Dissertation
submitted to the
Combined Faculties of the Natural Sciences and Mathematics
of the Ruperto-Carola-University of Heidelberg. Germany
for the degree of

Doctor of Natural Sciences

Put forward by
Clio Bertelli Motta
born in: Genova, Italy

Oral examination: 6 February 2018






THE FOOTPRINTS OF STELLAR EVOLUTION ON THE CHEMICAL COMPOSITION
OF THE GALACTIC OLD OPEN CLUSTER Mé67

Referees: Prof. Dr. Eva K. Grebel
PD Dr. Sabine Reffert






ZUSAMMENFASSUNG

In dieser Arbeit untersuchen wir die Auswirkungen der Sternentwicklung auf die
chemische Oberflachenzusammensetzung von Sternen. Wir benutzen als Beispiel
den alten offenen Sternhaufen M6y, fiir dessen Sterne Spektren mit hoherer Au-
flosung in verschiedenen Entwicklungsphasen — von der Hauptreihe bis zum “Red
Clump” — zur Verfiigung stehen. Insbesondere verwenden wir Daten aus den
Archiven von grofien spektroskopischen Durchmusterungen wie APOGEE und
Gaia-ESO. Zuerst untersuchen wir die Auswirkung des sogenannten “First Dredge-
Up” auf die Haufigkeit von [C/N] auf der Sternenoberfliche. Wir analysieren dann
Verdnderungen in den Elementenhdufigkeiten von Sternen von der Hauptreihen-
phase bis zu der roten Riesenphase von M67 und diskutieren, wie diese mit ato-
marer Diffusion erkldrt werden konnen. Wir présentieren die Ergebnisse dieser
Untersuchungen auch in dem Kontext von Studien der galaktische archdologie.
Dartiber hinaus erforschen wir die chemische Oberflichenzusammensetzung von
drei blauen Nachziiglersternen und zwei entwickelten blauen Nachziiglersternem
in M6y, um Hinweise auf deren Entstehungsprozess zu finden und diskutieren
dann die Ergebnisse auch aus der Sicht der Sternentwicklung. Schliefdlich présen-
tieren wir ein Experiment basierend auf Daten aus dem TGAS-Katalog fiir die
Untersuchung der dynamischen Entwicklung von OB-Assoziationen.

ABSTRACT

In this work we investigate how stellar evolutionary processes change the surface
chemical composition of stars. As a test-bench, we use the old open cluster M67,
for whose stars high-resolution spectroscopic data are available in many different
evolutionary stages, from the main sequence to the red clump. In particular, we use
data retrieved from the archives of large spectroscopic surveys such as APOGEE
and Gaia-ESO. First we investigate the effects of the so-called first dredge-up on the
surface [C/N] abundance of M6y stars. We then analyse variations in the surface
abundances of several elements from the main-sequence to the red-giant phase of
Mé67 stars and discuss how these can be explained by atomic diffusion effects. We
also present the results of these investigations in the broader context of Galactic ar-
chaeology studies. Furthermore, we investigate the chemical composition of three
blue straggler stars and two evolved blue straggler stars in M67 in order to find
hints for their formation scenario and discuss the results from the point of view
of stellar evolution. Finally, we present an experiment based on TGAS data for the
study of the dynamical evolution of OB associations.
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INTRODUCTION






OPEN CLUSTERS AND THEIR STELLAR CONTENT

1.1 GALACTIC OLD OPEN CLUSTERS

Star clusters are fundamental components of the Milky Way. They are known to
be the birth place of stars and, as such, they play a key role in many fields of as-
trophysical research: from stellar formation to stellar evolution, from the Galactic
disc’s structure to its chemical evolution in time. Open clusters (OCs) present very
different characteristics with respect to globular clusters (GCs). The latter are much
more massive and compact and have ages of more than g billion years, while the
initial mass of OCs is usually of the order of ~ 103M, and most of them do not
survive for more than few hundred million years. In fact, due to their smaller
mass and lower density with respect to GCs, OCs eventually get disrupted by in-
ternal and external gravitational interactions and release their stars into the field,
contributing to the population of the Galactic disc. Thus, the distribution in age,
Galactocentric distance and height above the Galactic plane of the OC population,
together with the information about their chemical composition can help us under-
standing the recent star formation history and the evolution of our Galaxy.

In addition, since stars in a given OC are born from the same molecular cloud
and within a very short time, they are perfect examples of single stellar popula-
tions. The relatively low total mass and density of these objects is probably the
reason why, contrarily to globular clusters, they do not present multiple popu-
lations. Therefore, OCs are ideal laboratories in which to test theories of stellar
evolution, as it has been done in the past, e.g. for models of core overshooting
(Friel, 1995, and references therein) and as we do in this work for the effects of stel-
lar evolution on the surface chemical composition of stars. While young OCs offer
the possibility to study the evolution of very massive stars, that evolve quickly
into supernovae and stellar remnants and are observable only for a short time, old
OCs are very well populated in all evolutionary stages, from the main sequence,
to the subgiant and giant branch, and the red clump (core helium burning phase).
In particular the latter, given its high luminosity, is often used for studies of the
chemical composition of clusters, as we will see later.

The catalogue of Galactic star clusters published in Kharchenko et al. (2013)
contains ~ 3000 objects, ~ 2270 of which are open clusters. The catalogue con-
tains detailed information e.g. about the clusters” distance from the sun, estimated
age, number of members, radii, as well as 2MASS photometry and membership
probability of individual stars. This list has been updated with 139 further cluster
candidates by Schmeja et al. (2014) and 63 by Scholz et al. (2015). In particular, the
objects from Schmeja et al. (2014) have the common property of lying close to the
Sun at high Galactic latitudes (b > 20 deg). Furthermore, they all reached relatively
old ages, ranging from 2 - 108yr to 4 - 10”yr.

Old OCs (> 1 Gyr) are of particular interest due to their capability to survive
disruption for such long times. In this context it is important to note the existence
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Figure 1: Distance from the Galactic plane as a function of age for the OCs in the catalogue
of Kharchenko et al. (2013).

of a correlation between the age of open clusters and their height above the Galactic
plane, with old clusters being distributed over much larger distances above and
below the plane compared to young clusters (as pointed out in several works, e.g.,
Friel, 1995; Froebrich et al., 2010; Janes and Phelps, 1994), although the nature of
this effect is not fully understood yet. In Figure 1, we plot the height above and
below the plane calculated as

H = Dsinb, (1)

where D is the distance of the cluster from the Sun and b is its Galactic latitude,
as a function of age for the OCs in the catalogue of Kharchenko et al. (2013). It is
clearly visible how young clusters populate the disc of the Galaxy, while clusters
with age > 1 Gyr present a very large spread in height above and below the plane.

The large vertical velocity component of most old clusters is probably the reason
for their comparatively long survival, since the probability to interact with large
molecular clouds and other Galactic structures capable of disrupting a stellar
cluster is smaller for them than for clusters embedded in the thin disc. Still, a
question remains open, which is why these clusters happen to be located on such
orbits. Were they born with this characteristic or did they form embedded in the
disc and "migrated" to their present location as the result on their interactions with
disc structures?

While a trend of the distance from the plane with age is clearly visible (see Fig. 1)
this does not seem to be the case for the distances of the clusters from the Galactic
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Figure 2: Distance from the Galactic centre as a function of age for the OCs in the cata-
logue of Kharchenko et al. (2013). We overplot as red squares the running mean of the
distribution in bins of 0.5 in logarithmic age with the respective standard deviation.

centre. We calculated the Galactocentric distance R for the sample of open clusters
of Kharchenko et al. (2013) as follows:

r = Dcosb (2)
R = \/rzsinlz+(Ro—rcosl)2 (3)

where D is the distance of the OCs from the Sun, 1 and b are their Galactic co-
ordinates and Ry is 8.5 kpc, the distance of the Sun from the Galactic centre. The
results are shown in Fig. 2 together with the running mean of the distribution (red
squares) calculated for bins of 0.5 in logarithmic age: no clear trend is visible and
the bulk of the OCs is located at the Galactocentric distance of the Sun. This is not
surprising since the catalogue of the Galactic OCs is complete only within a radius
of 1.8 kpc from the Sun (with the exception of old clusters at high latitude) due to
the decreasing brightness of more distant sources (Kharchenko et al., 2013). Fig. 3
shows the position of the OCs in the Galactic plane, with the Sun plotted as a red
dot and the Galactic centre marked as a big black dot. Although no clear trend
with age is visible, we note that the only clusters with R > 15 kpc are older than
108 yr.

In Fig. 4 we logarithmically plot the number of probable cluster members as
a function of age for the sample of Kharchenko et al. (2013) together with the
running mean of the distribution (we choose not to use the weighted running
mean because most of the parameters analysed do not have errors in the catalogue
of Kharchenko et al. 2013). Although we do not observe a trend in number of
cluster members with age, we know that old OCs already lost part of their mass
through dissolution and possible interactions with the disc. Since they also do not

5
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Figure 3: Position on the Galactic plane for the OCs in the catalogue of Kharchenko et al.
(2013). The red dot represents the position of the Sun, the big black dot the Galactic centre.

seem to be less massive than their younger counterparts, this indicates that they
must have been born with a mass larger than that of OCs born more recently (see
also Friel 1995).

Also corroborating this theory is the trend in age visible for the King’s tidal
radii derived by Kharchenko et al. (2013). Fig. 5 shows how the running mean
of the tidal radius increases with age. The core radii, on the other hand, do not
seem to increase significantly with age (see Fig. 6). It is thus probable that old OCs
survived to such ages not only because of their peculiar orbits, but also because
they were more massive at birth, with masses up to ~ 104 Mg (see, e.g., Friel, 1995,
and references therein).

One of the key aspects of the study of OCs is their chemical composition. Since
OCs are tracers of the properties of the disc, their chemical composition, which
is supposed to be homogeneous at least in the luminous stars of the red clump,
is used to derive chemical gradients in the disc (see, e.g., Chen, Hou, and Wang,
2003; Frinchaboy et al., 2013; Magrini et al., 2017). In Fig. 7 we use the metallicit-
ies from the literature listed for some of the clusters in Kharchenko et al. (2013),
as well as their running mean, to show a possible trend in age. As pointed out
e.g. in Friel (1995) there is no evidence of a trend of [Fe/H] as a function of age
(also considering that the number of OCs with ages below 107 yr with metallicity
estimates in the catalogue of Kharchenko et al. 2013 is too low to draw statistical
conclusions). Instead, looking at Fig. 8 it is evident how the metallicity decreases
with the Galactocentric distances of the OCs. Fig. 9 shows the metallicity from the
Kharchenko et al. (2013) catalogue as a function of the height on the Galactic plane.
The bulk of the stars embedded in the disc has solar metallicity, although a large
spread is present towards lower [Fe/H]. The few OCs at large distances from the
Galactic disc with an entry for [Fe/H] have metallicity on average lower than solar,
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Figure 5: King’s tidal radius as a function of age for the OCs in the catalogue of
Kharchenko et al. (2013). The red squares represent the running mean with its respect-
ive standard deviation.
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Figure 6: King's core radius as a function of age for the OCs in the catalogue of Kharchenko
et al. (2013). The red squares represent the running mean with its respective standard
deviation.

at [Fe/H] ~ —0.3 dex. This result is unfortunately biased by the low number of
points with H < —0.5 kpc and H > 0.5 kpc, although e.g. Chen, Hou, and Wang
(2003) and Pasquali and Perinotto (1993) also found a decrease in abundances (the
former in [Fe/H], the latter in [O/H] and [Ne/H]) with distance from the plane.
A detailed chemical analysis of these "extreme" clusters (in terms of their location
in the disc) based on spectral data will throw new light on the question of the sur-
vival of old OCs: if the metallicities and chemical abundances of the old clusters
will be found consistent with those expected from measurements of field stars loc-
ated in the same environment, then the two populations probably share a very
similar formation history, otherwise the scenario of their formation in the plane
and of a subsequent migration should be investigated into more details.

As we will present in further detail in Chapter 2, the main problem with a study
of this kind is the lack of high-resolution spectroscopic data for a large number
of old OCs, mainly due to the difficulty in targeting cluster members without
previous knowledge of their precise kinematics. For this reason, in the present
work we concentrated our investigation on one very peculiar old open cluster:
Mé7.



1.1 GALACTIC OLD OPEN CLUSTERS

L I

0.5

|
HH

0.0

-1.0

.
LT
: v
|IIII|II|I|IIII|IIII|IIII

-1.5

[Fe/H]
o
a
IIII|IIII|IIII|I[II|III[|IIII

_ IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII
20 7 8 9 10

log(age)

(o))

Figure 7: [Fe/H] as a function of age for a subsample of OCs in the catalogue of
Kharchenko et al. (2013). The red squares represent the running mean with its respect-
ive standard deviation.
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Figure 9: [Fe/H] as a function of distance from the Galactic plane for a subsample of OCs
in the catalogue of Kharchenko et al. (2013). The red squares represent the running mean
with its respective standard deviation.

1.2 M67 A TEXTBOOK CASE

Among the old OCs of the Milky Way, M67 (or NGC 2682) plays a special role for
different reasons. First of all, with an age of 3.5-4 Gyr (see, e.g., Bellini et al. 2010b;
Kharchenko et al. 2013; Sarajedini, Dotter, and Kirkpatrick 2009), M67 is one of the
oldest OCs in the Galaxy. As a consequence of its old age, all evolutionary phases
between the main sequence and the red clump are very well populated on the
colour-magnitude diagram (CMD), which makes M67 the perfect target for stud-
ies of stellar evolution. Furthermore, it is located in the relative vicinity of the Sun,
at 800-900 pc (see, e.g., Sarajedini, Dotter, and Kirkpatrick 2009), relatively high
above the plane (I = 215.70deg, b = +31.90deg), and has a reddening E(B — V)
between 0.015 and 0.052 mag (see, e.g., Fan et al., 1996; Taylor, 2007), which makes
it feasible to obtain high-resolution spectroscopic data at the expense of a reason-
able amount of observational time. Moreover, M6y presents an approximately solar
metallicity (see, e.g., Bertelli Motta et al., 2017; Onehag, Gustafsson, and Korn, 2014;
Pace, Pasquini, and Frangois, 2008; Randich et al., 2006; Shetrone and Sandquist,
2000; TautvaiSiene et al., 2000; Yong, Carney, and Teixera de Almeida, 2005) and
is therefore considered a proxy for solar studies and used as a calibrator in many
spectroscopic surveys. For all these reasons, several cluster members in different
evolutionary phases have been targeted in high-resolution spectroscopic studies,
making M67 an excellent test-case for studies of stellar evolution. This kind of
data availability is very rare, since usually spectroscopic investigations of OCs con-
centrate only on red giant stars, mainly due to their luminosity.

M6y hosts several solar twins (see, e.g., Castro et al., 2011; Liu et al., 2016;
Pasquini et al., 2008) and in particular M67-1194, a solar twin with one of the most
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similar chemical compositions to the Sun discovered so far (C)nehag et al.,, 2011).
These findings led to the hypothesis that the Sun might have formed inside Mé67,
although simulations have shown that in this scenario the protoplanetary disc or
planetary system of the Sun should have been disrupted during the ejection from
the cluster (see Pichardo et al. 2012).

Due to its peculiarities, M67 was studied in great detail in the past and a vast
literature exist on various aspects of this OC. Davenport and Sandquist (2010) stud-
ied the dissolution of M67 with data from the Sloan Digital Sky Survey and found
evidence of an asymmetric halo and mass segregation within the cluster. Already
Bonatto and Bica (2003) had investigated the luminosity function of M6y from
2MASS data and concluded that mass segregation was present in the cluster. Zhao,
Tian, and Su (1996) also came to the same conclusion analysing the internal kin-
ematics of the cluster at different distances from the centre. Further studies on the
kinematics of M6y were carried out, e.g., by Bellini et al. (2010a), Geller, Latham,
and Mathieu (2015), Girard et al. (1989), and Sanders (1977). Rotation velocities in
stars belonging to M67 were investigated by Barnes et al. (2016), who determined
the rotation periods of several main sequence stars based on data from the K2
mission and found them to be correlated with their colour, and hence with their
temperature. They use the rotational velocities of the stars to derive a gyrochrono-
logical age of 4.2 Gyr for M67. Melo, Pasquini, and De Medeiros (2001) analysed
the rotational velocities of a sample containing M67 members in different evolu-
tionary stages. They found results similar to those of Barnes et al. (2016), with the
rotational velocity increasing along the main sequence, reaching a maximum at the
turn-off, and decreasing again for red giant stars.

The white dwarf cooling sequence of M67 was studied e.g. by Richer et al. (1998),
who used it to derive an age of 4.3 Gyr for the cluster, in good agreement with other
age estimates. More recently, the study of Bellini et al. (2010b) also found that the
age of M67 derived from the white dwarf cooling sequence is consistent with the
results of isochrone fitting of the cluster turn-off. Carraro et al. (1996) and Tripicco,
Dorman, and Bell (1993) investigated the evidences of mass-loss in red giant stars
of Mé67.

From the point of view of the chemical composition of the cluster, several stud-
ies were dedicated to different chemical species: lithium (see, e.g., Balachandran,
1995; Canto Martins et al., 2006, 2011; Castro et al., 2016; Deliyannis et al., 1994;
Pace et al., 2012; Pasquini, Randich, and Pallavicini, 1997; Spite et al., 1987), car-
bon and nitrogen (Bertelli Motta et al., 2017; Brown, 1987; Gilroy and Brown, 1991;
Shetrone and Sandquist, 2000; TautvaiSiene et al., 2000), oxygen (see, e.g., Takeda
and Honda, 2015), fluorine (see, e.g., Maiorca et al., 2014; Nault and Pilachowski,
2013), and berillium (see, e.g., Randich et al., 2007). More general investigations
of the chemical composition of M6y stars can be found, e.g., in Friel, Jacobson,
and Pilachowski (2010), Onehag, Gustafsson, and Korn (2014), Pace, Pasquini, and
Francois (2008), Randich et al. (2006), Shetrone and Sandquist (2000), Tautvaisiene
et al. (2000), and Yong, Carney, and Teixera de Almeida (2005). In particular, we dis-
cuss the findings of C)nehag, Gustafsson, and Korn (2014), Shetrone and Sandquist
(2000), and TautvaiSiene et al. (2000) in Chapter 3, 4, and 5.

Mé67 was recently subject to a survey searching for extrasolar planets around its
member stars (Brucalassi et al. 2014, 2016, 2017; Nardiello et al. 2016a; Pasquini
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et al. 2012). The authors found three hot jupiters and a giant planet, as well as two
further planet candidates.

Furthermore, M67 hosts a large number of variable and active stars as well as
peculiar stars such as blue stragglers, yellow stragglers and sub-subgiants. M67
was in fact one of the first open clusters in which a large population of blue strag-
gler stars (BSS) was detected (Johnson and Sandage, 1955). Since then, numerous
studies of these objects were carried out (see, e.g., Bruntt et al., 2007; Deng et al.,
1999; Gilliland and Brown, 1992; Landsman et al., 1997; Leiner et al., 2016; Leonard
and Linnell, 1992; Liu et al., 2008, Mathieu, Latham, and Griffin, 1990; Mathieu
et al., 1986, 2003; Mathys, 1991; Pribulla et al., 2008; Sandquist and Shetrone, 2003;
Sandquist et al., 2003; Shetrone and Sandquist, 2000; van den Berg et al., 2001, see
Chapter 5 for a detailed discussion).

X-ray emission has been detected for several M67 members, mostly in variable
stars such as, e.g., cataclysmic variables, contact binaries, and RS Canum Venat-
icorum variables (see, e.g., Belloni, Verbunt, and Mathieu, 1998; Belloni, Verbunt,
and Schmitt, 1993; Mooley and Singh, 2015; Pasquini and Belloni, 1998; Pasquini,
Belloni, and Abbott, 1994; van den Berg et al., 2002, 2004). Recently, the new in-
coming data from the Kepler mission have enabled many new studies based on
asteroseismology, ranging from age to mass determinations, and to stellar variab-
ility (see, e.g., Barnes et al., 2016; Gonzalez, 2016a,b; Leiner et al., 2016; Nardiello
et al., 2016a,b; Stello et al., 2016). Further works on peculiar members of M67 in-
clude studies on cataclysmic variables (Balaguer-Ntfiez et al., 2010; Williams et al.,
2013), chromospheric activity in its members (Dupree, Whitney, and Pasquini, 1999;
Giampapa et al., 2006; Reiners and Giampapa, 2009), binaries and other variables
(see, e.g., Geller, Latham, and Mathieu, 2015; Kim et al., 1996; Mathieu, Latham,
and Griffin, 1990; Qian et al., 2006; Sandquist, 2006; Yakut et al., 2009; Zhang,
Zhang, and Deng, 2005). Some of this works are discussed in Chapter 5 in the
context of a study of blue straggler stars in Mé67.

In this work, we investigate variations in the surface abundances of M67 mem-
bers due to stellar evolution. Therefore, in the next section we summarise the main
steps in the evolution of stars in the mass range of the M67 population.

1.3 THE LIFE OF A LOW-MASS STAR

Due to its old age, M67 is populated by low-mass stars, in the (initial) mass range
0.1 ~ 1.5Mg. We follow here the main steps in the evolution of such stars from
their formation to their end on the white dwarfs cooling sequence (Fig. 10 shows
the evolutionary track of a 1.4Mg, star from the pre-main sequence to the thermally
pulsating asymptotic giant branch). For a detailed description of the processes
mentioned in this section we refer to Salaris and Cassisi (2005).

Stars are born through the collapse of gas in large molecular clouds. In order for
the gas to become unstable and collapse, it must reach a critical mass (the Jeans
mass) that depends on temperature and density:

M]eans X T3/29_1/2 (4)
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Figure 10: The evolution of a star with 1.4M, Z =0.014, and Y = 0.273 on the CMD from
the pre-main sequence to the TPAGB phase. Plotted using PARSEC evolutionary tracks
(Bressan et al., 2012).

After the collapse, the protostar is in hydrostatic equilibrium and follows the virial
theorem, which states:

Epot = _ZEkin' (5)

This means that the total energy E.,: is negative and therefore the system is bound:

1
Etot = Epot + Ekin = —Ekin = zF—pot- (6)

When the protostar starts loosing energy through radiation, since

CdEeor  TdEpor

L = =
dt 2 at @)

the star has to contract in order to maintain the virial equilibrium. As a con-
sequence, Epot decreases and Eyi,, increases, leading to an increase in temper-
ature, which, in turn, leads to the ionisation of H and He in the stellar interior.
This process absorbs most of the energy deriving from the contraction and the ob-
ject collapses. Only after the completion of the ionisation processes the star returns
to hydrostatic equilibrium.

Stars that have reached this stage are fully convective and follow the so-called
Hayashi track on the Herzsprung—Russell diagram (HRD), described by an nearly
constant Te¢s and decreasing luminosity due to the contraction of the star.

In this phase, when a temperature of at least T ~ 10° K is reached in the stellar
interior, light elements such as D, Li, Be, B are processed into He. The increase in
temperature leads to the formation of a radiative core, and as a consequence, the
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star leaves the Hayashi track (which describes the locus of fully convective stars
on the HRD). The star then moves towards the zero age main sequence (ZAMS)
describing on the HRD a curve with little luminosity variation but increasing Te++,
the so-called pre-main sequence (PMS).

The main sequence (MS) corresponds to the position on the HRD occupied by
stars burning hydrogen in their core, which can happen as soon as the core tem-
perature reaches ~ 107 K. The period that the star spends on the main sequence is
the longest phase in the evolution of a star and its duration depends on the mass
of the object (Hansen and Kawaler, 1994):

1010
(M/Mg)25 9"

t (8)

We note that protostellar objects with M < 0.08 M, never reach the ZAMS be-
cause their core becomes degenerate before reaching the temperature necessary to
ignite hydrogen. Such objects become brown dwarfs or planets and progressively
cool down.

Two processes are responsible for the nuclear processing of hydrogen into he-
lium: the p—p chain and the CNO-cycle. The former consists in the transformation
of four hydrogen nuclei into one *He nucleus through direct reactions, the latter
uses other elements (carbon, nitrogen, and oxygen) as catalysts for the transforma-
tion of hydrogen into helium. In every star both processes are active, but the main
channel depends on the temperature of the star (see Fig. 11). Their efficiency is
described by:

€pp X Tg (9)
ecno x T8 (10)

where T is the temperature expressed in millions of Kelvin. Indicatively, stars with
M < 1.2Mg have radiative cores and convective envelopes and burn hydrogen
through the p—p chain, while in stars with M > 1.2M, which present convective
cores and radiative envelopes, the CNO cycle is more efficient.

While convection has the characteristics of averaging out possible chemical in-
homogeneities, radiative regions in the stellar interior are affected by atomic dif-
fusion, i.e. a stratification in abundance of the different elements resulting from
the combination of gravity and radiative acceleration. In stars with radiative cores
this results in shorter life-times on the MS, since hydrogen is substituted by He
sinking towards the centre of the star. We discuss atomic diffusion in stars of the
mass range of M67 in detail in Chapter 4.

A further effect that MS stars with M > 1.2M, are exposed to is core overshoot-
ing. In convective cores, the material approaching the boundary to the radiative
envelope usually has a non-zero velocity. For this reason, material from the con-
vective region can cross the boundary to the radiative region, de facto increasing
the size of the core. This has the effect of increasing the amount of hydrogen in the
core and thus to prolong the life on the MS.

When the fuel in the core is exhausted, hydrogen burning proceeds in the shells
surrounding the inert, radiative He core. The star expands, the surface temperature
decreases and the envelope becomes convective. As a consequence, the star leaves
the MS and evolves along the subgiant branch (SGB). While its luminosity remains
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Figure 11: Efficiency as a function of temperature for the p—p chain and the CNO cycle.
The black circle represents the position of the Sun. Figure from Salaris and Cassisi (2005),
courtesy of Prof. M. Salaris.

nearly unchanged, its temperature decreases and its colour becomes redder. Dur-
ing this phase the convective envelope deepens into the stellar interior and induces
mixing between the outer and inner layers of the star.

Since in the stellar interior the CNO-cycle is active, the abundances of carbon,
nitrogen, and oxygen in the deep layers of the star are the equilibrium abundances
resulting from the nuclear processes involved and are different from the surface
chemical abundances. When the convective envelope deepens into the inner layers
of the star, it brings to the surface the products of the CNO-cycle. This process
is called first dredge-up (FDU) and changes the observable abundances of the
elements involved: the abundance of carbon decreases, that of nitrogen increases,
while that of oxygen remains almost unchanged. We discuss the effects of the FDU
in M67 star in detail in Chapter 3.

The deepening of the convective envelope continues until the star reaches the
limit of its Hayashi track, describing a fully convective object. As a consequence
the luminosity increases and the star expands, thus moving along the red giant
branch (RGB). Stars with M < 2.3M, develop a degenerate He core after the MS.
When hydrogen burning proceeds in the surrounding shells, more and more He
is deposited on the He core. As the hydrogen-burning region moves towards the
outer layer of the star, the convective envelope becomes thinner and thinner.

After the FDU, a discontinuity in molecular weight is left over at the boundary
between the layers reached by the convective envelope and the hydrogen burning
shell. As long as there is this discontinuity, there can be no mixing between these
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Figure 12: Evolutionary track of a 0.8M, star. The region of the RGB bump is zoomed-in
in the small panel. The black circle represents the point on the RGB where the FDU is
completed. Figure from Salaris and Cassisi (2005), courtesy of Prof. M. Salaris.

two regions of the star. When the hydrogen burning shell reaches the boundary,
due to the relation between the molecular weight and the luminosity:

Locp”?, (11)

the luminosity decreases first before increasing again. The same luminosity value
is therefore crossed three times in a short time span and we therefore often see
an overdensity of stars in this region, called the RGB bump (see Fig. 12). After
the discontinuity is crossed, material from the H-burning shell can be mixed with
the convective envelope. This is process is called extra-mixing and it has the con-
sequence of enlarging the effects of the first dredge-up seen on the surface (see
Chapter 3).

When the degenerate He core reaches a temperature of ~ 108 K helium ignites.
Due to the degeneracy in the core, the energy produced by the He burning does not
translate in an expansion and cooling of the core and as a consequence a thermal
runaway occurs. This produces a drastic increase in the core luminosity, called He
flash, which is mostly absorbed by the outer layers of the stars and translates in
the removal of the degeneracy in the outer part of the core, where He was ignited.
Several other less strong flashes follow, until the degeneracy is completely removed
from the core.

After the He flash the RGB phase is terminated. At this point the luminosity
decreases due to the expansion of the He core and the decrease in temperature of
the surrounding H burning shell. The star reaches the zero age horizontal branch
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(ZAHB), where quiescent He burning continues in the (convective) core through
the so-called triple-« process, in which three He nuclei react almost simultaneously
to become a carbon nucleus. In fact, the formation of a '2C nucleus follows

‘He4+*He — ®Be (12)

8Be+*He — '?C+y. (13)

8Be is unstable and the capture of the third “He nucleus by the 8Be nucleus must

occur within ~ 1071¢ s, before the latter decays back into two “He nuclei.
Through further capture of “He nuclei, the so-called o-elements form during

this phase. Of particular importance is the transformation of '2C into '®O through

12C+%*He —'° 0 +. (14)

After part of the He has been depleted in the core, this reaction becomes very
relevant, since it is more likely to occur than the triple-x process. Thus, a CO inert
core is progressively formed. Meanwhile, hydrogen burning through the CNO-
cycle proceeds in a shell surrounding the core.

After He exhaustion, the CO core of low-mass stars becomes degenerate. At this
point He-burning proceeds in a shell surrounding the core. This phase is referred-
to as asymptotic giant branch (AGB) phase, as the star evolves at almost constant
temperature and increasing luminosity, similar to the RBG. When He-burning ig-
nites in the shell, the outer layers expand and cool down, thus inhibiting H-burning
in the outer shells. When He is exhausted in the shell, the star contracts and
the H-burning shell switches on again. The subsequent phase is called thermally
pulsating AGB (TPAGB) phase. The H-burning shell produces He that feeds the
inner layers surrounding the degenerate core. When enough He is accumulated,
He burning switches on again in the semi-degenerate shell surrounding the core,
resulting in a thermonuclear runaway. As a consequence, the outer layers expand
and cool down, and the H-burning shell switches off. When He is exhausted again,
the star contracts and H-burning switches on again, and so on.

The AGB phase is characterised by numerous interesting processes. During the
thermal pulses, in particular when the He shell ignites and the outer layers expand
and cool down, a convective envelope develops that penetrates progressively into
the stellar interior. This process is called the third dredge-up (the second dredge-up
occurs only in stars with M > 3 —5M, during the early AGB phase) and, bringing
to the surface the products of He-burning, is responsible e.g. for the enhancement
of carbon on the surface and thus for the creation of the so-called carbon stars.
Furthermore, AGB stars are the environment in which s-elements form, through
capture of neutrons by the existing elements. Neutrons can result from several nuc-
lear interactions, but in low-mass stars (M < 3M) only the temperature necessary
for the reaction:

13C+*He —'°0+n (15)

is reached. The s-elements are then brought to the surface through convection
and released into the interstellar medium through mass loss. In fact, due to the
expansion and decrease in temperature, layers of molecules and dust grains form
at the surface of AGB stars. These are then blown away by the radiative pressure.
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When a sufficient amount of mass has been ejected, the star is left with a thin
H envelope, a He shell and a degenerate CO core. Stars with 0.3M5 < M <
8M cannot ignite carbon and therefore finish their life as white dwarfs. They first
evolve towards higher temperature and, as a consequence, they are able to ionise
the material ejected during the TPAGB, thus forming a planetary nebula. After this
phase the remnat cools down following the white dwarf cooling sequence.

This work is organised as follows: in Chapter 2 we will present the member-
ship analysis method used to identify stars belonging to a cluster and the results
of this method applied to the fields surrounding known open clusters in a large
spectroscopic survey. In Chapter 3 and 4 we present the effects of stellar evolution,
and in particular of the first dredge-up and of atomic diffusion, on the stars of
one particular open cluster, M67. In Chapter 5 we investigate the chemical com-
position of blue straggler stars and evolved blue straggler stars in M67. Finally, in
Chapter 6 we discuss the possibilities of future studies on the kinematics of star
forming regions and OB associations.



OPEN CLUSTERS IN SPECTROSCOPIC SURVEYS

The membership analysis method described in Section 2.1 was published in Bertelli
Motta, C., M. Salaris, A. Pasquali, and E. K. Grebel (2017). ‘Observing the products
of stellar evolution in the old open cluster M6y with APOGEE’. In: MNRAS 466,

pp- 2161-2174.

A major limitation on the retrieval of spectroscopic data regarding open clusters
comes from the pre-selection of cluster members. In fact, since OCs are not as dense
as GCs, the probability of observing a foreground or background star, and not a
member of the cluster, when retrieving data in the field of the cluster is quite high.
On the other hand, in order to know for sure which stars belong to a given cluster,
a lot of information is needed and part of it comes from the spectra themselves.
The criteria that are commonly used for the membership analysis of open cluster
stars can be divided into kinematic, photometric, and chemical criteria.

First of all it is assumed that stars in the same open cluster move with approx-
imately the same velocity in the 3-dimensional space. This means that their proper
motions (PM), or tangential velocities, i.e. their velocity component projected onto
the sky and measured by their displacement in time (mas/yr), should be approx-
imately the same. The same holds for their radial velocity (RV), i.e. their velocity
along the line of sight, which is measured through the Doppler shift of their spec-
tral absorption features.

Secondly, it is assumed that open clusters are populated by a single stellar popu-
lation. The member stars therefore populate a very specific locus in the colour-
magnitude diagram (CMD), which is typically reproduced by an isochrone of
given age and metallicity. If the photometry of the cluster area is available, it is
possible to exclude the stars that do not lie on the isochrone within the photo-
metric errors as non members of the clusters, although it must be noted that by
doing so many peculiar stars, such as blue, red, and yellow straggler stars actually
belonging to the cluster but not placed on the isochrone would be excluded. Also,
a high degree of differential reddening might lead to a displacement of the stars
from the isochrone.

The final assumption that is often made is that open clusters are chemically
homogeneous at the present day because they are born from the same molecular
cloud. As we will show in later chapters of this work, this assumption does not
exactly hold since stellar evolution changes the surface chemical composition of
stars. Nevertheless, different elements experience different variations in surface
abundance and it can be assumed that, e.g., [Fe/H] is homogeneous up to ~ 0.1
dex (see, e.g., Chapter ).
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2.1 MEMBERSHIP ANALYSIS

For an investigation of the chemical composition of stars in open clusters and es-
pecially for the study of possible inhomogeneities arising from stellar evolution,
a reliable determination of the membership probability of each star is essential.
In fact, only if we can exclude contamination from field stars with (almost) abso-
lute certainty, we can reasonably assume that potential variations in the chemical
abundances of cluster stars are a product of either stellar evolution or of the star
formation history within the cluster.

In order to select likely member stars in open clusters, we developed a code that
analyses different properties of the candidate member sample. In the following,
we illustrate in detail the membership analysis pipeline using the example of M6y
with data from the twelfth Data Release of the Apache Point Observatory Galactic
Evolution Experiment (hereafter APOGEE DR12, see Alam et al., 2015, Majewski
et al., 2015) as part of the Sloan Digital Sky Survey III (SDSS-III see Eisenstein et
al., 2011). The APOGEE spectrograph is mounted on the 2.5m Sloan telescope and
operates in the near-infrared range from 1.51 to 1.7 um with a spectroscopic res-
olution of R ~ 22500. Stellar parameters such as T.¢¢,log g, [M/H], [C/M], [N/M],
and [x/M], as well as the abundances of several elements are derived with the
APOGEE Stellar Parameters and Chemical Abundances Pipeline (ASPCAP) (see
Garcia Pérez et al., 2016; Holtzman et al., 2015).

1. The first step consists in a crossmatch of the APOGEE stars in the SDSS DR12
with the central coordinates of M67, which we retrieve from Kharchenko et
al. (2013). All stars are selected that lie within the cluster’s outermost radius
(1.03 deg), defined by Kharchenko et al. (2013) as the distance from the centre
of the cluster at which the density of cluster stars cannot be distinguished
from that of the field.

2. We expect that the member stars of a given open cluster share the same tan-
gential velocities (as inferred from their proper motions in RA and Dec) and
RV. Thus, after the spatial constraints set by step 1., we address the tangential
velocities of the stars. In particular, we are interested in the absolute value of
the PM vector, which we derive through the vectorial sum of the PM compon-
ents in RA and Dec provided by the PPMXL catalogue (Roeser, Demleitner,
and Schilbach, 2010), including the corrections by Vickers, Roser, and Grebel
(2016). The following relation holds for the absolute value of the PM:

PMiot = /PM3 4 +PM,,.. (16)

Plotting a histogram of the resulting PM,¢ for all stars within the radius
of the cluster, we expect the members of the cluster to show a distribution
peaked at the mean PM,, of the cluster and whose width is given by the
PM errors from the PPMXL catalogue and by the internal scatter due to the
progressive dissolution of the cluster. In order to exclude obvious outliers
from the calculations, we select a first range by eye (red lines in the plots
in Fig. 13, panel a). We then calculate the weighted mean PM,¢ and its
standard deviation within this range. All stars lying within 20 from the mean
are selected and considered in the next step of the analysis.
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Due to the very large PM,¢ errors for some of the stars in the PPMXL
catalogue that we do not want to include in our sample, we calculate the
mean error for the above selection and exclude stars whose PM ¢ error is
larger than the mean error (~ 1.8 mas/yr) +10 (~ 1.2 mas/yr).

. In step 2, we consider only the absolute value of the PM;,: and thus lose in-
formation about the direction of the PM o vector. Therefore, it might happen
that stars having by chance the same absolute PM, as the average proper
motion of the cluster, but moving in a different direction, are considered
members of the cluster. In order to correct for this effect, we consider in the
next step the distribution of the angles of the PM ¢ vector (see Figure 13,
panel b). Also here, we calculate the mean weighted by the errors (mean error
~ 9.88 deg) and the standard deviation and select all objects within 20 from
the mean. The result of this selection can be seen in Figure 13, panel c: all
stars move in the same direction in the RA-Dec plane, with proper motion
vectors of the same length (within the errors).

. In the next step we repeat the same procedure as in step 2 and 3, but with
the RV of the stars resulting from the APOGEE analysis (Figure 13, panel
d). Given that the typical errors of the APOGEE RV for stars in the radius
of M67 are very small (~ 0.05km/s), we do not put any constraint on these
errors, contrarily to step 1.

. Once we have made sure that the kinematic properties of our selection of
stars are consistent with them belonging to the same kinematic group, we
proceed with the photometric criteria. For all selected stars we can retrieve
2MASS magnitudes. We use a distance modulus of (m — M)y = 9.64 mag,
a reddening of E(B-V)=0.023 mag and an age estimate in the range between
3.75 and 4 Gyr (from Bellini et al., 2010b) to calculate the corresponding BaSTI
isochrones (see Pietrinferni et al. 2004) with a metallicity of [Fe/H]=0.06 dex,
including core overshooting during the main sequence. We then compare the
isochrones reddened according to the Cardelli, Clayton, and Mathis (1989)
extinction law with the 2MASS magnitudes of the stars plotted in a colour-
magnitude diagram. We exclude the objects that do not cross any of the two
isochrones corresponding to an age of 3.75 and 4 Gyr within three times their
error in magnitude and colour. We repeat this step in the colour-magnitude
diagrams described by ] vs (] —H) and K vs (] — K;) (see Figure 13, panel e
and f).

We should note that by doing this we exclude blue straggler stars that are
probably members of M67. While this is not relevant for the study of evolu-
tionary effects such as the first dredge-up and atomic diffusion proposed in
Chapter 3 and 4, when we want to investigate blue straggler stars (see e.g.
Chapter 5) we need to proceed differently. Blue straggler stars are expected
to share the same kinematic properties as the rest of the cluster, i.e. steps 1-4
should be in principle still applicable, but since they are often found in binary
or multiple systems this statistical approach can be misleading. It is therefore
necessary to carry out a very careful analysis of the stellar kinematics (see,
e.g., Geller, Latham, and Mathieu 2015).
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6. As a final step, we consider that stars belonging to a given open cluster,
even in case of inhomogeneities in the abundances of certain elements, are
expected to share the same [Fe/H] abundance. Thus, we repeat the same
procedure as in steps 2.-4. for the iron abundance [Fe/H] calculated with the
pipeline ASPCAP, and consider all stars within 20 ~ 0.1 dex from the mean
[Fe/H] to be members of the cluster (see Figure 13, panel g). Typical [Fe/H]
errors for this selection are ~ 0.03 dex.

We point out that the ASPCAP DR12 parameters for dwarf stars were not
calibrated by the SDSS collaboration due to the difficulties of the pipeline in
treating stars with high log(g), among others because stellar rotation was not
included in the analysis (see, e.g, Holtzman et al., 2015). Therefore, in step
6 we exclude potential cluster members on the main sequence and turn-off
of M6y from our selection because they do not have entries in the ASPCAP
DR12 catalogue of calibrated abundances. For the study of the first dredge-
up this is not very relevant, since our purpose is not to obtain a complete
sample of M6y members but rather to select a number of highly probable
members on the subgiant and red giant branch that allow us to investigate
the effects of stellar evolution on the chemical composition of stars.

After the cluster members selection, we cleaned the sample from binaries known
from the literature. We matched our sample with those of Yakut et al. (2009) and
Geller, Latham, and Mathieu (2015). We did not find any stars in common with
Yakut et al. (2009), but we did find two binaries from Geller, Latham, and Mathieu
(2015) among our members, as shown in Fig. 14. We exclude these two stars from
our sample, since being unresolved binaries, we cannot use their abundances to
investigate the effects of stellar evolution on the surface chemistry of single cluster
stars. All other stars from our sample are considered members by Geller, Latham,
and Mathieu (2015), with the exception of one star that was not analysed in their
work and another star that is not considered a member after their analysis.

Averaging over the resulting sample of 34 stars distributed across the subgiant
branch, the lower red giant branch and the red clump, we find M6y to have an aver-
age radial velocity of RV = 33.806 = 0.528 km/s, a proper motion in RA x cos(Dec)
of PMy = —5.906 £ 0.951 mas/yr and in Dec of PMy = —7.175 + 1.268 mas/yr
(using the corrected proper motions from Vickers, Roser, and Grebel 2016)*, con-
sistent with the literature within three times the errors (see Geller, Latham, and
Mathieu 2015, RV = 33.64 £ 0.03km/s; Yakut et al. 2009, RV = 33.67 4+ 0.09 km/s,
and Bellini et al. 2010a, PMy = —9.6 £ 1.1 and PMy = —3.7 £ 0.8 mas/yr). For
the metallicity, we obtain [Fe/H] = 0.08 + 0.04 dex, slightly higher than other lit-
erature values (see, e.g., TautvaiSiene et al. 2000, [Fe/H] = —0.03 £ 0.03 dex; Yong,
Carney, and Teixera de Almeida 2005, [Fe/H] = 0.03 £ 0.15 dex; Randich et al. 2006,
[Fe/H] = 0.03 £ 0.01 dex; Pace, Pasquini, and Frangois 2008, [Fe/H] = 0.03 £ 0.04
dex) but still consistent with them within three times the errors. The cluster-wide
parameters of M67 are summarized in Table 1.

Repeating the membership analysis with the non-corrected proper motions from PPMXL we find
PMy = —7.754 £ 0.952 mas/yr and PMy = —5.613 +1.276 mas/yr.
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Figure 13: The membership analysis step by step. Panel a: histogram of PM,¢ (mean error
PMerr ~ 1.8 mas/yr); panel b: histogram of the proper motion angle (B¢ ~ 9.88 deg);
panel c: representation of the proper motion vector of the selected stars in the RA-Dec
plane; panel d: histogram of the radial velocities (RVerr ~ 0.05 km/s); panel e and f: colour-
magnitude diagram for J vs. (] —H) and K vs. (] —Ks), the rejected stars are highlighted
in red; panel g: histogram of the [Fe/H] abundances of the selected stars ([Fe/H],,, ~ 0.03
dex). The red dashed lines represent the interval taken into account for the computation
of the mean value and standard deviation of each distribution.
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Figure 14: Our selection of members for M67 plotted on the BaSTI isochrone of age 3.75
Gyr. The green circles represent the members labeled as binaries in Geller, Latham, and
Mathieu (2015). These stars are excluded from all further investigations.

Table 1: General parameters of M67. The central coordinates are taken from Kharchenko et
al. (2013). The quoted radial velocity, the proper motions, and the metallicity are the mean
values for the sample of cluster members selected in this study. The turn-off age range, as
well as the reddening and the distance modulus are taken from Bellini et al. (2010b).

RA Dec RV e RV PM_x | e PM_x | PM_y | e PM_y
08:51:23.4 | +11:48:54 | 33.806 | 0.528 ‘ -5.906 | 0.951 -7.175 1.268
Age E(B-V) | (m—M)o | [Fe/H] | e_[Fe/H]
3.75-4.00 | 0.023 9.64 0.08 0.04
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2.2 LARGE SPECTROSCOPIC SURVEYS

It is often assumed that large spectroscopic surveys contain a lot of information
about open clusters. We searched the archives of the infrared (1.51 —1.70um), high-
resolution (R ~ 22500) survey APOGEE DRi2 looking for stars in open clusters.
Similar to what was described in the previous section, we cross-matched the en-
tire Kharchenko et al. (2013) catalogue with the survey archives, looking for stars
within the radius of each cluster. We then applied our membership analysis method
to each of the clusters, in this case using only one isochrone in step 5. The results
of our search and analysis are summarised in Table 2: the first row indicates for
how many clusters we find more than 1, 10, 20 or 50 stars within the radius in
the APOGEE archive. The second row indicates for how many of these clusters
we find more than three members after our analysis. We started from the clusters
for which the field is most populated and found that only for 6 clusters out of
21 in APOGEE DR12 more than 3 probable members were observed (two further
clusters have more than 3 members but no calibrated abundances, so we could not
apply step 6 of our membership analysis). Analysing all clusters with more than 20
and less than 50 stars within their radius we find only one additional cluster with
more than 3 members in APOGEE. We did not pursue the analysis for clusters
with a less populated field, since our membership analysis becomes very difficult
for low number statistics. While it is true that the criteria used for our member-
ship analysis are very conservative, other studies have found comparable results.
Frinchaboy et al. (2013), e.g., published a list of 28 open clusters from APOGEE
DR1o from which they derive chemical gradients of the Galaxy. However, only 11
of these clusters have at least 3 members after their membership analysis.

We note that the stars found to be member of a cluster usually lie on the RGB
or RC (especially for APOGEE), which together with the very low number of
members makes it impossible to investigate the chemical homogeneity within the
cluster. The only cluster for which a sufficient number of members in different
evolutionary stages were observed is M67, which therefore became the subject of
the investigations presented in this work.

With this introductory chapter we want to demonstrate that in order to carry
out efficient spectroscopic observations of open cluster members, a careful mem-
bership analysis is needed beforehand. Unfortunately, often no information about
the RV of the cluster is available a priori and since the PM at the researchers’ dis-
posal so far are still affected by large errors, a membership analysis only based
on this information and on the photometry of the cluster is not very accurate. For
future spectroscopic surveys, the input of the upcoming data releases of the Gaia
mission will be of fundamental importance: thanks to the high-precision PM and
parallaxes that will become available, it will be possible to perform an accurate
membership analysis also without RV and metallicity and thus to choose targets
that are very likely to be members of the clusters.
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Table 2: Membership analysis results.

APOGEE N>T|N>10| N>20| N>50
N clusters 437 135 61 21
N clusters~3memp. 7 6




Part 11

STUDYING THE EFFECTS OF STELLAR EVOLUTION IN
THE STARS OF Mé67

Single stellar populations, being born from the same molecular cloud
at virtually the same time, are often assumed to share the same chem-
ical composition. While this assumption is quite accurate for the ini-
tial chemical composition of the stars, once stellar evolution sets in
it does not hold any longer. Processes such as atomic diffusion, the
first dredge-up and extra-mixing result in variations in the stellar sur-
face chemical composition depending on their evolutionary stage. This
has broad implications: e.g., atomic diffusion effects set a constraint to
the precision achievable by chemical tagging methods, while the post-
dredge-up [C/N] ratio can be used for the age-dating of field stars.
Open clusters are ideal examples of single stellar populations and are
therefore extremely useful for the study of stellar evolution. We present
an investigation of stellar evolutionary effects in the well-known old
open cluster M67 based on high-resolution spectra from APOGEE and
the Gaia-ESO Survey, including a comparison with the predictions of
theoretical models.






THE POST-DREDGE-UP [C/N] ABUNDANCE AS AN AGE
INDICATOR

This chapter is a partially revised version of Bertelli Motta, C., M. Salaris, A.
Pasquali, and E. K. Grebel (2017). ‘Observing the products of stellar evolution in
the old open cluster M67 with APOGEE’. In: MNRAS 466, pp. 2161—-2174.

C. Bertelli Motta performed the analysis and the interpretation of the results with
the help of A. Pasquali and M. Salaris and wrote most of the text. The abundances
and stellar parameters analysed in this chapter were retrieved from the APOGEE
twelfth and thirteenth data releases. M. Salaris provided the models of stellar evol-
ution used for comparison as well as Fig. 21. He also contributed to the writing of
the introduction and part of the discussion of the paper, which were revised by C.
Bertelli Motta when writing this chapter. All authors contributed with comments
to the realisation of this study.

3.1 INTRODUCTION

One of the challenges of modern astrophysics is the age-dating of field stars in
the Milky Way. While determining the age of field stars is of great importance
for our understanding of Galactic evolution, obtaining this information can be
very difficult. First of all, precise measurements of stellar parameters and abund-
ances are needed for stars in different evolutionary phases representing a possibly
large range of the Galactic history. In this context, large spectroscopic surveys at
high resolution, such as Gaia-ESO (see, e.g., Gilmore et al., 2012) and the Apache
Point Observatory Galactic Evolution Experiment —~APOGEE- (see, e.g., Holtzman
et al., 2015) are very useful, since they observe and analyse homogeneously large
samples of stars and in particular RGB and red clump (RC) stars. While on the one
side red giant stars are very suitable for age-dating studies, being bright and cov-
ering a large age range (from ~ 1 Gyr to approximately the age of the Universe),
on the other side they are very sensitive to stellar parameters, and small variations
in effective temperature T+ at fixed gravity log g can lead to large errors in the
determination of their mass, in the absence of asteroseismic measurements. Since
mass and age are connected at fixed evolutionary stage, this translates in large
uncertainties in the age determination.

Masseron and Gilmore (2015) used the [C/N] abundance in stars that have com-
pleted the first dredge-up (FDU) and that are fainter than the RGB bump (after
which extra-mixing effects can take place, see Section 3.2.3) as an age indicator. In
fact, as we know from stellar models, while stars are on the main sequence carbon
and nitrogen are processed in the stellar interiors through the CNO-cycle (inde-
pendently if the CNO-cycle is the most efficient mechanism in producing energy)
and by the time the stars reach the turn-off (TO), the CN-cycle equilibrium val-
ues are reached in the inner layers partially processed by H-burning. These values
correspond to a decrease in carbon and an increase in nitrogen with respect to
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the initial abundances. When the stars leave the MS and the convective envelope,
deepening into the stellar interior, reaches the layers that have been interested by
H-burning, the processed material is brought to the surface, thus changing the
observed [C/N] abundance of the star.

The decrease in surface [C/N] abundance due to the FDU depends on the stellar
mass, and as a consequence on its age, since for stars of increasing mass a larger
fraction of the total mass is interested by the FDU. More massive stars will thus
experience a larger decrease in surface [C/N] abundance during the FDU than less
massive ones, corresponding to older stellar populations.

Martig et al. (2016) used a sample of field stars for which masses from astero-
seismic measurements are available, to build a semi-empirical calibration of the
[C/N]rpu-chemical composition-age relation (where [C/Nlfpy is the post-FDU
[C/N] abundance). They estimate the accuracy of the ages determined with this
relation to be ~ 40%.

Salaris et al. (2015) presented a theoretical calibration of the [C/N]fpy-metallicity-
age relation, which reaches an internal accuracy of ~ 15% in the age determination
of RGB stars. Since, however, using different sets of theoretical models was shown
to produce large variations in the resulting [C/N]rpy-metallicity-age relation (es-
pecially for ages < 10 Gyr), the authors conclude that it is necessary to test the
validity of these calibrations with observational results. Open clusters are very
useful in this context because their age can be independently estimated through
isochrone fitting, and their [C/N]fpy can thus be compared with the theoretical
predictions for RGB stars of the same age and metallicity.

In Salaris et al. (2015) the [C/N]fpu abundances of few open clusters were
compared to the theoretical [C/N]rpy-metallicity-age relation, including a spec-
troscopic estimate of the [C/N]rpy in M67 by Gilroy and Brown (1991). Neverthe-
less, the errors on this measured abundance were very large and as a consequence
they did not constrain the theoretical relation very strongly. The aim of the study
presented in this chapter is to follow the evolution of the [C/N] abundance along
the SGB and the RGB and until the RC of M67 with data from APOGEE DR12 in
order to obtain a more precise value for [C/N]fpy to be compared to the theoret-
ical predictions and to investigate possible extra-mixing processes after the RGB
bump.

This chapter is organised as follows. Section 3.2 describes the spectroscopic data,
compares the APOGEE spectroscopic abundances with other estimates from the
literature, with the predictions from theoretical models, and the [C/NJrpy-age re-
lation by Salaris et al. (2015). Finally, discussion and conclusions close the chapter.

3.2 DATA AND RESULTS

In this chapter, we analyse data from the Apache Point Observatory Galactic Evol-
ution Experiment (APOGEE, see Majewski et al., 2015) as part of the Sloan Digital
Sky Survey III (SDSS-III, DR12, see Alam et al., 2015; Eisenstein et al., 2011) using
stellar parameters and abundances derived with the APOGEE Stellar Parameters
and Chemical Abundances Pipeline (ASPCAP) (see Garcia Pérez et al., 2016; Holtz-
man et al., 2015).
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We carry out a membership analysis for the stars observed in APOGEE DR12 in
the field of M67 as described in Chapter 1. For the selected sample, we then invest-
igate the elemental abundances affected by stellar evolution, in particular [C/Fe]
and [N/Fe] (Tables 3 and 6 contain information about the parameters and abund-
ances of the 34 selected member stars). These effects are very well illustrated by
Fig. 15 and Fig. 16. The [C/Fe] and [N/Fe] abundances of the M67 members vary
along the isochrone, starting with pre-FDU abundances on the subgiant branch
and gradually showing the effect of the FDU on the red giant branch. In addition,
the [C/Fe] and [N/Fe] distributions exhibit two peaks representing the pre- and
post-FDU abundances.

Some preliminary considerations are due before we compare the APOGEE car-
bon and nitrogen abundances of our sample with theoretical models. The results
of the ASPCAP DR12 pipeline are extensively discussed in Holtzman et al. (2015),
including tests on the homogeneity of the abundances within single clusters and
the consistency with previous values from the literature. Under the assumption
that members of a given cluster should share the same surface abundances, with
the exception of C and N which vary due to mixing processes, they correct all
trends found in Te¢¢ for the measured abundances, except for C and N. They
then conclude that the [X/H] abundances derived with ASPCAP DRi2 for some
elements might suffer from systematic offsets of the order of 0.1 — 0.2 dex with
respect to other values found in the literature. They suggest, however, that using
[X/Fe] abundances calculated subtracting [Fe/H] from [X/H] should at least par-
tially correct for possible trends and offsets present in the data. We therefore use in
the following analysis only abundances in the form [X/Fe]. Given these consider-
ations, it is important to compare the ASPCAP DRi2results to other independent
estimates of the C and N abundance in M67 from high-resolution spectroscopic
measurements, in order to estimate how reliably we can compare the ASPCAP
DR12 results to theoretical models.

3.2.1  Comparison with high-resolution spectroscopy

Unfortunately, not many high-resolution spectroscopic measurements of the C and
N abundances in M6y stars are available in the literature. In the following we refer
to abundances derived for a sample of TO stars by Shetrone and Sandquist (2000)
and for RC and RGB stars after the RGB bump by TautvaisSiene et al. (2000) (see
Fig. 17 and Table 7 and 8 for details about the selected stars). If we assume that the
abundances do not vary between the TO and the SGB, we should find the results
from Shetrone and Sandquist (2000) to be consistent with the C and N abundances
from APOGEE DR12 before the start of the FDU.

In Fig. 18 we compare the ASPCAP DRi2 [C/Fe], [N/Fe], and [O/Fe] abund-
ances as a function of colour (] —Ks)o (corrected for the reddening E(] —Ks) =
0.021 mag) with the abundances derived by Shetrone and Sandquist (2000) and
TautvaiSiene et al. (2000). We obtained the colours for the two samples from the lit-
erature matching the coordinates of the stars with the 2MASS catalogue (Skrutskie
et al.,, 2006). The oxygen abundance was included in this comparison for reasons
that will be explained later in this section.
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Figure 15: Top panel:Colour-magnitude diagram of the member stars of M67with an over-
plotted 3.75 Gyr isochrone. The symbols representing the stars are colour-coded with their
[N/Fe] abundance. The effect of the first dredge-up can be seen clearly at the transition
between the SGB and the RGB. The N produced by the CNO cycle is brought to the sur-
face, thus enhancing its abundance. Bottom panel: Histogram showing the [N/Fe] abund-
ance distribution of the member stars of M67 (mean error [N/Fe].,,. ~ 0.08 dex). The
distribution does not represent the expectations for the chemical composition of the MS
of an open cluster, i.e. a single peak with a small variation. The abundance distribution of
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Figure 16: Top panel: A 3.75 Gyr isochrone is shown overplotted on the members of M67.

The member stars are colour-coded according to their [C/Fe] abundance. In contrast to
N, the abundance of C decreases during the CNO cycle, and as a consequence the surface
abundance of [C/Fe] after the first dredge-up is depleted. Bottom panel: Histogram of the
[C/Fe] abundance of the member stars of M67 (mean error [C/Fe].,., ~ 0.06 dex). Also
in this case, two peaks in the abundance distribution are visible, although not as distinctly
as in the case of [N/Fe].
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The averages of the [C/Fe], [N/Fe], and [O/Fe] abundances derived by TautvaiSiene

et al. (2000) for the RC are —0.18 + 0.02, 0.26 + 0.06 and 0.01 & 0.05 dex (the er-
ror bar corresponds to the o dispersion around the mean), respectively. The av-
erage abundances derived by ASPCAP DR12 for the RC stars of M6y, [C/Fe] =
—0.15 4+ 0.04, [N/Fe] = 0.29 £0.02, and [O/Fe] = 0.00 & 0.02 dex, are consistent
with the results of TautvaiSiene et al. (2000) within the errors. We point out that
colours and effective temperatures of the RC stars correspond to those of stars on
the RGB after the FDU is complete.

Similarly, the mean [C/Fe] and [O/Fe] abundance derived from the measure-
ments of Shetrone and Sandquist (2000) (—0.01 £0.10 and —0.02 £ 0.08 dex, re-
spectively) for TO stars, are consistent with the average abundances from ASPCAP
DR12 ([C/Fe] = 0.04 +0.07 dex and [O/Fe] = 0.02 £+ 0.02 dex) found for stars with
(] —Ks)o <0.47, i.e. before the onset of the FDU.

In order to understand if the agreement between abundances at the TO and
in more evolved SGB stars can be interpreted as a proof of the accuracy of the
ASPCAP DR1izresults for stars in this temperature range, we need to discuss the
effects of atomic diffusion on the surface chemical composition of these stars.

Atomic diffusion is an evolutionary process that can alter the surface abundances
of stars and that is active during the MS phase. It results from the combination of
gravitational settling, thermal and chemical diffusion, and radiative acceleration
and causes an increase or a decrease in surface abundance depending on the force
prevailing on a given ion (gravity or radiative acceleration). This effect reaches
its maximum at the TO, after which the deepening of the convective envelope
during the SGB phase essentially restores the initial abundances(see, e.g., Cassisi
and Salaris, 2013, and references therein).

In Michaud et al. (2004) the authors present stellar evolutionary models calcu-
lated for M67 taking into account the effect of atomic diffusion. As described there,
the abundance of the elements in the oxygen group are expected to decrease dur-
ing the MS phase, reaching a minimum at the TO, and then to increase again along
the SGB. By the time the stars reach the RGB the surface abundances are almost
the initial ones. The maximum variation at the TO is ~ 0.10 dex. Since, however,
iron behaves in a similar way, reaching an under-abundance of ~ 0.08 dex at the
TO, abundances in the form [X/Fe] should present smaller variations than [X/H]
values.

A study of potential diffusion effects in the stars of M67 was carried out by
Onehag, Gustafsson, and Korn (2014) who performed a differential analysis of
the abundances in MS and TO stars with respect to early SGB stars, including
elements such as C, O, and Fe (and others), but not N. They found differences
in abundance between the groups of stars of the order of 0.02 dex, which seem
to indicate the presence of diffusion, although the results are not conclusive. The
stars in their subgiant sample have temperatures ~ 500 K hotter than the bluest
subgiant in our APOGEE sample and average abundances [C/Fe] = —0.04 £ 0.05
dex and [O/Fe] = —0.04 + 0.07 dex, which are consistent with the mean ASPCAP
DR12 abundances obtained for the pre-FDU subgiants.

We thus conclude that there is no compelling evidence of a significant variation
in [C/Fe] and [O/Fe] abundance between the TO and the pre-FDU SGB stars, since
both the [C/Fe] and [O/Fe] mean abundances obtained by Shetrone and Sandquist
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(2000) for a sample of TO stars and by Onehag, Gustafsson, and Korn (2014) for a
sample of early SGB stars hotter than our APOGEE sample are consistent within
the errors with the abundances obtained by ASPCAP DR1i2 for stars before the
onset of the FDU. Later, in Chapter 4, we will present a detailed study of possible
atomic diffusion effects in M67 with data from the Gaia-ESO Survey and we will
show that the variations in surface abundances become sizeable when comparing
upper-MS / TO stars with stars on the red giant branch.

Considering the above comparisons of the mean ASPCAP DRi2 [C/Fe] and
[O/Fe] abundances on the SGB and on the RC with independently derived abund-
ances from the literature based on high-resolution spectroscopic data, there is no
evidence that the APOGEE data need to be corrected for temperature trends an-
d/or systematic offsets.

The situation for the [N/Fe] ASPCAP DR12 abundances along the SGB is, how-
ever, different. While [C/Fe] and [O/Fe] remain constant before the onset of the
FDU, [N/Fe] displays a clear trend with colour (and as a consequence with Tef),
as can be seen in Fig. 18. The [N/Fe] decreases with bluer colours and increasing
temperature and reaches ~ —0.3 dex for the hottest stars in our sample, a large
depletion considering that M67 is known to have a chemical composition very sim-
ilar to the solar one. In this case a comparison with literature estimates is harder
since Onehag, Gustafsson, and Korn 2014 did not derive N abundances and the
measurements of N in the TO stars of Shetrone and Sandquist (2000) were not very
accurate and in two cases represent only upper limits. Nevertheless, they seem to
rule out the abundances derived by ASPCAP DRi12. Moreover, it is difficult to
think of a process that would be capable of changing the surface N abundances
along the SGB leaving C and O unchanged. We thus conclude that, since M67 is
known to have an approximately solar metallicity, which is confirmed by the pre-
FDU abundances of C and O, it is reasonable to assume that also the N abundance
is constant and approximately solar before the onset of the FDU. In addition, a
surface abundance of [N/Fe]=0.0 dex for the pre-FDU stars would be consistent
with abundances (or upper limits) derived by Shetrone and Sandquist (2000).

In support of this interpretation of the ASPCAP DR12 results we refer to Masseron
and Gilmore (2015). Studying field subgiant stars in the thin and thick disc within
APOGEE, they found an offset of —0.2 dex in the [N/Fe] abundance at solar metal-
licity, similar to what we observe in our selection of member stars for M67. This
suggests that we are dealing with a systematic problem in the APOGEE data, or of
the ASPCAP DR12 pipeline, and not with a peculiarity of M67. What still remains
to be clarified is whether this problem is confined to the SGB or whether it affects
all stars within APOGEE. Due to the change of the surface C and N during and
after the SGB, it is more difficult to determine deviations of the observed abund-
ances from the predicted ones for field stars of which we do not know the mass.
Masseron and Gilmore (2015) do not investigate the problem further and on the
basis of the observed depletion in the SGB they shift the [N /Fe] abundances of the
entire sample by +0.2 dex. While for the investigation of Masseron and Gilmore
(2015) this does not affect the results, for our study it is important to investigate
whether this systematic offset is real.

We have shown that the [N/Fe] abundances of our sample of red giant branch
and red clump stars fit very well those of stars independently observed and ana-
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Figure 17: The plot shows our selection of M67 members from APOGEE together with
stars analysed in other works. In particular, we consider the TO stars studied by Shetrone
and Sandquist (2000) and the giant and clump stars from TautvaiSiene et al. (2000).

lysed by TautvaiSiene et al. (2000). Thus, we do not see any reason why the [N/Fe]
abundances should be shifted by 0.2 dex for the entire sample of APOGEE stars.
We claim that the reason for the systematic offset of [N/Fe] abundances in the
APOGEE subgiant regime is due to the increasing temperature of the stars going
from red to bluer colours. The [N/Fe] abundances in the ASPCAP DR12 pipeline
are calculated from CN molecular lines. These become progressively weaker and
more difficult to analyse as the effective temperature of the stars increases, thus
leading to untrustworthy results in the subgiant region. We therefore will not con-
sider stars bluer than (] — Ks)o = 0.54 mag (the approximate value at which the
APOGEE [N/Fe] abundances reach the solar value), corresponding to a temperat-
ure hotter than T.¢r ~ 5000 K.

3.2.2  Comparison with the models

After having found a reasonable explanation for the offset of [N/Fe] abundances
in the SGB in DR12, we can proceed with the comparison between the APOGEE
data and the predictions from stellar evolution models.

In Fig. 19, we plot the [C/N] abundance obtained for our sample of M67 mem-
bers as a function of (] — K)o colour together with two different models for stars
of the masses 1.40My and 1.35Mg,, [Fe/H] = 0.06 dex (from the BaSTI database).
These correspond to an age of 4 and 3.75 Gyr, respectively, considered to be the
TO age range of M67 following Bellini et al. (2010b), who also employed the same
BaSTI models used in this work. The light-blue circles represent stars that might
have undergone extra mixing and are therefore not suitable for the computation of
the post-FDU [C/N] abundance. Finally, the orange diamonds represent the stars
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Figure 18: The [C/Fe], [N/Fe], and [O/Fe] abundances of the APOGEE sample and those
from the literature are plotted as a function of colour. This picture confirms that the abund-
ances from Shetrone and Sandquist (2000) and TautvaiSiene et al. (2000) agree well with
the expectation for solar values before the first dredge-up and with the values derived
with ASPCAP DRiz2 after the first dredge-up. While [C/Fe] and [O/Fe] for the APOGEE
sample agree very well with the literature values, [N/Fe] appears to be depleted by ~ 0.2
dex on the SGB.
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Figure 19: The plot shows the [C/N] abundances derived by ASPCAP DR12 as a function
of the (] — K)o colour compared with two models characterised by different masses (solid
black line for 1.35M and green dash-dotted line for 1.40M). The light blue circles repres-
ent stars of the RGB and RC that are excluded from the computation of the post-dredge-up
[C/N] abundance due to possible extra mixing in their interior. The orange diamonds are
the stars used to calculate the mean value for the post-dredge-up [C/N] abundance.

that we used to compute the post-FDU mean [C/N] abundance, as we will explain
later in this section. We selected them based on the colour at which the FDU is
complete, (] — K)o > 0.6 mag, and excluding stars brighter than the red giant
bump luminosity from the models, K < 8.5 mag.

The ASPCAP DR12 abundances for stars with (] — K)o > 0.54 mag are consist-
ent with the predictions of the models representing the age range of M67. In Fig. 20
the [C/Fe] and [N/Fe] abundances of the M67 stars and the respective models are
plotted separately as a function of the (] — Ks)o colour. Also in this case the data
are in good agreement with the models, if we exclude the [N/Fe] depletion in the
subgiant range. We also compared the ASPCAP DRi2 results with models using
different assumption regarding envelope overshooting in the SGB. We found that
all models are consistent with the observational data and that we cannot distin-
guish between them within the errors (see Salaris et al. 2015 for details about the
effect of envelope overshooting on [C/N]gpy)-

We use five stars to determine the mean [C/N] abundance in Mé67 after the
FDU (orange diamonds in Fig. 19), which we then compare with the models from
Salaris et al. (2015) for the age estimation of field stars (see Fig. 21). We obtain an
abundance of [C/N]gpy = —0.46 = 0.03 dex, which is consistent with the predic-
tion of [C/N]fpy = —0.4 dex for the models with stellar mass M = 1.35M and
of [C/N]gpy = —0.43 dex for M = 1.4Mg,.
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Figure 20: [C/Fe] and [N/Fe] as a function of the (] — Ks)o colour is plotted together
with the respective model predictions. While the MS abundance of [C/Fe] derived with
ASPCAP DR1z2 is consistent with a solar composition and with the models, the [N/Fe]
abundance before the FDU is depleted and does not agree with the models.
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Figure 21: As Fig. 2 from Salaris et al. (2015): The plot shows the theoretical value of
[C/Nlgpu as a function of age for different metallicities. The curves shown computed
for different [M/H]: -2.27 dex (black dotted line), -1.49 dex (blue short dashed), -1.27 dex
(light blue long dashed), -0.66 dex (black dot-dashed), -0.35 dex (green solid), 0.06 dex (red
solid) and 0.26 dex (black long dashed), respectively. Values for the [C/N]gpy of several
Galactic open clusters and halo field stars available in the literature are also plotted (see
Salaris et al. 2015 for details), together with the new [C/N]gpy value for M67 obtained in
the current work.

Fig. 21 updates Fig. 2 in Salaris et al. (2015) with the [C/N]gpy of M67 obtained
in this study. The errors are considerably smaller and the post-FDU [C/N]¢py is
in better agreement with the models.

3.2.3 Post-FDU extra mixing

As mentioned above, we exclude bright RGB stars and RC stars to avoid problems
related to possible extra mixing episodes that set in after the RGB bump. The mean
molecular weight discontinuity left over by the FDU is expected to inhibit any
extra-mixing below the convective envelope, but when this discontinuity is erased
after the RGB bump, extra-mixing processes are possible, as shown for example by
the evolution of the C'?/C'3 ratio in field giants at various metallicities (Charbon-
nel and Balachandran, 2000, and references therein). These extra mixing processes
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Figure 22: The plot shows the [C/N] abundances for the post-FDU (orange diamonds),
and upper RGB and RC (light-blue circles) APOGEE stars in M67, as well as for the RGB
and RC stars from TautvaiSiene et al. (2000). The data are compared to the models for
stellar masses of 1.35M, (black solid line) and 1.4M, (green dashed-dotted line).

can also decrease the [C/N] ratio compared to the FDU value (N increases and C
decreases), as seen, e.g., in field halo stars (Gratton et al., 2000).

Our sample of M67 members contains seven red clump stars as well as one bright
red giant branch (or possibly AGB) star. Fig. 22 shows that the [C/N] abundances
of the red clump stars are consistent with the post-FDU [C/N] abundance and
do not appear to be affected by any extra mixing process. On the other hand, the
[C/N] of the upper RGB star (Ks < 8.5 mag) is higher than [C/N]fpy and the
value predicted by the models, contrarily to the drop in [C/N] expected from ex-
tra mixing. If we add the upper RGB and RC stars independently observed and
analysed by TautvaiSiene et al. (2000) to this sample, we see this picture confirmed
(see also Fig 6 in TautvaiSiene et al. 2000): RC stars have [C/N] abundances com-
parable to the [C/N]rpy value, while the [C/N] in upper RGB stars is slightly
higher (see Fig. 22). This suggests that at the age and metallicity of M67 extra mix-
ing after the red giant bump is not playing a significant role and that there might
even be a different process taking place that has the opposite effect on the surface
abundances of upper RGB stars.

We note that the study by Souto et al. (2016), analysing the chemical composition
of six RC and six lower RGB stars in the ~ 2 Gyr old open cluster NGC 2420 from
APOGEE spectra found similar results. The RC stars in NGC 2420 show the same
13C/T4N as the lower RGB stars, suggesting that no extra-mixing is taking place
after the luminosity bump.

Unfortunately, our sample of upper RGB stars (also taking into account the stars
from TautvaiSiene et al. 2000) is very small, so that no statistically significant con-
clusion can be drawn. We argue that more high-resolution spectroscopic observa-
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tions of upper RGB stars in M67 are necessary to assess the role of extra mixing in
such stars.

3.3 APOGEE DR13

Shortly after our study was completed, the 13th data release of the Sloan Digital
Sky Survey was made public. We performed the same analysis as for the DR12 data
described in this chapter in order to determine the degree of agreement between
the new results derived with the updated ASPCAP DR13 pipeline with the old
ones.

In the DR13, some changes have been applied to the stellar parameter pipeline
of APOGEE (see SDSS Collaboration et al. 2016, Holtzman et al. in prep.). For
instance, different synthetic grids are now used for giants and dwarfs, allowing ro-
tation for the latter. As a consequence, many TO and upper-main-sequence stars of
Mé67, which had been previously excluded from our membership analysis, present
now calibrated parameters from the ASPCAP DR13 pipeline. We thus find 78 mem-
ber stars for M67, in contrast to the 34 found from the DR12 (see Fig. 23).

Plotting the [C/N] abundance as a function of (] — Ks)o with the DR13 data,
we find that the main-sequence and TO stars are consistent with a solar chemical
composition. The sub-giant and giant stars, on the other hand, show a very large
scatter and the post-dredge-up average [C/N] value for the cluster is lower with
respect to the DR12 and the high-resolution spectroscopic data found in Shetrone
and Sandquist (2000) and TautvaiSiene et al. (2000) (see Fig. 24).

When looking at the different elemental abundances separately, the changes ap-
plied to the ASPCAP pipeline in the DR13 seem to have solved the problem of the
depletion for the [N/Fe] abundances in the sub-giant branch (see Fig. 25, panel a).
Nevertheless, while giant-branch and red-clump stars in the DR12 were consistent
with the results of high-resolution spectroscopic studies found in the literature, in
the DR13 the post-dredge-up values for [N/Fe] are systematically enhanced with
respect to TautvaiSiene et al. (2000). In particular, the red clump and upper red
giant branch stars of APOGEE DR13 have on average a [N/Fe] value that is 0.12
dex higher than in TautvaiSiene et al. (2000).

Plotting the DR13 results for the [C/Fe] and [O/Fe] abundances as a function
of (] —Ks)o, we observe a very large scatter of the data affecting the giant stars for
the former and the main-sequence and TO stars for the latter (see Fig. 25, panel b
and c). In comparison with TautvaiSiene et al. (2000) the [C/Fe] abundance in red
clump and upper red giant stars in APOGEE DR13 is on average 0.10 dex higher,
while the [O/Fe] abundance is only 0.05 dex lower.

In addition, we note that the stellar evolutionary models described in Sec. 3.2.2,
representing a stellar mass of 1.4M and an age of 3.75 Gyr, which were consistent
with the results of the DR12, reproduce very poorly the abundances resulting from
the DR13 (see Fig. 24 and Fig. 25). We run a x? test to quantify and compare the
goodness of the fit between the APOGEE DR12 and 13 data, with

2
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Figure 23: Selection of the members of M67 for the DR13. Binaries are highlighted in green
and are excluded from further analysis. The 1 Gyr isochrone represents the age needed to
fit the DR13 post-dredge-up [C/N] value with stellar evolutionary models.

where O; are the observed values of [C/N], E; the [C/N]rpy abundance pre-
dicted by the models, and o} the errors of the observations. We considered only
stars that have already completed the first dredge-up, i.e. with (] —Ks)o > 0.6 and
Ks > 8.5 mag (orange diamonds in Fig. 24), and found x?> = 1.5 for the DR12
versus x> = 164.6 for the DR13.

If, in addition, we wanted to fit the mean [C/N]rp obtained from the same se-
lection of stars for the DR13 ([C/N] = —0.53 dex) with the same set of stellar
evolutionary models, we would obtain a stellar mass corresponding to an age of
~ 1 Gyr, which, however, is not consistent with the observed CMD of Mé67, as
shown in Fig. 23.

To summarise, the changes applied to the ASPCAP pipeline in DR13 seem to
have improved the problem of the systematic depletion in [N/Fe] observed in hot
stars in the DR12. Nevertheless, the overall results for the abundances of sub-giant
and giant stars in the DR13 are in worse agreement with literature values than in
the DR12. This would indicate that further adjustments have to be made to the
ASPCAP pipeline in order to improve the abundance determination for certain
elements at cooler temperatures and higher luminosities.

3.4 CONCLUSIONS

In this study we analyse the pre- and post-FDU [C/N] abundance in the old open
cluster M67 and use it as a calibrator for the age-dating of field stars (see Salaris
et al., 2015). In order to assess the accuracy of our analysis, we compare data ob-
tained within the APOGEE DR12 survey and analysed by the stellar parameters
and abundances pipeline ASPCAP with [C/Fe] and [N/Fe] values from the lit-
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Figure 24: [C/N] abundance as a function of colour (] — Ks)o. The orange diamonds
indicate the stars that have completed the first dredge-up.

erature for TO (Shetrone and Sandquist, 2000), red giant branch, and red clump
(TautvaiSiene et al., 2000) stars in M67.

We find the [C/Fe] abundances from ASPCAP DRi2 to be in very good agree-
ment with the literature, both before and after the FDU. Less straightforward are
the results for [N/Fe]. While the values of our sample after the FDU are consistent
within the errors with the results from TautvaiSiene et al. (2000), the abundances
in the subgiant region appear systematically depleted and even show a trend with
colour. Taking into account the results by Masseron and Gilmore (2015), we assert
that the depletion of [N/Fe] in the subgiant region is a problem common to the
entire sample of APOGEE stars, and not a characteristic of M67. Possibly, the offset
shown by the data is a result of the decreasing precision of the [N/Fe] measure-
ments in ASPCAP DRi12 with increasing temperature due to the weakening of the
molecular bands used for the abundance determination.

The problem of the systematic underestimation of [N/Fe] in the sub-giant branch
seems to have been overcome in the recently published SDSS DR13 (see Appendix).
This, however, happened on the expense of a much larger scatter in the overlall
[N/Fe], [C/Fe], and [O/Fe] abundances. In addition, the post-FDU [N/Fe] abund-
ance is not consistent any more with the other spectroscopic studies described in
this work and with the evolutionary models (see Appendix for details).

We then compare the ASPCAP DRi2 [C/N] abundances with stellar evolu-
tionary models which include core-overshooting and find that the observational
data match the theoretical predictions very well within the errors when taking
into account the findings described in the above paragraph. We obtain a new es-
timate for the mean post-FDU [C/N] in M67 of [C/N]rpy = —0.46 £0.03 dex
which is in good agreement and thus provides a stringent observational test of the
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[C/N]gpu —t — [M/H] relation of Salaris et al. (2015) (see Fig. 21 as an updated

version of Fig. 2 in Salaris et al. 2015).
Finally, we extend our analysis to APOGEE DR13 and find that the agreement
between the new data and the results from the literature as well as the models is

worse than for the DR12.



Table 3: List of the selected M67 members with their coordinates, radial velocities from APOGEE, proper motions from PPMXL and the respective errors.

Nr | RA (J2000) Dec (J2000) RV | RV_err PMx PMy PM_tot | PM_err
[hms] [dms] | [km/s] | [km/s] | [mas/yr] | [mas/yr] | [mas/yr] | [mas/yr]

1 | 08:50:36.134 | +11:43:18.005 | 34.087 .010 -6.270 -5.136 8.105 1.000
2 | 08:50:49.949 | +11:49:12.727 | 33.716 .015 -6.798 -6.952 9.724 1.100
3 | 08:50:58.162 | +11:52:22.361 | 34.091 .010 -6.376 -5.451 8.389 1.300
4 | 08:51:08.390 | +11:47:12.142 | 33.509 .008 -6.597 -6.657 9.372 1.000
5 | 08:51:12.697 | +11:52:42.370 | 34.389 .002 -6.296 -6.079 8.752 1.900
6 | 08:51:15.641 | +11:50:56.162 | 34.423 .021 -4.453 -6.784 8.115 1.000
7 | 08:51:17.040 | +11:50:46.424 | 33.717 .003 -6.574 -7.855 10.243 2.200
8 | 08:51:18.773 | +11:51:18.673 | 34.360 .012 -5.032 -7.796 9.279 1.100
9 | 08:51:18.972 | +11:58:11.021 | 33.966 .007 -5.875 -8.473 10.311 1.000
10 | 08:51:21.564 | +11:46:06.121 | 34.850 .003 -4.703 -6.857 8.315 2.000
11 | 08:51:26.186 | +11:53:52.048 | 34.164 .002 -5.243 -5.835 7.845 1.856
12 | 08:51:28.988 | +11:50:33.072 | 33.450 .002 -7.116 -6.483 9.626 .900
13 | 08:51:29.351 | +11:45:27.558 | 33.095 011 -4.876 -7.613 9.040 1.100
14 | 08:51:35.403 | +11:57:56.455 | 33.449 .017 -5.298 -8.643 10.138 1.000
15 | 08:51:35.778 | +11:53:34.714 | 34.006 .007 -6.155 -7.711 9.866 1.000
16 | 08:51:38.626 | +12:20:14.183 | 33.755 .012 -6.782 -8.363 10.767 1.200
17 | 08:51:39.382 | +11:51:45.659 | 34.523 .006 -5.272 -5.846 7.873 .900
18 | 08:51:42.342 | +11:50:07.631 | 34.349 .004 -4.789 -8.241 9.531 .900
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Table 4: Table 3 continued.

Nr | RA (J2000) Dec (J2000) RV | RV_err PMx PMy PM_tot PM_err

[hms] [dms] | [km/s] | [km/s] | [mas/yr] | [mas/yr] | [mas/yr] | [mas/yr]
19 | 08:51:42.358 | +11:51:23.098 | 33.600 .003 -5.744 -6.789 8.893 .900
20 | 08:51:43.888 | +11:56:42.580 | 33.018 .002 -5.453 -7.740 9.468 1.867
21 | 08:51:44.013 | +11:46:24.521 | 32.980 .017 -4.664 -7.249 8.619 1.000
22 | 08:51:44.741 | +11:46:46.031 | 33.593 011 -4.112 -8.268 9.234 1.100
23 | 08:51:45.078 | +11:47:45.938 | 33.017 .004 -6.698 -8.237 10.617 1.900
24 | 08:51:48.838 | +11:56:51.191 | 34.398 011 -6.823 -8.132 10.615 1.100
25 | 08:51:55.672 | +12:17:57.332 | 33.381 .015 -7.462 -7.867 10.844 1.200
26 | 08:51:56.117 | +11:50:14.777 | 34.614 .010 -6.320 -7.828 10.060 1.200
27 | 08:51:59.522 | +11:55:04.922 | 34.426 .002 -5.641 -6.780 8.820 .900
28 | 08:52:10.973 | +11:31:49.152 | 33.892 .002 -6.773 -5.520 8.737 1.600
29 | 08:52:11.343 | +11:45:38.023 | 33.108 .016 -5.249 -8.044 9.605 1.000
30 | 08:52:16.564 | +11:19:38.017 | 33.769 .001 -7.710 -5.206 9.303 1.532
31 | 08:52:18.569 | +11:44:26.304 | 33.725 .002 -4.994 -9.190 10.459 .900
32 | 08:52:20.030 | +11:27:36.252 | 33.946 .007 -4.690 -3.923 6.114 1.900
33 | 08:52:56.250 | +11:48:53.939 | 32.950 .007 -6.681 -9.800 11.861 1.000
34 | 08:53:46.727 | +11:23:30.714 | 33.098 .005 -7.282 -6.598 9.827 .900

gt
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Table 5: Infrared colours from 2MASS and the respective errors for the list of selected M67

members.

3.4 CONCLUSIONS

Jmag | Hmag | Ksmag | e_Jmag | e_Hmag | e_Ksmag
[mag] | [mag] | [mag] | [mag] [mag] [mag]
11.131 | 10.644 | 10.552 .020 .022 .021
11.372 | 10.960 | 10.890 .021 .020 .017
11.197 | 10.707 | 10.626 .022 .020 .018
10.691 | 10.195 | 10.112 .022 .022 .017
8.650 8.122 7.976 .018 .018 .018
11.485 | 11.094 | 11.013 .022 .019 .018
9.284 8.712 8.606 .022 .021 .018
11.502 | 11.089 | 11.020 .022 .020 .020
10.587 | 10.095 | 10.012 .022 .020 .017
9.602 9.085 | 8.947 .019 .020 .018
8.619 8.113 7.960 .020 .020 .021
8.566 8.072 7.958 .024 .018 .024
11.287 | 10.864 | 10.754 .022 .020 .017
11.447 | 11.143 | 11.030 .021 .022 .019
10.522 | 10.023 | 9.941 .020 .020 .023
11.298 | 10.866 | 10.791 .021 .019 .018
10.383 | 9.889 9.795 .020 .022 .022
9.829 9.339 9.187 .022 .023 .017
9.403 8.854 8.762 .020 .023 .023
8.618 8.114 7.996 .018 .034 .031
11.438 | 11.110 | 11.027 .022 .022 .020
211.357 | 10.918 | 10.822 .021 .022 .017
9.684 9.183 9.045 .022 .023 .018
11.256 | 10.779 | 10.705 .022 .022 .017
11.516 | 11.115 | 11.005 .020 .024 .018
11.197 | 10.726 | 10.634 .022 .020 .018
8.597 8.084 | 7.959 .020 .024 .018
8.921 8.388 8.252 .027 .071 .018
11.452 | 11.082 | 10.993 .026 .034 .020
7.875 7.233 7.119 .023 .036 .018
8.572 8.087 7.923 .021 .057 .023
10.839 | 10.383 | 10.253 .026 .032 .018
10.839 | 10.315 | 10.224 .023 .026 .020
10.225 | 9.730 9.624 .019 .026 .022
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Table 6: List of the ASPCAP DR12 abundances and their errors for our selection of M67
members.

Nr | [Fe/H] | e_[Fe/H] | [C/Fe] | e_[C/Fe] | [N/Fe] | e_[N/Fe] | [O/Fe] | e_[O/Fe]
[dex] [dex] [dex] [dex] [dex] [dex] [dex] [dex]
1 .080 .034 -.014 .056 -.095 .077 .041 .046
2 .016 .035 -.006 .064 -.170 .083 .007 .050
3 .059 .033 -.037 .056 -.011 .076 .031 .046
4 121 .033 -.101 .053 129 .074 017 .044
5 .079 .032 -.096 .049 .259 .071 .012 .042
6 .066 .035 .038 .065 -.115 .083 .038 .051
7 .086 .033 -.154 .049 .301 .072 .012 .042
8 .071 .034 .089 .061 -.309 .080 .039 .049
9 .029 .034 .007 .055 .104 .076 .010 .045
10 .140 .032 -.176 .048 .290 .070 -.017 .041
11 .059 .033 -.099 .049 287 .072 .034 .042
12 118 .032 -.160 .046 .288 .069 -.010 .040
13 .096 .034 -.055 .057 -.074 .078 -.024 .047
14 .009 .036 137 .076 -.204 .089 .008 .057
15 .072 .033 -.147 .053 .203 .075 .019 .044
16 .030 .034 .030 .059 -.071 .079 .028 .047
17 .045 .033 -.034 .054 192 .075 .035 .045
18 .120 .032 -.150 .049 .255 .071 .009 .042
19 .088 .032 -.151 .048 .315 .071 .020 .041
20 .128 .032 -.185 .048 275 .070 -.010 .041
21 .043 .035 -.001 .074 -.284 .088 .015 .056
22 .023 .034 .097 .060 -.159 .080 .040 .048
23 .105 .033 -.192 .049 201 .071 .018 .042
24 .056 .034 -.044 .057 -.090 .078 .030 .046
25 .009 .035 .019 .065 -.136 .083 .058 .051
26 .157 .033 -.081 .051 -.072 .073 .035 .043
27 .102 .032 -.163 .048 .201 .071 -.009 .042
28 113 .032 -.118 .045 .203 .068 .015 .039
29 .068 .035 -.031 .067 -.139 .083 .016 .052
30 .049 .031 -.060 .042 .291 .065 .057 .038
31 .143 .032 -.169 .047 318 .069 -.019 .041
32 .110 .033 -.098 .053 091 .074 -.022 .044
33 171 .032 -.174 .050 143 .072 .048 .043
34 112 .033 -.196 .052 274 .073 012 .043




Table 7: Stars from the literature used for comparison with our APOGEE/ASPCAP data. The stars from Shetrone and Sandquist (2000) follow the
nomenclature from Sanders (1977), those from TautvaiSiene et al. (2000) follow Fagerholm (1906). The proper motions are from Frolov and Ananyevskaya
(1986), and the magnitudes from 2MASS (Skrutskie et al., 2006).

Name | RA (J2000) | Dec (J2000) PMx PMy | Jmag | Hmag | Kmag | e_Jmag | e_Hmag | e_Kmag

[hms] [dms] | [mas/yr] | [mas/yr] | [mag] | [mag] | [mag] [mag] [mag] [mag]

Stars from Shetrone and Sandquist (2000)
S815 08:50:54.37 | +11:56:28.8 -.003 -.001 | 11.706 | 11.435 | 11.372 .022 .019 .017
S1183 | 08:51:49.93 | +11:33:18.5 -.007 -.000 | 11.632 | 11.372 | 11.319 .022 .022 .020
S1271 | 08:51:34.28 | +11:49:43.9 -.004 -.003 | 11.804 | 11.569 | 11.522 .022 .022 .020
S821 08:50:51.80 | +11:56:55.5 -.001 .001 | 11.646 | 11.382 | 11.321 .022 .020 .018
Stars from TautvaiSiene et al. (2000)

F84 08:51:12.70 | +11:52:42.5 -.006 -.001 | 8650 | 8.122 | 7.976 .018 .018 .018
F1io5 | 08:51:17.11 | +11:48:15.9 -.003 -.004 | 8.140 | 7.526 | 7.385 .027 .018 .021
F108 | 08:51:17.48 | +11:45:22.5 -.003 -.002 | 7.325 | 6.683 | 6.494 .021 .020 .021
F141 08:51:22.81 | +11:48:01.7 -.005 -.006 | 8560 | 8.075 | 7.942 .023 .033 .024
F1s51 08:51:26.19 | +11:53:52.0 -.006 -.004 | 8619 | 8.113 | 7.960 .020 .020 .021
F164 | 08:51:28.99 | +11:50:32.9 -.005 -.003 | 8566 | 8.072| 7.958 .024 .018 .024
F170 | 08:51:29.91 | +11:47:16.7 -.003 -.009 | 7.314 | 6.681 | 6.489 .020 .027 .023
F224 | 08:51:43.56 | +11:44:26.3 -.003 -.004 | 8838 | 8294 | 8.163 .032 .020 .021
F266 08:51:59.54 | +11:55:05.2 -.005 -.007 | 8597 | 8.084 | 7.959 .020 .024 .018
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Table 8: Abundances of the stars from the literature used for comparison with our APOGEE/ASPCAP data. The errors of the carbon and oxygen
abundances in TautvaiSiene et al. (2000) are indeed lower limits to the errors, as the uncertainties for the [C/H] and [O/H] abundances were not
provided and only the errors to the [Fe/H] abundances could be used in the computation.

[Fe/H] | e_[Fe/H] | [C/Fe] | e_[C/Fe] | [N/Fe] | e_[N/Fe] | [O/Fe] | e_[O/Fe]
[dex] [dex] [dex] [dex] [dex] [dex] [dex] [dex]

Stars from Shetrone and Sandquist (2000)

-.050 .040 -.050 .040 .150 -.080 .050
-.040 .080 .050 .050 .150 .200 .060 .100
-.070 .030 .100 .040 .050 .040 .090
-.040 .040 -.120 .100 .200 .200 -.080 .050

Stars from TautvaiSiene et al. (2000)

-.020 110 -.200 .110 .340 .125 .050 110
-.050 .120 -.080 .120 .230 124 .140 .120
-.020 .120 -.210 .120 .220 124 .020 .120
-.010 110 -.170 .110 .310 114 .040 .110
.010 .120 -.200 .120 .280 124 -.060 .120
.000 .070 -.150 .070 .240 .076 -.040 .070
-.020 .140 -.190 .140 .180 143 -.030 .140
-.110 120 -.190 .120 .210 124 .050 .120

-.020 .100 -.190 .100 .200 .104 .010 .100

49

AOLVIOIANI 4DV NV SV HDNVANNIV [N/D] dN-A5ddIA-LSOd HHL



DIFFUSION EFFECTS IN M67?

This chapter was submitted for publication to MNRAS as Bertelli Motta, C. , A.
Pasquali, J. Richer, G. Michaud, M. Salaris, A. Bragaglia, L. Magrini, S. Randich, E.
K. Grebel, et al., "The Gaia-ESO Survey: Evidence of atomic diffusion in M677?".

C. Bertelli Motta performed the analysis and interpretation presented in this chapter
with the help of A. Pasquali and wrote the text. The abundances analysed in this

chapter were retrieved from the Gaia-ESO fifth internal data release and the mod-
els of stellar evolution including atomic diffusion used for comparison as well as

Fig. 27 were provided by G. Michaud and J. Richer. All authors contributed with

comments to the realisation of this study.

4.1 INTRODUCTION

Based on the commonly accepted knowledge that most stars form in associations
or gravitationally bound clusters that dissolve with time and release their members
into the field population (Lada and Lada, 2003), the suggestion that stars can be
traced back to their parent cluster based on their chemical composition, the so-
called chemical tagging (see, e.g., Freeman and Bland-Hawthorn 2002), has become
very popular over the past years.

While chemical tagging is a potentially powerful tool for the understanding of
the Galactic evolutionary history, there are limitations to this method that need to
be accounted for. In fact, the common and reasonable assumption that stars born
as a single stellar population from the same molecular cloud share the same chem-
ical composition only holds for the initial surface abundances, which may vary
as stars start following their evolutionary track. During the life of a star, several
physical processes are at play in modifying its surface chemical composition. Al-
though these changes are not dramatic, they do put constraints on the resolution
achievable in studies of chemical tagging (see, e.g., Blanco-Cuaresma et al. 2015 for
chemical tagging applied to open clusters). In addition, two stars formed from two
different molecular clouds might happen to present the same surface abundances.
This could be because the clouds of origin shared the same chemical composition
or because the two objects have different mass and find themselves in different
evolutionary stages, which might have led by chance to the same surface abund-
ances, even if the initial ones were different (see, e.g., Dotter et al. 2017; Ness et al.
2017). In this scenario it would be impossible to tag the two stars back to a partic-
ular cluster of origin based on their present-day chemical composition alone. As
Dotter et al. (2017) suggested, one would need to use stellar evolutionary models
to infer the initial abundances of stars from the observed ones.

Stellar evolutionary effects are best studied with a sample of stars belonging
to the same stellar population and most likely sharing the same initial chemical
composition. While globular clusters are known to host two or more populations
of stars with different light-element abundances among their members (see, e.g.,
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Carretta et al. 2009; Gratton, Carretta, and Bragaglia 2012; Gratton, Sneden, and
Carretta 2004; Kayser et al. 2008), this is not the case for open clusters (see, e.g., Bra-
gaglia et al. 2012, 2014; Carraro et al. 2014), which are therefore ideal test benches
for our study. Unfortunately, for most open clusters only the brighter stars in the
red clump and upper-RGB are usually considered for spectroscopic studies, mainly
because the MS and the TO regions are usually relatively faint and require very
long exposure times. This makes it difficult to find in the literature suitable data for
the investigation of evolutionary effects, which require stars at different evolution-
ary stages. Furthermore, we also need to test these effects in a range of metallicity
and age (i.e., stellar mass). As explained in Chapter 1, the old open cluster M67 is
an exception in this context and became for this reason the subject of our study.

Atomic diffusion (see Michaud, Alecian, and Richer 2015) is expected to alter
the surface abundance of stars during the main-sequence phase due to the com-
bined effect of gravitational settling, causing different elements to sink towards the
interior of the star, and radiative acceleration working against it. In low-mass stars
the overall trend is similar for all elemental species: surface abundances decrease
along the MS with increasing stellar mass, reaching a minimum at the TO. The
amplitude of the abundance variation between the early MS and the TO depends
on the efficiency of radiative acceleration, i.e. on the degree of absorption of the
outgoing photon flux for the different species. When the outer convective zone
becomes deeper (after the TO), material from the stellar interior is brought to the
surface. For most elements this means a recovery of the initial surface abundances,
with the exception of species that undergo nuclear processing, such as 3He, Li,
Be, B, C, and N (see Chapter 3 and references therein). While metals sink towards
the stellar interior, hydrogen is pushed into the outer layers, depriving the nuc-
leus of fuel and thus shortening the life of the star on the MS (see, e.g., Jofré and
Weiss 2011 and Salaris and Weiss 2001). This poses a further constraint on chem-
ical tagging, since ages derived with models with and without diffusion can be
significantly different.

Thus, in order to study atomic diffusion, stars along the MS, TO, SGB, and RGB
are needed. In Chapter 3, we investigated the effects of the FDU affecting stars
on the SGB and lower-RGB of M67 with data from APOGEE DR12 (see Majewski
et al.,, 2015). M67 was furthermore included in the study of Smiljanic et al. (2016)
where, using data from the Gaia-ESO Survey (GES, Gilmore et al., 2012; Randich,
Gilmore, and Gaia-ESO Consortium, 2013), the authors investigated variations in
Na and Al abundances as a consequence of mixing processes in the stellar interiors.
In this chapter, we extend this study to the variations in surface abundances due
to atomic diffusion by investigating the MS, TO, SGB, and RGB phase of M6y with
GES data.

In Section 4.2 and 4.3 we present the data set and the models used for com-
parison in this study. In Section 4.4 we present the results and in Section 4.5 we
discuss them together with possible caveats. Finally, in Section 4.6 we draw our
conclusions.



4.2 DATA

4.2 DATA

One of the main goals of GES is the observation of a large number of open clusters
covering a wide range in age, mass, metallicity, and Galactocentric distance. This
is achieved by combining observations with FLAMES-GIRAFFE and FLAMES-
UVES at the Very Large Telescope (VLI, see, e.g., Dekker et al. 2000; Pasquini et
al. 2002). MS and TO stars in old open clusters were normally observed with the
GIRAFFE set-ups HR9B (514.3 — 535.6 nm, R ~ 32000) and HR15N (647 — 679 nm,
R ~ 20000). They cover a wavelength range that allows for precise measurements
of the radial velocity, in addition to the abundances of Fe, Cr, and Ti for HR9B, and
of Ca, Ti, Si, Al, and Li for HR15N, although with low precision. High-precision
abundances of a large number of chemical species were calculated from FLAMES—
UVES spectra generally obtained for stars on the MS, RGB, and on the red clump
(RC) with the set-up U580 (200 nm around the central wavelength 580 nm, R ~
47000).

Mé67 is included in the list of open clusters analysed within GES. The observa-
tions were collected from the ESO archive. In particular, they were part of the pro-
gram 082.D-0726 (PI Gustafsson), which observed with FLAMES-UVES 25 stars in
the field of M67 in all evolutionary stages between the MS and the lower-RGB (see
Table 9). Thus, M67 is one of the few clusters in GES for which detailed chemical
abundances from high-resolution spectroscopy are available for stars on the MS,
TO, and RGB.

Fourteen of the stars distributed on the MS, TO, and early SGB branch were ana-
lysed in Onehag, Gustafsson, and Korn (2014) who searched the data for possible
diffusion effects. They found differences in abundance between stars at the upper
MS and TO and stars on the SGB of the order of ~ 0.02 dex (we note that they
divide the sample that we define as TO in this work into TO and early SGB and
compare the abundances of the first two with those of the third group). Although
their results were not conclusive, also due to the small variation in abundances
predicted by the models between these groups of stars, they seemed to support
the presence of atomic diffusion.

We used the recommended results of the GES fifth internal data release (GES
iDR5) for all the 25 stars and performed a membership analysis based on their
radial velocities. We first excluded all stars known as binaries from Geller, Latham,
and Mathieu (2015). We then computed the mean radial velocity of the remaining
17 stars (RVpean = 34.54 + 0.83 km g7 ) and found that all stars lie within 3¢ from
this value. The mean error on the radial velocity (0.36 km 57! ) is smaller than the in-
ternal dispersion. This result is consistent with other mean radial velocity determ-
inations of M67 known from the literature (see, e.g., Geller, Latham, and Mathieu
2015; Yadav et al. 2008) within few o. In addition, we cross-matched the sample
with the HSOY catalogue (Altmann et al., 2017) in order to check also the mean
PM of the cluster (ira = —9.67 £ 0.64masyr— !, ipec = —3.35+0.88 masyr—').
We excluded one star that does not have an entry in the HSOY catalogue, and
one because its PM is inconsistent with that of the cluster. Moreover, we verified
that the 2MASS photometry (Skrutskie et al., 2006) of the remaining 15 stars is
consistent with a 3.75 Gyr PARSEC isochrone (Bressan et al. 2012) calculated with
(m—M)o = 92.64 mag, E(B — V) = 0.023 mag, and [Fe/H] = 0.06 dex (Bellini et al.
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2010b; see Fig. 26; a list of the selected members and their parameters can be found
in Table 14). This leaves 11 stars in common between our sample and the sample
from Onehag, Gustafsson, and Korn (2014). We excluded 3 of their stars during
our membership analysis (one as a binary and two because of PM criteria) and
gained 4 additional ones along the SGB and lower RGB (see Table 9 and Fig. 26).
In particular, the inclusion of three RGB stars into our analysis is of great import-
ance for the study of diffusion effects. In fact, in absence of stars in their early
main-sequence phase and thus still unaffected by diffusion, RGB stars are the only
objects in our sample that show a surface chemical abundance similar to the initial
one (except for C, N, and Li) and that can thus be compared to stars on the upper
MS and TO, where diffusion effects reach their peak.

For all the 15 stars in our sample the chemical analysis was performed by GES
working group (WG) 11, responsible for the analysis of UVES F, G, K stars (see
Smiljanic et al. 2014 for a description of the abundances derivation and Sacco et al.
2014 for details about the reduction of UVES data).

In the GES iDRj5 archive abundances are given in the form:

A(X) =log (X/H) + 12, (18)
and we transformed them for our purposes into
(X/H] = log (X/H) —log (X1194/H1194) (19)

subtracting the GES abundances of the solar twin M67-1194 (ID 08510080+1148527,
A(X)q704) from A(X).

4.3 MODELS

We compared the results with the stellar evolutionary models calculated in Michaud
et al. (2004) (with an extension of the calculation to a slightly older age for the 1.35
solar mass model) for stars of solar metallicity, ages of 3.7-4 Gyr, and masses ran-
ging from 0.5 to 1.4M, . The calculations follow the description of Turcotte et al.
(1998) and Richard, Michaud, and Richer (2001), including gravitational settling
and radiative acceleration. Whereas all chemical species are affected by gravita-
tional settling during the MS, different elements experience a varying amount of
radiative acceleration, depending on the fraction of the total photon flux they ab-
sorb. After the TO the convective envelope deepens into the stellar interior and the
effects of atomic diffusion are subverted, thus restoring in most cases the original
surface abundances.

The models from Michaud et al. (2004) are divided into two sets of calculations.
While the first one does not include turbulent transport, the second one is cal-
culated including a density-dependent turbulent diffusion coefficient that is 400
times the He diffusion coefficient at log T = 6.09, and that decreases inwards from
there as p—3 (hereafter we will refer to this calculation as T6.09). This parametrisa-
tion of turbulent transport was chosen by Michaud et al. (2004) since it showed
a minimisation of the Li depletion in Pop II stars (see Richard et al. 2002). The
presence of turbulence reduces the effects of gravitational settling and as a con-
sequence also the under-abundances at the TO, as can be seen in Fig. 28, where
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Table 9: All stars in the field of M67 included in GES iDR5 from the observing program
082.D-0726 (PI Gustafsson). In the last column we include the results of our membership
analysis combined with the information from Geller, Latham, and Mathieu (2015): single
members (SM), binary members (BM), and non-members (NM).

1D RA (J2000) | Dec (J2000) | Memb.
08505182+1156559° | 08:50:51.82 | +11:56:55.9 | BM
08505600+1153519“ | 08:50:56.00 | +11:53:51.9 | SM
08505891+1148192¢ | 08:50:58.91 | +11:48:19.2 | SM
08510017+1154321 | 08:51:00.17 | +11:54:32.1 | SM
08510080+1148527% | 08:51:00.80 | +11:48:52.7 | SM
08510325+1145473% | 08:51:03.25 | +11:45:47.3 | SM
08510524+1149340% | 08:51:05.24 | +11:49:34.0 | SM
08510838+1147121 | 08:51:08.38 | +11:47:12.1 | SM
08510969+1159096 | 08:51:09.69 | +11:59:09.6 | NM
08511267+1150345° | 08:51:12.67 | +11:50:34.5 | NM
08511799+1145541 | 08:51:17.99 | +11:45:54.1 | NM
08511854+1149214% | 08:51:18.54 | +11:49:21.4 | SM
08511868+1147026 | 08:51:18.68 | +11:47:02.6 | NM
08511901+1150056 | 08:51:19.01 | +11:50:05.6 | NM
08512012+1146417% | 08:51:20.12 | +11:46:41.7 | SM
08512291+1148493 | 08:51:22.91 | +11:48:49.3 | NM
08512940+1154139 | 08:51:29.40 | +11:54:13.9 | NM
08513045+1148582 | 08:51:30.45 | +11:48:58.2 | NM
08513322+1148513° | 08:51:33.22 | +11:48:51.3 | NM
08513577+1153347 | 08:51:35.77 | +11:53:34.7 | SM
08513740+1150052% | 08:51:37.40 | +11:50:05.2 | SM
08514081+1149055% | 08:51:40.81 | +11:49:05.5 | SM
08514122+1154290% | 08:51:41.22 | +11:54:29.0 | SM
08514507+1147459 | 08:51:45.07 | +11:47:45.9 | SM
08514995+1149311¢ | 08:51:49.95 | +11:49:31.1 | SM

@: stars in common with the selection of Onehag, Gustafsson, and Korn (2014)

and ours.

b stars from the selection of Onehag, Gustafsson, and Korn (2014) excluded from
our analysis since they are binaries (Geller, Latham, and Mathieu, 2015).

€. stars from the selection of C)nehag, Gustafsson, and Korn (2014) excluded from
our analysis because of PM criteria.
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Figure 26: CMD of the M67 members selected from the GES archive plotted using 2MASS
photometry. Main-sequence stars are plotted as green diamonds, TO stars as blue squares,
and RGB stars as red circles. The star S806 is plotted as an orange triangle. The solar twin
M67 1194 is plotted as a green cross. The mean error bar is shown at the bottom-right
of the figure. The stars selected in Onehag, Gustafsson, and Korn (2014) are plotted as
black circles. The solid line represents a PARSEC isochrone for an age of 3.75 Gyr and the
parameters for M67 listed in the text.
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the models are plotted as isochrones, each data point representing a different mass
(see Table 10 for a summary of the Tes and log g corresponding to each mass).
The turbulent mixing efficiency necessary to match the observed variations in sur-
face abundances due to atomic diffusion has been shown to vary for different
globular clusters, more metal-rich clusters needing more efficient mixing (see, e.g.,
Gruyters et al. 2013; Korn et al. 2007). In the models, the pressure as a function of
T is obtained using an approximate T—t relationship and integrating the pressure
equation from T = 0 to at least T = 2/3. For details see Krishna Swamy (1966) and
VandenBerg et al. (2008)

In this study, we decided to focus on the models reaching the age range 3.7-4.0
Gyr. This is necessary to see the effects of deep mixing present in the lower-RGB
stars of M67y. Unfortunately, the calculations with turbulence only evolved as far
as 3.74 Gyr for the most massive star (with a mass of 1.35My). We recall that an
age of 3.7-4.0 Gyr is consistent with the age estimations for M67 (see, e.g., Bellini
et al. 2010Db).

As can be seen in Fig. 28, for the calculations with turbulent transport the last
data point, representing a model with mass 1.35M, does not have the same log g
as the calculations without turbulence. In fact, the model with 1.35M did not
reach the same age as the calculation without turbulence, but rather stopped at
3.74 Gyr. Nevertheless, we expect that the surface abundances after 3.6 Gyr will
be the same regardless of the inclusion of turbulence in the models. This can be
proven by inspecting Fig. 27. Here, we show two calculations for a star of mass
1.35M, as a function of age, including the two models considered in this work,
with and without turbulence. Fig. 27 shows how the two models converge after 3.5
Gyr. We thus expect the 1.35M model with turbulence to have the same surface
chemical composition as the model not including turbulent transport after 3.6 Gyr.

4.4 RESULTS

In the following, we present the results of our study and compare the measured
abundances from the GES data with the models of Michaud et al. (2004). In Fig. 28
and 29 the elemental abundances of stars from the MS, SGB, and RGB are plotted
as a function of log g. The abundances shown and discussed in this chapter refer
to the elements in their neutral state. We present and discuss in this work only
elements for which we have both the measured abundances from GES iDR5 and
the predictions from the models by Michaud et al. (2004). The star with GES-ID
08510017+1154321 is highlighted as an orange triangle for the reasons explained
in subsection 4.5.1. The solar twin M67-1194 is plotted as a green cross and is not
included in the calculations when computing the average abundances of the MS
stars. In fact, M67-1194 lies on the 'lower” MS with respect to the rest of the sample
and presents for most elements an abundance more similar to the RGB than to the
MS and TO samples, as predicted by the models of Michaud et al. (2004) for stars
of the same mass. Models of stellar evolution including turbulent diffusion are
shown as a black, solid line, while models without turbulence are displayed as a
dashed, black line.

Since the effect of diffusion on the stellar surface chemical composition is very
small (typically less than ~ 0.1 dex for stars in the mass range of M67 members)
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Table 10: Tr and log g for the models presented in this work in the age range 3.7—4.0 Gyr.

M*/MenNoTurb | TefNoTurb[K] | 108 gNoTurb
0.500 3907.8 4.843
0.600 4078.7 4.741
0.700 4421.7 4.660
0.900 5404.7 4.557
1.000 5780.2 4.467
1.060 5956.0 4-394
1.070 5981.2 4-378
1.075 5994.9 4.371
1.080 6004.8 4.365
1.081 6006.9 4.363
1.082 6008.1 4.365
1.083 6010.8 4.360
1.085 6014.5 4.360
1.090 6023.2 4.350
1.150 6083.1 4.267
1.200 6083.3 4.201
1.250 6221.3 4.065
1.300 5977.2 3.886
1.350 4933.1 3-240

M*/MgoNoTurb ‘ TestNoTurb [K] ‘ log gnoTurb
0.500 3907.6 4.844
0.600 4078.0 4.742
0.700 4420.6 4.661
0.800 4928.1 4.618
0.900 5399.5 4.560
1.000 5781.3 4-469
1.050 5934-5 4.414
1.100 6055.1 4.350
1.150 6116.0 4.283
1.200 6114.5 4.212
1.250 6095.3 4.129
1.300 6111.6 3.938
1.350 5059-9 3-525
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Figure 27: Comparison of the surface abundances of two different models with (solid black
line) and without (dashed black line) turbulence for a star of 1.35M, as a function of time.

precise measurements are required. Indeed, if the scatter of the observationally
derived abundances is larger than or even comparable to the expected variation,
no sensible conclusion can be drawn. For this reason, we performed a statistical
analysis of the abundances aimed at determining which of the elements derived
within GES clearly show trends consistent with the effects of atomic diffusion
predicted by the models of Michaud et al. (2004).

Table 11 summarizes the mean elemental abundances and relative standard de-
viations obtained within GES for two groups of stars in M67: the upper MS and the
RGB stars. Table 12 shows the difference in surface chemical abundances between
these two groups for the species studied in this work, its error calculated as

err_A[X/H] = |/ o, + o} (20)

where oms and oy are the standard deviations of the abundance distributions of the
upper MS and RGB stars, respectively; the last two columns show the maximum
difference in surface abundance predicted by the models (calculated between a
mass of 1.2 and 1.35 Mg). TO stars were excluded from this discussion because
the maximum abundance variation predicted by the models is reached at the log g
corresponding to the upper MS (~ 1.2M, in the models).

For Al, Si, Ca, Ti, Cr, Mn, and Ni, A[X/H] is larger than 3 x err_A[X/H], while for
Fe A[X/H] is larger than 2 x err_A[X/H]. We conclude that for these elements the
presence of a trend in log g is clear and the offset in surface abundance between
upper MS and RGB can be considered statistically significant. A[X/H] is larger
than 1 x err_A[X/H] for C, O, and Na making the offset between the two samples
less clear, but still visible. For Mg A[X/H] is lower than err_A[X/H] and [S/H] is
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available only for stars on the upper MS and on the TO. We will thus exclude
Mg and S from the following discussion, although the distribution of [Mg/H] as a
function of log g can be seen in Fig. 28.

For the elements of the oxygen group (O, Na, Mg, Al, Si, and S), the models pre-
dict the largest difference between initial surface abundance and values at the TO.
This is due to the little radiative acceleration that these elements experience below
the surface convection zone (for details, see Michaud et al. 2004, Fig. 3). As shown
in Fig. 28, the models are consistent with GES [Na/H] and [Si/H] abundances of
the M67 stars within 1 — 2 x err_A[X/H]. For Al the difference between A[X/H]
and the offset predicted by the models is larger than 3 x err_A[X/H]. As explained
above, the measured [O/H] abundances present a large scatter, even if A[X/H] is
consistent with the predictions of the models.

Species between P and Ti are expected to experience a larger radiative accel-
eration as compared to lighter elements (see Fig. 3 in Michaud et al. 2004). This
reduces the effect of gravitational settling, resulting in a much smaller difference
between the surface abundances of TO and RGB stars as compared to Al or O.
Fig. 29 shows how the [Ca/H] and [Ti/H] both suffer from an offset with respect
to the model abundances, which is more prominent for [Ti/H] than for [Ca/H].
Nevertheless, looking at Table 11 and 12 one can see that a trend in log g is present
for Ca and Ti and is slightly more pronounced than predicted by the models, but
still consistent within 3 x err_A[X/H].

Elements of the iron group (Cr, Mn, Fe, Ni) are predicted to experience less radi-
ative acceleration as compared to Ca or Ti, but more than the elements in the oxy-
gen group, resulting in very similar but slightly smaller under-abundances at the
TO. Cr is systematically under-abundant compared to the theoretical predictions.
The trend between MS and RGB is consistent with the models in the case of Cr and
slightly smaller for Fe. A similar trend between the TO and the SGB/low-RGB was
also found for [Fe/H] by Casey (2016), analysing lower resolution spectra. For Mn
and Ni A[X/H] differs by 3 x err_A[X/H] or more from the abundance differences
predicted by the models.

We note that, since we are interested in a relative comparison between two
groups of stars analysed within GES iDR5 rather than in the absolute abundances
of the stars, err_A[X/H] is calculated only from the internal scatter of the measured
abundances and does not take into account the error of the measurements.

4.5 DISCUSSION

In the following we discuss the interpretation of the results presented so far as
well as possible caveats, such as corrections for NLTE effects, abundance trends
in a cluster for which we do not expect to see diffusion effects, and trends of the
abundances of M67 with temperature derived from APOGEE infrared spectra.

4.5.1 5806

Figure 28 and 29 show that one star (GES-ID: 08510017+1154321, S806 in the
notation from Sanders 1977) in M6y presents for almost all elements investigated
in this work higher abundances with respect to its companions. The star matches
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Figure 28: The different panels show from top to bottom and from left to right the abund-
ances of C, O, Na, Mg, Al, and Si as a function of log g. The symbols are the same as in
Fig. 26. We also overplotted models of stellar evolution with (black solid line) and without
(dashed black line) turbulence in the stellar interior. Note that the lowest log g point of
the dashed lines could be horizontally shifted to the left to the same log g as the solid
lines. The large shift is due to the rapid variation of log g with age for the 1.35 solar mass
model at that evolutionary stage and the slight age difference between the models with
and without turbulence.
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Table 11: Mean surface chemical abundances and standard deviations for stars on the MS

and TO ([X/Hlus) and giant stars ([X/Hlrgp) in M67.

Table 12: Difference between the mean abundances on the upper-MS and on the RGB as
compared to the difference in abundance between the 1.2Mg and 1.35M¢ models, both
with and without turbulence.

X ‘ [X/Hlwms ‘ OMS ‘ [X/Hlrcs ‘ ORGB

C
@)
Na
Mg
Al
Si
Ca
Ti
Cr
Mn
Fe
Ni

-0.043
-0.008

-0.018
-0.065
-0.145
-0.028
-0.048
-0.110
-0.080
-0.115

-0.055
-0.108

0.008
0.072
0.019
0.021
0.009
0.019
0.011
0.019
0.012
0.023
0.021

0.015

-0.01
0.103

0.097
-0.013

0.077
0.123
0.027
-0.003
0.013
0.070
-0.003

0.090

0.016
0.013
0.052
0.017
0.013
0.013
0.009
0.013
0.005
0.014
0.005

0.008

4.5 DISCUSSION

X | AX/H) | err_AIX/H] | AX/Hlxotu | AX/Hlu

C
O
Na
Mg
Al
Si
Ca
Ti
Cr
Mn
Fe
Ni

0.033
0.111

0.115
0.052
0.222
0.151
0.075
0.107
0.093
0.185
0.052
0.198

0.018

0.073
0.084

0.055
0.016
0.023
0.014
0.023
0.013
0.027

0.022

0.017

0.007
0.102
0.116
0.113
0.109

0.105

0.057
0.059
0.090
0.104
0.114

0.103

0.018
0.075
0.078
0.078
0.077
0.075
0.053
0.049
0.058
0.068

0.074
0.069
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all criteria (kinematic and photometric) considered in the membership analysis of
the cluster, but its chemical composition is not consistent with that of other cluster
members with the same gravity.

Of course the possibility exists that S806 is not a member of M67, although this is
not very likely given the perfect match with the clusters kinematics. Nevertheless,
the surface abundances measured in S806 cannot be explained by simple stellar
evolutionary processes. We therefore need to explain its position in the SGB and
its peculiar chemical composition.

A possible explanation for the peculiar surface abundances of S806 (with respect
to its log g) is that the star might be part of a binary system initially composed of
one massive companion, and a secondary companion with a mass of approxim-
ately 1.3M now lying on the SGB. If the massive companion evolved into an
AGB star and expelled part of its envelope, the surface of the secondary compan-
ion would have been polluted by the ejected material (the s-element abundances
for S806 are also higher than in the other cluster members). At an age of ~ 4 Gyr,
the massive companion would have evolved into a white dwarf and thus would
not contribute significantly to the luminosity of the binary system. In this scenario
the binary would have to be face-on, since S806 has been classified as a single star
in Geller, Latham, and Mathieu (2015). Alternatively, the system could have been
disrupted by encounters with other stars within the cluster. In this case we would
only be observing the low-mass companion.

4.5.2 NLTE effects

The abundances of GES iDR5 are calculated for 1D-atmospheres and LTE. It is
therefore interesting to discuss how corrections for NLTE would affect the abund-
ances of the elements under study and if these alone can account for the abundance
trends observed.

The upper-MS stars of M67 have a mean T = 6031 K and log g = 4.21 dex. For
the giant stars we find a mean T = 4875 K and log g = 3.24. In Lind et al. (2011)
this corresponds to corrections for the Na abundance of -0.15 dex for the 568.2 nm
line and of -0.1 dex for the 615.4 nm line for both dwarfs and giants, thus leaving
the offset between the two groups unchanged.

For Al, Nordlander and Lind (2017) predict a correction of -0.1 dex for the MS
stars and of -o0.2 for the RGB stars. This would indeed diminish the offset observed
between MS and RGB in the GES Al abundances, but a clear trend in log g would
still be visible.

Zhang et al. (2017) predicts for Mg a correction of +0.01 dex for the MS group. In
the sample of stars analysed by these authors we could not find any star with the
temperature and gravity of the M67 giants. The most similar one has T = 4901K
and log g = 2.76 and corresponds to a correction of -0.02 dex. Thus, in the case of
magnesium the NLTE correction would not significantly change the difference in
abundance between MS and RGB.

Similarly, for Si the corrections would be -0.01 dex and -0.04 dex for the MS and
the RGB, respectively (using the same objects as for Mg).

Going to heavier elements, NLTE corrections are available only for Fe from Lind,
Bergemann, and Asplund (2012). The authors calculate corrections of ~ +0.01 dex
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and ~ +0.0 dex for the MS and RGB respectively. These corrections would not
change significantly the overall difference in abundance between the two groups.

4.5.3 NGC 6633

In the previous section we have discussed how the abundance trends visible in the
stars of M67 cannot be explained by NLTE effects, which remain unaccounted for
in the GES iDR5 analysis. In order to be reasonably confident that the trends we
observe are indeed due to diffusion effects, we need to rule out systematic offsets
deriving from the analysis of stars in different evolutionary stages. We therefore
choose a second cluster, NGC 6633, for which stars both on the MS and on the
RGB/RC have been observed and analysed in GES iDRs. This cluster is much
younger than M67, with an age of ~ 540 Myr (Randich et al. 2017, subm.) and has
a slightly sub-solar metallicity of [Fe/H] =: —0.05 4 0.06 dex (Jacobson et al., 2016).

After performing a membership analysis of the stars observed with UVES in
the field of NGC 6633 based on radial velocities and HSOY proper motions, we
found 5 MS stars and 3 stars that could be RGB or RC stars based on their position
on the CMD. These are plotted as green and red dots, respectively, in Fig. 30,
together with a Padova isochrone with age 540 Myr, [Fe/H] = —0.05 dex, distance
modulus (m —M), = 8.07 mag, and reddening E(B — V) = 0.182 mag (Randich et
al., subm.). We find also three further stars on the MS that are probable members
of the cluster based on their kinematic properties (orange triangles in Fig. 30),
but that we do not take into consideration for our analysis due to the following
reasons. One of them, 18265591+0635559, is flagged as a binary in GES iDR5. The
log g of 18264026+0637500 is on the grid edge and the star is therefore flagged
for "suspicious stellar parameters". 18272787+0620520 has abundances and errors
on the abundances very different from the cluster distribution for most elements.
Since it lies on the edge of the proper motion distribution of our sample, it is
probably not a member of the cluster.

Due to its young age, we do not expect to find diffusion effects in the observed
stars of NGC 6633, since there was not enough time for diffusion to become ef-
ficient in those MS stars. Besides, we do not have any stars at the TO where we
could in principle observe diffusion effects, if any. Stars on the MS and on the giant
branch are expected to present the same abundances and if they do not it would
mean that there are systematic offsets between the abundances of dwarf and giant
stars that are due to the analysis alone.

Figure 31 and 32 show, similarly to Fig. 28 and 29, the abundances of several
elements as a function of log g. For elements of the Ca and Fe group, we do not find
any significant offsets between the MS and the giant stars. As shown in Table 13
the mean abundances of the two groups are consistent with each other within one
sigma.

This is not the case for lighter elements of the oxygen group. Na in particular
presents a large difference (0.278 dex) between the mean MS abundance and the
average abundance of the giant stars. Nevertheless, this offset could be a physical
effect: for stars in the mass range of the NGC 6633 giants (~ 2.5M) we expect
to see an enhancement in Na due to mixing effects after the dredge-up (see, e.g.,
Smiljanic et al. 2016 and references therein). Besides, also NLTE effects might play
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Figure 30: CMD of the stars selected as members of NCG 6633. Green circles are stars on
the MS, red circles represent giant stars and orange triangle stars with flags that we do not
take into account in our analysis.

a role: Lind et al. (2011) predict a correction for NLTE effects of the Na abundance
between -0.1 and -0.15 dex for the T and log g of the NGC 6633 MS stars and of
-0.2 dex for the giant stars for the 568.2 nm line at solar metallicity. For the 615.4
nm line the correction would be -o0.1 dex for both groups.

For Mg, Al, and Si an offset is also present, although not as pronounced as for
Na. While the effects of mixing for Al should not be visible in stars less massive
than 3M (Smiljanic et al., 2016), this offset would disappear or at least become
less significant if NLTE effects were taken into account in the abundance analysis.
Nordlander and Lind (2017) predict for Al a difference in correction between dwarf
and giant stars similar to that for Na from Lind et al. (2011). For Mg we do not
expect NLTE effects to have a strong influence on the abundances. Zhang et al.
(2017) calculate corrections of the order of +0.01 dex for stellar parameters similar
to our NGC 6633 sample. Similarly, Zhang et al. (2016) predict corrections of the
order of -0.06 — -0.01 dex for Si.

4.5.4 APOGEE DR14

The recent fourteenth data release of the Apache Point Observatory Galactic Evol-
ution Experiment (hereafter APOGEE DR14, see Abolfathi et al., 2017, Majewski
et al.,, 2015) contains very important results concerning the abundances of M67
stars. In APOGEE DR14 stars in every evolutionary stage of M6y have been ob-
served and analysed, from the MS to the RC. We decided to be as conservative as
possible in the choice of the stars to take into consideration and we selected only
those with STARFLAG, ASPCAPFLAG, and the ELEMFLAG of the element under
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Figure 31: The different panels show from top to bottom and from left to right the abund-
ances of Na, Mg, Al, Si, Ca, and Ti as a function of log g in NGC 6633. The symbols are
the same as in Fig. 30.
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Figure 32: Fig. 31 continued. GES abundances of Cr, Mn, Fe, and Ni and a function of
log g.

Table 13: Mean surface chemical abundances and standard deviations for stars on the MS
(IX/Hlms) and RGB ([X/H]rgp) in NGC 6633.

X ‘ [X/Hlms ‘ OMS ‘ [X/Hlrcs ‘ ORGB

C 0.072 0.098 -0.200 0.036

Na | -0.128 | 0.036 0.015 0.014

Mg | -0.108 | 0.024 -0.047 0.029

Al -0.114 | 0.042 -0.037 0.026
Si -0.042 | 0.037 0.097 0.021
Ca 0.002 0.061 -0.017 0.021
Ti -0.052 | 0.060 -0.123 0.031
Cr -0.032 | 0.045 -0.087 0.026
Mn | -0.078 | 0.056 -0.113 0.029
Fe -0.086 | 0.026 -0.040 0.022

Ni -0.124 | 0.046 -0.093 0.019




4.6 SUMMARY

study equal to zero. By doing so we aim at excluding as many possible biases due
to unreliable results as possible.

APOGEE DRi14 contains the abundances determined by the APOGEE Stellar
Parameters and Chemical Abundances Pipeline (ASPCAP) (see Garcia Pérez et al.,
2016; Holtzman et al., 2015) as well as calibrated abundances. These are calculated
under the assumption that abundances of open cluster members should be ho-
mogeneous and that therefore any trend with temperature must be corrected for.
Since for our purposes it is important to take into consideration any trend of the
chemical abundances as a function of temperature, we decided to use the uncalib-
rated abundances. We present the results in the form [X/H]. For the elements that
were calculated as [X/M] we add the uncalibrated [M/H] of the star. The error
bars only represent the errors on the fit of the uncalibrated abundances presented
in the APOGEE DR14 catalogue (for the uncalibrated [M/H] no errors are given).
These are very small and are not to be considered realistic errors.

Figure 33 shows the CMD of the sample selected after a membership analysis
based on radial velocity, proper motion, photometry and metallicity (similar to the
procedure described in Chapter 1), and after all stars with the flags listed above
not equal to zero were excluded. The stars are colour-coded based on their iron
abundance. It is already clear from this plot that [Fe/H] on the TO is lower than
on the RGB and on the RC. Since no calibrated log g is available for dwarf stars
in APOGEE DR14, we plotted in Fig. 34 [Fe/H] as a function of the effective tem-
perature together with the models from Michaud et al. (2004). The abundances
obtained by APOGEE DR14 are consistent with the predictions of stellar evolution-
ary models that include atomic diffusion. Figure 35 shows the results obtained for
a list of other species. Most of them are consistent with the models, although, as
in GES iDRs5, for some of them it would be necessary to apply a systematic shift to
the models in order to match the observations. This is a very important result for
our study, since it shows that abundances computed with a completely independ-
ent method from infrared rather than optical spectra yield results consistent with
those obtained within GES iDR5.

4.6 SUMMARY

We studied the surface chemical composition of member stars in the old open
cluster M67 analysed by the Gaia-ESO Survey, searching for evidence of atomic
diffusion processes. We compared the abundances of C, O, Al, Na, Si, Ca, Tj, Cr,
Mn, Fe, and Ni with different stellar evolutionary models calculated by Michaud
et al. (2004) for the age and metallicity of M67 and found them to be consistent
with each other. Our results support the findings of Onehag, Gustafsson, and Korn
(2014), although the inclusion of three RGB stars compared to the sample of One-
hag, Gustafsson, and Korn (2014) renders the results more conclusive, since in
RGB stars the initial surface abundances are essentially restored, after the effects
of atomic diffusion have been cancelled by convection. Furthermore, the predicted
abundance variations between upper MS and RGB are larger than between up-
per MS and TO/early SGB and thus easier to measure. Also Casey (2016) found
a variation in metallicity [Fe/H] of ~ 0.05 dex between TO and SGB/low-RGB
stars of M67 from lower resolution spectra. Although we find strong indications
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Figure 34: Uncalibrated iron abundance from APOGEE DR14 for M67 stars as a function
of their (calibrated) effective temperature compared to models of stellar evolution.
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Figure 35: As in Fig. 34, the plot shows the chemical abundances obtained by APOGEE
DR14 as a function of Te¢¢ compared to models of stellar evolution.
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of ongoing diffusion processes, it is not possible to state whether the models with
or without turbulent diffusion better represent the data, given the spread and the
errors on the measured abundances at the upper MS and TO.

We have also shown that the star S806 systematically presents higher surface
abundances than its cluster companions. We suggest as a possible explanation that
this star might be part of a binary system and have undergone accretion of expelled
material from a putative evolved more massive companion.

We have investigated the abundances in stars of the MS and RGB/RC of NGC
6633, a cluster young enough that we do not expect any signs of diffusion effects
in the stars included in GES iDR5. As expected, for most elements the abundances
of the two groups are consistent with each other within one sigma, except for few
light elements of the Na group. In some cases the offset can be explained by mixing
processes and NLTE effects, while at least for Si the measured abundance differ-
ence between dwarfs and giants might be enhanced due to analysis effects. Taking
this into account in the M67 analysis would actually bring the measurements into
better agreement with the model predictions (Fig. 28).

We found that the newest APOGEE data release DR14 presents results for the
stars of M67 that are consistent with the results from GES iDR5. Since the APOGEE
abundances were derived with an independent method and furthermore from in-
frared instead of optical spectra, this supports the claim that the offsets in abund-
ance that we are observing are of physical nature and not artefacts due to the
analysis method.

The evidence of variations in the surface abundances of stars due to stellar evol-
utionary effects have strong implications for the field of Galactic archaeology, since
it puts a constraint on the precision achievable with chemical tagging of the order
of ~ 0.1 dex, similar to what was indicated in Dotter et al. (2017). As a consequence,
future studies will need to re-think chemical tagging methods taking into account
stellar evolution or they will be applicable only to stars in the same evolutionary
stage.



Table 14: List of the GES stars selected as members of M67 and their principal parameters: coordinates, proper motions from the HSOY catalogue, radial

velicities, temperatures and gravities as derived by the GES pipelines.

ID RA Dec Teff | e_Teff | logg | e_logg RV e_RV pmra pmde e_pmra | e_pmde

[hms] [dms] K] K] [km/s] | [km/s] | [mas/yr] | [mas/yr] | [mas/yr] | [mas/yr]
08514507+1147459 | 08:51:45.07 | +11:47:45.9 | 4798 146 3.031 | 0.226 | 33.609 0.364 -11.08 -1.55 0.85 0.86
08513577+1153347 | 08:51:35.77 | +11:53:34.7 | 4913 147 | 3.296 | 0.228 | 34.472 0.364 -9.70 -3.43 0.65 0.68
08510838+1147121 | 08:51:08.38 | +11:47:12.1 | 4915 147 | 3.381 | 0.227 | 33.887 0.364 -10.11 -3.20 0.65 0.65
08510017+1154321 | 08:51:00.17 | +11:54:32.1 | 5423 56 3.824 | 0.112 | 34.591 0.364 -9.53 -3.66 0.66 0.66
08510080+1148527 | 08:51:00.80 | +11:48:52.7 | 5733 57 4.422 | 0.112 | 34.690 0.364 -8.68 -1.98 0.85 0.85
08511854+1149214 | 08:51:18.54 | +11:49:21.4 | 5873 57 3.732 | 0.111 35.739 0.364 -10.02 -3.15 0.72 0.77
08510325+1145473 | 08:51:03.25 | +11:45:47.3 | 5887 57 3.762 | 0.112 | 35.455 0.364 -9.58 -3.10 0.65 0.65
08514995+1149311 | 08:51:49.95 | +11:49:31.1 | 5915 56 3.726 | o0.112 | 33.675 0.364 -10.07 -3.23 0.72 0.76
08513740+1150052 | 08:51:37.40 | +11:50:05.2 | 5946 56 3.835 | o.112 | 32.802 0.364 -10.03 -3.79 0.65 0.65
08510524+1149340 | 08:51:05.24 | +11:49:34.0 | 6001 56 4.174 | 0.112 | 35.750 0.364 -9.76 -5.37 0.95 1.07
08514081+1149055 | 08:51:40.81 | +11:49:05.5 | 6022 57 4.253 | 0.112 | 34.439 0.364 -10.42 -3.29 0.71 0.71
08505891+1148192 | 08:50:58.91 | +11:48:19.2 | 6036 57 4.229 | 0.112 | 35.408 0.364 -9.26 -2.73 0.77 0.71
08505600+1153519 | 08:50:56.00 | +11:53:51.9 | 6064 56 4.186 | o.111 35.828 0.364 -8.77 -4.52 0.71 0.75
08514122+1154290 | 08:51:41.22 | +11:54:29.0 | 6065 56 3.854 | o0.111 33.997 0.365 -9.27 -3.53 0.65 0.65
08512012+1146417 | 08:51:20.12 | +11:46:41.7 | 6069 57 3.865 | 0.113 | 34.409 0.364 -8.78 -3.66 0.65 0.65
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Table 15: List of the GES stars selected as members of M67 together with the respective abundances derived within GES and investigated in this work.

ID ‘ C ‘ e C ‘ @) ‘ e O ‘ Na ‘ e_Na ‘ Mg ‘ e_Mg ‘ Al ‘ e_Al ‘ Si ‘ e_Si
08514507+1147459 | 8.22 | 0.05 | 8.72 | 0.09 | 6.31 | 0.04 | 7.51 | 0.06 | 6.42 | 0.04 | 7.57 | 0.06
08513577+1153347 | 8.24 | 0.02 | 8.70 | 0.10 | 6.20 | 0.07 | 7.50 | 0.05 | 6.39 | 0.04 | 7.54 | 0.05
08510838+1147121 | 8.26 | 0.02 | 8.69 | 0.10 | 6.20 | 0.07 | 7.54 | 0.05 | 6.41 | 0.03 | 7.55 | 0.07
08510017+1154321 | 8.23 | 0.03 | 8.65 | 0.02 | 6.27 | 0.06 | 7.59 | 0.07 | 6.45 | 0.06 | 7.58 | 0.05
08510080+1148527 | 8.23 | 0.02 | 8.60 | 0.10 | 6.14 | 0.06 | 7.53 | 0.10 | 6.33 | 0.04 | 7.43 | 0.08
08511854+1149214 | 8.19 | 0.09 | 855 | 0.04 | 6.18 | 0.11 | 745 | 0.12 | 6.22 | 0.10 | 7.43 | 0.08
08510325+1145473 | 8.18 | 0.06 | 8.61 | 0.02 | 6.20 | 0.11 | 7.50 | 0.05 | 6.28 | 0.04 | 7.47 | 0.06
08514995+1149311 | 8.17 | 0.05 | 8.50 | 0.09 | 6.16 | 0.14 | 7.43 | 0.07 | 6.19 | 0.04 | 7.39 | 0.08
08513740+1150052 | 8.17 | 0.08 | 8.39 | 0.04 | 6.14 | 0.10 | 7.48 | 0.06 | 6.22 | 0.04 | 7.43 | 0.08
08510524+1149340 | 8.18 | 0.05 | 8.70 | 0.09 | 6.10 | 0.09 | 7.43 | 0.08 | 6.17 | 0.04 | 7.38 | 0.08
085140814+1149055 | 8.20 | 0.06 | 8.57 | 0.01 | 6.15 | 0.08 | 7.47 | 0.10 | 6.19 | 0.04 | 7.41 | 0.08
08505891+1148192 | 8.18 | 0.05 | 8.50 | 0.09 | 6.13 | 0.08 | 7.48 | 0.10 | 6.19 | 0.04 | 7.39 | 0.08
08505600+1153519 | 8.19 | 0.07 | 8.60 | 0.09 | 6.11 | 0.10 | 7.48 | 0.06 | 6.19 | 0.05 | 7.43 | 0.10
08514122+1154290 | 8.16 | 0.07 | 8.61 | 0.01 | 6.17 | 0.13 | 7.47 | 0.06 | 6.18 | 0.03 | 7.41 | 0.08
08512012+1146417 | 8.15 | 0.07 | 8.53 | 0.05 | 6.12 | 0.10 | 7.42 | 0.09 | 6.17 | 0.03 | 7.39 | 0.06
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ID ‘ Ca ‘ e_Ca ‘ Ti ‘ e_Ti ‘ Cr ‘ e_Cr ‘ Mn ‘ e_Mn ‘ Fe ‘ e_Fe ‘ Ni ‘ e_Ni
08514507+1147459 | 6.46 | 0.08 | 4.91 | 0.10 | 5.62 | 0.08 | 548 | 0.09 | 7.43 | 0.06 | 6.30 | 0.09
08513577+1153347 | 6.44 | 0.10 | 4.88 | 0.09 | 561 | 0.09 | 545 | 0.11 | 7.42 | 0.06 | 6.28 | 0.08
08510838+1147121 | 6.44 | 0.11 | 4.90 | 0.09 | 561 | 0.09 | 545 | 0.13 | 7.43 | 0.06 | 6.29 | 0.09
085100174+1154321 | 6.54 | 0.06 | 5.00 | 0.07 | 5.70 | 0.07 | 5.50 | 0.07 | 7.54 | 0.06 | 6.31 | 0.06
08510080+1148527 | 6.42 | 0.06 | 4.90 | 0.09 | 5.60 | 0.08 | 5.39 | 0.06 | 7.43 | 0.06 | 6.20 | 0.06
08511854+1149214 | 6.40 | 0.10 | 4.78 | 0.14 | 5.51 | 0.11 | 526 | 0.08 | 7.40 | 0.08 | 6.09 | 0.09
08510325+1145473 | 6.47 | 0.09 | 4.86 | 0.12 | 556 | 0.10 | 5.32 | 0.08 | 7.44 | 0.08 | 6.15 | 0.09
08514995+1149311 | 6.41 | 0.11 | 4.77 | 0.11 | 5.50 | 0.11 | 5.25 | 0.11 | 7.37 | 0.07 | 6.06 | 0.09
08513740+1150052 | 6.45 | 0.11 | 4.82 | 0.12 | 5.51 | 0.11 | 5.29 | 0.11 | 7.41 | 0.08 | 6.09 | 0.11
08510524+1149340 | 6.36 | 0.07 | 4.76 | 0.10 | 5.50 | 0.10 | 5.24 | 0.06 | 7.34 | 0.07 | 6.07 | 0.08
08514081+1149055 | 6.37 | 0.07 | 4.80 | 0.11 | 5.53 | 0.10 | 5.29 | 0.05 | 7.39 | 0.07 | 6.11 | 0.09
08505891+1148192 | 6.39 | 0.08 | 4.81 | 0.10 | 553 | 0.10 | 5.30 | 0.05 | 7.38 | 0.07 | 6.10 | 0.09
08505600+1153519 | 6.37 | 0.09 | 4.79 | 0.12 | 5.52 | 0.11 | 5.27 | 0.11 | 7.39 | 0.08 | 6.09 | 0.10
08514122+1154290 | 6.35 | 0.14 | 4.76 | 0.12 | 548 | 0.12 | 530 | 0.17 | 7.36 | 0.08 | 6.05 | 0.10
08512012+1146417 | 6.39 | 0.13 | 4.75 | 0.12 | 548 | 0.10 | 5.25 | 0.16 | 7.35 | 0.08 | 6.04 | 0.10
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Part II1

BLUE STRAGGLER STARS IN M67

Within the variety of objects populating stellar clusters, blue straggler
stars (BSSs) are among the most puzzling ones. BSSs are commonly
found in globular clusters, but they are also known to populate old
open clusters of the Milky Way. Two main theoretical scenarios (colli-
sion and mass transfer) have been suggested to explained their form-
ation, although finding observational evidence in support of either of
them represents a challenging task. Among the APOGEE observations
of the old open cluster M67, we found 8 BSS candidates known from the
literature, two known evolved BSSs and a new BSS candidate selected
by its kinematic properties. We carried out an independent chemical
analysis of 5 stars out of the sample and we found that the un-evolved
BSS candidates have surface abundances similar to those of stars on the
turn-off of M67. Especially the absence of any anomaly in their carbon
abundances seems to support a collisional formation scenario for these
stars. Furthermore, we note that the abundances of the evolved BSSs
S1040 and S1237 are consistent with the abundances of the red clump
stars of M67. In particular, they show a depletion in carbon by ~ 0.2dex,
which could be either interpreted as the signature of mass transfer or
as the product of stellar evolutionary processes.






THE CHEMICAL PROPERTIES OF BLUE STRAGGLER STARS
IN M67

The contents of this chapter are planned to be submitted for publication to MNRAS
as Bertelli Motta, C., A. Pasquali, E.Caffau, M. Salaris, and E. K. Grebel, ‘A chemical
study of Blue straggler stars in M67 with APOGEE’.

C. Bertelli Motta performed the analysis and interpretation of the results with
the help of A. Pasquali and wrote the text. The spectra and stellar parameters
used in this study were retrieved from the APOGEE fourteenth data release. The
abundances used for the analysis presented in this chapter were calculated by E.
Caffau with MyGIsFOS (Sbordone et al., 2014) and the models of stellar evolution
used for comparison were provided by M. Salaris.

5.1 INTRODUCTION

Among the variety of objects that populate stellar clusters, blue straggler stars
(BSSs) are surely among those still presenting many riddles to astronomers. They
are more luminous and bluer than the cluster TO, but their spread in the CMD can-
not be explained by a younger single stellar population. BSSs were first discovered
by Sandage (1953) in the CMD of the globular cluster M3. Shortly after, many old
open clusters, e.g. NGC 7789 (Burbidge and Sandage, 1958), M67 (Johnson and
Sandage, 1955), NGC 188 (Sandage, 1962), and NGC 6791 (Kinman, 1965), were
found or at least suspected to host a BSSs population (for a review of the historical
discoveries of BSSs see Cannon 2015). Nowadays BSSs are known to populate a
large number of open and globular clusters (for a catalogue, see Ahumada and
Lapasset 2007 and Fusi Pecci, Ferraro, and Cacciari 1993, respectively).

In order to appear 'younger’ than the age of their hosting cluster, BSSs must have
undergone processes that led to an increase in mass, e.g. through interactions with
other stars, thus prolonging their life on the MS. There are several BSS formation
scenarios predicted by theoretical studies. The first is mass transfer or mergers in
close binary systems (McCrea, 1964; Strom and Strom, 1970): when one of the stars
in a close binary system fills its Roche lobe, e.g. after expansion due to its evol-
ution along the SGB, material from this star is accreted onto its companion, thus
increasing its mass and extending its hydrogen burning phase for a longer time
than its initial core mass would have allowed. Under some circumstances, it might
even come to a merger of the two stars. The second scenario involves dynamic-
ally induced stellar collisions between single stars or multiple systems that lead to
the formation of a BSS (Hills and Day, 1976). Recently, a third formation channel
has been suggested, namely the merger of binaries in hierarchical triple systems
caused by Kozai cycles and tidal friction (Naoz and Fabrycky, 2014; Perets and
Fabrycky, 2009). In this scenario a close binary system, also called inner binary,
acts as a companion to a third star. The dynamical interactions within the hier-
archical triple system lead to oscillations in the eccentricity and inclination of the
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Figure 36: CMD of the globular cluster NGC 5466. The ellipse indicates
the locus of blue straggler stars on the CMD. Photometry from the Hubble
Space Telescope (HST) survey of globular clusters (Sarajedini et al., 2007,
http:/ /www.astro.ufl.edu/~ata/public_hstgc/databases.html)

inner close binary (Kozai oscillations or Kozai cycles, first proposed in Kozai 1962),
which might then merge into a BSS. This scenario would, among other things,
explain the presence of BSSs in long-period binaries.

If BSSs form through mass accretion, the material that is accreted last comes
from the inner layers of the donor, where e.g. the CNO cycle has taken place and
the abundance of lithium is depleted. We thus expect the BSSs surface abundances
of elements such as C, N, O, and Li to be different from those of the parental
cloud and consequently of the un-evolved cluster members (see, e.g., Sarna and
De Greve 1996). If, instead, BSSs form through the dynamical collision of two
stars, simulations do not predict that significant mixing happens in the stellar
interior and the surface abundances are expected to be the same as in the rest of
the cluster (see, e.g., Lombardi, Rasio, and Shapiro 1995). Thus, investigating the
surface chemical composition of BSSs can hint at the circumstances under which
they formed.

The measurement of surface abundances in BSSs belonging to globular clusters
is difficult because of their faintness, but in recent years several studies have been
carried out trying to determine the chemical composition of these objects and thus
to constrain their formation history. Ferraro et al. (2006) studied the chemical com-
position of BSSs in 47 Tuc and found a substantial fraction of stars depleted in C
and O. Nevertheless, 47 Tuc is the only cluster in which such a high number of de-
pleted BSSs has been observed. In M4, M30, and w Centauri a maximum of 1 —2
stars with a CO signature have been detected (see, e.g., Lovisi et al., 2010, 2013;
Mucciarelli et al., 2014). This leads to the conclusion that either the mass transfer
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formation channel is not very efficient in globular clusters or the surface C and O
depletion expected in this scenario is only a temporary feature (Ferraro et al., 2015,
and references therein).

BSSs are often observed as variable stars. In some cases this can give us hints
about the formation history of the BSSs. Mass transfer BSSs are classical examples
of Algol-type systems, eclipsing binaries formed by a MS star as a primary and
an evolved star that has lost part of its mass through mass transfer after filling
its Roche-lobe (McCrea, 1964). Also several BSSs are found to be W Ursae Majoris
variables, contact binaries with a common envelope that are eventually going to
merge. Some BSSs positioned on the Cepheid instability strip are observed as
Scuti variables (see, e.g., Pribulla et al., 2008), although in this case their variable
nature does not tell us how they formed. There is also the case of BSSs observed
as companions to RS Canum Venaticorum (RS CVn) variables, showing chromo-
spheric activity and presenting large spots which typically produce variations in
the stellar luminosity (see, e.g., Sandquist et al., 2003).

Another characteristic of BSSs is their (sometimes) high rotational velocity vsin 1.
Unfortunately, vsini does not help us to disentangle the possible formation scen-
arios, since from theory stellar collisions (Sills, Adams, and Davies, 2005), as well
as mass transfer (Webbink, 1976) and coalescence (Eggleton, 2011) can lead to
rapid rotation. The studies carried out on the rotation velocities of BSSs in globu-
lar clusters found a correlation between the number of fast rotating BSSs and the
density of the cluster: more sparse clusters (e.g. M4, w Centauri) have a high con-
centration of rapid rotating BSSs (~ 33%), while in denser clusters (47 Tuc, NGC
6397, M30) the fraction is ~ 4% (Ferraro et al., 2015, and references therein).

The old open cluster M67 (~ 4 Gyr) is known to host a relatively large population
of BSSs and has been one of the first clusters in which BSSs have been discovered
(Johnson and Sandage, 1955). The M67 BSSs have since then been extensively stud-
ied observationally both from a photometric (e.g. Gilliland et al., 1991; Pribulla et
al., 2008; Sandquist and Shetrone, 2003; Sandquist et al., 2003; Stassun et al., 2002;
van den Berg et al., 2002) and spectroscopic point of view (e.g. Geller, Latham, and
Mathieu, 2015; Latham and Milone, 1996; Liu et al., 2008; Mathieu, Latham, and
Griffin, 1990; Mathieu et al., 1986; Mathys, 1991; Shetrone and Sandquist, 2000),
and also theoretically (e.g. Hurley et al., 2001, 2005; Tian et al., 2006). Although dy-
namical collisions are expected to be a more relevant formation channel in denser
environments, N-body simulations have shown that cluster dynamics plays an im-
portant role in the formation of the BSSs population found in M6y, although also
a large number of primordial close binaries is necessary to account for the num-
ber of BSSs observed in M6y (Hurley et al., 2001, 2005). Both formation scenarios
(mass transfer and collisions) thus seem to concur in the formation of BSSs in M67,
at least from the point of view of numerical simulations.

Furthermore, M67 hosts red straggler and yellow straggler stars (YSS). The first
ones, also known as sub-subgiants, are objects less luminous than the SGB and
redder than the MS, but consistent with the kinematics of the cluster. Mathieu et
al. (2003) found two of these objects in the field of M67, S1113 and S1063 (naming
from Sanders 1977), which revealed themselves as binaries composed of a SGB
star and a main-sequence star and whose origin and low luminosity are still un-
explained. YSS are objects more luminous than the SGB, but bluer than the RGB.
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Two of the YSS present in M6y are known to be evolved BSSs, S1040 and S1237.
The first has been studied in detail by Landsman et al. (1997), who found it to
be composed by a red giant and a He-core white dwarf companion. S1237 was
subject to a study carried out by Leiner et al. (2016) based on Kepler asteroseismic
data (Howell et al., 2014). The authors derived the asteroseismic mass and radius
of the primary companion of the binary system, that was found to be much more
massive (~ 2.9Mg) than the M67 RC. A third star, S1072, is listed in the literature
as a candidate BSS but is actually redder than the TO, and is thus thought to be
evolving along its SGB.

Previous investigations of the chemical composition (Fe, Li, C, N, Na, Mg, Ca,
Ni, Ba) of 7 BSSs in M67 (Mathys 1991; Shetrone and Sandquist 2000) found that
the surface abundances of these stars are consistent with those of TO stars, which
would suggest a collisional formation scenario. We perform an independent chem-
ical analysis of the infrared spectra of 3 candidate BSSs and 2 evolved BSSs in the
tield of M67. We then present the derived abundances together with information
collected from previous studies, and discuss whether they can give us clues about
the BSSs formation mechanisms in M67.

5.2 DATA AND METHOD

Within the field of M6y, 24 stars are known as candidate BSSs from Deng et al.
(1999) (see Table 16). Balaguer-Nufiez, Galadi-Enriquez, and Jordi (2007) suggested
S1466 together with 5489 as further BSS candidates. Nevertheless, in the kinematic
study of M67 carried out by Geller, Latham, and Mathieu (2015), S1466 is listed as
non-member, while S489 is considered a single member of the cluster based on its
kinematics, but not a BSS.

Liu et al. (2008) performed a spectroscopic study of 19 stars from the list of BSS
candidates and derived their Te¢f and log g. Sandquist and Shetrone (2003) studied
the light curves of 20 of these stars, indicating several variable stars among them
that will be discussed later in more detail. Pribulla et al. (2008) investigated the
variability of all the 24 BSS candidates with the MOST (Microvariability and Oscilla-
tions of STars) satellite. Geller, Latham, and Mathieu (2015) included all 24 objects
in a larger list of targets for their study of the kinematics of M67. For each of them
they determined their membership probability and binarity. Furthermore, they ex-
clude some of these stars from the list of BSSs based either on their kinematic
properties or on their position on the CMD. In Table 16 we summarise the findings
of the previous studies: for each star we list if it is considered member and a blue
straggler by Geller, Latham, and Mathieu (2015) and a variable by Pribulla et al.
(2008) and Sandquist and Shetrone (2003).

Out of the 24 BSS candidates from Deng et al. (1999), 12 are included in the
fourteenth data release of the Apache Point Observatory Galactic Evolution Exper-
iment (hereafter APOGEE DR14, see Abolfathi et al., 2017; Majewski et al., 2015).
Four of them have the ASPCAP flag set to STAR_BAD ' and we therefore do not
take these stars into further consideration. The other stars have, if any, only flags

"BAD overall for star: set if any of TEFF, LOGG, CHI2, COLORTE, ROTATION, SN error are set, or
any parameter is near grid edge (GRIDEDGE_BAD is set in any PARAMFLAG"
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Figure 37: CMD of M67 where the kinematic members of the cluster are represented as
small black dot and the 8 BSS candidates as well as the two evolved BSS considered in this
studied are plotted as large black dots. We also show a sequence of PARSEC isochrones
(Bressan et al., 2012) ranging from 1 to 4 Gyr.

signalising warnings. In addition, APOGEE DR14 also observed two evolved BSSs,
S1040 and S1237.

We use the effective temperatures, gravities, and microturbulences (when avail-
able) derived with the APOGEE Stellar Parameters and Chemical Abundances
Pipeline (ASPCAP) (see Garcia Pérez et al., 2016; Holtzman et al., 2015) as an in-
put for our independent chemical analysis performed with MyGIsFOS (Sbordone
et al., 2014). The code MyGIsFOS uses a pre-computed synthetic stellar grid to
determine stellar parameters and abundances. Although the code allows for the
determination of stellar parameters such as Teff,10g g, Vimicro, and [«/Fe], we de-
cided to keep the stellar parameters fixed, using the values derived by ASPCAP
for Ters,l0og g, Vinicro and assuming [oc/Fe] = O (see Table 17). Since for dwarf stars
no calibrated log g values are available in APOGEE DR14, we used log g values
derived comparing the position of the stars on the CMD with the closest isochrone
(see Fig. 37). MyGIsFOS then computes the element abundances fitting the differ-
ent line profiles with the synthetic spectra along the [Fe/H]-dimension of the grid.
We chose not to use the abundances derived from ASPCAP in order to have a bet-
ter understanding of the systematics involved in the abundance determination and
in order to be able to carry out tests, e.g. on the dependence of the obtained abund-
ances on Te¢f,log g, and the persistence (i.e. residual flux from previous exposures)
present in some of the APOGEE spectra (Holtzman et al., 2015).
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Table 16: The 24 candidate BSSs from Deng et al. (1999) are listed together with their
membership probability and confirmed BSS nature from Geller, Latham, and Mathieu
(2015) (G15), their variability as detected by Sandquist and Shetrone (2003) (S&So3) and
Pribulla et al. (2008) (Po8). DS: § scuti variable, EB: eclipsing binary, Poss. LA: possible low
amplitude. In the last column we indicate which stars are present in APOGEE DR14.

Name | Memb. G15 | BSS G15 Var. S&So3 ‘ Var. Po8 ‘ APOGEE DR14

Sog77 BLM Y N - Y
S1434 BLM Y - - Y
S1066 BLM Y N - Y
S1267 BM Y N - Y
S1284 BM Y DS DS Y
S1263 SM Y Poss. LA - Y
5968 SM Y Poss. LA, Am - Y
Sg75 BM Y Faint comp. - -
S1082 BM Y RS CVn var. EB Y
S752 BM Y Am, poss. flare - Y
S1072 BM ? N - Y
S1280 BLM Y DS DS -
Sgg97 BM Y N - -
S1195 BM Y N - -
S792 SM N N - Y
Sa77 BM N - - -
52226 SM Y - - -
S1273 SM N N - -
S984 SM N N - Y
S1005 BM N N - -
S751 SM N N - -
S1036 BLM N W UMa var. EB -
S145 SN N - - -
S2204 SM N N - -
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Table 17: Input parameters used for the chemical analysis with MyGIsFOS: the calibrated
temperatures, gravities, and microturbulences from APOGEE DR14, the photometric tem-
peratures, and the gravities from the isochrones (used when no calibrated gravities from
APOGEE DR14 were available). The last column indicated if the analysed spectra are af-
fected by persistence.

Name | Ters,DR14 | 10g9DR14 | Vmicro,DR14 | Teffphoto | 10ggiso | Persistence
K] [dex] [km/s] K] [dex]

5792 5947 - 0.67 5943 3.65 N

S984 5963 - 0.75 6118 3.8 Y

S1072 5776 - 1.00 5915 3.4 N

S1237 5030 3.15 1.04 5022 2.9 Y

S1040 5063 3.03 1.12 5157 3.2 N

5.3 ANALYSIS AND RESULTS

We performed a membership analysis of the stars observed by APOGEE DR14
in the field of the old open cluster M67 based only on their proper motions and
radial velocities, as in the first 4 steps of the membership analysis described in
Chapter 2. In Fig. 38 we compare the radial velocity (RV) distribution of the BSS
candidates found in APOGEE with the RV distribution found for M67 members
after our analysis. Two stars lie outside of the cluster distribution and would have
been eliminated by our selection. The RV obtained by APOGEE for the BSS can-
didates are also in some cases significantly different from the ones derived by
Geller, Latham, and Mathieu (2015) (see Table 18), so we suggest that the peculiar
velocities might be due to variations caused by the radial projection of the binary
orbit. Nevertheless, the proper motions that we retrieve from HSOY (the proper
motion catalogue obtained combining the information from the first Gaia data re-
lease — Gaia DR1 — and the PPMXL catalogue, see Altmann et al. 2017) for the
BSS candidates are consistent with the mean proper motion of M67 (see Fig. 39),
except for S1082 that does not have an entry in HSOY. After our membership ana-
lysis we find also one further star, S1373, which to our knowledge has never been
considered as a BSS candidate before, but which is consistent with the kinematic
properties of M6y (although at the edge of the PM distribution, see Fig. 39) and
is bluer and more luminous than the TO stars. In our study, we also consider two
objects located above the SGB of M67 and known from the literature as evolved
BSS, S1040 (Landsman et al., 1997) and S1237 (Leiner et al., 2016). The complete
sample, containing in total 11 stars, is displayed in Fig. 40, the 8 candidate BSSs
as blue diamonds, the evolved BSSs as orange diamonds, and S1373 as a magenta
diamond.

We performed an independent analysis of the chemical composition of 5 of the
11 stars with MyGIsFOS (5984, S792, S1072, S1237, and S1040; see spectra in Fig. 41)
and obtained the abundances of C, Al, Mg, Si, S, Fe, and Ni. The remaining BSS
candidates could not be analysed because they are too hot or rotating too fast. The
stars for which elemental abundances were obtained are circled in Fig. 40. We se-
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Table 18: The rotation velocities and radial velocities of the 11 stars of our sample derived
by APOGEE DR14 compared to the radial velocities from Geller, Latham, and Mathieu

(2015).

Name | vsini | APRV | APRV_e | Gi5 RV | Gi5 RV_e
[km/s] | [km/s] | [km/s] | [km/s] | [km/s]

S792 3.63 34.08 0.01 33.49 0.1
S752 76.26 25.68 0.14 31.29 0.35
S984 8.00 33.49 0.02 31.89 0.19
S1072 | 13.88 34.88 0.02 32.72 0.13
S1040 6.09 31.69 0.01 33.01 0.08
S1263 | 25.56 32.67 0.07 32.22 0.07
S1284 | 79.45 34.42 0.15 31.92 0.37
S1267 | 60.90 38.71 0.44 33.76 0.23
S1237 - 37.33 0.003 33.58 0.06
S1082 | 13.99 34.42 0.04 33.68 0.09
S1373 | 53.05 31.05 0.05 - -
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Figure 38: The grey histogram representing the radial velocities of stars considered mem-
bers based on their kinematic properties. The blue histogram shows the radial velocities
obtained in APOGEE DR14 for the 8 BSS candidates, the 2 evolved BSSs, and our new
candidate S1373.
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Figure 39: Proper motion in RA and Dec of our sample of stars. Colours and symbols are
as in Fig. 38. Black dots are stars selected through our membership analysis.
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Figure 40: The plot shows the position on the CMD of the stars involved in our study. The
BSS candidates known from the literature and found in APOGEE DR14 are plotted as blue
diamonds, the new BSS candidate proposed in this work is plotted as magenta diamond,
while the two evolved BSSs are shown as orange diamonds. The two control samples on
the TO and on the RC are shown as green squares and red dots respectively. The stars for
which we obtained chemical abundances are circled in black. We show a 4 Gyr PARSEC
isochrone as a solid black line and the position of the equal-mass binaries as a dashed line.
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lected two further samples of 10 stars in the TO region and 6 stars on the RC of
M67 (see Fig. 40) in order to compare the chemical abundances of the BSS candid-
ates with the abundances found in dwarfs (green squares) and evolved giants (red
dots).

For all elements under study, the un-evolved BSS candidates in M6y present sur-
face abundances in good agreement with the stars in the TO sample (see Fig. 43).

The two evolved BSSs present surface abundances consistent with those of the
RC. For most elements these correspond to the abundances at the TO, except for
the species that are processed during stellar evolution, such as C. The carbon
abundance of the evolved BSSs is depleted by ~ 0.25 dex (see Fig. 42), consist-
ent with the RC abundances derived from our analysis. The carbon abundance
is depleted in the RC due to the effect of the FDU and possibly of extra-mixing
processes (see Chapter 3). Fig. 42 also shows the predicted effect of the FDU with
models of mass 1.4M (dashed line), 2M, (solid line), and 2.9M (dotted line)
with [Fe/H] = 0.06 dex from the BaSTI database. The first model represents the
mass of the lower RGB in M67, the second that of the S1237 from the closest iso-
chrone and the third that of S1237 from asteroseismic measurements. The mean
[C/H] abundance measured in both evolved BSSs and RC is lower than the post-
FDU abundance for all three models, although all of them are included in the error
bars. Unfortunately we could not measure N abundances for the stars under study,
due to the high temperature and the consequent weakness of the molecular bands
from which they are derived.

Some of the stars were observed in several visits by APOGEE and the spectra
were then combined before being analysed with ASPCAP. The blue chip of the
APOGEE detector is known to suffer from persistence (see, e.g., Holtzman et al.
2015) and the spectra affected by this problem are flagged in the APOGEE archive.
In order to reduce possible errors deriving from the presence of persistence in the
spectra under study, we retrieved the spectra of the single visits and combined
and analysed only those without persistence, when possible. For S984 and S1237
all visits were affected by high persistence. We therefore tested the influence of
persistence on the derivation of the chemical composition in the case of S1040. For
this star visits both with and without persistence are available. We separated the
spectra with and without persistence and created two combined spectra that we
then analysed (see. Fig. 44). We found that the presence of persistence in the spectra
causes small variations in the abundances derived with our analysis, that are 1
order of magnitude smaller than the errors. We thus conclude that the abundances
derived from spectra affected by persistence are reliable, at least in the case of the
stars under study.

In addition, we considered two different sets of temperature in order to test
the dependence of our results on the input parameters. For one set we adopted
the calibrated effective temperature obtained by ASPCAP, while for the second set
we calculated the photometric temperature of the stars following the equation of
Gonzélez Herndndez and Bonifacio (2009):

Octs = bo + b1 X + baX? + b3 X[Fe/H] + bs[Fe/H] + bs[Fe/H]?, (21)

where Oc¢¢ = 5040/Ters, X is the infrared colour (we use | —Ks), and by 5 are
the coefficient of the fit. When using ] — K, for dwarf stars holds by = 0.6524,
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Table 19: Abundances obtained for the 5 analysed BSSs with MyGiSFOS.

Name | [C/H] | e_[C/H] | [Mg/H] | e_[Mg/H] | [Al/H] | e_[Al/H]

S792 -0.02 0.23 -0.05 0.46 0.3 0.15
S984 -0.00 0.18 0.14 0.52 0.37 0.056
S1072 | o0.02 0.15 0.07 0.33 0.29 0.14
S1237 | -0.22 0.19 0.04 0.34 0.37 0.18
S1040 | -0.28 0.20 0.29 0.38 0.23

[Si/H] | e_[Si/H] | [S/H] | e_[S/H] | [Fe/H] | e [Fe/H] | [Ni/H] | e_[Ni/H]

0.19 0.15 -0.25 0.16 -0.07 0.19 -0.25 0.15
0.21 0.13 -0.16 0.06 0.2 0.03
0.13 0.16 -0.19 0.16 -0.04 0.15

0.2 0.2 0.07 0.23 0.05 0.16 -0.12 0.24
0.06 0.12 -0.22 -0.10 0.19 -0.28 0.18

b; = 05813, b, = 0.1225, b3 = —0.0646, by = 0.0370, and bs = 0.0016, while
for giants by = 0.6517, b1 = 0.6312, b, = 0.0168, bz = —0.0381, by = 0.0256,
and bs = 0.0013. Both sets of temperatures are listed in Table 17. As we show
in Fig. 45, there is a trend of the resulting [Fe/H] abundance with temperature,
but this effect is smaller than the error on the abundances and thus should be of
no further concern. We also tested the effects of variations in logg and vmicro-
Changing e.g. log g by ~ 0.25 dex or Vimicro by 0.04 km/s leads to variations in the
abundances that are smaller than their errors.
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Table 20: Abundances obtained for the 10 TO stars analysed with MyGiSFOS.

Name | [C/H] | e_[C/H] | [Al/H] | e_[Al/H] | [Mg/H] | e_[Mg/H]

S815 -0.07 0.32 0.16 0.22 -0.12 0.41
S598 0.03 0.08 0.39 0.15 0.06 0.37
S756 -0.01 0.21 0.29 0.11 0.11 0.37
S1076 | -o0.01 0.17 0.21 0.10 -0.21 0.37
S1083 | -0.03 0.25 0.18 0.17 -0.11 0.45
S1310 | -0.01 0.16 0.25 0.18 -0.06 0.53
S1268 0.0 0.20 0.19 0.21 0.01 0.42
S1456 -0.1 0.27 0.16 0.24 -0.02 0.39
S1429 0.11 0.12 0.14 0.19 -0.05 0.36
S1589 | -0.02 0.18 0.18 0.1513 -0.05 0.34

[Si/H] | e_[Si/H] | [S/H] | e_[S/H] | [Fe/H] | e_[Fe/H] | [Ni/H] | e_[Ni/H]

0.15 0.17 -0.2 0.19 -0.12 0.16

0.2 0.13 -0.08 0.24 0.01 0.16 0.03 0.20
0.21 0.11 -0.12 0.18 -0.03 0.15 0.05 0.20
0.02 0.06 -0.26 0.18 -0.19 0.17 -0.07 0.19
0.12 0.11 -0.25 0.18 -0.11 0.17 -1.13

0.15 0.14 -0.14 0.17 -0.08 0.14

0.1 0.16 -0.24 0.15 -0.11 0.18 -0.07 0.23
0.05 0.17 -0.26 0.10 -0.2 0.13 -0.46

0.08 0.11 -0.15 0.16 -0.12 0.17

0.1 0.14 -0.18 0.12 -0.14 0.1603 0.09
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Table 21: Abundances obtained for the 6 RC stars analysed with MyGiSFOS.

Name | [C/H] | e [C/H] | [Al/H] | e_[Al/H] | [Mg/H] | e_[Mg/H]

S1074
S1084
S1279
S1316

51479
S1592

-0.29
-0.27
-0.31
-0.34
-0.30

-0.24

0.21
0.24
0.26
0.24
0.17

0.17

0.39
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Figure 41: Spectra of the five BSSs analysed in our work. From top to bottom: 5984, S792, S1072, S1237, and S1040.
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5.4 DISCUSSION

In the following we first discuss the general characteristics of BSSs in M67 from
APOGEE DR14 data, such as their rotational velocity and spatial distribution, and
then summarise the properties of the BSS candidates observed in APOGEE DR14
one by one including our chemical analysis, when available. The properties of the
different BSSs are summarised in Tables 16,17,18,19.

5.4.1 Spatial distribution

As can be seen in Fig. 46, the spatial distribution of the 8 BSS candidates considered
in this work (blue diamonds) and of the 2 evolved BSSs (orange diamonds) is
concentrated in the central region of the cluster, while S1373 (magenta diamond)
lies at a larger distance from the centre of the cluster. This is not inconsistent
with the BSSs distribution observed in other clusters (see discussion below), but
together with its position in the PM diagram this could mean that S1373 is not a
member of M67. The complete sample of the 24 BSS candidates from Deng et al.
(1999) is shown as large black dots and presents 3 stars outside the central region
of the cluster. We show stars considered members based on radial velocity and
proper motions as small dots.

The distribution of the BSSs distances from the centre of the hosting cluster
presents different shapes. Globular clusters have been shown to present three dif-
ferent types of spatial distribution (flat, bimodal, or centrally concentrated) that
are correlated with the dynamical age of the cluster (see.e.g., Ferraro et al. 1997,
2012). In the case of open clusters, while BSSs in NGC 188 have been shown to
have a bimodal spatial distribution (Geller et al., 2008), the density of BSSs in M67,
as shown in Geller, Latham, and Mathieu (2015), decreases rapidly with distance
from the cluster centre, although we point out that two out of three of the candid-
ate BSSs lying further away from the cluster centre, as well as S1373, (see Fig. 46)
are not considered in the BSSs list compiled by Geller, Latham, and Mathieu (2015).
On the other hand, as discussed in Geller, Latham, and Mathieu (2015) the study
of NGC 188 extended to a much larger distance from the cluster centre than the
surveys that have been carried out so far for M67. It is therefore possible that also
for M67 BSSs present a bimodal distribution that has not been discovered yet.

5.4.2 Rotation velocity

One of the outputs of the ASPCAP pipeline is the rotation velocity of the analysed
star, vsini. In the sample of BSS candidates observed by APOGEE DR14, five stars
have rotational velocities higher than 20 km/s and up to ~ 80 km/s. vsini is plot-
ted in Fig. 47 as a function of the calibrated effective temperature derived with
ASPCAP. All fast rotators have temperatures higher than 6400 K, although there
is one star hotter than 7000 K with rotational velocity lower than 20 km/s. Un-
fortunately, we could not derive the surface chemical composition of any of these
objects due to the line broadening caused by rotation. The stars that we analysed
have all vsini < 20km/s, and especially Sy92 and S984 have rotational velocities
similar to the TO stars and close to zero. For the RC sample no rotational velocities
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Figure 42: Carbon abundances obtained with our analysis for the BSSs and the control
samples. Colours and symbols are the same as in Fig. 40. We also overplot models of
stellar evolution calculated for [Fe/H] = 0.06 dex and a mass 1.4Mg, (dashed line), 2.0Mg
(solid line) and 2.9M, (dotted line).

were measured with ASPCAP. As shown in Mathieu and Geller (2009) also many
BSSs in NGC 188 and NGC 6819 present high rotational velocities, although the
highest value that they derive is ~ 50km/s. In contrast to the results of Mathieu
and Geller (2009), we do not find a trend in effective temperature for the meas-
ured rotational velocities, although no star cooler than 6400K is a fast rotator. As
described in Sec. 5.1, fast rotating BSSs are mostly found in low-density globular
clusters. These findings are consistent with the presence of a large number of fast
rotating BSSs found in sparse environments such as that of M67.

5.4.3 Chemical composition

To our knowledge, the only previous studies of the chemical composition of BSS
candidates in M67 were carried out by Shetrone and Sandquist (2000) and Mathys
(1991). They performed a chemical analysis of 7 BSS candidates in total and only
one of them (S984) is in common with the sample that we analysed with MyGiS-
FOS (their results for the C and Fe abundances are summarised in Table 22). In
the following, we will discuss in more detail the information available from the
literature about each star for which infrared spectra were retrieved by APOGEE
DR14, complementing it with the stellar parameters derived by ASPCAP and the
results from our analysis.

The stars observed by APOGEE DR14 but excluded from our study because of
their flags are: Sgyy, considered a likely binary member by Geller, Latham, and
Mathieu (2015) who also include it in their list of confirmed BSSs; S1434, also con-
sidered a likely binary member and a BSS by Geller, Latham, and Mathieu (2015).
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Figure 44: Combination of S1040 spectra with (top panel) and without persistence (bottom
panel).
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Table 22: C and Fe abundances obtained by Shetrone and Sandquist (2000) and Mathys
(1991) for 7 BSSs.

Name | [C/Fe] | e_[C/Fe] | [Fe/H] | e_[Fe/H]

Stars from Shetrone and Sandquist (2000)

S984 -0.14 0.08 0.08 0.03
S2204 0.05 0.06 -0.05 0.06
So75 -0.09 0.09 0.02 0.06
S997 -0.03 0.08 -0.06 0.03
S1082 | -o.01 0.05 -0.25 0.05

Stars from Mathys (1991)

S968 -0.75 0.23 0.03 0.16

S1263 | -0.64 0.21 0.09 0.19

S1434 is likely to be a rapidly rotating binary for which the authors obtained only a
preliminary orbital solution. According to Balaguer-Nufiez, Galadi-Enriquez, and
Jordi (2007) the membership of S1434 is uncertain; S1066 is listed as a likely binary
member and a BSS by Geller, Latham, and Mathieu (2015). Sandquist and Shetrone
(2003) do not detect any variation in the light curve of this star, so it cannot be con-
sidered an eclipsing binary; S968 is also considered a BSS and a single star member
by Geller, Latham, and Mathieu (2015). Sandquist and Shetrone (2003) report it as
an Am star and a possible low amplitude variable. S968 was analysed by Mathys
(1991) and, similarly to S1263 (see below), was found to be under-abundant in C
and O. Nevertheless, the author points out that the O abundance of 5968, a known
Am star, is consistent with that of other dwarf Am stars in his sample.

The first star included in our sample is S1267. It is found to be a binary mem-
ber and a BSS by Geller, Latham, and Mathieu (2015), although Balaguer-Nufiez,
Galadi-Enriquez, and Jordi (2007) consider its membership uncertain. Sandquist
and Shetrone (2003) do not find signs of variability for this star. Nevertheless, S1267
is known to be a spectroscopic binary with a period of 846d and eccentricity e =
0.475 £ 0.125 from Latham and Milone (1996). The radial velocity RV = 38.7km/s
derived with ASPCAP is higher than the cluster mean and the value obtained by
Geller, Latham, and Mathieu (2015), RV = 33.76 4+ 0.23 km/s. It is a fast rotator
(vsini = 60.9km/s) and has T = 7598.7K.

S1284 is a & Scuti star. Its variable nature is discussed e.g. in Gilliland et al.
(1991), Pribulla et al. (2008), and Sandquist and Shetrone (2003). Geller, Latham,
and Mathieu (2015) lists it as a binary member of M67 and a BSS. Latham et al.
(1992) reports a binary period of 4.1828d and e = 0.266 £ 0.045. Its radial velocity
is consistent with the cluster mean and, with Te¢s = 7343.0K, it is among the hotter
BSSs of the sample. Its rotation velocity is very high, vsini = 79.5km/s.

51263 is a single star member of M67 and a BSS according to Geller, Latham, and
Mathieu (2015). Sandquist and Shetrone (2003) state that it might be a variable star
with low amplitude, while Pribulla et al. (2008) do not find any sign of variability
for this object. It has a radial velocity consistent with the cluster, it seems to rotate
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much slower than the BSSs discussed so far (vsini = 25km/s), and it has Te¢s =
7599.0K. S1263 is one of the BSSs analysed by Mathys (1991) who found it to be
depleted in both C and O although with iron abundance consistent with that of
the cluster ([Fe/H] = 0.09 4 0.19dex).

51082 is the best studied BSS in M6y. It is known to be a system composed of
a close binary with a BSS and a TO star and a second component, probably a BSS
itself. The spectroscopic study of van den Berg et al. (2001) revealed the presence
of three components in the system. X-ray emission found by Belloni, Verbunt, and
Mathieu (1998) suggests that the close system might be a magnetically active RS
CVn-type eclipsing binary. In Sandquist et al. (2003), the light curve of this stellar
system was studied in detail and the authors confirmed S1082 to be formed by a
close binary with orbital period 1.08 d and a second component which is either a
spatial superposition, or a third star dynamically bound but on a large eccentricity
orbit with a period of 1189 d. Pribulla et al. (2008) further studied the asymmetry
of the light-curve of S1082, probably caused by photospheric spots in the non-
BSS companion in the close binary. Leigh and Sills (2011) developed an analytic
method based on energy conservation in stellar encounters to determine the form-
ation scenario of multiple stellar systems. They analysed the specific case of S1082
and came to the conclusion that, if the close binary and the second component
are indeed dynamically connected, they must have formed through a single 3+3
encounter. Since such encounters are very rare considering the present density of
M6y, they conclude that the second component of S1082 is probably only spatially
overlapping the close binary. If, on the other hand, one takes into consideration
that M67 might have lost part of its mass due to evaporation and interaction with
the disc and that its density might have been a factor of 2 higher in the past, then
the probability for the encounter of two triple systems is much higher. S1082 was
part of the study of Shetrone and Sandquist (2000), who found its abundances
to be on average 0.2 dex lower than the cluster mean. The effective temperature
derived in APOGEE DR14 is Terr = 7086.89K, much higher than its photometric
temperature Te¢r = 6317.77K, but it is not a fast rotator (vsini = 13.99km/s).

S752 is considered an Am star with a possible flare detected by Sandquist and
Shetrone (2003). It was found to be a long-period binary with 1003d and e =
0.317 £0.123 by Latham and Milone (1996). Geller, Latham, and Mathieu (2015)
list it as a binary member and a BSS. Its radial velocity is not consistent with
the cluster mean (RV = 25.68 + 0.14 km/s) and lower than the value derived by
Geller, Latham, and Mathieu (2015) (RV = 31.29 4+ 0.35 km/s). It is a fast rotator
(vsini = 77km/s), and has T.¢f = 6630.7K.

S792 and S984 are considered single members of M6y by Geller, Latham, and
Mathieu (2015), although they comment that these two stars might possibly be
binaries with a very long period that could not be detected in their survey. The
authors argue that these two stars are not BSSs since their position on the CMD
is too close to the TO, in a region that is expected to be populated by binaries
consisting of MS stars. Indeed, Fig. 40 shows how they are included in the area
between the single-star isochrone of M67 and the equal-mass binary isochrone,
obtained shifting the former by -o0.75 mag. Sandquist and Shetrone (2003) also
do not find any variability in the light curve of these two stars. Their RVs are
consistent with the cluster mean and their rotational velocities are low, vsini =
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3.6 km/s and vsini = 8 km/s respectively, consistent with the rotation velocities
measured for TO stars. Their temperatures (Ters = 5910.2K and Te¢s = 5926.6K) are
also consistent with the TO, as are the abundances that we obtain in our analysis.
Similar results were obtained by Shetrone and Sandquist (2000) for S984, who
found its Li abundance to be consistent with that of the TO. They combined their
derived RV with other data from Mathieu et al. (1986) and inferred a possible
orbital period of ~ 1.5d for this star. They argue that if the system is indeed a close
binary it should be tidally locked, but in that case its lithium abundance is too low.
Since Geller, Latham, and Mathieu (2015) did not find any sign of such an orbital
period, S984 can be either a binary with long period that they could not detect
and composed by TO stars, as they suggest, or a BSS formed through collision.
The same holds for S792, for which the measured C abundance is consistent with
that of the TO and therefore hints at a main-sequence binary or a collisional BSS
(unfortunately, Li measurements are not available for this star).

S1072 is listed as a spectroscopic binary member and a yellow giant of M6y
by Geller, Latham, and Mathieu (2015). Sandquist and Shetrone (2003) did not
find any variation in its light curve. Liu et al. (2008) analysed S1072 and found it to
have log g lower than 4 dex. Its peculiar position above the SGB and its colour being
much redder than the other BSSs in the sample could indicate that S1o72 is a BSS in
the process of evolving to a giant. Mathieu, Latham, and Griffin (1990) discovered
that it is a binary with a 1495 d period and e = 0.32 £+ 0.07. van den Berg et al. (2002)
found that S1072, as well as S1040 and S1237 (see below), presents an unexplained
X-ray emission. Its radial velocity is consistent with the cluster distribution and it
has a low rotational velocity (vsini = 13.88 km/s). The abundances that we derive
are consistent with those of the TO, and also C is not depleted. The absence of
carbon depletion would rule out a formation through mass accretion, although
as Ferraro et al. (2006) point out, the C depletion expected in BSSs with a mass
transfer history might be a transient one and, if indeed S1072 is already evolving
along its SGB, the mass-transfer event would have happened in the non-recent
past. If S1072 is a long-period and high-eccentricity binary composed of a BSS
and a further companion, the original system must have been formed by at least 3
stars. We therefore suggest that S1072 might have formed through Kozai cycles in
a hierarchical triple system (Perets and Fabrycky, 2009).

S1040, most likely an evolved BSS, lies bluewards of the M67 RGB. Mathieu,
Latham, and Griffin (1990) found this object to be a binary with period 42.8d.
Landsman et al. (1997) carried out a detailed study of this object based on spectro-
scopic and photometric data and identified it as a binary system with a He white
dwarf as a secondary companion. This indicates that part of the mass of the He
WD was stripped from the star before it could reach the He burning phase and was
accreted onto the primary companion. Thus, S1040 can be considered a typical ex-
ample of an evolved BSS formed through mass accretion. Sandquist and Shetrone
(2003) find a drop in luminosity corresponding to the passage of the white dwarf
in front of the giant, but they comment that this variability cannot be caused by
an eclipse and it is probably due to other effects due to the passage of the WD.
We find that S1040 has abundances consistent with those of the RC stars. This
also includes C, which is found to be depleted by ~ 0.25 dex with respect to the
TO. This could be the C depletion expected from mass-transfer BSSs, although it
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would mean that the signature has remained visible for a long time after the ac-
cretion event, given the evolved nature of S1040. Another possibility is that we are
observing the effects of classical stellar evolution taking place after the formation
of the BSS, and in particular the FDU.

S1237 is an evolved BSS situated between the SGB and the RC of M6y, with
a slightly bluer colour than the RGB (see Fig. 40) and ~ 1 mag more luminous
in Ks than S1o040. This star has been studied in detail by Leiner et al. (2016) who,
based on asteroseismological data from the Kepler K2 mission (Howell et al., 2014),
found S1237 to be a binary system whose primary has M = 2.97 £ 0.24M, and
R = 9.27 £ 0.19R. Considering that the TO mass of M67 is ~ 1.3M, these results
seem to indicate that S1237 had an uncommon evolution history and is most likely
an evolved blue straggler star. Despite the fact that the spectrum of S1237, similarly
to other MS stars of M67, shows a FUV excess, SED fitting indicates that the sec-
ondary companion is probably an upper-MS star or a BSS close to the TO of Mé67.
As for the formation history of S1237, Leiner et al. (2016) suggest that a collision
scenario as well as a Kozai-cycle-induced merger are possible mechanisms. Simil-
arly to S1o40, S1237 is depleted in C consistently with the RC. If for this object a
mass-transfer scenario is excluded we can only explain the carbon depletion with
stellar evolution.

5.5 SUMMARY

We analyse the chemical composition of three candidate BSSs as well as of two
known evolved BSSs in the old open cluster M67 and we discuss the results to-
gether with information gathered from the literature. We find that un-evolved
BSSs share the same surface abundances as TO stars. Based on their position in
the CMD and on past studies on their variability, the BSS candidates Sy92 and
S984 are either long-period binaries formed by two TO stars or single BSSs. If the
second is true, the measured abundances, similar to those of the TO stars, hint at
a collisional formation scenario.

S1072 also shares the same chemical composition as the dwarf stars of M6y and
presents no C depletion. A possible explanation for the absence of a chemical
signature indicating mass transfer can be found in Ferraro et al. (2006), where the
authors suggest that the signature might be visible only for a short time, before
the mixing in the stellar interior averages it out. On the other side, if S1072 indeed
is a BSS in binary with an orbital period of 1495d and eccentricity of 0.32, it cannot
have undergone mass transfer with the present companion. We suggest that S1o72
could have formed through a Kozai-cycle-induced merger in a hierarchical triple
system.

S1040 is known to be an evolved BSS with a He-core companion and thus it
most likely formed through mass accretion. We measure a depletion in C but, if
this is the signature of a mass-accretion event and such signatures are transient as
suggested by Ferraro et al. (2006), it would be strange to observe it in a star that
has already evolved so far along the RGB. On the other hand the C depletion is
higher (although consistent within the errors) than the theoretical predictions of
the FDU for stars in the mass range 1.4 —2.9M,.
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A similar line of thought holds for S1237, except that for this object Leiner et al.
(2016) have excluded a formation scenario through mass accretion. Thus, in this
case the C depletion that we measure must be due to evolutionary effects rather
than formation processes.

In summary, we find a depletion in carbon only for the evolved BSSs known in
Mé67, S1040, and S1237, but we argue that this is most likely due to processes of
stellar evolution rather than to a mass transfer history, although measurements of
the nitrogen and lithium abundances of these stars would be necessary to confirm
our picture. Our results confirm the findings of globular cluster studies, where
very few carbon depleted BSSs are found. [C/H] estimations in the hotter BSSs
would be necessary in order to obtain a complete picture and an estimate of the
significance of mass transfer in the formation of BSSs.



Part IV

DYNAMICAL PROPERTIES OF OB ASSOCIATIONS

The following chapter is meant as a proof of concept regarding the fu-
ture exploitation of the Gaia mission with respect to the formation and
evolution of stellar clusters. We analyse two star forming complexes,
the Cygnus and the Cepheus regions, with proper motions and par-
allaxes taken from the Tycho-Gaia astrometric solution (TGAS). While
being limited by incompleteness and still large errors, these data can
serve as test-bench for what will be possible to achieve with the future
Gaia data releases.






THE KINEMATICS OF OB ASSOCIATIONS

The thin disc of the Milky Way hosts numerous star forming regions harbouring
young stellar clusters of different masses, OB associations, and HII regions. Due to
their very young age, these environments are laboratories for studies concerning
the evolution of massive stars, the effects of feedback and stellar winds, as well as
the processes involved in the formation of stellar clusters. In this chapter, meant
as a methodological experiment, we present a preliminary study of the kinematic
properties of star forming regions based on data from the Tycho-Gaia astrometric
solution (TGAS) catalogue (Michalik, Lindegren, and Hobbs, 2015). This catalogue
contains positions, parallaxes and proper motions for ~2 million stars and was
obtained combining the first Gaia data release (hereafter Gaia DR1; Gaia Collabor-
ation et al. 2016) with the Tycho-2 catalogue (Heg et al., 2000). We use the TGAS
data to investigate two star forming regions located in the Cygnus and Cepheus
constellations. In the case of Cygnus OB2/0OBg we cross-match a list of member
stars from the literature with the TGAS catalogue and then calculate the peculiar
velocities from their TGAS proper motions. For the Cepheus region, instead, we
use the TGAS parallaxes to select stars at the distance of the star forming complex
and then derive the peculiar velocities of the stars. The goal of the experiment is
to test the potential of the future Gaia data releases in the study of the dynamical
evolution of OB associations and young clusters present in these regions.

6.1 THE CYGNUS REGION

The Cygnus region is one of the biggest star-forming complexes of the Galaxy. It is
composed of a large number of star forming regions, young stellar clusters and OB
associations (see, e.g., Reipurth and Schneider, 2008, and references therein). One
of the best-known components of the Cygnus region is Cyg OB2 (see Knodlseder
2003 for a review). Cyg OB2 has been studied extensively since the discovery
of the first early type stars by Miinch and Morgan (1953). The large number of
massive stars populating this area of the sky (~ 100 O-type stars for a total mass of
4—10-10"M, Knodlseder 2000) led researchers to think that Cyg OB2 might be
even the progenitor of a globular cluster (Comerén et al., 2002; Knodlseder, 2000;
Reddish, Lawrence, and Pratt, 1966), although Hanson (2003) suggests that its mass
might be overestimated due to the presence of foreground and background stars.
Furthermore, Cyg OBz lies in the centre of the so-called Cygnus super-bubble, a
giant X-ray emitting bubble characterising the Cygnus region (Cash et al., 1980).
The origin of the super-bubble is still debated between those who claim that it
originated through supernovae explosions of very massive members of Cyg OB2
and those who think that the bubble is in reality a superposition of features distrib-
uted along the line of sight (see, e.g., Reipurth and Schneider, 2008, and references
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therein). The stellar content of Cyg OBz also includes a large number of peculiar
stars, e.g. the evolved contact binary V729 Cyg, Luminous Blue Variables (LBV),
and Wolf-Rayet stars (see, e.g., Comerén and Pasquali, 2012; Knodlseder, 2003,
and references therein). Cyg OBz is situated at a distance of 1.4 kpc from the Sun
(Rygl et al., 2012) and suffers from high extinction (A, =4 — 7mag, Wright, Drew,
and Mohr-Smith 2015). The most recent age determinations of Cyg OB2 suggest
that the association has an age of 1 —6 Myr (Berlanas et al. 2017, Comerén and
Pasquali 2012; Wright, Drew, and Mohr-Smith 2015) and that star formation has
been active over a large time span.

In Comerén and Pasquali (2012) and Comerén et al. (2002, 2008) the authors
present an extensive study of the Cygnus region both photometric and spectro-
scopic. They developed an empirical method for the differentiation of reddened
OB stars earlier than Bo-B2 from evolved red giants based solely on a combination
of visual and infrared photometry and independent of reddening. The criterion
reads:

Qejx = 0.196(B —J) —0.981(] — K) — 0.098 > 0 (22)
Quk = 0.447(] — H) — 0.894(H — K) — 0.089 < 0 (23)

Stars with Ks > 9 mag and B > 16 mag are not considered in order to reduce
possible background contamination and obtain a sample bright enough to be spec-
troscopically confirmed with a 2m-class telescope.

Spectroscopic follow-ups have shown that this empirical photometric criterion
has a success rate of about 70 — 80% in the search for OB stars. The authors con-
firmed the nature of 60 OB stars and provided a list of ~ 60 further candidates.
Furthermore, Comerén and Pasquali (2012) estimated masses and ages for the
stars subject of their study and found an age gradient that possibly indicates star
formation propagation from Cygnus OBg (situated to the north-west with respect
to Cyg OB2) to Cyg OBz, being Cyg OBg on average older than the bulk of Cyg
OBa.

More recently, Berlanas et al. (2017), extended the sample of known Cyg OB2
members with stars from the surroundings of the OB association and spectroscop-
ically classifying candidate OB stars from Comerén and Pasquali (2012). They val-
idate 42 further members of the association. They also confirm the age trend in
Galactic longitude found by Comerén and Pasquali (2012).

6.1.1 Age spread, parallaxes, and peculiar velocities in Cyg OB2 and OB9

Given the age spread found by Berlanas et al. (2017) and Comerén and Pasquali
(2012), an interesting question about Cyg OBz and OBg is whether the different
age groups that are found among their OB stars are linked or rather represent dif-
ferent star-forming regions, whose projected spatial distributions possibly overlap.
We address this issue by analysing their kinematics, in terms of their peculiar ve-
locities, and parallaxes, i.e. the apparent displacement of an object in the sky as a
consequence of the movement of the Earth on its orbit. The parallax (pxl) is correl-
ated to the distance (d) of the observer from the object as pxl[arcsec] = 1/d[pc] for
small angles. Specifically, we have cross-matched the list of OB stars from Comerén
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Figure 48: DSS sky view of the Cygnus region created with the help of "Aladin sky atlas"
(Boch and Fernique, 2014; Bonnarel et al., 2000). The OB stars belonging to Cyg OB2 from
the cross-match between Comerén and Pasquali (2012) and TGAS are plotted as red dots,
the Cyg OBg stars as blue dots. The two stars from Berlanas et al. (2017), are plotted as
green dots.

and Pasquali (2012) and from Berlanas et al. (2017), with the TGAS catalogue. We
found 58 stars belonging to Cygnus OB2 and Cygnus OBg from the sample of
Comeroén and Pasquali (2012), as well as 2 stars from Berlanas et al. (2017), located
in the 1° radius area drawn by Comerén and Pasquali (2012) around Cygnus OB2.
We intentionally excluded field stars listed in both works from this analysis. We
could not find any match in TGAS for stars fainter than B = 13.6 mag. Our sample
is shown in Fig. 48, the stars in Cyg OB2 are plotted as red dots, those in Cyg OBg
as blue dots and the 2 stars from Berlanas et al. (2017) as green dots. The grey line
indicates the approximate limit between Cyg OB2 and Cyg OBg. The coordinates
of the objects included in the present analysis can be found in Table 23, 25, and 26
as well as their observed proper motions in RA and Dec direction from TGAS, and
the parallaxes from TGAS.

Fig. 49 shows the peculiar velocities of our sample as arrows in the plane of the
sky as defined by the stars” Galactic coordinates, derived correcting the observed
proper motions for the reflected solar motion and for the Galactic rotation as de-
scribed in Mdzinarishvili and Chargeishvili (2005): we first transform the observed
proper motions (pm_, pmy) from equatorial coordinates into Galactic coordinates:

pm; = pm_cos\ +pmgsini (24)
pm, = —pm_siny +pmgcos (25)
where
cosp = sindg cosé—coscizsinécos(oc—ocg) (26)
sinp = sin(oc—oc(;)coségl (27)

cosb
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with the J2000 coordinates of the Galactic North Pole being «g = 192.85951 deg
and dg = 27.12834 deg, respectively (Reid&Brunthaler 2004).
The observed tangential velocities of the stars can be calculated as

vir = Krpmy (28)
vpt = Krpmy (29)
where K = 4.740 is a constant deriving from the change of units and r = 1.4 kpc the
distance of Cygnus from the Sun (Rygl et al., 2012). Considering that the observed

tangential velocities are the sum of the peculiar velocities of the stars, the reflected
Solar motion and the Galactic rotation, we get:

Vitpec = Vit —Vite —VItG (30)

Vbtpec = Vbt —Vbte® — VbtG- (31)
We can calculate the reflected Solar motion using

Vite = Ugsinl—Vgcosl (32)
Vbt = Ugcoslsinb+ Vgsinlsinb — W cosb (33)

where Uy, Vo, Wi, are the Galactic space velocities of the Sun, Uy = 8.5+£0.29%km/s,
Vo = 13.38 £ 0.43km/s, and W = 6.49 £ 0.26km /s, respectively (Coskunoglu et

al., 2011).

In order to compute the velocity component representing the Galactic rotation, we

first need to calculate the distance of Cygnus from the Galactic centre:

R? = R + 1% cosb? — 2rRp cos b cos | (34)

We then have
vitg = Ro(w—wgp)cosl—rwcosb (35)
vbtg = —Ro(w—wp)sinlsinb (36)

with wo = Vo /Ro, where Vy = 220km/s is the velocity of the Galactic rotation and
Ro = 8.5 kpc the Galactocentric distance of the Sun (Kerr and Lynden-Bell, 1986),
and w = Vy/R.

The colour-coding in Fig. 49 represents the ages of the stars derived in Berlanas
et al. (2017), when using non-rotating Geneva stellar models: yellow for stars older
than 10 Myr, purple for stars between 5 and 10 Myr, and finally brown for objects
that are younger than 5 Myr. The 2 new Cygnus OBz stars from Berlanas et al.
(2017), are displayed in red for clarity, but they belong to the 5 - 10 Myr age bin.
A few high-velocity stars can be seen in Fig. 49. These could either be field stars
contaminating the sample or runaway stars that are being expelled from the as-
sociation. In particular, the star with the highest peculiar velocity has vyec ~ 54
km/s. Comerén and Pasquali (2007) confirmed the existence of a runaway star
in Cyg OB2 with vpec = 39.8 & 9.8 km/s, which is consistent within two times
the error with our findings. On average, both star forming regions are moving in
approximately the same direction, with median vitpec = —15.3543.00, Vptpec =
4.03 £ 2.83km/s for OBg and vitpec = —5.95 £ 2.53, vpipec = 1.15 £2.95km/s for
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Figure 49: Galactic coordinates of the Cyg OB2 and OBg stars selected for our kinematic
study. The arrows represent the proper motions of the stars from TGAS and trasformed
into the galactic coordinate system. The colours represent different age bins: red for stars
older than 10 Myr, green for ages between 5 and 10 Myr and blue for stars younger than 5
Myr. The black arrows represent the mean proper motion of the stars in OB2 and OBo.

OBz2. This seems to indicate that the older Cyg OBg and the younger Cyg OB2 have
similar kinematic properties and that there are no clear signs of dissolution in the
associations, but the scatter in the TGAS data is still too high to draw significant
conclusions.

In Fig. 50 the parallaxes of the stars are plotted as a function of their Galactic
latitude. Stars belonging to Cygnus OBg are shown as empty circles, while stars
in Cygnus OBz are plotted as filled circles. The presence of stars with negative
parallaxes can be explained by their error bars: these stars have most probably
very small parallaxes and the solution of the astrometric fit happens to fall below
zero. Although a negative parallax is clearly unphysical, these points are consistent
with a positive parallax within one sigma. Nevertheless, we exclude these objects
in computing the bulk parallax of Cygnus OB2 and OBg. The mean parallax of the
Cygnus OBg stars is p = 0.65 £ 0.25 mas, corresponding to an average distance of
15387552 pc; for Cygnus OB2 we find p = 0.63 + 0.41 mas and consequently a mean
dstance of 1587f§§§8 pc. The mean distances are consistent with each other and
with the distance modulus of 10.8 mag for Cyg OB2/0OBg adopted in the literature
(see, e.g, Comerén and Pasquali, 2012; Hanson, 2003; Rygl et al., 2012), although
the errors are of the same order of magnitude than the distance. Also in the case
of the parallaxes, the TGAS data are still too imprecise to obtain conclusive results,
but the future Gaia data releases ought to confirm if the two OB associations lie at
the same distance, as suggested by their CMDs, or if their vicinity is only a spatial
projection.
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Figure 50: The TGAS parallax of the stars selected for the analysis as a fuction of their
Galactic latitude. Open circles represent Cyg OBy, filled circles Cyg OBz stars.



Table 23: List of Cyg OB2 stars from Comerén and Pasquali (2012) analysed in this study.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] | [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
307.751 +40.83 | 79.583 | 0.842 -2.781 -6.132 3.569 1.117 -0.22 0.62
308.325 +41.309 | 80.225 | 0.777 +1.034 -5.957 1.497 1.109 -0.15 0.37
308.378 +41.256 | 80.207 | 0.713 +0.877 -7.417 2.425 2.005 -0.1 0.67
308.189 +41.427 | 80.260 | 0.929 -0.106 -4.064 1.620 1.570 -0.02 0.65
306.932 +40.595 | 79.029 | 1.207 -0.39 -5.020 1.054 0.672 +0.1 0.25
308.413 +41.324 | 80.277 | 0.733 -1.743 -5.630 2.598 2.468 +0.1 0.78
308.556 +41.584 | 80.550 | 0.802 +0.455 -5.760 2.119 1.364 +0.17 0.56
307.064 +40.735 | 79.201 | 1.207 -1.038 -3.782 1.335 1.143 +0.22 0.62
307.064 +40.639 | 79.123 | 1.151 -1.145 -5.301 1.179 0.777 +0.25 0.3
308.116 +41.481 | 80.271 | 1.006 -2.084 -3.582 1.945 1.276 +0.33 0.47
308.623 +41.529 | 80.536 | 0.729 -3.807 -3.952 3.660 2.831 +0.44 0.84
308.535 +41.616 | 80.566 | 0.834 -0.578 -6.210 1.486 1.250 +0.46 0.41
308.161 +41.421 | 80.242 | 0.942 -2.743 -5.025 1.703 1.139 +0.46 0.38
308.208 +41.396 | 80.243 | 0.899 -2.825 -5.209 1.958 1.292 +0.54 0.49
308.295 +41.252 | 80.166 | 0.761 -2.722 -4.567 0.117 0.103 +0.55 0.36
307.842 +41.525 | 80.184 | 1.197 -2.379 -5.504 1.312 1.385 +0.59 0.32
308.449 +41.345 | 80.310 | 0.723 -2.36 -3.769 2.137 1.644 +0.61 0.67
308.058 +41.453 | 80.222 | 1.024 -3.477 -4.777 2.047 1.051 +0.66 0.45
307.906 +41.222 | 79.969 | 0.979 -4.052 -3.327 2.208 1.558 +0.71 0.51
307.133 +40.817 | 79.298 | 1.213 -1.939 -2.863 0.583 0.529 +0.72 0.36
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Table 24: Table 23 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] | [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
308.325 +41.36 | 80.267 | 0.807 -5.76 -6.531 2.129 1.682 +0.72 0.55
307.957 +41.474 | 80.194 | 1.097 -3.039 -3.946 1.196 0.656 +0.74 0.31
308.309 +41.339 | 80.243 | 0.805 -4.196 -7.285 1.571 1.181 +0.79 0.39
306.916 +40.677 | 79.088 | 1.265 -3.58 -6.303 1.132 0.727 +0.88 0.3
308.069 +41.427 | 80.206 | 1.001 -3.588 -5.277 1.820 1.065 +1.08 0.52
306.851 +41.263 | 79.536 | 1.645 -6.905 -7.077 4.716 2.075 +1.58 0.84
308.163 +41.002 | 79.906 | 0.693 -6.881 -3.845 1.921 1.469 +1.79 0.52
Table 25: List of Cyg OB2 stars from Berlanas et al. (2017) analysed in this work.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] | [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
307.306 +40.684 | 79.267 | 1.028 -.0235 -3.177 0.958 1.431 0.8 0.29
307.708 +40.738 | 79.490 | 0.814 -1.047 -2.118 1.046 0.703 0.4 0.27
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Table 26: List of Cyg OBg stars from Comerén and Pasquali (2012) analysed in this work.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] | [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
306.277 +40.597 | 78.742 | 1.613 1.480 -4.802 1.791 0.712 -0.060 0.33
304.902 +39.912 | 77.580 | 2.084 -2.417 -5.687 1.194 0.918 0.050 0.32
306.275 +40.337 | 78.528 | 1.465 1.950 -4.160 4.822 1.054 0.120 0.88
304.886 +40.654 | 78.186 | 2.513 -1.923 -4.177 1.512 0.979 0.200 0.34
305.869 +39.35 | 77.541 | 1.152 -1.526 -7.376 1.109 0.910 0.200 0.29
305.795 +40.875 | 78.760 | 2.072 -4.282 -4.860 0.061 0.065 0.220 0.24
304.666 +40.227 | 77.738 | 2.411 -2.711 -5.412 0.032 0.037 0.540 0.37
305.794 +40.765 | 78.668 | 2.010 -3.915 -5.992 1.079 0.708 0.580 0.26
306.021 +40.768 | 78.770 | 1.870 -2.912 -4.528 1.619 1.356 0.580 0.44
305.519 +40.714 | 78.508 | 2.151 -5.228 -6.247 1.176 1.017 0.590 0.24
306.090 +39.768 | 77.981 | 1.253 -2.913 -7.818 1.104 1.148 0.630 0.31
304.840 +40.888 | 78.360 | 2.673 -2.526 -6.232 0.061 0.070 0.640 0.24
304.866 +40.462 | 78.019 | 2.417 -2.129 -3.659 1.293 0.636 0.660 0.25
305.664 +39.595 | 77.652 | 1.422 -4.897 -5.387 0.985 0.748 0.670 0.27
305.943 +39.619 | 77.794 | 1.260 -3.435 -5.402 1.036 1.052 0.670 0.26
305.782 +40.769 | 78.667 | 2.020 -4.848 -6.580 1.158 0.740 0.690 0.26
305.891 +40.756 | 78.703 | 1.944 -4.522 -5.801 1.747 1.141 0.720 0.41
304.917 +40.889 | 78.394 | 2.626 -2.689 -6.549 0.880 0.665 0.730 0.23
306.074 +39.342 | 77.626 | 1.018 -2.172 -3.942 1.472 1.313 0.730 0.36
305.845 +40.156 | 78.192 | 1.629 -4.287 -3.924 1.006 0.881 0.740 0.27

NOIDHYI SANDAD HHL I'9

a1I



Table 27: Table 26 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] | [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
305.537 +39.971 | 77.905 | 1.717 -6.840 -7-591 4.771 1.495 0.750 0.75
305.687 +40.715 | 78.581 | 2.048 -1.810 -8.005 0.043 0.049 0.770 0.26
305.523 +40.986 | 78.733 | 2.304 -1.728 -6.160 0.045 0.050 0.810 0.27
304.741 +40.705 | 78.166 | 2.633 -5.665 -4.900 1.026 0.860 0.810 0.41
305.657 +41.675 | 79.358 | 2.614 -10.015 -4.792 1.885 1.365 0.840 0.45
305.463 +39.631 | 77.593 | 1.570 -5.606 -6.138 1.357 0.743 0.890 0.31
304.521 +40.102 | 77.573 | 2.433 -.674 -1.191 0.776 0.683 0.900 0.27
305.358 +41.194 | 78.834 | 2.525 -1.635 -5.914 0.794 0.609 0.910 0.23
305.465 +39.997 | 77.895 | 1.777 -4.840 -7.878 1.551 1.026 0.910 0.37
306.049 +39.678 | 77.890 | 1.227 -3.638 -7.483 1.136 1.061 0.920 0.45
305.453 +40.717 | 78.482 | 2.194 -5.002 -4.948 3.313 0.944 1.040 0.56
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6.2 THE CEPHEUS REGION

We applied a similar study to the star forming region situated in the Cepheus
constellation, which hosts several young stellar clusters and OB associations (see
Kun, Kiss, and Balog, 2008, and references therein for a review). In particular, we
concentrated on the OB associations Cep OB2, OB3, and OBj4 (see Fig. 51).

Cep OBz is an extended area (96 < 1 < 108 deg and —1 < b < 12 deg, according
to de Zeeuw et al. 1999) on the sky at a distance of ~ 800 pc (Kun, Kiss, and Balog,
2008). Cep OB2 is usually divided into two sub-regions, as suggested by Simonson
and van Someren Greve (1976). Cep OB2a is characterised by the so-called Ceph-
eus bubble, an expanding ring-shaped infrared-emitting feature, possibly formed
via a supernova explosion (Kun, Balazs, and Toth, 1987). Studies of its CO and
HI content (Abrahém, Baldzs, and Kun, 2000; Patel et al., 1998) concluded that
the Cepheus bubble is a HI expanding shell of ~ 120 pc in diameter associated
with molecular clouds and HII regions whose size and expansion velocity are
consistent with the model of a supernova explosion occurred ~ 1.7 yr ago. The au-
thors conclude that the bubble probably originated from the supernova explosion
of a massive member of the already existing association, which triggered further
star formation in the compressed surrounding gas. The outer ring of the Ceph-
eus bubble is in fact characterised by a large number of HII regions and infrared
sources (Balazs and Kun, 1989). In the centre of the bubble is situated the open
cluster NGC 7160, with an age of ~ 10Myr (see, e.g., Sicilia-Aguilar et al., 2005).

The second sub-region, Cep OB2b, is situated to the south-west of the Cepheus
bubble and hosts the young star cluster Trumpler 37 (~ 4 Myr, Sicilia-Aguilar et
al. 2005) and the HII region IC 1396 with the well-known Elephant Trunk nebula
and numerous star forming globules. Also IC1396 is characterised by an expand-
ing molecular ring (Patel et al., 1998), driven by the wind of the O-star HD206267,
although of much smaller size (~ 12 pc) compared to the Cepheus bubble. Tr37,
being one of the youngest known open cluster, has been extensively studied in the
past together with the neighbouring cluster NGC 7160 under several aspects, from
its pre-main sequence to the surrounding star forming activity, X-ray emission, and
extinction (see, e.g., Clayton and Fitzpatrick, 1987; Errmann et al., 2013; Getman
et al., 2007, 2012; Marschall, Karshner, and Comins, 1990; Marschall and van Al-
tena, 1987, Mercer et al., 2009; Morbidelli et al., 1997, Nakano et al., 2012; Saurin,
Bica, and Bonatto, 2012; Schulz, Berghoefer, and Zinnecker, 1997; Sicilia-Aguilar,
Henning, and Hartmann, 2010; Sicilia-Aguilar et al., 2004, 2005, 2006, 2011, 2014,
2015)

Cep OB3 is situated to the east of Cep OB2,at 108 <1 < 113 degand 1 <b <7
deg (de Zeeuw et al., 1999), at a distance of 725 pc (Blaauw, Hiltner, and Johnson,
1959) and is also commonly subdivided into two sub-regions Cep OB3a and Cep
OB3b (Blaauw, 1964) of different ages, 7.5 and 5.5 Myr respectively (Jordi, Trullols,
and Galadi-Enriquez, 1996). The younger group Cep OB3b is associated with the
HII region S155 and its most luminous members maintain the ionisation state of
the surrounding region. Sargent (1977, 1979) found and studied a molecular cloud
complex in the region of Cep OB3 presenting numerous sub-clumps. Cep OB3
and its associated molecular cloud have been subject to a large number of studies,
but the details of these investigations go beyond the scope of the present work.
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(CepheusBubbic

Figure 51: An AKARI view of the Cepheus region created with the help of "Aladin sky
atlas" (Boch and Fernique, 2014; Bonnarel et al., 2000). The areas representing the three OB
associations discussed in this work are shown as white rectangles following the coordin-
ates from de Zeeuw et al. (1999). The approximate positions of the expanding bubbles are
shown as grey circles as well as the approximate position of the most notable clusters and
HII regions are marked with their names.

We refer to Kun, Kiss, and Balog (2008) and the references therein for a detailed
review.

Cep OBj4 lies to the east of Cep OB3 (116 < 1 < 120 deg and 3 < b < 7 deg, de
Zeeuw et al. 1999) It is characterised by a large cloud and the presence of the open
cluster Berkeley 59 as well as the HII regions S171 and NGC 7822 (Lozinskaya, Sit-
nik, and Toropova, 1987). Lozinskaya, Sitnik, and Toropova (1987) also found two
expanding shells associated with OBy, a smaller one with radius 0.7 deg, probably
driven by the luminous stars in its interior, and a larger one with radius 1.5 deg pos-
sibly resulting from a supernova explosion. Olano, Meschin, and Niemela (2006)
also suggests the presence of an expanding shell with a radius of ~ 100 pc situated
at 1 = 122deg and b = +10deg that would be connected to Cep OB4. The estim-
ated age for the Cep OBj4 region is of 0.6-6 Myr (MacConnell, 1968), its distance
from Hipparcos parallaxes 8oo-1000 pc (de Zeeuw et al., 1999). It furthermore
presents high extinction (Ay = 3 mag, MacConnell, 1968). For further details of
the star-forming processes in Cep OB4 we refer to Kun, Kiss, and Balog (2008) and
references therein.

6.2.1  Parallaxes and peculiar velocities in Cep OB2,0B3, and OB4

We selected all stars observed with TGAS in the area of Cep OBz, Cep OB3 and
Cep OB4 using the coordinates given in de Zeeuw et al. (1999) (see Fig. 51).

As a first step, we selected all stars with a parallax error smaller than 0.25 mas in
order to clean our sample as much as possible from spurious contamination. The
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still very large errors of the TGAS parallaxes have as a consequence the exclusion
of the vast majority of the stars (see Fig. 52).

As a further step, we used the TGAS parallaxes to limit the analysis to stars that
realistically lie at the distance of the Cepheus region. From the parallax distribu-
tion (see Fig. 53) we select stars in three bins with width 0.25 mas representing
the centre of the distribution, from 0.75 to 1.5 mas, which correspond to the dis-
tance range known for the Cepheus region from the literature. From Fig. 52 it
appears that the majority of stars in Cep OB4 lie in the parallax bin 0.75-1.00 mas,
corresponding to a distance of 1000-1333 pc, larger than the one known from the
literature. For Cep OB3 the bulk of the stars is enclosed in the central bin, i.e. at
a distance of 8oo-1000 pc, also larger than the 725 pc predicted from the literat-
ure. For Cep OB2 we find that the two more distant bins contain almost the same
amount of stars. This would translate in a large spread in distances for the mem-
bers of this associations. We will discuss this in more detail looking at the spatial
distribution of the stars.

Figure 54 shows the selected sample for each parallax bin, starting from the
closest (blue) and proceeding with the intermediate (green) and most distant bin
(red), on a sky map of the infrared survey AKARI (Murakami et al., 2007), high-
lighting dust emission and thus embedded star forming regions (compare with
Fig. 51 for the position of the different components of the associations). From these
images it is confirmed that the central region of Cep OBy lies at a distance of 1000-
1333 pc. Although stars in all bins are present, the star-forming region S155 appears
to be located between 800 and 1000 pc from the Sun. Within Cep OBz, the central
region of the young cluster Trumpler 37 and the HII region IC1396, together with
the Elephant trunk region appear closer (667-800 pc) than the ring around this
region (1000-1333 pc). The ring around the Cepheus bubble is most populated in
the 800-1000 pc bin, while the inner part of the bubble is similarly populated in all
three bins.

We now overplot the galactic coordinates of our sample with the corresponding
peculiar velocities calculated as described in Section 6.1 for the three different par-
allax bins (Fig. 55 increasing the distance from top to bottom, the approximate posi-
tions of the expanding bubbles are shown as grey circles). The overall motion of the
three OB associations shows a relatively large scatter, although it is possible to dis-
tinguish some sub-structures. The stars in the region of Tr 37 and IC 1396 including
all three distance bins, e.g., have a mean velocity vitpec = —10.6818 +3.53, Vppec =
1.10 £ 3.84km/s. The stars in the most distant bin of Cep OB4 and inside the ex-
panding bubble have vitpec = —6.38 £ 1.57, vptpec = 3.12 £3.08km/s. In all dis-
tance bins we can see several stars with a larger peculiar velocity compared with
the bulk of the stars. These could be explained by foreground and background
contamination or as runaway stars expelled from the associations because of dy-
namical encounters. As explained in the beginning of this section, these regions
contain different clusters and star forming regions of different age and since the
number of objects that we retrieve at the end of our analysis is quite small, it is not
possible at the present time to compare their position on a CMD with theoretical
isochrones or to asses , e.g., if there is in these regions any sign of mass segregation.

As we have shown, this kind of study is affected by the still high errors asso-
ciated with Gaia DR1 parallaxes and proper motions and small number statistics.
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Nevertheless, with this experiment we want to highlight the potential of the future
Gaia data releases, that will probably allow a selection of the members of a given
OB association or young open cluster based alone on the parallax, thus avoiding
the use of the proper motion as a selection criterion and allowing a detailed study
of possible inhomogeneities in the kinematics of these regions and their future
evolution.



6.2 THE CEPHEUS REGION
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Figure 52: Histogram of the TGAS parallaxes measured for all stars in the Cep OB2, Cep
OB3 and Cep OB4 regions (grey columns). We plot in red the stars with a parallax error

smaller than 0.25 mas.
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Figure 53: Histogram of the parallaxes of the stars in Cep OB2, Cep OB3, and Cep OB4
with parallax error smaller than o0.25 mas. We select the stars in three bin corresponding
to a distance of 667-800 pc (blue), 8oo-1000 pc (green), and 1000-1333 pc (red).



6.2 THE CEPHEUS REGION
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Figure 54: AKARI sky map overplotted with the stars selected in the three different dis-
tance bins: 667-800 pc (blue), 8oo-1000 pc (green), and 1000-1333 pc (red). Created with
the help of "Aladin sky atlas" (Boch and Fernique, 2014; Bonnarel et al., 2000)
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Figure 55: Peculiar velocity vectors of the stars selected in the three different distance
bins plotted at the location of their Galactic coordinates. The grey circles indicate the
approximate position of the expanding bubbles in the different associations.



Table 28: List of Cep OB2 stars in the three distance bins discussed in this work.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
332.001 +63.736 | 105.997 | +6.375 -2.598 -1.692 0.071 0.065 0.753 0.222
337.613 +56.855 | 104.537 -0.894 -4.495 -3.355 0.676 0.563 0.758 0.238
331.116 +62.408 | 104.883 | +5.541 -3.008 -4.845 0.065 0.06 0.762 0.228
320.793 +58.983 | 98.799 +6.25 -1.422 -4.538 0.096 0.106 0.766 0.227
329.034 +63.704 | 104.923 | +7.143 -2.505 -2.174 0.08 0.074 0.775 0.231
337.203 +63.272 | 107.680 | +4.705 +0.021 -1.291 0.852 0.608 0.788 0.245
319.814 +61.962 | 100.599 | +8.683 -3.616 -3.455 0.086 0.077 0.795 0.226
329.765 +63.263 | 104.908 | +6.595 -0.286 -4.957 0.074 0.067 0.801 0.237
330.700 +62.54 | 104.807 | +5.761 -3.618 -3.601 0.128 0.108 0.805 0.217
337.997 +60.701 | 106.674 | +2.309 -2.827 -2.702 0.096 0.093 0.807 0.237
336.543 +57.982 | 104.631 | +0.368 -5.118 -1.45 1.02 0.526 0.817 0.244
316.115 +59.072 | 97.205 | +8.066 -4.295 -3.649 0.139 0.136 0.833 0.223
322.670 +61.837 | 101.474 | +7.646 -4.257 -4.553 0.071 0.063 0.837 0.226
341.957 +58.147 | 107.204 -0.899 -2.66 -1.5 0.136 0.113 0.858 0.236
326.546 +57.793 | 100.222 | +3.335 -1.288 -3.514 0.21 0.193 0.86 0.225
342.855 +58.553 | 107.808 -0.749 -7.928 -2.287 1.179 0.563 0.86 0.243
338.700 +57.25 | 105.247 -0.854 -0.443 -1.364 0.11 0.102 0.867 0.238
326.782 +55.056 | 98.561 | +1.156 +0.138 -1.83 0.134 0.124 0.874 0.222
322.887 +65.618 | 104.191 | +10.313 -6.059 -8.102 0.17 0.163 0.878 0.227
328.361 +62.587 | 103.981 | +6.461 -3.551 -1.504 0.124 0.108 0.883 0.228
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Table 29: Table 28 continued.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
324.809 +57.801 | 99.526 | +3.948 -3.591 -2.68 0.133 0.145 0.891 0.235
332.783 +66.461 | 107.868 | +8.399 -2.952 -3.622 0.098 0.103 0.892 0.215
320.598 +61.989 | 100.879 | +8.438 -2.784 -3.751 0.907 0.758 0.901 0.25
329.522 +68.187 | 107.899 | +10.534 -8.68 -5.928 1.092 0.608 0.904 0.245
333.637 +59.956 | 104.452 | +2.839 +1.061 -3.067 0.743 0.557 0.907 0.248
318.040 +58.8094 | 97.742 +7.21 -3.916 -3.092 0.103 0.105 0.907 0.228
329.058 +63.433 | 104.762 | +6.924 -0.468 -1.976 0.942 0.704 0.915 0.249
329.832 +60.298 | 103.115 | +4.227 -3.463 -1.868 0.051 0.051 0.915 0.226
325.717 +57.017 | 99.377 | +3.035 -1.769 -5.438 0.079 0.084 0.915 0.24
326.142 +59.057 | 100.880 | +4.436 -0.044 +0.416 0.084 0.073 0.92 0.243
318.690 +59.761 | 98.609 +7.56 -1.97 -0.535 0.068 0.063 0.921 0.222
329.371 +60.032 | 102.770 | +4.156 -2.487 -4.027 0.13 0.116 0.921 0.227
321.080 +61.271 | 100.529 +7.77 -1.009 -3.833 0.068 0.069 0.922 0.248
322.691 +57.2 | 98.277 | +4.271 -2.044 -4.518 0.065 0.064 0.93 0.239
332.566 +63.831 | 106.257 | +6.308 -2.609 -1.122 1.02 0.476 0.933 0.247
331.984 +56.158 | 101.558 | +0.227 -5.882 -4.086 0.978 0.658 0.934 0.246
327.214 +68.273 | 107.281 | +11.144 -2.189 -5.562 0.596 0.622 0.935 0.223
328.766 +66.254 | 106.442 | +9.206 -1.559 -2.205 0.762 0.508 0.938 0.245
321.853 +64.006 | 102.730 | +9.463 +9.524 +2.105 0.779 0.587 0.941 0.226
325.072 +61.083 | 101.812 | +6.315 -1.913 -4.226 0.744 0.641 0.944 0.236
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Table 30: Table 28 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e_.PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
325.640 +58.244 | 100.150 +3.99 -3.531 -3.51 0.139 0.138 0.944 0.219
332.240 +59.114 | 103.388 | +2.553 -2.133 -0.424 0.83 0.559 0.947 0.247
324.974 +67.932 | 106.412 | +11.44 | +10.109 -1.805 0.772 0.513 0.948 0.247
331.003 +60.147 | 103.489 | +3.756 -2.07 -3.781 1.151 0.794 0.951 0.249
326.482 +66.464 | 105.865 | +9.954 +5.205 +0.254 0.797 0.498 0.951 0.247
319.389 +60.1 | 99.101 +7.54 -4.994 -3.459 0.076 0.074 0.955 0.236
334.801 +63.243 | 106.749 +5.26 -0.347 -1.932 0.809 0.506 0.958 0.244
321.569 +61.571 | 100.909 | +7.818 -4.489 -4.907 0.075 0.071 0.961 0.248
341.603 +59.442 | 107.636 | +0.335 -4.252 -2.95 0.097 0.086 0.964 0.238
321.097 +56.362 | 97.063 | +4.272 -3.909 -3.409 0.087 0.083 0.964 0.228
336.839 +57.691 | 104.612 | +0.037 -3.177 -2.341 1.027 0.542 0.965 0.244
318.209 +60.696 | 99.134 | +8.373 -6.994 -7.487 0.131 0.125 0.971 0.223
327.190 +67.911 | 107.035 | +10.874 +2.191 +0.115 0.902 0.689 0.973 0.236
320.728 +55.65 | 96.415 | +3.911 -4.073 -3.935 0.066 0.065 0.974 0.239
317.740 +60.221 | 98.623 | +8.221 -2.601 -3.589 0.104 0.106 0.975 0.223
325.807 +67.517 | 106.368 | +10.92 -4.404 +1.956 0.949 0.646 0.977 0.243
335.159 +62.338 | 106.388 | +4.413 -3.035 -3.424 0.084 0.085 0.982 0.238
325.296 +67.548 | 106.241 | +11.073 -1.999 -6.071 0.944 0.719 0.983 0.246
331.385 +62.262 | 104.897 | +5.349 -1.468 -2.759 0.085 0.07 0.988 0.237
313.201 +60.981 | 97.740 | +10.407 -1.852 -6.101 0.083 0.086 0.993 0.235

NOIDHY SNHHJIAD HHL T'9Q

lz1



Table 31: Table 28 continued.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
326.427 +62.308 | 103.109 | +6.818 -1.533 -3.16 0.045 0.04 0.993 0.235
328.242 +65.596 | 105.854 +8.83 -3.882 -5.407 0.747 0.523 0.996 0.236
341.904 +59.87 | 107.968 | +0.646 -4.677 -1.854 0.778 0.499 0.998 0.238
334.834 +65.142 | 107.814 | +6.836 -2.664 -3.108 0.654 0.901 1.002 0.245
335.879 +64.302 | 107.729 | +5.888 -1.916 -2.997 0.904 0.542 1.009 0.242
327.124 +61.615 | 102.911 | +6.077 -1.298 -5.078 0.991 1.082 1.009 0.24
341.660 +60.002 | 107.920 | +0.818 -1.604 -0.823 0.913 0.441 1.009 0.23
338.003 +63.192 | 107.949 | +4.451 -1.071 -3.855 0.451 0.39 1.01 0.227
338.242 +58.245 | 105.536 +0.13 -8.565 -4.756 1.054 0.488 1.013 0.24
327.083 +61.997 | 103.142 | +6.382 +6.332 +1.466 0.862 0.573 1.019 0.247
318.578 +58.258 | 97.467 | +6.571 -2.26 -1.055 0.099 0.098 1.028 0.22
328.271 +58.36 | 101.289 | +3.194 -3.602 -2.318 0.084 0.099 1.039 0.232
325.601 +57.736 | 99.801 +3.62 -1.679 -4.3 0.038 0.038 1.043 0.249
324.864 +57.484 | 99.337 +3.69 -2.391 -4.572 0.07 0.075 1.07 0.229
327.474 +60.203 | 102.137 +4.88 -2.463 -5.067 0.097 0.097 1.07 0.239
324.641 +53.723 | 96.747 | +0.959 -3.427 -3.316 0.089 0.086 1.073 0.238
317.762 +64.853 | 102.112 | +11.325 -3.187 -2.274 0.72 0.536 1.076 0.231
326.603 +60.22 | 101.815 | +5.171 -4.983 -3.259 0.925 0.683 1.078 0.236
341.900 +59.755 | 107.914 | +0.544 -0.643 -4.263 0.794 0.564 1.081 0.238
331.544 +56.106 | 101.329 | +0.328 -5.683 -2.747 0.954 0.642 1.084 0.242
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Table 32: Table 28 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e_.PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
338.503 +58.958 | 106.012 | +0.677 +0.081 -4.809 1.086 0.627 1.085 0.246
321.673 +59.104 | 99.209 | +6.018 -2.701 -2.845 0.115 0.113 1.087 0.231
325.598 +62.431 | 102.897 | +7.162 -3.864 -4.377 1.065 0.871 1.097 0.245
335.073 +57.992 | 103.979 | +0.794 +2.605 +2.649 0.132 0.119 1.097 0.247
328.784 +59.998 | 102.517 | +4.311 -3.671 -1.954 0.058 0.056 1.101 0.232
337.346 +59.04 | 105.541 | +1.051 -1.73 -2.671 0.763 0.435 1.102 0.244
321.863 +66.197 | 104.298 | +11.019 +3.974 +1.834 0.87 0.619 1.102 0.239
325.101 +54.03 | 97.153 | +1.009 -3.735 -3.449 0.092 0.089 1.119 0.226
324.224 +58.985 | 100.089 | +5.034 -1.55 -3.346 0.995 0.656 1.126 0.246
327.357 +54.382 | 98.387 | +0.424 -3.521 -3.199 0.081 0.069 1.132 0.217
325.549 +65.229 | 104.749 | +9.276 -0.976 -1.884 0.788 0.565 1.145 0.237
334.179 +65.814 | 107.963 | +7.546 +5.027 +1.126 0.915 0.61 1.147 0.244
314.651 +58.976 | 96.635 | +8.575 -4.594 -5.397 0.135 0.139 1.147 0.219
327.076 +68.535 | 107.415 | +11.376 -3.115 -0.621 0.785 0.596 1.15 0.24
332.225 +60.131 | 103.973 | +3.385 -3.204 -4.868 0.791 0.581 1.151 0.245
330.018 +55.129 | 100.054 | +0.058 -2.96 -4.479 0.091 0.092 1.154 0.227
328.025 +67.124 | 106.769 | +10.065 -0.931 +3.443 0.906 0.665 1.159 0.239
334.181 +61.405 | 105.486 | +3.889 -0.924 -3.837 0.829 0.465 1.162 0.245
317.407 +65.519 | 102.519 | +11.879 -5.131 -5.547 0.1 0.081 1.165 0.245
332.529 +60.051 | 104.050 | +3.232 -1.604 -2.351 0.816 0.585 1.166 0.248
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Table 33: Table 28 continued.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
321.409 +66.714 | 104.540 | +11.513 -3.016 -4.07 0.088 0.083 1.166 0.226
325.709 +66.11 | 105.391 | +9.892 -1.468 -4.579 0.752 0.529 1.166 0.236
329.620 +61.578 | 103.817 | +5.303 +5.067 +1.364 0.76 0.592 1.169 0.233
326.328 +65.833 | 105.398 | +9.518 +0.007 -2.559 0.215 0.209 1.173 0.225
328.129 +59.437 | 101.907 | +4.079 -4.46 -6.092 0.099 0.088 1.178 0.244
338.090 +60.335 | 106.527 +1.97 -2.842 -2.64 0.072 0.069 1.179 0.232
339.109 +58.26 | 105.938 -0.086 -3.529 -6.52 0.998 0.564 1.181 0.242
337.163 +58.846 | 105.360 | +0.934 -3.213 -5.041 0.071 0.066 1.194 0.226
333.207 +58.304 | 103.334 | +1.602 +2.694 +1.113 0.947 0.588 1.195 0.245
338.001 +59.074 | 105.848 | +0.907 -5.837 -2.997 0.763 0.424 1.198 0.242
325.192 +67.887 | 106.443 | +11.352 -7.3 -10.516 0.808 0.667 1.202 0.244
329.391 +67.14 | 107.198 | +9.744 -5.588 -4.079 0.559 0.576 1.205 0.245
328.164 +62.783 | 104.034 +6.67 -8.055 +2.305 1.051 0.601 1.208 0.234
331.424 +67.081 | 107.798 | +9.216 -0.919 +7.714 0.785 0.527 1.22 0.249
325.506 +60.424 | 101.534 +5.68 -3.205 -2.899 0.932 0.878 1.22 0.238
323.150 +53.807 | 96.149 | +1.612 +3.871 +2.965 0.083 0.077 1.225 0.231
327.071 +62.541 | 103.490 | +6.803 -1.762 -5.195 0.123 0.112 1.225 0.216
315.527 +60.909 | 98.414 | +9.491 -5.63 -3.825 0.083 0.091 1.228 0.224
322.473 +57.816 | 98.616 | +4.799 -4.366 -2.96 0.093 0.089 1.23 0.231
333.753 +61.692 | 105.478 | +4.242 -0.719 -2.901 0.068 0.06 1.237 0.227
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Table 34: Table 28 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
325.612 +66.129 | 105.373 | +9.932 +0.959 +0.499 0.728 0.454 1.242 0.24
334.459 +60.122 | 104.886 | +2.748 -4.731 -3.391 1.097 0.717 1.246 0.247
329.011 +66.715 | 106.811 | +9.504 -2.457 -5.157 0.855 0.642 1.247 0.238
332.950 +60.288 | 104.358 | +3.306 +0.924 -3.377 0.954 0.529 1.249 0.247
327.616 +64.611 | 105.015 | +8.237 +14.564 +3.843 0.88 0.587 1.25 0.248
323.856 +58.884 | 99.879 | +5.086 -2.417 -3.036 0.897 0.629 1.254 0.239
339.170 +60.543 | 107.093 | +1.884 +8.932 +3.58 1.018 0.588 1.257 0.232
324.171 +57.502 | 99.071 | +3.952 -4.374 -5.244 0.715 0.518 1.265 0.243
327.539 +60.18 | 102.147 | +4.843 -1.903 -3.928 0.053 0.051 1.268 0.234
324.140 +64.536 | 103.829 | +9.163 -2.097 -2.478 0.083 0.086 1.269 0.229
328.164 +62.747 | 104.012 | +6.642 -2.011 -2.272 1.062 0.655 1.27 0.249
323.330 +67.026 | 105.312 | +11.207 +2.21 -0.358 0.748 0.577 1.275 0.234
316.856 +64.951 | 101.927 | +11.677 -10.083 -5.841 0.906 0.71 1.275 0.245
324.559 +59.168 | 100.339 | +5.054 -3.967 -5.323 0.099 0.095 1.277 0.223
332.128 +65.136 | 106.868 | +7.479 -2.075 -2.365 0.772 0.559 1.287 0.245
324.745 +57.487 | 99.291 | +3.735 -2.603 -5.314 0.083 0.089 1.29 0.243
332.215 +61.694 | 104.879 +4.66 -1.4 -2.975 0.09 0.074 1.296 0.241
319.708 +58.926 | 98.363 | +6.608 -2.722 -3.594 0.05 0.044 1.299 0.247
324.945 +57.548 | 99.412 | +3.709 -4.194 -5-474 0.749 0.528 1.299 0.236
332.611 +64.341 | 106.570 | +6.712 -3.837 -3.55 0.076 0.066 1.302 0.218
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Table 35: Table 28 continued.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
319.036 +62.887 | 101.026 | +9.581 -1.887 -0.344 1.107 1.075 1.305 0.243
337.938 +59.566 | 106.071 | +1.347 -6.256 -3.066 0.778 0.565 1.306 0.247
328.409 +66.537 | 106.509 | +9.516 -6.192 -1.037 0.751 0.492 1.323 0.219
318.020 +56.719 | 96.131 | +5.736 -3.988 -3.454 0.068 0.077 1.334 0.242
333.318 +57.26 | 102.791 | +0.709 -2.19 -2.983 1.028 0.817 1.342 0.235
323.933 +57.468 | 98.952 | +4.013 -2.148 -5.135 0.565 0.55 1.347 0.25
338.663 +57.92 | 105.564 | -0.264 +2.201 -7.496 1.013 0.412 1.35 0.247
327.937 +66.848 | 106.563 | +9.875 +1.83 +5.454 0.097 0.09 1.354 0.238
326.584 +55.235 | 98.590 | +1.365 +0.263 -0.695 1.346 0.905 1.369 0.249
329.824 +63.189 | 104.883 | +6.52 -8.219 -4.675 1.128 0.71 1.37 0.247
320.384 +63.911 | 102.200 | +9.854 +0.355 -2.059 0.822 0.622 1.373 0.237
318.043 +60.419 | 98.872 | +8.244 -5.9 -5.009 0.764 0.613 1.376 0.244
325.249 +61.978 | 102.473 | +6.93 +9.44 +3.852 0.731 0.482 1.391 0.246
326.054 +55.21 | 98.343 | +1.542 -3.243 -4.068 0.095 0.091 1.399 0.238
318.948 +60.291 | 99.087 | +7.83 -2.707 -1.082 0.703 0.492 1.402 0.243
325.488 +62.478 | 102.890 | +7.231 -4.357 -2.225 1.188 1.063 1.403 0.24
330.280 +63.043 | 104.959 | +6.279 -0.943 +2.784 1.199 0.537 1.409 0.246
330.632 +59.646 | 103.040 | +3.466 +0.591 -3.06 0.906 0.544 1.415 0.246
330.203 +55.75 | 100.513 | +0.49 -5.93 -1.456 1.008 0.62 1.421 0.246
323.878 +56.918 | 98.560 | +3.625 -4.132 -4.651 1.052 0.671 1.422 0.248
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Table 36: Table 28 continued.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
322.421 +65.925 | 104.267 | +10.666 +0.656 +2.703 0.089 0.086 1.43 0.249
330.879 +63.535 | 105.473 | +6.509 +8.617 +3.374 0.071 0.06 1.433 0.244
327.416 +63.295 | 104.098 | +7.281 +0.698 -2.043 1.018 0.702 1.439 0.25
329.072 +66.662 | 106.797 | +9.448 -14.971 -10.026 0.811 0.587 1.447 0.247
327.849 +54.293 | 98.553 | +0.174 +2.126 -0.284 0.104 0.109 1.453 0.239
336.822 +58.942 | 105.259 | +1.108 +3.871 +2.207 0.139 0.127 1.454 0.211
329.338 +59.585 | 102.481 | +3.814 -9.426 -7.987 0.178 0.163 1.461 0.225
337.198 +59.483 | 105.706 | +1.469 -5.227 -4.83 0.751 0.458 1.469 0.233
326.145 +62.354 | 103.039 | +6.938 +1.046 -3.209 0.742 0.544 1.469 0.23
324.612 +63.028 | 102.957 | +7.908 +1.886 -0.214 1.026 0.645 1.493 0.225
312.763 +62.081 | 98.485 | +11.254 -1.072 +2.402 0.846 0.634 1.494 0.247
326.092 +67.592 | 106.502 | +10.904 +2.506 -2.762 1.111 0.833 1.495 0.248
321.957 +56.728 | 97.660 | +4.205 -5.635 -3.885 0.813 0.465 1.497 0.239
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Table 37: List of Cep OB3 stars in the three distance bins discussed in this work.

RA (J2000) | Dec (J2000) 1 b PM_RA | PM_Dec | e PM_RA | e PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
341.428 +65.274 | 110.273 | +5.54 -2.118 -1.674 0.127 0.115 0.838 0.224
349.265 +63.789 | 112.737 | +2.801 -2.71 -1.393 0.07 0.063 0.85 0.231
344.351 +63.26 | 110.511 | +3.172 +0.906 -1.241 1.149 0.606 0.863 0.226
345.644 +66.712 | 112.455 | +6.08 -2.666 -0.996 0.735 0.577 0.877 0.238
336.922 +65.43 | 108.711 | +6.608 -2.307 -1.23 0.096 0.099 0.896 0.238
340.159 +65.263 | 109.798 | +5.782 -0.4 -2.714 0.075 0.07 0.896 0.228
336.956 +64.903 | 108.444 | +6.152 -2.011 -1.802 0.727 0.412 0.911 0.236
341.361 +63.539 | 109.436 | +4.019 -2.824 -2.89 0.798 0.531 0.993 0.243
345.834 +63.551 | 111.237 | +3.161 -1.303 -1.993 0.068 0.068 1.004 0.238
339.788 +63.172 | 108.638 | +4.032 +8.641 +1.874 0.804 0.513 1.023 0.244
345.756 +63.698 | 111.266 | +3.309 -1.296 -1.903 0.055 0.057 1.028 0.246
344.197 +62.727 | 110.221 | +2.72 -0.374 -2.25 0.068 0.067 1.03 0.236
340.989 +64.175 | 109.590 | +4.657 +3.002 -2.633 1.016 0.453 1.088 0.237
343.927 +62.306 | 109.927 | +2.393 -0.933 -3.091 0.055 0.055 1.094 0.245
342.081 +65.95 | 110.827 | +6.015 -5.022 -2.883 0.115 0.101 1.123 0.233
340.373 +61.971 | 108.294 | +2.851 -6.068 -6.415 0.786 0.468 1.131 0.243
345.937 +63.626 | 111.310 | +3.211 -5.026 -2.267 0.726 0.57 1.143 0.249
344.920 +65.211 | 111.562 | +4.836 -2.205 -5.206 1.05 0.482 1.144 0.241
343.127 +62.441 | 109.652 | +2.676 -1.483 -2.953 0.06 0.064 1.159 0.237
346.189 +63.351 | 111.303 | +2.914 -0.661 -1.441 0.95 0.654 1.169 0.246
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Table 38: Table 37 continued.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
337.988 +64.172 | 108.445 | +5.297 -1.066 -4.041 0.821 0.551 1.222 0.237
342.814 +61.268 | 108.999 | +1.691 -2.556 -3.303 0.771 0.491 1.26 0.241
337.807 +65.466 | 109.046 | +6.448 -1.943 -2.164 0.137 0.134 1.27 0.234
344.581 +65.03 | 111.355 | +4.732 -6.166 -4.765 0.146 0.152 1.274 0.232
344.060 +63.166 | 110.352 | +3.143 -0.835 -2.169 1.267 0.694 1.289 0.231
343.822 +64.583 | 110.870 | +4.467 -2.983 -2.009 0.772 0.486 1.303 0.241
338.782 +64.72 | 109.021 | +5.597 -3.229 -3.525 0.873 1.023 1.342 0.244
339.820 +64.651 | 109.373 | +5.317 +1.812 +2.326 1.248 0.582 1.423 0.246
340.398 +64.746 | 109.637 | +5.281 +5.416 -0.01 0.852 0.529 1.432 0.231
343.900 +66.321 | 111.656 | +6.019 -5.548 +1.629 0.148 0.139 1.449 0.213
342.402 +62.333 | 109.303 | +2.729 -3.588 -4.472 0.108 0.104 1.465 0.223
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Table 39: List of Cep OBy stars in the three distance bins discussed in this work.

RA (J2000) | Dec (J2000) | b PM_RA | PM_Dec | e PM_RA | e_PM_Dec | Parallax | e_Parallax
[deg] [deg] [deg] | [deg] | [mas/yr] | [mas/yr] | [mas/yr] [mas/yr] [mas] [mas]
1.204 +68.189 | 118.606 | +5.709 -1.426 -1.046 0.083 0.089 0.769 0.23

359.305 +69.162 | 118.115 | +6.798 -1.453 -0.707 0.143 0.137 0.786 0.223
354.740 +68.726 | 116.407 | +6.777 -2.37 -2.943 0.06 0.055 0.792 0.246
359.403 +67.845 | 117.874 | +5.503 -2.227 -1.401 0.092 0.093 0.808 0.246
3.363 +68.248 | 119.410 | +5.637 -0.809 -1.078 0.166 0.177 0.824 0.215
357.481 +67.637 | 117.115 | +5.463 -2.014 +0.614 0.104 0.104 0.9 0.23
359.386 +67.554 | 117.807 | +5.22 -1.587 -1.614 0.074 0.074 0.911 0.241
358.137 +68.934 | 117.655 | +6.667 +1.683 -10.092 0.13 0.126 0.936 0.223
1.748 +65.539 | 118.348 | +3.063 -1.57 -0.448 0.2 0.187 1.024 0.225
3.247 +66.322 | 119.079 | +3.738 -1.821 -0.071 0.143 0.134 1.048 0.231
354.484 +68.531 | 116.262 | +6.617 -4.392 -0.936 0.688 0.712 1.081 0.236
1.798 +65.654 | 118.388 | +3.173 +2.784 -2.297 0.225 0.2 1.089 0.231
356.967 +67.419 | 116.870 | +5.299 +12.441 -1.318 0.694 0.553 1.215 0.247
358.051 +67.169 | 117.219 | +4.956 -5.636 -1.373 0.109 0.103 1.263 0.23
1.671 +65.588 | 118.325 | +3.117 +2.403 -2.469 0.229 0.213 1.309 0.229
3.813 +68.006 | 119.541 | +5.373 -4.367 -4.02 0.179 0.185 1.341 0.227
3.351 +65.613 | 119.015 | +3.031 +2.221 -2.505 0.155 0.13 1.363 0.231
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SUMMARY AND OUTLOOK

7.1 SUMMARY

The aim of this work is a study of the chemical properties of the old Galactic open
cluster M6y especially from the point of view of stellar evolution. This kind of
study is unfortunately limited by the scarcity of data concerning member stars in
open clusters. As we discuss in Chapter 2, the observations of open clusters are
more problematic in terms of membership than those of globular clusters due to
the high contamination by field stars, given the low density of these environments.
Consequently, in the absence of precise kinematic information about the stars in
the field of interest, it is very difficult to select members a priori. In addition, due
to practical reasons such as the highly time-consuming observations of faint MS
and TO stars with high-resolution spectrographs, observations are often limited to
the luminous red giants and RC stars. We thus performed a detailed study of the
chemical properties of one open cluster which, due to its Sun-like age and metalli-
city, has been extensively observed in different evolutionary phases from the MS to
the RC: M67. Since open cluster are not expected to present multiple stellar popu-
lations like those observed in globular clusters, possible chemical inhomogeneities
must have different origins. They might be due to inhomogeneities in the parent
molecular cloud or they can result from evolutionary processes (such as atomic
diffusion or dredge-ups) taking place in the stellar interior.

In Chapter 3 we investigate the effects of the process known as first dredge-up.
The convective envelope deepening into the inner layers of the star after the TO
brings to the surface the material processed by the CNO cycle and thus changes
the measurable surface abundances of carbon and nitrogen with respect to the
abundances of the birth environment. We used APOGEE DR1i2 observations of
M67 to study the evolution of the [C/N] abundance along the SGB and the RGB.
We compare the observations with models of stellar evolution for masses compar-
able to the SGB and lower-RGB mass of M67 and found them to be consistent with
each other. We derived a post-FDU [C/N] abundance of —0.46 £ 0.03 dex. We do
not find any evidence of extra-mixing effects in the stars beyond the RGB bump,
although we are limited by low-number statistics.

In Chapter 4 we used Gaia-ESO iDR5 data to study the effects of a further evol-
utionary process: atomic diffusion. In this case, the evolutionary phases involved
are the MS and the SGB/lower-RGB. Atomic diffusion is active in the radiative
cores of low-mass stars on the MS, where both gravity and radiative acceleration
act on the atoms. Depending if the former or the latter is stronger, a given element
will sink into the stellar interior or rise towards the outer layers, changing the sur-
face abundance of the star. After the TO, the effect is cancelled by the deepening
of the convective envelope into the stellar interior. For stars in the mass range rep-
resented in M67 the effect is small (~ 0.1 dex), but measurable. We find that Mé67
presents trends in log g for most elements that are consistent with the predictions
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of stellar evolutionary models. We find similar trends in the abundances obtained
for M67 by APOGEE DR14.

We extended our study of the chemical characteristics of M67 to peculiar objects
populating the cluster in Chapter 5. We conducted an independent analysis of
the APOGEE DR14 infrared spectra of three candidate blue straggler stars and
two evolved blue straggler stars, as well as of ten TO and six RC stars as control
samples. The aim of this study was to find in the surface chemical abundances
of BSS possible hints at their formation history, such as carbon depletion caused
by a mass transfer event in a close binary system. We found that only the two
evolved BSS are depleted in carbon, in a similar way as the RC stars of M67. We
conclude that the surface [C/H] under-abundance is more likely to be caused by
stellar evolution, and in particular the FDU, than by mass transfer.

In the last chapter, we set aside the old open cluster M67 and dedicated ourselves
to the investigation of the kinematic properties of the very young OB associations
Cyg OBz and OBg and Cep OBz, OB3, and OB4. We proposed an approach in
which the selection of candidate members is solely based on photometric data
and/or parallaxes, so that we do not introduce any bias related to the motion of
the stars. We are thus able to examine the proper motions of stars in extended star
forming regions and to study their dynamical properties. We present our method
with proper motions and parallaxes retrieved from the TGAS catalogue, although
conclusive results will only be possible with the future Gaia data releases.

7.2 OUTLOOK

The studies presented in this work have several implications that go beyond the
understanding of stellar evolution alone, especially in the field of Galactic archae-
ology. As presented in Chapter 3, the post-FDU [C/N] abundance can be used
to determine the age of field stars, a task that can be otherwise very difficult. In
order to calibrate the [C/N]-age-metallicity relation, though, it is necessary to ob-
tain an estimate of the post-FDU [C/N] abundance for as many stellar clusters
as possible in a large range of ages and metallicities. So far, not many clusters
have high-resolution spectra of stars located on the lower RGB, before the RGB
bump. We have applied for observational time in order to observe the TO, SGB
and lower-RGB of two OCs, NGC 2243 and NGC 6253, with similar age (~ 3 Gyr)
but different metallicity (respectively [Fe/H] ~ +0.50 dex and [Fe/H] ~ —0.40 dex,
see, e.g., Carretta, Bragaglia, and Gratton 2007; Francois et al. 2013; Sestito, Ran-
dich, and Bragaglia 2007). These observations will allow us to test if indeed the
post-FDU [C/N] abundance is rather insensitive to variations in metallicity at the
age of these clusters as predicted by stellar evolution theory. (see Fig. 21).

As can be seen in Fig. 21, metallicity starts playing a more important role on
the post-FDU [C/N] abundance at older ages (> 5 Gyr). Unfortunately, very few
OCs exist with ages > 5 Gyr and none above ~ 10 Gyr (Salaris, Weiss, and Percival,
2004). The only possibility to test the [C/N]-age-metallicity relation in clusters of
these ages would be to use stars in globular clusters. This presents a series of
problems: first, GCs contain multiple stellar populations. It is therefore necessary
to first disentangle the different population and to then treat them separately when
measuring [Fe/Hlrpy. Secondly, the effect of the FDU decreases with decreasing
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mass of the star under analysis. This means that the effect that we want to measure
becomes smaller and smaller and requires an increasingly high precision of the
abundances as we go to higher ages. Finally, GCs are usually very faint due to their
large distances from the Sun. Obtaining high-resolution and high-S/N spectra of
stars on the lower-RGB is therefore very expensive in terms of observing time.
Possible variations in the surface [C/H] and [N/H] abundance of SGB and lower
RGB stars in a GC are presented e.g. in Marino et al. (2016) for the case of 47 Tuc.
The authors find small trends opposite to what expected from theory but argue
that at the metallicity of 47 Tuc ([Fe/H] = —0.77 dex, Carretta et al. 2009) the effects
of the FDU should be almost negligible.

The investigation of atomic diffusion effects are very important in the context
of Galactic archaeology and in particular in the application of chemical tagging
methods. As we explain in Chapter 4 in detail, the variations in surface abundance
due to atomic diffusion limit the resolution achievable when trying to trace stars
in different evolutionary stages back to the cluster in which they were born. The
theory of stellar evolution should therefore become part of the chemical tagging
method. In this context it is important to use stellar clusters to test the effects of
atomic diffusion on stars of different age and metallicity. A large effort has already
been made to test these effects in globular clusters (see, e.g., Gruyters, Nordlander,
and Korn, 2014; Gruyters et al., 2013, 2016; Korn et al., 2007; Lind et al., 2008;
Nordlander et al., 2012), and in open clusters (see, e.g., Casey, 2016; Fossati et al.,
2007, 2011; Kiligoglu et al., 2016; Martin et al., 2017; (")nehag, Gustafsson, and Korn,
2014; Pasquini, Randich, and Pallavicini, 2001). Both for several globular and open
clusters indications of active diffusion processes have been found, but due to the
very small amplitude of these effects it is still difficult to disentangle them from
other possible biases or trends deriving from the assumptions made during the
analysis. It is therefore important to keep extending this kind of studies to new
clusters with different ages and metallicities, but at the same time to improve our
understanding of spectroscopy and stellar atmospheres.

In Chapter 5 we analysed the abundances of two evolved blue straggler stars in
M67 and we found that they are depleted in carbon similarly to the RC stars. We
then discussed how this depletion can be interpreted as a result of classical stellar
evolution. This kind of study could lead to important insights into the evolution
of BSSs. It is usually assumed that, after they are formed, BSSs follow the classical
evolutionary path of stars with the same mass. Studying processes such as the first-
dredge-up in these stars might help understanding if this assumption is indeed
correct. On the other hand an investigation of this kind is made problematic by the
small number of evolved BSSs present in clusters, by the difficulty in identifying
these objects as evolved BSSs, and by the many still unclear details about their
formation history, which might also lead to variations in the surface abundances.

Finally, the experiment presented in Chapter 6 and based on TGAS data will
become of larger interest once the new Gaia DR2 will become available. The precise
proper motions and parallaxes will be an unprecedented asset in the study of
the dynamical evolution of stellar agglomerates such as stellar clusters and OB
associations.
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