarding covered volume, mass and age range.
Several studies on open clusters in the infrared were performed using data from the VISTAE] Variables in the
Via Lactea survey (VVV;Borissova et al.|[2011; [Chené et al.[2012] 2013} |Ramirez Alegria et al.|2014), mostly
on massive clusters. Combining the large optical catalogue with infrared data from, for example, the VVV in
a homogeneous way would enable compiling a far more complete working sample to investigate the Galactic
open cluster population in more detail.

In the VVV radial velocities are included for most, if not all, of the investigated clusters, while in the MWSC
there is still a significant lack of RV information. For the latter the radial velocities were obtained similar as
for the COCD, complemented by my findings in RAVE (see Sect. Tab. of this work and |[Conrad
et al.|2014) and data retrieved from the ninth data release of the Sloan Digital Sky Survey (SDSS DR9; |Ahn
et al.[2012). The RAVE values presented by |(Conrad et al.|(2014)) only cover a small fraction of MWSC clusters
and another cross-match of MWSC cluster members with the most recent data release of RAVE would provide
further RV data for OCs. There have also been dedicated RV studies on individual open clusters, for example by
Geller et al.| (2008} 2010), Hole et al.| (2009), |Carreral (2012)), Hayes & Friel| (2014) or [Tofflemire et al.| (2014).
Often these data are not included in larger OC catalogues, though they provide useful information. The Gaia-
ESO survey (Gilmore et al.[2012; [Friel et al.[2014; |Cantat-Gaudin et al.|2014) also has a dedicated program on
open clusters, providing RV data. Also the STELLar Activity (STELLA; Weber et al.[[2013]) robotic telescope
could provide RV data for OCs in the northern hemisphere and could be used complementary.

'VISTA is the abbreviation for the Visible and Infrared Survey Telescope for Astronomy (Sutherland et al.[2014).
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Moreover, the upcoming data from Gaia (Vallenari|2014) and the planned complementary spectroscopic in-
strument 4MOS (Depagne & 4MOST consortium|2014)), will further extend the RV data available for open
cluster members. Besides additional RV data, Gaia will significantly improve the proper motion and distance
information for open clusters, since it is expected to reach astrometric accuracies down to the 10 uas level.
The planned multiple epochs for objects observed by Gaia, would also help to improve binary studies in open
clusters and binaries would not have to be excluded from the membership selection and mean parameter deter-
mination, resulting in even more accurate cluster values. A better estimate on the fraction and characteristics of
binaries in open clusters dependent on age would also put further constraints on the initial binary fraction and
the evolution of the binary population in open clusters used in current and future simulations of open clusters
(Parker et al.|2011}; |Geller|2013)).

The RV data from the SDSS should be more or less complete for the MWSC objects, but the metallicities and
chemical abundances from SDSS and related surveys (SEGUEﬂ (Yanny et al.|2009) and APOGEEﬂ (Allende
Prieto et al.[2008))) could be used to extend the metallicity data on open clusters in a homogeneous way. These
data could be complemented by information form RAVE, the Gaia-ESO survey and/or results from dedicated
metallicity and abundance studies on open clusters (Jacobson et al.|2011alb; Bragaglia|2012; |[Frinchaboy et al.
2013} [Netopil & Paunzen|2013)). The latter are summarised in the continuously updated DAML online compi-
lation by Dias et al.| (2002), but would have to be converted to a homogeneous system, as pointed out in Sect.
[2.1.T] The inhomogeneity of the methods for the metallicity determination, in particular for the DAML listings,
makes metallicity studies on open clusters to the least challenging. Nevertheless, it would be very interesting to
conduct a detailed and global abundance comparison study on the Galactic open cluster population to identify
possible signatures of their birthplace, which could directly relate to OC groupings.

As pointed out above, the combination of RV or [M/H] data can be challenging. First of all, the membership
selection has to be as uniform as possible, because different methods might identify different members and/or
potential contamination by field stars. Second, all velocity or metallicity values have to be converted to a com-
mon frame of reference. For the velocities it is of advantage if the values are of comparable and best possible
accuracy to not add additional noise or uncertainty. For the metallicities one has to be sure to only use either
overall metallicities or iron abundances, because there could be significant differences between these values
depending on the stellar type, though often the nomenclature is used interchangeable. Hence, each metallicity
value provided for an open cluster would have to be evaluated individually and carefully and then potentially
converted to a common system.

WHAT CAN BE LEARNED FROM INVESTIGATING OPEN CLUSTER GROUPINGS

Above I provided an overview on what remains to be done to compile a more complete sample of open clusters
with a maximum of information to conduct most detailed investigations on the characteristics of and structures
in the Galactic open cluster population. Since the work presented in this thesis was merely a pilot study to
evaluate the existence and detectability of structures in the Galactic open cluster population based on a highly
incomplete sample, the data were too sparse to investigate how such groupings would affect our understanding
of star formation and the Milky Way. Still, in the following I want to give an outlook on how OC groupings can
help to better understand star formation and evolution, as well as evolution, structure, kinematics and dynamics
of the Milky Way, and thereby for other spiral galaxies.

Hierarchical structures in star forming regions were already proposed by [Elmegreen| (2009), who found similar
structures as the open cluster groupings described in this work, just named them star complexes, and discussed
the dependence of the boundedness of stellar accumulations on the density, star formation rate and efficiency.

24MOST is the abbreviation for the 4m Multi Object Spectroscopic Telescope.
3SEGUE is the Sloan Extension for Galactic Understanding and Exploration within SDSS.
*APOGEE is the Apache Point Observatory Galactic Evolution Experiment within SDSS.
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In the past decade there have been more and more papers providing evidence for hierarchical structures in star
forming regions and clumping in the open cluster population, as for example the mentioned studies by Piskunov
et al.| (2006), de La Fuente Marcos & de La Fuente Marcos|(2009a.blc) or Elmegreen| (2009, [2011)). This work
showed a new approach on the identification of features in the open cluster population and a final proof of these
structures would pose the question if open clusters also prefer to form in a cluster mode rather than isolated. A
more complete open cluster sample, as for example created following the suggestions above, could reveal how
common open cluster groupings are in the Milky Way.

Theoretical star formation simulations could be used as complementary sources for information on the relation
between star formation and open cluster groupings. However, current N-body simulations often consider iso-
lated clusters and neglect potential interaction or feedback from another cluster forming nearby, as would be
the case in an OC grouping. Examples are the cluster simulations investigating the binary fraction by [Parker
et al|(2011) or|Geller| (2013). Another example would be the simulation by Urban et al.|(2010), who evaluated
the mass dependency of newly formed stars in a cluster, that is considered isolated, on the heating of dust in
a molecular clouds and found that the stellar initial mass function is highly dependent on the amount of dust
heating included in the simulation. Such simulations require the inclusion of fragmentation of the molecular
cloud to form stars, which is usually implemented on the kpc scale as well as on the cluster size scale and below.
But the results from this work suggest that OC groupings indicate a level of fragmentation on the 100 pc scale
and could provide additional parameters and constraints to better understand and implement the fragmentation
of giant molecular clouds in star formation simulations.

The complex identified in this work showed an age spread slightly larger than the typical uncertainties in log-
arithmic age obtained from the COCD. Since I could identify only one such system, there is no telling how
significant this difference is and I could not distinguish between coeval or sequential formation of this struc-
ture, but the relatively small spread suggested that its members originated from the same giant molecular cloud.
This raised the question, if OC groupings could help understanding triggered star formation as proposed by
Preibisch & Zinnecker (2007) or |Li et al.| (2014}, most likely induced by shock waves from supernova explo-
sions of O and B members of open clusters. Assuming that multiple clusters are born in one molecular cloud,
some might form uncorrelated at about the similar time, but others could be triggered through processes in
another young open cluster nearby. More accurate age estimates, along with high resolution spectroscopy and
accurate abundances, for a large number of chemical elements for as many members and clusters as possible
in an OC grouping would be needed to resolve which is the dominant process for star and cluster formation or
whether both scenarios play equal roles.

Open cluster groupings could not only be of importance for gaining better understanding of star formation,
but could also provide further insight on Galactic structure, interaction and evolution. These structures store a
significant amount of mass, simply because they combine the mass of several open clusters, and therefore they
might induce a local gravitational potential, which might be strong enough to slightly perturb the kinematics of
Galactic objects in their vicinity. The amount of this perturbation would highly depend on the lifetime and the
strengths of the binding of these cluster accumulates. The longer the lifetime, the stronger they are typically
bound and the stronger should be the local dynamical perturbation.

At present, no studies on the gravitational perturbation through groupings of open clusters are conducted. Rea-
sons for this could be that open cluster groupings are not yet verified and understood in detail, or that these
perturbations might be within the uncertainty margins of currently available velocity measurements of stars
and clusters in the Milky Way. To investigate such potential perturbations, one would need to compare the
kinematics of non members in the immediate neighbourhood of OC groupings to the kinematics of regions free
from OC groupings at similar Galactocentric distance and height above the midplane. As it can be expected
that these perturbations might be within the uncertainty margins of currently available velocity data, one would
need far more accurate kinematic parameters, which will become available from the upcoming observation by
the Gaia satellite and complementary instruments.
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Another aspect where open cluster groupings might be of interest is the formation of globular clusters. It is
currently believed that globular clustersﬂ are either remnants of extremely massive open clusters with secondary
star formation in their surrounding (Bastian et al.[2013];Bastian & Strader|2014a; Bastian et al.|2014b; |Cabrera-
Ziri et al.|[2014) or stripped dwarf galaxies after close encounters with the Milky Way (Pfeffer et al.|2014).
Open cluster groupings might hold a third formation possibility. It can be expected that within an OC grouping
random motion is present, which might lead to interaction and/or collision of its members and in some cases to
mergers. If the formation of OC groupings is sequential or if OC groupings result from capture of one cluster
by another, this would also explain the multiple stellar populations detected in globular clusters. At the present,
there is hardly any way to prove such a hypothesis. First, because the final existence of OC groupings remains
yet to proven beyond any doubt, and second, the current sample are too incomplete to investigate the internal
kinematics and interactions of OC groupings in detail. However, it is still an interesting idea, which could be
included in simulations on globular cluster formation.

In conclusion, open cluster groupings hold a great potential to provide a new observational approach on star
formation and Galactic kinematics. They indicate that stellar clusters also form in a clustered mode, which
induces additional effects triggering and influencing the formation of stars, as well as additional parameters
and constraints for the simulations related to the formation and evolution of stars. Another interesting idea is
whether OC groupings are even related to the formation of globular clusters. Moreover, OC groupings might
be of significance for studies on the Milky Way as a whole, because they accumulate a significant amount of
mass, which might be enough to slightly perturb the Galactic gravitational potential. Including this aspect into
simulations on Galactic kinematics and dynamics, could provide a better understanding of the processes in the
Milky Way. Hence, the open cluster population and structures therein are a link between stellar astrophysics
and investigations of the Milky Way as a whole.

3Globular clusters are typically ~ 10 Gyrs old and located in the bulge/halo of the Milky Way. Since they are typically more massive
than the vast majority of open clusters, they are of spherical shape.
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APPENDIX A

‘ TABLES FOR THE RESULTS FROM RAVE

SecTiON A.1
( RADIAL VELOCITIES

The first of the following tables (Tab. summarises the mean radial velocities (RV) for 110 OCs identified in
the RAVE data. The first two columns give the identifiers, namely COCD number (Seq) and Name. Columns
3 — 7 give the results for the obtained RAVE data, along with uncertainties and number of measurements
available. Columns 8 — 12 provide newly computed reference values obtained from the CRVAD-2, along with
uncertainties and number of measurements available. The final three columns list reference values from the
CRVOCA (Kharchenko et al|2007), along with the uncertainties and number of stars given therein. For the
latter, I preferred to use their computed RV and only give literature values, if no calculated RV was available.
As stated in Sect. the RV from RAVE and CRVAD-2 were primarily derived from best RV or lo-
members, respectively. Only where just one or no most probable member was available I included good RV or
20-members as well to compute the RV in RAVE and CRVAD-2, respectively. The Eq. are the same
as given in Sect. [3.2.T]and are given here for overview purposes to illustrate the calculations used to generate
Tab. The provided RV (Eq. in RAVE and CRVAD-2 were calculated as weighted mean, with the
weights defined by Eq. [A.T]

2L RVi-gi
RV S (A.1)
§ 8i
> g (RV; = RV)?
RV = - A2
7 n—1 28 (A2
i
— RV
eRV = Z N (A3)
n
Z eRVl* ' (Pkin,i : Pphot,i)
eRV* = - : (A4)
Z(Pkin,i ' Pphot,i)
1
with the weights defined as g = L
(eRV} )2
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I considered all eRV* < 1 km/s to be too optimistic and replaced them with 1 km/s. The weighted standard
deviation is defined by Eq. [A.2] where the “n” in the nominator of “n/(n — 1)” is a scaling factor, since the
individual weights (g; = (Piin,i  Pphot,i)/ (eRVl.*)z) never sum up to n, with (Pin, Ppros) < 1 and eRV* > 1 km/s.
The uncertainties of the mean RV were obtained through Eq. [A.3] while the typical RV uncertainties in OCs
(eRV*) are computed by Eq. as weighted mean from the individual eRV* of the members, with the weight
defined only by the membership probabilities. The standard deviation and eRV could only be computed for
OCs with at least two individual measurements and for clusters with only one representative I did not provide
RV and assumed eRV* = eRV*.

SecTiON A.2
‘7 METALLICITIES

The second of the following tables (Tab. summarises the mean metallicities ([M/H]) for 81 out of the
110 OCs identified in RAVE, because of the more stringent requirements for my [M/H] sample. The first
two columns provide the cluster identifiers, namely COCD number (Seq) and cluster name. The columns
3 — 7 provide the results from RAVE DR4, along with uncertainties and number of individual measurements.
Columns 8 — 10 give the [M/H], uncertainty, and number of measurements obtained from the RAVE chemical
pipeline (Boeche et al.|2011). The final five columns list the reference values from DAML (Dias et al.|[2002),
along with the uncertainties and number of stars, as well as the technique used and literature reference for the
given values.

As stated in Sect. the [M/H] from RAVE DR4 and the chemical pipeline were obtained using primarily
best [M/H] member measurements. Only where no or just one best [ M/H] member measurement was available,
I included good [M/H] member measurements as well. The Eq. [A.5HA.§|are the same as given in Sect. [3.2.3|
and are given here for overview purposes to illustrate the calculations used to generate Tab. [A.2]

2IM/H]; - wi
(M/H] = S (A.5)
Zwi - (IM/H); - [M/H])
o[M/H] = — Z o (A.6)
—— _ o[M/H]
e[M/H] = —\/ﬁ , (A7)
with the weights defined as Wi = Prini* Pphot,i-

I compute the [M/H] (Eq. as weighted mean, with the weights defined by Eq. The weights were
defined excluding the uncertainties in the individual [M/H] measurements, because the listed e[M/H]* show a
very discrete distribution and might not reflect realistic measurements errors (see Sect. [3.1.3). The weighted
standard deviation is defined by Eq. [A.6] where the “n” in the nominator of “n/(n — 1)” is a scaling factor,
since the individual weights (w; = Pyini - Pppor,i) never sum up to n, with (Pgjn, Pppor) < 1. The uncertainties
of the [M/H] are then obtained through Eq. The o[M/H] and e[M/H] could only be calculated for
clusters with at least two individual measurements, while for OCs with either none or just one individual
[M/H] measurement no standard deviation or uncertainty of the mean is listed, since the individual e[M/H]*
might not reflect realistic measurements errors. For the same reason no typical [M/H] uncertainties for the
clusters in RAVE were provided.
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ApPPENDIX B

TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD

In the final working sample, I combined RV data from RAVE and the CRVAD-2 and used coordinates, dis-
tances, proper motions, and ages as provided in the COCD, while the metallicities were primarily obtained
from RAVE complemented by listings in the DAML. The coordinates, proper motions (each in RA-DEC and
[-b), distances and radial velocities were the input parameters to determine the Cartesian XYZ-coordinates and
UVW-velocities and are summarised in Tab. [B.I] along with the cluster identifiers, namely COCD number
(Seq) and cluster name. The resulting XYZ-coordinates and UVW-velocities are provided in Tab. along
with the identifiers, ages, and metallicities, where available.

The Cartesian XYZ-coordinates were obtained from a conversion of spherical coordinates to Cartesian coordi-
nates following Eq. [B.I] which is the same equation as provided in Sect. d.T]and is provided here for overview
purposes. The positive X-axis points towards the Galactic anticentre, the positive Y-axis points in direction of
Galactic rotation, and the positive Z-axis points towards the north Galactic pole.

X —d - (cosb - cosl)
Y |=| d-(cosb-sinl) (B.1)
Z d-sinb

where [ and b are the Galactic longitude and latitude given in degrees, and d the distance of the cluster to the
sun in kpc, which results in Cartesian coordinates given in kpc. The corresponding uncertainties in the XYZ-
coordinates were then computed using Eq where the uncertainties in the Galactic coordinates (o and o)
were assumed to be 1", while the uncertainties in the distances (o) correspond to the 10 % level.

o%( (cos b - cos 1) (cosb - sinl)? (sinb - cos [)?
o2 |=05-| (cosb-sin)? |+d* |0} | (sinb-sinl)? |+07-| (cosb-cosl) (B.2)
0'% (sin b)? (cos b)? 0

The UVW-velocities could be derived through converting the spherical values to the Cartesian system, but
beforehand the RV and PM; values had to be corrected for differential rotation. These correction equations (Eq.
and were taken from Binney & Merrifield| (1998| p. 637—640ﬂ Since differential rotation is mainly a
radial effect within the Galactic disc, a correction in the Galactic latitude component of the proper motion was
negligible and therefore not included here.

RVeprr = RV—-A-d-sin2l (B.3)
PMcorr = PM;—(A-cos2l+ B)/k (B.4)

LThe equation for the XYZ-uncertainties were not provided in Sect. because the main focus was on the values and not the error
propagation.
’Eq. andwere already given in Sect. and are provided here for completeness and overview purposes.
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where k = 4.74 is the factor ensuring unit consistency, d the distance of the cluster to the sun in kpc, PM; and
PM), the proper motion components in the Galactic system in mas/yr, RV the radial velocity of the cluster in
kmy/s, and (A, B) = (14.5,—13) km s~ kpc™! are the Oort constants as determined by Piskunov et al.| (2006)
for the Galactic open cluster population. The Galactic UVW-velocities were then computed using Eq. -
with U being positive towards the Galactic anticentre, V positive in direction of Galactic rotation and W being
positive towards the north Galactic pole.

U —sin/ —cos!/-sinb cosl-cosh Uy
V |=Vticorr-| cosl |+Vty-| —sinl-sinb |+ RV -| sinl-cosb |+]| Vo (B.5)
w 0 cosbh sin b Wo

The tangential velocities (Vr), as used in Eq. [B.5] are determined through

VT,l,corr =kd- PMl,corr & VT,b =kd - PM,

where k = 4.74 is the factor ensuring unit consistency, d the distance of the cluster to the sun in kpc, PM;
and PM), the proper motion components in the Galactic system in mas/yr. The [ and b in Eq. [B.5]are again
the Galactic longitude and latitude of the considered cluster in degrees, and RV the radial velocity of the
cluster in km/s.The correction for solar motion could be applied in the final equation (Eq. [B.5) through simply
adding the values provided by [Piskunov et al.| (2006) for the Galactic open cluster populat (U, Vo, Wp) =
(-9.44,11.9,7.2) km/s.

Here I also provide equations for the uncertainties in the UV W-velocities following Gaussian error propagation
(see Eq. -[B.8), where the uncertainties in / and b were set to 1", as already stated above.

e, = (eVry-sinly> + (Vry- oy cosl)?

+ (eVrp-cosl-sin b)2 + (Vrp-oy-sinl-sin 19)2 + (Vrp-op-cosl-cos b)2

+ (eRV -cos!-cos b)2 + (RV -0y -sinl - cos b)2 + (RV -0p-cosl-sin 19)2 (B.6)
e%/ = (eVT,l - COS 1)2 + (VT,Z -0 - sin 1)2

+ (eVrp-sinl-sin b)2 + (Vrp -0y cosl-sin b)2 + (Vrp - op-sinl-cos b)2

+ (eRV -sinl-cosb)® + (RV - oy -cosl-cosb)> + (RV - o - sinl - sin b)* (B.7)
et, = (eVT,b-cosb)* + (V- oy - sinb)?

+ (eRV -sinb)* + (RV - o - cos b)* (B.8)

The uncertainties for the radial velocities (eRV) could be determined from the catalogues, but those for the
tangential velocities (eVr; and eVr) need further discussion. Since the tangential velocities are calculated
from the proper motions and distances, the corresponding uncertainties were computed following Eq.

eV = \/4.74 [(ePM - d)% + (PM - ed)?] (B.9)

Thus, it is possible to reduce the discussion on the uncertainties to those in PM; and PM,,. The COCD only
provided proper motion uncertainties in the equatorial system (ePMg4 and ePMpgc), but not in / and b. Never-
theless, an approximate value defining the order of magnitude for the ePM; and ePM}, values could be inferred
from the ePMg4 and ePMpgc values.

3Eq. corresponds to a coordinate transformation in velocity space and was verified through private communication with Nina
Kharchenko. This equation was already provide in Sect.

“The change of sign in U, between |Piskunov et al.|(2006)) and this work is because of the flipped direction of the X-axis.

Eq. was already given in Sect. and is listed here for overview and completeness purposes.
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To get an idea for the PM; and PM,, uncertainties, I took a closer look at the uncertainty distributions for PMg4
and PMpgc (Fig. [B.I)), which were expected to be of the same order of magnitude. The majority of the values
were well below 1 mas/yr. This might be induced by the listed uncertainties corresponding to statistical uncer-
tainties for the PM rather than actual measurement uncertainties. Based on these distributions and following a
conservative approach, I set the uncertainties in the PM; and PM,, for all clusters to a fixed value of 1 mas/yr.
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Figure B.1: Distributions for the proper motion uncertainties in RA and DEC. Upper panel: Comparison be-
tween ePMpg4 and ePMpgc with the one-to-one relation indicated by the solid line. Middle panel:
Check for potential systematics of ePMg4 with respect to RA. Lower panel: Same as middle panel,
but for DEC components.
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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APPENDIX B. TABLES FOR THE FINAL WORKING SAMPLE FROM THE COCD
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Abbreviated literature references in Tab.

A02: [Ann et al.| (2002)

Cm85:

Cl189: [Claria et al.| (1989)

— CI91: [Claria et al.| (1991))

C196: [Claria et al.| (1996))

Cl03A: [Claria et al.| (2003al)

Cl103B: [Claria et al.| (2003b))

CC14: Conrad et al.| (2014)

G00: (2000)

Go00: |Gonzalez & Wallerstein| (2000)
L.94: (1994)

Ly81:

— Ly84: Lynga & Wramdemark| (1984)
N8O:

— Pa86: [Palous & Hauckl (1986)

Pr05: [Parisi et al.| (2005)

Pn03: [Paunzen et al.| (2003))

Pi95: [Piatti et al.| (1995)

— T97: [Twarog et al| (1997)
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AppenDIX C

‘ ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS

Section C.1
( For LINKING LENGTHS 100 pc aND 10 KM/s

In Sect. 4.4]1 summarised the characteristics of the identified OC gropings in the COCD working sample using
the first set of linking lengths (100 pc and 10 km/s) and listed those in Tab. [.1) and 4.2] Although not all
groupings were genuine, especially the pairs, the larger groups and complexes were most likely real. Each OC
grouping covered a rather narrow volume in coordinate and velocity space and, in particular the complex was
indicated to originate from the same star forming region. For a general overview I again display the distribution
of all detected OC groupings using the first set of linking lengths in Fig. [C.1] as already shown in Sect. 2]
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< & ! Zin c . . . . . .
P Xk 25@ <P Figure C.1: Spatial (left) and velocity (right) distribu-
QY § ] tion of the identified OC groupings using
B linking lengths of 100 pc and 10 km/s.

In the following figures (Fig. [C.2HC.20) I illustrate the various parameter distributions for each detected group-
ing to visualise the numbers listed in Tab. [4.2] For each grouping the panels a)-c) show the spatial distribution
of the members in the XY-, XZ- and YZ-planes, while panels d)-f) illustrate the distribution for each grouping
in velocity space projected onto the UV-, UW- and VW-planes. The spread in age and metallicity are presented
in the panels g) and h), respectively. Since [M/H] information were only available for about a quarter of the
clusters in the working sample, for the majority of grouping members [M/H] data were missing and, because
of this, the corresponding panel in the Fig. either harbour fewer data points or are empty.
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APPENDIX C. ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS For LINKING LENGTHS 100 pc AND 10 KM/s

2.0F T T ] 30F T T T T T
[ XYZ distribution fofr group 1 ] E UVW distribution forn group 1
151 7 20F E
1.0F - 1ok E
o f ] XN
£ osf 1 £ o :
£ ¥ ] c
> o.0F e 3 > o
r ] -10 E o =
-0.5F 3
F =20 E 3
-1.0F . E d
a) L . ] -30k ) . ' L ! ; E
-1.0 -0.5 0.0 0.5 1.0 -30 -20 -10 0 10 20 30
X in kpe U in km/s
[ T T T T T T ] 20: T T T T T
0.4 . :
L 4 10 :_ i
0.2 ] ;
° I ] g :
£ ol 1 E o ) ;
e 0.0 J < of
N d ; é .
-0.2 . E
-10F -
-0.4} b .
e
. ) . . L \ ! -20 ) . \ L . L
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 =30 -20 -10 0 10 20 30
Y in kpe Vin km/s
r T T ] 20: T T T T T
0.4 -
I ] 10F 3
0.z N :
e 1 < ¢
£ L 1 £ I E
£ L . g c F
~N N . ; o .
-0.2f . : ]
[ -10F E
—-0.4 -
c | Eof
) . . -20t ) . . . . '
-1.0 -0.5 0.0 0.5 1.0 -30 -20 -10 0 10 20 30
X in kpe U in km/s
; T T T T T E 1.0: T T T T T
10 Age spread for group 1 3 [ Metallicity spread for group 1
9;_ E 0.5 r 7
F ®
= 8F 3 T i 1
S § 0.0 * .
7E . 3 [
-0.5f .
3 E i
] E [ h
5k 9) L . A ! . E -1.0l ) . s L L .
0 200 400 600 800 1000 0 200 400 600 800 1000
0C No. 0C No.

Figure C.2: Parameter distributions for the members of the open cluster grouping No. 1. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 1.
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Figure C.3: Parameter distributions for the members of the open cluster grouping No. 2. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 2.
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Figure C.4: Parameter distributions for the members of the open cluster grouping No. 3, as already shown in
Sect. B.4 a-c) spatial distribution; d-f) velocity distribution; g) age spread; h) metallicity spread.
The solid lines show the corresponding averaged values for the open cluster grouping No. 3.
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Figure C.5: Parameter distributions for the members of the open cluster grouping No. 4. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 4.
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Figure C.6: Parameter distributions for the members of the open cluster grouping No. 5. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the

corresponding averaged values for the open cluster grouping No. 5.

144



APPENDIX C. ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS

For LINKING LENGTHS 100 pc AND 10 KM/s

Y in kpe
=]
”

XYZ distribution fo

group 6

0.0
X in kpe

0.5

0.4

0.2

0.0

Z in kpec

b)

-1.0

-0.5 0.0 0.5

Y in kpec

1.5

2.0

0.4

0.2

0.0

Z in kpc

logt

0.0
X in kpe

0.5

for group 6

200 400 600
0OC No.

800

1000

30F

20

UVW distribution for group|6

d)
-20 -10 ] 10 20 30
U in km/s
20F T T T T T :
10f E
o ; ]
3 :
< of J° :
£ P E
= F 3
b ® ]
-10F E
e
-20 ) L L L L 1
-30 -20 -10 o] 10 20 30
Vin km/s
20 - T . r . :
10F E
" : ]
~ E ]
Eoof s ;
£ b ]
= : :
b ® E
-10F E
f
-20 ) . . . ) .
-30 -20 -10 0 10 20 30
U in km/s
1.0 T T T T T ]
Metallicity spread for group 6 ]
0.5 =
= [ ]
S 0.0 3
= i ]

h)

200

400 600
OC No.

800 1000

Figure C.7: Parameter distributions for the members of the open cluster grouping No. 6. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 6.
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Figure C.8: Parameter distributions for the members of the open cluster grouping No. 7. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the

corresponding averaged values for the open cluster grouping No. 7.
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Figure C.9: Parameter distributions for the members of the open cluster grouping No. 8. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 8.
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Figure C.10: Parameter distributions for the members of the open cluster grouping No. 9. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 9.
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Figure C.11: Parameter distributions for the members of the open cluster grouping No. 10. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 10.
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Figure C.12: Parameter distributions for the members of the open cluster grouping No. 11. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 11.
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Figure C.13: Parameter distributions for the members of the open cluster grouping No. 12. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 12.
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Figure C.14: Parameter distributions for the members of the open cluster grouping No. 13. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 13.
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Figure C.15: Parameter distributions for the members of the open cluster grouping No. 14. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 14.

153



APPENDIX C. ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS

For LINKING LENGTHS 100 pc AND 10 KM/s

2.0F

1.5

1.0

XYZ distribu

fion for group 15

0.5

Y in kpe

0.0

-0.5

-1.0

-0.5

0.0
X in kpe

o

0.4

0.2

0.0

Z in kpe

b)

-1.0

-0.5

0.0 0.5

Y in kpe

Ing
o

0.4

0.2

0.0

Z in kpe

-0.2

-0.4

.0 -0.5

0.0 0.5
X in kpe

Age spread

for group 15

logt

9)

Figure C.16: Parameter distributions for the members of the open cluster grouping No. 15. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the

200

400

600 800
OC No.

1000

UVW distribution for grg

up 15

L]
.
-10 0 10 20 30
U in km/s
20: T T T T T :
10F E
L E
~ £ ]
€ F ]
x oF ]
£ : .
= F * ]
-10F 3
E e
-20¢t ) L L L L )
-30 -20 -10 0 10 20 30
Vin km/s
20: T T T T T
10F E
“ ; ]
~ F ]
€ E ]
3 oF -
£ ; ]
E . 3
= b * 1
-10F E
f
-20 ) A L ) . '
-30 -20 -10 0 10 20 30
U in km/s
1.0 T T T T T T ]
Metallicity spread for group 15 ]
0.5F e
'E‘ 3
X 0.0F —
E. L
_0_5 — -
[ h
_1-0 L ) L 1 1 L 1
0 200 400 600 800 1000
0C No.

corresponding averaged values for the open cluster grouping No. 15.

154



APPENDIX C. ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS For LINKING LENGTHS 100 pc AND 10 KM/s

2.0C T T T ] 30F T T T T T 3
XYZ distribution for group 16 ] E UVW distribution for group 16
1.5F 20F 3
1.0F 3 _
Q r E
a B E
~ 05F ] 3
£ : E 3
>~ oof ] 3
L E . E
-0.5F 3 .
- ] -20F 3
—1.0F - E d
L G) L L 1 J -30E ) I " ! L 1 3
-1.0 -0.5 0.0 0.5 1.0 -30 -20 -10 0 10 20 30
X in kpc U in km/s
[ T T T T T ] 20: T T T T T
0.4 . b
L 4 10 :_ -
0.2f ] :
I T ] F
Q ~ E
8 £ "
< 0.0 5 - - 0 E -
-0.2 1 E
_10 e -
—0.4F a
e
! ) ! ! L ! -20 ) L L ! L .
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 -30 -20 -10 0 10 20 30
Y in kpc Vin km/s
[ T T T ] 20: T T T T T
0.4 . :
L 3 10 :_ -
0.2 ] :
I ] " ;
Q ~ E
2‘ E L [ ] .
e 00r ] . °F E
-0.2 . ;
_10 e -
_0 4 — -
c ] b f
) L L 1 -20¢C ) I " ! L 1
-1.0 -0.5 0.0 0.5 1.0 -30 -20 -10 0 10 20 30
X in kpc U in km/s
; T T T T T E 1‘0: T T T T T
10F Age spread for group 16 3 [ Metallicity spread for group 16
9F 3 osf ]
~ 8F 3 T
g § 0.0F ]
E . —
7F 0 =
-0.5F -
o 3 ; ]
] E [ h
5k 9) L L ! . L E —1.00 ) L ! A L !
0 200 400 600 800 1000 0 200 400 600 800 1000
0C No. 0C No.

Figure C.17: Parameter distributions for the members of the open cluster grouping No. 16. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 16.
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Figure C.19: Parameter distributions for the members of the open cluster grouping No. 18. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 18.
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Figure C.20: Parameter distributions for the members of the open cluster grouping No. 19. a-c) spatial distri-
bution; d-f) velocity distribution; g) age spread; h) metallicity spread. The solid lines show the
corresponding averaged values for the open cluster grouping No. 19.
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For LINKING LENGTHS 100 pc AND 20 KM/S

( Section C.2

In Sect. 4.4]I summarised the mean characteristics and individual parameters for the members of the OC group-
ings identified with the first set of linking lengths (100 pc and 10 km/s) in Tab. [4.T] and 4.2] respectively. For
the second set of linking lengths (100 pc and 20 km/s) 42 OC groupings were detected. The XYZ-coordinates,
UVW-velocities, distances, ages, and metallicities for the members of the groupings are given in Tab. [C.I]
while the corresponding mean values, except for the metallicities, are listed in Tab. [C.2] The mean [M/H]
could not be included in Tab. [C.2] because of missing respective information for the majority of the members
(see Tab. [C.I). The tables for the second set of linking lengths (100 pc and 20 km/s) are provided here for
comparison with the results for the first set of linking lengths (100 pc and 10 kmy/s) in Sect. 4.4

Table C.1: Parameters for the members of the identified OC groupings using linking lengths 100 pc and 20
km/s, namely identifiers, X YZ-coordinates, UVW-velocities, distances, ages, and metallicities.

OoCC Seq Name X Y Z U A% \\% d logt [M/H]
No. kpc kpc kpc | km/s km/s km/s kpc  dex dex
1 42  Melotte 20 0.159 0.102 -0.021 6.5 -142 -0.6 | 0.190 7.55 0.04
47  Melotte 22 0.116  0.028 -0.052 | -2.1 -146 -6.8 | 0.130 8.08 -0.04

2 44 Alessi 13 0.033 -0.052 -0.091 24 -11.6 32 | 0.110 8.72 0.06
159 NGC 2451A 0.056 -0.178 -0.025 | 13.6 -6.5 -6.8 | 0.188 17.76 -0.53

202  IC 2391 -0.001 -0.175 -0.021 | 134 -1.8 1.3 | 0.176  7.88 -0.15

204 Mamajek 1 -0.037 -0.090 -0.039 1.2 7.1 -4.0 | 0.105 6.90 —

216 Platais 8 -0.020 -0.147 -0.020 0.7 2.7 4.8 | 0.150 7.75 -0.30

218 Platais 9 0.010 -0.199 0.011 | 102 -52 -0.8 | 0.200 8.09 —

259 IC 2602 -0.053 -0.150 -0.014 | -0.8 1.7 7.8 | 0.160 7.83 -0.09

3 45 NGC 1342 0.581 0.271 -0.176 | -10.7 2.6 1.7 | 0.665 8.21 -0.16
1011  ASCC 11 0.559 0.315 -0.104 2.8 39 -63 | 0.650 8.61 —

4 50 NGC 1528 0.685 0.364  0.003 34 -1.3 49 1 0.776 843 —
51 NGC 1545 0.636  0.319 0.002 | -13.0 8.3 0.9 | 0.711 8.15 —

5 61 Platais 4 0.271 -0.003 -0.052 3.5 3.6 2.3 10276 8.24 —
68 Collinder 65 0.301 -0.047 -0.058 6.1 0.7 0.2 | 0310 741 —

6 69 NGC 1907 1.319 0.171  0.007 22 43 -39 | 1.330 7.94 —
78 NGC 1960 1.312 0.126  0.025 43 -138 -6.7 | 1.318 7.62 —

7 71 NGC 1912 1.056 0.143 0.013 -1.2 97 7.0 | 1.066 8.56 —
1014 ASCC 14 1.089 0.156 -0.020 | -19.0 -11.6 -14.3 | 1.100 8.61 —

8 72  Collinder 69 0413 -0.113 -0.092 | 15.8 0.8 -0.0| 0438 6.76 —
73  NGC 1981 0.334 -0.178 -0.130 | 10.2 0.4 2.2 | 0400 7.50 —

74 NGC 1976 0.329 -0.183 -0.132 77 34 2.1 10399 7.71 —

75 NGC 1977 0.415 -0.225 -0.164 2.1 -4.8 4.2 10500 7.08 —

76  NGC 1980 0.451 -0.255 -0.184 1.9 -0.1 32| 0550 6.67 —

77 Collinder 70 0.338 -0.158 -0.117 | 13.0 -1.8 -1.0 | 0.391 6.71 0.14

80 Sigma Ori 0.340 -0.172 -0.119 | 109 4.1 5.1 1 0.399 6.82 —

91 Platais 6 0.313 -0.148 -0.038 -3.9 47  -3510.348 7.79 —

95 NGC 2232 0.265 -0.183 -0.042 1.7 0.8 -2510325 749 —

1016 ASCC 16 0.408 -0.156 -0.145 33 4.7 3.7 | 0460 6.93 —
1018 ASCC 18 0.439 -0.178 -0.159 7.2 2.6 2.8 | 0.500 7.12 —
1019 ASCC 19 0.299 -0.139 -0.117 3.1 3.0 2.2 | 0.350 7.64 —
1020 ASCC 20 0.399 -0.158 -0.136 7.0 5.3 2.0 | 0.450 17.35 —
1021 ASCC 21 0451 -0.163 -0.142 33 4.3 3210500 7.11 —
1024 ASCC 24 0.318 -0.236 -0.057 -5.8 20 -7.0 | 0400 6.96 —
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Table C.1: continued

OCC Seq Name X Y Z U A% \%% d logt [M/H]
No. kpc kpc kpc | km/s km/s km/s kpc  dex dex
9 98 NGC 2244 1.295 -0.640 -0.052 | -2.5 45 2.8 | 1445 6.70 —
105  Collinder 107 1.288 -0.666 -0.019 | -14.0 10.7 -10.9 | 1.450 7.03 —

10 | 100 Basel 8 1.215 -0.537 -0.004 | -199  -37 3.4 | 1.328 7.68 —
102 NGC 2251 1.218 -0.531 0.002 | -84 -12.3 29 | 1.329 843 0.25

11 112 NGC 2301 0.723 -0462 0.004 | -145 -73  -63 | 0.858 8.31 0.06
1028 ASCC 28 0.668 -0.440 0.007 | -3.0 -03 -0.3 | 0.800 8.34 —

1029 ASCC 29 0.616 -0.427 -0.002 | -10.3 4.9 5.1 ] 0.750 8.06 —

12 | 125 Alessi2l 0.363 -0.344 0.000 | 164 -6.7 29| 0.500 7.47 —
147 NGC 2422 0.309 -0.381 0.027 | 11.1 74 -32 10491 8.12 -0.03

13 | 126 Collinder 132 0.183 -0.362 -0.066 41 36 -2.1| 0411 751 —
133 Collinder 135 0.112  -0.292 -0.062 33 30 -78 0319 754 -0.22

136 Collinder 140 0.168 -0.361 -0.055 0.6 14 -6.0| 0402 7.57 -0.10

162 NGC 2451B 0.132  -0.406 -0.050 | -0.2 58 -7.7 0430 7.88 -0.45

182 Vel OB2 0.048 -0.404 -0.057 29 9.1 32| 0411 7.26 -0.29

183 NGC 2547 0.044 -0.450 -0.068 | -3.1 20 -63 | 0457 7.0 -0.16

190 vdBergh-Hagen23 | 0.120 -0.420 -0.008 56 52 2.1 0437 7.14 —

210  Trumpler 10 0.053 -0.414 0.005 57 54 340417 7.38 -0.13

1048 ASCC 48 0.087 -0.390 0.011 | 135 -3.6 2.2 | 0400 9.09 —

14 | 141 NGC 2396 0.397 -0433 0.027 | -98 -13 09 | 0.588 8.52 —
153 NGC 2430 0.391 -0.518  0.032 31 71 -0.7 | 0.650 8.68 0.13

15 149  Ruprecht 26 0.885 -1.134 0.068 | -21.2  -6.4 -17.1 | 1.440 7.49 0.31
160 NGC 2437 0.847 -1.079 0.097 | -3.5 0.7 -12.1 | 1.375 8.16 -0.75

16 | 163 NGC 2447 0.518 -0.899 0.003 | -0.9 6.8 0.8 | 1.037 8.76 -0.10
164 NGC 2448 0.508 -0.907 -0.005 32 5.7 2.5 | 1.040 7.19 —

17 | 169 NGC 2467 0.612 -1.209  0.008 24 270 -8.7 ] 1355 8.05 —
171 NGC 2482 0.638 -1.181 0.048 | -1.2 -14.8 -20.2 | 1.343 8.48 -0.08

18 | 186 NGC 2546 0.240 -0.886 -0.033 | -1.7 50 -1.2 10919 7.92 0.12
198  Ruprecht 64 0.142  -0.787  0.007 53 87 2.6 | 0.800 8.45 —

1047  Alessi-Teutsch 7 0.183  -0.881  0.005 8.2 9.5 -104 | 0.900 7.88 —

1050  Alessi 43 0.111 -0.842 0.022 | -23 -1.5 -25|0.850 748 —

19 | 234 NGC3114 -0.208 -0.885 -0.061 2.2 7.1 1.7 | 0911 8.24 —
239  Ruprecht 161 -0.237 -0907 -0.071 | -02 -63 -42] 0940 8.39 —

20 | 243 1IC 2581 -0.616 -2.367 0.001 | 13.1 -7.1 2.7 | 2446 7.22 -0.34
253 NGC 3293 -0.675 -2377 0.003 | 204 37 -59 | 2471 694 —

21 | 245 Loden 143 -0.158 -0.579  -0.009 4.9 40 -5.7 | 0.600 8.45 —
255 vdBergh-Hagen 99 | -0.151 -0.509 -0.005 31 99 920531 7.86 0.09

1058 ASCC 58 -0.122  -0.587 0.014 74 36 -57 | 0.600 7.04 —

22 | 298 Loden 481 -0.662 -1.368 0.020 | -10.5 17.8 125 | 1.520 8.19 —
1067 ASCC 67 -0.623 -1.364 0.019 | -17.3 195 -5.1 | 1.500 7.67 —

23 | 333 Loden915 -0.310 -0.391  0.028 84 167 12.0 | 0.500 8.44 —
337 Platais 12 -0.278 -0.335 -0.010 2.8 8.6 1.9 | 0435 8.23 -0.01

344 Loden 1194 -0.335 -0370 0.016 | 24  -69 6.8 | 0.500 8.53 —

349 ESO 175-06 -0.386  -0.390 0.038 | 16.1 14.8 7.3 | 0.550 8.60 —

24 | 335 Loden 1010 -0.445 -0.540 0.024 7.4 9.8 13.1 | 0.700 8.69 —
355 NGC 5662 -0.494 -0462 0.040 | 11.6 80 -4.110.678 7.64 -0.03

25 | 366 NGC 6025 -0.623 -0.444 -0.079 | -92 -12 9.6 | 0.769 7.96 0.19
1079 ASCC 79 -0.612 -0.513 -0.040 | -159 46 -13 | 0.800 6.86 —

26 | 371 NGC 6087 -0.758 -0.479 -0.085 | -7.9 6.6 4310901 7.93 -0.01
1084 ASCC 84 -0.721 -0.532 -0.085 | -79 -09 -4.6 | 0900 7.68 —

27 | 374 NGC 6134 -0.827 -0.387 -0.003 | 10.9 59 -114 | 0913 8.53 0.15
384 NGC 6208 -0.838 -0.413 -0.094 | 17.2 84 -09 0939 9.07 -0.03
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Table C.1: continued

OoCC Seq Name X Y Z U A% \\% d logt [M/H]
No. kpc kpc kpc | km/s km/s km/s kpc  dex dex
28 | 377 NGC 6167 -1.006 -0.464 -0.027 | 157 123 -11.0 | 1.108 8.16 —
380 NGC 6193 -1.060 -0.456 -0.032 | 239 58 -63 | 1.155 6.90 —

29 | 390 NGC 6250 -0.816 -0.286 -0.029 04 122 -54 0865 742 —
397 1C 4651 -0.827 -0.300 -0.122 | 147 123 82 | 0.888 8.92 -0.13

30 | 392 NGC 6281 -0482 -0.105 0.017 5.1 35 7.0 | 0494 8.51 0.00
408 NGC 6405 -0.486 -0.029 -0.006 | -2.1 -1.1 2.8 | 0487 17091 0.20

31 | 393 ScoOB4 -1.088 -0.145  0.066 59 48 -24 | 1.100 6.82 -0.09
394  Bochum 13 -1.064 -0.165 0.026 | -9.2 5.2 49 | 1.077 7.08 —

32 | 412 IC4665 -0.290 0.171 0.103 | -33 26 -1.6 | 0352 7.63 —
414  Collinder 350 -0.242  0.122 0.071 6.3 2.9 6.8 | 0.280 8.61 —

33 | 427 NGC 6531 -1.194  0.161 -0.007 79 43  -14 | 1205 6.82 —
432  Collinder 367 -1.190  0.152 -0.042 | -2.6 28 -39 1200 6.84 —

34 | 455 Collinder 394 -0.671 0.178 -0.113 | -8.8 -12.1 83| 0.703 7.86 —
457 NGC 6716 -0.750  0.206 -0.131 | -13.7  -4.1 541 0.789 1747 -0.31

35| 456 Stephenson 1 -0.142  0.331  0.099 6.7 -128 -56 | 0373 7.69 —
479 Roslund 5 -0.133  0.396  0.002 74  -7.6 02 | 0418 17.77 —

482 NGC 6882 -0.140 0311 -0.023 | 46 -103 -19 | 0342 8.16 -0.02

1100 ASCC 100 -0.148  0.308  0.077 78 -7.8  -3.1 | 0350 8.01 —

1101 ASCC 101 -0.128  0.318 0.070 | 144 -16.0 0.2 | 0.350 8.52 —

36 | 466 Turner9 -0.363  0.770  0.037 92 98 -35|0852 8.06 —
1110 ASCC 110 -0.268  0.754  0.020 58 -119 -43|0.800 8.75 —

37 | 476 NGC 6871 -0.469 1501 0.057 | -22.2 -16.5 0.5 ] 1.574 6.99 —
477 Biurakan 1 -0475 1527 0.049 | -169 -12.4 34 | 1.600 7.25 —

38 | 478 Biurakan 2 -0.328 1.056 0.026 | -10.0 -20.8 4.7 | 1.106 7.14 —
485 Berkeley 86 -0.257  1.082 0.025 | -62 -150 241 | 1.112 6.96 —

486 NGC 6910 -0.223  1.116 0.040 | -55 -272 7.8 | 1.139  7.33 —

488 NGC 6913 -0.260  1.118 0.012 | -11.2 -134 6.0 | 1.148 7.12 —

39 | 500 IC1396 0.134 0.822 0.054 | -6.0 1.5 0.3 | 0.835 6.69 —
501 NGC 7160 0.191 0.766  0.089 | -58 -45 74 10.794 7.66 —

40 | 509 NGC 7438 0.172  0.573 -0.051 38 52 3.4 ] 0.600 8.93 —
1114 ASCC 114 0.068 0.546 0.010 | -99 -82 6.5 | 0.550 7.75 —

1115 ASCC 115 0.078  0.594 -0.027 3.8 32 44| 0.600 8.59 —

41 | 1073 ASCC73 -0.338  -0.553 -0.051 | 144 6.4 3.0 | 0.650 8.19 —
1076 ASCC 76 -0.376  -0.465 -0.044 04 177 1.5 | 0.600 7.45 —

42 | 1096 Ferrero 1 -0.742  0.008 -0.106 | 257 -6.6 8.7 | 0.750 8.27 —
1098  ASCC 98 -0.779  0.021 -0.179 | 456 -79 9.2 | 0.800 8.33 —
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For LINKING LENGTHS 100 pc AND 20 KM/s

APPENDIX C. ADDITIONAL INFORMATION ON THE FOUND OC GROUPINGS
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