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Abstract

This thesis is focused on study of Galactic orbits of open clusters. Well known observa-
tional advantages in the characterization of star clusters have yielded many important
results helping us to understand physical processes on various scales – from the stellar
evolution, up to the constraints on the chemodynamical evolution of the Milky Way disk
and galactic disks in general. Clusters kinematics, orbital history, and their connection
with other clusters characteristics are an important part of the information these stellar
systems hold.

In the first part of the thesis, we concentrated on the open cluster NGC6791. This
is a unique case in the Galactic system of open clusters, being one of the oldest (with
age about 8Gyr) and, at the same time, one of the most metal-rich ([Fe/H]∼ +0.4)
open clusters known. The current position of NGC6791, at the Galactocentric radius of
about 8 kpc, contradicts the classical picture of the metallicity gradient as traced by open
clusters, which predicts a much lover metallicity for a cluster at this radius. The number
of unique characteristics of NGC6791 possess the basic question of the cluster origin
and history. In this thesis, we study the cluster orbit and investigate the possibility
that the cluster formed close to the Galactic center and later migrated outward to its
current location. To this aim, we integrated orbit of NGC6791 in a potential consistent
with the present-day picture of the Milky Way including the Galactic bar and spiral
arms. Multiple non-axisymmetric patterns induce one of the possible mechanisms of
radial migration. Current cluster orbit is compared with orbits originating in the inner
Galactic disk regions. The results show that only the combined model, including both the
bar and spiral arms, could bring the cluster to its current position with orbit similar to
the current one. However, even thought the scenario is plausible, its probability based on
our calculations is very low (less then 1%). Further, using a theoretical approximation for
star cluster mass loss presented in the literature, we have also performed a basic estimate
of the NGC6791 initial mass.

In the second part of the thesis, we investigated orbits of a sample of 34 open clusters.
The clusters were selected to have a high-resolution metallicity estimate available in the
literature. We obtained clusters mean proper motion vectors using data on individual
stars from the UCAC4 catalog. Orbits are calculated in the axisymmetric model as well
as in the model including the bar and spiral arms. We investigate orbital parameters
and their connection with the clusters metallicities and ages, and also the possible time
evolution of the radial metallicity gradient. However, we do not find any significant
evidence for the latter and reasons and implication of our results are discussed.



Abstrakt

Tato práce se zabývá studiem Galaktických drah otevřených hvězdokup. Výhody po-
zorování hvězdokup jsou dobře známé a přinesly mnoho zásadních výsledků vedoucích
k pochopení astrofyzikálních procesů na různých škálách – od základů hvězdného vývoje
až po chemodynamický vývoj Galaktického disku (a disků obecně). Kinematika a dráhy
hvězdokup v kontextu dalších charakteristik těchto systémů jsou důležitou částí poznání,
které hvězdokupy nesou.

V první části prezentované práce jsme se zaměřili na studium dráhy otevřené hvězdo-
kupy NGC6791. Jde o jedinečný systém, který s věkem okolo 8Gyr patří mezi nejstarší
a zároveň, s metalicitou [Fe/H]∼ +0.4, nejvíce na kovy bohaté známé otevřené hvěz-
dokupy. Současná poloha NGC6791 v Mléčné dráze s Galaktocentrickým poloměrem
8 kpc protiřečí klasickému obrazu radiálního gradientu metalicity otevřených hvězdokup.
Tento gradient předpovídá výrazně nižší obsah kovů pro systém nacházející se v takové
vzdálenosti od Galaktického centra. Množství zvláštních chrakteristik pozorovaných u
hvězdokupy NGC6791 přirozeně vzbuzuje otázku, jaký je původ tohoto systému. V pre-
zentované práci jsme se soustředili na variantu, kdy se systém sformoval blízko Galak-
tického centra a později se přemístil –migroval – do větší vzdálenosti v disku, kde ho po-
zorujeme dnes. S užitím modelu, který je v souladu se současně známým obrazem Mléčné
dráhy, jsme provedli integrace dráhy hvězdokupy NGC6791. Model obsahuje také Galak-
tickou příčku a spirální ramena. Vícenásobné osově nesymetrické poruchy jsou jednou
z možných příčin procesu radiální migrace. Současná dráha hvězdokupy je porovnána
s drahami pocházejícími ve vnitřních částech disku. Výsledky ukazují, že pouze kom-
binovaný model, obsahující jak příčku tak i spirální ramena, je schopný vytvořit dráhu
podobnou současné dráze NGC6791 a přemístit tak hvězdokupu do její současné polohy.
Nicméně, pravděpodobnost realizace takové dráhy odhadujeme na základě našich výpočtů
jako velmi nízkou (menší než 1%). S použitím teoretické aproximace pro popis ztráty
hmoty z hvězdokup popsané v literatuře, jsme dále provedli jednoduchý odhad původní
hmotnosti hvězdokupy NGC6791.

V druhé části práce prezentujeme dráhy 34 otevřených hvězdokup. Výběr jednolivých
hvězdokup byl podmíněn dostupností informace o jejich metalicitě pocházející ze spek-
troskopického měřění s vysokým rozlišením. Vektor vlastního pohybu pro tyto systémy
jsme odvodili s užitím dat pro jednotlivé hvězdy prezentovaných v katalogu UCAC4.
Dráhy jsou spočítány s užitím osově symetrického modelu a modelu obsahujícím osově
nesymetrické komponenty (příčka a spirální ramena). Jsou prozkoumány možné sou-
vislosti dráhových elementů (výstřednost, vertikální amplituda) s dalšími vlastnostmi
hvězdokup (metalicita a stáří). Dále je také zkoumán možný časový vývoj radiálního gra-
dientu metalicity hvězdokup. Přítomnost časového vývoje však není v našich výsledcích
prokázána a diskutujeme možné příčiny a důsledky.
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Preface

During the time of my PhD studies (September 2008–April 2013), I have been working on
several different topics with two main focuses – the Galactic orbits of open clusters, and
the structure of line-profiles in shell galaxies. The former topic has been of my interest
since my two-year studentship (December 2009–December 2011) at ESO in Santiago,
Chile, where I worked under the supervision of Giovanni Carraro (ESO, Santiago, Chile)
and my thesis advisor Bruno Jungwiert (Astronomical Institute, Academy of Sciences of
the Czech Republic, Prague). The research on orbits of open cluster is described in detail
in this thesis.

The work on shell galaxies is not explicitly included here, even though much of what
I have learned while dealing with shell galaxies was helpful for the research described in
the presented thesis. I have been working on the topic of line-profiles in shell galaxies
mostly during the first year of my PhD (September 2008–December 2009) but also during
some later periods of my studies. The work was stimulated by the collaboration mainly
with Bruno Jungwiert and Ivaana Ebrová from the Astronomical Institute, Academy of
Sciences of the Czech Republic, Prague, and other colleagues who are, or were during a
certain period of their research career, affiliated to the same institute –Miroslav Křížek,
Ivana Orlitová, and Michal Bílek – as well as with colleagues from my current institute
(Department of Theoretical Physics and Astrophysics, Faculty of Science, Masaryk Uni-
versity, Brno) –Tereza Skalická and Kateřina Bartošková. The work on shell galaxies is
a non-negligible part of the scientific output of my PhD studies and resulted into several
publications. Among the most important are the poster presentation Jílková et al. (2010)
and the refereed publication Ebrová et al. (2012). My contribution and interests in these
projects were mainly the test-particle simulations of a minor merger of galaxies originating
shells and their further analysis (using principally similar methods to the integration of
Galactic orbits). I have also contributed to the development and numerical calculations
of the theory of radial oscillations approximately describing the kinematics of stars in
shells (see Ebrová et al., 2012, for details).

Apart from the studies of Galactic orbits and shell galaxies, I have also participated in
an investigation of blue stragglers populations in four Sagittarius dwarf spheroidal galaxy
globular clusters based on the data from the Danish Telescope at ESO La Silla presented
by Salinas et al. (2012). In this project, we observed and analyzed photometry of four
Sagittarius dwarf globular clusters. We measured the structural parameters of the clusters
using the fitting of King profiles. We identify the blue stragglers and compared charac-

xv



xvi Preface

teristics of their populations with the horizontal branch stars and the red giant branch
stars. In more detail, my contribution to the project included the construction of surface
stellar density profiles for clusters and their fitting with the King profile. I have also
participated in the statistical analysis of the results (Anderson-Darling tests comparing
the radial distributions of stars of various evolutionary stages).
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Chapter 1

Introduction

Star clusters have played an important role in astrophysical research. They are aggregates
of stars formed roughly simultaneously from the same well-mixed molecular cloud, and
they hold together by their mutual gravitational attraction. Therefore, the stars in clus-
ters have approximately the same age and chemical composition. A star cluster occupies
a relatively small volume of space and its stars have the same distance from the Sun. At
the first sight, cluster appears as a simple stellar population. Individual stars differ in
their mass and clusters provide us an unique probe into the star evolution history. At the
same time, due to the common properties of stars, it is possible to derive clusters char-
acteristics – such as their distance to the Sun, chemical composition, age, radial velocity,
or proper motion – from observations in an easier and more precise way than for the field
stars. Moreover, many clusters are bright objects and can be observed at large distances.

Star clusters are observed in the Milky Way (MW) as well as in external galaxies. The
Galactic star clusters are classically divided into two main types – globular clusters (GCs)
and open clusters (OCs). GCs are usually part of the bulge and halo population, they are
massive (104–106 M�), the distribution of their stars is nearly spherically symmetric and
very dense in the center. They are very old and are probably remnants of the formation
of the MW itself. GCs generally do not contain any gas, dust, or young stars. They are
dynamically old and belong to the simplest observed stellar systems. On the other hand,
OCs are young systems, most of them with age below 1Gyr. Their masses are usually
within the range of 102–104 M�, and the distribution of their stars is more irregular than
in the GCs. They are strongly concentrated to the Galactic plane and sometimes being
referred to as Galactic clusters. OCs are continuously forming in the Galactic disk in the
giant molecular clouds (GMCs). It is believed that almost all star formation happens in
clustered environment (70–90%, see, e.g., Lada & Lada, 2003 for a review on the early
stages of clusters evolution). Star clusters are considered as building blocks of galaxies.
However, only a small fraction of clustered systems, originally embedded in gas and dust,
survives the very early evolutionary stages with strong stellar winds and supernovae
explosions (so-called infant mortality). During their later life, due to internal processes
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2 Chapter 1

in the clusters as well as due to their interaction with the external environment, clusters
loose their mass and their lifetime is limited.

The MW contains about 150 GCs (Harris, 1996) and the total number of OCs is esti-
mated to be of order of 105 (Piskunov et al., 2006; Bonatto et al., 2006). Star clusters also
serve as a probe of the structure and evolution of their surrounding galactic environment.
Mapping of the spatial distribution, kinematic properties, and chemical composition of
star clusters systems have brought important information about galaxies and about the
MW particularly. The young OCs are tracers of star formation, spiral structure, and
constrain the chemodynamical evolution of the Galactic disk; while old GCs helped to
reveal the halo structure and its overall scale. Characteristics of individual clusters in the
overall Galactic context constitute an important part of information we can learn from
star clusters.

In this thesis, we focus on study of orbits of OCs. Kinematics and orbits carry
information about a part of cluster history. Orbits are given by the environment in which
the cluster lives – by the Galactic gravitational potential of the MW. Hence the orbits
bring information about the clusters themselves, as well as about the MW.

For about 30 past years, it was believed that stars (and star clusters) stay in the same
part of the Galactic disk for most of their lives. This assumption has many implications
and it allows to recover the history of a part of the disk at particular radius based on the
present-day observations of stars of various ages. However, many recent theoretical works
on the galactic disks dynamics weaken this classical assumption and show that many stars
may wander several kiloparsecs in the disk during their lives. This phenomenon is called
radial migration and received much attention in the last years. Several independent
processes inducing the radial migration have been identified and described. The non-
axisymmetric rotating components, such as spiral arms and bars, which are present also in
the MW, are expected to play a very important role for the radial migration. Therefore,
we include the Galactic bar and spiral arms in our models of the MW gravitational
potential. This makes possible to take into account one of the known mechanisms of
radial migration and estimate its possible influence on the orbits.

Closer look at individual clusters reveals many peculiarities. Some of them are com-
mon to the whole population, e.g., variations in the chemical composition of GCs, or
a presence of unusual objects (as blue stragglers); others make individual clusters ex-
ceptional in the whole population. Example of such peculiar case is the open cluster
NGC6791. It is one of the oldest, most metal-rich, and massive OC known and it shows
several features unique among the other Galactic OCs. Complete explanation for the
complex characteristics and origin of NGC6791 is still missing. All scenarios suggested
to explain the cluster origin involve an exotic Galactic orbit. One of the objectives of this
thesis is to derive current orbital parameters of this cluster and investigate the possible
influence of the non-axisymmetric disk components on its orbit. This kind of study has
not been presented so far and is interesting in the context of the radial migration influence
on OCs.1

1 We have presented the results of this investigation (described in Sect. 5 of this thesis) also in the
refereed publication Jílková et al. (2012).
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Other objective of this thesis is to investigate orbits of a larger sample of OCs. With
the growing quality and quantity of the observed data, wide amount of information is
available for many OCs. The number of works compiling and further analyzing larger
samples of OCs has increased in the recent decade. However, a study describing orbits of
OCs calculated using a model including the non-axisymmetric perturbations is missing,
even though a significant influence of these on the disk dynamics is expected from the
theoretical works. Therefore, first we collect a sample of OCs – compiling and deriving
clusters up-to-date characteristics necessary for the orbit calculations. Then, we calcu-
late orbits using our MW model including the non-axisymmetric patterns. We further
study the possible connection of orbital parameters with other clusters properties (age or
metallicity) and overall characteristics of the OCs system (especially the radial metallicity
gradient and its behavior in time).

This thesis is organized as follows. In the first part of Sect. 2 (Sects. 2.1 to 2.5), the
present-day general knowledge of the population of OCs is summed up, including their
spatial distribution, kinematics, and metallicity distribution. Section 2.6 describes the
up-to-date knowledge about the cluster NGC6791 that is further the main subject of a
part of this thesis. Section 3 includes a summary of basic models for the chemodynamical
evolution of the galactic disks and a description of the known radial migration mecha-
nisms. In Sect. 4 we describe the model of the Galactic potential and how the orbits
are integrated. Section 5 includes the study of the current orbit of NGC6791 and the
investigation of its possible origin in the inner Galactic disk. In Sect. 6, we derive the
mean PM vectors for a sample of OCs to investigate their orbital properties in connection
with their age and metallicity. Finally, Sect. 7 is the summary and conclusion of the
information and work presented in this thesis. Appendices A to C include mostly auxil-
iary technical information, numbers, and plots which might be useful for a more detailed
study or comparison. List of my publications is given in Appendix E.





Chapter 2

Galactic population of open clusters

The Galactic population of OCs has long been of a great interest and its studies pro-
vided us an insight to the structure, kinematics, dynamics, formation and evolution of
the Galactic disk. It is believed that the Galactic disk is a superposition of two distinct
components – the thin and thick disk. This idea was firstly suggested based on the obser-
vations of the disk vertical density of stars in the solar neighborhood, which is accurately
fitted by two exponentials (Gilmore & Reid, 1983) with scale heights around 300 pc and
900 pc for the thin and thick disk, respectively (Jurić et al., 2008). Stars of the thick
disk are generally older and have different chemical composition (lower metallicities) and
also different kinematics than the thin disk stars. The surface density of the thick disk
is about 7% of that of the thin disk (Binney & Tremaine, 2008). Most of the local stars
in the Galactic plane belong to the thin disk population, even though, the fraction of the
thick disk stars is still under discussion with values ranging 2–12% (see, e.g., Turon et al.,
2008, and references therein). OCs are part of the thin disk population.

In the first part of this chapter (Sects. 2.1–2.5), we give a brief summary of the most
important characteristics of the Galactic OCs population as published in the literature. In
the second part of this chapter (Sect. 2.6), we describe a particularly interesting case of the
open cluster NGC6791. Additionally, in Sect. 2.7, we give a brief summary about observed
abundance variations and multiple stellar generations in GCs, since this phenomenon
seems to be important also for the case of NGC6791.

2.1 General characteristics

As mentioned above, OCs are believed to be a good tracers of the Galactic disk in many
points of view. Studies of the Galactic population of OCs have therefore been carried out
for several decades, since a bigger sample of observed clusters having basic characteristics
measured started to be available. The total number of Galactic OCs is estimated to be of
order of 105 (Piskunov et al., 2006; Bonatto et al., 2006). By today, thousands of studies

5
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of individual OCs exist in the literature. They are based on data obtained using different
observational methods with different precision and further processing, resulting together
in a rather inhomogeneous collection. Any analysis of general characteristics of the OCs
population should be careful to this inhomogeneity. The observed sample of OCs is
naturally also influenced by selection effects, with poorly populated, less luminous (older,
less massive) systems being more difficult to identify against the stellar background.
The combination of these effects brings complications for any comprehensive analysis of
the OCs population and its detailed characteristics are still under discussion (see, e.g.,
Moitinho, 2010).

Here, we give a brief summary of basic characteristics of the OCs population – its
spatial distribution, kinematics, ages, and metallicities – as published in the literature.

2.2 Spatial distribution of OCs

Early studies, e.g., Lyngå (1982), Janes & Adler (1982), or Janes et al. (1988), are com-
piled in various versions of the Lund Catalog of Open Clusters Data (Lyngå, 1987, the
latest 5th edition). Although these datasets were smaller, and they had lower precision
and completeness than those available today (compare 300 OCs used by Lyngå, 1982
and about 650 clusters analyzed later by Bonatto et al., 2006 or Piskunov et al., 2006),
several characteristic properties of the OCs population have been noticed already in these
early works. One of the most important results is that the distribution of young OCs
(age < 20Myr) in the Galactic plane was found to have three concentrations (Perseus,
Sagittarius, and Carina) associated with the spiral arms features. Further, based on their
sample of about 300 OCs, Lyngå (1982) found that the horizontal plane of symmetry of
the OCs system, the Galactic plane, is displaced by about 20 kpc with respect to the Sun.
While the vertical distribution seems to be independent on clusters age up to ∼ 1Gyr,
the older clusters (age & 1Gyr) tend to have higher vertical distances from the Galactic
plane and they are also more frequently found in the outer disk with Galactocentric radii
beyond the solar circle. This is partially result of a selection effect – clusters are generally
more easily detected at higher vertical distances and in the Galactic center anti-direction –
and also of the fact that further from the Galactic plane and further from the Galactic
center, clusters are subject of less disruption processes.

With the increasing amount of available data, new catalogs and databases of OCs were
created in the last decade. Recently, the most used are: the compilation by Dias et al.
(2002a, currently, the latest version V3.2 available was updated in January 2012)1 listing
characteristics of 2135 OCs compiled from various sources; the database WEBDA2 col-
lecting various information and references about clusters, as well as about their individual
stars, from variety of sources; the Catalogue of Open Cluster Data3 by Kharchenko et al.

1 Available in electronic form at the CDS (Strasbourg astronomical Data Center) online archive and
at http://www.astro.iag.usp.br/~wilton/.

2 http://www.univie.ac.at/webda/.
3 Available in electronic form at the CDS online archive.

http://cdsarc.u-strasbg.fr/viz-bin/Cat?B/ocl
http://www.astro.iag.usp.br/~wilton/
http://www.univie.ac.at/webda/
http://cdsarc.u-strasbg.fr/viz-bin/Cat?J/A+A/438/1163
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Figure 2.1: Spatial distribution of OCs in the Galactic plane divided into age bins;
reproduced from Bonatto et al. (2006, their Fig. 1). A sample of 654 OCs taken from the
WEBDA database (clusters with available reddening, distance to the Sun, and age are
used) is plotted. Intervals of individual age bins are indicated in the lower left corner of
each panel. The dashed curve shows the solar circle with the Galactocentric radius of
8 kpc. Coordinate system is centered at the Galactic center.

(2005a,b), who in a uniform way derived distances, reddening, sizes, ages, and proper
motion (PM) for 650 OCs, and radial velocity (RV) for 359 of them.

Using information from the above mentioned compilations, new comprehensive studies
of the Galactic population of OCs have been made in the recent years, e.g., Piskunov et al.
(2006); Bonatto et al. (2006); Zhu (2009). Bonatto et al. (2006) used OCs with reddening,
distance to the Sun, and age available in the WEBDA database (sample of 654 OCs).
Their Fig. 1. showing the spatial distribution of the sample in the Galactic plane is
reproduced in our Fig. 2.1. Clusters in various age bins are plotted in panels (a)–(c) and
the whole sample in the panel (d). Signatures of the spiral structure can be noticed in
the distribution – the young clusters with age < 60Myr, panel (a), trace the local Orion
arm (solar circle plotted by the dashed curve is located close its inner edge), and the dip
between Orion and Sagittarius-Carina Arms is noticeable around the radius of 7.5 kpc,
similarly as in the distribution of the whole sample in the panel (d). The distribution of
old OCs with age > 1Gyr, panel (c), seems to be uniform, with more old clusters detected
beyond the solar circle, as it was already noticed in the earlier investigations.
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Bonatto et al. (2006) further fitted the completeness corrected OCs radial distribution
in the radial range of 5–14 kpc with an exponential profile, resulting in the scale length
of about 1.5–1.9 kpc, smaller than it is found for stars (e.g., Jurić et al., 2008, found scale
length of 2.6 kpc for the thin disk stars). They also derived completeness corrected num-
ber volume density of OCs in the solar neighborhood to be (795± 70) clusters per kpc3.
Piskunov et al. (2006) analyzed the spatial distribution and kinematics of the homo-
geneous sample of Kharchenko et al. (2005a,b), for which they derived completeness
limit for the projected distance to the Sun of 0.85 kpc (but see the discussion in Moit-
inho, 2010). The sample within this limit has a typical number surface density of
(100± 10) clusters per kpc2.

Both, Piskunov et al. (2006) and Bonatto et al. (2006), studied the vertical distribution
of OCs assuming it can be described with an exponential decay profile. For young clusters
(age < 200Myr) both works found a scale height of about 50 pc. However, while Piskunov
et al. (2006) obtained a similar value also for the older population (200 Myr < age <
1Gyr), Bonatto et al. (2006) found the scale height significantly increasing with the
clusters age and obtained value of about 150 pc. The even older (age > 1Gyr) population
is found to distribute almost uniformly with the vertical distance from the Galactic plane.
Bonatto et al. (2006) also found that the scale height increases with Galactocentric radius.
As mentioned above, older clusters are preferentially found at larger radii and higher
vertical distances, probably due to the ability to survive the disruption process further
from the Galactic plane in combination with the selection effect (at larger Galactocentric
radii, clusters farther from the Galactic plane are more easily detected).

Because the star formation in the MW happens mostly in the spiral arms, the location
of the young OCs has long been used as a tracer of the Galactic spiral structure (e.g.,
Becker & Fenkart, 1970; Palouš et al., 1977). Recently, Dias & Lépine (2005) revised
and confirmed this concept, deriving the angular velocity of the spiral pattern from the
supposed birth places of OCs (see details in the following Sect. 2.3).

2.3 Kinematics of OCs

Since the early studies, radial velocities of OCs have been used to trace the local kinemat-
ics (solar motion, Oort’s constant A, or the rotation curve). For example, Hron (1987)
presented a compilation of radial velocities for about 100 young OCs (age < 30Myr),
showing that their kinematics agrees with the flat rotation curve of 220 km s−1 at solar
radius of 9 kpc derived from HII-regions and molecular clouds. Scott et al. (1995) found
the rotation of 35 old OCs (older than 1Gyr) to be consistent with the one of Hron (1987)
for young OCs but with a larger dispersion about the mean rotation curve (dispersion of
29 km s−1 for the old OCs compared to 10 km s−1 for the younger clusters, see also Lyngå
& Palouš, 1987 or Friel, 1995 for a summary).

Before the large astrometric surveys started, mean PM vectors were known only for
several tens of OCs. The knowledge of the cluster mean PM and RV allows to calculate
the cluster orbit. Early investigations in this direction were carried out for example by
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Keenan et al. (1973), Keenan & Innanen (1974), Palouš et al. (1977), Allen & Martos
(1988), Carraro & Chiosi (1994), Finlay et al. (1995), or Piatti et al. (1995).

The all-sky PM surveys made possible to obtain PMs for a large number of OCs. The
Hipparcos and Tycho2 catalogs (Perryman & ESA, 1997), and different versions of the
US Naval Observatory CCD Astrograph Catalog (UCAC2 Zacharias et al., 2004, UCAC3
Zacharias et al., 2010, and its final version UCAC4 Zacharias et al., 2012b), belong to the
most important catalogs. Measurements of PMs for number of individual stars located
within clusters fields have been used to study the cluster membership probabilities and
consequently the mean PM vectors of clusters. Depending on the used catalog, its data
precision, and method used for the membership analysis –which itself is a crucial step for
the correct derivation of the mean value of any cluster parameter – different results might
be obtained for individual clusters (see Frinchaboy & Majewski, 2008, for a discussion
comparing the catalogs in the context of deriving the open clusters PMs and details of
the membership analysis; more details are also given in Sect. 6.4.1). Cataloged PMs data
were used by many authors, for studies of individual OCs as well as for homogeneous
compilations of many OCs: Baumgardt et al. (2000) used the Hipparcos catalog to derive
mean PMs of 205 OCs. Dias et al. (2001, 2002b) and Loktin & Beshenov (2003) used the
Tycho2 catalog to obtain mean PMs of 206 and 167 OCs, respectively; Tycho2 catalog
was also used by Kharchenko et al. (2005a,b) to create a homogeneous catalog of clusters
parameters of 520 OCs (including their mean PMs); Dias et al. (2006) used the UCAC2
catalog to obtain mean PMs for 428 OCs. Comparisons of these PMs compilations can
be found, for example, in Kharchenko et al. (2005a) or Dias et al. (2006), who did not
find any statistically significant difference among them. More quantitatively, Dias et al.
(2006) found the mean difference in PMs between their (using the UCAC2 catalog) and
the other published results to be about 1mas yr−1.

Together with the PMs compilations, RVs for a larger clusters sample were derived in
a homogeneous way in several studies: Kharchenko et al. (2005a,b), who presented their
result in the Catalogue of Open Cluster Data (see also Sect. 2.2); Frinchaboy & Majewski
(2008) derived RVs of 71 OCs (using a medium-resolution spectroscopy) together with
their PMs (using the Tycho2 catalog); or Mermilliod et al. (2008a), who obtained the
mean radial velocities of 166 OCs using the Correlation Radial Velocity (CORAVEL)
observations of red giant stars belonging to these systems.

Piskunov et al. (2006) used PMs and RVs from the Catalogue of Open Cluster Data
(Kharchenko et al., 2005a,b) within the derived completeness limit of distance to the Sun
(0.85 kpc, see Sect. 2.2) to characterize the local kinematics of OCs: Oort’s constants, the
solar motion, and the velocity ellipsoid are given in their Table 2., and they have values
consistent with these obtained for young stars (Cepheids, OB stars) in the Galactic disk.

Wu et al. (2009) analyzed kinematics and calculated orbits in three different axisymm-
teric Galactic models for a sample of 488 OCs with the initial conditions (current velocity
and position vectors) derived mostly from the catalog of Dias et al. (2002a, version 2.9 re-
leased in April 2008). By dividing the sample in age bins (younger then 0.5Gyr, and older
than 1Gyr), they found that each component of velocity dispersion for their sample is
higher for the older age bin. This is consistent with Piskunov et al. (2006) and the earlier
result of Lyngå & Palouš (1987), who derived the dispersion of radial velocities increasing
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with time. The velocity dispersion increasing with age indicates heating of the OCs disk
population, similarly as observed for the disk stars (e.g., Binney & Tremaine, 2008).

Clusters orbits were investigated also by Vande Putte et al. (2010), who used a similar
sample and initial conditions as Wu et al. (2009) and carried out their integrations in an
axisymmetric Galactic model. Since clusters retain the kinematical memory of their
origin, Vande Putte et al. (2010) suggested that the orbital parameters of the maximal
vertical amplitude (maximal separation from the Galactic plane, |z|max) and eccentricity,
e, might be used as indicators of individual clusters origin, finding them correlated with
metallicity. They identified several clusters with orbits different from the majority of
the sample and with somehow extreme values of the vertical amplitude and eccentricity.
They suggested an unusual origin scenarios for these systems (extragalactic origin, origin
due to the impact of a high velocity cloud or a GC on the disk, or an origin via some
form of merger). Except for these few exceptions (about ten OCs), orbits are found to be
close-to-circular with lower value of eccentricity and the vertical amplitude (e < 0.3 and
|z|max < 0.9 kpc).

The kinematic data presented in the catalog of Dias et al. (2002a, and its later versions)
were also used to study characteristics of the Galactic thin disk and the spiral arms. Dias
& Lépine (2005) derived the spiral pattern angular velocity. They traced the location of
spiral arms by backward integrated orbits of a sample of OCs and obtained the location
of their birth places as a function of time. They used two methods to find the clusters
birth places – first method assumes circular orbits; and the other uses orbits integrated
backward in an axisymmetric Galactic potential. Their result confirms that the spiral
arms rotate like a rigid pattern, with the angular velocity of about 24 km s−1 kpc−1.
Further, assuming that the orbits of OCs can be described by the epicyclic approximation,
Lépine et al. (2008) derived the epicycle frequency κ in the Galactic disk. They presented
a new method to obtain κ from a correlation between the velocity direction of an object
(an OC in this case) on the epicyclic orbit and its age. Therefore, for a given rotation
curve they can obtain κ by two independent methods, compare the results and hence
check the assumed rotation curve. By this method, they found the circular velocity of
(230± 15) km s−1 and κ of (43± 5) km s−1 kpc−1 at the radial range of 7–8 kpc.

2.4 Age, disruption, and lifetime of OCs

Ages of observed OCs have a range of about 1Myr–10Gyr. Every star cluster loses
mass during its lifetime. The present-day age and mass distribution of OCs is given
by their initial mass function (IMF), formation rate, and dissolution rate. Dissolution
of a cluster and its disruption time naturally depend on its initial mass and on the
environment in which the cluster lives. Many studies of the distribution of ages of OCs
have been carried out since the pioneering works of Spitzer (1958), who gave a quantitative
theoretical estimates of the disruption time due to clusters interaction with GMCs; and
Wielen (1971), who derived a mean dissolution time of 0.2Gyr from the distribution
of clusters age observed within 1 kpc from the Sun (see e.g., Piskunov et al., 2006 or
Lamers & Gieles, 2006 for a summary). The understanding and description of various
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Figure 2.2: Left: Mass evolution of a cluster with the initial mass of 104 M� living in
the solar neighborhood; reproduced from Lamers & Gieles (2006, their Fig. 1). The mass
loss due to separate effects of stellar evolution, interaction with the Galactic tidal field,
spiral arms shocking, and encounters with GMCs is shown by individual lines. Right:
Observed age distribution of OCs with mass higher than 100M� within 600 kpc from the
Sun; reproduced from Lamers & Gieles (2006, their Fig. 3). The observed distribution
(derived by Lamers et al., 2005, from the catalog of Kharchenko et al., 2005a) is shown
by squares and given in units of number of OCs per year. Dotted, full, and dashed lines
show the predicted distribution with a cluster star formation rate of 4 ·102 M�Myr−1 and
the maximal initial mass of formed cluster of 1.5 ·104, 3 ·104, and 6 ·104 M�, respectively.

mechanisms of clusters disruption have significantly improved in the past years. Although
a more detailed description of some aspects of these complex topics is given in Sect. 5.3,
a complete summary is beyond the scope of this text. Here we focus only on a short
description of the most recent and relevant results.

Several mechanisms contribute to the disruption of a star cluster, being differently
important during different episodes of cluster lifetime. During the first few 100Myr the
mass loss is dominated by stellar evolution of initially massive stars. The mass fraction
that is lost by stellar evolution depends on cluster metallicity and on the adopted IMF
(e.g., Lamers et al., 2010).

Mass loss due to tidal disruption is dominant during the later phases of cluster life.
It is driven by the two-body relaxation in the galactic tidal field (detailed description
given by Baumgardt & Makino, 2003, or Lamers et al., 2005) and by tidal shocks due
to interaction with GMCs (Gieles et al., 2006) or with spiral arms (Gieles et al., 2007).
Stars in cluster experience a tidal shock interaction, when the crossing time of a star in
the cluster is much longer compared to the time of the interaction. In such interaction,
the cluster gets compressed by the tidal forces and its stars are impulsively heated, they
accelerate and some might reach the escape velocity and become unbound. Since the
crossing time of a star in cluster increases with its distance from the center of the cluster,
stars located in the outer regions of the cluster are more heated. Heating due to the tidal
shocks is described by the impulsive approximation (see Gieles et al., 2006 and references
therein for more detailed description).
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Lamers et al. (2005) presented a simple approximative analytical description of cluster
disruption including the mass loss due to two-body relaxation and the stellar evolution.
They used the approximation to explain the observed age distribution of OCs in the
solar neighborhood. The study was later extended by Lamers & Gieles (2006) who in-
cluded also the mass loss due to the tidal shocks by spiral arms and encounters with
GMCs. Mechanisms of mass loss for a cluster with an initial mass of 104 M� in the solar
neighborhood are compared in the left plot of Fig. 2.2, which we adopted from Lamers
& Gieles (2006), who conclude: encounters with GMCs are the dominant dissolution ef-
fect contributing about as much the three other effects combined (referring to the stellar
evolution, two-body relaxation, and spiral arms shocking). Naturally, the analytical de-
scription of cluster disruption includes various parameters characterizing the cluster itself
and the environment in which it lives. Some of the important parameters are: the tidal
field strength, characteristics of the spiral pattern (number of arms, their angular velocity,
locus and shape, or the mass density of the gas in the spirals), the surface density of a
GMC, the mean density of GMCs in the Galactic plane and their velocity dispersion, or
the mass density of the cluster (i.e., its mass and radius). Details about various choices
of these parameter are discussed in Gieles et al. (2006, 2007), Lamers et al. (2005), or
Lamers & Gieles (2006).

Further, to estimate the clusters formation rate and the maximal initial mass of a
cluster formed in the solar neighborhood, Lamers & Gieles (2006) compared their theo-
retical prediction with the observed age distribution of 114 OCs within 600 kpc from the
Sun derived from the catalog of Kharchenko et al. (2005a). The theoretical distribution
with the cluster star formation rate of 4 · 102 M�Myr−1 for clusters in mass range 100–
1.5 · 104 M� reproduces the observed one in the best way (however, they note that the
value of the maximal mass is quite uncertain due to questionable completeness for the
high age end of the distribution). Both, observed and predicted, distributions are shown
in the right plot of Fig. 2.2 (adopted from Lamers et al., 2005) and are in a very good
agreement.

2.5 Metallicity gradient in the Galactic disk
Radial abundance gradients are considered to provide important constraints on the un-
derstanding of the chemical evolution of the Galactic disk. Since metallicities4 and solar
distances of OCs are relatively easy to measure, OCs have been often used as abundance
gradients tracers. They are also covering a relatively large range of metallicities and
Galactocentric radii. Despite of the investigation long several decades (the first radial

4 Metallicity of an object can be measured by the abundance of iron in its matter with respect to the
hydrogen, which is often related to that of the Sun. The metallicity is than expressed as

[Fe/H] = log10

[
(NFe/NH)?
(NFe/NH)�

]
,

where NFe and NH are the number of iron and hydrogen atoms per unit volume of the object (?) and the
Sun (�). Metallicity [Fe/H] is a dimensionless quantity, but the unit dex is often used (contraction for
decimal exponent).
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metallicity gradient using OCs was measured by Janes, 1979) and a number of published
studies, there are still several unsolved questions about this topic, e.g., the difference of
the gradient slope in the inner and the outer parts of the disk, or how the radial abundance
gradient evolved with time.

2.5.1 Metallicity versus Galactocentric radius

Though earlier studies were limited by a low number statistic and lower precision of
available observations and observational techniques, the negative radial gradient for the
metallicity – i.e., the metallicity of OCs is decreasing with their increasing Galactocentric
radius –was noticed by all of them. In Table 2.1 we give a summary of studies concerning
this topic published till 2003, when higher amount of the high-resolution spectroscopic
data started to be available (see also Friel, 1995, for a review of the early studies). The
slope of the gradient measured by fitting a linear function has been estimated in a range
from about −0.1 to −0.05 dex kpc−1, depending on various details of each study as the
used observational methods, size of the OCs sample, or the radial range fitted.

However, a closer inspections of the measured data showed that the basic nature of
the radial distribution of OCs metallicity is not as simple as to be described by a single
linear function. By dividing their sample into two radial bins (with ranges of 8.5–10, and
10–12.1 kpc), Panagia & Tosi (1981) found that the gradient for the outer bin is steeper
than the one for the inner radii. Janes et al. (1988) found different slopes also for different
age bins of their sample (using age bins of 0.01–0.2, and 0.2–10Gyr), with older clusters
having steeper gradient than the younger ones. Detailed gradient values found in these
studies are given in Table 2.1.

Furthermore, Twarog et al. (1997) suggested that the radial distribution of OCs abun-
dances is described by a step function with discontinuity at about 10 kpc. For radii 6.5–
10 kpc their sample shows only a shallow gradient with abundances of individual clusters
having a mean value about 0 dex; while beyond the discontinuity at about 10 kpc the
mean abundance is about −0.35 dex. Spatial and age variations in the radial gradient
were further discussed (usually through dividing the used sample into various age and
radial bins) in many other studies, sometimes arriving to contradictory conclusions. In
any case, the radial distribution of OCs metallicities is no longer being described by a
single linear slope.

As mentioned above, the value of metallicity gradient is obtained by fitting linear
functions to (sub)samples of OCs selected using various constrains. However, as noted
already by Cameron (1985), since the earlier samples usually contained only a few clusters
in the outer disk (with the Galactocentric radii R > 12 kpc), such fitting is quite sensitive
to points at these extreme radii, especially in the studies using a single linear function
fit. Therefore – also keeping in mind the discontinuity at 10 kpc suggested by Twarog
et al. (1997) – precise high-resolution spectroscopy of stars, most often in their red giant
branch (RGB) stage, in distant OCs in the outer disk, which, at the same time are usually
old systems (Sect. 2.2), became of a special interest and importance (e.g., high-resolution
studies by Carraro et al., 2004, 2007; Villanova et al., 2005; Sestito et al., 2006, 2008;
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Figure 2.3: Radial distribution of [Fe/H] for OCs; reproduced from Yong et al. (2012,
their Fig. 19). Different symbols show data from different sources (filled circles –Yong
et al., 2012; filled squares –Yong et al., 2005; plus signs – data from other literature,
see Table 13 in Yong et al., 2012). Red plus sign symbols connected by line represent
multiple measurements of the same cluster. Slopes of linear fits for radii R < 13 kpc and
R > 13 kpc are given. A representative error-bar is shown in the right part of the plot.
Clusters Galactocentric radii are taken from Salaris et al. (2004). The sample consists of
49 clusters.

Bragaglia et al., 2008; Yong et al., 2005, 2012; Jacobson et al., 2008, 2009, 2011b; Friel
et al., 2005, 2010).

Using samples containing more of these outer disk clusters, most of the recent studies
agree that the radial distribution of OCs metallicity has a spatial transition between the
inner and the outer disk located around 12–13 kpc. Combining the high-resolution metal-
licity measurements from various sources, several authors measured that the metallicity
gradient flattens or even become a flat plateau beyond the Galactocentric radii R ∼ 12–
13 kpc, see Yong et al. (2005), Carraro et al. (2004, 2007), Sestito et al. (2008), Magrini
et al. (2009), Jacobson et al. (2009, 2011b), Pancino et al. (2010), Friel et al. (2010), Car-
rera & Pancino (2011), Lépine et al. (2011), or Yong et al. (2012). To illustrate this result,
the radial distribution of metallicity from Yong et al. (2012) is reproduced in Fig. 2.3.

Recently, Lépine et al. (2011) suggested an explanation of the step-like shape of the
radial metallicity gradient. Using the literature data on OCs (mostly from the catalog
of Dias et al., 2002a), they found the change in the gradient at 8.5 kpc, somehow smaller
radii than mentioned above (assuming the solar radius of 7.5 kpc). They associate the
transition radius with a ring-shaped region of void of gas located at the corotation radius
of a long-lived –minimal lifetime of order of 3Gyr – four-armed spiral pattern (see also
Amôres et al., 2009). The rotating spiral arms create a barrier isolating the gas at each of
the sides and so the gas is evolving independently in these two regions. However, the stars
are scattered and migrated across the disk (blurring and churning, see Sect. 3.2.1 for more
detailed description of these mechanisms but note that Lépine et al., 2011 consider the spi-
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ral arms long-lived and hence their corotation radius does not change with time). Lépine
et al. (2011) further suggested that the star formation in the Galactic disk has a clumpy
distribution (implying also an azimuthal metallicity gradient in the disk), happening in
a limited number of regions located in the spiral arms and having a specific metallicity.
Later, the radius of stars and OCs is changed by the interaction with the spiral pattern.
They propose two explanation for the flatness of the gradient in the outer disk: a flow of
gas from the corotation due to the interaction with the spiral structure, which is mixing
the gas in the outer disk; or that the OCs were formed in the inner region and moved
to the outer disk, where the condition for star formation are not fulfilled. The latter is
supported by the fact that mostly old OCs are found at larger radii beyond the transition.

The study of Lépine et al. (2011) points out that the spiral structure plays an essential
role in the explanation of the observed radial metallicity gradient of OCs. However, many
aspects of the mechanism are still not understood, e.g., Sellwood & Binney (2002) or
Roškar et al. (2008b) showed that the radial migration due to transient spirals affects gas
as well as stars (see Sect. 3.2.1). Moreover, together with the spiral arms, presence of the
Galactic bar plays an important role for the mechanisms of radial migration (Sect. 3.2.2).

Time evolution of the radial metallicity gradient

Earlier studies suggested slightly steeper metallicity gradients for older clusters (Janes
et al., 1988; Friel et al., 2002; Chen et al., 2003, see Table 2.1) or no significant evidence for
time evolution (Carraro et al., 1998). More recently, Magrini et al. (2009) found a similar
behavior based on high-resolution spectroscopic data. They do not find any significant
time evolution over the past ∼ 10Gyr for the outer part (R > 12 kpc) of the distribution.
For the more local part of the disk (7–12 kpc), the gradient is only slightly flatter for the
young OCs (ages ≤ 0.8Gyr they found the slope of (−0.053 ± 0.029) dex kpc−1, while
for two older age bins of 0.8–4 and 4–11Gyr the slope is (−0.094± 0.008) dex kpc−1 and
(−0.091±0.006)dex kpc−1, respectively). Flatter slope for younger ages of the inner disk
part was also found by Carrera & Pancino (2011), who analyzed a sample of 89 OCs with
the metallicity estimates based on high-resolution spectroscopy. Using a sample of 42
OCs, Jacobson et al. (2011b) focused on the transition zone between the inner and the
outer disk having 18 clusters with Galactocentric radii in the range of 9–14 kpc. They
compared metallicity radial distribution in various age bins and they suggested that the
transition might changed its location to larger Galactocentric radii over time (for ages in
the range of 0.8–4Gyr, the transition occurs near or beyond 14 kpc; while for the clusters
older than 4Gyr, it is located at smaller radii of ∼ 10 kpc).

Radial gradient of abundances of other elements

Apart from iron, the abundances of other metals are also measured in OCs,5 such as
the α-elements (O, Mg, Si, Ca, and Ti), the iron peak elements (Mn, Co, Ni), Al, or

5 These are often measured by the ratio of the given element abundance to that of iron and compared
to the same ratio of the Sun, for example, for the oxygen,

[O/Fe] = log10

[
(NO/NFe)?
(NO/NFe)�

]
,

where NO and NFe are the number of oxygen and iron atoms per unit volume of the object (?) and the
Sun (�).
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Na. Recent works using the results of the high-resolution spectroscopy usually find no or
only weak trends of these abundances with the Galactocentric radius (Friel et al., 2010;
Jacobson et al., 2011b; Yong et al., 2012). They also do not find significant differences
for the dependencies in the inner and outer disk. Similarly to [Fe/H], no significant time
evolution was found for other elements abundances radial distributions. Abundances of
individual clusters from different literature sources often have large variations (∼ 0.3 dex,
Jacobson et al., 2011b). High-quality, homogeneous dataset of abundances of other ele-
ments for a larger sample of OCs is needed to measure possible radial and age variations
in their distributions.

Comparison with other tracers

The radial metallicity gradients have been measured using several different tracers, Cep-
heids being among the most popular next to the OCs. With their ages up to ∼ 100Myr,
Cepheids represent a young population and they reflect the current chemical composition
of the thin disk. Recent studies (e.g., Luck & Lambert, 2011, or Yong et al., 2012, and
references therein) find gradient with values around −0.06dex kpc−1 and no evidence for
a change (flattening) in the radial metallicity distribution of Cepheids. However, the
dispersion of metallicity beyond the Galactocentric radius of 10 kpc is increased (Luck
& Lambert, 2011) and some works even find a discontinuity in the radial metallicity
distribution – similar to the one found using OCs (e.g., Pedicelli et al., 2009). Yong et al.
(2012) further compared the radial distribution of OCs to the one traced by the field giant
stars in the solar neighborhood and found similar trends for both populations.

2.5.2 Metallicity versus the vertical height

Another characteristic of the OCs population that could bring some information about the
chemical evolution of the disk, is the behavior of clusters metallicity with their distance
from the Galactic plane (given by the absolute value of the vertical cylindrical coordinate,
|z|). Existence of the vertical gradient can help to distinguish among various scenarios of
the thick disk formation (no gradient is expected in the thick disk formed by heating due
to accretion or merger events; in contrast to the thick disk formed by the gradual heating
of the thin disk). However, a conclusive evidence of the vertical metallicity gradient
of OCs is still missing and the literature includes controversial results. Some authors
found gradient approximately about −0.3 dex kpc−1, e.g., Piatti et al. (1995), or Chen
et al. (2003); others found no significant evidence for the gradient, e.g., Jacobson et al.
(2011a), or Carrera & Pancino (2011). Moreover, as noted by Carraro et al. (1998), when
estimating the vertical gradient of the OCs, clusters metallicity should first be corrected
for the radial and age trends. This was not done in all studies prior to that time and
makes the literature comparison difficult.

More recently, Carrera & Pancino (2011) investigated the vertical gradient for their
sample of 89 OCs. They corrected the contribution of the radial gradient and investigated
the vertical gradients in four annuli with different Galactocentric radii. Except for the
expected increased number of OCs with higher vertical distance in the outer annuli (with
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R of 10–13 kpc, and R > 13 kpc), they do not find any convincing vertical gradient in
either of the radial annuli.

2.5.3 Age–metallicity relation

Apart from the metallicity trends with the Galactocentric radius or the vertical height, the
age–metallicity relation (AMR) of OCs was also investigated since the ages and metal-
licities of enough numerous sample started to be available. The earlier studies, which
observed the radial metallicity gradient as a simple linear slope, obtained the AMR at
the solar radius through the correction of metallicities from various radii by the measured
radial gradient. However, in contrast to the radial abundance gradient clearly found in all
of these early studies, OCs seemed to show no relation between their age and metallicity,
unlike the field stars (Cameron, 1985, Friel & Janes, 1993, see Friel, 1995, for a summary
of results available by that time).

Later, Carraro et al. (1998) found the AMR measured from their sample to be consis-
tent with the one for the nearby stars, both showing similar trend having a rather large
scatter in their metallicity for all ages up to 9Gyr (e.g., Edvardsson et al., 1993, see also
Sect. 3.1). However, they also mentioned the sensitivity of the metallicity correction to
the possible time dependence of the radial metallicity gradient. The influence of the time
dependent radial gradient on the AMR of OCs is also discussed by Friel et al. (2002),
who confirm no clear correlation between age and metallicity derived from their sample.
Similar result was also reached by Chen et al. (2003) and Yong et al. (2005). This lead to
a conclusion that for the metallicity of OCs, their birth radii (considered the same as their
present-day observed radial location) is more important than their age (Friel et al., 2002);
or that possibly the stars in OCs could be of different stellar population with different
origin and chemical enrichment than the field stars (Yong et al., 2005).

Extending the clusters sample by five old systems in the outer disk, Carraro et al.
(2007) confirmed the lack of AMR for OCs. They found no clear relation among clusters
having metallicities with a spread of about 0.4 dex for all ages in their sample (0.8 – 5Gyr).
Using a compilation of 57 clusters, Pancino et al. (2010) suggested that there might be a
very weak trend in their AMR with a slope very gentle at most still compatible with no
trends at all. Similarly, Yong et al. (2012) found no significant trend in their age versus
metallicity distribution based on 48 OCs.

To sum up, the number of systems having metallicities (and abundances of other elements)
derived from a precise high-resolution spectroscopy have significantly increased in the
recent years. There are several working groups obtaining and analyzing these data, and
a big progress have been made in the field of the disk chemical evolution as traced by
OCs. However, many questions remain to be answered and more observational as well as
theoretical effort is needed to better understand these interesting and complex problems.
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Table 2.2: Metallicity of NGC6791 from different spectroscopic studies.a

Reference [Fe/H] Stars used
Worthey & Jowett (2003) +0.320±0.023 24 RGB, RC
Origlia et al. (2006) +0.35±0.02 6 RGB
Carraro et al. (2006) +0.39±0.05 10 RGB, RC
Gratton et al. (2006) +0.47±(0.04, 0.08) b 4 RC
Boesgaard et al. (2009) +0.30±0.08 2 turn-off

Notes. (a) All listed studies used a high-resolution spectroscopy except for the mid-resolution
measurements of Worthey & Jowett (2003). (b) Two error estimates represent random and sys-
tematic terms respectively.

2.6 The case of NGC6791

NGC6791 is unique in the Galactic system of OCs from several points of view – it is very
old, metal-rich, massive, and it shows several interesting features not observed in any other
OC. Due to its unique properties, NGC6791 has been subject of many observational and
theoretical studies. In this section, we (not exhaustively) review the cluster characteristics
and relevant references.

2.6.1 Basic characteristics

NGC6791 is found in the constellation of Lyra (upper image of Fig. 2.4). The cluster
location within the MW is at 4 kpc from the Sun, close to the solar circle, at 8 kpc from
the Galactic center and about 0.8 kpc above the Galactic plane (derived from Brogaard
et al., 2011, see Sect. 5.1.1 and Table 5.1 for details). The first photometric study of the
cluster was made by Kinman (1965) and many others followed since than. The color–
magnitude diagram (CMD) of NGC6791 is complex, showing several puzzling features,
some of which are discussed below. Using a comprehensive photometry and PMs, Platais
et al. (2011) made a membership analysis for stars down to g′ ∼ 22mag. They estimated
the total mass of the cluster to be 5000M� and the tidal radius (23.1 ± 1.0)′. An older
estimate of the cluster mass was made by Kaluzny & Udalski (1992), who obtained a
lower-limit value of about 4000M�.

NGC6791 is one of four OCs in the field of view of the NASA Kepler mission (Gilliland
et al., 2010) designed to discover transiting exoplanets. The data collected by Kepler lead
to several astroseismological studies of stars in NGC6791, e.g., Basu et al. (2011) or Miglio
et al. (2012).

2.6.2 Metallicity of NGC6791

The cluster metallicity has been subject of several studies since the mid-80s (starting
with Janes, 1984). Taylor (2001) critically revised earlier metallicity estimates published
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Figure 2.4: Ground-based view of NGC6791. Up: Location of the cluster on the night
sky (field of view of 45◦ × 35◦, centered on the constellation of Cygnus). Names of
constellations and of several bright stars are marked. NGC6791 can be found in Lyra.
Credit: NASA, ESA, A. Fujii, and Z. Levay (STScI). Bottom: NGC6791 (field of view
25′ × 25′). Credit: Digitized Sky Survey (DSS), STScI/AURA, Palomar/Caltech, UK-
STU/AAO. Both images are taken from the HubbleSite News Release Archive, Number:
STScI-2008-25, Credit: NASA, ESA, L. Bedin (STScI).

http://hubblesite.org/newscenter/archive/releases/2008/25/
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during the period 1984–1999, concluding that: the metallicity of NGC6791 is some-
where between +0 .16 and +0 .44 dex, with some results clearly indicating extreme val-
ues, though, a significant spread among different studies is present. Some more recent
results using accurate high-resolution spectroscopy of cluster stars in various evolution-
ary stages reached generally more consistent values. We give a summary of these results
in Table 2.2. Apart from the spectroscopy, the metallicity was also measured using the
color-metallicity relations for the CCD photometry by Anthony-Twarog et al. (2007) ob-
taining [Fe/H]= (+0.45 ± 0.04) dex, a value consistent with the high-resolution spectro-
scopic results (Table 2.2). In summary, NGC6791 has extremely high metallicity, [Fe/H]
∼ +0.4 dex and belongs among the most metal-rich OCs (see Fig. 2.3, where metallicities
obtained from high-resolution spectroscopy for 49 OCs are indicated).

2.6.3 Age, reddening, and distance modulus

The age of NGC6791 has been measured by many authors using the classical method of
the CMD isochrone fitting. From these results there is no doubt that the cluster belongs
to the oldest known OCs. However, the isochrone method is sensitive to the used model of
stellar evolution and it requires estimates of reddening and distance modulus. The scatter
in these parameters obtained in the last three decades is quite large: for reddening and
distance modulus, 0.09–0.225 and 12.66–13.6 respectively, resulting in age estimates in
the range of 6–12.5Gyr (e.g., Anthony-Twarog & Twarog, 1985; Kaluzny, 1990; Demarque
et al., 1992; Meynet et al., 1993; Carraro et al., 1994; Montgomery et al., 1994; Tripicco
et al., 1995; Kaluzny & Rucinski, 1995; Chaboyer et al., 1999; Salaris et al., 2004, see, e.g.,
King et al., 2005 or Anthony-Twarog et al., 2007 for a summary on various references).

In principle, it is not easy to constrain the precise age of a cluster based only on the
isochrone fitting method, although several up-to-date studies tend to converge on a value
around 8Gyr (Carney et al., 2005; King et al., 2005; Carraro et al., 2006; Anthony-Twarog
et al., 2007). Recently, reddening and distance independent age estimates based on obser-
vations of detached eclipsing binary cluster members were published by Grundahl et al.
(2008) and Brogaard et al. (2012) (see also Brogaard et al., 2011), both giving results
around 8Gyr. Another independent age estimate by García-Berro et al. (2010) coming
from the method of white dwarf (WD) cooling sequence gives value about 8Gyr, consis-
tent with the above mentioned results (see Sect. 2.6.4 for details about the cluster WD
population). Yet a different method for age determination was investigated by Basu et al.
(2011), who used the astroseismic data of 34 RGB cluster stars observed by the NASA
Kepler mission to obtain their ages (the method requires the knowledge of reddening and
metallicity) and found ages between 6.8 and 8.6Gyr, with the most models giving age
around 7Gyr.

Therefore, let us conclude that NGC6791 is about 8Gyr old and it belongs to one
of the oldest OCs known (see Sect. 2.4 and also Fig. 2.2). For our later investigation
(Sect. 5.1.1), we adopt the distance modulus given by Brogaard et al., 2011 (and also
Brogaard et al., 2012), which leads to the cluster solar distance of (4.01± 0.14) kpc.
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2.6.4 Peculiarities in the CMD

The white dwarf population

The WD population of NGC6791 was observed for the first time by Bedin et al. (2005).
Studying the WD luminosity distribution they obtained the cooling sequence below 3Gyr,
in a significant contrast to the turn-off point age estimates of about 8Gyr (Sect. 2.6.3).
To explain this discrepancy, Hansen (2005) suggested that NGC6791 contains He-core
WDs with a significantly longer cooling time scales compared to the classical CO-core
WDs. He-core WDs might be result of an enhanced mass loss of stars in their RGB
phase, which is caused by the high metallicity of the cluster. This scenario was further
supported by Kalirai et al. (2007), who found part (about two-thirds) of the cluster WD
population to have masses lower then the He-core flash limit (and so these stars could
not start burning He in their cores and later result to classical CO-core WDs).

However, Bedin et al. (2008a) observed an extended double-peaked WD luminosity
distribution. In the classical CO-core WD picture, each of the luminosity distribution
peaks corresponds to the WDs with a different age (about 4 and 6Gyr). Bedin et al.
(2008b) demonstrated that this shape of the luminosity distribution can be explained if
a significant fraction (about one third) of WDs is actually in binaries. Van Loon et al.
(2008) used the Spitzer Space Telescope infrared photometry to search for the evidences
of an enhanced mass loss of the RGB stars – circumstellar dust, differences in the observed
and theoretical (without an enhanced mass loss) luminosity distributions – but they found
neither of these, concluding that there is no evidence for a high mass loss of the RGB stars
in the cluster. García-Berro et al. (2010) presented a complex modeling of the classical
CO-core WD cooling, which led to a significant increase of the cooling age, resolving the
age discrepancy without the necessity for the He-core WDs.

The WD binary population as an explanation of the double-peaked WD luminosity
distribution was further favored by theoretical study of the evolutionary cooling sequences
by García-Berro et al. (2011), who did not find any evidence for a substantial fraction of He
core WDs in NGC6791. Moreover, using the stellar masses obtained from astroseismology
measured by the NASA Kepler mission, Miglio et al. (2012) estimated the mass loss
during the RGB stage to be rather small and insufficient for the formation of a significant
number of He-core WDs.

Extreme horizontal branch stars and the UV upturn

Many extreme horizontal branch (HB) stars were discovered in the cluster (Kaluzny
& Udalski, 1992; Liebert et al., 1994; Kaluzny & Rucinski, 1995; Buson et al., 2006;
Buzzoni et al., 2012). Number of observational and theoretical studies have been made
to understand the details about these stars and their formation, see, e.g., D’Cruz et al.
(1996), Maxted et al. (2001), or Heber (2009), and references therein. Briefly, stars in
the extreme HB stage are hot subdwarfs of B and O type (with effective temperatures
more than 3 · 104 K), He-core burning, with masses of about 0.5M�, and with tiny H
envelopes (too thin to sustain H burning). It is believed that they result from low-mass
stars that experienced an enhanced mass loss (probably due to some kind of interaction in
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binaries) that removes all but a tiny fraction of their H envelope during the RGB phase.
Hot subdwarfs in the extreme HB phase burn He in their cores under high temperatures
and produce a large amount of UV flux.

The UV upturn (or UV excess) is an excess in the far UV part of the spectral energy
distribution (with a wavelength shorter then 2500Å) and is observed in some elliptical
galaxies and spiral bulges (including the MW one). Hot subdwarf stars are commonly
suggested as an explanation of this phenomenon and therefore the UV flux was unex-
pected in the early-type systems, which are supposed to be composed of old, red stars.
Recently, Buzzoni et al. (2012) measured a significant UV upturn also in the spectral
energy distribution of NGC6791, as in the only case among the Galactic OCs.

Possible prolonged star formation

Twarog et al. (2011) analyzed the CMD of NGC6791 based on the photometric database
compiled by Stetson et al. (2003). The upper main sequence (MS) and the turn-off region
of the cluster were found much wider than expected from the photometric errors and
binary stars. By separating the stars lying inside the cluster core and outside it, they
found that the inner stars occupy the red edge of the upper MS, while the outer stars
occupy the blue edge. Twarog et al. (2011) suggested a possible explanations for this
occurrence: an age spread of about 1Gyr between the stars in the inner and the outer
regions of the cluster, in the sense that the inner stars formed before the outer stars.
However, an explanation by a variable reddening cannot be excluded either.

2.6.5 Abundance spread

While the RGB of NGC6791 is broad in color (Janes, 1984), statistically significant evi-
dence for an abundance spread within the cluster –which would support a self-enrichment
scenario – has been reported only very recently by Geisler et al. (2012). Using high S/N
spectra of 21 member stars of different evolutionary stages – lower and upper RGB, red
clump, and asymptotic giant branch (AGB) stars – they found that NGC6791 shows an
intrinsic spread in its O and Na content. Figure 2.5 reproduces their results. The Na dis-
tribution exhibits bimodality, and moreover, the Na-rich group seems to follow the Na–O
anti-correlation trend typically observed in GCs (the red curve in Fig. 2.5, see Sect. 2.7
for more details on the Na–O anti-correlation observed in GCs). While, on the other
hand, the Na-poor group has similar abundances as observed for the field stars (green
circles in Fig. 2.5).

With these results of Geisler et al. (2012), NGC6791 became the first OC with ob-
served intrinsic spread in any element. On the other hand, this phenomena is commonly
observed in the Galactic GCs (Sect. 2.7), which makes the classification of the NGC6791
system quite confusing. To better understand a possible implications of the described
observational characteristics for the evolution history of NGC6791, a brief summary of
the nowadays understanding of the abundance variations in GCs is reviewed in Sect. 2.7.
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Figure 2.5: Comparison of the [Na/Fe] versus [O/Fe] abundances in NGC6791 and
other objects; reproduced from Geisler et al. (2012, their Fig. 4b). Individual stars in
NGC6791 as observed by Geisler et al. (2012) – black circles with error-bars; abundances
of red giant stars in GCs from Carretta et al. (2009) – black crosses; metal-rich (with
[Fe/H] > −0.2) field stars from Reddy et al. (2003, 2006) – green circles; mean values
for OCs from de Silva et al. (2009, see references therin) – blue circles; mean GCs Na-
O anti-correlation – red curve; mean values for the two populations in NGC6791 with
uncertainty – red crossed with error-bars.

2.6.6 Origin of NGC6791

The wealth of unique properties of NGC6791 clearly poses the basic question of the origin
of this system. Basically, three main theories have been suggested so far.

• The inner disk origin: the inner disk, close to the Galactic bulge, is a high-density
region where the star formation is very efficient and the metal enrichment fast
(Bensby et al., 2010). Therefore, a system with characteristics similar to NGC6791
could have formed in the inner regions of the MW about 8Gyr ago and then migrated
outward, to its current location. A brief summary of migration mechanisms, which
could influence the cluster orbit is given in Sect. 3. The main goal of Sect. 5 than
is to investigate this scenario more in detail.

• The extra-galactic origin: Carraro et al. (2006) suggested that NGC6791 could be a
left-over of a dwarf elliptical galaxy that was engulfed by the MW some time ago and
lost most of its mass by the tidal interaction. This scenario seems to be supported
by the extreme HB stars and UV upturn measured in the system (Sect. 2.6.4).

• The origin due to the impact of a GC: Based on their study of NGC6791 orbital
parameters, Vande Putte et al. (2010) suggested that the cluster might result from
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a gas compression caused by the impact of a GC on the Galactic disk. An OC orig-
inating from such mechanism is expected to have its metallicity similar to the disk.
Vande Putte et al. (2010) based their suggestion on the NGC6791 metallicity value
of (+0.11± 0.10) dex (listed in the catalog of Dias et al., 2002a, V2.10, released on
February 2009), originally obtained by Friel et al. (2002) using a medium-resolution
spectroscopy of 39 cluster member stars. However, more recent metallicity esti-
mates based on the high-resolution spectroscopy favor somehow higher value about
+0.4 dex (Sect. 2.6.2, Table 2.2), which makes this scenario less probable.

The study of the orbit of NGC6791 did not reveal much to clarify the origin so far.
Depending on the quality of the available kinematic data, backward calculation could
produce different orbits – a regular orbits with different eccentricities e ∼ 0.5 or ∼ 0.3 by
Bedin et al. (2006), and Wu et al. (2009), respectively, both reaching Galactocentric radii
of ∼ 10 kpc; or an orbit by Carraro et al. (2006) extending to more than 20 kpc in the
Galactic disk (see Sect. 5.1.3 for a more detailed comparison of the published studies
of the cluster orbit). The aim of Sect. 5 is to obtain the orbit of NGC6791 using the
most up-to-date kinematic data and to investigate the possible origin of the current orbit
through a particular kind of the radial migration mechanisms.

Another important point to consider in the context of the cluster origin and evolution
scenarios is a significant mass loss that the system must have experienced experience dur-
ing its lifetime of about 8Gyr. The cluster was originally much more massive than its cur-
rent mass of about 5000M� (Sect. 2.6.1). This aspect is briefly investigated in Sect. 5.3.

2.7 Multiple stellar generations in GCs

GCs have long been considered as good examples of a single stellar population systems.
However, star-to-star variations in the abundances of light elements (e.g., C, N, O, Na,
Mg, Al, or F) were discovered already in the late 70s (Cohen, 1978). A spread in the
light elements abundances can be found even when the Fe abundance is observed to be
homogeneous among the stars in a single cluster. Moreover, an anti-correlation between
the abundances of O and the one of Na (O–Na anti-correlation) has been found in most
of the MW GCs surveyed (see black crosses in Fig. 2.5 that mark the abundances of red
giants in 15 GCs observed by Carretta et al., 2009). Al–Mg anti-correlation has also been
discovered in some GCs.

Moreover, multiple sequences were recently observed in the CMDs of several GCs. The
first and probably the most known example of such cluster is the most massive Galactic
GC–ω Centauri (e.g., Bedin et al., 2004; Villanova et al., 2007; Bellini et al., 2010b, and
references therein). Two (and later even three) separated MSs – the blue and the red
sequence –were found in the CMD based on the high accurate Hubble Space Telescope
(HST) photometry. Furthermore, spectroscopic analysis of Piotto et al. (2005) showed
that the stars of the blue sequence are of about +0.3 dex more metal-rich then the stars
belonging to the red sequence. Few more GCs (NGC2808, NGC6388, or NGC6441)
with photometrically distinguishable multiple stellar populations have been observed by
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today. With their present-day masses greater then 106 M�, all these examples belong to
the most massive GCs observed in the MW.

The rich, intermediate-age star clusters of the Magellanic Clouds do not seem to be
an exception (Milone et al., 2009), although in this case signatures of prolonged star
formation are more common than evidences of discrete episodes of star formation. In
the CMDs of Magellanic Clouds clusters the MS is much broader than expected from the
photometric errors and binary stars, but does not separate into discrete sequences unlike
in the Galactic globulars.

Accepted explanation for the observed anti-correlations is that they are generated via
proton capture reactions of the CNO, NeNa, and MgAl chains at high temperatures (in
hot H-burning environment). The high temperature necessary for these processes occurs
in stellar interiors of stars massive enough. However, since the Na–O anti-correlation is
found also in the unevolved low-mass stars (observed for the first time in NGC6752 by
Gratton et al., 2001), which cannot reach such temperatures, their material must have
originated in other (more massive) stars of some previous generation. This requires that
the stars in GCs form in more than one generation. The second generation of stars forms
from material polluted by the gaseous ejecta of the first – primordial – generation of stars.
Discrete episodes of star formation could also explain the multiple sequences observed in
CMDs of some GCs.

Number of observational and theoretical studies of the multiple stellar generations
phenomena have been made and their comprehensive summary is beyond the scope of
this thesis. The topic has been reviewed several times, e.g., by Gratton et al. (2004,
2012), where we refer the reader for further details and references. Here we give only
a very brief information needed to see the NGC6791 properties in a wider context. To
sum up, the stars in GCs of various evolutionary stages show observational signatures
of multiple stellar populations (spectroscopic and/or photometric). The single stellar
population picture is no more sufficient to explain the formation and evolution of these
complex systems and the idea of the multiple generation scenario is nowadays generally
accepted. However, details of this scenario are still not completely understood. For
example, an issue under discussion is the nature of the first generation polluters. Two
most popular candidates are AGB stars, with time scale for the secondary star formation
∼30–300Myr; and fast rotating massive stars (FRMS), with shorter time scale of few Myr;
although the AGB scenario is favored by some recent studies (see, e.g., Renzini, 2008, for
a comparison). Other still unsolved questions of the multiple generation scenario are: the
initial mass of systems and the form of their IMF, formation of peculiar objects observed
in GCs (for example of the blue stragglers, see Glebbeek et al., 2010), or the role of
binaries and their fraction.

Theoretical studies need to satisfy a number of observational constrains and explain
the variety of observed characteristics among GCs. One of the important issues is that the
observed mass of the residual first generation stars is much less then the second generation
one (e.g., Carretta et al., 2009, and references therein). Both of the most accepted first
generation polluters (AGB stars and FRMS) in combination with the classical IMF do
not eject sufficient amount of gas to produce enough of the second generation stars (Grat-
ton et al., 2012, and references therein). A possible solution to overcome this contrast
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is that GCs were originally much more massive (10–100 times) systems then observed
today and most of the first generation stars were preferentially lost. This scenario was
theoretically investigated by, e.g., D’Ercole et al. (2008), Bekki (2011), Vesperini et al.
(2010), or Valcarce & Catelan (2011). These studies also show, that the initial mass of the
system,Mini, is a crucial characteristic that determines how much of the ejecta of the first
generation stars the system is able to retain and how efficiently is later transformed to
the second generation stars. The initial mass then consequently determines the different
abundance variations which can be observed in systems with different present-day mass.
Bekki (2011) examined the scenario, where GCs are born in larger systems (Galactic
building blocs, as massive dwarf galaxies, later destroyed during the Galactic evolution)
and set the theoretical limiting cluster initial mass of (6–10) · 105 M�, to be the mass
necessary for the system to form the second stellar generation and consequently to show
the abundance spread in its light elements. This threshold mass is roughly consistent
with other theoretical study by Vesperini et al. (2010) who obtained a slightly lower value
of 104.8–105 M�.
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Radial migration

One of the suggested scenarios for the origin of the peculiar open cluster NGC6791 is
that the cluster have formed in the inner Galactic disk regions and later it was migrated
outward in the disk to its current location (Sect. 2.6.6). More generally, it seems that
radial migration plays an important role in the evolution of the disk galaxies. Several
mechanisms causing radial migration are known. In this chapter, we give a brief literature
summary on this topic.

3.1 Classical picture of the Galactic disk evolution

The classical understanding of characteristics and radial distribution of stars in the Galac-
tic disk was based the on the assumption that stars are formed in situ, i.e., they are born
mostly on circular orbits and they stay moving on them for the most of their life. However,
it has been observed that the kinematics of stars in the solar neighborhood systemati-
cally varies with age (stellar type) – the velocity dispersions of generally younger groups
of stars are smaller than of the older stars (e.g., Wielen, 1974 and references therein).
These correlations have been described through the diffusion of stellar orbits in the ve-
locity space caused by local irregularities and fluctuations in the Galactic gravitational
field (interaction and scattering by the GMCs or transient spiral arms). Wielen (1977)
found that a star located in the solar neighborhood can change its velocity by more than
10 km s−1 with respect to its unperturbed regular orbit on a time scale of 200Myr (ap-
proximately the same time as its revolution around the Galactic center). Such a diffusion
in the velocity space results into a change in the position of the star of about 1.5 kpc.

This picture of stars on diffused stellar orbits, increasing their non-circularity with
age, and the inside-out scenario of the formation of the Galactic disk are the key ideas of
the classical models of the chemical evolution of the disk. In the inside-out scenario of disk
formation, the central regions are formed first, with an earlier star formation and a faster
chemical enrichment than the outer disk regions. The outer disk is formed later by infall
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of gas and the abundances of heavy elements are decreasing with Galactocentric radius
(having negative metallicity gradients). The evolution of the disk is further influenced by
gas infall and radial flows, which can make the metallicity gradient more shallow.

The classical models of the thin disk chemical evolution assume that the disk can
be divided into concentric cylindrical annuli evolving independently of each other (e.g.,
Matteucci & Francois, 1989; Chiappini et al., 1997, 2001 and references therein). The disk
is formed by infalling gas (from the halo, interstellar medium of the thick disk, and from
the intergalactic medium). The time scale of the formation is assumed to be a function of
Galactocentric distance which produce an inside-out formation where the inner disk parts
(inner annuli) evolve faster than the outer regions (outer annuli). The infalling gas has a
low metallicity. Over time, stars form from the gas in individual annuli, evolve, and finally
enhance the remaining gas with heavy elements. The annuli have width approximately
equal to the characteristic length of the orbital diffusion (2 kpc in Chiappini et al., 1997)
and they do not exchange material between each other. This leads to the formation of
a radial metallicity gradient in the disk, which is generally moderated, for example, by
further gas infall from the intergalactic space.

The gas within any annuli is assumed to be well mixed at any time and so each star
at the given annuli has metallicity corresponding to the composition of the gas at the
moment of the formation of the star. Since the material (neither stars nor gas) does not
exchange between annuli, this predicts that a relation between age and metallicity should
be present at given radius in the disk. However, it has been found by Edvardsson et al.
(1993) that the stars in the solar neighborhood do not show any tight AMR but rather
a considerable scatter of metallicities at all ages (for stars of the solar age, the scatter is
about 0.24 dex, Wielen et al., 1996). A possible explanation of this spread in the AMR
is that the disk stars can change their Galactocentric radius more than predicted by
the epicyclic approximation for close-to-circular orbits (so-called blurring, see Sect. 3.2.1)
and by the orbital diffusion (Wielen, 1977). This was suggested and confirmed by Wielen
et al. (1996), who investigated the initial Galactocentric radius of the Sun. Based on the
anomalous metallicity of the Sun, which is of about 0.17 dex higher than observed for the
nearby stars of the same age, and assuming the presence of a radial metallicity gradient
of stars formed in the same time, they found that the Sun was migrated outward from
its birth radius by (1.9± 0.9) kpc. Since the solar metallicity anomaly lies well within the
observed spread of metallicities of the stars of a similar age and location, such a change in
Galactocentric radius should be rather typical. Below, we continue with a more detailed
description of known physical mechanisms causing these changes and their consequences
for the evolution of the Galactic disk and galactic disks in general.

3.2 Radial migration in galactic disks

The change of the mean orbital radius (also called home radius) of a star (or other object
living in the Galactic disk, such as a star cluster or a GMC) without any significant
dynamical heating (i.e., without dramatic increase in eccentricity or inclination) is called
radial migration.
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3.2.1 Radial migration due to transient spirals

In their seminal work, Sellwood & Binney (2002) described radial migration mechanism
due to transient spiral waves in disks. Firstly, they theoretically derived and confirmed
using an N -body simulation, that in the disk with a single spiral mode, the z-component
of angular momentum of a star (or gas) on a close-to-circular orbit corotating with the
spiral can change, while its radial kinetic energy does not change to the first order. In
other words, at the corotation radius of spirals, the mean orbital radius of a star can
change while there is there is no (or only a little) increase in its random motion and
the star still follows close-to-circular orbit, however, with a different mean orbital radius.
Star moving on a more general orbit is scattered in a more general way and changes of
its z-component of angular momentum are accompanied by changes of its radial kinetic
energy; if these stars are on close-to-circular orbits, they are scattered into non-circular
orbits. Furthermore, simulation of Sellwood & Binney (2002) showed that the angular
momentum change at the corotation happens symmetrically – the particles are transfered
from one side of the corotation radius to the other at similar rates – and hence there
is no significant change in the overall angular momentum distribution. A more general
simulation developing a succession of transient spirals, each of them swapping orbits
around its corotation, led to the overall churning of the disk (stars and gas), when stars
can migrate significant distances in the disk (2–3 kpc) while remaining on close-to-circular
orbits. Such a radial migration has an important implications for the classical view of the
chemical evolution of disks, e.g., it is expected to flatten any metallicity gradient within
the disk and to erase the AMR.

Roškar et al. (2008a) presented results of a high-resolution SPH (smoothed particle
hydrodynamics) simulations of isolated MW-like spiral galaxy formation (without a strong
central bar). They focused on the disk outskirts and showed that an exponential surface
density profile with a break associated with a rapid decrease of gas surface density and of
star formation is formed fast. Such a downward bending profile (Type II in the classical
Freeman, 1970 classification) further persists during the simulation and the outer disk
is populated by stars that have migrated there from the inner disk due to the transient
spirals. Further, by mapping the surface density of cool gas, they confirmed that the cool
gas also participates in the radial migration.

The same simulation as in Roškar et al. (2008a) was further investigated by Roškar
et al. (2008b) who described more consequences of the radial migration due to transient
spiral arms. They focused on the stars in the solar neighborhood (region between radii
of 7 and 9 kpc), summarizing that roughly 50% of all ‘solar neighborhood’ stars have
come from elsewhere, primarily from the disk interior. The radial migration substantially
alters the properties of stars in the solar neighborhood with respect to the classical view
assuming that most of the stars remain at the same disk radii throughout their lifetime.
Significant changes of radii result in flattening of the AMR and increasing of its dispersion,
and in a broadening of the metallicity distribution function in the solar neighborhood.

Schönrich & Binney (2009) extended the classical chemical evolution models of the
MW to include the radial migration of stars and gas in the disk. Following Sellwood &
Binney (2002), they introduced terminology to classify the changes in the radial position
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of stars and gas: the changes in epicycle amplitude of orbit lead to blurring; while changes
of the angular momentum of orbit cause churning. Their model accounts for both these
processes by introducing a certain exchange of stars and gas between the disk annuli
(see Sect. 3.1). The model provides a good fit of the metallicity distribution of the solar
neighborhood stars (based on the Geneva–Copenhagen survey).

The character of the spiral pattern in galactic disks – long-lived spiral arms; recurrent,
transient spiral arms; or possibly a combination of both these modes – is still under dis-
cussion (see, e.g., Binney & Tremaine, 2008 or Foyle et al., 2011 and references therein).
Lépine et al. (2003) investigated the radial migration at the corotation radius of a long-
lived spiral pattern (i.e., the mechanism described by Sellwood & Binney, 2002, for a
single spiral mode). They focused on the MW with a single steadily rotating spiral arms
with the corotation radius close to the solar circle (8.5 kpc) and confirmed that stars are
migrated around the corotation radius, with the radial change of ∼2–3 kpc in a time of
∼1Gyr or even much less. Using a 2-dimensional test-particle integrations in the Galactic
plane, they further investigated the evolution of originally linear radial abundance gra-
dient finding that a plateau of flat abundance distribution forms around the corotation
radius (7.5–11 kpc). The study of Lépine et al. (2003) was further extended by Lépine
et al. (2011), see Sect. 2.5.1 for detailed description.

3.2.2 Radial migration due to resonance overlap

Quillen (2003) showed that the presence of two non-axisymmetric perturbations rotating
with different angular velocities can induce a chaotic orbits in a galactic disk, especially
close to the resonant radii of one of the rotating pattern. Further, through their direct
numerical integrations of test-particles initially on close-to-circular orbits, Minchev &
Quillen (2006) studied the radial heating (increase of the radial velocity dispersion) in
a disk with multiple spiral patterns (two-armed and weaker four-armed). They found
that the effect of the non-axisymmetric perturbations is not summed up linearly – the
radial heating present in the case of multiple patterns is higher than the one resulting
from adding up the heatings present in the cases of single spiral pattern. The heating
also spreads in a wider range of radii compared to the cases of single perturbations.
The authors also found that the coupling of two spiral perturbations causes a radial
diffusion of particles.

The role of multiple rotating patterns for radial migration have been further described
by Minchev & Famaey (2010). Using a test-particles on originally close-to-circular orbits
in various 2-dimensional gravitational potential models – including a single steady-state
non-axisymmetric perturbation (bar or spiral arms); or two perturbations together, each
steady-state and each rotating with a different angular velocity – they mapped the an-
gular momentum change induced in the disk. The amplitudes of the non-axisymmetric
perturbations were grown during the time of 0.4Gyr at the beginning of the calculations
and were in other respects time independent (with constant angular velocities). Firstly,
Minchev & Famaey (2010) showed that in the cases with a single perturbation, a signif-
icant angular momentum changes occur only in the regions near the corotation radius
of the given perturbation. This radial migration mechanism is similar to the one de-
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scribed by Sellwood & Binney (2002) for the case of a single spiral mode. However, when
both bar and spiral arms are present in the disk, the angular momentum changes occur
not only close to the corotation radii of each of the perturbations, but they basically
spread throughout the whole disk. The distribution of the change of angular momentum
is found bimodal, with peaks close to the corotation of the bar and its outer Limdblad
resonance (regardless the pattern speed of the spiral arms). Important characteristics of
the radial migration due to resonance overlap are that the effects of individual rotating
perturbations add up nonlinearly (as already noticed by Minchev & Quillen, 2006); that
the level of the final radial migration is strongly dependent on strengths (amplitudes) of
the individual perturbations; and that the migration is stronger when the resonant radii
of individual perturbations lie very close to each other.

Signatures of the resonance overlap radial migration mechanism were confirmed using
self-consistent Tree-SPH N -body simulations of Minchev et al. (2011). They analyzed
and compared simulations of isolated disk galaxies developing bar and spiral structure(s)
of various strengths. The simulations that developed a long-lived central bar all show bi-
modality in the distribution of the angular momentum change – signature of the resonance
overlap radial migration. This mechanism is identified as independent to the migration
due to transient spirals (Sect. 3.2.1). The resonance overlap mechanism is found to be effi-
cient on shorter time scales comparing to the mechanism due to transient spirals (Minchev
& Famaey, 2010, compare their disk mixing time scale of 3Gyr to 9Gyr for that of the
transient spirals radial migration).

3.2.3 Radial migration due to satellites

Real galaxies are not isolated systems. Quillen et al. (2009) investigated the radial mi-
gration induced tidally by orbiting satellite galaxy. They simulated a stellar galactic
disk (with characteristics consistent with the MW one) by test-particles and perturbed it
with a low mass satellite (few times 109 M�) on a tight eccentric orbit. The satellite in-
duces a warp and spiral structure in the outer disk of the bigger galaxy and also streams
in its velocity distribution. Further, through the investigation of correlations between
angular momentum change and orbital eccentricity, they found that some particles can
be migrated from the outer disk to inner radii, while having orbit of low eccentricity
(close-to-circular orbit).

The analysis of Quillen et al. (2009) was extended by Bird et al. (2012), who carried out
self-consistent simulations of both isolated and tidally perturbed MW-like disk galaxies.
By comparing the radial migration in these simulations, they identified the migrating
mechanism induced by the satellite bombardment as an independent process, different to
that induced by transient spirals or multiple rotating patterns. They found the orbital
dynamics of migrated particles to be different than for the other mechanisms. The radial
migration due to satellites also shows a different distribution of probability for particles
to migrate. Bird et al. (2012) conclude that: In the isolated disc models, the probability
of migration traces the disc’s radial mass profile, but in perturbed discs migration occurs
preferentially at large radii, where the disc is more weakly bound.



34 Chapter 3

3.2.4 Radial migration and OCs

As mentioned in Sect. 2.3, Wu et al. (2009) analyzed the kinematics and orbits of 488
OCs, a sample mainly taken from the compilation by Dias et al. (2002a, the version avail-
able at given time). They found the radial metallicity gradient for OCs currently located
at R < 13.5 kpc to be similar to the one derived from the apogalacticon distances of their
orbits (only clusters with current radii R < 13.5 kpc were considered). From this result,
Andreuzzi et al. (2011) implied that orbits of OCs are not affected by the radial migra-
tion and therefore they claim that: apart from a few exceptions, it appears safe to use
OCs and their present-day positions to define the metallicity distribution now and in the
past. However, as noted by Jacobson et al. (2011b), this implication is not obvious, since
the processes of radial migration can move the orbital radius by several kiloparsecs while
the orbit remains circular (or close-to-circular). Therefore, a cluster currently moving
on close-to-circular orbit could have been born on close-to-circular orbit with different
Galactocentric radii. Since Wu et al. (2009) used time independent axisymmetric gravi-
tational potentials, the influence of the radial migration cannot be estimated from their
results.

Jacobson et al. (2011b) pointed out that in the presence of radial migration one would
expect the metallicity gradient to be washed out with time, and the older clusters to have
a flat radial metallicity distribution. However, since this is not observed in the current
results, they suggest that OCs should not have been affected by radial migration in the
same way as the field stars are. On the other hand, Lépine et al. (2003, 2011, see also
Sects. 2.5.1 and 3.2.1) assumed a long-lived spiral pattern (inducing radial migration
at the corotation radii) and suggested its effect on the OCs forming a step-like radial
distribution of metallicity with the transition close to the corotation radius of the spiral
pattern (8.5 kpc).

Recently, Fujii & Baba (2012) investigated the radial migration of OCs directly
through N -body simulations of clusters in live disks with multiple transient spiral arms.
They concluded that clusters can be migrated by few kpc in few hundred Myr – open
clusters in the Galactic disk older than ∼100Myr are expected to have already migrated
from their initial galocentric radii.

3.2.5 Signatures of radial migration observed in external disk galaxies

Apart from the MW, signatures of radial migration have been recently observed also in
external disk galaxies. Yoachim et al. (2012) presented an integral field unit spectroscopy
of 12 nearby disk galaxies. They constructed age and metallicity radial profiles of the outer
disks of six galaxies and compared their shape with the location of the (downward) break
in the radial surface brightness profiles. Three of these galaxies show an increase of stellar
age beyond the break radius of the radial surface brightness profile, while the interior is
dominated by active star formation. Such increase of stellar age beyond the break radius is
predicted by the simulations of Roškar et al. (2008a, see Sect. 3.2.1) and it could indicate
that the outer disk was formed by the radial migration due to transient spirals (similar
conclusion was obtained by Radburn-Smith et al., 2012 for galaxy NGC7793). However,
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Yoachim et al. (2012) also found that in several galaxies from their sample, the outer disk
is dominated by young stars and the star formation is active inside as well as outside the
break radius. Consistent results were found by Roediger et al. (2012), who analyzed 64
disk galaxies in the Virgo cluster. They found that the inversion in the stellar age radial
profile is present only in some of their galaxies.
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Galactic model and orbit integrator

To compute any Galactic orbit, it is necessary to adopt a model for the MW gravitational
potential. While the general picture of the present-day MW structure is more or less
well established and supported by observations, a more detailed description is still under
lively discussion, see, e.g., Schönrich et al. (2010) or Coşkunoǧlu et al. (2011) for the recent
analysis of the velocity of the local standard of rest (LSR),1 Reid et al. (2009), Carlin
et al. (2012), or Bovy et al. (2012) for the up-to-date description of the MW rotation
curve. These unresolved issues naturally bring uncertainties for the construction of any
MW gravitational potential model.

We implemented a relatively simple empirical models of the gravitational potential.
Details are presented in this chapter. The axisymmetric time independent part of the
potential was modeled by a bulge, disk, and halo (Sect 4.1). Additionally, we included
a non-axisymmetric components – bar (Sect. 4.2) and spiral arms (Sect. 4.3) – that can
act separately or together. For each component, an analytic expression for the mass
density or the gravitational potential is provided, from which the corresponding force
can be derived.

The main idea of our study is to qualitatively estimate the viability of the migra-
tion induced by the bar and spiral arms resonance overlap mechanism relative to the
migration in simpler potentials, either purely axisymmetric or containing just one type
of non-axisymmetric perturbation. Through our choice of model and its parameters, we
do not aim to reproduce the MW mass distribution and properties precisely. Precise
values of some of the MW parameters are not known anyway and they obey significant
uncertainties. Therefore, our models attempt to qualitatively reproduce the main features
consistent with the recent picture of the MW.

1 The LSR is an inertial reference frame centered on the Sun and moving on a circular orbit in the
Galactic potential in the direction of the Galactic rotation (Binney & Tremaine, 2008).
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4.1 Axisymmetric model

Two different models for the 3-component axisymmetric time independent part of the
potential were considered. The main model is based on the one presented by Flynn et al.
(1996). Additionally, we also implemented a model based on Allen & Santillan (1991),
which, in some aspects follows the recent knowledge of the MW mass distribution less
precisely. However, we tested this model for the sake of comparison, since it has been
often used by the community (see Sect. 4.1.2 for details). The results presented in Sects. 5
and 6 are calculated using the axisymmetric model based on Flynn et al. (1996), however,
their general nature stays very similar when the model by Allen & Santillan (1991) is used.

4.1.1 Model based on Flynn et al. (1996)

The first model we implemented for the axisymmetric time independent potential is the
model introduced by Flynn et al. (1996) and which was also used by, for example, Gard-
ner & Flynn (2010). The model is composed of bulge, disk and halo. The bulge is
modeled as a superposition of two Plummer (1911) spheres; the disk is modeled as a
superposition of three Miyamoto & Nagai (1975) disks; and the dark halo is modeled as
a spherical logarithmic potential. The equations for each component of the axisymmetric
potential are:

φ0 =
2∑
i=1

φCi +
3∑
i=1

φDi + φH, (4.1)

φCn = − GMCn√
r2 + r2

Cn

, n = 1, 2, (4.2)

φDn = − GMDn√{
R2 +

[
an +

√
(z2 + b2)

]2} , n = 1, 2, 3, (4.3)

φH = 1
2V

2
H ln

(
r2 + r2

0

)
, (4.4)

where r is the radius in spherical the coordinates, R is the Galactocentric radius defined
in the cylindrical coordinates, and z the vertical distance from the Galactic plane (r2 =
R2 +z2). G is the gravitational constant. MCn and rCn are the bulge components masses
and scale radii of, respectively (n goes from 1 to 2; the letter C in the subscript stays for
central). MDn and an are the disk components masses and scale lengths, respectively (n
goes from 1 to 3; the letter D in the subscript denotes disk). The parameter b is related
to the scale height of the disk and is the same for all three components of the disk. r0 is
the halo core radius and VH its asymptotic circular velocity (at large radii relative to r0).

Flynn et al. (1996) chose the parameters of their model to reproduce the MW ob-
servations as known at that time. We modified values of some parameters to achieve a
model consistent with a more up-to-date MW observations. As for the recent observations
of the rotation curve at the solar Galactocentric radius R�, Reid et al. (2009) estimated
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Table 4.1: Parameters of the axisymmetric model based on Flynn et al. (1996).

Component Parameter Value
Bulge MC1 0.3·1010M�

rC1 2.7 kpc
MC2 1.6·1010M�
rC2 0.42 kpc

Disk MD1 8.9·1010M�
a1 5.0 kpc
MD2

a −6.9·1010M�
a2 15.8 kpc
MD3 2.8·1010M�
a3 33.0 kpc
b 0.3 kpc

Halo VH 225 km s−1

r0 8.4 kpc

Notes. (a) Note that the massMD2 is negative. The resulting total density is nevertheless positive
everywhere.

R� = (8.4±0.6) kpc and the circular velocity at solar radius as vc(R�) = (254±16) km s−1.
To derive these values, they used the solar motion with respect to the LSR, v�,LSR, as
determined by Dehnen & Binney (1998) from a set of Hipparcos stars. The same Hip-
parcos data set was later re-examined by Schönrich et al. (2010), who obtained slightly
different values for the v�,LSR components. The analysis of Schönrich et al. (2010) takes
into account the correlation between the color of the stellar population and the radial
gradients of its mean rotation velocity and velocity dispersion. This correlation was not
considered by Dehnen & Binney (1998). Schönrich et al. (2010) updated the vector of
the solar motion and found the velocity component in direction of the Galactic rotation
to be of about 7 km s−1 higher than that of Dehnen & Binney (1998).

Considering these more recent results, we changed the original Flynn et al. (1996)
values for the halo circular velocity VH and the disk parameters (masses and scale radii)
to obtain the circular velocity of vc(R�) = 243 km s−1 at the solar Galactocentric radii
R� = 8.4 kpc. These values are also consistent with the circular velocity at solar radius
derived from the apparent proper motion of SgrA* (Reid & Brunthaler, 2004) using
R� = 8.4 kpc and the Schönrich et al. (2010) solar motion.

The superposition of three Miyamoto & Nagai disks builds up a disk with an expo-
nential falloff of the radial surface density on a wide range of radii. Similarly as Gardner
& Flynn (2010), we chose the disk parameters to obtain the scale length of the expo-
nential falloff of the disk consistent with the recent observations. Our disk gives a radial
surface density profile approximately corresponding to the exponential falloff with the
scale length of 2.6 kpc for radii of 5–18 kpc. This falloff is consistent with the recent
mapping of the MW stellar density distribution from the SDSS by Jurić et al. (2008). See
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Figure 4.1: Radial profile of the disk surface density for the two axisymmetric models
described in the text. Red and blue line show the model based on the Allen & Santillan
(1991) and Flynn et al. (1996), respectively. Black line shows the surface density with
the exponential falloff with the scale length of 2.6 kpc, which is consistent with the recent
analysis of the MW stellar density distribution by Jurić et al. (2008). Note that the
vertical axis is logarithmic.

Fig. 4.1 for the comparison of the radial surface density profiles of our implementations
of the Flynn et al. (1996) and Allen & Santillan (1991, discussed in Sect. 4.1.2), and the
exponential falloff.

Values for all parameters of the axisymmetrical components are given in Table 4.1.
The described axisymmetric potential was also used in the models including the non-
axisymmetric components. However, when we include the bar perturbation, the central
component mass MC2 was reduced and the bar replaces most of the bulge mass. We kept
the axisymmetric components unaltered when we turn the spiral arms perturbation on
(see Sect. 4.3).

4.1.2 Model based on Allen & Santillan (1991)

In the Allen & Santillan (1991) model, the bulge has form of a single Plummer (1911)
sphere, see Eq. (4.2); the disk is a single Miyamoto & Nagai (1975), see Eq. (4.3); and
the halo has a special spherically symmetric form:

φH = −M(r)
r
− MH

1.02aH

[
− 1.02

1 + (r/aH)1.02 + log
{

1 + (r/aH)1.02
}]100 kpc

r

, (4.5)

and M(r) = MH (r/aH)2.02

1 + (r/aH)1.02 , (4.6)

where MH is the halo mass parameter and aH the halo scale length. Eq. (4.6) includes an
arbitrary cut-off for the halo at 100 kpc.



Galactic model and orbit integrator 41

 200

 210

 220

 230

 240

 250

 260

 0  5  10  15  20

v
c
ir
c
 [
k
m

s
-1

]

R [kpc]

model based on Allen & Santillan (1991)

model based on Flynn et al. (1996)

Figure 4.2: Rotation velocity curve for the two axisymmetric models described in the
text. Red and blue line show the model based on the Allen & Santillan (1991) and Flynn
et al. (1996), respectively.

Table 4.2: Parameters of the axisymmetric model based on Allen & Santillan (1991).

Component Parameter Value
Bulge MC 1.4·1010M�

rC 0.39 kpc
Disk MD 8.6·1010M�

rD 5.32 kpc
b 0.25 kpc

Halo MH 1.8·1011M�
aH 12.0 kpc

Allen & Santillan (1991) assumed the solar Galactocentric radius R� of 8.5 kpc and the
circular velocity at the solar radius vc(R�) of 220 km s−1. However, as already discussed in
Sect. 4.1.1, more recent studies suggest different values for these quantities. Considering
these, we scaled the halo mass parameter MH up to obtain vc(R�) = 243 km s−1 at
R� = 8.4 kpc (see Fig. 4.2). The halo mass parameter MH in Eq. (4.6) was increased
from 1.07·1011M� to 1.8·1011M�. Except for MH, the set of parameters characterizing
the axisymmetric model is the same as derived by Allen & Santillan (1991). All the
parameters are given in Table 4.2.

Figure 4.2 shows that the rotation curves for both axisymmetric models are very
similar. On the other hand, Fig. 4.1 shows that the disk of the Allen & Santillan (1991)
model does not resemble the exponential falloff as is expected for the Galactic disk.
However, the model based on Allen & Santillan (1991) has been recently and extensively
used by several teams dealing with orbits of the MW clusters (Allen et al., 2006, 2008;
Wu et al., 2009; Pichardo et al., 2012; Bellini et al., 2010a), with the solar neighborhood
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kinematics (Antoja et al., 2009, 2011), or the inner Galactic disk Bensby et al. (2010).
For this reason, we tested our integrations using the Allen & Santillan (1991) model. As
noted, the nature of the general results presented in Sects. 5 and 6 stay the same like
for the model based on Flynn et al. (1996). Further, we describe only the results of the
Flynn et al. (1996) model.

4.2 Galactic bar

For the bar model we adopted the Ferrers potential (see paragraph 2.5.3 (a) of Binney
& Tremaine, 2008, where we choose n = 2) of an inhomogeneous triaxial ellipsoid. A
general Ferrers potential arises from the mass density of a form (see, e.g., Pfenniger,
1984):

ρB(m2) =
{
ρc(1−m2)2 for m ≤ 1,
0 for m > 1, (4.7)

where m2 = x2/a2 + y2/b2 + z2/c2, a > b ≥ c. (4.8)

x, y, z are Cartesian coordinates, and a, b, c are the semi-axes of the ellipsoid. ρc is the
central density related to the total mass of the bar MB, by

ρc = 105
32π

MB
abc

. (4.9)

The mass density of the form given by Eq. (4.7) has a smooth decrease to zero value at
a finite distance (outside the ellipsoid given by semi-axis a, b, c, where m > 1). The
numerical procedures, which we used for the calculation of the potential and forces are
given by Pfenniger (1984) and de Zeeuw & Pfenniger (1988).

Except for its shape and size (given by the semi-axes a, b, c), and its massMB, the bar
is defined by its angular velocity ΩB and its orientation in the Galactic plane. The latter
is characterized by the angle ϕB, given with respect to the direction from the Galactic
center to the Sun. For all bar parameters, listed in Table 4.3, we adopted the same values
as reported by Pichardo et al. (2004) and refer the reader to their original paper for a
justification of the various choices.

4.3 Spiral arms
Parameters of the Galactic spiral structure are much more uncertain than for the Galactic
bar. Most observational studies suggest two- or four-armed spiral pattern, or their super-
position (see, for example, Vallée 2005; Vallée 2008; Allen et al. 2008; Grosbol et al. 2011).

We model the spiral arms as described by Cox & Gómez (2002) – the mass density
of the spiral arms is considered as a perturbation of the axisymmetric disk (part of the
stellar mass of the disk is redistributed into the mass of the spiral arms). We use a two-
armed spiral pattern rotating with a constant angular velocity and the perturbation has
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Table 4.3: Parameters of non-axisymmetric components in the present-day MW model.

Parameter Value Reference
Galactic bar

Bar mass MB 0.98·1010M� 
(2)

Bulge mass MC2 0.62·109M�
Angular velocity ΩB 60.0 km s−1 kpc−1

Major semi-axis a 3.14 kpc
Minor semi-axis b 1.178 kpc
Minor semi-axis c 0.81 kpc

Bar angle ϕB 20◦

Spiral arms
Number of spiral arms 2 (3)

Pitch angle α 15.5◦ (3)
Density amplitude ρ0 3.36 ·107M� kpc−3

Angular velocity ΩSA 20.0 km s−1 kpc−1 (1), (5)
Scale length RSA 2.6 kpc (4)
Scale height hSA 0.3 kpc (4)
Scale radius R0 5.6 kpc (3)

References. (1) Pichardo et al. (2003); (2) Pichardo et al. (2004); (3) Drimmel (2000); (4) Jurić
et al. (2008); (5) Gerhard (2011).

the shape of a logarithmic spiral. Cox & Gómez (2002) found an approximative solution
for the perturbation of the gravitational potential of density given by

ρSA(R, z, ϕ, t) = ρA(R, z) cos
{

2
[
ϕ+ΩSAt−

ln(R/R0)
tan(α)

]
,

}
(4.10)

where ρA(R, z) = ρ0 exp
(
−R−R0

RSA

)
sech2

(
z

hSA

)
, (4.11)

where R, ϕ, z are the cylindrical coordinates, t is the time, ρ0 is the amplitude of the
density perturbation (arms mass density in the Galactic plane at the point (R,ϕ) =
(R0, 0), at the time t = 0), RSA is the radial scale length, hSA the scale height, and α the
pitch angle. RSA, hSA, and α define the shape of the density spiral arms pattern, while
radius R0 specifies the initial orientation of the pattern. ΩSA is the angular velocity of
the spiral arms rotation.
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Following Cox & Gómez (2002), the approximate solution for the gravitational poten-
tial given by the density perturbation (4.10) is

φSA(R, z, ϕ) = −4πGhSAρ0 exp
(
−R−R0

RSA

) 1
KD

cos(γ)
[
sech

(
Kz

β

)]β
, (4.12)

where γ = 2
[
ϕ+ΩSAt−

ln(R/R0)
tan(α)

]
. (4.13)

K, β, and D are functional parameters dependent on the Galactocentric radius:

K = 2
R sin(α) , (4.14)

β = KhSA(1 + 0.4KhSA), (4.15)

D = 1 +KhSA + 0.3(KhSA)2

1 + 0.3KhSA
. (4.16)

The corresponding force vector can be found as the negative gradient of the gravitational
potential (4.12) and is given in Appendix A. The mass density exactly corresponding
to the potential given by Eq. (4.12) can be found using the Poisson equation, either
numerically or analytically as described by Cox & Gómez (2002).

To get a model consistent with the current picture of the MW spiral structure, we
based our choice of parameters – listed in Table 4.3 –mostly on studies of Drimmel (2000)
and Drimmel & Spergel (2001). Using the K band emission profiles recovered from the
COBE/DIBRE data, Drimmel (2000) identified features associated with arm tangents
at Galactic longitudes of 30◦ and −53◦. These features are consistent with a two-armed
logarithmic spiral structure with a pitch angle of 15.5◦. The two-armed picture was later
favored also by the results of the Spitzer Space Telescope GLIMPSE (Galactic Legacy
Infrared Mid-Plane Survey Extraordinaire) surveys at wavelengths of 3.6–24µm, see,
e.g., the summary by Churchwell et al. (2009). Drimmel & Spergel (2001) presented
a 3-dimensional model for the MW fitted to the COBE far-infrared and near-infrared
emission. They found that a two-armed structure dominates the near-infrared emission.
The arm–interarm density contrast of their modeled stellar spiral arms has a value of
about 1.8 at the solar radius (see Fig. 15 in Drimmel & Spergel, 2001). Our choice of
parameters (the density amplitude ρ0 and the scale length RSA, for the pitch angle of
15.5◦) for the Cox & Gómez (2002) model gives 2.0 for the same ratio. This value is further
consistent with the observations of external galaxies with a weaker spiral structure (see,
e.g., Block et al., 2004). Finally, we chose the scale height hSA similar to the thin disk
scale height of the axisymmetric model (0.3 kpc from Jurić et al., 2008).

As for the angular velocity of the spiral arms, a recent review of the methods and
results published within 1999 and 2007 was given by Gerhard (2011), the angular velocity
having values from 17 to 30 km s−1 kpc−1. We decided to use the value of 20 km s−1 kpc−1,
which is also favored by models (e.g., Pichardo et al., 2003).

To determine the initial orientation of the spiral arms pattern, given by the radius R0,
we once again followed the results of the study of the COBE/DIRBE K band emission
presented by Drimmel (2000). The spiral arms density is defined by Eg. (4.10) and
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the initial orientation of the arms corresponds to the term ln(R0)/ tan(α). The features
associated with arm tangents are located at the Galactic longitudes of 30◦ and−53◦. From
a geometrical consideration, using the logarithmic spiral with the pitch angle of 15.5◦, we
obtain R0 of 5.6 kpc (which corresponds to the spiral angle offset of 4.1◦, measured with
respect to the direction from the Galactic center to the Sun in the anti-direction of the
Galactic rotation).

4.4 Strength of rotating patterns
An illustrative way of estimating the strength of the non-axisymmetric components in
models was proposed by Combes & Sanders (1981). To measure the torques of bars, they
defined a quantity of bar strength at radius R,

QT(R) =
Fmax
ϕ (R)
F 0
R(R) , (4.17)

where

Fmax
ϕ (R) =

∣∣∣∣∂φ(R,ϕ, 0)
R∂ϕ

∣∣∣∣
max

, (4.18)

is the maximum tangential force at radius R. φ(R,ϕ, z) is the gravitational potential.
Further,

F 0
R(R) =

〈
∂φ(R,ϕ, 0)

∂R

〉
ϕ
, (4.19)

is the mean radial force at radius R (the subscript ϕ signalizes that the mean value is
calculated over the full azimuth). Both forces, Fmax

ϕ (R) and Fmax
ϕ (R), are measured in

the galactic plane (z = 0). In other words, QT(R) measures the maximal tangential force
due to the non-monopole part of the potential in units of the radial force due to the
monopole part at the same radius R. QT(R) depends on radius but often its maximal
value is used as a single measure of the bar strength in the galaxy and is referred to as
the bar strength parameter.

Equation (4.17) can be generalized to map the torques strength in the 2-dimensional
plane as, e.g., in Buta & Block (2001). The tangential force in units of the monopole
radial force is mapped in the whole galactic plane

QT(R,ϕ) = Fϕ(R,ϕ, 0)
F 0
R(R) . (4.20)

In a similar way, the radial force due to the non-monopole part of the potential can be
mapped as

QR(R,ϕ) = FR(R,ϕ, 0)− F 0
R(R)

F 0
R(R) . (4.21)
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Figure 4.3: Maps of strength of the non-axisymmetric components in the combined
(including the bar and spiral arms) present-day MW model (noted as MW1 in Sect. 5.2).
Color scales map the ratio between the radial (left) and the tangential (right) force result-
ing from the non-monopole part of the gravitational potential to the radial force due to
the monopole part at the same radius. Maps are plotted for the Galactic plane. Symbol
� marks the position of the Sun.

Figure 4.3 shows maps of QT(R,ϕ) and QR(R,ϕ) for our combined MW model (in-
cluding both, the bar and the spiral arms) potential. Our choice of bar model gives the
bar strength parameter of 0.4. The model of spiral arms gives the value of 0.05 for an
analogical parameter (using the tangential force from the spiral arms instead of the bar
in the definition of the bar strength parameter).

4.5 Orbit calculation

To see and understand the differences caused by the bar and spiral arms, we calculated
the orbits in four versions of the MW model – the axisymmetric potential, the potential
including the bar, the potential including the spiral arms, and finally, a combined model
including both, bar and spiral arms.

4.5.1 Equations of motion

We have considered the cluster as a point-mass living in the gravitational field of the
Galaxy. Once a model of gravitational potential is adopted, the corresponding equations
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of motion can be constructed. The gravitational potential φ is modeled as a sum of po-
tentials of individual components. Eq. (4.1) describes the potential in the axisymmetric
case. When a non-axisymmetric perturbation is present, its potential is added to the
axisymmetric background and the non-axisymmetric perturbation rotates steadily with
a constant angular velocity around the z axis. In the case when the bar is included, the
mass of the bulge component is reduced (see Sect. 4.1). When a single non-axisymmetric
perturbation is present, then the gravitational potential is static in the reference frame
steadily co-rotating with the perturbation (the bar or the spiral arms). Below, we de-
rive the equations of motion (following Binney & Tremaine, 2008) which we integrate
numerically to obtain the Galactic orbit.

Let the Cartesian coordinates in the rotating reference frame be noted rr = (xr, yr, zr),
the velocity in the rotating reference frame is vr = (vx,r, vy,r, vz,r), and Ω = (0, 0, Ω) is
the constant angular velocity of the non-axisymmetric perturbation. Then the velocity
in the inertial non-rotating reference frame is v = vr +Ω × vr and the Lagrangian,

L = 1
2 |vr +Ω × vr|2 − φ(rr). (4.22)

The canonical momentum,

p = ∂L

∂vr
= vr +Ω × vr, (4.23)

coincides with the velocity in the inertial frame v. The Hamiltonian of the system is

H(p, rr) = 1
2p

2 −Ω · (rr × p) + φ(rr). (4.24)

Since the Hamiltonian does not explicitly depend on time, it is an integral of motion,
so-called Jacobi constant (or also the Jacobi energy or Jacobi integral, see, for example,
Binney & Tremaine, 2008 for more details).

Finally, the equations of motion are

drr
dt = p−Ω × rr,

dp
dt = −Ω × p−∇φ, (4.25)

or when writing for each components individually,

dxr
dt = vx +Ωyr,

dvx
dt = − dφ

dxr
+Ωvy,

dyr
dt = vy −Ωxr,

dvy
dt = − dφ

dyr
−Ωvx,

dzr
dt = vz,

dvz
dt = − dφ

dzr
,

(4.26)

where we used that the momentum p coincides with the velocity in the inertial frame v.
To calculate the orbits, we used the set of first-order differential equations (4.26),

which we integrated using a Bulirsch-Stoer integrator with adaptive time steps (Press
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et al., 1992, specifically their subroutine bsstep). In the axisymmetric case, obviously,
the pattern angular velocity Ω = 0, and the equations reduce to the non-rotating case
and the Jacobi constant reduces to the energy. When a single rotating pattern is present
in the model, Ω equals the angular velocity of the given pattern – in the presence of the
bar, Ω = (0, 0, ΩB); and in the presence of the spiral arms; Ω = (0, 0, ΩSA). The relative
change in the Jacobi constant for the models with a single rotating pattern is of the order
of 10−10. In the case when both rotating perturbations are present, there is no integral
of motion along any orbit, and we integrate Eqs. (4.26) using Ω = (0, 0, ΩB) and rr is
the position vector in the reference frame rotating with the bar.



Chapter 5

The orbit and origin of NGC 6791

In the first part of this chapter (Sect. 5.1) we calculate and characterize the recent orbit
of the open cluster NGC6791. In the second part (Sect. 5.2) we aim at investigating
in details the scenario in which NGC6791 formed close to the Galactic center and later
migrated outward (to its current position in the disk) due to the radial migration caused
by the resonance overlap of the bar and spiral arms. Finally, in the third part (Sect. 5.3)
we present a simple estimate of the cluster initial mass.

5.1 Recent orbit of NGC6791 from backward integration

To calculate the recent orbit of NGC6791, we first derive the initial conditions (Sect. 5.1.1).
Then, we integrate its orbit using axisymmetric time independent model of the present-
day MW as well as models including the bar or spiral arms. We derive orbital parameters
and their uncertainties given by the errors of the input observational data (Sect. 5.1.2).
Finally, we compare our results with these published in the literature (Sect. 5.1.3).

5.1.1 Initial conditions

To investigate the shape and properties of the recent orbit of NGC6791, we integrate its
orbit backward for 1Gyr, starting from the cluster current position and velocity vectors.
These initial vectors were obtained from up-to-date observational data found in the liter-
ature: equatorial celestial coordinates (α and δ for J2000.0 equinox), distance to the Sun
d�, radial velocity vr, and cluster mean PM vector with components µα cos δ and µδ. As
described in Sect. 2.6, NGC6791 has been subject of an intense study in the past. Up-
to-date values for aforementioned parameters are listed in Table 5.1 together with their
sources. These input observational quantities need to be transformed into an appropriate
coordinate system, so they can be used as the initial conditions for orbit integration.

For our orbit integrations, we use a Cartesian Galactocentric right-handed coordinate
system: the x axis points from the Galactic center outward, in the direction of the Sun;

49
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Table 5.1: Observational data for NGC6791

Quantity Adopted value Reference
α 290.22083◦ (1)
δ 37.77167◦ (1)
vr −47.1±0.7 km s−1 (2)

µα cos δ −0.57±0.13mas yr−1 (2)
µδ −2.45±0.12mas yr−1 (2)
d� 4.01±0.14 kpc (3)

Notes. Equatorial coordinates α, δ (J2000) of the cluster photometric center; radial velocity vr;
PM components µα cos δ, µδ; distance to the Sun d�.

References. (1) WEBDA; (2) Bedin et al. (2006, see also references therein); (3) Brogaard et al.
(2011).

Table 5.2: Initial conditions for the NGC6791 orbit

x σx y σy z σz vx σvx vy σvy vz σvz
[kpc] [kpc] [kpc] [km s−1] [km s−1] [km s−1]

7.05 0.04 −3.70 0.13 0.76 0.03 −39.7 2.7 −197.7 1.3 −12.1 2.6

Notes. Given values of initial conditions are derived for the mean observational input data (Ta-
ble 5.1), together with the standard deviations of their distributions.

the y axis points in the anti-direction of the LSR motion; and the z axis points toward the
North Galactic Pole. The position of the Sun is given by vector (x, y, z)� = (8.4, 0, 0) kpc
in this coordinate system (the solar Galactocentric radius is taken from Reid et al., 2009,
see Sect. 4.1.1). The transformation of the observational data to the Cartesian coordinate
system centered on the Sun was performed following the Johnson & Soderblom (1987)
algorithm updated to the International Celestial Reference System (with the coordinates
of the North Galactic Pole: α = 192.85948◦, δ = 27.12825◦, Binney & Merrifield, 1998).
Adopting the solar motion with respect to the LSR from Schönrich et al. (2010): v�,LSR =
(U, V,W )� = (11.1, 12.24, 7.25) km s−1 (right-handed system, with U in the direction to
the Galactic center and V in the Galactic rotation direction), the velocity vector with
respect to LSR was obtained. Finally, using the solar Galactocentric radius R� = 8.4 kpc
and the LSR circular velocity vc(R�) = 243 km s−1 (see Sect. 4.1), the position and
velocity vectors were transformed into the coordinate system of the integrations (denoted
as x, y, z, vx, vy, vz).

The input observational data come naturally with some associated uncertainties,
which translate into uncertainties in the initial condition vectors. To take the obser-
vational uncertainties into account, we followed Dinescu et al. (1999, see also Wu et al.,
2009; Vande Putte et al., 2010), and calculated a set of 1000 initial conditions realizations.
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Figure 5.1: Distributions of cluster recent orbital parameters. The distributions for
perigalacticon distance Rp, apogalacticon distance Ra, vertical height of the orbit |z|max,
and eccentricity e, are plotted. Different colors show results for different MW models:
axisymmetric model – light blue, model with bar – black, model with spiral arms – yellow,
combined model with bar and spiral arms – red.

The initial velocity and position vectors were extracted from normally distributed values
of radial velocity, PM components, and the distance to the Sun. The standard deviation
of each distribution was taken as the observational uncertainty of the given input data
from Table 5.1. The initial positions and velocities (x, y, z, vx, vy, vz) derived from the
mean observational input data are given in Table 5.2. We integrated an orbit for each
initial conditions vector backward for 1Gyr.

5.1.2 Orbits and orbital parameters

Galactic orbits are routinely described by a set of orbital parameters, which can char-
acterize each cycle (revolution) of the orbit. One cycle of orbit is completed when the
azimuthal coordinate change is 2π. Orbital parameters are: the perigalacticon distance
Rp – the minimal radius R in the Galactic plane; the apogalacticon distance Ra – the max-
imal radius R in the Galactic plane; the vertical amplitude |z|max – the maximal distance
from the Galactic plane; and the eccentricity e – defined as (Ra − Rp)/(Ra + Rp). De-
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Figure 5.2: Recent portion of the orbit of NGC6791. Orbit projection into the Galactic
and the meridional (R, z) plane is plotted on the left and right, respectively. Orbit in the
axisymmetric potential is plotted with the blue line. The red line shows the combined
model (bar and spiral arms). The initial conditions (Table 5.2) are given by the mean
input observational data (Table 5.1). The black dot marks the initial position. Integration
was backward for time of 1Gyr.

pending on the symmetry of the underlying potential and the type of orbit, values of the
orbital parameters can differ for individual cycles.

Most of the orbits in a realistic axisymmetric galactic potentials (φ(R, z), also the
case of our basic potential described in Sect. 4.1) posses three integrals of motion – the
z-component of angular momentum, Lz; the total energy; and a third, so-called, non-
classical integral, which does not have a general analytical expression as a function of
the phase-space variables (see Binney & Tremaine, 2008, Sect. 3.2). The 3-dimensional
motion of such regular orbit can be reduced to the 2-dimensional motion in the (R, z)
plane (the meridional plane), where it is restricted to a limited area defined for given
potential by the orbit angular momentum and energy. Therefore, for every regular orbit,
there are a physically limited ranges of R and z where the orbit is bounded. The values
of orbital parameters are naturally also limited by these constrains.

In some axisymmetric potential, orbits that do not have the third non-classical integral
of motion can exist. These are called irregular orbits (also chaotic or stochastic orbits).
Irregular orbits can also be present when an axisymmetric potential is perturbed by a
non-axisymmetric pattern. This is particularly the case if the orbit is near some resonance
radius for a single pattern or near a resonance overlap for multiple rotating patterns (see
Sect. 3.2.2). Since a chaotic behavior of orbits is expected in these regions, it is impossible
to precisely recover or predict such an orbit on a longer time scale.

To see the current orbital history, we calculated the orbital parameters for the most
recent cycle (defined by azimuthal change of 2π) for each set of initial conditions. Fig-
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ure 5.1 shows the distributions of these orbital parameters. Figure 5.2 shows the orbit in
the axisymmetric and the combined model with the initial conditions derived from the
mean values of the input observational data (Table 5.2 and 5.1, respectively).

The orbits in models including only the bar or spiral arms differ only slightly (around
10% difference for their orbital parameters) from the results of the axisymmetric model
(see distributions of orbital parameters in Fig. 5.1). With the increasing model complexity
there is a trend of having a larger apogalacticon distance and a lower perigalacticon
distance, which, in turn, yields a higher eccentricity. However, this is never higher than
0.33, which seems to make highly eccentric orbits for NGC6791 implausible.

According to these calculations, NGC6791 is not expected to move much outside the
solar circle, at odds with some of the previous suggestions (see Sect. 5.1.3). The orbit
is presently located close to its apogalacticon and this remains inside the solar circle on
average, but never gets very close to the bulge. However, a scenario in which NGC6791
formed close to the bulge and then migrated outward deserves a closer look, which we
shall present in Sect. 5.2.

5.1.3 Comparison with previous orbit integrations

To our knowledge, the orbit of NGC6791 was studied four times – by Carraro et al. (2006),
Bedin et al. (2006), Wu et al. (2009), and by Vande Putte et al. (2010).

Carraro et al. (2006) used a complex potential derived from an N -body gas-dynamical
model (Fux, 1997, 1999). They obtained an eccentric orbit (e = 0.59) extending far
beyond the solar circle (up to about 20 kpc). However, the initial conditions were derived
from absolute PM and radial velocity values available at that moment and admittedly
less precise than the ones we use in this work. Therefore their results cannot be compared
directly with these presented here.

Bedin et al. (2006) used a purely axisymmetric model of Allen & Santillan (1991) with
the most up-to-date PM and radial velocity (the same values as we use here). However,
reviewing the details of the initial conditions setup, we identified a problem (mis-definition
of the x axis orientation), which prevents a proper comparison with our results.

Wu et al. (2009) calculated the orbit using the model of Allen & Santillan (1991)
and two other axisymmetric potential models. As Carraro et al. (2006), they derived the
initial conditions from less precise data than we use here. Still their orbital parameters
for the Allen & Santillan (1991) potential are within uncertainties consistent with the
results given in this study.

Similarly to Carraro et al. (2006) and Wu et al. (2009), Vande Putte et al. (2010) used
an axisymmteric Galactic potential model (three-component model of Fellhauer et al.,
2006, with the bulge modeled by a Hernquist potential, the disk as the Miyamoto-Nagai
potential, and the halo represented by a logarithmic potential) and input data from the
catalog of Dias et al. (2002a, version 2.10). They derived rather eccentric orbit with
e = (0.58±0.22) and vertical amplitude |z|max = (1.4±1.1) kpc. Despite the difference in
the initial conditions, these values are within their (rather large) uncertainties consistent
with our results. As mentioned in Sects. 2.3 and 2.6.6, Vande Putte et al. (2010) presented
a diagnostic method of a possible unusual origin of OCs based on values of their orbital
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Table 5.3: Parameters of initial conditions distributions.

Coordinate Distribution Center Dispersion, width
R uniform 4.0 kpc 1.0 kpc
ϕ equidistant distribution, 0–2π
z Gaussian 0 kpc 0.05 kpc
vR Gaussian 0 km s−1 10 km s−1

vϕ Gaussian vc(R) 6 km s−1

vz Gaussian 0 km s−1 4 km s−1

Notes. We used the cylindrical Galactocentric coordinates –Galactocentric radius R, azimuth ϕ,
vertical coordinate z, and corresponding velocities vR, vϕ, vz. The tangential velocity vϕ was
calculated as the circular velocity vc(R) in the axisymmetric potential described in Sect. 4.1 (even
when the model includes a non-axisymmetric component) at a given radius and then a random
velocity with the dispersion of 6 km s−1 was added.

parameters – vertical amplitude and eccentricity – together with their metallicities. For
the case of NGC6791, they suggested that the cluster might be due to an impact of a
GC on the disk. This scenario would be supported with cluster metallicity resembling
the disk value and they refer to [Fe/H]= (0.11±0.10) dex (from the catalog of Dias et al.,
2002a, version 2.10). However, the more up-to-date high-resolution spectroscopic studies
favor a rather higher metallicity for NGC6791 (about +0.4, see Sect. 2.6.2).

In any case, the present study supersedes any previous one, by adopting the non-axi-
symmetric Galactic models together with the initial conditions derived from the up-to-
date observational data.

5.2 Forward orbits integration and radial migration

The inner disk, close to the bulge, is a high-density region where the star formation
is very efficient and the metal enrichment fast (Bensby et al., 2010). It is therefore
conceivable that NGC6791 could formed there and then moved outward. To estimate
the probability and efficiency of the resonance overlap radial migration mechanism, we
carried out a forward orbits integration. More specifically, we integrated forward in time a
number of orbits with an initial location close to the Galactic center. By comparing their
orbital properties with the recent NGC6791 orbital parameters obtained in Sect. 5.1, we
attempted to estimate the probability that the radial migration moved the NGC6791
orbit outward from the inner Galactic regions.

5.2.1 Initial setup

We followed 104 initially close-to-circular orbits distributed between 3 and 5 kpc from
the Galactic center. First, the azimuth of the initial position vector was generated,
with values equidistantly distributed over the full extend of 2π. Then, the radius was
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Figure 5.3: Gradual growth of the non-axisymmetric components amplitudes, given by
Eq. (5.1) (Eq. (4) of Dehnen, 2000).

generated randomly for each azimuth, from a uniform distribution between 3 and 5 kpc.
The vertical coordinate has a Gaussian distribution with dispersion of 50 pc, consistent
with the exponential scale height estimated for the young OCs distribution (Piskunov
et al., 2006; Bonatto et al., 2006, see Sect. 2.2). Finally, the initial velocity vector was
generated to be close to the velocity vector for the circular orbit at given radius. The
distributions of each velocity component is Gaussian with dispersion consistent to the one
of observed young OCs (Piskunov et al., 2006). In Table 5.3 we give a summary and the
numbers characterizing the initial conditions distributions.

To quantify the relative influence of different non-axisymmetric components, we fol-
lowed the orbits in all four flavors of the Galactic potential model described in Sect. 4
(axisymmetric, barred, spiral, combined). When included, the amplitude of the non-
axisymmetric component grows in time for 0.4Gyr, from 0 to its maximum value with
the time dependency described by Dehnen (2000, given by Eq. (4) there),

A(t) = Af

( 3
16ξ

5 − 5
8ξ

3 + 15
16ξ + 1

2

)
, ξ = 2 t

tg
− 1, (5.1)

where A(t) denotes the time dependent amplitude, tg is the time of the growth, and Af is
the final value of the amplitude (i.e., Af = A(tg)). See Fig. 5.3 for the plot of the amplitude
time dependency. If the spiral pattern is present in the model, the growth is realized by
the time dependency of its density amplitude ρ0. In the presence of the bar, its massMB is
growing, while the mass of one of the central componentsMC2 (Sect. 4.1.1) is decreasing in
the opposite manner to complete the total common mass of the central component (when
the model of Allen & Santillan, 1991 is used, the mass MC is decreasing). The gradual
growth of non-axisymmetric perturbations is introduced to allow a progressive adaptation
of initially nearly circular orbits to the presence of the non-axisymmetric perturbations.
The growth of a real bar and real spiral arms is certainly much more complex and not
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Table 5.4: Parameters for MW models used for the forward integrations.

Parameter MW1 MW2 Unit
Bar angular velocity ΩB 60.0 45.0 km s−1 kpc−1

Bulge mass MC2 0.62 0 1010M�
Bar mass MB 0.98 1.6 1010M�

Major semi-axis a 3.14 5.0 kpc
Spiral arms angular velocity ΩSA 20 30 km s−1 kpc−1

Spiral arms amplitude ρ0 3.36 5.14 107M� kpc−3

Spiral arms pitch angle α 15.5 20.0 ◦

Notes. Both models have the same form and are characterized by the same parameters as the
model used for forward integrations described in Sect. 4 (denoted as model MW1 here). In the
MW2 model, the listed parameters are changed (the rest of model parameters are kept the same
as for MW1 model, see Table 4.3).

simultaneous, and modeling these time dependencies is beyond the scope of our model.
We tested that our results are not significantly sensitive, apart from the first few hundreds
of Myr, to the above gradual growth when compared to orbit integrations in which the
bar or spiral arms were switched on abruptly to their full strength from the beginning.

According to Minchev & Famaey (2010), 3Gyr should be time sufficient for the disk
radial mixing. On the other hand, the age of NGC6791 is estimated to be about 8Gyr
(Sect. 2.6.3). Therefore, we integrated the orbits forward in time for 8Gyr. Finally,
the orbital parameters were calculated for individual cycles of each orbit as described in
Sect. 5.1.2.

5.2.2 Migration tuned MW model

Properties of the bar and spiral arms that we used for integrations of the orbit of NGC6791
(as listed in Table 4.3) are based on the recent observations of the MW (Sect. 4). We
indicate this present-day MW model as MW1 further in this manuscript. From N -body
simulations and observations of external galaxies at various red-shifts, we can infer the
evolution of bar and spiral arms with time. For example, owing to the expected increase
of stellar velocity dispersion with time, the disk becomes more stable and thus its spiral
structure weakens. On the other hand, gas inflow can cool down the disk and the spiral
structure can strengthen again. Central mass concentrations (triggered, for example, by
gas inflow) can decrease bar amplitudes (e.g., Athanassoula et al., 2005; Debattista et al.,
2006) and even destroy bars, reforming later from the newly formed stars, but with a
decreased strength and size (e.g., Bournaud & Combes, 2002; Combes, 2008).

Therefore, although we do not know the Galactic bar and spiral structure history,
we can assume that those were stronger in the past. For this reason, we also followed
orbits in a potential including stronger and faster spiral arms, as well as a stronger bar.
This model is denoted as MW2. In Table 5.4 we list values of the parameters for that
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Table 5.5: Most important resonance radii.

Resonance MW1 MW2
bar spiral arms bar spiral arms

RCR 3.6 12.3 5.1 8.1
RILR 1.4 2.8 1.7 2.2
ROLR 6.9 20.4 9.4 13.9

Notes. Radii given in kpc – corotation, RCR; inner Lindblad resonance, RILR; and outer Lindblad
resonance, ROLR. Values for both non-axisymmetric components and both MW models are given.
See Tables 4.3 and 5.4 for the angular velocities and other model characteristics.

the models MW1 and MW2 differ. We decided to show an example of a model that is
deliberately tuned to favor the radial migration caused by stronger bar and spiral arms
and also by the choice of the angular velocity of the spiral arms pattern, bringing its
resonances closer to the Galactic center. We note that the parameter space (the bar and
spiral arms shape, extent, strength, and pattern speed) within the framework of our test-
particle integrations in analytically expressed potentials is very large and its systematic
exploration is above the scope of our work.

In detail, for the MW2 model the bar semi-major axis is chosen to be longer, of 5 kpc
(but the axis ratio for other two axes was kept as for MW1 model) and the bar itself
is more massive – so that on the time scale of 0.4Gyr it replaces the whole mass of the
bulge. As a consequence, the strength parameter of this bar is 0.5. The spiral pattern is
set to have a higher amplitude and higher pitch angle. The angular velocity of the bar
is decreased to 45 km s−1 kpc−1. This brings the bar corotation radius to 5.1 kpc – so the
ratio of the bar corotation radius to its semi-major axis is consistent with the value of
0.9–1.3 found in most barred galaxies (see paragraph 6.5.1 in Binney & Tremaine, 2008,
and references therein). On the other hand, the spiral arms angular velocity is increased
to 30 km s−1 kpc−1. The resonances of spiral arms are therefore closer to the Galactic
center where the orbits are originally distributed. Table 5.5 lists the for resonance radii
in both models.

5.2.3 Results

Before starting to comment more on the results of the forward integrations, we recall the
reader that we aimed to search for similarities between the present-day orbital parameters
of NGC6791 and the orbital parameters of orbits that started close to the Galactic center
and then migrated outward. If there were similarities, we could claim that the scenario
in which NGC6791 could form in the very inner disk is plausible also from a dynamical
point of view, and supported not only by the observed chemical characteristics of the
cluster.

The outcome of the forward integration experiments is illustrated in Figs. 5.4 – 5.9.
Figs. 5.4 and 5.5 map the time evolution of the mean probability of finding an orbit with
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Figure 5.8: One of the orbits and its orbital parameters evolution calculated in the
MW2 model including bar and spiral arms. The upper left plot shows the orbit in the
Galactic plane; upper right plot shows the time evolution of the vertical amplitude; the
bottom row shows the evolution of eccentricity, and the perigalacticon and apogalacticon
distances in the left and right plot, respectively. For one of its cycles, this orbit fits the
3σ intervals for perigalacticon distance, apogalacticon distance, and vertical amplitude of
the NGC6791 orbit. This orbital cycle is highlighted in green in the plot of the orbit, and
its orbital parameters are marked with the green circle symbols. Additionally, two other
parts of the orbit are highlighted in blue and gray colors. The orbit is close-to-circular in
both of these cases, however, it evolves from the initial radii of about 4 kpc (blue part) to
radii about 7 kpc (gray part), having also a different vertical amplitude (0.1 and 1.5 kpc,
respectively).
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Figure 5.9: Apogalacticon distance Ra versus perigalacticon distance Rp for orbits
integrated in the MW2 model during the time interval of 7–8Gyr. The range of Ra
and of Rp is limited to the 3σ intervals of values for NGC6791. Each revolution with
its Ra and Rp within these limits is shown by a point. The points are color-coded by
the vertical amplitude |z|max. Revolutions that match NGC6791 for all three orbital
parameters (within their 3σ intervals) are marked with squared boxes.

a given combination of Ra and Rp. The probability is calculated for time intervals of
1Gyr and for 0.1 × 0.1 kpc bins in the Ra × Rp space. For every given bin, the number
of orbits with Ra and Rp values within the bin is calculated. The contribution of each
orbit is further divided by the total number of cycles per the orbit within the time
interval (so the total contribution of each orbit to each map is equal to 1). Finally, the
probability is normalized to the total number of orbits 104 and converted to %. For the
direct comparison with the recent orbital parameters of NGC6791 we also indicate its
values with the red cross in the maps. Figs. 5.6 and 5.7 map the mean probability of the
vertical amplitude |z|max versus Ra and Rp, respectively, for the MW2 model and they
are calculated analogically as for the Ra versus Rp space.

As mentioned above, we chose the model MW2 to obtain an enhanced migration.
Comparison of Figs. 5.4 and 5.5 shows that this is indeed the case, illustrated by the
higher values of apogalacticon distance seen in Fig. 5.5. Moreover, some orbits have cycles
with similar Ra and Rp as we derived for NGC6791 (the position of the red cross in the
Ra versus Rp plane is within the area populated by some of the forward integrated orbits).

From Figs. 5.6 and 5.7 we see that (only) the MW2 combined model can produce
orbits that also show a vertical amplitude similar to NGC6791. Only very few orbits
(169 out of 104) can at least once per the total integration time of 8Gyr reproduce the
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Ra and Rp values similar to NGC6791, and only some of these orbits (13 out of the
169) meet all three orbital parameters, Ra, Rp, and |z|max, together. To investigate these
orbits in more detail, we display all three orbital parameters together in Fig. 5.9, for the
time interval of 7–8Gyr of the integration.

The experiment with forward integrated orbits illustrated in Figs. 5.4 to 5.9 helps us
to provide the following considerations:

• only the model MW2 that includes bar and spiral arms produces the apogalacticon
distances, perigalacticon distances, and eventually also the vertical amplitude simi-
lar to the backward integration of the current orbit of NGC6791 (see the maps for
the combined model in the rightmost column of Figs. 5.4–5.7).

• Figure 5.8 shows an example of an orbit that migrated close to the recent NGC6791
one. Initially, the orbit is close-to-circular with the radius of 4 kpc (in Fig. 5.8, this
part of the orbit highlighted in blue), and later it starts to oscillate between very
eccentric and close-to-circular again but has a radius of about 7 kpc (in Fig. 5.8,
this part of the orbit highlighted in gray).

• from our experiment, we estimate the probability for the MW2 model including bar
and spiral arms to produce the present orbit of NGC6791 restricted to 2-dimensional
Galactic plane (constrained by Ra and Rp) to be about 0.04% (during the total
integration time of 8Gyr). This probability is calculated in the same way as for
the maps in Figs. 5.4–5.7: as a number of orbits reaching Ra and Rp within the 3σ
intervals of NGC6791, where the contribution of each orbit is divided by the total
number of cycles per orbit within the total integration time of 8Gyr (so the total
contribution of each orbit is equal to 1). Finally, the probability is normalized to
the total number of orbits 104. If the vertical amplitude is taken into account, the
probability has even a lower value, below 0.01%.

5.3 Preliminary results on the initial mass

Based on the work of Lamers et al. (2005), we attempt to calculate a lower-limit esti-
mate of the initial mass of NGC6791. The initial mass is an important characteristics of
any cluster, and it is particularly interesting for NGC6791, in the context of its recently
discovered abundance spread indicating the possible connection with GCs (Geisler et al.,
2012, see Sects. 2.6.5 and 2.7). The approximative method of Lamers et al. (2005) cannot
cover the real mass loss history for NGC6791, however, it can provide a first approxima-
tion of this quantity and, to our knowledge, an estimate of the initial mass of NGC6791
has not been presented so far.

Lamers et al. (2005) described an approximative solution for cluster disruption in-
cluding the mass loss due to its stellar evolution and due to the two-body relaxation by
the Galactic tidal field, provided its tidal strength is constant. The mass loss due to the
stellar evolution and the tidal effects of galaxy, can be described as

dM
dt =

(dM
dt

)
ev

+
(dM

dt

)
tidal

, (5.2)
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where M is the cluster mass, and the subscripts ev and tidal denote the disruption due
to stellar evolution and the Galactic tidal field, respectively.

Mass loss by stellar evolution

Mass loss due to stellar evolution of cluster members can be calculated using cluster
evolution models. Lamers et al. (2005) used an approximation based on the Padova
isochrones for a single stellar population with the Selpeter IMF with individual stars
mass range of 0.15–85M�. The fraction of cluster initial mass, Mini, lost due to the
stellar evolution, qev(t) ≡ (∆M(t))ev/Mini, can be approximated by a function (Eq. (2)
from Lamers et al., 2005)

log10 qev(t) = (log10 t− a)b + c, for t > 12.5 Myr, (5.3)

where t is the time in yrs, a, b, and c are coefficients of the approximation and are given
for different cluster metallicities (see Table 1 in Lamers et al., 2005). The mass loss by
the stellar evolution is then given by(dM

dt

)
ev

= −M(t)dqev
dt . (5.4)

Mass loss by galactic tidal field

Baumgardt & Makino (2003) calculated a set of N -body simulations of cluster disruption
due to the tidal field; calculations were carried out for different cluster initial masses and
different density profiles, and for clusters following circular and elliptical orbits at various
Galactocentric radii. Gieles et al. (2004) have shown that the disruption time scale,
tdis – defined as tdis ≡ (dlnM/dt)−1 – for the theoretical models of Baumgardt & Makino
(2003) can be expressed as an exponential function of the cluster mass, tdis = t0M

γ . t0
is a normalization constant – the dissolution time scale parameter – and is determined by
the tidal field strength (it is constant for a cluster on a circular orbit). The exponent γ
is a dimensionless index defining the mass dependence of the disruption time scale. It
depends on the cluster density profile and has typical values of about 0.6–0.8 from the
theoretical studies (Baumgardt & Makino, 2003; Gieles et al., 2004), as well as from the
observations (Boutloukos & Lamers, 2003). The mass loss by the galactic tidal field can
be then expressed as (dM

dt

)
tidal

= −M
tdis

= −M
1−γ

t0
. (5.5)

Constant tidal field

Lamers et al. (2005, their Eq. (6)) presented an analytical formula that very accurately
approximates the solution of Eq. (5.2) in the case of the constant dissolution time scale t0,

M(t)
Mini

'
{

[1− qev(t)]γ − γt

t0
M−γini

}1/γ
, (5.6)
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where the cluster (initial) mass is given in M�. If the first term in brackets, describing
the mass that remains after the mass loss due to stellar evolution, is smaller than the
second term, describing the mass loss due to the Galactic tidal field, than M(t) = 0 and
the cluster is completely disrupted. Cluster initial mass can be expressed by inverted
Eq. (5.6) as

Mini '
[
Mγ + γt

t0

]1/γ
[1− qev(t)]−1 , (5.7)

where, again, masses are expressed in M�.
The first estimate on the initial mass of NGC6791 (or the mass loss up to certain time)

can be made following the results of Lamers et al. (2005) given by Eqs. (5.6) and (5.7).
This corresponds to the case when the tidal field can be assumed to be constant (cluster
on a circular orbit) during the whole cluster life. Looking at its suggested origin scenarios
(Sect. 2.6.6) and the results of previous sections, this does not seem very probable for
NGC6791. However, the initial mass calculated via Eq. (5.7) can serve as a conservative
lower-limit estimate of the real value.

To calculate Eq. (5.7), we need to assess values of the involved constants characterizing
the cluster and the Galactic tidal field. The parameters a, b, and c determine the mass loss
rate due to stellar evolution, Eq. (5.3), and depend on cluster metallicity. Lamers et al.
(2005) give their values for metallicity in the range 0.0004 < Z < 0.05 in their Table 1.
The [Fe/H] abundance of NGC6791 is about +0.4 (Sect. 2.6.2), which corresponds to Z
1 of about 0.05 and leads to values of a = 0.05, b = 0.25, and c = −1.82.

The dissolution time scale parameter t0 determines the mass loss rate due to the given
tidal field and is assumed to be constant. Comparing the observed age distribution of
OCs in the solar neighborhood, with the theoretical one predicted through Eq. (5.6),
Lamers et al. (2005) obtained t0 = 3.3+1.4

−1.0 Myr (corresponding to the disruption time
of 1.3 ± 0.5Gyr for a cluster with the initial mass of 104M�). This value is about a
factor five shorter than obtained by Baumgardt & Makino (2003) from their N -body
simulations (they obtained the disruption time of 6.9Gyr for a 104M� cluster). Lamers
& Gieles (2006) have shown that this discrepancy is probably mostly because Lamers
et al. (2005) did not include the mass loss due to the tidal shocks. When the tidal shocks
(interaction with GMCs and spiral arms) are considered, the observed age distribution of
OCs is reproduced using the dissolution time scale consistent with Baumgardt & Makino
(2003). Therefore, the value of t0 = 3.3+1.4

−1.0 Myr by Lamers et al. (2005) –which is shorter
than the actual time scale for two-body relaxation due to the Galactic tidal field – could
successfully reproduce the observed age distribution of OCs in the solar neighborhood,
even though the shocks were not included. Since the current Galactocentric radius of
NGC6791 is about 8 kpc that roughly corresponds to solar distance, we adopt the t0 of
Lamers et al. (2005), which through its shorter value, in a way, also covers the tidal shock
interaction.

For the coefficient γ, we adopt the value of 0.62 which corresponds to a typical OCs
(e.g., Kruijssen et al., 2011). The exponent γ depends on the cluster mass density profile

1 The proportion of matter of an object made up from chemical elements other than hydrogen and
helium.
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and is usually given for different values of the King parameter W0, which characterizes
the concentration of the King models (King, 1966). The typical value of King parameter
for OCs is W0 = 5 and it corresponds to γ = 0.62 (e.g., Baumgardt & Makino, 2003).
GCs are generally more concentrated with W0 = 7 (Kruijssen & Mieske, 2009), which
corresponds to γ = 0.70. To our knowledge, the only presented density profile and King
model of NGC6791 is the one by Platais et al. (2011). They constructed a stellar number
density profile complete to g′ ∼ 22mag, within the radius of 15′ from the cluster center.
They derived the King parameter W0 = (3.4 ± 0.3), a value rather low compared to a
typical OCs. A possible cause of this discrepancy might be that while the cluster tidal
radius is estimated to be (23.1 ± 1.0)′, the density profile was constructed using data
within the radius of only 15′. Estimating the tidal radius beyond the radial extend of
the available data is rather unstable and the real tidal radius of the cluster might be
larger. We constructed the stellar number density profile independently using the catalog
of Stetson et al. (2003, about 15 000 stars up to V ∼ 24mag). The radial range of the
density profile is up to about 12′ from the cluster center and the we estimate the tidal
radius to be (18 ± 5)′. So the data suffer from the same spatial incompleteness with
respect to the tidal radius as in the work of Platais et al. (2011). Our best fitting King
model has the concentration parameter consistent with the result of Platais et al. (2011),
however, we expect the real King parameter of NGC6791 to be larger. Furthermore, the
exponent γ is not estimated for system with that low concentration since such systems
with W0 ∼ 3 are predicted to disrupt rapidly by mass loss due to stellar evolution (e.g.,
Baumgardt & Makino, 2003). Therefore we use γ = 0.62 as predicted for a typical OC.

Apart from the parameters characterizing the mass loss process, Eq. (5.7) is cali-
brated by a known cluster mass at a given time, i.e., the cluster current mass and its
current age. We adopt values of 5000M� and 8Gyr for these quantities, respectively
(Sects. 2.6.1 and 2.6.3). Even though, precise values are still under discussion and these
numbers posses significant errors, the final uncertainty in the initial mass estimate is
driven mostly by the uncertainty in the dissolution time scale parameter t0. The depen-
dence of the cluster initial mass for the dissolution time scale parameter t0 within the
range of 3.3+1.4

−1.0 Myr is plotted in Fig. 5.10, together with the uncertainties caused by the
error of the current cluster mass (interval 4000–6000M� considered) and its current age
(interval 7–9Gyr considered).

Figure 5.10 shows that the estimate of NGC6791 initial mass is about (1.5–4) ·105M�.
This mass range was estimated using Eq. (5.7), which assumes a constant Galactic tidal
field with its strength corresponding to the solar neighborhood. Eq. (5.7) does not in-
cludes the tidal shocks directly, but it indirectly covers the tidal shock interaction through
a shorter dissolution time scale. The mass range of (1.5–4) · 105M� can be consider as a
lower-limit estimate of the real value of the initial mass of NGC6791. This is interesting
in the context of the theoretical considerations about the initial mass of GCs as mentioned
in Sect. 2.7. Bekki (2011) suggested that the limiting initial mass necessary for the system
to form the second stellar generation, and consequently to show the abundance spread –
observed also in the case of NGC6791 (Sect. 2.6.5) – is (6–10) · 105 M�; Vesperini et al.
(2010) obtained a slightly lower value of ∼ 104.8–105 M�. Our lower-limit estimate lies
somehow in between these theoretically derived limits, suggesting that NGC6791 proba-
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Figure 5.10: Cluster initial mass given by Eq. (5.7) as a function of the dissolution time
scale parameter t0. The red curve shows the dependence derived for the current cluster
mass of 5000M� and its age of 8Gyr; the dark-gray colored area corresponds to values
derived for mass within 4000–6000M� at age of 8Gyr; the light-gray area corresponds to
values derived for the mass of 5000M� at an age within 7–9Gyr.

bly had the initial mass sufficient to form the second stellar generation and is resembling
the evolution of GCs in this aspect. However, the analysis done here is only the very
basic one and the topic of the cluster initial mass deserves a more realistic investigation
(including the galactic tidal effects corresponding to a more realistic orbit and the tidal
shocks).



Chapter 6

Orbits of open clusters

With the increasing quality and quantity of available data, several works investigated the
chemical properties and the radial metallicity gradients of the Galactic disk as defined by
OCs using a sample having abundances obtained by various high-resolution spectroscopy
studies (see Sect. 2.5.1 for the literature summary). Among others, Magrini et al. (2009)
studied a sample of 45 OCs with their Galactocentric radii of 7–22 kpc and compared
their characteristics with a classical chemical evolution model of the Galactic disk (a
model based on assumptions similar to these described in Sect. 3.1). The same model
was used by Magrini et al. (2010), who focused on the inner disk properties using a
sample of 11 OCs with their radii within the range of 6.5–8 kpc. Pancino et al. (2010)
collected abundances for 57 OCs, and this sample was further extended by Carrera &
Pancino (2011) to 89 OCs. Yong et al. (2012) compiled the high-resolution abundances
for 49 OCs. As described in Sect. 2.5.1, these studies generally reach consistent results,
with the main conclusions of the slope change of the radial metallicity gradient; with no
significant difference of the metallicity gradient between younger and older OCs (or only
a slightly more flat gradient for the younger OCs); as well as with no significant gradients
with the vertical distance from the Galactic plane (Sect. 2.5.2); and with a lack of the
AMR (Sect. 2.5.3).

Kinematics and orbital properties are an important part of clusters characterization,
together with the chemical composition, spatial distribution, or the age. Orbital proper-
ties can bring an insight into clusters origin and evolution in the context of the Galactic
disk (Sect. 2.5.1). As mentioned in Sect. 2.3, many authors investigated orbits of OCs.
The most recent systematical studies are by Wu et al. (2009) or Vande Putte et al. (2010),
who both used the catalog of Dias et al. (2002a, its version available by the time of their
study) as the main source of the input data and other clusters characteristics (metallic-
ity and age). Both studies also included an analysis and discussion of clusters orbital
characteristics in the connection with their metallicity. The metallicities in the catalog
of Dias et al. (2002a) are compiled from various sources for individual clusters, and no
distinction between the quality of the metallicity measurements was made. Therefore,
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their conclusions could be influenced by the less precise measurements (e.g., metallicities
obtained from the CMDs or the low-resolution spectroscopy). Wu et al. (2009) compared
the radial metallicity gradient for OCs currently located at R < 13.5 kpc derived using
their current Galactocentric radii and the apogalacticon distances of their orbits, finding
both to be similar, (−0.07±0.011) dex kpc−1 and (−0.082±0.014)dex kpc−1, respectively
(see Sect. 3.2.4 for a consequent discussion). Vande Putte et al. (2010) suggested that the
orbital parameters of the maximal vertical amplitude and eccentricity can be correlated
with the metallicity and might be used as indicators of individual clusters origin; see
Sect. 2.3 for a more detailed summary, and Sect. 5.1.3 where their result for the case of
NGC6791 is discussed.

In this chapter, we present orbits for a sample of 34 OCs. The main selection criterion
for the sample was the availability of at least one high-resolution metallicity measurement
in the literature. Further, we obtained a new mean PM vector estimates based on the
UCAC4 catalog for all clusters in the sample. Although, the mean PM vector is available
in the literature almost for all sample clusters, sometimes the values are obtained using
only few stars (less then 10). Therefore, we carried out an independent analysis to obtain
the mean PM vectors for all sample clusters in a consistent way. The description of the
methods used to obtain the mean PM vectors is given in Sect. 6.3 and a comparison of
our results with previous studies in Sect. 6.4.1. To calculate the orbits, we also collected
up-to-date solar distances and radial velocities of the OCs in our sample.

We calculated orbits for the sample clusters in our model of the Galactic potential
(including non-axisymmetric components, see Sect. 4 for the model description) and an-
alyzed orbital properties in the context of their high-resolution metallicities (Sect. 6.5.2).
To our knowledge, with the exception of Magrini et al. (2010), where we used the Allen &
Santillan (1991) version of our barred model to calculate orbits of the inner disk sample
of 11 OCs, none of the previous studies have investigated orbits of a sample of OCs in a
non-axisymmetric Galactic potential model.1

6.1 Sample of clusters
As already mentioned, the key selection criteria for our OCs sample is the availability
of a high-resolution spectroscopic metallicity measurement. Carrera & Pancino (2011)
found about 90 of such systems with R ≥ 15 000,2 which is, to our knowledge, the biggest
sample compiled. We investigated the mean PM vector for these clusters using the UCAC4
catalog (Zacharias et al., 2012a) as the source of the PM data for individual stars, and
using the methods described in Sect. 6.3. It was possible to obtain reliable PM information
for our final sample of 34 OCs.

1 48 GCs in a barred potential have been investigated by Allen et al. (2006); 6 GCs in combined bar
and spiral arms model by Allen et al. (2008). Both studies used the bar model presented by Pichardo
et al. (2004) and the spiral arm model of Pichardo et al. (2003) together with the Allen & Santillan (1991)
axisymmetric background. Similar model was also used by Bellini et al. (2010a) to calculate the Galactic
orbit of the OC M67, and by Pichardo et al. (2012) to investigate and compare the present-day orbital
characteristics of the Sun and M67.

2 The spectral resolution or spectral resolving power, R, of a spectrograph is defined by the smallest
difference in wavelength, ∆λ, that can be distinguished at a wavelength λ: R = λ/∆λ.
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Table 6.1: Characteristics of OCs collected from the literature.

Cluster d� σd� Ref. age σage Ref. vr σvr Ref.
[pc] d� [Gyr] age [km s−1] vr

Blanco 1 207 12 (28) 0.132 0.024 (38) +5.53 0.11 (24)
IC 2602 149 2 (28) 0.046 0.006 (29)g +18.12 0.30 (24)
IC 4651 1010 50 (21) 1.7 0.2 (21) −30.76 0.2 (21)
Melotte 66 4370 600 (7)d 4.0 1.0 (7) +21.2 0.4 (15)e
Melotte 71 2090 210 (33) 0.9 0.1 (33) +50.71 0.12 (8)
NGC188 1700 80 (18) 7.0 0.5 (18) −42.36 0.04 (19)
NGC752 450 20 (17) 1.2 0.2 (10) +5.04 0.08 (8)
NGC1039 540 40 (34) 0.23 0.03 (35)i −16.8 0.01 (36)
NGC1545 711 70 (32)h 0.089 0.005 (39) −11.58 0.17 (8)
NGC1817 1510 420 (16) 1.1 0.1 (16) +65.31 0.09 (8)
NGC2099 1490 120 (14) 0.49 0.03 (14) +8.3 0.2 (8)
NGC2204 4100 400 (11) 2.0 0.3 (10) +89.09 1.2 (9)c
NGC2243 3600 200 (9) 4.7 1.2 (10) +57.7 0.2 (9)b
NGC2355 1930 130 (13) 0.8 0.2 (10) +35.4 0.5 (13)
NGC2360 1887 190 (32)h 0.85 0.15 (10) +27.28 0.18 (8)
NGC2420 2500 300 (13) 2.2 0.3 (10) +73.6 0.6 (13)
NGC2447 1050 40 (40) 0.4 0.05 (40) +22.08 0.18 (8)
NGC2477 1260 230 (7)d 1.0 0.3 (7)a +7.26 0.12 (8)
NGC2539 1100 110 (41) 0.63 0.06 (41)d +28.89 0.21 (8)
NGC2632 180 10 (10) 0.7 0.1 (10) +34.76 0.07 (24)
NGC2660 2750 130 (23) 1.0 0.3 (23)f +21.2 0.6 (6)
NGC2682 850 40 (20) 4.2 0.7 (20) +33.67 0.09 (20)
NGC3114 920 50 (42) 0.16 0.02 (43)j −1.72 0.13 (8)
NGC3680 1100 50 (30) 1.75 0.1 (31) +1.28 0.11 (8)
NGC3960 2090 100 (5) 0.9 0.3 (5) −22.6 0.9 (6)
NGC5822 805 60 (44) 0.9 0.1 (44) −29.31 0.18 (8)
NGC6134 1050 60 (25) 0.79 0.10 (25) −25.70 0.19 (8)
NGC6192 1660 150 (26) 0.13 0.03 (26) −7.93 0.21 (8)
NGC6253 1620 190 (1) 3.0 0.5 (1) −29.4 1.3 (2)
NGC6475 340 20 (36) 0.2 0.05 (36) −14.78 0.23 (24)
NGC6633 400 20 (44) 0.56 0.07 (45)g −28.96 0.09 (8)
NGC6705 1890 260 (27) 0.25 0.03 (27) +35.08 0.32 (8)
NGC6819 2340 60 (3) 2.2 0.2 (3) +2.34 0.05 (4)
NGC7789 2200 200 (12) 6.3 0.3 (10) −54.7 1.3 (13)

Notes. (a) Originally, Kassis et al. (1997) estimated the age of 1+0.3
−0.2 Gyr; we took the larger error.

(b) The mean value (and its dispersion) of RVs of 16 member stars presented in Jacobson et al. (2011a) is
used; this result agrees well with the result of Mermilliod et al. (2008a, (+59.84± 0.41) km s−1, based on
2 member stars), and Friel et al. (2002, (+55± 5) km s−1, based on the mid-resolution spectroscopy of 9
stars). (c) Mean value (and its dispersion) of RVs of 18 member stars presented in Jacobson et al. (2011a)
is used; this result is consistent with the result of Mermilliod et al. (2008a, (+92.35± 0.52) km s−1, based
on 25 member stars). (d) Asymmetrical interval of the distance modulus estimated by Kassis et al. (1997);
we took the larger error to estimate the uncertainty in the distance (Melotte 66: the distance modulus of
13.2+0.3

−0.1 mag, error of 0.3mag taken; NGC2477: the distance modulus of 10.5+0.4
−0.3 mag, error of 0.4mag

taken). (e) Avarage value (and its dispersion) of RVs of 5 member stars presented in Sestito et al. (2008)
is used; this result compares well with an older estimate by Friel & Janes (1993) of (+23 ± 6) km s−1,
based on a mid-resolution spectroscopy of 4 stars. (f) Age interval of (1.0±0.3)Gyr taken to cover the
best age estimates resulting from various isochrone models presented in Table 4 of Sandrelli et al. (1999).
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(g) Asymmetrical interval for age error given by Jeffries et al. (2002); we take the larger error to estimate
the uncertainty. (h) There is no error estimate given in Kharchenko et al. (2005a, where they refer to
private communication with Loktin, 2004, as the source of the distance estimate). We adopt the distance
uncertainty of 10%. (i) Jones & Prosser (1996) estimated the age to be within the interval of 200–250Myr,
which we take as (0.23 ± 0.3)Gyr. (j) No uncertainty of age is given in the source paper of González &
Lapasset (2001, and to our knowledge, none of the more recent studies of the cluster gives the age uncer-
tainty estimate); we take the uncertainty of 10%.
References. (1) Twarog et al. (2003); (2) Anthony-Twarog et al. (2010); (3) Basu et al. (2011); (4) Hole
et al. (2009); (5) Bragaglia et al. (2006); (6) Sestito et al. (2006); (7) Kassis et al. (1997); (8) Mer-
milliod et al. (2008a); (9) Jacobson et al. (2011a); (10) Salaris et al. (2004); (11) Twarog et al. (1997);
(12) Gim et al. (1998); (13) Jacobson et al. (2011b); (14) Hartman et al. (2008); (15) Sestito et al. (2008);
(16) Balaguer-Núñez et al. (2004a); (17) Daniel et al. (1994); (18) Sarajedini et al. (1999); (19) Geller
et al. (2008); (20) Yadav et al. (2008); (21) Meibom et al. (2002); (22) Pietrukowicz et al. (2006); (23) San-
drelli et al. (1999); (24) Mermilliod et al. (2009); (25) Rasmussen et al. (2002); (26) Loktin et al. (2001);
(27) Santos et al. (2005); (28) van Leeuwen (2009); (29) Dobbie et al. (2010); (30) Bruntt et al. (1999);
(31) Anthony-Twarog et al. (2009); (32) Kharchenko et al. (2005a); (33) Twarog et al. (2006); (34) Saraje-
dini et al. (2004); (35) Jones & Prosser (1996); (36) Kharchenko et al. (2007); (37) Villanova et al. (2009);
(38) Cargile et al. (2010); (39) Začs et al. (2011); (40) Bica & Bonatto (2005); (41) Choo et al. (2003);
(42) Carraro & Patat (2001); (43) González & Lapasset (2001); (44) Carraro et al. (2011); (45) Jeffries
et al. (2002); (45) Williams & Bolte (2007).

Clusters are listed in Table 6.1, together with their characteristics – solar distance
d�, radial velocity vr (necessary for the initial conditions calculation), and their age.
Values of these quantities and their uncertainties were collected from the literature (the
references are also given in Table 6.1). Clusters in the sample have solar distances within
the range of 0.1–4.4 kpc. No study providing the distances, radial velocities, or age
estimates in a consistent way for all these clusters is available. Therefore, we collected
the information from various sources, which generally used different methods to obtain
these characteristics. For each cluster, we searched for the most up-to-date information
available and when more than one source was available, we checked through the various
studies and aimed to use the most reliable estimate.3

Figure 6.1 shows the spatial distribution of OCs in our sample. Comparing the left
plot of Fig. 6.1, showing the distribution in the Galactic plane, to Fig. 2.1, panel (d),
we can see similarity with the distribution of a much bigger sample of 654 OCs in the
Galactic plane (from Bonatto et al., 2006).

6.2 Metallicity of sample clusters

For all clusters in our sample, at least one study of metallicity using a high-resolution
spectroscopy is available, however, some clusters were analyzed more than once. In these
multiple cases, we decided to use the result with the smaller uncertainty. In the cases
when more studies give the same uncertainty, we chose the result using a higher number

3 Characteristics of OCs are also collected in various catalogs, such as the catalog of Dias et al. (2002a)
or the WEBDA database (Sect. 2.2). However, the uncertainties of some characteristics (e.g., the solar
distance, necessary to estimate uncertainties in orbital parameters, Sect. 5.1.1) are not listed in these
compilations and therefore we preferred to collect the information directly from the original studies.
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Figure 6.1: Spatial distribution of OCs in our sample color-coded by their age. The
coordinate system is the one defined in Sect. 5.1.1 (Cartesian Galactocentric right-handed
coordinates, where the x axis points from the Galactic center outward, in the direction
of the Sun; the y axis points in anti-direction of the LSR motion; and the z axis toward
the North Galactic Pole). Symbol � marks the position of the Sun. Left: Distribution
in the Galactic plane. The black curve shows the solar circle with the radius of 8.4 kpc.
Right: Distribution in the meridional plane.

of cluster member stars to derive the mean cluster metallicity. Generally, the results of
different studies are consistent within their errors.

The literature data on [Fe/H] for clusters in the sample are given in Table 6.2. We
note that our literature search was not exhaustive and a different criterion could be
used for the metallicity selection in the multiple cases. These could also be treated as
independent measurements (e.g., Pancino et al., 2010 or Yong et al., 2012), averaged with
equal weights (Carrera & Pancino, 2011), or averaged with some kind of weighting system
(based, for example, on the number of stars used in the different studies, the uncertainty
of metallicity, or the spectral resolution).

6.3 Clusters mean PM vectors

Mean PM vector for each cluster in the sample was obtained using data of individual
stars from the UCAC4 astrometric catalog. The description of UCAC4 was given by
Zacharias et al. (2012a). It is the final release in the UCAC series, covering all-sky by
over 110million of objects with PMs supplemented by the photometry from The Two
Micron All Sky Survey (2MASS, Skrutskie et al., 2006). It is complete to about 16mag
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Table 6.2: Clusters Galactocentric radii and metallicity.

Cluster R σR [Fe/H] σ[Fe/H] # Ref.
[kpc]

Blanco 1 8.36 0.00 +0.04 0.04 8 Ford et al. (2005)
IC 2602 8.35 0.00 −0.05 0.05 9 Randich et al. (2001)
IC 4651 7.47 0.04 +0.11 0.01 4 Carretta et al. (2004)
Melotte 66 10.08 0.32 −0.33 0.03 5 Sestito et al. (2008)
Melotte 71 9.89 0.02 −0.32 0.16 2 Brown et al. (1996)
NGC188 9.35 0.05 +0.12 0.02 4 Friel et al. (2010)
NGC752 8.71 0.01 +0.01 0.04 18 Sestito et al. (2004)
NGC1039 8.82 0.03 +0.07 0.04 5 Schuler et al. (2003)
NGC1545 9.04 0.06 −0.13 0.08 3 Začs et al. (2011)
NGC1817 9.86 0.40 −0.16 0.03 28 Jacobson et al. (2011b)
NGC2099 9.89 0.12 +0.01 0.05 3 Pancino et al. (2010)
NGC2204 11.49 0.32 −0.23 0.04 13 Jacobson et al. (2011a)
NGC2243 10.56 0.14 −0.42 0.05 10 Jacobson et al. (2011a)
NGC2355 10.16 0.12 −0.08 0.08 5 Jacobson et al. (2011b)
NGC2360 9.73 0.14 −0.07 0.06 4 Reddy et al. (2012)
NGC2420 10.66 0.27 −0.20 0.06 9 Jacobson et al. (2011b)
NGC2447 8.97 0.02 −0.10 0.03 3 Santos et al. (2009)a
NGC2477 8.84 0.09 +0.07 0.03 6 Bragaglia et al. (2008)
NGC2539 9.08 0.07 +0.13 0.03 3 Santos et al. (2009)a
NGC2632 8.54 0.01 +0.16 0.05 3 Carrera & Pancino (2011)
NGC2660 9.02 0.05 +0.04 0.04 5 Bragaglia et al. (2008)
NGC2682 9.00 0.03 +0.03 0.01 10 Randich et al. (2006)
NGC3114 8.24 0.01 +0.02 0.05 3 Santos et al. (2009)a
NGC3680 8.16 0.01 −0.08 0.02 21 Anthony-Twarog et al. (2009)
NGC3960 7.78 0.02 +0.02 0.04 6 Bragaglia et al. (2008)
NGC5822 7.79 0.04 +0.05 0.04 3 Santos et al. (2009)a
NGC6134 7.15 0.05 +0.15 0.07 3 Carretta et al. (2004)
NGC6192 6.86 0.13 +0.12 0.04 4 Magrini et al. (2010)
NGC6253 6.97 0.16 +0.36 0.07 5 Sestito et al. (2007)
NGC6475 8.06 0.02 +0.14 0.06 13 Sestito et al. (2003)
NGC6633 8.08 0.02 +0.06 0.01 3 Santos et al. (2009)a
NGC6705 6.78 0.21 +0.23 0.01 3 Santos et al. (2012)a
NGC6819 8.07 0.00 +0.09 0.03 3 Bragaglia et al. (2001)
NGC7789 9.55 0.12 +0.02 0.04 28 Jacobson et al. (2011b)

Notes. Cluster Galactocentric radius, R, is calculated using the solar distance d� (Table 6.1),
the solar Galactocentric radius of R� = 8.4 kpc (Sect. 4.1.1), and cluster coordinates taken from
the catalog of Dias et al. (2002a, V3.2). The error of cluster Galactocentric radius, σR, is the
standard deviation of a set of 1000 realizations of R derived from randomly generated values of d�
having a normal distribution with its standard deviation equal the σd� (Table 6.1). Metallicity,
[Fe/H], and its error, σ[Fe/H], are given in the 3rd and the 4th column, respectively. Number of
stars used to obtain clusters metallicity is given in the 5th column. An finally, the 6th column lists
the reference for metallicity. (a) Santos et al. (2009, 2012) give clusters metallicity values derived
using different line-lists. We adopt the [Fe/H] values derived using the line-list of Sousa et al.
(2008) with a corrected scale (see Santos et al., 2009, Sect. 4.2 for details about the correction).
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in its instrumental system (close to the R band) and the distribution of PM errors (per
coordinate) peaks around 4mas yr−1.

For most of the sample clusters, a membership study based on the RV measurements is
available in the literature. In these cases, we carried out a cross-identification of member
stars with the UCAC4 catalog. The cross-identification was made through the equatorial
coordinates using the software TOPCAT.4 Further, to avoid stars with non-standard PM
errors, only these that have the PM error smaller than 5mas yr−1 were used (PM error
is calculated as σµ =

√
σµα

2 + σµδ
2, where σµα and σµδ are errors of the µα and µδ PM

vector components, respectively). If there were at least 10 such member stars identified,
we calculated the mean value of each PM component. To avoid using possible outliers, we
applied the 3σ cut-off and excluded stars with either of their PM component outside the
3σ intervals. An updated mean PM vector was calculated for the new sample and the 3σ
cut-off was applied again. This procedure was applied until no outlier was identified in
the sample. The final mean values of each PM component were used as the components
of the mean cluster PM vector. Detailed description of the process for individual clusters
including references to the original RV-membership studies and the number of used stars
is given in Sect. 6.4.

For some clusters in our sample there is not a sufficient number of RV-member stars
or the sample of cross-identified stars is too small (less then 10 members with their PM
error smaller than 5mas yr−1). In these cases, to obtain the mean cluster PM vector,
we applied a cluster–field separation method that is discussed in the following section
and in Appendix B. The cluster–field separation method was tested for all clusters in the
sample and comments about these results are given in Sect. 6.4. Generally, the results
are consistent with values obtained using the cross-identification.

6.3.1 Cluster–field separation based on PMs

The PM data of individual stars are very often used to separate the cluster members
from the field stars, i.e., to determine stars cluster membership probability. The mem-
bership determination problem, or in other words the cluster–field separation, can be
in general solved in various observational data planes and their combination. Because
of their common origin and characteristics, the cluster member stars form over-densities
in the PM space, in the spatial distribution (coordinates, radii), in the radial velocity
dimension, and they also have a specific distribution in the photometric plane (CMDs
of clusters). In the ideal case, all the available observational information is combined to
estimate the cluster membership probability of individual stars. On the other hand, the
data from different observational planes are often not available for the same sample of
stars or they have different accuracies. The topic of cluster–field separation using the
PM data is widely discussed in the literature (see for example, the references given later
in this section and in Appendix B). Basically, two main methods have been used and in
the paragraphs below we give their brief summary. A detailed description of the method
implemented here is given in Appendix B.

4 http://www.star.bristol.ac.uk/~mbt/topcat/

http://www.star.bristol.ac.uk/~mbt/topcat/
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Parametric method

The classical method, originally described by Vasilevskis et al. (1958), is based on the
assumption of parametric models for the cluster and the field stars distributions in the
2-dimensional PM space. It assumes that the two groups can be described by normal
bivariate functions. The cluster stars distribution function is circular (supposing that the
intrinsic velocity dispersion is not resolved and there is no systematic difference in observa-
tional errors, which are assumed to be independent on direction), and the field stars distri-
bution is elliptical. The maximum likelihood method is usually used for the determination
of distributions parameters (Sanders, 1971). Later, the classical method was improved to
weight the stellar PMs with different observational uncertainties by Stetson (1980) and
Zhao & He (1990). Various modifications of the parametric method were used for the
analysis of mean PM of OCs (e.g., Dias et al., 2002a, 2006; Krone-Martins et al., 2010).

The parametric method generally works well provided the assumption of the bivariate
cluster and field stars distributions is fulfilled, the ratio of numbers of cluster/field stars
is high, and the statistical distance between the cluster and the field distribution is large
enough (see, e.g., a discussion in Galadí-Enríquez et al., 1998). However, there are various
reasons why it can fail in other cases – the distributions can be far away from the assumed
model functions (especially for the field distribution, the model can be quite unrealistic,
since asymmetries or tails can be present), both distributions can be very close to each
other, there are overlapping distributions of two clusters present in the data, or a large
number of field stars is present in the sample. The method is also very sensitive to data
pruning and the rejection of sample outliers (Cabrera-Cano & Alfaro, 1990).

Non-parametric method

Basic idea of the non-parametric method for the cluster–field separation in the 2-dimensio-
nal PM space, is the empirical determination of the cluster and field stars distributions
without any assumption about their shape. Cabrera-Cano & Alfaro (1990) used the ker-
nel estimation technique (with a circular Gaussian kernel function) to derive the data
distributions. Different implementations of this approach were further described by Chen
et al. (1998) or Galadí-Enríquez et al. (1998). In the data sample, the total distribution
is given as sum of the cluster and the field stars distributions. To obtain the frequency
function for the cluster stars (and so the cluster membership probabilities), it is nec-
essary to decompose the total combined cluster+field distribution into the cluster and
the field parts by subtracting the field contribution. The field frequency function can be
estimated, e.g., using a model of the Galaxy stellar population in the direction of the
studied cluster (Chen et al., 1998); by a geometrical division of the sample – stars from a
circle within the cluster radius and from a corona limited by some higher radii centered
on the cluster are taken to estimate the cluster+field sample and the field distribution,
respectively (Galadí-Enríquez et al., 1998); or using a membership classification based on
some other independent observational information, e.g., Frinchaboy & Majewski (2008)
used the RV-membership to identified the field stars. Non-parametric approach was used
by several authors, for example, by Frinchaboy & Majewski (2008) or Balaguer-Núñez
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Table 6.3: Parameters of OCs for the cluster-field separation.

Cluster α (J2000) δ (J2000) rc Notes
[ h m s] [ ◦ ′ ′′] [ ′]

Melotte 66 7 26 23 −47 40 0 10.0
NGC1545 4 20 57 50 15 12 10.0
NGC2660 8 42 38 −47 12 0 10.0
NGC3680 11 25 38 −43 14 36 10.0 J < 14mag
NGC6192 16 40 23 −43 22 0 10.2
NGC6705 18 51 5 −6 16 12 21.0

et al. (2004b, 2005), who also give a comparison between classical parametric and non-
parametric methods.

Our implementation

In cases of clusters with less than 10 RV-based member stars cross-identified with the
UCAC4 catalog that have the PM error smaller than 5mas yr−1, we applied the non-
parametric cluster–field separation method using the kernel estimation of the cluster and
field frequency functions adopted from Galadí-Enríquez et al. (1998). There were six
such clusters and they are listed in Table 6.3 together with their central coordinates,
cluster radii, and additionally notes relevant to the cluster–field separation process (see
respective paragraphs in Sect. 6.4).

A detailed description of the procedure and an example of its usage (cluster NGC2660)
are given in Appendix B. Briefly, we applied the kernel estimation of the empirical fre-
quency functions of the mixed cluster+field populations within the cluster geometrical
radius and of the field stars in a corona surrounding the cluster field (with the inner radius
equal the cluster radius, and the outer equal twice its value). To consider the observa-
tional errors of PM components, we applied the procedure on 10 random realizations of
the data and derived corresponding uncertainties of the final mean cluster PM vector.

6.4 Notes on PMs of individual OCs
In this section, various notes on obtaining the mean cluster PM vectors are given for each
cluster in the sample. The final values of the mean PM vectors together with the results
collected from the literature are given in Table C.1.

Blanco 1

The cross-identification of 79 RV-member stars from Mermilliod et al. (2009) with the
UCAC4 catalog gives 78 stars with their PM error smaller than 5mas yr−1; their mean
PM vector is (−18.9, 3.2) ± (0.2, 0.2)mas yr−1, which we take as the cluster mean PM.
This result roughly agrees with the values published in literature, see Table C.1.
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Figure 6.2: Cluster–field membership analysis for Melotte 66. Left: α and δ J2000
equatorial coordinates of the cluster field; Middle: VPD of the cluster field; Right: 2MASS
CMD of the cluster field. Coordinates and PMs are taken from the UCAC4 catalog.
Cluster field is defined by the parameters listed in Table 6.3. The cluster–field separation
method is described in Appendix B. Different colors of the individual stars correspond
to different cluster membership probability bins: gray circles represent stars with the
membership probability less than 50%; light to dark blue circles represent probability
of 50%–100%, with an increment of 10%. Colors and corresponding probabilities are
indicated in the left plot (with the CMD), where the number of stars in each bin is also
given. The red cross in the middle plot (with the VPD) indicates the final mean PM of
the cluster (see Appendix B for more detailed discussion).

IC 2602

Based on RVs, Mermilliod et al. (2009) found 26 member dwarf stars in the cluster;
from these, 25 stars were cross-identified with the UCAC4 catalog, 22 having their PM
error smaller than 5mas yr−1. Additionally, 2 of these stars were excluded from the
sample – though they are just within the 3σ mean PM intervals, the amplitude of their
PM is higher then 64mas yr−1 and they clearly lie outside the distribution of the rest
of the cluster members sample. The final sample of 20 stars has the mean PM vector
of (−14.9, 7.9) ± (1.6, 1.3)mas yr−1. We note that both components of the result have
somehow smaller absolute values than values presented in the literature (Table C.1).

IC 4651

The cross-identification of 19 RV-member stars from Mermilliod et al. (2008a) and the
UCAC4 catalog gives 16 stars with their PM error smaller than 5mas yr−1. The mean PM
vector of these stars is (−1.2,−2.5)±(0.6, 1.0)mas yr−1, which within the errors compares
well with the results of Dias et al. (2006), Kharchenko et al. (2005a), or Frinchaboy &
Majewski (2008), see Table C.1.
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Melotte 66

The cross-identification of 5 RV-member stars from Sestito et al. (2008, based on RVs de-
rived from a high-resolution spectroscopy) with the UCAC4 catalog gives mean cluster PM
of (−2.8, 2.8)±(0.6, 1.0)mas yr−1. Although this result is based on PMs of only 5 stars, it
agrees (within the errors) with the result of the cluster–field separation routine that gives
(−2.0, 1.2)±(1.0, 0.6)mas yr−1, which we further consider as the cluster mean PM vector.
See Table 6.3 for parameters of the cluster–field separation method and Fig. 6.2 for the
resulting plots of the stars equatorial coordinates (distribution in the 2-dimensional sky
plane), their vector point diagram (VPD, distribution in the 2-dimensional PM plane),
and their CMD.

Melotte 71

The cross-identification of 17 RV-member stars from Mermilliod et al. (2008a) with the
UCAC4 catalog gives 10 stars with the PM error smaller than 5mas yr−1. Their mean
PM value, (−4.7, 7.5)± (0.6, 0.6)mas yr−1, is taken as the mean cluster PM (we obtained
a similar result using the cluster–field separation analysis), a result with absolute values of
both components slightly higher then found by other authors (Table C.1), whose results,
however, are not consistent with each other either.

NGC188

The cross-identification of 47 RV-member stars from Jacobson et al. (2011a, based on RVs
derived from a high-resolution spectroscopy) with the UCAC4 catalog leads to 36 stars
with PM error smaller than 5mas yr−1. The mean PM vector of these stars is taken as
the mean cluster PM: (−2.9,−1.4)± (0.6, 0.5)mas yr−1.

NGC752

The cross-identification of 76 RV-member stars from Mermilliod et al. (2009) and the
UCAC4 catalog leads to 75 stars with their PM error smaller than 5mas yr−1. The mean
PM vector of these stars is (7.7,−11.9) ± (0.1, 0.1)mas yr−1 (we tested the cluster–field
separation method and using the cluster radius of 87′ from Kharchenko et al., 2005a,
we obtained a consistent result). This result is consistent with values published in other
studies (Table C.1).

NGC1039 (M34)

Meibom et al. (2011) combined photometry and RV measurements to obtain the cluster
membership probability for 120 stars in the cluster field; they found 83 of these stars to
br kinematic and photometric members. The cross-identification of this sample with the
UCAC4 catalog gives 37 stars with their PM error smaller than 5mas yr−1. Their mean
PM vector is (0.2,−6.3) ± (0.4, 0.3)mas yr−1 (we tested also the cluster–field separation
method with the cluster radius of 22.2′ from Kharchenko et al., 2005a, which leads to
consistent result). This result is roughly consistent with the PM vectors published in the
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Figure 6.3: Cluster–field membership analysis for NGC1545. See Fig. 6.2 for the de-
scription.

literature (Table C.1, note that these do not agree with each other, within their errors,
which are quite small, about 0.2mas yr−1, in most of the published cases).

NGC1545

There are only few (up to 3) RV-member stars determined in the literature (Mermilliod
et al., 2008a; Začs et al., 2011). The cluster–field separation method gives stable results
for the cluster radii within an interval of published values, from 9.0′ (Dias et al., 2002a,
V3.2) to 12.6′ (Kharchenko et al., 2005a). We chose the radius of 10.0′. The mean PM
vector is (−1.7, 0.2)±(0.3, 0.4)mas yr−1 (Fig 6.3), which falls within the range of estimates
presented in the literature (see Table C.1).

NGC1817

The cross-identification of 38 RV-member stars from Mermilliod et al. (2008a) and the
UCAC4 cataloque gives 31 stars with their PM error smaller than 5mas yr−1 (RV mem-
bership analysis by Jacobson et al., 2011a would give only one extra star within this
constrain). The mean PM vector of these stars is (−2.2,−0.7)± (0.5, 0.4)mas yr−1.

NGC2099 (M37)

The cross-identification of 35 RV-member stars from Mermilliod et al. (2008a) with the
UCAC4 catalog gives 28 stars with their PM error smaller than 5mas yr−1. Their mean
PM vector is (2.5,−7.0) ± (0.3, 0.3)mas yr−1 (the cluster–field separation method was
tested and gives a consistent result), in a good agreement with Dias et al. (2006, see
Table C.1), who used the UCAC2 catalog. Studies using the Tycho-2 catalog (e.g., Lok-
tin & Beshenov, 2003; Kharchenko et al., 2005a; Frinchaboy & Majewski, 2008) found
slightly higher value of the µα cos δ component; however, the difference is small (less than



Orbits of open clusters 81

1mas yr−1, when considering the errors). The µδ component agrees across the results
from different PM catalogs.

NGC2204

The cross-identification of RV-member stars from Jacobson et al. (2011a) and Mermilliod
et al. (2008a) with the UCAC4 (18 stars with their PM error smaller than 5mas yr−1)
gives the mean PM vector of (1.0, 1.5)± (0.7, 0.6)mas yr−1, which within the errors fairly
compares with (−0.22, 1.78)± (0.48, 0.44)mas yr−1 found by Loktin & Beshenov (2003).

NGC2243

The cross-identification of RV-member stars from Jacobson et al. (2011a) with the UCAC4
catalog gives 14 stars with their PM error smaller than 5mas yr−1; their mean PM vector
is (1.0, 5.3)± (1.1, 1.3)mas yr−1. This result does not agree well with that of (2.53, 2.9)±
(0.54, 1.30)mas yr−1 found by Loktin & Beshenov (2003, who, however, classified this
mean PM as a very unreliable data), either with that of (−3.66, 3.32)±(0.61, 0.61)mas yr−1

found by Dias et al. (2006). Note, however, that these two results do not agree well with
each other.

NGC2355

Soubiran et al. (2000) combined spectroscopic and astrometric data of stars in the field of
NGC2355 and based on their RVs and PMs they classified 17 stars as cluster members. We
compared their sample with the RV-members of Mermilliod et al. (2008a) and rejected
membership of one star, so all the members found by Soubiran et al. (2000) are also
members by Mermilliod et al. (2008a). We cross-identified this sample with the UCAC4
catalog and identified 12 stars with their PM error smaller than 5mas yr−1. Their mean
PM vector is (−2.5,−3.2)±(0.5, 0.8)mas yr−1, which is in a good agreement with Soubiran
et al. (2000), see Table C.1. To check the PM obtained by the cross-identification we
carried out our cluster–field separation analysis. Soubiran et al. (2000) estimated the
radii of the cluster central body and halo to be 7′ and 15′, respectively (much larger
than 3.5′, the radius given in the catalog of Dias et al., 2002a, V3.2). Our cluster–field
separation method gives stable results for the cluster radii of 10–15′ (radius of 12′ was
used) and the resulting mean cluster PM of (−2.9,−3.3)± (0.7, 1.1)mas yr−1 agrees well
with that obtained by the cross-identification.

NGC2360

The cross-identification of 20 RV-member stars from Mermilliod et al. (2008a) with the
UCAC4 catalog gives 16 stars with their PM error smaller than 5mas yr−1. The mean
PM vector of these stars is (−2.7, 6.0)± (0.5, 0.4)mas yr−1. The cluster–field separation
method gives stable results, which are consistent with this value, for a wide range of radii
of about 6–30′. The cluster radius estimates published in the literature fall within a similar
interval: 6.5′ by Lyngå (1987); 15.3′ by Nilakshi et al. (2002); 15.0′ by Kharchenko et al.
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(2005a, 2009); 22.63′ by Güneş et al. (2012). The level and distribution of the membership
probability from our cluster–field separation favors somehow higher values of the cluster
radius, around 20′ (for smaller radii, almost all stars within the field have membership
probability higher than 50%; for bigger radii, the number of stars with membership
probability higher than 50% decreases).

NGC2420

The cross-identification of 22 RV-member stars from Mermilliod et al. (2008a) with the
UCAC4 catalog gives 11 stars with PM error less than 5mas yr−1; their mean PM vec-
tor is (−0.7,−2.8) ± (0.9, 0.5)mas yr−1 (additionally, Jacobson et al., 2011b determined
membership for 22 stars, 12 of them being classified as members, of which 2 were not stud-
ied by Mermilliod et al. (2008a); both of these stars, however, were not cross-identified
with the UCAC4 catalog). We tested the cluster–field separation method for various
cluster radii. The catalog of Dias et al. (2002a, version 3.2) gives the cluster radius of
2.5′; however, few recent studies of the cluster, Nilakshi et al. (2002, using the photo-
metric data of the SDSS), Chen et al. (2004, using the 2MASS star catalog), Sharma
et al. (2006, using CCD observations), estimated that cluster radius is about 10–13′. The
cluster–field separation method gives stable results for radii within the range of 8–15′.
Using the cluster radius of 11.6′ (Chen et al., 2004), which gives the mean cluster PM
vector of (−1.4,−1.8)± (0.8, 0.7)mas yr−1, within the errors in agreement with the cross-
identification. We use the the cross-identification result as the final mean cluster PM
vector; this result is consistent with values found by Loktin & Beshenov (2003), which is,
to our knowledge, the only mean PM estimate mentioned in the literature.

NGC2447 (M93)

All 13 RV-member stars from Mermilliod et al. (2008a) that were cross-identified with
the UCAC4 catalog have their PM error smaller than 5mas yr−1. The mean PM vector
of these stars is (−4.9, 4.0) ± (0.6, 0.3)mas yr−1; a result consistent with most of other
estimates published in the literature (see Table C.1).

NGC2477

The cross-identification of 76 RV-member stars from Mermilliod et al. (2008a) with the
UCAC4 catalog gives 75 stars with their PM error smaller than 5mas yr−1. The mean
PM vector of these stars is (−0.65, 1.13) ± (0.60, 0.59)mas yr−1. This result falls within
the intervals defined by values found by other authors (Table C.1).

NGC2539

The cross-identification of 11 RV-member stars of Mermilliod et al. (2008a) with the
UCAC4 catalog gives 10 stars with their PM error less than 5mas yr−1. The mean PM
vector of these stars is (−4.13,−1.7) ± (1.4, 0.6)mas yr−1, which is in a good agreement
with the majority of results published in other studies (see Table C.1). Various authors
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give different values of cluster radius, from 4.5′ (Dias et al., 2002a, V3.2) to 30′ Kharchenko
et al. (2005b). The cluster–field separation method was tested for this range of cluster
radii and gives results consistent with the cross-identification.

NGC2632 (Praesepe)

NGC2632 (Praesepe) is close (d� = 180 ± 10 kpc, Table 6.1), well studied OC. Various
studies of its mean PM vector are generally consistent (Table C.1) and, not surprisingly,
our results based on the UCAC4 catalog agree well with these numbers published in the
literature. The cross-identification of 150 RV-members from Mermilliod et al. (2009) with
the UCAC4 catalog gives 141 stars with their PM error less than 5mas yr−1. Their mean
PM vector is (−35.3,−12.4) ± (0.3, 0.2)mas yr−1, comparing fairly well with the results
found in other studies (Table C.1). Cluster–field separation analysis (using cluster radius
of 3◦ from Kharchenko et al., 2005a) gives a similar mean PM vector.

NGC2660

Sestito et al. (2006) used a high-resolution spectroscopic RV measurements of 6 members
of NGC2660; additionally to these stars, Mermilliod et al. (2008a) presented spectroscopy
measurements of 9 different stars in the field of NGC2660 and based on their RVs, they
classified 6 of them as cluster members. 11 of the Sestito et al. (2006) and Mermilliod
et al. (2008a) member stars have their PMs in the UCAC4 catalog with error smaller than
5mas yr−1. However, the PM of individual stars are quite dispersed (having the standard
deviations of 21 and 37mas yr−1 for the µα cos δ and µδ components, respectively). Cluster
radius given in the catalog of Dias et al. (2002a, V3.2) is 1.5′, compared with the half-
radius of 4.8′ given by Portegies Zwart et al. (2001, see also references therein), who also
estimated the tidal radius of the cluster to be 11.4′. We tested the cluster–field separation
method with various cluster radii in the range of 2–15′. We chose the radius of 10′ giving
the mean PM of (−3.3, 6.9)± (1.4, 1.4)mas yr−1 (Fig. 6.4). The µδ component agrees well
with the result by Loktin & Beshenov (2003), who obtained the mean cluster PM vector
of (−5.82, 7.4) ± (0.81, 0.83)mas yr−1; however, our value of the µα cos δ component is
somewhat higher.

NGC2682 (M67)

NGC2682 (M67) belongs to the one of the most studied Galactic OCs. The mean PM
of the cluster has been calculated several times; using the HIPPARCOS catalog (Baum-
gardt et al., 2000), or the Tycho-2 catalog (Dias et al., 2001; Loktin & Beshenov, 2003;
Kharchenko et al., 2005a; Frinchaboy & Majewski, 2008, see Table C.1 for comparison
of their results). More recently, Bellini et al. (2010a) obtained an absolute PM using a
ground-based multi-epoch CCD wide-field images observed with a 10 years epoch differ-
ence. The components of the cluster PM vector from various studies have values within
intervals from −9.6 to −6.5mas yr−1 and from −7.7 to −3.7mas yr−1 for the µα cos δ
and µδ component, respectively (Table C.1). The cross-identification of 23 RV-members
from Mermilliod et al. (2008a) and 40 additional RV-members from Mermilliod et al.
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Figure 6.4: Cluster–field membership analysis for NGC2660. See Fig. 6.2 for the de-
scription.

(2009) with the UCAC4 catalog gives 54 stars with their PM error less than 5mas yr−1.
The mean PM vector of these stars is (−9.1,−4.3)± (0.3, 0.2)mas yr−1 (consistent result
was obtained using the cluster–field separation method), which falls within the inter-
vals of previously measured values. This result is also consistent with the values of
Bellini et al. (2010a), which we consider the most reliable from the available cluster mean
PMestimates.

NGC3114

RV membership studies of the cluster were done by González & Lapasset (2001) and Mer-
milliod et al. (2008a). González & Lapasset (2001) identified 19 cluster members; Mer-
milliod et al. (2008a) studied a sample of 11 stars and confirmed the results of González
& Lapasset (2001) for all of them. We cross-identified the 19 member stars with the
UCAC4 catalog and found 18 stars with PM error less than 5mas yr−1. Mean PM vector
of this sample is (−5.9,−4.2) ± (0.4, 0.3)mas yr−1 (consistent result was obtained using
the cluster–field separation method). When comparing this result with these published
in the literature (Table C.1), we see that the µα cos δ component has systematically of
about 1.5mas yr−1 lower value than the one found by Baumgardt et al. (2000), Dias
et al. (2001), Loktin & Beshenov (2003), and Kharchenko et al. (2005a), who obtained
the clusters mean PM vector using the HIPPARCOS or Tycho-2 catalog; on the other
hand, our result agrees well with the value found by Dias et al. (2006), who used the
UCAC2 catalog. Therefore, we account the discrepancy in the µα cos δ component for
the differences in the individual PMs presented in different catalogs. The µδ component
estimates have consistent values across different catalogs and studies.

NGC3680

Published estimates of the cluster mean PM agrees well (with a single exception of the
result found by Baumgardt et al., 2000), finding the µα cos δ and µδ components in the
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Figure 6.5: Cluster–field membership analysis for NGC3680. See Fig. 6.2 for the de-
scription.

ranges from −6.4 to −5.4 and from 0.9 to 2.0, respectively (Table C.1). Our cluster–field
separation method is not giving a stable results, even if a range of cluster radii was tested.
This might be caused by a high ratio of the field stars to the cluster stars. Therefore,
we applied a brightness cut-off and used only stars brighter than 14mag in the 2MASS
J band. With this constrain, our cluster–field separation method gives stable results,
for different values of the cluster radius (range of 4–15′). We decided to use the cluster
radius of 10′, a value which is between the cluster radius estimates of 2.5′ by Dias et al.
(2002a, V3.2) and of 12.6′ by Kharchenko et al. (2005a). The final mean PM vector is
(−6.1, 1.0) ± (0.8, 0.4)mas yr−1 (Fig. 6.5), which falls within the intervals of the values
presented in the literature.

NGC3960

Mermilliod et al. (2008a) presented spectroscopy measurements for 14 stars in the field
of NGC3960; based on their RVs, they classified 12 stars as cluster members. 6 of these
stars were already classified as members by Sestito et al. (2006) through a high-resolution
spectroscopic RV measurements (they observed one additional star, which was classified
as a non-member). We cross-identified 11 member stars with the UCAC4 catalog and
obtain the mean PM of (−8.9, 5.2)± (1.4, 1.3)mas yr−1; this result is consistent with the
one found by (Dias et al., 2006), however, the µδ component has a higher value than
found by Loktin & Beshenov (2003) (Table C.1).

NGC5822

The cross-identification of 21 RV-member stars of Mermilliod et al. (2008a) with the
UCAC4 catalog give 20 stars with their PM error less than 5mas yr−1. Their mean
PM vector is (−8.2,−6.1)± (0.7, 0.5)mas yr−1 (confirmed by the cluster–field separation
method). Different studies found slightly different mean PM vectors (Table C.1), however,
almost all within the intervals from −8.6 to −6.2 and from −8.8 to −5.7mas yr−1 for the
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Figure 6.6: Cluster–field membership analysis for NGC6192. See Fig. 6.2 for the de-
scription.

µδ and µα cos δ components, respectively (excluding the result of Baumgardt et al., 2000,
which is based on only 2 stars and is an outlier with respect to the results of other
authors). The above mentioned PM vector resulting from the cross-identification falls
within these intervals.

NGC6134

The cross-identification of 19 RV-member stars determined by Mermilliod et al. (2008a)
and the UCAC4 catalog gives 17 stars with their PM error less than 5mas yr−1. Their
mean PM vector is (−0.7,−5.9)± (0.6, 0.5)mas yr−1, which, within the errors, agrees well
with previously published numbers (Table C.1). Using the cluster radius of 7.8′ from
Kharchenko et al., 2005a, our cluster–field separation method gives similar result.

NGC6192

Cluster membership based on RVs was published only for 11 stars, with 5 of those were
classified as cluster members (Mermilliod et al., 2008a; Magrini et al., 2010). The cross-
identification with the UCAC4 catalog gives only 2 stars with their PM error less than
5mas yr−1. Using the cluster radius of 10.2′ from Kharchenko et al., 2005a, our cluster–
field separation method gives a stable result and we found the mean cluster PM vector of
(2.7, 2.9) ± (0.9, 1.2)mas yr−1 (Fig. 6.6), which, within the errors, agrees well with some
of the PM estimates published in the literature (Dias et al., 2002a, V3.2; Magrini et al.,
2010) but disagrees with some others (Loktin & Beshenov, 2003; Kharchenko et al., 2005a;
Dias et al., 2006), see Table C.1.

NGC6253

Montalto et al. (2009) derived relative PMs of about 3000 stars in the field of NGC6253.
Based on this data they obtained stars membership probabilities. Anthony-Twarog
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Figure 6.7: Cluster–field membership analysis for NGC6705. See Fig. 6.2 for the de-
scription.

et al. (2010) presented RV-membership analysis based on a high-dispersion spectral
data (using HYDRA multi-object spectrograph). They used their RV-membership prob-
abilities and the PMs based on Montalto et al. (2009) to obtain a combined mem-
bership classification for 89 stars. We used this membership classification of individ-
ual stars in combination with the PM data from the UCAC4 catalog – 39 stars with
their PM error smaller than 5mas yr−1 were cross-identified. Their mean PM vector is
(−1.7,−3.5)± (1.2, 1.9)mas yr−1.

NGC6475

The cross-identification of 67 RV-member stars from the study of Jacobson et al. (2011b)
with the UCAC4 catalog gives 46 stars with their PM error less than 5mas yr−1; their
mean PM vector is (1.1,−3.7)± (0.4, 0.4)mas yr−1. This result agrees well with the one
found by Dias et al. (2001); on the other hand, it is slightly different than the one found
in other studies (Baumgardt et al., 2000; Loktin & Beshenov, 2003; Kharchenko et al.,
2005a, see Table C.1).

NGC6633

The cross-identification of 30 RV-member stars from Jeffries et al. (2002) with the UCAC4
catalog gives 20 stars with their PM error less than 5mas yr−1; their mean PM vector
is (0.2,−1.0)± (0.4, 0.4)mas yr−1, consistent with most of the results published in other
studies (Table C.1).

NGC6705 (M11)

Membership estimates based on RVs were presented by Gonzalez & Wallerstein (2000)
and Mermilliod et al. (2008a), together classifying 18 stars as cluster members; however,
the cross-identification of these stars with the UCAC4 catalog gives only 6 stars with their
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PM error smaller than 5mas yr−1. Various studies found different values for the cluster ra-
dius – 7.5′ by Lyngå (1987, also adopted in WEBDA); 11.4′ by Kharchenko et al. (2005a);
16′ listed in the catalog of Dias et al. (2002a, V3.2); (21±1)′ by Santos et al. (2005), based
on an overall analysis of 2MASS data. We tested the cluster–field separation method for
all mentioned values and decided to use the most up-to-date value of Santos et al. (2005),
which gives the mean PM vector of (−4.12,−1.26)± (0.7, 1.2)mas yr−1 (Fig. 6.7), within
the errors in agreement with the results of Dias et al. (2002a) and Frinchaboy & Majewski
(2008), but in disagreement with some other studies (see Table C.1).

NGC6819

Hole et al. (2009) presented a RV survey of the cluster including 1207 stars with photom-
etry collected from the literature (the V band magnitude in the range of 11–16.5mag)
and presented membership probabilities for the upper MS stars. We used these member-
ship probabilities of individual stars (56 stars with the cluster membership probability
higher than 80%) in combination with the PM data from the UCAC4 catalog to obtain
the mean PM of the cluster. We considered only stars with their PM error smaller than
5mas yr−1. The mean PM vector is (−5.8,−2.8) ± (1.0, 1.1)mas yr−1 and agrees with
Dias et al. (2006), who obtained (−5.33,−2.76)± (0.5, 0.5)mas yr−1.

NGC7789

The cross-identification of 37 RV-member stars of Jacobson et al. (2011b) with the UCAC4
catalog gives 17 stars with their PM error less than 5mas yr−1; their mean PM vector
is (2.0,−2.7) ± (0.6, 0.6)mas yr−1. Our cluster–field separation method gives similar re-
sult (using the cluster radius of 16.2′ from Kharchenko et al., 2005a) of (1.7,−2.4) ±
(0.3, 0.6)mas yr−1. These results, however, do not agree well with the values given either
by Loktin & Beshenov (2003) or Kharchenko et al. (2005a). On the other hand, these do
not agree in the µα cos δ component between each other either (Table C.1).

6.4.1 Comparison with previous studies of clusters mean PM vectors

As mentioned in Sect. 2.3, there are several studies using different all-sky astrometric
surveys and different cluster–field separation methods to obtain the mean PMs of OCs.
PM vectors presented in these studies for individual clusters in our sample are listed in
Table C.1 and, for some clusters, the differences are discussed in Sect. 6.4. Figure 6.8
shows a comparison of the mean PM vector components derived in this work and in four
different studies that have, to our knowledge, the highest number of the common clusters
with our sample: Dias et al. (2001, 2002a), Loktin & Beshenov (2003), Kharchenko et al.
(2005a), and Dias et al. (2006). More quantitative comparison is given in Table 6.4. In
general, the mean differences have values from 0.8 to 1.9mas yr−1, which is a fairly good
agreement, as can been seen also in Fig. 6.8. Our PMs generally have higher errors with
the mean value of 0.7mas yr−1 (Table 6.4).
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Figure 6.8: Comparison of the clusters PM components derived in this work and in sev-
eral different studies. The results derived here are given on the vertical axis. The horizon-
tal axis show results of: Dias et al. (2001, 2002a) –D01, Loktin & Beshenov (2003) – L03,
Kharchenko et al. (2005a) –K05, and Dias et al. (2006) –D06. The upper panel compares
the µα cos δ component; the lower panel compares the µδ component. The green lines
indicate the loci of equal PM components.

Table 6.4: Comparison of the PMs derived here and in previous studies.

Ref. OCs 〈σµα〉 〈σµδ〉 〈|∆µα cos δ|〉 〈|∆µδ|〉
[mas yr−1] [mas yr−1]

this study 34 0.7 0.7 − −
D01 20 0.4 0.4 0.8 1.0
L03 30 0.4 0.4 1.9 1.7
K05 24 0.4 0.3 0.9 1.0
D06 20 0.4 0.4 1.6 1.4

Notes. The 2nd column indicates the number of common OCs in this and the referenced study;
〈σµα〉 and 〈σµδ〉 are the mean values of PM errors for the common clusters sample; 〈|∆µα cos δ|〉
and 〈|∆µδ|〉 are the mean absolute values of differences between PM components given here and
in the referenced stufy for common clusters.

References. D01 –Dias et al. (2001, 2002a); L03 –Loktin & Beshenov (2003); K05 –Kharchenko
et al. (2005a); D06 –Dias et al. (2006)
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6.5 Current orbits

6.5.1 Orbital parameters

To characterize the current kinematics of our OCs sample, we investigate orbital param-
eters of clusters current orbits. Uncertainties of the input observational data, which were
used to calculate the initial conditions, were taken into account in a Monte Carlo fashion,
similarly as for NGC6791 (Sect. 5.1.1). We randomly generated a set of 1000 values for
cluster distance to the Sun d�, radial velocity vr, and components of the PM vector. For
each of these quantities, the values have Gaussian distribution with the mean and the
standard deviation equal the observed value and its uncertainty, respectively. For d� and
vr these are given in Table 6.1; components of the PM vector are given in Table C.1. For
each this set of values of d�, vr, and PM components, the initial conditions were derived
following the procedure of Johnson & Soderblom (1987, see also Sect. 5.1.1). A set of
1000 orbits was integrated forward for 2Gyr using all four flavors of the present-day MW
model (Sect. 4, the model MW1). Finally, orbits are characterized by orbital parameters
of the first completed orbital cycle (defined by azimuthal change of 2π). Mean values and
standard deviations of the orbital parameters are calculated for each set of orbits and each
flavor of the MW model. Values for the axisymmetric and the combined bar and spiral
arms model are listed in Table 6.5. Figure D.1 (Appendix D) shows orbits projections
into the Galactic and meridional plane for the axisymmetric and the combined model for
each cluster (orbits with initial conditions given by the mean values of input observational
data are plotted).

All clusters in our sample are located at the Galactocentric radii within the interval
of 6.5–12 kpc (Table 6.2). Therefore, the influence of the Galactic bar and the spiral arms
is not expected to be prominent. Indeed, there is no significant difference in the shape
of current orbits among various model flavors. The differences between values of orbital
parameters derived using different flavors of the MW model are generally smaller or of
the same order as their standard deviations given by the uncertainties of the input data.
Figure 6.9 shows the comparison of parameters derived using the axisymmetric and the
combined bar and spiral arms MW model. It can be seen that the model including the bar
and spiral arms generally produces orbits with slightly higher eccentricities and vertical
amplitudes (similarly as in the case of NGC6791, Sect. 5.1.2). These trends can also be
seen in Fig. D.1. All clusters have close-to-circular orbits, with eccentricity below 0.25.
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Table 6.5: Orbital parameters for the axisymmetric and and combined MW model
(including the bar and spiral arms).

Cluster Ra σRa Rp σRp e σe |z|max σ|z|max T σT
[kpc] [kpc] [kpc] [Myr]

Blanco 1 a 8.33 0.02 8.88 0.01 0.032 0.001 0.21 0.01 221 1
b 8.28 0.01 9.01 0.01 0.042 0.001 0.41 0.01 223 1

IC 2602 a 7.73 0.02 8.44 0.02 0.044 0.001 0.08 0.01 206 1
b 7.81 0.02 8.37 0.02 0.035 0.001 0.18 0.03 206 1

IC 4651 a 7.40 0.06 8.36 0.22 0.061 0.010 0.20 0.03 206 3
b 7.36 0.09 8.48 0.21 0.070 0.007 0.23 0.06 206 3

Melotte 66 a 8.22 0.61 12.63 0.86 0.211 0.038 1.88 0.75 251 17
b 8.25 0.60 12.55 0.87 0.207 0.037 1.91 0.73 250 17

Melotte 71 a 9.52 0.03 14.31 0.59 0.200 0.021 0.34 0.10 318 10
b 9.54 0.04 14.37 0.60 0.201 0.022 0.35 0.11 316 9

NGC188 a 8.92 0.12 9.87 0.27 0.050 0.012 0.81 0.07 235 3
b 8.89 0.11 9.89 0.27 0.053 0.012 0.86 0.06 235 4

NGC752 a 8.15 0.05 8.81 0.02 0.039 0.004 0.28 0.02 220 2
b 8.11 0.05 8.93 0.01 0.048 0.004 0.40 0.01 222 2

NGC1039 a 8.25 0.03 9.05 0.03 0.047 0.001 0.15 0.01 217 1
b 8.33 0.03 9.00 0.03 0.039 0.001 0.29 0.03 218 1

NGC1545 a 8.90 0.08 10.00 0.12 0.058 0.004 0.06 0.02 236 3
b 8.94 0.07 9.99 0.12 0.056 0.005 0.06 0.02 236 2

NGC1817 a 9.01 0.44 11.91 0.61 0.139 0.005 0.71 0.23 282 14
b 9.00 0.43 11.96 0.59 0.141 0.006 0.75 0.20 282 13

NGC2099 a 7.12 0.21 9.89 0.12 0.163 0.019 0.09 0.02 220 2
b 7.05 0.24 9.90 0.13 0.168 0.022 0.09 0.02 219 2

NGC2204 a 8.80 0.81 11.66 0.35 0.141 0.036 1.28 0.29 272 15
b 8.82 0.81 11.67 0.35 0.141 0.037 1.33 0.32 270 14

NGC2243 a 10.11 0.41 12.19 1.58 0.090 0.057 2.04 0.68 297 27
b 10.11 0.43 12.22 1.58 0.091 0.056 2.13 0.67 295 27

NGC2355 a 8.69 0.44 10.18 0.12 0.079 0.025 0.60 0.13 244 6
b 8.69 0.43 10.24 0.12 0.082 0.024 0.69 0.14 244 6

NGC2360 a 9.70 0.14 12.61 0.70 0.130 0.021 0.24 0.11 285 11
b 9.70 0.13 12.66 0.70 0.132 0.022 0.24 0.10 283 10

NGC2420 a 8.42 0.44 11.51 0.36 0.156 0.016 0.95 0.14 272 11
b 8.38 0.46 11.54 0.34 0.159 0.016 0.97 0.16 270 10

NGC2447 a 8.97 0.02 9.56 0.11 0.032 0.005 0.07 0.04 236 3
b 8.95 0.03 9.64 0.12 0.038 0.006 0.06 0.04 236 2

NGC2477 a 8.14 0.10 10.00 0.23 0.102 0.014 0.18 0.04 221 2
b 8.25 0.10 9.92 0.22 0.092 0.014 0.17 0.04 222 2

NGC2539 a 8.15 0.22 9.17 0.10 0.059 0.016 0.29 0.09 219 4
b 8.20 0.23 9.11 0.09 0.053 0.015 0.29 0.08 219 3

NGC2632 a 7.62 0.02 9.06 0.02 0.087 0.003 0.10 0.01 222 2
b 7.53 0.02 9.23 0.02 0.102 0.003 0.13 0.02 223 1

NGC2660 a 8.83 0.19 10.25 0.70 0.073 0.038 0.69 0.44 247 14
b 8.80 0.18 10.33 0.75 0.078 0.041 0.73 0.44 248 13

NGC2682 a 7.79 0.03 9.18 0.04 0.082 0.003 0.50 0.04 224 2
b 7.78 0.03 9.28 0.04 0.088 0.003 0.68 0.02 225 2

Continued on next page.
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Table 6.5: Orbital parameters – continued from previous page.

Cluster Ra σRa Rp σRp e σe |z|max σ|z|max T σT
[kpc] [kpc] [kpc] [Myr]

NGC3114 a 8.19 0.02 8.80 0.04 0.036 0.004 0.12 0.02 215 2
b 8.17 0.01 8.87 0.03 0.041 0.002 0.11 0.03 216 1

NGC3680 a 7.95 0.07 8.50 0.14 0.034 0.012 0.33 0.02 208 1
b 8.00 0.06 8.47 0.13 0.028 0.011 0.53 0.02 210 2

NGC3960 a 7.41 0.26 9.10 0.25 0.102 0.028 0.67 0.25 221 5
b 7.36 0.29 9.20 0.27 0.111 0.031 0.76 0.25 221 5

NGC5822 a 7.44 0.13 8.36 0.11 0.058 0.004 0.06 0.01 209 3
b 7.34 0.12 8.53 0.11 0.075 0.004 0.08 0.03 209 3

NGC6134 a 6.98 0.15 7.28 0.10 0.021 0.007 0.20 0.05 186 3
b 6.95 0.11 7.33 0.15 0.027 0.006 0.45 0.14 187 3

NGC6192 a 6.68 0.15 10.07 0.61 0.201 0.031 0.16 0.08 205 7
b 6.46 0.17 10.17 0.60 0.222 0.032 0.20 0.11 203 7

NGC6253 a 6.77 0.35 7.41 0.46 0.045 0.024 0.24 0.07 186 8
b 6.74 0.34 7.47 0.50 0.051 0.024 0.36 0.14 185 9

NGC6475 a 8.05 0.02 8.70 0.05 0.039 0.003 0.06 0.01 215 2
b 8.01 0.02 8.82 0.05 0.048 0.002 0.08 0.02 217 1

NGC6633 a 7.50 0.03 8.36 0.02 0.054 0.001 0.065 0.005 209 2
b 7.44 0.02 8.50 0.03 0.067 0.002 0.09 0.02 209 1

NGC6705 a 6.55 0.25 7.96 0.47 0.097 0.014 0.47 0.15 183 8
b 6.42 0.27 8.10 0.46 0.115 0.012 0.59 0.12 183 9

NGC6819 a 7.94 0.12 8.66 0.14 0.044 0.015 1.07 0.29 217 4
b 7.88 0.12 8.82 0.16 0.057 0.016 1.14 0.32 218 4

NGC7789 a 6.63 0.14 9.62 0.15 0.184 0.013 0.39 0.13 215 4
b 6.65 0.16 9.63 0.15 0.183 0.012 0.45 0.08 215 3

Notes. Two lines are given for each cluster: the first line, labeled (a) in the 2nd column, lists
the orbital parameters and their standard deviations in the axisymmetric model; the second line,
(b) in the 2nd column, lists values for the bar and spiral arms combined model.

6.5.2 Current radial metallicity gradient

In Fig. 6.10 we show the radial distribution of metallicity for clusters in our sample.
Metallicities and their uncertainties are collected from the literature (Table 6.2). The
radial range of our sample is 6.5–12 kpc, spanning over the inner disk, when compared
to the radial location of the discontinuity observed in the radial metallicity distribution
of OCs at 12–13 kpc (Sect. 2.5.1). The radial distribution of our clusters metallicities can
be well described by a single linear function. Weighted linear fit (where uncertainties of
metallicity were used to calculate the weights as 1/σ2

[Fe/H]) gives the slope of (−0.09 ±
0.01) dex kpc−1, in perfect agreement with Yong et al. (2012, see Fig 2.3) and other recent
investigations of the radial metallicity gradient of the inner disk (see Sect. 2.5.1 for more
references). This is not unexpected, since we use similar data (metallicities and solar
distances) as other authors, however, our sample is smaller than these used in the most
of the recent studies (e.g., Magrini et al., 2009; Pancino et al., 2010; Carrera & Pancino,
2011; Yong et al., 2012). In Fig. 6.10, the radial span from perigalacticon to apogalacticon
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Figure 6.10: Radial distribution of metallicity for clusters in our sample. Uncertainties
of [Fe/H] are shown by vertical black error-bars (Table 6.2); horizontal black error-bars
show the uncertainties of the current clusters Galactocentric radius (σR in Table 6.2);
horizontal blue lines span from the actual perigalacticon to apogalacticon for each cluster
(calculated using the axisymmetric model, see Table 6.5). Green line shows weighted
linear fit of the data (inverse squared errors of metallicity were used for the weighting).

of current orbits in the axisymmetric model is shown by blue horizontal lines for each
cluster. For all clusters, these intervals are about order of magnitude larger than the
uncertainty in the Galactocentric radius, σR, shown by the black error-bars.

Unfortunately, the radial range occupied by clusters in our sample (6.5–12 kpc) does
not sufficiently cover the radii beyond the transition zone of the radial metallicity gra-
dient located around 12–13 kpc (Sect. 2.5.1). Clearly, a larger sample, widely radially
distributed, is necessary to study the clusters kinematics in the transition zone and in the
outer disk.

6.5.3 Time evolution of the gradient

Figure 6.11 shows radial metallicity gradients for three age bins of 0–0.6Gyr, 0.6–1.15Gyr,
and for clusters older than 1.15Gyr. The age bins were chosen so that each bin contains
similar number of clusters (11, 11, and 12 OCs, respectively). Similarly as in the case of
the whole cluster sample (Fig. 6.10), a single weighted linear fit is applied on the data
in each bin. Within their errors, the slopes are consistent with each other and hence we
find an absence of any significant dependence of the radial metallicity gradient on age of
clusters in our sample (see Sect. 2.5.1 for a brief summary of literature on this topic). We
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Figure 6.11: Radial distribution of metallicity for clusters in our sample (similar to
Fig. 6.10) for different age bins. Age bins are indicated in the lower left corner of each
plot. Values for the radial metallicity gradient are indicated in the upper right corners.

tested that this result does not change when the limiting ages for the individual bins are
changed within reasonable limits.5

Assuming that the calculated orbits describe the past movement of clusters and that
the clusters metallicity does not change in time, the metallicity gradient can be followed
backward in time. Figure 6.12 shows such a time evolution of the radial metallicity gra-
dient in the axisymmetric and the combined models, backward for time of 1Gyr. We
integrated orbits for all clusters in our sample backward and calculated the value of the
radial metallicity gradient each 50Myr. Similarly as above, sets of 1000 orbits were fol-
lowed and the Galactocentric radius of each cluster was calculated as the mean value
at given time. The resulting radial metallicity distribution was fitted with a weighted
linear function where the inverse squared errors of metallicity were used as the weights.
Figure 6.10 shows that the radial span perigalacticon–apogalacticon occupied by individ-
ual clusters during their current orbital cycle is large (generally ∼2 kpc, even thought it
reaches up to 4 kpc for two clusters in the sample) compared to the uncertainty of their ac-
tual Galactocentric radii (maximal value of σR is 0.4 kpc, Table 6.2). The perigalacticon–

5 Due to the relatively low numbers of OCs in the individual age bins, the gradient can sometimes
be significantly influenced by presence or absence of a single cluster with small metallicity error (and
therefore with a high weight). However, even in these cases, the gradients in different bins have mutually
consistent values within their 2σ intervals.



96 Chapter 6

-0.13

-0.12

-0.11

-0.1

-0.09

-0.08

-0.07

-0.06

-0.05

-0.04

-1-0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0

d
[F

e
/H

]/
d

R
 [

d
e

x
/k

p
c
]

t [Gyr]

axisymmetric

bar + spiral arms

(0.014 ± 0.007) dex kpc
-1

 Gyr
-1

(0.006 ± 0.007) dex kpc
-1

 Gyr
-1

Figure 6.12: Time evolution of the radial metallicity gradient for the axisymmetric and
the combined models. The blue point-line shows values of the radial metallicity gradient
at different times calculated using the axisymmetric model. The red point-line shows
the combined model. The time step for the radial metallicity gradient calculations is
50Myr. The blue and red dashed lines are weighted linear fits of the time evolution for
the axisymmetric and the combined model, respectively. Inverse squared uncertainties of
the radial metallicity gradients at individual times were used as weights for these fits.

apogalacticon radial movement of clusters does not significantly differ in various Galactic
models. Following the radial metallicity gradient at different orbital times with a time
step of 50Myr, fairly smaller than a typical azimuthal period of about 250Myr (Fig. 6.9,
Table 6.5), we can see if this nature of the Galactic orbits causes a time evolution of the
radial metallicity gradient.

To estimate this, all OCs from the sample are used for the calculation of metallicity
gradients in Fig. 6.12, even thought only 13 clusters from our sample are older than 1Gyr.
Dashed lines in Fig. 6.12 show weighted linear fits of the radial metallicity gradient time
evolution. The inverse squared values of the errors of the radial metallicity gradient
at individual times are used as the weights. The linear fits have values of (0.014 ±
0.007) dex kpc−1 Gyr−1 and (0.006±0.007) dex kpc−1 Gyr−1 for the axisymmetric and the
combined model, respectively. Hence, they are similar within their errors. Considering the
typical error of the radial metallicity gradient at individual times of about 0.015 dex kpc−1

(see the error-bars in Fig. 6.12), the gradients are consistent with no significant evolution
in time. We have investigated the orbits backward for longer integration time (5Gyr back
in time for all clusters in the sample) and there is no significant change in the behavior
of the gradient. We have also followed the orbits in the other two model favors with
a single non-axisymmetric component, bar or spiral arms, and the result do not differ
significantly.
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uncertainties. Orbits were integrated in the axisymmetric model. Blue circles with black
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radii and current radii dependencies, respectively. Inverse squared errors of metallicity
were used for the weighting. Note that the metallicity is assumed to stay constant during
cluster life and only the radius changes, hence the point representing given cluster moves
only in the horizontal direction of the plot.

Since we know the age of OCs, it is possible to estimate clusters birth radii. Provided
there was no time evolution of the gradient during the time since the oldest cluster in the
sample was formed (about 7Gyr for NGC188), the birth radii, originating in different
times, should correspond to the same metallicity gradient. To investigate this idea, we
integrated clusters orbits backward for the integration time equal the age of each cluster.
The observational uncertainties of the input data were taken into account in the same way
as when calculating clusters current orbits, i.e., by drawing 1000 realization for the d�,
vr, and PM components. Further, to consider the uncertainty in the age, the integration
time of the individual integration was taken from a normal distribution with its mean
equal the cluster age and the standard deviation equal the error (given in Table 6.1). The
birth radius of each cluster was then calculated as the mean value of the 1000 realizations.
From Figs. 6.11 and 6.12 we do not expect any significant time evolution of the gradient.
This is confirmed in Fig. 6.13, where the metallicity gradient based on clusters birth radii
is shown (the axisymmetric model was used for the integrations) and compared with
the gradient based on current clusters Galactocentric radii. The value of the birth radii
metallicity gradient is (−0.11 ± 0.01) dex kpc−1 and it is, within the errors, consistent
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Figure 6.14: Perigalacticon distance, apogalacticon distance, eccentricity, and verti-
cal amplitude of the recent orbits in the axisymmetric potential (Table 6.5) versus age
(Table 6.1) for clusters in our sample.

with the gradient measured using the current radii of (−0.09±0.01) dex kpc−1. The birth
radii calculated in the Galactic model including the non-axisymmetric components result
in similar values of the gradient: (−0.11 ± 0.01) dex kpc−1 for the barred and also the
bar and spiral arms combined case, and (−0.10± 0.01) dex kpc−1 for the model with the
spiral arms.

6.5.4 Current orbital parameters versus age and metallicity

Figure 6.14 shows the perigalacticon distance (upper left plot), the apogalacticon distance
(upper right plot), the eccentricity (bottom left plot) and vertical amplitude (bottom right
plot) of clusters current orbits in the axisymmetric model versus their age. The plots look
very similar for the combined bar and spiral arms model, since the orbital parameters
themselves do not differ significantly for different model favors (Fig. 6.9). All orbits are
close-to-circular (e . 0.2) and there is no strong trend between the clusters age and the
perigalacticon distance, the apogalacticon distance, or the orbital eccentricity. The plot
of the age versus vertical amplitude shows that the clusters with higher vertical amplitude
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Figure 6.15: Vertical amplitude and eccentricity of the recent orbits in the axisymmet-
ric potential (Table 6.5) versus metallicity (Table 6.2) for clusters in our sample. Up:
eccentricity; Bottom left: vertical amplitude versus actual metallicity (Table 6.2); Bottom
right: vertical amplitude versus metallicity corrected for the radial metallicity gradient
of −0.092 dex kpc−1 (Fig. 6.10) to the solar Galactocentric radius of 8.4 kpc. Green line
shows weighted linear fit to the data (inverse squared errors of metallicity were used for
the weighting).

(|z|max & 1 kpc) are generally older (age& 0.5Gyr, even thought several old clusters have
vertical amplitude below 1 kpc), which confirms what have been already noticed in the
previous investigations of OCs spatial distribution (Sect. 2.2).

Figure 6.15 shows orbital parameters (eccentricity and vertical amplitude) versus clus-
ters metallicity. Similarly as in the case of clusters eccentricity and age, there seems to
be no strong correlation between the eccentricity and metallicity. The plot of metallicity
versus the vertical amplitude is in a way a limiting version of the vertical metallicity
gradient which is not corrected for the radial metallicity gradient (|z|max is the maximal
vertical distance from the Galactic plane each cluster reaches during its current orbital pe-
riod) and a trend of decreasing metallicity with increasing vertical amplitude can be seen.
However, as described in Sect. 2.5.2, when estimating the vertical metallicity gradient, the
clusters metallicity should be corrected for the radial gradient. The last plot of Fig. 6.15
shows this corrected vertical metallicity distribution. Metallicity was scaled by the radial
gradient of −0.092 dex kpc−1 (see Sect. 2.5.1 and Fig. 6.10) to the solar Galactocentric
radius of 8.4 kpc. A weighted linear fit of this corrected vertical metallicity distribution
(uncertainties of metallicity were used to calculate the weights as 1/σ2

[Fe/H]) gives a very
shallow slope, within its error clearly consistent with a flat distribution. Therefore we
conclude that for the clusters in our sample, there is no significant evidence for a trend
between clusters metallicity and vertical amplitudes of their current orbits.
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Summary and conclusions

The Galactic open clusters (OCs) provide a unique insight into various astrophysical
processes. Due to the common evolution and properties of stars in clusters, it is generally
possible to obtain their characteristics (e.g., clusters age, chemical composition, distance
modulus, or kinematics) more easily and with better precision than for the field stars.
These well known observational advantages of star clusters and the presence of a whole
Galactic system of OCs have yielded many important and exciting results helping us
to understand physical processes on different scales, from the stellar evolution, up to
constraints on the chemodynamical evolution of the Milky Way (MW) thin disk and
galactic disks in general. Kinematics is an important part of the information held by
OCs and understanding the orbital history of OCs is crucial in the context of the bigger
picture of the Galactic thin disk evolution.

This work focuses on the investigation of OCs orbits and we study two separate
problems. In the first part of this thesis, we concentrate on a single object of the cluster
NGC6791. In the second part, we analyze the orbits of a sample of 34 OCs.

It is well known, from the observations as well as from the theoretical studies, that non-
axisymmetric perturbations are essential for the chemodynamical evolution of the galactic
disks. The presence of a bar or spiral arms can, among other important processes, induce
radial migration of orbits in the disk. Radial migration happens whenever the mean
Galactocentric radius of an orbit is changed without a significant dynamical heating (i.e.,
without dramatic increase in eccentricity or inclination). Several independent mechanisms
inducing the radial migration have been described. One of them is the radial migration
due to resonance overlap of multiple rotating patterns, which was recently revealed by
Minchev & Famaey (2010, see Sect. 3.2.2). It is well known that the MW posses both,
bar and spiral structure, and by taking these components simultaneously into account we
aim to estimate the influence of the radial migration due to resonance overlap on orbits
of OCs. We integrate the orbits in an analytical model consistent with an up-to-date
picture of the MW (model description is given in Sect. 4). The model includes non-
axisymmetric components, the Galactic bar and spiral arms, and we investigated the role
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of the resonance overlap radial migration in the kinematic history of NGC6791 and the
sample of 34 OCs.

7.1 Open cluster NGC6791

NGC6791 is a particularly interesting member of the Galactic population of OCs. With
an age of about 8Gyr it is among the oldest OCs known, it is metal-rich, and its color-
magnitude diagram posses many peculiarities (WD population and its cooling sequence,
extreme horizontal branch stars and the UV upturn, or a possible evidence of prolonged
star formation). Its location in the Galactic disk (at the Galactocentric radius of about
8 kpc) contradicts the classical picture of the metallicity gradient as traced by OCs, which
is predicting a lover metallicity for a cluster at such a radius. Moreover, recently Geisler
et al. (2012) observed an abundance spread among the stars in NGC6791. While this
phenomenon is common in the Galactic globular clusters, it is the first time it has been
observed in an OC. The number of NGC6791 extraordinary features (see Sect. 2.6 for a
more detailed summary) poses the basic question of the cluster origin, which is still not
well understood. Two main scenarios of the origin of NGC6791 have been proposed –
extragalactic origin and origin in the inner disk. We investigated a scenario in which the
cluster is formed in the inner disk, close to the bulge, and then moved outward by the
resonance overlap radial migration induced by the bar and spiral arms. This scenario
might explain the high metallicity and age of the cluster, since the star formation close
to the bulge is strong and the metal enrichment fast.

We conducted the investigation by integrating of orbits in an analytic model of the
MW gravitational potential. The model consists of the axisymmetric part (with three
components: bulge, disk, and halo) and it can include bar and spiral structure. First,
we calculated the recent (1Gyr back in time) orbit of NGC6791 (Sect. 5.1). The initial
conditions were derived using up-to-date observations and the observational uncertain-
ties were taken into account in Monte Carlo fashion (by calculating a set of 1000 orbits
with their initial conditions distributed according to proper motion, radial velocity, and
distance errors). We found that orbits in the axisymmetric model and the models includ-
ing rotating patterns differ only slightly. The orbit in the combined bar and spiral arms
model is slightly more eccentric (with eccentricity up to 0.3), and has a higher vertical
amplitude of about 1 kpc.

There are four other studies of NGC6791 orbit published in literature (see Sect. 5.1.3
for more details). A direct comparison of these results is tricky, since the initial conditions
differ depending on the input observational data available at given times. For example,
Carraro et al. (2006), Wu et al. (2009), and Vande Putte et al. (2010) used older es-
timates of the proper motion (PM), radial velocity and solar distance, and hence their
results cannot be directly compared with ours. Bedin et al. (2006) used similar initial
observational data as this study, however we have identified a confusion in their initial
condition calculation and so their results cannot be directly compared either.

To investigate whether the orbital parameters of the cluster current orbit could be
achieved as a consequence of the resonance overlap radial migration mechanism, we also
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followed a set of forward integrations (for 8Gyr) with the initial positions closer to the
Galactic center (with Galactocentric radii of 3–5 kpc). To this aim, we considered two
different realizations of the MW gravitational potential – the present-day model, noted
MW1 (the same we used for the backward integrations of NGC6791); and a model with
the rotating patterns more supporting the radial migration process, noted MW2. The
MW2 model has a longer and more massive Galactic bar and also a stronger spiral arms.
The angular velocity is decreased for the bar (to obtain the ratio of bar corotation and
major axis consistent to that observed in most barred galaxies) and increased for the
spiral arms (which brings their resonances closer to the Galactic center).

The purpose of this analysis, described in Sect. 5.2, was not to reproduce the cluster
dynamical history precisely, but to estimate if the resonance overlap radial migration
scenario is plausible, how efficient the migration induced by the MW bar and spiral struc-
ture could be, and how high the probability of the orbit realization within the limitations
of our model is. We found that our MW2 model, that incorporates the bar and spiral
arm perturbation, can produce orbits with the apogalacticon and perigalacticon distances
similar to the actual values of NGC6791. Thus we confirm the presence of the resonance
overlap radial migration in the Galactic disk (compare the time evolution of orbital pa-
rameters in different flavors of our model in Figs. 5.4–5.6). However, the probability
of this scenario, as quantified from our experiment, is very low, approximately 0.04%
(see Sect. 5.2.3). Moreover, our migration scenario struggles to reproduce the vertical
amplitude of NGC6791.

Finally, we have also calculated an estimate of the initial mass of NGC6791 (Sect. 5.3).
We used the approximation of Lamers et al. (2005), where the mass loss from the cluster
due to stellar evolution and due to two-body relaxation are directly taken into account
and a constant tidal field is assumed (which corresponds to a circular orbit). The tidal
shocks (interaction with giant molecular clouds or spiral arms) are not directly consid-
ered. Assuming the cluster has been living on a circular orbit approximately at the solar
Galactocentric radius (about 8 kpc), that its current mass is 5000M� and its age 8Gyr,
the initial mass estimated within the approximation is in the range (1.5–4) · 105M�. The
width of the range is mostly due to the uncertainty of the dissolution time scale for the
two-body relaxation (we also discuss the influence of the uncertainties in cluster charac-
teristics). Considering the suggested clusters scenarios of origin, its orbit was probably
far away from close-to-circular one, possibly reaching the inner disk regions (even thought
we find the probability of this scenario rather low) or being of an extragalactic origin.
Therefore this estimate can be considered as a lower-limit for the real value of the cluster
initial mass. Interestingly, the value falls between intervals of (6–10) · 105 M� and 104.8–
105 M�, which were theoretically estimated (by Bekki, 2011 and Vesperini et al., 2010,
respectively) for the cluster initial mass limit necessary for a stellar system to form the
second stellar generation and consequently to show an abundance spread.

7.2 Sample of open clusters

The second part of this manuscript is devoted to a study of the orbits of a sample of
34 OCs. The two most critical selection criteria for this sample were: availability of a
high-resolution spectroscopic metallicity measurement in the literature (with R ≥ 15000,
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see Table 6.2 for numbers and references); and an estimate of the cluster mean PM vector
based on the PMs of individual stars from the UCAC4 catalog (Zacharias et al., 2012b).
We obtained the mean PM vectors for the sample clusters in an independent analysis
using PMs of individual stars from the UCAC4 catalog. Other information necessary
for the orbit calculations and further analysis – radial velocity (RV), solar distance, and
age –was adopted from up-to-date literature (see Table 6.1).

The methods of obtaining the cluster mean PM vectors are described in Sects. 6.3, 6.4,
and in Appendix B. Firstly, for those clusters with available high-resolution metallicity
measurement (compilations including lists of such OCs are, e.g., Magrini et al., 2009,
Carrera & Pancino, 2011 or Yong et al., 2012) we searched in the literature for the
membership analysis based on RVs of the individual stars. Then, we made a cross-
identification of the cluster RV-members with the stars in the UCAC4 catalog. This cross-
identification method lead to the mean PM vector determination for 28 clusters. However,
for a number of clusters, there was not enough stars to obtain a reliable mean PM vector
via the cross-identification. To obtain the mean PM vector for these cases, we applied
a nonparametric cluster–field separation method using the Gaussian kernel estimation of
the cluster and field frequency functions. We obtained the mean PM vector for six more
clusters (listed in Table 6.3). Additionally, the cluster–field separation method was tested
for all clusters in our sample. The results generally agree well with these obtained via
the cross-identification of the RV-members. Comments on individual clusters are given
in Sect. 6.4. In Sect. 6.4.1 and Table C.1 we compare our mean PM vectors with several
previous studies. In general, there is a good agreement and no systematic differences
(average differences for individual PM vector components are in range 0.9–1.9mas yr−1).
Our results have generally higher errors of about 0.7mas yr−1 compared to 0.4mas yr−1

for four different previous studies.
The Galactic model, which was introduced for the investigation of the recent orbit of

NGC6791, was also used to study the orbits of our sample of 34 OCs. Uncertainties in
the input observational data were taken into account in the similar way as for NGC6791,
by randomly generating 1000 sets of the initial conditions. Integrations were calculated
forward in time and current orbits were characterized by the mean values of orbital
parameters of the first completed orbital cycles. All clusters from our sample are located at
Galactocentric radii of 6.5–12 kpc and the influence of the non-axisymmetric components
is not prominent. Differences between orbital parameters derived using the axisymmetric
model and models with non-axisymmetric components or their combination are relatively
small compared to parameters uncertainties caused by the errors in the input observational
data (Sect. 6.5.1). The presence of the bar and spiral arms generally increases the orbital
eccentricity and vertical amplitude. Orbital parameters for the axisymmetric model and
for the combined model including the Galactic bar and spiral arms are listed in Table 6.5.
Figure D.1 shows the orbits projections into the Galactic and meridional plane.

Using the current Galactocentric radii of the OCs and their high-resolution metallici-
ties, we obtained the radial metallicity gradient of (−0.09± 0.01) dex kpc−1 (Sect. 6.5.2)
that agrees with other investigations recently presented in the literature (which is ex-
pected, since similar data were used only for somewhat smaller sample). We investigated
also a possible dependence of the radial metallicity gradient on clusters ages (Sect. 6.5.3).
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We divided the sample into three different equally populated age bins and fitted the
distributions to obtain their radial metallicity gradients. These have values consistent
with each other within their uncertainties and we do not find any significant change of
the metallicity gradient for clusters of different ages. This result is consistent with other
studies (Carraro et al., 1998; Magrini et al., 2009, see Sect. 2.5.1).

Further, we aimed at estimating the time evolution of the radial metallicity gradient.
We followed the orbits backward for 1Gyr and constructed the gradient in time steps of
50Myr. Assuming that the metallicities of individual clusters have not changed in time
and that the calculated orbits represent the past positions of the clusters, this analysis can
map the evolution of the radial metallicity gradient back in time. However, the metallicity
gradients in different times do not show any significant evidence for the time evolution
(Fig. 6.12). The uncertainties of the radial metallicity gradient at individual times are
large compared to the changes of the gradient itself. A study of the radial metallicity
gradient based on the clusters birth radii results in a similar conclusion (Fig. 6.13).

In Sect. 6.5.4 we investigated possible trends between clusters orbital parameters, age,
and metallicity. However, apart from the trend that the older clusters generally have a
higher vertical amplitude, we do not find any correlation between the age or metallicity
and orbital parameters for our clusters.

To sum up, based on the results presented in Sect. 6, there does not seem to be
any significant time evolution of the radial metallicity gradient for the OCs in our sam-
ple. Neither we found any prominent trends between clusters orbital parameters and
metallicity or age. Moreover, the results obtained using the Galactic models including
different non-axisymmetric components do not show much differences when compared
with the axisymmetric case (apart from slightly higher eccentricities and vertical ampli-
tudes). Several limiting factors have to be considered when drawing conclusions based on
these results.

• Radial range of the sample: The range of the present-day Galactocentric radii of our
OCs sample is 6.5–12 kpc. This is relatively far away from the Galactic center for the
orbits to be prominently influenced by the central bar. At the same time, with the
exception of the bar outer Lindblad resonance at the radius of 6.9 kpc (Table 5.5),
no other resonant radii, where a possible influence of the non-axisymmetric patterns
on the orbits is expected, is located within this radial range. The inner–outer disk
transition region of the OCs radial metallicity distribution is observed at 12–13 kpc
(Sect. 2.5.1) and our sample do not extend at these radii either.

• Size of the sample: Our sample consists of 34 OCs. These are the clusters with avail-
able high-resolution spectroscopic metallicity measurements for that it was possible
to derive their mean PM vector using the UCAC4 catalog (see Sects. 6.2 and 6.3).
We believe that our sample is as numerous as possible within the given constrains.
However, compared with the number of observed OCs (more than 2000 OCs are
listed in the catalog of Dias et al., 2002a, V3.2 of which about 500 have a measure-
ment of the mean RV available), our sample is rather small. We find the key deficit
in clusters PM information. It was not possible to derive an accurate PM vector
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for many clusters located in the outer (R > 12 kpc) or the inner disk (R < 6 kpc).
The situation with available data is expected to significantly improve with the up-
coming astrometric Gaia mission (see, e.g., de Bruijne, 2012 for a brief summary
about the mission).

• The Galactic model: The orbits were calculated using a Galactic model consistent
with the present-day basic picture of the MW (Sect. 4). However, the model is
relatively simple and some features possibly important for the radial migration are
not included in the analysis, e.g., the transient spiral arms or the time evolution
of individual non-axisymmetric components. While our model is an acceptable
approximation when calculating the recent orbital parameters (characterizing the
current orbital cycle with a typical duration of 250Myr), it might be not sufficient
for longer time scales. However, the relative uncertainties in the description of MW
structure and evolution are generally much larger than these in the knowledge of
the initial conditions, metallicity, or age of the OCs. On the one hand we are using
up-to-date precise data to characterize the OCs, but on the other hand, we do not
know the exact structure and evolution of the Galaxy, which is hence not possible
to be precisely modeled.

Therefore, the fact that the results presented in Sect. 6 do not show any significant
differences for orbits in the model including the bar and spiral arms, neither any significant
time evolution does not directly indicates that OCs are not generally influence by the
radial migration due to resonance overlap. With the results of the forward integration
in the MW2 model (Sect. 5.2 dealing with the origin of NGC6791 in the inner disk) we
confirmed that the resonance overlap radial migration is present in the Galactic disk.
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Force of the spiral arms model

Cox & Gómez (2002) proposed an expression for the potential of perturbation of a spiral
density wave in their Eq. (8). We took the two-armed spiral (N = 2) and the simple
sinusoid pattern (density described by Eq. (2) in Cox & Gómez, 2002). Then the potential
can be written as (the same as Eqs. (4.12)–(4.16)),

φSA(R, z, ϕ) = −4πGhSAρ0 exp
(
−R−R0

RSA

) 1
KD

cos(γ)
[
sech

(
Kz

β

)]β
, (A.1)

where γ = 2
[
ϕ+ΩSAt−

ln(R/R0)
tan(α)

]
. (A.2)

K, β, and D are functional parameters dependent on radius:

K = 2
R sin(α) , (A.3)

β = KhSA(1 + 0.4KhSA), (A.4)

D = 1 +KhSA + 0.3(KhSA)2

1 + 0.3KhSA
. (A.5)

The force vector is calculated as negative gradient of Eq. (4.12); in the cylindrical coor-
dinates,

(FR, Fϕ, Fz) = −
(
∂φ

∂R
,

1
R

∂φ

∂ϕ
,
∂φ

∂z

)
, (A.6)
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and we get

Fϕ(R,ϕ, z) = 2
R

tan(γ)φ(R,ϕ, z), (A.7)

FR(R,ϕ, z) = φ(R,ϕ, z)
{
− 1
RSA

+ tan(γ) m

R tan(α)− (A.8)

−KR

[ 1
K

+ ztanh
(
Kz

β

)]
− DR

D
+ βR

[
Kz

β
tanh

(
Kz

β

)
+ ln

(
Kz

β

)]}
,

Fz(R,ϕ, z) = Ktanh
(
Kz

β

)
φ(R,ϕ, z), (A.9)

where the subscript R inKR, DR, and βR in Eq. (A.8) indicates the derivative of respected
parameter with respect to R,

KR = − 2
R2 sinα, (A.10)

DR = KR
0.7hSA + 0.6Kh2

SA + 0.09K2h3
SA

(1 + 0.3KhSA)2 , (A.11)

βR = hSAKR(0.8hSAK + 1). (A.12)

Finally, the components of the force vector given in the cylindrical coordinates, Eqs. (A.7)–
(A.9), were transformed into the Cartesian coordinate system which we use for the nu-
merical orbit integrations (see Sects. 4.5.1 and 5.1.1).
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Non-parametric membership
determination

In this Appendix section, we describe technical details of the non-parametric cluster–field
separation method used to obtain stars cluster membership probabilities and the cluster
mean PM vectors. In the first part, Sect. B.1, we give a brief description of the theoretical
background of the method. This section is strongly based (including the notation) on the
work of Galadí-Enríquez et al. (1998), where we refer the reader for further details. The
second part, Sect. B.2, describes the details of our implementation of the method including
a practical example of its application (cluster NGC2660).

B.1 Theoretical background

Let’s have a 2-dimensional space of coordinates x, y (in our problem, they are the PM
components, µα cos δ and µα) where two populations of individuals are distributed; N1
and N2 are numbers of the individuals in each population (in our problem, they are the
numbers of the cluster and the field stars in the sample). The populations are described
by a probability density functions (PDFs), φ1(x, y) and φ2(x, y), for which∫∫ +∞

−∞
φi(x, y)dx dy = 1, i = 1, 2. (B.1)

The frequency function of the populations then is

Φi(x, y) = Niφi(x, y), i = 1, 2, (B.2)

and the probability Pi(x∗, y∗) of an individual at position (x∗, y∗) that it belongs to the
population i is given by

Pi(x∗, y∗) = Φi(x∗, y∗)
Φ1(x∗, y∗) + Φ2(x∗, y∗)

. (B.3)
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The classical parametric method assumes specific parametric forms for the populations
frequency functions and obtains their parameters by fitting the data (Sect. 6.3.1). The
non-parametric method uses an empirical determination of the frequency functions with-
out any assumption about their shape, e.g., via the kernel estimator (as firstly proposed
by Cabrera-Cano & Alfaro, 1990).

The empirical frequency function Ψ at position (x, y) can be estimated as

Ψ(x, y) =
N∑
i=1

K(x− xi, y − yi), (B.4)

where N is the total number of individuals in the sample (from both populations, N =
N1 + N2) and the summation goes over all individuals; K(x, y) is the kernel function.
To determine h, we followed Cabrera-Cano & Alfaro (1990) and Galadí-Enríquez et al.
(1998), we used a circular Gaussian kernel,

K(x, y) = 1
2πh2 exp

(
−1

2
x2 + y2

h2

)
, (B.5)

where h is the standard deviation of the Gaussian distribution and is usually called
smoothing parameter or window width.1 Following Chen (1996) and Galadí-Enríquez
et al. (1998) we use the rule proposed by Silverman (1986),

h =
( 4
d+ 2

)1/(d+4)
σN−1/(d+4), σ2 =

d∑
i=1

σ2
i /d, (B.6)

where d is the dimension of the space and σi are the standard deviations of the observed
data coordinates. In our case d = 2 and the equation reduces to expression h = σN−1/6,
where σ =

√
1
2(σ2

1 + σ2
2).

The empirical frequency function can be calculated on a grid in the coordinate space.
Let (xa, yb) be the grid points coordinates, then we tabulate the empirical frequency
function at these points, Ψ(xa, yb); a = 1, . . . , na; b = 1, . . . , nb, where na and nb are total
numbers of the grid points for each dimension. The empirical frequency function Ψ(xa, yb)
can be transformed into empirical PDF, ψ(xa, yb), by normalization to the unit volume
(following the Eq. (B.2)),

ψ(xa, yb) = Ψ(xa, yb)

 na,nb∑
i=1,j=1

Ψ(xi, yj)∆x∆y

−1

, (B.7)

where ∆x and ∆y are sizes of the grid cells.
1 The smoothing parameter h determines the characteristic size of the kernel. In other words, it sets

how distant individuals will contribute to the empirical frequency function at any given point. The exact
form of the dependency of the individual contributions to the frequency function is given by the kernel
function, which is analogical to a weighting function. An h of small value relatively to distances between
observed points, could lead to noisy results (smoothing too sensitive to individual points); while a large
value could lead to blurring out characteristic patterns of the frequency function. In the ideal case,
N →∞ and then h→ 0, see Eq. (B.6).
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When the cluster and the field populations are present in the sample, the empirical
frequency function is a sum of individual frequency functions for the cluster, Ψc, and
the field, Ψf : Ψc+f = Ψc + Ψf . To obtain the cluster empirical frequency function, the
combined empirical frequency function Ψc+f needs to be decomposed by subtracting the
field contribution Ψf . Ψf can be estimated, e.g., following Galadí-Enríquez et al. (1998),
who used the fact of the limited cluster angular size – cluster stars are assumed to be
found only within the circle of cluster radius rc. Cluster contribution beyond this radius
is considered negligible, and the area outside rc is assumed to be occupied only by the
field stars. If it is further assumed that the field stars located within the cluster radius
have the same PDF as the field stars in the area beyond the cluster radius, this area can
be used to estimate the field empirical frequency function in the cluster area. Typically,
a corona zone, limited by inner and outer radii, rf,in and rf,out, respectively, centered on
the cluster is used to calculate the field empirical frequency function noted Ψf,cor (Galadí-
Enríquez et al., 1998; Balaguer-Núñez et al., 2004b,a, 2005, 2007). Finally, Ψf,cor needs
to be scaled for a different spatial area of the corona and the circle covering the cluster.
Assuming the same spatial density of the field stars inside the corona and within the
cluster radius, this can be done through multiplying by the area factor,

Ψf = Ψf,cor
r2

c
r2

f,out − r2
f,in

. (B.8)

Following Eq. (B.3), the cluster membership probability of a star located at the given
point (xa, yb) of the grid is,

Pc(xa, yb) = Ψc+f(xa, yb)− Ψf(xa, yb)
Ψc+f(xa, yb)

. (B.9)

The probability of the individual sample stars is then taken as the probability of the
nearest grid point.

B.2 Our implementation of the method
The input characteristics of the cluster–field separation method are the cluster central
coordinates (α, δ) and the cluster angular radius rc. The central coordinates were taken
from the CDS. For the central coordinates, different sources give very similar values and
the differences between various sources are well below the values significantly influencing
the method. Situation is different in the case of the cluster radius for which, in some
cases, various sources give a significantly different values (see for example the discussion
in Sect. 6.4 for clusters NGC2660, NGC3680, or NGC6705). Therefore, the cluster
radii were treated individually, using values from various sources and the cluster–field
separation method was tested for a range of radii of values similar to those published in
the literature; see paragraphs in Sect. 6.4 for comments on individual clusters. The final
values of the central coordinates and clusters angular radii are given in Table 6.3.

For the given values of cluster central coordinates and radius, the data from the
UCAC4 catalog were queried via the CDS VizieR Service.2 Stars located within the

2 http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=ucac4.

http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=ucac4
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Figure B.1: Empirical PDFs for NGC2660. Left: ψc+f(µα cos δ, µα) –mixed empirical
PDF of cluster and field stars within the cluster radius rc; Middle: ψf(µα cos δ, µα) –
empirical PDF for field stars derived from the scaled empirical frequency function cal-
culated within the corona (using Eq. (B.8)); Right: ψc(µα cos δ, µα) –PDF of cluster
stars, derived from the empirical frequency function Ψc = Ψc+f − Ψf via normalization
(Eq. (B.7)).

radius equal to 2rc and with available values of their PM components and available mag-
nitude information from the 2MASS survey (J , H, and K magnitudes and their errors)
in the catalog were queried. Further, to avoid measurements with large uncertainties and
possible outliers (similarly as, e.g., Galadí-Enríquez et al., 1998; Frinchaboy & Majewski,
2008), we applied PM cut-off: |µ| < 20mas yr−1, PM error cut-off: σµ < 5mas yr−1, and
magnitude cut-off: J < 16mag.

We used an equidistant grid with square cells of 0.2×0.2mas yr−1, a size far below the
observational errors of the UCAC4 catalog (about 4mas yr−1 Zacharias et al., 2012a). We
determined the empirical frequency function of the field using the stars from a circular
corona limited by radii rf,in = rc and rf,out = 2rc. The mean cluster PM is taken at
the maximal value of the cluster empirical PDF. Cluster membership probability was
calculated following Eq. (B.9) for each nod of the grid; probability for individual stars
was then taken as the probability of the nearest nod.

To consider the errors in the stars PM components, we randomly generated ten
datasets of the stars PM– for each star, 10 values of each PM component were gener-
ated, having a normal distribution with the mean equal the PM value from the UCAC4
catalog and the standard deviation equal the PM error of the given star in the catalog.
The cluster–field separation method was carried out for each such dataset. The final
cluster PM vector was calculated as the mean of the individual runs results and its error
estimated as their standard deviation. The membership probability for individual stars
was taken as the mean value of individual probabilities obtained from all runs.

B.2.1 Example –NGC2660

We illustrate our implementation of the cluster–field separation method on an example
of the cluster NGC2660. In Fig. B.1, we plot the empirical PDFs of NGC2660. The left
plot shows the combined PDF, ψc+f , calculated within the cluster radius rc = 10′ (see
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Figure B.2: VPD of the mean cluster PM vectors resulting from the 10 random data
realizations for NGC2660. Results of individual realizations are shown with blue points
(the PM vector with coordinates of µα)max = (−2.4, 7.4)mas yr−1 resulted from two
different realizations); their uncertainty is given by the grid cell size of 0.2mas yr−1. The
green point with error-bars shows the final mean cluster PM vector and its standard
deviation.

paragraph NGC2660 in Sect. 6.4 for the details of the cluster radius choice). The plot
in the middle corresponds to the field empirical PDF, ψf , that was derived by scaling
of the empirical frequency function Ψf,cor of the corona within the radii rc and 2rc, see
Eq. (B.8), and by the normalization, see Eq. (B.7). Comparing these two plots, it can
be seen that the shape of the combined PDF, ψc+f , differs from the one of ψf by an
excess around (µα cos δ, µα) ∼ (−5, 8)mas yr−1. This excess corresponds to the cluster
PDF. The ψc is showed in the right plot of Fig B.1 and its maximum is at the grid
nod with coordinates (µα cos δ, µα)max = (−4.8, 8.6)mas yr−1, which corresponds to the
cluster mean PM vector (for this realization of the dataset).

Since the field PDF in the corona, ψf,cor, does not perfectly represent the field PDF
inside the cluster radius, ψf , the cluster empirical PDF, noted ψc, reaches negative in some
areas (white area within the considered circle of 20mas yr−1 in the right plot of Fig. B.1
showing the ψc). To avoid these negative zones when calculating the cluster membership
probabilities by Eq. (B.9), the probabilities were considered only for the grid points
located where the cluster empirical PDF has values above a certain level of noise, ς. This
noise is introduced by the unavoidable discrepancy between the empirical field PDF in the
corona and that within the cluster radius. The level of noise was calculated as the mean
PDF value over the grid points with a negative ψc and the probability was calculated only
for the grid points with ψc > 3|ς|; in the case of NGC2660, |ς| = 0.33 ·10−3 (mas yr−1)−2.

The described procedure was carried out for 10 random realization of the UCAC4 PM
data. The final results of the cluster PM vector and membership probabilities of individual
stars were calculated as the mean values over these realizations. Figure B.2 demonstrates
the distribution of the cluster mean PMs from the individual realizations and the final
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cluster mean PM estimate. The distribution of individual stars color-coded by their final
cluster membership probability (the mean from all 10 runs of the data randomly generated
from the UCAC4 values of PM and their dispersions) in the coordinate space (α, δ), their
VPD, and their CMD based on the 2MASS magnitudes, are showed in Fig. 6.4. The final
mean cluster mean PM vector is marked by the red cross in the VPD.
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PMs of OCs in our sample

Table C.1: PMs of OCs in our sample.

Cluster µα cos δ σµα µδ σµδ Ref.
[mas yr−1] [mas yr−1]

Blanco 1 20.17 0.51 3.00 0.51 (9)
19.86 0.26 2.37 0.26 (3)
17.9 0.21 1.65 0.29 (17)

20.11 0.35 2.43 0.25 (16)
18.9 0.2 3.2 0.2 (10)

IC 2602 −17.49 0.22 10.10 0.22 (9)
−14.16 0.37 11.11 0.29 (3)
−22.33 0.71 9.93 0.68 (2)
−17.02 0.24 11.15 0.23 (16)
−14.9 1.6 7.9 1.3 (10)

IC 4651 −1.07 0.5 −2.20 0.5 (9)
−2.09 0.27 −3.28 0.27 (1)

1.5 1.56 −5.35 0.87 (4)
0.64 0.13 −1.11 0.12 (2)
−0.81 0.37 −2.17 0.31 (3)
−1.72 0.7 −2.76 0.69 (11)
−1.6 1.0 −3.0 1.0 (14)
−1.2 0.6 −2.5 1.0 (10)

Melotte 66 −4.28 0.49 3.96 0.49 (1)
−4.18 0.61 7.67 1.56 (2)
−2.0 1.0 1.2 0.6 (10)

Melotte 71 −2.19 0.25 5.15 0.25 (1)
−3.59 0.49 6.26 0.43 (3)
−0.90 0.11 1.14 0.11 (2)
−4.7 0.6 7.5 0.6 (10)

NGC188 −1.48 1.25 −0.56 1.24 (4)

Continued on next page.
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Table C.1: PMs of OCs in our sample – continued from previous page.

Cluster µα cos δ σµα µδ σµδ Ref.
[mas yr−1] [mas yr−1]

−0.94 1.16 1.13 0.28 (2)
−2.56 0.2 0.18 0.2 (8)
−2.9 0.6 −1.4 0.5 (10)

NGC752 7.50 0.32 −11.50 0.32 (7)
8.29 0.91 −11.34 0.80 (4)
8.02 0.20 −11.68 0.19 (2)
7.66 0.23 −12.15 0.26 (3)
7.7 0.1 −11.9 0.1 (10)

NGC1039 0.39 0.78 −6.80 1.04 (4)
−0.1 0.2 −7.2 0.2 (9)
−0.29 0.17 −5.78 0.17 (1)
−0.22 0.17 −6.93 0.20 (3)

0.03 0.18 −7.43 0.18 (2)
0.2 0.4 −6.3 0.3 (10)

NGC1545 −0.04 0.28 0.79 0.37 (2)
−1.63 0.77 −1.00 0.45 (3)

0.45 1.18 −3.12 0.78 (4)
0.25 0.70 0.20 0.70 (9)
−1.7 0.3 0.2 0.4 (10)

NGC1817 −0.19 0.31 −4.86 0.31 (1)
0.14 0.21 −4.2 0.24 (2)
−0.06 0.63 −3.13 0.53 (3)

0.29 0.10 −0.96 0.07 (5)a
0.0 0.2 −0.8 0.2 (5)b

2.66 0.18 −3.72 0.19 (6)
1.02 1.06 −6.51 1.06 (7)
−2.2 0.5 −0.7 0.4 (10)

NGC2099 2.47 0.17 −6.65 0.17 (1)
3.29 0.18 −6.84 0.17 (2)
3.09 0.23 −7.35 0.25 (3)
3.36 2.52 −6.17 1.78 (4)
3.78 0.29 −7.09 0.29 (7)
4.5 1.2 −7.4 1.2 (11)
2.5 0.3 −7.0 0.3 (10)

NGC2204 4.04 0.77 0.09 0.77 (1)
−0.22 0.48 1.78 0.44 (2)

1.0 0.7 1.5 0.6 (10)
NGC2243 −3.66 0.61 3.32 0.61 (1)

2.53 0.54 2.90 1.30 (2)
1.0 1.1 5.3 1.3 (10)

NGC2355 −1.76 0.55 −4.28 0.55 (1)
−0.39 0.32 −4.78 0.30 (6)
−2.5 0.8 −3.0 1.5 (13)
−2.5 0.5 −3.2 0.8 (10)

NGC2360 3.61 1.49 8.07 1.57 (4)
−2.88 0.51 5.37 0.51 (7)
−2.68 0.28 6.37 0.28 (1)

Continued on next page.
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Table C.1: PMs of OCs in our sample – continued from previous page.

Cluster µα cos δ σµα µδ σµδ Ref.
[mas yr−1] [mas yr−1]

−2.62 0.30 4.89 0.32 (3)
−4.30 0.27 6.68 0.29 (2)
−2.7 0.5 6.0 0.4 (10)

NGC2420 −1.32 0.42 −4.18 0.26 (2)
−0.7 0.9 −2.8 0.5 (10)

NGC2447 −5.12 0.33 3.66 0.33 (1)
−3.64 0.08 2.60 0.08 (2)
−3.76 0.27 3.91 0.21 (3)
−1.98 1.36 5.42 1.26 (4)
−4.85 0.33 4.47 0.33 (7)
−5.2 0.6 4.3 0.6 (11)
−4.9 0.6 4.0 0.3 (10)

NGC2477 −2.13 0.2 2.71 0.2 (1)
2.63 0.26 3.6 0.29 (2)
−0.23 0.56 1.83 0.29 (3)
−0.65 0.6 1.13 0.59 (10)

NGC2539 −3.6 0.15 −1.53 0.14 (2)
−3.37 0.23 −1.87 0.26 (3)
−2.5 1.11 −1.22 1.12 (4)
−4.07 0.27 −1.83 0.27 (7)
−3.82 0.85 −3.35 0.82 (11)
−4.13 1.4 −1.7 0.6 (10)

NGC2632 −35.58 0.19 −12.90 0.19 (9)
−35.9 0.13 −12.88 0.11 (3)
−35.99 0.14 −12.92 0.14 (4)
−35.81 0.29 −12.85 0.24 (16)
−35.3 0.3 −12.4 0.2 (10)

NGC2660 −5.82 0.81 7.40 0.83 (2)
−3.26 1.4 6.92 1.4 (10)

NGC2682 −8.62 0.28 −6.0 0.28 (9)
−6.47 1.29 −6.27 1.01 (4)
−6.51 0.30 −4.54 0.28 (2)
−8.31 0.26 −4.81 0.22 (3)
−8.23 0.05 −5.72 0.05 (6)
−7.87 0.61 −5.6 0.59 (11)
−9.6 1.1 −3.7 0.8 (12)
−7.1 0.8 −7.6 0.4 (13)a
−7.1 0.7 −7.7 0.5 (13)b
−9.1 0.3 −4.3 0.2 (10)

NGC3114 −5.25 0.38 4.58 0.38 (1)
−7.09 0.09 4.03 0.09 (2)
−7.42 0.19 4.05 0.22 (3)
−7.47 0.26 4.03 0.21 (4)
−7.54 0.21 3.50 0.21 (9)
−5.9 0.4 4.2 0.3 (10)

NGC3680 −3.11 1.64 −5.30 0.98 (4)
−5.86 0.62 1.90 0.62 (9)

Continued on next page.
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Table C.1: PMs of OCs in our sample – continued from previous page.

Cluster µα cos δ σµα µδ σµδ Ref.
[mas yr−1] [mas yr−1]

−6.44 0.68 2.02 0.68 (1)
−5.38 0.44 1.54 0.45 (3)
−6.00 0.30 0.90 0.28 (2)
−5.8 0.6 1.1 0.6 (11)
−6.1 0.8 1.0 0.4 (10)

NGC3960 −7.70 0.73 3.22 0.73 (1)
−7.01 0.24 −0.45 0.33 (2)
−4.2 3.6 1.9 4.0 (14)
−8.9 1.4 5.2 1.3 (10)

NGC5822 −6.20 0.16 −6.08 0.16 (1)
−6.50 0.12 −5.85 0.11 (2)
−7.46 0.19 −5.66 0.25 (3)
−8.34 1.36 −2.65 1.33 (4)
−7.95 0.24 −8.20 0.24 (9)
−8.6 0.9 −8.8 0.9 (11)
−8.2 0.7 −6.1 0.5 (10)

NGC6134 −0.86 0.88 −4.60 0.88 (9)
−1.26 0.27 −6.50 0.27 (1)

0.32 0.89 −5.88 0.48 (3)
0.48 0.14 −3.13 0.16 (2)
−0.11 1.12 −6.97 1.09 (11)
−1.6 1.4 −6.4 1.6 (14)
−0.7 0.6 −5.9 0.5 (10)

NGC6192 −2.67 0.34 −0.91 0.34 (1)
0.64 0.30 −3.39 0.41 (2)
1.8 0.83 −0.77 0.39 (3)
0.5 1.9 1.4 1.7 (14)

3.73 0.83 3.18 1.39 (15)c
2.7 0.9 2.94 1.2 (10)

NGC6253 −1.7 1.2 −3.5 1.9 (10)
NGC6475 2.58 0.08 −4.54 0.07 (2)

2.83 0.15 −5.14 0.15 (3)
2.61 0.33 −4.80 0.22 (4)
1.67 0.20 −3.60 0.20 (9)
1.1 0.4 −3.7 0.4 (10)

NGC6633 0.23 0.11 −1.54 0.13 (2)
0.1 0.22 −2.00 0.24 (3)

2.67 0.75 −0.01 0.66 (4)
−0.21 0.31 −1.60 0.31 (9)

0.2 0.4 −1.0 0.4 (10)
NGC6705 −6.27 0.30 −3.55 0.30 (1)

−6.51 0.49 −0.48 0.41 (3)
−6.55 0.25 −0.04 0.38 (2)
−4.63 0.48 −1.10 0.48 (7)
−5.4 1.2 −0.3 1.2 (11)
−4.1 0.7 −1.3 1.2 (10)

NGC6819 −5.33 0.5 −2.76 0.5 (1)

Continued on next page.
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Table C.1: PMs of OCs in our sample – continued from previous page.

Cluster µα cos δ σµα µδ σµδ Ref.
[mas yr−1] [mas yr−1]

−2.66 0.67 −3.93 0.78 (2)
−5.8 1.0 −2.8 1.1 (10)

NGC7789 −2.20 0.22 −1.11 0.18 (2)
3.03 0.56 −0.58 0.54 (3)
1.7 0.3 −2.4 0.6 (10)

Notes. (a) Result of the parametric membership determination of Balaguer-Núñez et al. (2004b)
and Balaguer-Núñez et al. (2007). (b) Result of the non-parametric membership determination
of Balaguer-Núñez et al. (2004b) and Balaguer-Núñez et al. (2007). (c) Values from the catalog
of Dias et al. (2002a, V3.2) catalog, where they refer to Magrini et al. (2010) as to the source.
However, the mean PM in Magrini et al. (2010, Table10) is different (see the reference (14) for
the same cluster) and therefore the source of these values stays unclear to us.

References. (1) Dias et al. (2006); (2) Loktin & Beshenov (2003); (3) Kharchenko et al. (2005a);
(4) Baumgardt et al. (2000); (5) Balaguer-Núñez et al. (2004b); (6) Krone-Martins et al. (2010);
(7) Dias et al. (2002a); (8) Platais et al. (2003); (9) Dias et al. (2001); (10) this study; (11) Frinch-
aboy & Majewski (2008); (12) Bellini et al. (2010a); (13) Soubiran et al. (2000); (14) Magrini et al.
(2010); (15) Dias et al. (2002a, V3.2); (16) van Leeuwen (2009); (17) Mermilliod et al. (2008b)
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Plots of OCs orbits
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Figure D.1: Orbits of OCs from our sample. Two clusters are plotted at each line. The
projection into the Galactic (x, y) and meridional plane (R, z) is plotted for each cluster.
Cluster name is indicated above each pair of plots. Orbit in the axisymmetric potential
is plotted with blue line. Red line shows orbit in the combined model including bar and
spiral arms. The black dot marks the initial position of the cluster. The initial conditions
are given by the mean input observational data (see Table 6.1 for d� and vr, Table C.1
for PMs). Integrations were forward for time of 2Gyr. Continued on next pages.
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Figure D.1: Orbits of OCs from our sample – continued from previous page.
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Figure D.1: Orbits of OCs from our sample – continued from previous page.
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Figure D.1: Orbits of OCs from our sample – continued from previous page.
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