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1.1 INTRODUCTION

Red Clump stars are of strong interest: their near-constant lu-
minosity, high brightness and the fact that this phase of stellar
evolution is usually well populated makes the Red Clump a re-
liable distance indicator and an useful tool for investigating the
three-dimensional kinematics and properties of various Galactic
subsystems.

We aim to create an accurate catalog for a sample of Red Clump
stars belonging to the Solar Neighbourhood. This catalog con-
tains accurate multi-epoch radial velocities, atmospheric parame-
ters (Tery, logg, [M/H]) and space velocities (U,V,W) for a well
selected sample of ~300 equatorial Red Clump stars belonging to
the solar neighbourhood.

We observed with the Asiago 1.82m 4+ Echelle spectrograph an
highly pruned sample of Red Clump stars. Radial velocities are
obtained via cross-correlation against synthetic templates. We
derived atmospheric parameters thought a fitting of the stellar
spectra against a synthetic grid of spectra built from the library
of Munari et al. (2005).

We obtained accurate radial velocities (oy,qq < 0.5 Km/s) and
precise atmospheric parameters (o7, s <90 K, 01099 < 0.12 dex,
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op/a < 0.11 dex) for 300 Red Clump stars of the Solar Neighbour-
hood. We also deeply tested the y* method we adopted, demon-
strating its reliability.

At the end we study some properties of the Solar Neighborhood
by using ARCS Red Clump stars.

1.2 THE RED CLUMP

Red Clump stars take their name from their position in the HR
diagram: they form a clump on the giant branch.

This feature is easily recognizable in the Hertzsprung-Russel di-

agrams built with stars of the Hipparcos Catalog (Perryman et
al.,1997) in Fig. 1: it is the overdensity on the Red Giant branch.
The Red Clump is considered the metal-rich counterpart to the
horizontal branch of older and metal poorer clusters. This period
in a star evolution corresponds to the core helium-burning phase,
whereas the main sequence is the core hydrogen-burning phase.
Since the pioneering work of Cannon (1970) and Faulkner and
Cannon (1973) the clump of red giants in the colour-magnitude
diagram (CMD) of intermediate-age and old open clusters was
recognized as being formed by stars in the stage of central helium
burning. They correctly interpret the near constancy of the clump
absolute magnitude as the result of He ignition in an electron-
degenerate core. Under these conditions, He burning cannot start
until the stellar core mass attains a critical value of about 0.45
Mg. It then follows that low-mass stars developing a degenerate
He core after H exhaustion, have similar core masses at the begin-
ning of He burning, and hence similar luminosities.
Their abundance, the presence of good parallaxes in the Hipparcos
catalog, luminosities and the little spread in absolute luminosities
distribution, make this type of star good standard candle candi-
date for estimating astronomical distances both within our galaxy
and to nearby galaxies and clusters.

1.3 STRUCTURE AND EVOLUTION OF RED CLUMP STARS

The Red Clump is mainly composed by low-intermediate mass
stars that are experiencing the core helium burning. This section
briefly explains the evolution of an intermediate mass star after
the exhaustion of the hydrogen burning in the core.

During the main sequence phase, because of the absence of con-
vection, the star burns H more rapidly in the core than in the
outer regions, so there is a chemical gradient with hydrogen de-
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Figure 2: The evolution of the internal structure of a star of 1.3 Mg in
function of the time, till the He flash. The x-axis gives the
time in 109 yrs after the ignition of hydrogen, in the y-asses
is plotted the ratio m/M. The main region of hydrogen burn-
ing is hatched, "cloudy" areas indicate convection. Regions of
variable hydrogen content are dotted. From Thomas (1967).
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creasing toward the center. After central H burning, the star has
a He core, which, in the absence of energy sources, tends to be
isothermal. The central H burning moves into a shell that moves
outwards. The shell become thinner as it moves outside, the core
contracts and the envelope expands. In Fig. 2 (Thomas, 1967)
is illustrated the evolution of the internal structure of a star of
1.3 Mg: the abscissa gives the age after the ignition of H in units
of 109 yrs: the hydrogen burning in the core happens to point A
to point D.

When the star reaches the Hayashi line, the envelope become con-
vective, the luminosity increase while the T,r; is constant: in the
HR diagram the star is rising the Red Giant Branch (RGB), as ev-
idenced in Fig. 3. In 2 (Thomas, 1967) this phase is illustrated af-
ter the point D: is evidenced the quiescent He core, the H-burning
shell that is moving outwards and the convective region.

At the end of the RGB, low-mass stars ignite He in a degen-
erate shell through a relatively strong He flash and then quies-
cently burn it in a convective central region, as shown in Fig. 3
and Fig. 5. The onset of electron degeneracy after the central
H-exhaustion postpones the He-ignition until the core mass grows
to about M, ~ 0.45M®. Since the He-flash in a degenerate gas
starts at M, ~ 0.45 + 0.55M ©® for all the stars (except for a little
dependence on metallicity) all these stars has the same superficial
luminosity. This is clearly visible in Fig. 4: ZAHB models with
masses 0.7 Mg < M <2 Mp.s describe a kind of semi-circle in
both diagrams. The small range of luminosities reflects the small
range of core mass at the moment of He ignition . That is con-
firmed by CMD of Globular Clusters: all RGB finish at the same
luminosity.

The maximum mass of stars that follows this evolutionary scheme
is denoted as M.y (Chiosi, 1992). Stars of masses slightly above
M.t have a weakly degenerate core, and are able to ignite helium
with a lower core mass ( about 0.33 Mg). Therefore their lifetime
in the RGB is significantly abbreviated. For stars of higher masses,
the core mass at the He ignition becomes an increasing function
of stellar mass and the phase in the RGB is practically missing.
The value of M.y depends in the extent of convective cores dur-
ing the main sequence phase: for solar composition models and
for the classical Schwartzchild criterion for convective instability
Mpes ~ 2.4Mg, (Castellani, 1992).

At this point the star is in the Horizontal Branch. It produces nu-
clear energy in two different places: in the core (helium burning)
and in a shell (hydrogen burning).

The distribution of these stars in the CMD is very narrow in lu-
minosity, but they may have a large extension in T¢sf, hence the
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Figure 3: The evolutionary paths in the Hertzsprung Russel Diagram

of model stars of composition [Z=0.008, Y=0.25] and of ini-
tial mass 0.8 Mg, 5 Mg, 20 Mg and 100 Mg. The models
are calculated with the overshoot scheme for central convec-
tion. Mpycr and My, are, respectively, the masses separating
low-mass stars from intermediate-mass stars and intermediate-
mass stars from massive ones. For low- and intermediate-mass
stars the tracks go from the Zero Age Main Sequence to the
end of Asymptotic Giant Branch (AGB) phase, whereas for
massive stars tracks reach the stage of C-ignition in the core.
H-b and He-b stand for core H- and He-burning. He-flash
indicates the stage of violent ignition of central He-burning
in low-mass stars at the tip of the Red Giant Branch (RGB).
The main episodes of external mixing (1% and 2"¢ dredge-up)
are indicated as 15'D-up and 2"D-up. The horizontal line
labeled ZAHB indicates the locus of the Zero Age Horizontal
Branch - core helium burning models- of low mass stars with
composition typical of globular clusters. The shaded vertical
band show the instability strip of Cepheid and RR Lyrae stars.
The thick portions of the tracks indicates the stages of slow
evolution, where the majority of stars are observed.(from C.
Chiosi online lessons)
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Figure 4: Position of the ZAHB (onset of quiescent He burning) for stel-
lar evolutionary tracks of different masses and metallicities.
The upper panel shows the position of ZAHB in the HR dia-
gram; the lower panel in the M; vs V — I diagram. Dots rep-
resent the computed models at mass intervals of 0.1 Mg for
0.7 Mg <M <2 Mg, and 0.2 to 0.5 Mg for M>2 M. Metal-
licities are the continuous lines, from left to right: Z= 0.001,
0.004, 0.008, 0.019, 0.03 . The dashed line is the RGBs of 4 Gyr
isochrones with the same values of metallicities. Is visible that
ZAHB models with masses 0.7 Mg < M <2 My, describe a
kind of semi-circle in both diagrams: the small range of lumi-
nosities reflects the small range of core mass at the moment
of He ignition. Figure taken from Girardi (1999).
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Figure 5: The evolution of the internal structure of a star of 1.3 Mg in

function of the time during the He flash. The x-axis gives the
time in yrs after the He flash, in the y-axis is plotted the ratio
m/M. The main regions of nuclear energy release are hatched:
the central He burning and the shell H burning (that appears
as a broken line). The H burning in the shell extinguishes
after ¢ ~ 107 3yrs. 'Cloudy’ areas indicate convection. In the
window is drawn the close approach of the outer convective en-
velope and the convective region above the He-burning shell,
the dotted area is the transition region of the chemical com-
position left by the hydrogen-burning shell. Although during
the flash helium is ignited in a shell, it will also burn in the
central region after some time. From Thomas (1967).
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name Horizontal Branch. The T,r; in the HB depends on factors
as metallicity and the H-rich envelope mass. The envelope mass
is determined by the initial mass of the star, but also by mass loss
during the RGB and the He-flash.

Lower metallicities and high mass envelope causes bluer HB, oth-
erwise high metallicities and lower envelope mass causes a redder
HB. The Red Clump on the HB is formed by stars with masses 1
Mo <M <Myj.F or by lower mass stars in metal rich systems.
Subsequently, clump stars evolve toward the asymptotic giant
branch during the phase of helium shell burning.

Concluding, as shown in Fig. 2, a Red Clump star is a evolved
star, with mass between 0.8 = 3 Mg and of intermediate age. It
burns helium in a convective core and hydrogen in a shell.

1.3.1 The Fine Structure

Thanks to the dependence of absolute luminosity on the mass of
the helium core at the moment of the He ignition, the Red Clump
has a fine structure. That dependence results from the depen-
dence of the luminosity on the age and chemical abundances of
the galaxy or cluster in which RC stars are detected.

Girardi et al.(1998) and Girardi (2000) investigated this fine struc-
ture with the aid of evolutionary models and isochrone calcula-
tions. They observed that:

e stars with M<2 M  constitute most of the clump, dis-
tributed over a very narrow interval on T.r; and with an
almost constant luminosity. They form the main red clump
feature that we observe in CMDs.

o stars with M~2 M 4 occupy a particular region in the HR
diagram, about 0.4 mag fainter than the main red clump.
These stars define a fainter secondary red clump.

e stars with M>2 M  are fewer and has higher luminosities.
They may originate a plume of bright clump stars.

The same features appear at different metallicities.

In open clusters, the red clump presents typically a very small
dispersion in color and magnitude. This results from the small
spread in age and metallicities. On the contrary, red clump stars
in galaxy fields present a significant spread in age and metallicity.
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Figure 6:

- o,/m<0.05 . ° : -
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Distribution of clump stars in the My, vs B — V' diagram, from
theoretical models (upper panel) and from Hipparcos data
(bottom panel), from Girardi (1999). Upper panel:Theoretical
distribution was built with 400 stars, belonging to a model for
a composite stellar population with constant SFR in the inter-
val 0.1< (t/Gyr)<10 and mean solar metallicity; the contour
levels delimit regions with the same density of stars. Lower
panel: stars in this diagram are stars with parallax error o /7
< 0.05. In the diagram built with theoretical models the sub-
structure is clearly visible: the secondary clump on the left
(caused by stars with masses M> Mpr). In the bottom panel
stars that belong to the secondary clump are indicated by
Crosses.
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Red Clump stars in the CMD M7 vs V — I occupy a magnitude
interval of —0.6 < Mj < 1 and a color interval of 0.8 <V — T < 1.3.
By using Straizys & Kuriliene (1981) criteria RC stars are red
giant stars of spectral type between G8II and K2IIT with 4500 K
< Tepp < 5300K (from Zhao et al.,2001; Soubiran et al.,2003).
The luminosity of a Red Clump star (hereafter RC star), is due
to the luminosity of He burning core plus the luminosity of the
H-burning shell:

L Ly Ly

Lg is nearly constant, it depends on the M., that depends on
metallicity: Mcore decrease with [Fe/H]. Ly depends on the mass
and metallicity. It increases monotonically with the mass, because
the luminosity of the H-burning shell increases with the envelope
mass; additionally the efficiency of the H-burning shell decreases
with [Fe/H]. Studies on atmospheric properties of RC stars started
since the first publication of Hipparcos data (Perryman, 1997),
with the aim of finding any dependence of absolute magnitudes
on atmospheric parameters such as metallicity, temperature and
gravity.

High resolution spectroscopic observations of local Red Clump
stars was done by Zhao et al. (2001), Zhao (2001), Soubiran et
al. (2003) and Liu et al. (2005). Zhao et al. (2001), Zhao et al.
(2001) and Liu et al. (2005) observed a sample of 39 Hipparcos RC
stars. They obtained values of Tty and logg through photometry
while [Fe/H] and [a/Fe] by comparing FWHM of the spectrum
lines with a synthetic template. They obtained T.s; from color
index B —V and logg from Hipparcos parallaxes and magnitudes,
by combining ¢ GM/R? and L 47rR20Tff 7 (in which R= stellar
radius, L= absolute luminosity, M = stellar mass).

Soubiran et al. (2003) obtained atmospheric parameters of 16
Tycho2 RC stars via spectroscopic analysis by fitting spectra with
the method of minimum distance a template of stars with well
known atmospheric parameter.

The results of these studies are summarized in Tab. 1.4.

1.5 THE RED CLUMP IN HIPPARCOS

The existence of core He-burning stars has been known for decades
in the color magnitude diagrams of open clusters and nearby galax-
ies. Sturch (1971) first discovered Helium-core burning giants in
the Galactic field. The first theoretic evidence of a clump in the Gi-
ant Branch was made by Thomas (1967) and Iben (1968). King
(1985) made the first observational confirm on the existence of

11
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Catalogue observed Tor logg [Fe/H] [a/H]
RC K dex dex
Zhao (2001)
Zhao et al. (2001) and Hip. 39 4400 - 5300 1.90 - 3.1 -0.1-+0.35 -0.45 - 0.44
Liu (2005)
Soubiran et al. (2003) Tycho-2 16 4700 - 5300 2.51 - 3.26 -0.54 - 0.15 -

Table 1: Atmospheric parameters of Red Clump stars present in liter-
ature. They were obtained from high resolution spectra of a
sample of RC. Zhao et al. (2001), Zhao (2001) and Liu et al.
(2005) observed a sample of 36 Hipparcos clump stars. They
obtained T, ¢ from color index B —V and logg from Hipparcos
parallaxes and magnitudes, and [Fe/H][«/ Fe] via spectroscopic
analysis. Soubiran (2003) observed a sample of 16 RC stars
taken from Tycho2 catalog. They derived their values by fit-
ting spectra with the method of minimum distance a template
of stars with well known atmospheric parameters.

such clump in the HB. The first irrefutable evidence of the pres-
ence of Red Clump stars in the local neighborhood was made by
Hipparcos ESA mission, Perryman (1997). Hipparcos showed the
presence of a clump in the horizontal branch of the color- absolute
magnitude diagrams (V-1/Mp,) of the Solar Neighborhood (see
1.

Hipparcos (acronym of High Precision Parallax Collecting Satel-
lite) was the first space mission completely dedited to astrometry.
The satellite was launched in 1989 and ended his mission in 1993,
accomplishing one of the most important projects of space astro-
physics.

The aim of the project was to measure stellar parallaxes, useful
for measuring distance and proper motions of a star. Hipparcos
measured distances of 2.5210° stars, reaching distances of ~ 150
pc . The mission was composed by two projects:

e The Hipparcos Experiment, which aim was to measure as-
trometric parameters of ~ 120000 stars, with a precision of
2 -+ 4 milli-arcsecs.

e The Tycho Experiment, which aim was to measure, less ac-
curately than Hipparcos, astrometry and 2-color photometry
of ~ 1000000 of stars.

The final Hipparcos Catalog and the Tycho Catalog were finished
in Agoust 1996, and published by ESA in June 1997 (Perryman
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et al., 1997), Hog (1997).
This PhD thesis uses data from Hipparcos Catalog (Perryman et
al., 1997) and Tycho-2 catalog (Hog et al., 2000).

Hipparcos Red Clump Stars

The Hipparcos ESA catalog contains ~ 1500 clump stars with
parallax error lower than 10%, and an error in absolute magni-
tude lower than 12 mag. This accuracy limit corresponds to a
distance of ~ 125 pc within the sample of clump stars is complete.
Moreover, accurate BV photometry is available and interstellar
absorption is small enough to be neglected. It is important to
remark that the sample of red clump stars with o /7g, < 10% are
always at least 0.5 mag brighter than the V~ 0.85 completeness
limit of the Hipparcos catalog.

ESA(1997) catalog contains ~ 600 clump stars with parallax er-
ror lower than 10% , Girardi (1999). Thus the calibration of the
absolute magnitude for RC stars of the solar neighbourhood is
possible with high accuracy, and hence the use of the Red Clump
as standard candle. The same accuracy is not feasible with other
distance indicators: for example Hipparcos parallaxes of the clos-
est Cepheids and RR-Lyrae has larger errors and the calibration
of their absolute magnitude provided questionable results (Feast
& Catchpole, 1997 ; Luri et al. 1998).

The main characteristics of RC stars, as derived from Hipparcos
sample, are:

o High intrinsic luminosity, characterized by a low dispersion:
My = 0.18 £ 0.29 this work
M= —0.81 £+ 0.23 Udalski (1998)
Mpg= —1.60 % 0.29 Alves (2000)

 High spatial density. 15% of the stars observed by Hipparcos
with 7/o, < 5%, are RC stars.

e Spectral types GS8III - K2III.

Therefore Hipparcos provided a big sample of Red Clump stars
that allowed a deeper investigation of this type of stars and pointed
out their utility in issues as distance scales in Local Group of galax-
ies and Milky Way structure.

13
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1.6 RED CLUMP STARS AS STANDARD CANDLES: THE
CALIBRATION OF M RedClump

The idea of using the Red Clump as distance indicator is relatively
old (Hat, 1989).

Then Paczinski & Stanek (1998) were the first to use Red Clump
stars in the I band as distance indicators, thanks to the fact that
this phase of stellar evolution is usually well populated and thanks
to the presence of precise parallaxes and magnitudes in the Hippar-
cos catalog (Perryman et al., 1997). They noticed that the RC Mj
magnitude was independent of metallicity both in the HIPPAR-
COS and in the Bulge OGLE CMDs. In their paper they argued
that the dependence of the RC brightness from population effects
might be negligible. So they used the |M;| of RC stars in the so-
lar neighborhood in order to obtain the absolute distance modulus
to the center of Milky Way, using Miro= -0.279 + 0.088. The
same procedure was repeated for stars in M31 (Stanek et al.,1998;
Bersier et al., 2000), SMC (Udalski et al., 1998), LMC (Stanek et
al., 1998), Carina (Kim, 2002).

While distances for Carina and Andromeda were coherent with dis-
tances given in literature, for LMC Stanek et al. (1998) obtained
my — Mypyvec=18.06 £ 0.03, & 0.09s, a distance 15% shorter than
the distance of m — M = 18.50 & 0.15 obtained with other meth-
ods (for example the Hubble Space Telescope key project team
gives m — M 18.50 + 0.10, Freedman, 2001).

The discrepancy is partly due to the uncertainty in the extinction
of ~0.2 mag and mainly to metallicity and age effects on the mag-
nitude of Red Clump Stars.

As a matter of fact, taking in account that in the interval 0.8 <
V — I < 1.25 LMC stars have mean metallicity below those of the
solar neighborhood, the bulge and M31; and taking in account
that theoretical models show a weak dependence of My, and My
of RC stars on either age and metallicity, it was clear that metallic-
ity and population effects may be the first cause of the discrepancy
in LMC distance.

Thus a complicated dependence of RC magnitude on the stellar
population (age, metallicity and age- metallicity relation) exist
theoretically. It was demonstrated and quantified by Cole (1998),
Girardi (1999), and Girardi (2001).

Other authors have explored the possibility that the K magnitude
of the RC might be less sensitive to population effects and redden-
ing uncertainties, with no clear consensus (Alves, 2000; Grocholski,
2002; Salaris, 2002; Pietrzinsky ,2003.). Cole (1998) proposed a
revision of the RC distance to the LMC, based on the mean age
and metallicity differences between LMC and local stars. Making
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use of the theoretical dependence of clump magnitude on age and
metallicity, it showed that the LMC Red Clump should be 0.32
mag brighter than the local disk one, and obtained a distance mod-
ulus of 18.36 £ 0.17. At the same time Beaulieu (1998) obtained
a distance modulus for LMC of 18.3 mag by isochrone fitting a
model for the LMC clump.

Udalski et al. (2000) used the McWillam catalog (McWilliam,
1990) obtained metallicities of 673 nearby G and K giants) to
determine the metallicity effects on the properties of red clump
giants. He found that M; is weakly correlated to the [Fe/H] (see
Flg 9), and that the correlation is expressed by:

Mi=(0.13t0.07) ([Fe/H]+0.25-(0.26 £ 0.02) (1.1)
Using his calibration Udalski (2000) obtained a new distance
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Figure 7: M7y of 284 nearby red giants with precise photometry and spec-
troscopy plotted as a function of V' — I color (left panel) and
metallicity [Fe/H] (right panel). Stars of low, medium and
high metallicity are marked by filled circles, filled triangles and
open circles, respectively. Metallicities come from McWilliam
(1990) catalog. (From Udalski, 2000)

modulus for LMC of m — M rp¢c 18.24 4 0.08, a ’short’ distance
again.

Alves (2000) considers the K-band, since this wavelenght range is
less sensitive to extinction. They finds:

Mg=(0.57+0.36) ([Fe/H] +0.25-(1.64 £ 0.07) (1.2)

Later on Zhao et al. (2001), in order to detect the empirical
dependence of M; on metallicity, made a high resolution spectro-
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scopic survey on 39 local RC stars. They obtained the [Fe/H] by
comparing the measured FWHM of lines with synthetic ones. At
the end they found a linear relationship between magnitudes and
metallicity:

Mi=(0.12t0.11) ([Fe/H] 40.25-(0.18 £ 0.04) (1.3)

The weak correlation between M; and [Fe/H] exist as well, with
the same slope of the eq. 1.1 derived by Udalski.
Keenan & Barnbaum (1999) calibrate the clump absolute lumi-

Object Dist. RC op Dist. Ceph. op
(Kpc)  (Kpc) (Kpc) (Kpc)

Milky Way

Bulge 8.4 0.4 8.0 0.5
SMC 58.89 2 61.37 3
LMC 51.29 2 50 2
M31 784 30 760 50
Fornax 136 7 153 18
M33 916 17 912 20
Carina 98.2 4 110 -

Table 2: Distances in Kpc of Milky Way bulge, LMC, SMC, M31, Fornax
and Carina as obtained using Red Clump stars method. Values
came from m — M obtained with RC are taken from: Udalski
et al. (1998) for MW bulge, LMC and SMC, Bersier (2000) for
M31, Kim (2002) for M33 and Carina. Distances taken with
Cepheids came from the Hubble Space Telescope key project
Freedman et al. (2001). Distances are in agreement, but it is
necessary to use RC method carefully.

nosities in the V band for stars brighter than V=6.5. The lumi-
nosity class of Red Clump giants is denoted as IIIb and a new
calibration of their visual magnitude has been made. They give
the mean My as a function of the spectral type: from My = 0.70
for class G8 IIIb to My =1.00 for class K2 IIIb.
Because of the revised Hipparcos parallaxes (F. Van Leeuwen,
2007), Groenewegen(2008) investigates again the absolute calibra-
tion of the RC in the I and K bands, modeling the RC population
of the Solar Neighborhood. He finds:
Mirc —0.2240.03
Mgro —1.54+0.04
with no or very weak dependences on metallicity (see Fig. 7?7 and
Fig. 77).

All these calibrations imply that the absolute magnitude of the
Red Clump of the solar neighbourhood has a rather small (or none)
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correction for metallicity.

Girardi & Salaris (2001) showed that empirical linear M versus
[M/H] relations are misleading, since they originated from the par-
ticular age and metallicity distributions of the objects included in
the calibrating sample, and do not have general validity. Functions
1.1 and 1.3 cannot be used for obtaining distances of objects, as
LMC, which metallicity and population is so different from the
MW disk one. Girardi & Salaris (2001) were able to reproduce
a number of observational features of the RC in nearby galaxy
systems, by using an extended set of stellar models, standard pop-
ulation synthesis algorithms and independent data about the dis-
tributions of stellar ages and metallicities. In particular they re-
produced quite well the RC for the Hipparcos sample (see fig. 6),
the Baade’s Window clump, LMC and SMC, showing the complex
dependence of the red clump magnitude on age, metallicity and
star formation history.

Distances to the main objects of the Local Group, obtained by
using Red Clump stars as standard candle and paying attention
to the metallicity effects, are listed in table 2. There is a good
agreement between between distances obtained with RC and the
ones obtained with cepheids.

Red Clump stars may be used as distance indicators only if the
history and metallicity of the object is well known.

Additionally, taking in account the adequate remarks, clump stars
might be a powerful tool for investigating the structure of the
Galaxy.

1.7 RED CLUMP STARS AS MILKY WAY STRUCTURE IN-
DICATORS

Red Clump star are used as a tool for investigating the structure
of Milky Way, thanks to their abundances in the Galaxy and their
high luminosities.

Fux (2001), Mao et al. (2002) and Sumi et al. (2003) used Red
Clump stars in order to detect the presence of the Galactic Bar.
They analyzed kinematics and distances of RC stars situated in
the Milky Way Bulge from data collected by Optical Gravitational
Lensing Experiment (OGLE-II), see Udalski (1998). From OGLE-
IT they selected two groups of clump stars, a faint and a bright
one, that were supposed to belong to the further and the nearest
part of the Galactic Bar respectively. The result was the detection
of a Galactic Bar that moves in the same direction of the Sun with
a velocity of vpg= 100 Km s—1.

Soubiran et al. (2003) made a characterization of the thick disk
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using clump stars. They took and analyzed high resolution spec-
tra of 284 local clump stars selected from Hipparcos catalog for
investigating the Thick Disk. They obtained proper motions by
combining selected radial velocities measured from spectra and
proper motion taken from Tycho catalog and metallicities with
the method of minimum distance by using a template of spectra
with well known atmospheric parameters. The main result was
the discovery of a rotational lag of -51+5 km s™* with respect to
the Sun, a velocity ellipsoid of oy, oy, ow=63+ 6,39+ 4,39 +4
km s™*, a mead metallicity of [Fe/H]= —0.48 &+ 0.05 and a high
local normalization of 15+7%.
Siebert (2003) used the same sample of stars and data of Soubiran
et al. (2003). They determined the gravitational force perpendic-
ular to the Galactic plane and the mass density in the Galactic
plane ¥ 67 Mgpc™'. They also measured the thickness of the
disk: 390337, pc. They did not found any vertex deviation for old
stars, consistent with an axisymmetric Galaxy.
Bienayme et al. (2005) userd Red Clump stars in order to de-
rive the total surface mass density of the Galactic plane. They
observed two samples of clump stars: the one used by Soubiran
et al. (2003) (a local sample) and a sample of 523 stars up to
z=1 kpc (a distant sample). The atmospheric parameters of the
distant sample were determined by Kovtyuk et al. (2006) using
line-depht ratios. Bienayme et al. (2005) apply two-parameter
models to the combination of the two samples and derived the
value of the total surface mass density within 0.8 kpc and 1.1 kpc
from the Galactic plane: X gppe = 59-67 Mopce™2 and X\ 1kpe =
59-77 Mopc™s.
Red Clump stars are also useful tracers of the recent discovered
stellar systems as Canis Mayor, Sagittarius Stream, Monoceros
Ring, etc. A further knowledge of the shape and the orbit of these
relics of accretion events is very important in the light of the cur-
rent cosmological models in which the growth of large galaxies is
driven by the process of hierarchical merger of sub-units White
(1978) and White (1991). The tidal disruption of dwarf galaxies
within the Galactic potential may lead to the production of stel-
lar streams (as Sagittarius Stream, see Ibata et al. (1998). The
study of these relics may reveal fundamental informations about
the processes of tidal disruption, the mass distribution within the
Galactic Halo of Dark Matter, its degree of clumpiness, etc. (see
Ibata et al., 2001; Helmi et al., 2004; Johnston et al., 2005; Law
et al., 2005). An example of this type of investigation is the study
of the Canis Major overdensity.

The Canis Major/Monoceros Ring is a recent discovery: it was
detected as a strong elliptical shaped overdensity nearly coplanar
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Figure 10: Subtracted map (South-North) in terms of surface density in
the sky for RC stars in the range 11.5 < K < 14.0. The
surface density has been computed on a grid of 4° x 4° pixels
spaced by 2° both in latitude and longitude. In this case
stars with |b| < 5.0° have also been included in the sample.
The position of CMa is indicated by a labeled arrow. Small
squares mark positions where the reddening is 0.5 < EB —
V < 1.0, large squares correspond to reddening in excess of
1.0 mag.
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with the Galactic disk (Newberg et al. 2002; Majewski et al.,
2003; Cutri et al., 2003). Its nature cannot yet ruled out defi-
nitely: it was identified as the stellar component of the southern
Galactic Warp (Momany et al., 2004) or as the relic of an ac-
cretion event(Bellazzini et al., 2004). Recently Bellazzini et al.
(2006) used Red Clump stars selected from 2MASS Point Source
Catalog for tracing the core of the Canis Major. They found that
the main body of the system has a central surface brightness of
Ly o > 24.0 = 6 mag/arcsec® and a line of sight profile peaked at
Do 7.2 % 1.0kpc with a FWHM of ~ 2.0 kpc.

1.8 THE RED CLUMP AS STAR FORMATION HISTORY TRAC-

ERS

The study of the Horizontal Branch can offer the opportunity of
probing the star formation history of an object.

For example the presence of the blue part of the HB in a galaxy
is usually interpreted as clear evidence of an old component, even
if its absence dos not necessarily exclude old ages.

On the other hand the clear presence of the Red Clump traces
both the old and the intermediate-age populations. That’s be-
cause the core He-burning stars with ages between 1 and 13 Gyr
in almost the whole range of metallicity (except the oldest and
most metal poor) present in a composite stellar system are con-
centrated in a small and well defined area of the Color Magnitude
Diagram. This implies that only limited information on the Star
Formation History may be interfered from the RC, after taking
into account theoretical uncertainties and observational errors. In
addiction, as pointed out by Girardi & Salaris (2001) (see fig. ?7?),
the age distribution in the clump is strongly biased toward ’young’
(1-3 Gyrs) ages toward the higher metallicities, because metallic-
ity usually increases with time.

Girardi et al. (1998) and Piatti (1999), however, pointed out a
particular feature, the secondary clump, that can provide specific
information on a particular range of ages. This feature is a clas-
sic prediction of stellar evolution theory. Piatti (1999) noted the
presence of the secondary red clump in the CMDs of several fields
in the Large Magellanic Cloud. Girardi et al. (1998) deeply dis-
cussed the characteristics of this feature in the CMDs of stellar
populations containing metal rich (Z > 0.004), ~ 1 Gyr old stars.
These two papers described the evolutionary origin of the com-
plex RC morphology, demonstrating that the secondary clump is
made of stars with mass in a narrow range ( 0.3Mg) above the
limit for non-degenerate He ignition. It is the faint extremity of
a vertical structure in the CMD, formed by core He-burning stars
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of increasing mass, as show in fig. 6 form Girardi et al. (1998) for
Hipparcos RC stars.

By simulating CMDs for different populations, as done by Girardi
& Salaris (2001), it is possible to see how the mean color of the
RC gets redder, and the RC color range gets larger as metallicity
increases.

This illustrates the potential use of RC as tracer of the age- metal-
licity relation in a composite stellar population in the presence of
a secondary clump. The disadvantage of using RC as SFH tracer
is that its morphology is dependent on the unknown age- relation
and the range of ages. However, with reasonable assumptions
about the local SFH, Girardi et al. (1998) found an agreement
between the observed and predicted morphologies of RC. Finally,
an age indicator introduced by Hatz (1991) is the color difference
between the median color of the RC and the RGB at the level
of the HB. The conclusion, obtained by comparing their result to
Girardi et al. (1998)’s one, is that the empirical trend is clearly
present in the models, except maybe for the solar metallicity mod-
els, which may underestimate the color difference.

Soubiran et al. (2008) determined an age- metallicity relation
(AMR) and an age-velocity relation (AVR) for Galactic Disk stars
using Red Clump stars. They used the same data of the sample of
stars used in Bienayme et al. (2005) (two samples of clump giants:
a local sample of 387 stars and a distant sample of 523 stars). The
AMR that they obtained exhibits a very low dispersion, increases
smoothly from 10 to 4 Gyr with a steeper increase for younger
stars. The AVR presented in the paper is characterized by the
saturation of the V and W dispersions at 5 Gyr, and a continuous
heating in U.

1.9 CATALOGS OF RED CLUMP IN LITERATURE

Because of the wide spread interest, a great effort have been car-
ried out in better defining the properties of RC stars. McWilliam
(1990), Mishenina (2006), Hekker and Mendelez (2007) and Takeda
(2008) realized massive surveys aiming to derive T ¢ , logg, [M/H]
and chemical abundances of giant stars.

McWilliam (1990) computed an extensive catalog of 671 G-K gi-
ants, mostly RC giants. He derived T,ys from broad-band John-
son colours, logg using the relation between T.f¢, M, L and logg,
and [Fe/H] from direct line by line analysis.

Mishenina and collaborators provided fundamental parameters
and abundances for a sample of nearby RC stars (~ 177 stars
with g, > 10 mas) . They derived Ty, [M/H] and elemental
abundances with the classic line by line analysis, while logg is de-

23
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termined by combining two methods: one based on the ionization
balance of iron and the other based on fitting of the wings of the
Cal 6162.17 A line .

Hekker and Mendelez (1997) provided radial velocities and atmo-
spheric parameters of 380 G and K giant stars with V magnitude
brighter than 6. They obtained Tf¢, logg and [Fe/H] from the
equivalent width of Fel and Fell lines, by imposing excitation and
ionization equilibrium through stellar atmosphere models.

The same method based on Fel and Fell line was adopted by
Takeda et al. (2008): they provided atmospheric parameters for
322 intermediate-mass late-G giants, with V< 6, many of which
are red-clump giants.

Femay et al.(2005) carried out a survey on giant stars with CORAVEL,

deriving precise radial velocities for all the K stars with Mg, < 2
and M stars with Mp;, < 4 present in the Hipparcos catalog:
their survey gives radial velocities for a sample of ~ 6600 K gi-
ants, mostly RC stars.

1.9.1  This thesis and the ARCS survey

ARCSs (the Asiago Red Clump Spectroscopic survey) derives from
high resolution optical spectra, accurate multi-epoch radial veloc-
ities and atmospheric parameters for a well selected sample of
500 equatorial Red Clump stars (|b| < 60), belonging to the so-
lar neighborhood. Spectra are obtained with the Asiago 1.82m
+ Echelle spectrograph, they cover a wide spectral interval (3700-
7300 A) with a high resolution (R = 20,000) .

Radial velocity measurements are performed by cross-correlating
spectra against synthetic templates; atmospheric parameters are
derived via x2 fitting with a synthetic database of spectra. The
synthetic spectra are taken from the library of Munari et al. (2005)
, based on Kurucz’s codes. The red clump may be an useful dis-
tance indicator only if we know the distribution of ages and metal-
licities inside the galaxy object we are observing.

The Hipparcos catalog provides us an extremely interesting sam-
ple of clump stars, complete up to 125 pc, and it represents a
well-understood evolutionary stage. Thanks to the finding of the
fine structure in the local red clump sample, Girardi et al. (1998)
able to provide interesting checks to the theory of stellar popula-
tion and population synthesis.

The perspective of using the clump data for probing the chemical
evolution of the Galactic disc are very promising. With accurate
and reliable data on chemical abundance determinations, the sam-
ple of RC stars in the local neighborhood may help the computa-
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tion of chemical evolutionary models of the Solar Neighborhood
and disk SFR.

The aims of this PhD thesis are to create a exhaustive catalog
of Red clump stars of the local neighborhood, to investigate the
possible existence of a relation between RC magnitudes and their
atmospheric parameters and to use this type of stars as a tool to
investigate Milky Way structure.
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2.1 ARCS SELECTION CRITERIA

We applied selection criteria aiming to obtain an highly pruned
sample of RC stars candidates. We tried to minimize the red-
dening and to avoid as much as possible the contamination from

binaries.

The program stars for ARCS were selected according to the fol-

lowing criteria:

1. Accurate spectral classification between G8III and K2III: we

took the identification from the Michigan Spectral Catalog
(Houk, 1982) (see Fig 11. Objects must have MK classifica-
tion quality index better than 2.

. Observability from Asiago: since the Michigan Spectral Cat-
alog contains stars with & < 6°, we selected stars whose de-
clinations are not too low. Selected stars lay within 6° from
the celestial equator. The distribution of ARCS targets in
the celestial sphere is plotted in Fig 12.

. High galactic latitude |b| > 25°. Thanks to this selection
criteria we minimized the reddening and we aimed to observe
stars at high distance from the Galactic plane (see Fig. 13).

. Absolute magnitude: 6.8 < Vpycho—2 < 8.1 . We observe
RC stars at fainter magnitude intervals respect most of the
previous works. Thus our stars are located at higher dis-
tances and higher z.
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Figure 11: Distribution of the objects of ARCS in spectral type.
Spectral classification comes from Houk (1982).

Figure 12: Aitoff equatorial projection of ARCS targets. Is clearly
evidenced our choice of observing stars within 6° on the
celestial equator.
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b=-90°

Figure 13: Aitoff projection in galactic coordinates of ARCS tar-
gets. Is clearly evidenced our choice of observing stars
with high declination from the Galactic plane.

5. Accurate Hipparcos and Tycho-2 proper motions. By imple-
menting our spectroscopic data with astrometric measure-
ments, we can obtain Galactic velocities (U, V, W). Proper
motions were taken from the Tycho-2 catalog (Hog et al.
2000).

6. No hint of binarity or variability: this selection criterion min-
imize the presence of binary stars in the target sample. Se-
lected stars have blank duplicity index in Michigan catalog,
blank variability, blank duplicity flag in Hipparcos catalog
and no other HIP or TYCHO-2 star closer than 10 arcsec.

7. 2MASS, DENIS, UBVRI, ubvy photometry available. In or-
der to characterize as better as possible our stars, we selected
those stars which posses the largest and the most accurate
photometric data in literature.

426 stars match these selection criteria.

The selection criteria at points 3 and 4 minimize the overlap of
ARCS catalog and other catalogs present in literature: we selected
stars at fainter magnitude intervals and with more restrictive cri-
teria than previous spectroscopic surveys.

Within the selection criteria we adopted our highly pruned sample
can be considered as complete.
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2.2 THE PROBLEM OF CONTAMINATION
2.2.1 Binaries

We adopted such selection criteria in order to minimize as much
as possible the contamination of the target sample from binaries
or non-Red Clump stars.

The binaries that contamines the ARCS catalog must have 6.8 <
Vrye < 81 and 0.7 < (B - V )J < 1.5, and no hint of binarity
or variability in Hipparcos, Tycho and Michigan catalogs. That
imply two possible scenarios for our contaminating binaries: a
system composed by a RC and a less luminous star at very high
distance or a system composed by two RC stars. Both cases are
extremely rare.

The first case, a system composed by a RC and a less luminous
star at very high distance, imply that the less luminous star is a
low-mass main sequence star or a evolved star, as a white dwarf.
In this case the secundary star can be detected only spectroscopi-
cally. But the low luminosity of the secundary stars and the low
resolution of the spectrograph will not help us in detecting this
type of binaries from the spectrum: the lines will appear blended
or thicker. Having said this, the only way for detecting such type
of binary stars will be in a detection of a difference in the radial
velocity.

The second case, the contamination by RC-RC binaries, is quite
rare. A theoretical argument against an high contamination by
RC-RC binaries rests on the fine evolutionary timing required to
get two stars in the RC phase at the same time. The timing re-
quirement can be converted into a statement about the relative
masses of the progenitor stars. The bulk of RC stars have progeni-
tors with main sequence lifetimes in the 1 to 4 Gyr range (in order
to match the increase in the star formation efficiency in the last
few Gyr inferred by several previous investigators for the LMC, cf.
Gallagher et al., 1996)). If two stars are going to reach the red
clump phase at the same time, then their main sequence lifetimes
must differ by less than the red clump phase lifetime. Therefore,
the maximum allowed percentage difference in their main sequence
ages, ~ 5%, is given by the ratio of the red clump lifetime, 10%
years (Castellani, Chieffi, Pulone 1991), to the main sequence life-
time, t,,s. Using the relationship that ¢,,s o M /Mg =3 for stars
somewhat more massive than the Sun (Mihalas and Binney 1981),
the upper limit on the mass difference of the two progenitor stars
is 2% (Zaritsky e Lin (1997).

In order to clean ARCS sample from the few possible binaries we
adopted a particular observational strategy. We planned to ob-
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serve our stars twice, with a time interval of minimum 45 days.
This observational strategy was suggested by the work of Udry et
al. (1997): their Monte-Carlo simulations shows that with this
method binaries are detected with an efficiency better than 50%.

2.2.2 AGB

While investigating the clump giants, many works in literature
faced the problem of their selection , since this region of the CMD
is also occupied by the stars of the ascending giant branch. All the
works in literature based on Red Clump stars adopted only photo-
metric criteria. According to that, the differentiation between the
first-ascending RGB stars and the “clump" stars is rather compli-
cated. Even for open cluster stars, it is very difficult to establish
with the good level of certainty, which stars from the group under
investigation are the real clump ones (Pasquini et al., 2004).

A tool for discriminating ascending giant branch stars from RC
stars is to investigate the chemical abundances. This method is
adopted, for example, in the work of Mishenina et al. (2006).
When the star moves towards the RGB, the superficial convection
zone deepens and the nuclearly processed material penetrates into
the atmosphere changing of its chemical composition. During this
so-called first dredge-up phase, the surface abundances of Li, C,
N, and Na, together with the *?C/*3C ratio, are being altered.
The effect depends both on the stellar mass and metallicity (see
Charbonnel 1994). Typically, the surface abundance of carbon
decreases by ~ 0.1-0.2 dex and that of nitrogen increases by 0.3
dex or more (Iben, 1991).

We are the first who used an accurate spectral classification ad
selection criteria. Thanks to that, contamination of ARCS from
AGB stars is rather small, and it could be mainly due to a mis-
leading classification by Hawk (1982). This error in the spectral
classification, if present, will be easily detected by our analisys.
AGB stars will have rather lower gravities than RC stars, logg <
2 dex, while RC stars have 2< logg <3.5 dex.

2.3 COMPARISON OF ARCS WITH OTHER CATALOGS IN
LITERATURE

In literature are present some catalogs on giant stars, which con-
tains a large number of RC stars. Among all we cite the works
of Famaey (2005), McWilliam (1990), Hekker & Mendelez (1997),
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Mishenina et al. (2006) and Takeda et al. (2008).

McWilliam (1990) computed an extensive catalog of 671 G-K gi-
ants, mostly RC giants. He derived T.y; from broad-band John-
son colours, logg using the relation between T.r;, M, L and logg,
and [Fe/H] from direct line by line analysis.

Mishenina and collaborators provided fundamental parameters
and abundances for a sample of nearby RC stars (~ 177 stars
with 7, > 10 mas) . They derived Tcs¢, [M/H] and elemental
abundances with the classic line by line analysis, while logg is de-
termined by combining two methods: one based on the ionization
balance of iron and the other based on fitting of the wings of the
Cal 6162.17 A line .

Hekker and Mendelez (1997) provided radial velocities and atmo-
spheric parameters of 380 G and K giant stars with V' magnitude
brighter than 6. They obtained T.f¢, logg and [Fe/H] from the
equivalent width of Fel and Fell lines, by imposing excitation and
ionization equilibrium through stellar atmosphere models.

The same method based on Fel and Fell line was adopted by
Takeda et al. (2008): they provided atmospheric parameters for
322 intermediate-mass late-G giants, with V< 6, many of which
are red-clump giants.

Femay et al.(2005) carried out a survey on giant stars with CORAVEL,
deriving precise radial velocities for all the K stars with My, < 2
and M stars with Mp;, < 4 present in the Hipparcos catalog:
their survey gives radial velocities for a sample of ~ 6600 K gi-
ants, mostly RC stars.

Fig. 26 shows the distribution in V and K magnitudes and in spec-
tral types of ARCS target stars and the stars of Famaey (2005),
Hekker & Mendelez (1997), Takeda (2008) catalogs. We have no
star in common with the Famaey (2005) catalog, 3 stars in com-
mon with the Mishenina (2006) catalog, 9 star in common with
the catalog of Hekker and Mendelez (2007) and 1 with Takeda
(2008) catalog.

Our survey observed stars fainter and at higher z than those
present in the Hekker, Mishenina and Takeda catalogs: our sam-
ple has 6< V. <8 and d > 50 pc (see Fig. 1) .

Unlike the catalogs present in literature, we derived atmospheric
parameters by a x? fitting of our spectra with a grid of synthetic
spectra built with the library of synthetic spectra of Munari et
al. (2005). With this method we performed the analysis of a large
number of spectra with high accuracy in short computational time:
the x? technique stands as an excellent tool for large spectroscopic
surveys.
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3.1 INSTRUMENT AND PERFORMANCES

The program stars were observed with the REOSC Echelle spectro-
graph + CCD attached to Cassegrain focus of the Asiago 1.82m
telescope. The telescope is a classic Cassegrain reflector with a
primary mirror of 182cm. It is the main observing facility at the
observing site of Cima Ekar (1350m). The spectra have a resolv-
ing power close to 20,000 and cover the wavelength range from
3700 to 7300 A in 30 orders.

3.1.1 Spectrograph characteristics

The ECHELLE spectrograph basically consists of a collimator, an
Echelle grating, a set of cross disperser gratings mounted on an
orientable support, a calibration arm and a slit viewer intesified
camera. The mechanical stability is well suited for the measure-
ment of accurate radial velocity, with flexure in the spectrograph
focal plane and in the wavelength dispersion direction not exceed-
ing 7 pm (about 2.7 km/sec at Hypppq) for +/- 2 hours telescope
slewing in HA from the meridian at any declination.

The slit, placed at the focal plane of the telescope, is 30 mm long
(380 arcsec): we adopted an aperture of 200 ym and a projected
on the sky lenght of 12.6 arcsecs.
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3.2 MODUS OPERANDI AT THE TELESCOPE

For each targets we obtained three identical consecutive exposures,
120 sec each, that were median combined in order to increase the
S/N and automatically reject the cosmic rays. The spectrograph
slit was kept fixed to a projected width of 1.9 arcsec and to a
East-West orientation throughout the whole observing campaign.

3.3 DATA REDUCTION
3.3.1 Data Modeling with IRAF

The spectra were reduced and calibrated with IRAF, using stan-
dard Dark, Bias and dome Flats calibration exposures. Special
care was devoted to the 2D modeling and subtraction of the scat-
tered light. Deep exposures of Moon light scattered by the night
sky were obtained and later cross-correlated to the calibrated stel-
lar spectra. The results confirmed that the sky subtraction proce-
dure accurately removed, from extracted stellar spectra, scattered
moon-light. The spectra were finally normalized.

Exposures of the thorium calibration lamp were obtained both im-
mediately before and also immediately after the three exposures
of the star, with the telescope tracking it. These exposures on
the thorium lamp were combined before extraction, so that to
compensate for spectrograph flexures. From the start of the first
thorium exposure to the end of the last one, the whole observing
cycle on a program star took about 10 minutes. According to the
detailed investigation and 2D modeling by Munari and Lattanzi
(1992) of the flexure pattern of the REOSC Echelle spectrograph
mounted at the Asiago 1.82m telescope, and considering that we
preferentially observed our targets when they were crossing the
meridian, the impact of spectrograph flexures on our observations
is less than 0.1 km/sec, thus completely negligible. This is fully
confirmed by (1) the measurement via cross-correlation of the ra-
dial velocity of the rich telluric absorption spectrum in the red
portion of all our spectra, and (2) the measurement of all night
sky lines we detected on our spectra, taken from the compilations
by Meinel et al. (1968), Osterbrock and Martel (1992), Osterbrock
et al. (1996).

Given the red color of Red Clump stars and instrument response,
the S/N of recorded spectra was steeply increasing with increas-
ing wavelengths. Consequently we restricted our analysis to the
wavelength range 4700-6600 A. The blue cut-off was imposed by
the requirement that the S/N should always be larger than 50,
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and the red one by the necessity to avoid stronger concentrations
of telluric absorption lines (starting with the B-band at 6860 by

0,) and the appearance of fringing (not detectable below 6650 A).

The S/N of the reddest orders was always larger than 120.
a tipycal spectrum of ARCS target is showed in Figures [? |,[?
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Figure 15: Echelle orders 32-36 of ARCS 203222. These orders cover

a wavelenght interval from 6331 A to 7308 A. In Echelle
order 31 the telluric absorption lines are clearly visible. In
the Echelle order 34 there is the H,, line at ~ 6562 A.
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Figure 16: Echelle orders 36-40 of ARCS 203222. These orders cover a
wavelenght interval from 5539 A to 6296 A. in the Echelle
order 36 the O, telluric band at 6276 ~ 6287 is visible. In
the order 38 is clearly visible the Nal doublet.

3.3.2  Scattered Light Evaluation and Correction

Echelle spectrograph are affected by scatterd light contamination.
In the spectrum some of the light entering in the spectrograph
may appear away from the proper position of focus. These scat-
tered photons may have been deflected by optical imperfections
in the gratings and in the mirror, dust in the air and so on. The
presence of this scattered light results in a systematic error in line
strenght and shape measurements, because the scattered light fills
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Figure 17: Echelle orders 41-45 of star ARCS 203222. These orders cover
a wavelenght interval from4923 A to 5522 A. In the Echelle
order 42 the Mg triplet at ~ 5184 -5173 Ais clearly visible.

the absorption lines.

The scattered light is usually 5-10% and it can be measured and
corrected by measuring the light in the obsured portion of the
spectrum. In the case of Echelle spectra it means to measure the
light in between the Echelle orders.

For correcting our spectra for scattered light we used the task
APSCATTER of IRAF ECHELLE package. This tasks smooths
creates an image by smoothing light in between the orders. Then
it subtracts this ’scattering-image’ from the original image.
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Figure 18: Echelle orders 49-54 of star ARCS 203222 . These orders
cover a wavelenght interval from 4343 A to 4922 A. In the
Echelle order 46 is visible the Hg line at ~4861 A.

In the spectra of ARCS targets the scattered light never exceed
2-3%, Fig. 20 shows how scattered light fulfills absorpion lines.
With scatterd light the line depht changes are stricly proportional
to the line depht at each point, reducing the contrast.
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Figure 19: Echelle orders 55-56 of star ARCS 203222. These orders cover
a wavelenght interval from 2937 A to 4357 A. In Echelle order
52 H, at ~4340 Ais clearly visible. Echelle order 53 contains
Ca ~4227 Aand the CN absorption band at ~4215 A. Echelle
prder 54 contains Hy (4101 A). In the Echelle order 56 there
is the Cal ~ 3968 feature. In the Echelle order 56 there is
the Ca ~3934 Aabsorption line.
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42

Order
Echelle

57
56
55
54
53
52
51
50
49

AN
in A

3885-3969
3967-4048
4018-4121
4088-4197
4178-4275
4260-4357
4343-4441
4430-4530
4520-4622

Disp.
A /pix

0.082
0.108
0.100
0.106
0.094
0.095
0.096
0.097
0.100

Ordine
Echelle

48
47
46
45
44
43
42
41
40

AN
in A

4625 - 4717
4713 - 4817
4816 - 4922
4923 - 5030
5035 - 5144
5152 - 5264
5275 - 5389
5404 - 5522
5539 - 5661

Disp.
A /pix

0.099
0.102
0.103
0.104
0.104
0.109
0.111
0.115
0.119

Ordine
Echelle

39
38
37
36
35
34
33
32
31

AN
in A

5681 - 5807
5831 - 5965
5988 - 6196
6155 - 6296
6331 - 6478
6517 - 6669
6714 - 6870
6925 - 7083
7148 - 7308

Disp.
A /pix

0.123
0.131
0.203
0.137
0.143
0.148
0.152
0.154
0.156

Table 3: Wavelenght intervals covered by Echelle Orders.Orders start form the redder order 56 to the bluer 31. They covers a wavelenght

interval from 3937 Ato 7308 A.
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Figure 20: This image shows how much scattered light fills the lines pro-
fils, making the line more shallow everywhere. The spectrum
of the star ARCS 199442 is the black line, in the wavelenght
interval of 5831 - 5965 A (Echelle order 38), the deep absorp-
tion lines of Nal are clearly visible. The red line (grey) is the
scattered light.
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4.1 INTRODUCTION

For determining Vrad and atmospheric parameters we performed
a cross-correlation analysis and a y2 fitting against the synthetic
library of Munari et al. (2005).

4.2 THE SYNTHETIC LIBRARY

The library of sinthetic spectra of Munari et al. (2005) is based
on Kurucz’s atmospheres, line-lists and computing software. The
library is provided at different resolutions and rotational veloci-
ties, it covers a wide wavelength range. the library also adopt the
improved model atmospheres based on the new opacity distribu-
tion functions (ODFs) by Castelli and Kurucz (2003), the use of
the TiO line list of Schwenke (1998), the inclusion of a-element
enhancement and different micro-turbulent velocities.

The whole grid of spectra in our library was computed using the
SYNTHE code by Kurucz (Kurucz and Avrett 1981, Kurucz 1993),
running under VMS operating system on a Digital Alpha work-
station in Asiago. They adopted as input model atmospheres the
ODFNEW models (http://wwwuser.oat.ts.astro.it /castelli/grids/;
Castelli and Kurucz 2003). They differ from the NOVER mod-
els (http://kurucz.harvard.edu/grids.html; Castelli et al. 1997)
for the adoption of new ODFs, replacement of the solar abun-
dances from Anders and Grevesse (1989) with those from Grevesse
and Sauval (1998), and improvements in the molecular opacities
among which the adoption of the molecular line-lists of TiO by
Schwenke (1998, as distributed by Kurucz 1999a) and of H,O by
Partridge and Schwenke (1997, as distributed by Kurucz 1999b).
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For the combination of atmospheric parameters for which no ODFNEW
models were available at the time of writing, we adopted the cor-
responding NOVER input model atmospheres. Both the NOVER
and the ODFNEW models were computed with the overshooting
option for the mixing-length convection switched off, while Kurucz
(K) atmospheric models (also available from http://kurucz.harvard.edu/grids.html)
were computed with the overshooting option switched on. Several
papers have demonstrated that for stars with active convection
(Ter <9000 K) the no-overshooting convection treatment provides
better agreement with the observations than the overshooting case
does (Castelli et al. 1997, Smalley and Kupka 1997, Gardiner et
al. 1999, Smalley et al. 2002). The no-overshooting models used
by us were computed for the mixing-length parameter to the scale
height of 1.25. This value allows to fit the observed solar irradi-
ance, while a lower value, like that of 0.5 suggested by Smalley
et al., 2002, does it not. On the contrary, 0.5 seems to better fit
the wings of HS, provided that the position of the continuum is
known with an uncertainty smaller than 1%. In fact, a difference
of 1% in the position of the solar continuum corresponds to the
difference between 0.5 and 1.25 of the mixing-length parameter
(Castelli et al., 1997). Generally, it’s very difficult to state the
location of the continuum across the wings of the Balmer lines, es-
pecially in Echelle spectra which are notoriously severely affected
by the blaze function.
The range of atmospheric parameters explored by the adopted syn-
thetic spectral library of Munari et al. (2005) is showed in Tab. 4.
The spectra in the adopted library covers from 2500 to 10500 A
and were calculated at a resolving power Rp=\/AA=500000 and
then degraded by Gaussian convolution to lower resolving powers
and properly re-sampled to Nyquist criterion (the FWHM of the
PSF being 2 pixels), to limit the data volume and therefore facili-
tate the distribution.
All spectra in the library can be directly accessed and retrieved
through the dedicated web page http://archives.pd.astro.it/2500-
10500/. The version of the library at 1 A/pix is accessible also
via ESA’s web site http://gaia.esa.int/spectralib/, where brows-
ing facilities based on Virtual Observatory tools are provided. A
distribution via DVDs will be possible in special cases (to be ar-
ranged directly at munari@pd.astro.it).
We selected the library of Munari et al. (2005) for the high range
of stellar parameters covered, for its demonstred reliability with
test on binaries (see Munari et al.,2005 paper), the absence of pre-
dicted lines and its avaiability at our resolution power.
For the construction of the grid we started from the fluxed library
with no predicted lines. For reducing computational time we took
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only the syntetic spectra computed with no a-enhancement: our
stars are located in the solar neighbourhood, then a small portion
of our stars could be a-enhanced. We are further investigating this
aspect with a new observation campaign at higher resolution. We
also considered only spectra with £=2 km s™*: from the works of
Hekker & Mendelez (1997), Mishenina (2005) and Takeda (2007)
this value is a good compromise for red clump stars. We adopted
the fluxed version of the library and therefore we normalized it.
First we cut the spectra in intervals of the same wavelenght inter-
val as the Echelle orders of the spectrograph of Asiago telescope.
Then we normalized the spectra by adopting the same function
we used for ARCS target spectra: a Legendre function of order 6.

4.3 CROSS CORRELATION ON SYNTETIC SPECTRA

Radial velocities are obtained with an automatic pipeline that uses
a standard cross-correlation technique (Tonry & Davis, 1979). We
rejected orders with low counts, high S/N, difficult normalization
(due to stron absorption lines) and huge contamination by telluric
lines. At the end we computed radial velocities measurements on
the normalized spectra of 9 Echelle orders separately, from order
38 (5830-5965 A) to order 46 (4815-4921 A).

The grid of synthetic templates comes from the cut and the normal-
ization of the library of synthetic spectra of Munari et al. (2005).
The pipeline chooses the appropriate template and it calculates
the radial velocity for each order. The internal accuracy of v,qq
within orders is 0.5 km s™" in average.

Cross correlation of a synthetic telluric spectrum against telluric
absorptions in the reddest Echelle order 31 (7145-7300 A) allows
us to control the zero point of the wavelength scale at the 0.3 Km
~* level.

In order to clean our sample from binaries we tried to re-observe
targets at two separate epochs (typically 45 days apart). This
observational strategy was suggested by the work of Udry et al.
(1997): their Monte-Carlo simulations shows that with this method
binaries are detected with an efficiency better than 50%. Fig.3
shows an histogram of the Av,..4 of the 150 stars with multi-epoch
observations: the majority of stars has radial velocities that differs
less than 10 Km s™*. We considered as 'binary candidates’ those
stars with Av,4¢> 10 Km s™*.

At the moment we detected 10 binary candidates among the 150
observed Red Clump giants, corresponding to an observed fre-
quency of spectroscopic binaries of 0,15%. We are now investi-
gating the properties of these objects, trought more spectroscopic
and photometric measurements.
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4.4 x® TEST
4.4.1 The x* method

Measurement of Teyrr, logg,M/H], Viosini is performed via x2
fitting to a grid of synthetic spectra.

We built the grid of synthetic spectra from the library of Munari
et al. (2005). The Munari’s library is computed for a wide range
of parameters, spanning the ranges 3500 < Ty < 47500 K, 0.00
< logg< 5.0, -2.5 < [M/H] < 0.5, [a/Fe]=0.0, +0.4, £&=1,2,4 Km
s~ and 0< V,o < 500 Km s7*. The library was computed using
the SYNTHE code by Kurucz (Kurucz & Avrett, 1981; Kurucz,
1993) using the ODFNEW model atmospheres (Castelli & Kurucz,
2003). The solar partitions adopted by Munari et al. (2005) are
the ones from Grevesse and Sauval (1998).

For the construction of the grid we started from the fluxed library
with no predicted lines. For reducing computational time we took
only the syntetic spectra computed with no a-enhancement: our
stars are located in the solar neighbourhood, then a small portion
of our stars could be a-enhanced. We are further investigating this
aspect with a new observation campaign at higher resolution. We
also considered only spectra with £&=2 km s™*: from the works of
Hekker & Mendelez (1997), Mishenina (2005) and Takeda (2007)
this value is a good compromise for red clump stars.

We prepared the grid by cutting the Munari’s library in the same
wavelength intervals as the Echelle orders, and then we normalized
these intervals by using the same function and the same rejection
threshold adopted in IRAF for stellar spectra: a Legendre func-
tion of order 6, with lower rejection of 0.5 and higher rejection of
1.5.

The adopted x* technique is a simple x* test of the stellar spec-
trum over the synthetic grid of stellar spectra. The x* explores
the space of the T¢s¢, log, [M/H] and V. sini parameters, looking
for the deepest minimum and determining its lowest point. This
technique is adopted for each order separately. For each parame-
ter we selected the best performing orders in order to obtain the
correct value of Tcry, log, [M/H] and V,sini: at this first step
the selected orders were orders from 38 to 46 (wavelength range
4816 - 5965 A).

We obtained an internal error consistency between orders of 50
K in Tefs, 0.11 dex in log, 0.10 dex in [M/H] and 1 Km s™" in
V.,orsint. For the 150 stars that possess multi-epoch observations,
we find an rms between the 2 observations of 57 K in Tcfy, 0.10
dex in log, 0.09 dex in [M/H] and 1 Km s™" in V,ysini.

The quality of our results were deeply tested by observing and

49



50

RADIAL VELOCITY AND ATMOSPHERIC PARAMETER DETERMINATION

analisyng with the same technique adopted for ARCS some sam-
ples of stars which parameter are well determined in literature.
Thanks to these tests we may say that the x* technique and the
selected Echelle orders perform very well, with no evident depen-
dence of atmospheric parameters on S/N (see Fig. 4) and with no
dependences or degenerancies between parameters (see Fig. 5) .
We took as final result for Tefy, logg and [M/H] the mean of all
the 9 orders, with a correction in T.rs and [M/H] in order to be
in the same system of reference of the catalogs present in litera-
ture (Hekker & Mendelez (1997), Mishenina (2000), Soubiran et
al. (2005) and Takeda et al. (2008) ). The adopted correction is
a rigid shift:

Teprarcsy> = Teps = + 40 (K)
[1\/[/1—1],4]{05)(2 = [M/H]X2 + 0.27 (dex)

where Tcrpy> and [M/H],- are the values of temperature and
metallicity as come from the x?.

The external consistency of our measurements and the way we
found the rigid shift are described in Section 7.
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5.1 INTRODUCTION

In order to check the reliability of the method adopted in ARCS
we made a series of test on both radial velocity and atmospheric
parameters determinations.

We selected and observed a large number of stars taken from dif-
ferent sources in literature. We then observed these stars with the
same telescope setup as ARCS, we reduced and analyzed spectra
in the same way as ARCS spectra.

We may argue that ARCS radial velocity determinations are reli-
able: we did not detected any shifts in both TAU Velocity Standard
stars and RAVE DR2 stars.

The test on atmospheric parameters based on the spectroscopic
catalogs of McWilliams (1995), Soubiran(2005) and Takeda (2008)
revealed that corrections of 0.27 dex on [M/H] and 40 K in Teff
are needed. With this correction we found a good agreement of
atmospheric parameters derived with ARCS y2 with stars with at-
mospheric parameters well determined in literature and with stars
belonging to Coma and Praesepe Open Clusters.

The y2 analysis of spectra against a sinthetic library revealed to
be a powerful and reliable tool for analysing big amount of data.
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Table 5: Comparison between literature velocities and velocity measured
with the ARCS’s method of cross-correlation for 7 IAU stan-
dard velocity stars. All the values are in km s™*

Star Literature Asiago AVpad

Vrad Ovpaq Viad Ov,,, (As.-Lit.)
HD 003712 -39 0.1 —4.1 0.3 —0.2
HD 012929 —-14.3 0.2 —-13.8 04 —0.5
HD 062509 33 0.1 3.3 06 0.0
HD 065934 35.0 0.3 346 05 0.4
HD 090861 36.3 0.4 36.7 04 —0.4
HD 212943 54.3 0.3 54.2 04 -0.1
HD 213014 —39.7 0.0 —40.0 0.5 -0.3

5.2 TESTS ON RADIAL VELOCITY MEASUREMENTS
5.2.1 [TAU Velocity Standards

With the Asiago 1.82m + Echelle, with the same set-up as for
ARCS, we observed 7 IAU standard radial velocity stars. By
adopting the same method of ARCS we derived radial velocities.
The mean difference between ARCS measurement and literature
differs of AV,4q= -0.15 Km s™* with an rms of 0.71 Km s™* .
There is an excellent agreement between IAU velocities and Asi-
ago ones (results are labeled in Tab. 1, electronic only), confirming
the reliability of our radial velocity measurements.

5.2.2 RAVE

In the work of Valentini and Munari(2007) we presented an ex-
ternal test of the accuracy of RAVE results, by deriving radial
velocities for a sample of 25 RAVE targets. We went for targets
with I band listed in DR2 as brighter than 10.0 mag and we tried
to cover the widest range in atmopheric parameters Tqrr, logg
and [M/H] and we observed them with the same telescope set-up
used for ARCS’s targets. We derived radial velocities with the
same cross-correlation method adopted for ARCS survey (results
labeled in Tab.2, electronic only).
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Table 6: Comparison between velocities given by RAVE DR2 (Zwitter
et al., 2008) and velocity measured with the ARCS’s method
of cross-correlation for stars. All the values are in km s™*

Star TYC RAVE-DR2 Asiago Avpqq
Viad Ov,yy Vrad Ov,.y (As-RAVE)

T4678-00087-1 —-2.6 24 0.8 0.2 3.4
T4679-00388-1 13.1 1.0 18.4 0.7 5.3
T4701-00802-1 —42.6 0.5 —41.2 0.3 1.4
T4702-00944-1 26.4 0.5 29.1 04 2.5
T4704-00341-1 —20.9 16 —-19.6 0.6 0.7
T4749-00016-1 —29.8 0.6 —27.9 0.3 0.9
T4749-00085-1 61.8 0.7 62.8 0.9 1.0
T4749-00143-1  18.2 1.2 18.3 0.6 0.1
T4763-01210-1 —-0.4 0.6 1.2 0.3 1.6
T5178-01006-1 —36.1 0.6 —-374 0.3 -1.3
T5186-01028-1 —7.9 1.0 7.7 0.5 0.2
T5198-00021-1 —-32.9 06 —33.3 08 -0.5
T5198-00784-1 —54.7 1.6 —54.0 0.7 0.7
T5199-00143-1 —-26.9 24 -26.7 0.9 0.2
T5201-01410-1 -1.7 1.0 0.0 0.9 —1.7
T5207-00294-1 25.7 0.9 246 0.6 —-1.1
T5225-01299-1 —-8.6 0.8 -9.6 0.3 -1.0
T5227-00846-1 —11.3 0.7 —-10.2 0.8 1.1
T5228-01074-1 —8.6 1.0 75 0.3 1.1
T5231-00546-1 —29.4 2.7 —-282 0.7 1.2
T5232-00783 1 —21.0 0.8 —-20.1 04 0.9
T5242-003241 -10.9 34 -—-11.9 08 -1.0
T5244-001021 —-7.5 0.9 -5.8 0.5 1.7
T5246-00361 1 11.8 0.7 11.5 0.5 -0.3

T5323-01037 1  20.5 0.7 224 0.7 1.9
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The mean differences between Asiago and RAVE velocities is VradASTAGO—
Vradgayge 0.96 Km s~ (0 = 1.30 Km s™*). There is a very good
agreement between RAVE and Asiago radial velocities.

5.3 TEST ON ATMOSPHERIC PARAMETERS :SOUBIRAN,
HEKKER, TAKEDA CATALOGS

In order to further investigate the external consistancy of our at-
mospheric parameters measurements we observed a set of stars
which atmospherical parameters were spectroscopically determined
in literature. We considered the catalogs of Hekker and Mendelez
(1997), Soubiran et al.(2005) and Takeda et al.(2008). In this
works the authors determined atmospherical parameters with the
classical spectroscopic method based on the Fel and Fell lines.
We selected ~ 12 object per catalog, in all we selected 35 stars
uniformely distributed in the same spectral type of the ARCS ob-
jects (G8III-K2IIT). We observed the literature targets with the
same telescope set-up and the same technique adopted for ARCS
targets. We also managed in order to have the same <S/N> of
ARCS’s spectra and we obtained atmospherical parameters with
the same x? technique against the same synthetic grid adopted for
ARCS. The list of target stars, the parameters present in literature
and the parameters obtained with ARCS technique are listed in
Table 1 (Hekker Catalog), Table 2 (Soubiran Catalog) and Table
3 (Takeda Catalog).

L

50 /,’ =

RAVE DR2 rad. wel. (lem/s)
o
I
[
|

—50 0 50
Asiago Echelle rad. vel. (km,/s)

Figure 21: Comparison between radial velocities in Rave DR2 and those
derived with the ARCS cross-correlation method. The diag-
onal gives the 1:1 relation.
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It is relevant to notice that systematic differences in atmospheric
parameters are present in between the catalogs we considered,
even if the authors adopted the same method. For example, Takeda’s
spectroscopically determined logg values appear to be sistemati-
cally lower of 0.2 - 0.3 dex than the values in Hekker and Mendelez
(2007) for the 147 stars in common. Differences of 0.7 - 0.8 Km
s~ ' are also present in the v; values and the Takeda Ty values
are sistematically ~50 K lower than Hekker’s. These differences
are partly due to differences in the sets of lines adopted (Takeda
et al. 2008).

With this test we also refined the selection of the most perform-
ing orders starteded at the beginning of our work. At the end we
considered the same six orders for the determination of the Ty
and logg (Echelle orders 41-45, corresponding to wavelenghts 4920
- 5530 A) and we considered 4 orders for the [M/H].

The rms of ARCS results - literature results are 80 K in Ty, 0.15
dex in logg and 0.15 dex in [M/H], as visible in Fig. 5. We may
state that our results are in agreement with the values present in
literature, without any significant systematic difference.

With these external test we demonstrated the reliability of the x?
technique and of the adopted library. The quality of the measure-
ments and the short computational time needed for analysing large
amount of data put forward the x® technique as one of the most
promising tool for large spectroscopical surveys (as the present
survey RAVE and the forthcoming LAMOS).

5.3.1 The importance of the S/N

5.4 TEST ON ATMOSPHERIC PARAMETERS: STARS FROM
LITERATURE

We observed with the Asiago Echelle spectrograph a set of 16 stars
with atmospheric parameters well known in literature.

We selected the target stars from SIMBAD and asked for the list
of stars with published atmospheric parameters. We restricted
our attention to those stars with F-G-K spectral type and focused
to the brightest onesin order to maximize the S/N. Among them
we selected a random sample that tried to cover the widest range
in metallicity. The spectra of these targets from literature were
treated in the same way as we did for ARCS targets and analized
them in the same way.

In Tab. 11 the selected stars are listed with the literature atmo-
spheric parameters and parameters derived with our x* analysis.
The two data sets are compared in Fig. 25.

Atmospheric parameters derived with ARCS’s x* analysis and lit-
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Table 7: Average and errors of the difference between the values of the
atmospheric parameters of the 34 stars present in literature
catalogs and the ones obtained with the x* method for Echelle
orders from 38 (5830-5966 A) to 46 (4815-4922 A).

ord Ters logg [M/H]
A o A o A o
(K) (K) (dex) (dex) (dex) (dex)

38 —67 119 -0.03 055 -0.19 0.11
39 17 80 0.14 024 -0.15 0.10
40 -89 159 —-0.06 038 —-0.35 0.15
41 -118 107 —-0.87 0.32 —-045 0.13
42 -115 83 —-0.37 029 -0.49 0.10
43 114 108 0.17 030 —-0.28 0.17
44 253 107 048 031 -0.23 0.18
45 108 137 0.18 048 -0.24 0.13
46 263 96 0.34 052 -0.07 0.13

mean 40 0.00 0.27
+50 +0.13 +0.05
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Table 8: Comparison between the atmospheric parameters obtained
with ARCS’s x* method and values present in Soubiran cat-
alog (Soubiran et al. 2005) for 14 stars. Soubiran’s objects
were observed with the same set-up and S/N of ARCS sample,
and atmospheric parameters were derived by using the same
method and synthetic grid as ARCS.

HD T. Sp. Soubiran ARCSy?

Tepp logg [M/H]  Tepp logg [M/H ]
(K) (dex) (dex) (K) (dex) (dex)

124897 K2IIIp 4208 1.59 —-0.75 4273 1.60 —0.51
161074 KA4III 3951 1.62 —-0.49 4004 1.62 —0.27
180711 GOIII 4751 2.57 —0.46 4848 2.55 —0.19
212943 KOIII 4550 2.51 —0.60 4663 2.53 —0.29
213119 Kb5III 3845 1.12 —0.52 3922 1.15 —0.31
216174 KIIII 4342 184 —-0.73 4403 1.71 —-0.49
219615 GOIII 4795 233 —0.79 4909 227 —-0.48
005234 K2III 4447 2.10 —0.07 4473 2.29 0.10
006833 GS8III 4587 1.55 —0.79 4251 1.36 —0.85
009927 K3III 4343 2.27 0.19 4361 2.15 0.08
010380 K3III 4199 1.79 —-0.07 4114 1.63 —-0.16
019476 KOIII 4852 293 0.14 4934 3.18 0.13
039003 KOIII 4618 2.32  0.03 4657 2.42 0.00

o7
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Table 9: Comparison between the atmospheric parameters obtained
with ARCS’s x? method and values present in Hekker cata-
log (Hekker & Mendelez, 1997 ) for 11 stars. Hekkers’s objects
were observed with the same set-up and S/N of ARCS sample,
and atmospheric parameters were derived by using the same
method and synthetic grid as ARCS.

HD T. Sp. Hekker & Mendelez ARCSx?
Terp logg  [M/H]  Tepp logg [M/H]
(K) (dex)  (dex) (K) (dex) (dex)

192944 GS8III 5000 2.70 —0.10 4988 2.81 —0.06
203644 KOIII 4740 2.75 0.04 4748 2.82 —-0.03
210762 KOIII 4185 1.65 0.00 4251 1.58 0.03
214995 KOIII 4880 2.85 —0.04 4743 2.69 —0.02
199253 KOIII 4625 2.35 —0.19 4644 2.27 -0.16
213119 KSIII 4090 1.656 —0.48 4101 1.63 —-0.45
214868 K3III 4445 250 —0.17 4329 1.86 —0.17
215373 KOIII 4950 2.87 0.01 5059 3.21 0.11
216646 KOIII 4600 2.65 0.07 4644 2.71 0.08
219945 KOIII 4880 2.85 —0.09 4840 2.74 —-0.14
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Table 10: Comparison between the atmospheric parameters obtained
with ARCS’s x? method and values present in Takeda cat-
alog (Takeda et al., 2008 ) for 10 stars.
were observed with the same set-up and S/N of ARCS sam-
ple, and atmospheric parameters were derived by using the
same method and synthetic grid as ARCS.

Takeda’s objects

STARS FROM LITERATURE

HD

006186
007087
009057
009408
010761
019476
204771
215373
219945
221345

T. Sp.

KOIII
KOIII
KOIII
KOIII
KOIII
KOIII
KOIII
KOIII
KOIII
KOIII

Takeda ARCSx?
Tepr logg [M/H]  Tepp logg [M/H]
(K) (dex) (dex) (K) (dex) (dex)
4829 230 —-0.31 4930 248 —-0.23
4908 2.39 —-0.04 4972 2.63 —0.03
4883 2.49 0.04 4986 2.87 0.03
4746 221 —-0.34 4834 2.40 —-0.31
4952 243 —-0.05 5031 2.64 —-0.04
4933 2.82 0.14 5041 2.27 0.12
4967 293 0.09 4992 3.24 0.04
5007 2.69 0.10 5107 3.31 0.14
4874 2.61 —-0.10 4909 2.75 -0.11
4813 2.63 —0.24 4719 244 —-0.29

99
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Figure 22: Differences between atmospheric parameters obtained with ARCS x? technique and literature values. Full circles are objects from
Hekker & Mendelez (1997), empty cyrcles are Soubiran (2005) objects and stars are Takeda et al. (2008) objects. We may argue
that there is no evident shift ore dependence for atmospheric parameters for data obtained with ARCS x?.
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Figure 24: Comparison between atmospheric parameters present in liter-
diagonal gives the 1:1 relation.
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erature parameters do not show offsets. The mean differences for
the atmospheric parameters are:

(Tef fiit — Tef fya) DTET2

(loggiit — loggy=) 0.21£0.18

(M/H iy — M/H,,)=40.029£0.028
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Figure 25: Comparison between atmospheric parameters present in liter-
ature and those derived with the ARCS x2 for 16 stars. The
diagonal gives the 1:1 relation.
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Table 11: Comparison between published atmmospheric parameters of
F, G, K field stars of luminosity class from I to V, and those
derived from ARCS x2. The 'ref’ column identifies the listed
source paper for the literature atmospheric parameters.
HD Literature ARCS x=
T.: err  1ogg err [M/H] err ref T, err 1ogg  err [M/H]
(K) (K) (dex) (dex) (dex) (dex) (K) (K) (dex) (dex) (dex)
91752 6488 50 3.92 0.10 -0.23 0.05 1 6262 71 3.85 0.08 -0.32
6310 &80 3.99 0.12 -0.32 0.10 3
6180 3.80 -0.33 2
101606 6000 4.00 -0.82 2 6090 33 4.01 0.08 -0.88
87141 6403 50 4.05 0.10 0.04 0.05 1 6420 36 4.08 0.03 0.13
6417 80 4.11 0.12 0.21 0.10 3
6300 3.9 0.07
124850 6177 50 3.94 0.10 -0.11 0.05 1 6139 38 3.88 0.12 -0.33
6136 80 4.00 0.12 -0.31 0.10 3
6146 3.8 -0.03 2
102870 6176 50 4.14 0.10 0.13 0.05 1 6097 47 4.27 0.12 0.16
6190 80 4.20 0.12 0.10 0.10 3
6146 100 4.4 0.2 0.20 0.06 5
6072 4.1 0.18 2
74462 4620 50 1.60 0.3 -147 005 6 4682 70 1.69 0.15 -1.38
4744 200 1.9 0.3 -140 0.15 7
76151 5763 50 4.37 0.10 0.01 0.05 1 568 31 445 0.11 -0.03
71369 5220 50 2.67 0.30 -0.21 0.11 9 5189 43 238 0.18 -0.29
88609 4600 50 1.50 0.3 -2.81 0.04 10 4552 23 1.19 0.08 -2.50
4500 100 1.1 0.3 -2.50 0.20 11
4500 200 0.8 0.3 -270 015 7
110184 4275 50 0.80 0.3 -244 004 1 4367 36 092 0.08 -2.27
4500 100 1.0 0.3 -2.23 0.20 11
4500 200 0.8 0.3 -220 0.17 7
79452 4165 2.20 -0.85 0.15 12 4209 62 224 0.09 -0.89
113226 5060 50 2.97 0.30 0.15 0.10 9 5101 43 296 0.11 -0.09
85503 4480 50 2.61 0.30 0.17 0.12 9 4560 33 2.51 0.12 -0.02
4375 50 195 0.40 0.12 0.08 13
102328 4250 50 1.90 0.40 0.09 0.08 13 4274 47 2.00 0.09 0.14
125560 4400 50 2.42 0.30 0.00 014 9 4429 32 250 0.12 0.05
17709 3880 130 1.42 030 -0.36 0.11 9 3903 26 1.34 0.11 -047




5.5 TEST ON ATMOSPHERIC PARAMETERS: OPEN CLUSTERS

5.5 TEST ON ATMOSPHERIC PARAMETERS: OPEN CLUS-
TERS

In order to check the external consistency of our atmospheric pa-
rameters measurements we observed a set of stars belonging to
open clusters which atmospherical parameters were determined in
literature.
We observed 9 objects in the Coma Berenices open cluster, these
objects covers a spectral type range from FOV to F2III. Results
are labeled in Table 2 (electronic only).

We also observed 4 stars in the Praesepe open cluster, these
objects covers a spectral type range from GS8III to KOIII. Results
are labeled in Table 3 (electronic only).

No relevant shifts are present in the ARCS x? values for Ty,
logg and [M/H] with the values present in the literature.

5.6 DISCUSSION

The large number of test illustrated in this chapter tested the
reliability of ARCS radial velocities and atmospheric parameters
determination.

Radial velocity measurement with the automatic cross correlation
method demonstred to be accurate.

Amospheric parameters detemination need a correction for metal-
licity of 0.27 dex and 40 K in temperature.
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Table 12: Atmospheric parameters of Coma Open Cluster’s selected
stars as present in literature and as derived with ARCS x?

technique.

The objects were observed and reduced in the

same way as ARCS targets. The number in column 6 indicates
the literature reference: (1) Wallerstein & Conti (1964);(2-3)
Cayrel de Strobel et al. (2001); (4) Gustafsson et al. (1974);

(5) Claria et al.

(1996); (6) Boesgaard (1987); (7) Frill &

Boesgaard (1992); (8,*) Cayrel et al. (1988); (9, *) Gebran et

Age: ~ 400 Myrs [Fe/H]=-0.052 (*)

al. (2008,).
COMA CLUSTER
Star S.Type
HD 109069 FOV
HD 106946 F2v
HD 107611 F6V
HD 107793 F8V
HD 107583 GOV
HD 105863 GOV
HD 108283  FOIIL
HD 111812  GOIIIL
HD 107700 F2III

From Literature ARCSx?
Terp logg [M/H] Ref Ters logg [M/H]
(K) (dex) (dex) (K) (dex) (dex)
6864 4.06 9 7082+52 4.5+0.10 —0.05+£0.05
—0.03 2 6982446 4.46+0.11 —0.04+0.05
6890 —0.031 6
6892 4.30 9
6425 —0.090 6 6583+47 4.50£0.11 —0.10£0.05
—-0.09 2
6425 —-0.056 7
6491 4.57 9
6095 —0.113 6 6199+72 4.53+0.21 —0.0940.05
-0.11 2
-0.06 2
6095 —-0.089 7
—0.06 2 56274+59 3.6+0.12 —0.0710.08
5960 —-0.057 7
5850 4.20 —-0.06 8
2808 3 5504+47 3.7£0.22 —0.09+0.07
4979457 2.43+£0.20 —0.08+0.08
4883 —0.256 5045£42 3.49£0.21 —0.19£0.11
—-0.20 4
—0.10 2 6180+47 3.42+0.21 —-0.1240.11
—0.15 2
6210 —0.101 6
6210 —-0.148 7




5.6 DISCUSSION

Table 13: Atmospheric parameters for Prasepe Cluster’s selected stars
as present in literature and as derived by ARCS’s x? method.
The objects were observed and reduced in the same way as
ARCS targets. The number in column 5 indicates the litera-
ture reference: (1) Cayrel de Strobel et al, 1997; (2) Taylor
(1999); (3) Pasquini (2000);(*) Boedsgaard et al. (2000); (**)

Pace et al. (2008).
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PRAESEPE CLUSTER Age: ~ 600 Myrs

Star

HD 73665

HD 73710

HD 73598

HD 73974

S.Type

GSIII

GIIII

KOIII

KOIII

[Fe/H]=0.13 (*) [Fe/H]=0.27 (**)

From Literature ARCSx?
Teryr [M/H] Ref Tesy logg [M/H]
(K) (dex) (K) (dex) (dex)
4990 —0.04 1 4945+52 2.77+0.10 —0.06+0.10
0.047 2
4893 —0.17 1 4860+53 2.67+0.10  0.08+0.10
0.245 2
4634 3
0.014 2 4916453 2.784+0.10 0.14+0.10
4799 3
0.064 2 4948461 2.91+0.10 0.1440.10
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6.1 INTRODUCTION

In constructin the ARCS catalog we put great care in the deermi-
nation of the distances and in computing UVW velocities.

6.2 DISTANCES

ARCS survey (ARCS stays for Asiago Red clump Spectroscopic)
produced a catalog of 300 Red Clump stars of the Solar Neighbor-
hood. It provides spectroscopically derived atmospheric parame-
ters ( Tess, logg, [M/H], V,usini) and radial velocities . All the
stars of ARCS catalog have non-negative Hipparcos parallaxes,
good Michigan spectral classification, proper motions from Tycho-
2 catalog, 2MASS and I-DENIS photometry.

ARCSs may be an useful tool for investigating the kinematics of
the Milky Way disk in the Solar Neighborhood, because it gives us
accurate radial velocities, distances and proper motions. The un-
certainty on the distance gives the largest error on the calculation
of U V,W , since ARCS V,,4 has an accuracy of 0.5 Km s™* and
Tycho-2 proper motions have an accuracy of i, 0.88 mas/yr and
is 0.74 mas/yr, whereas the error on distance from Hipparcos
parallaxes can exceed 80% .

In this section we compare distances for ARCSs objects obtained
with Hipparcos parallaxes, distances obtained from K-2MASS pho-
tometry and with the Keenan & Barnbaum (2000) calibration.

69



70

CONSTRUCTING ARCS HIGH RESOLUTION CATALOG

6.2.1 Hipparcos distances

We simply adopted a non-negative Hipparcos parallax as selection
criteria. Therefore distances for ARCS objects derived from Hip-
parcos parallaxes can be meaningful or with acceptable error bars

only for a

small fraction of the target stars.

As a matter of fact only 43 of the 427 target stars has o, /m <

0.10 from

Hipparcos parallaxes. With the recent revised Hippar-

cos parallaxes (F. Van Leeuwen, 2007) we also noticed a rigid shift
in the absolute magnitude of the RC stars in the V; band. As is
clearly visible in Fig. 26 there is a shift of 0.1 mag in the abso-
lute magnitude of our 43 RC stars with more precise parallaxes
between old and new parallaxes. One of the most useful proper-

Calibration set: M 0ld Hip vs M New Red

V Tycho V Tycho

MV Tycho — New

] ] ] T /

A=1.04 B=0.10 0,=0.06 / ]

o
bor

“T"'_‘ —e—i
I

Figure 26:

ties of RC
negligible

M — 0ld

V Tycho

Distances from Hipparcos New Reduction of Raw Data (2007)
compared with distances taken from the old Hipparcos cata-
log (Perryman, 1997) for the 43 stars with o /7 < 0.10. The
diagonal line represents the 1:1 relation.

stars is their their near-constant luminosity, that has a
dependence on metallicity for stars in the Solar Neigh-



6.3 GALACTIC VELOCITIES

borhood . Thus we preferred to derive distances from photometry.

6.2.2 K-band

We chose K band because it is the band less sensitive to the
metallicity (see Alves, 2000 and Groenewegen, 2008) and because
it is less affected by reddening. We used the Hipparcos paral-
laxes taken from the New Reduction of Hipparcos Raw Data (Van-
Leeuwen, 2007). We used the (Mf) computed by Groenewegen:
(Mpg)=-1.54+ 0.04 (Groenewegen, 2008).

Groenewegen obtained this value by using a numerical model that
takes in to account several selection criteria and properties of Hip-
parcos catalog. In this work no relevant dependence on metal-
licity was found, and the dependence on colour is weak: (-0.15+
0.07)((V-K)o-2.32).

In the Fig. 27 the comparison between distances from Hippar-
cos New Reduction of Raw Data (2007) catalog and photometric
distance from K-2MASS is showed. Each panel sohw stars with
different error on Hipparcos parallaxes, lowest error on top and
highest error at bottom. As is clearly visible from the figure there
is a shift for K2 III stars for stars with larger error on parallaxes:
the photometric distances for K2 III stars appears to be shorter
than the Hipparcos distances.

6.2.3 Spectrophotometric distances

Keenan & Barnbaum (2000) applied a modification to the MK
luminosity standards so that luminosity class IIIb denotes mem-
bers of the clump. They made a new calibration of MK luminosity
classes III and IIIb in terms of visual absolute magnitudes. Keenan
calibrations are showed in Tab. 28 Fig. 29).

We decided to use the Keenan & Barnbaum calibrations:in Fig. 30
it appear that their calibrations are the most consistant with Hip-
parcos distances by looking the spectral type.

6.3 GALACTIC VELOCITIES

To derive reliable space velocities the distance must be known
with appropriate accuracy. Only 46 of the 426 target stars have
Hipparcos parallaxes with o, /7 < 10% , the remaining stars have
relevant error on distance. For that reason a photometric parallax
is used. Fig. 31 shows the comparison between distances obtained
with revised Hipparcos parallaxes (Van Leeuwen , 2007) and those
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MEaN M as A FUNCTION OF SPECTRAL TYPE

Mean Type ~ Unweighted (x'y ~ Weighted (x>  Mean ()  AM  Corrcction M,  Corrcction M,  Adopted M,
3

i @ &) @ &) © [l ®

G7 ... 0.00808 0.00820 0.00814 —041 0.24 —0.17 —0.17
G9 0.00791 0.00813 0.00802 —048 0.24 —024 —0.21
KOS5 . 0.00816 0.00800 0.00808 —0.46 024 —022 —0.26
K2 0.00802 0.00793 0.00798 —0.55 024 —031 —029
G4 0.00771 0.00764 0.00768 —0.57 024 —033 —045
Mo 0.00648 0.00647 0.00647 —0.95 0.24 —071 —0.60
M25. 0.00666 0.00636 0.00651 —099 024 —0.75 —0.75
G8+. 0.01360 0.01368 001364 0.67 0.03 0.07 0.07
G9—. 0.01499 0.01494 0.01497 0.88 0.03 091 083
KO+ ....... 0.01463 0.01492 0.01478 0.5 0.03 0.88 093
B2 cosne 0.01446 0.01425 001436 078 —0.12 1.00 1.00
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Figure 29: Calibration of revised luminosity classes of cool giants by Hip-
parcos parallaxes. The values of mean MV have been reduced
to constant volume by the Malmquist correction.Figure taken
from the Keenan & Barnbaum (1999) article.
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6.4 REDDENING

derived from V calibration of Red Clump (Keenan & Barnbaum,
2000).

Since there is no relevant dependence of My, on atmospheric pa-
rameters (see Fig. 32 and Fig. 33), we have adopted the distance
calibrations of Keenan & Barnbaum (1999) for cool giants. We
checked the photometric distances against the distances from Hip-
parcos parallaxes for the subset of the stars with o /7 < 10%: the
photometric and the trigonometric distances agree very well (Fig.
30). Reddening is not an issue at the high galactic latitude of
ARCS targets, and following Arenou et al. (1992) the corrections
are negligible (Ep_y < 0.02).

A conversion of the space velocity to the usual (U, V, W) system
by using the input data of (a, 6, p, fta, ps, V') was carried out
with the help of the formula described in Johnson and Soderblom
(1987). We used a left-handed system with U positive outward
the Galactic Center.

The analysis of the combined information of the kinematics and
the atmospheric properties of ARCS sample is discussed in paper
2, Valentini et al. in preparation.

6.4 REDDENING

Reddening is not an issue at the high galactic longitudes of ARCS

targets. We calculated the reddening following Arenou et al. (1992):

the corrections are negligible (Eg_y < 0.02) (see Tab. 14).

6.5 DETECTED BINARIES

1 in aver-

The internal accuracy of v,..q within orders is 0.5 km s~
age.
Cross correlation of a synthetic telluric spectrum against telluric
absorptions in the reddest Echelle order 31 (7145-7300 A) allows
us to control the zero point of the wavelength scale at the 0.3 Km
1 level.
In order to clean our sample from binaries we tried to re-observe
targets at two separate epochs (typically 45 days apart). This
observational strategy was suggested by the work of Udry et al.
(1997): their Monte-Carlo simulations shows that with this method
binaries are detected with an efficiency better than 50%. Fig.3
shows an histogram of the Av,.,q of the 150 stars with multi-epoch
observations: the majority of stars has radial velocities that differs
less than 10 Km s™*. We considered as 'binary candidates’ those
stars with Av,.qq> 10 Km s™*.

At the moment we detected 10 binary candidates among the

(0]
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Figure 31: Left column :Comparison between the distance modulus ob-
tained with the photometric parallaxes from Keenan and
Barnbaum (2000) calibrations and distance modulus ob-
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The line represents the 1:1 corrispondence. Each different
spectral type is represented with a different symbol. Each
panel rehepresents different error bins in the Hipparcos par-
allaxes. Right column: histograms of the ARCS stars distri-
bution in Vpyep, magnitude. Each panel is the distribution
in different error bins in the Hipparcos parallaxes.
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Figure 32: ARCS’s V absolute magnitude vs [M/H] for the 46 ARCS tar-
gets which parallax has o m < 15% (from revised Hipparcos
parallaxes, van Leeuwen, 2007). From top to bottom: My
vs Tepp, My vs logg and My vs [M/H]. There is no relevant
dependence of My from [M/H].



78 CONSTRUCTING ARCS HIGH RESOLUTION CATALOG

-1 -2 -3

0
I L

[ IR

1

= 3 4

L —4— MTT‘; |

L ‘ It 3 J
\ \ \
-0.5 0 0.5

[M/H] (deX)

Figure 33: V and K absolute magnitude vs [M/H] for the 46 ARCS
targets which parallax has o 7 < 15% (from revised Hip-
parcos parallaxes, van Leeuwen, 2007). Top panel: Mg vs
[M/H]. Dashed line is the dependence of Mg on [M/H] of
Alves (2000): Mggrc 0.57 £0.36Fe/H o0.25 —1.64 + 0.07.
Dotted line is the mean Mg for the Red Clump found by
Groenewegen (2008), Mg rc = -1.54. Bottom panel: My vs
[M/H]. There is no relevant dependence of My from [M/H].
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Table 14: Reddening following Arenou et al. (1992).

ARCS

6

2023
8120
8599
11037
12923
13468
16467
18145
22798
22796
22819
23887
28322
32393
75217
83618
85505
87095
94363
94402
95849
99055
99648
99651
100920
101154
102928
105089
109014
112048
112992
118219
132132
136514
138562
148287
199442
203222
205423
210434
213428

Ep-v

0.02727
0.02727
0.02724
0.02724
0.03250
0.03250
0.03250
0.03250
0.03250
0.10873
0.10873
0.10873
0.10873
0.10873
0.08040
0.04740
0.00867
0.00867
0.00867
0.00523
0.00523
0.00523
0.00523
0.00523
0.00523
0.00523
0.00523
0.00523
0.00523
0.04835
0.04835
0.04835
0.04835
0.07593
0.01462
0.09304
0.09304
0.09415
0.04141
0.04141
0.04754
0.01944

Ay

0.09860
0.09860
0.09851
0.09851
0.11744
0.11744
0.11744
0.11744
0.11744
0.38875
0.38875
0.38875
0.38875
0.38875
0.28860
0.17093
0.03144
0.03144
0.03144
0.01896
0.01896
0.01896
0.01896
0.01896
0.01896
0.01896
0.01896
0.01896
0.01896
0.17432
0.17432
0.17432
0.17432
0.27271
0.05296
0.33336
0.33336
0.33730
0.14947
0.14947
0.17144
0.07037
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Figure 34: Distribution of the difference in velocity between two obser-
vations. The time span between two epochs is minimum 45
days. In the catalog 150 objects with multi epoch velocity
measurement are present.



6.5 DETECTED BINARIES

150 observed Red Clump giants, corresponding to an observed
frequency of spectroscopic binaries of 0,15%. We are now investi-
gating the properties of these objects, trought more spectroscopic
and photometric measurements.
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7.1 INTRODUCTION

The ARCS survey at 1.82m telescope resulted in a catalog con-
taining radial velocities and atmospheric parameters for 300 stars,
mostly Red Clump stars, located in the 6.8 < Vpycho —2 < 8.1
interval. Data are obtained from Echelle spectra in the 4816 -
5965 Awavelenght interval, at R=20,000. The adopted techniques
are a standard cross-correlation for deriving v,.q and a simple x?
fitting for atmospheric parameterd. The adopted grid of stellar
templates comes from the library of synthetic spectra of Munari
et al. (2005).

We obtained accurate radial velocities, oy rqq < 0.5 Km s™*, and
precise atmospheric parameters or,,, < 50 K, 0j0g9 < 0.12 dex,
onyg < 0.11 dex.

A grat effort has been done in testing and refining the x? method.
This resulted in the quality of the data presented in the catalog
and in the consinstancy of our data with other catalogs present in
literature.

The full catalog is available online. In Tab. 9 there is the descrip-
tion of the catalog: it contains the photometric data available in
literature, in addiction to all the data obaided with ARCS (V,.qq4,
Tesy, logg, distance, U, V, W).

Red Clump stars are of great interest in investigating different
properties of the Milky Way and ARCS catalog is providing a
large number of high quality data on this type of stars.

1
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Table 15: ARCS CATALOG

ARCS  dist

(pc)
6 118.9
966 219.1
2023  103.5
2344 196.2
2624 242.2
3512 139.0
3819  224.2
4352 262.8
4593 261.2
4621  237.0
5362 219.0
5544 135.3
5720  224.3
5822 192.8
7736 116.0
8120 153.8
8333  218.3
8337 111.7
8599  167.6
9261  237.9

9649

234.4

9.5
10.2
9.5
9.1
11.3
6.5
10.4
12.2
12.2
21.9
10.2
6.3
10.4
9.0
5.4
7.1
10.2
5.2
7.8
22.0
10.9

Vrad
(km/s)

15.9
-23.0
15.8
0.0
14.0
-55.0
-11.7
-44.2
3.2
-29.0
-14.0
=274
-16.5
11.5
-1.2
1.5
0.0
-27.1
18.0
-3.8
22.0

err

(km/s)

0.5
0.5
0.9
0.5
0.5
0.5
0.9
0.8
0.3
0.5
0.5
0.5
0.5
0.6
0.5
0.5
0.5
0.5
0.5
0.5
0.5

met

(dex)

0.15
0.04
0.19
0.03
0.15
0.01
-0.04
0.10
0.19
-0.12
0.06
0.15
0.01
-0.19
-0.13
0.07
0.10
0.11
-0.20
-0.06
-0.21

err

(dex)

0.20
0.21
0.15
0.14
0.17
0.18
0.20
0.15
0.17
0.14
0.15
0.20
0.16
0.11
0.14
0.12
0.14
0.20
0.13
0.18
0.12

Teff err
(K) (K)
4743 53
4882 54
5105 53
4957 50
4875 49
5108 46
5095 54
4989 53
4843 52
4636 47
4931 47
4875 47
5030 47
4798 52
4834 48
4877 48
5102 45
4620 49
4799 52
4918 53
4329 47

logg
(dex)

2.57
3.31
2.64
3.15
2.69
3.47
3.04
3.07
3.18
2.47
3.22
3.08
3.02
2.43
2.58
2.90
3.41
2.45
2.48
2.73
1.82

err

(dex)

0.17
0.17
0.23
0.19
0.13
0.13
0.23
0.19
0.18
0.23
0.17
0.17
0.13
0.19
0.16
0.12
0.20
0.18
0.22
0.17
0.18

U
(km/s)

1.987
21.441
-30.889
-18.616
42.448
-46.704
-28.043
97.472
112,511
12.354
-51.012
-21.421
-39.866
-21.920
-2.797
-9.614
-33.528
51.341
-20.934
25.262
-66.212

\Y
(km/s)

-0.011
-36.600
10.587
13.122
14.377
-1.482
12.833
-41.402
19.027
-9.367
-33.927
3.417
-36.973
2.885
21.343
13.299
15.895
-38.489
-9.837
12.294
-83.781

W
(km/s)

-52.224
12.690
-13.766
5.586
1.950
54.493
-27.673
23.852
36.427
0.301
7.910
15.364
13.935
18.511
0.021
10.471
-4.713
14.473
26.159
0.304
-45.481
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Table 17: ARCS CATALOG

ARCS

20792
21838
21887
21976
22149
22796
22797
22798
22819
22853
23223
23887
24107
24120
25041
26606
26662
27008
27146
27324
27531

dist
(pc)

270.9
276.1
170.1
165.1
221.6
247.5
181.8
163.7
265.6
177.8
230.9
190.5
207.6

84.5
205.6
114.6
109.6
185.9
174.1

95.9
209.6

12.7
12.8
7.9
7.7
10.3
11.5
8.4
7.6
12.4
8.2
21.3
8.8
9.6
3.9
9.6
5.3
5.1
8.6
8.1
8.8
9.8

Vrad
(km/s)

43.2
24.9
-16.6
-9.3
-3.2
o7.7
34.0
12.4
-0.8
14.1
32.3
9.2
-16.0
25.0
43.0
-18.6
23.5
16.6
26.1
66.1
39.0

err

(km/s)

0.5
0.9
0.6
0.6
0.5
0.8
0.4
0.6
0.5
0.5
0.6
0.6
0.6
0.9
0.3
0.8
0.6
0.7
0.3
0.5
0.5

met

(dex)

0.18
-0.24
0.03
0.23
0.05
-0.14
0.13
0.04
-0.08
0.10
-0.04
0.39
0.05
-0.25
-0.28
-0.05
0.02
0.20
-0.04
-0.11
0.01

err

(dex)

0.18
0.14
0.21
0.13
0.14
0.17
0.16
0.16
0.12
0.14
0.19
0.21
0.11
0.13
0.14
0.13
0.21
0.16
0.15
0.20
0.12

Teff err
(K) (K)
4963 50
4755 53
4875 53
4466 50
4705 48
4933 49
4486 51
4928 50
4876 48
4489 50
4532 47
4665 52
5043 51
4425 50
4692 49
5030 50
4989 54
4896 54
4836 51
4842 51
5081 47

logg
(dex)

3.33
2.46
2.89
2.62
2.91
1.79
2.43
2.84
2.62
2.28
2.29
2.75
2.94
1.95
2.48
2.59
3.06
2.65
2.52
2.38
2.81

err

(dex)

0.14
0.14
0.16
0.20
0.22
0.19
0.23
0.15
0.23
0.13
0.22
0.18
0.15
0.24
0.14
0.21
0.14
0.18
0.17
0.20
0.15

U
(km/s)

71.660
-2.955
9.642
28.806
-38.752
2.103
3.443
-45.078
16.406
6.582
-17.385
52.866
14.954
-25.937
-20.527
-9.870
21.180
3.531
13.611
-56.423
-19.111

(km/s)

-0.018
-8.143
9.053
-7.909
-11.127
23.210
-22.663
-7.939
-4.407
-1.790
-27.534
-15.872
-18.972
-54.897
34.819
11.653
-1.122
11.834
1.164
9.333
6.095

(km/s)

4.072
14.516
5.916
1.953
-2.665
-13.613
-38.146
-0.529
-1.075
1.440
-34.401
-17.992
-17.894
-35.699
-25.940
5.297
-12.758
12.843
-23.972
12.959
-4.929
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Table 19: ARCS CATALOG

ARCS

75175
75193
76366
77236
77894
78421
79218
79567
80163
81490
82268
82333
82888
82957
82958
83024
83046
83161
83453
83536
83581

dist
(pc)

242.9
249.3
193.6
186.0
223.4

96.8
254.7
233.3
187.8
242.2
183.1
235.2
150.9
266.1
194.2
164.4
157.6
207.9
182.1
165.4
237.2

11.3
11.6
9.0
8.6
104
4.5
11.9
10.9
8.7
11.3
8.5
11.0
13.9
12.4
9.0
7.6
7.3
9.7
8.5
15.3
11.1

Vrad
(km/s)

-6.4
28.0
-1.9
-9.0
23.5
38.3
-25.3
53.9
-2.0
26.5
-10.0
64.0
37.9
234
1.6
44.6
27.4
0.8
17.2
0.0
12.0

err

(km/s)

0.5
0.7
0.5
0.5
0.5
0.5
0.7
0.3
0.5
0.5
0.5
0.4
0.3
0.4
0.5
0.7
0.9
0.6
0.8
0.5
0.9

met

(dex)

-0.28
-0.23
0.35
0.18
-0.43
-0.17
0.02
0.32
0.43
-0.03
0.14
0.17
0.04
0.10
0.06
0.11
0.02
-0.19
-0.14
-0.09
-0.26

err

(dex)

0.14
0.19
0.20
0.12
0.16
0.21
0.15
0.17
0.20
0.22
0.12
0.19
0.20
0.13
0.16
0.11
0.17
0.17
0.15
0.16
0.15

Teff err
K) (K)
6054 47
5012 49
5958 47
5081 50
4268 54
5114 52
5022 50
4549 47
4887 51
5038 51
4969 50
5130 51
4844 49
4807 52
4958 54
4870 47
4939 49
4815 53
4830 46
4730 46
4805 47

logg
(dex)

2.99
2.66
2.86
3.16
1.48
2.98
2.96
2.62
3.41
2.81
3.41
2.54
2.78
2.67
3.36
3.29
2.90
2.52
2.52
2.46
2.39

err

(dex)

0.17
0.16
0.12
0.20
0.18
0.23
0.15
0.19
0.19
0.23
0.17
0.14
0.18
0.18
0.21
0.24
0.19
0.18
0.15
0.17
0.13

U
(km/s)

-3.870
-0.196
14.317
123.824
69.190
-27.860
-35.248
-34.270
-39.870
5.714
14.246
16.372
1.916
-1.947
-21.509
72.914
-20.032
-14.712
9.494
-65.281
5.283

<
(km/s)

-17.768
4.844
5.708
-123.394
4.398
7.045
-4.784
-72.802
4.447
11.575
11.030
5.564
33.628
5.260
-3.917
11.371
-15.678
3.323
17.393
-65.741
-4.552

W
(km/s)

7.200
-8.808
29.424

-49.495
-57.782
-13.408
10.507
-68.952
-5.404
-0.596
35.833

0.519

2.406
-7.579

-30.351
-50.823

1.832
13.010
-6.536
32.886
11.798
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Table 21: ARCS CATALOG

ARCS

93719
94058
94279
94363
94402
94738
95740
95849
96694
96720
97197
97443
98399
99055
99648
99651
99873
10082
-6.148
10090
12.511
100975
101154

dist
(pc)

120.6
258.0
232.1
143.6
213.7
238.8
249.5
222.6
204.1
182.4
206.3
248.2
209.1
216.5
175.5
258.8
120.5

88.6

135.5

178.6
97.0

5.6
12.0
214

6.7
10.0
11.1
11.7
10.3

9.5

8.5

9.6
22.9

9.7
10.1

8.1
12.0

5.6

4.1

12.5

8.3
8.9

Vrad
(km/s)

24.7
1.1
-38.4
-4.8
68.1
13.1
-16.3
-5.3
44.9
95.6
52.5
6.0
19.0
19.8
-12.8
7.8
23.5
15.3

-27.6

-0.1
-8.3

err

(km/s)

0.7
0.5
0.8
0.5
0.4
0.5
0.5
0.1
0.2
0.4
0.5
0.5
0.8
0.8
0.6
0.6
0.4
0.5

0.5

0.3
0.5

met

(dex)

0.17
0.05
-0.06
-0.16
0.12
0.18
0.11
0.36
0.17
0.04
0.19
-0.09
0.08
-0.15
-0.06
0.19
0.05
22

20

-0.13
0.14

err

(dex)

0.17
0.12
0.19
0.17
0.22
0.17
0.21
0.18
0.22
0.20
0.16
0.18
0.13
0.11
0.14
0.20
0.18
-0.40

-0.31

0.12
0.21

Teff

(K)

4902
4969
4683
5037
4930
4964
4941
4947
5067
4732
4693
4295
4947
5026
4939
4862
5045
0.15

0.20

4514
4626

err

(K)

47
48
49
54
93
51
54
47
53
48
48
50
53
48
54
48
51
4943

4852

52
48

logg
(dex)

3.33
2.83
247
3.26
2.16
2.54
3.09
2.19
3.22
2.44
2.76
1.79
2.64
1.92
1.99
2.75
3.07

46

45

2.09
2.71

err

(dex)

0.21
0.14
0.18
0.14
0.13
0.12
0.13
0.21
0.14
0.14
0.22
0.19
0.17
0.15
0.14
0.12
0.21
2.37

2.93

0.21
0.15

U
(km/s)

25.072
-6.168
-9.755
35.988
26.598
-10.346
11.844
13.868
-11.661
5.528
45.933
30.422
39.510
-4.709
-16.294
7.859
26.558
0.16

0.17

-0.181
13.480

(km/s)

-6.228
16.288
-17.769
-58.681
-3.391
27.208
1.282
8.267
-3.849
-25.967
-19.970
2.597
-15.286
15.108
16.236
11.165
13.761
0.859

-4.600

-1.632
17.938

(km/s)

9.546
-7.275
-9.375

-31.410
6.062
-16.422
-5.561
-10.826
20.282
12.025
13.875
-12.893
-5.643
-2.951
-0.334
-6.424
-12.303
-35.160

18.812

21.487
-7.304
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Table 23: ARCS CATALOG

ARCS

119461
120967
123509
128200
129887
131455
132132
136380
136514
138562
139308
140489
143857
143857
148287
148684
150066
152484
196346
196346
197421

dist
(pc)

256.4
123.5
126.8
148.6
106.0
179.9
170.1
169.4

90.5
244.0
163.7
268.7
262.7
206.5
251.3
262.3

82.8
137.3

78.4

82.1
225.7

11.9
5.7
5.9
6.9
4.9
8.4
7.9
7.9
4.2

114

15.1

12.5

12.2
9.6

11.7

12.3
3.8
6.4
3.6
3.8

20.8

Vrad
(km/s)

-5.4
2.2
37.7
-15.6
-8.8
-31.0
-46.0
26.3
-8.2
-17.7
4.7
-26.2
33.0
2.0
7.0
-16.4
20.1
33.1
9.1
-16.1
-24.7

err

(km/s)

0.2
0.5
0.8
0.2
0.4
0.2
0.6
0.5
0.5
0.4
0.5
0.6
0.4
0.5
0.2
0.5
0.5
0.6
0.5
0.5
0.5

met

(dex)

0.14
0.09
0.15
0.02
-0.01
-0.09
0.06
-0.20
0.19
0.15
0.15
0.04
-0.02
-0.02
0
0.18
0.12
0.13
-0.16
-0.16
-0.21

err

(dex)

0.14
0.16
0.15
0.21
0.20
0.16
0.18
0.11
0.15
0.19
0.22
0.16
0.14
0.22
0.12
0.12
0.12
0.22
0.17
0.13
0.20

Teff err
(K) (K)
4916 50
4733 47
4433 53
4909 54
4853 45
4701 45
5065 47
4802 52
4501 46
4770 53
4871 47
5058 50
4377 47
4377 48
5047 53
4952 54
4692 50
4977 47
4418 53
4418 50
4494 51

logg
(dex)

3.20
2.26
2.29
3.19
2.76
2.63
2.86
2.37
2.63
2.78
3.17
2.7
1.72
1.72
2.98
2.59
2.45
3.14
1.83
1.83
1.96

err

(dex)

0.15
0.23
0.17
0.19
0.18
0.16
0.20
0.18
0.22
0.22
0.19
0.16
0.21
0.18
0.13
0.23
0.23
0.21
0.20
0.19
0.22

U
(km/s)

-0.455
32.311
-35.973
23.252
-18.998
-10.342
-40.834
-43.886
-26.132
-21.974
18.673
-5.903
-22.342
5.139
-42.697
-1.117
42.435
-97.564
33.489
55.170
27.988

A\ W
(kmfs)  (km/s)
-18.705 6.157
11.851 -1.665
-14.398 23.612

-3.052  33.290
10.443 8.342
235 19.820
19.545 6.590
24.707 18.442
-26.755 4.856
-3.987  11.174
0.210 3.159
6.889 -6.603
-40.307 -57.804
-2.606 -20.747
19.019 121
-22.664 -15.327
-29.260 -4.722

-56.620 -37.498
-19.649 8.932

2.627 -48.799
31.806 -128.878
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Table 25: ARCS CATALOG

ARCS

212927
215749
216401
216540
217428
217591
217187
220858
220859
221296
222455
223252
223336
224776
222754
222936
223870

dist
(pc)

212.7
139.7
254.9
230.2
232.5
107.4
160.3
258.8
202.3
256.1
228.8
244.9
117.0
238.7
264.4
193.6
267.8

9.9
6.5
11.9
21.3
10.8
5.0
7.4
12.1
9.4
11.9
10.6
11.4
0.4
11.1
12.3
17.9
12.5

Vrad
(km/s)

-44.4
6.9
-5.7
-30.0
-7.6
-18.1
-32.0
-16.7
18.6
-12.3
13.1
-9.8
-7.6
-53.4
0.8
-3.0
28.2

err

(km/s)

0.9
0.5
0.8
0.8
0.7
0.5
0.5
0.2
0.5
0.5
0.4
0.6
0.6
0.9
0.3
0.3
0.4

met

(dex)

-0.27
0.03
0.18
0.10
0.04

-0.24

-0.22

-0.15
0.06

-0.59
0.05
0.07
0.02

-0.36

-0.23

-0.17

-0.21

err

(dex)

0.16
0.18
0.20
0.12
0.13
0.21
0.18
0.21
0.13
0.19
0.17
0.18
0.16
0.18
0.20
0.12
0.11

Teff err
(K) (K)
4828 48
4897 47
5130 53
4822 48
5139 53
4966 49
4931 47
4866 45
4958 52
4284 51
4519 48
5063 52
4939 48
4362 50
4868 54
5027 50
4835 54

logg
(dex)

2.64
2.87
2.97
2.58
2.71
3.12
2.58
2.54
3.36
1.46
2.74
2.88
2.90
2.33
2.61
2.82
2.59

err

(dex)

0.23
0.16
0.24
0.13
0.15
0.22
0.20
0.23
0.16
0.13
0.22
0.20
0.15
0.18
0.14
0.12
0.14

U
(km/s)

179
-17.769
20.803
-17.358
12.018
-1.934
0.143
5.960
99.129
-102.127
-82.593
24.290
-4.325
13.985
-15.602
16.209
-35.014

\Y
(km/s)

-13.412
14.278
1.471
16.627
20.475
-310
24.203
-14.821
-152.550
-21.685
269
5.819
26.274
25.279
23.142
0.437
25.123

W
(km/s)

-0.945
-12.581
6.627
-12.203
-16.548
-11.491
-1.449
-4.092
-42.055
-1.878
20.771
-15.177
4.066
3.561
-19.099
3.584
-19.040
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8.1 INTRODUCTION

ARCS high resolution catalog might help us in the understanding
of the kinematics and structrure of the Solar Neighborhood.

Red Clump stars (hereafter RC stars) are excellent tracers of
Galactic disc kinematics. Their abundance in the solar neighbour-
hood, brightness and the nearly constant luminosity make RC
stars an useful tool for investigating the three-dimensional kine-
matics and properties of various Galactic subsystems.

S

95



APPLICATIONS OF ARCS RESULTS ON GALACTIC STRUCTURE AND KINEMATICS

8.2 THE MILKY WAY DISK

The Milky Way is a late-type spiral galaxy, as suggested by stellar
concentrations, gas and dust. It contains a complex mix of stars,
planets, interstellar gas, dust, radiation and dark matter. The
Sun is at 7.62 £ 0.32 kpc from the Galactic center ([? ]).

The Galaxy can be divided in three main components:

o the central Bulge containing a bar; it extends out to ~3 kpc

(17 s

o the nearly spherical Halo, that extends from with the bulge
out to ~ 100kpsandthatisstuddedwithglobularclustersandmainlycomposedbydar,
15 kpc and that defines the Galactic plane; it is patterned
into spiral arms and it is usually decomposed by two com-
ponents, the Thin and the Thick disks.

The total baryonic mass of the Galaxy is supposed to be ~10**
M. Most of the baryonic mass is in the Galactic disk and in
the bulge. A massive black hole (SgrA) is located at the centre
of the Galaxy and, adopting the distance of [? |, it has a mass of
~(3.5£0.3)x Mg ([? ])-

The dark matter halo is the most massive component of the Galaxy,
its mass is thought to be 1-3 x 10 Mg ([? |, [? ], [? ])- ([? ])
Properties of the Galaxy components are summarized in Tab. 26
and Tab. 27.

Since the ARCS survey is a local survey on RC stars located at
50< d < 400 pc and 40<z < 300 pc, we may assume that our
investigation as limited to the disk.

The disk is the most massive stellar component of the Galaxy, its
mass is estimated to be ~5x10'° M and most of the current star
formation have place in it. The understanding of the disk forma-
tion is one of the challenges of the galaxy formation theory.

The Milky Way disk is composed by a thick disk and a thin disk.

8.3 MOVING GROUPS

Disk kinematics can be examined in detail with a typical analy-
sis of the distribution of stars in the UVW space. This allows
to determine its parameters (e.g. U, V and W dispersions) and
it permits the study of a variety of different local irregularities.
Some of these irregularities come out as concentrations of stars in
the U-V velocity space: the moving groups or stellar streams.

Eggen (1996) was the first who determined the spatial and kine-
matical properties of several stellar streams, and he focused on the
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hypothesis that moving groups are the results of the dispersion of
stellar cluster (since these structures share their kinematics with
certain open clusters). The advent of Hipparcos (Perryman et al.,
2007) astrometric data contributed to better identify these mov-
ing groups (Chereul, 1998; Asiain et al. 1999) and it contributed
to introduce a new dynamical hypothesis on the origin of some
of these moving groups. Using an adaptive kernel and wavelet
transform analisys, Skuljan et al. (1999) studied a sample of 4000
Hipparcos stars and found that the the distribution function of in
the U-V plane is characterized by a few branches that are diago-
nal, parallel and roughly equidistant. Skuljan et al. (1999) related
the origin of these branches to the Galactic spiral structure, or to
some other global characteristics of the Galactic potential. Later
Famaey (2005) used a Bayesian approach to divide a sample of
giant stars into several kinematic groups. Antoja (2008) deeply
investigated the structures in the UV-plane builded with more
than 24 000 stars, taken from different catalogs . Nowadays the
dynamic or "resonant" mechanism appears to be the most plausi-
ble explanation for most of the moving groups.

The first theoretical arguments in favour of different dynamical ori-
gin of moving groups were proposed by Mayor (1972) and Kalnajs
(1991): these moving groups can be also associated with dynam-
ical resonances related to the Galactic bar or spiral arms. The
Hercules group,for example, is believed to be associated with the
local resonant kinematic disturbances by the inner bar. Bensby
et al. (2007) showed that the chemical properties of the Her-
cules group cannot be distinguished from those of the field stars
at similar [Fe/H], confirming that this group is probably just a
dynamical group. Other moving groups are instead debris of star
forming aggregates in the disk, as the HR1614 group. De Silva
(2007) measured very precise abundances for many chemical el-
ements in HR1614 group and found no significant spread: this
suggests that stars in HD1614 group are probably coming from a
dispersed relic of an old star forming event. Some moving groups
may also be debris of infalling objects, as predicted in ACDM sim-
ulations (Abadi et al. 2003). The Arcturus group could be an
example (Navarro et al. 2004): to test this Williams et al. (2008)
investigated the kinematics and detailed chemical abundances for
many stars of the Arcturus group. They didn’t find a clear chem-
ical homogeneity, leaving, for the moment, unsolved the origin of
the group.
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8.4 THIN DISK

In this work we use ARCS data also to focus on some properties
of the thin disk, such as metallicity distribution, vertical metal-
licity gradient, age-metallicity gradient (AMR) and age-velocity
relation. A big amount of studies have been done, using different
tracers and, as result, showing a certain disagreement. Open clus-
ters, planetary nebulae, field dwarf and clump giants have been
used. Significant progress in the study of the MW disk needs an
increment of data available. A major contribution to the subject
come from the recents surveys as the RAVE survey (Steinmetz,
2003) and the Geneva-Copenhagen survey of the Solar Neighbor-
hood (Nordstrom et al., 2004). RAVE aims to provide radial ve-
locities, atmospheric parameters and abundance ratios of 500,000
stars, the Geneva-Copenhagen survey include stellar parameters
and radial velocities for 16,682 F and G dwarf stars (but they de-
rived a less reliable metallicity from Stromgren photometry). An-
other contribution comes from the work of Soubiran et al. (2008):
they provides parameters of 891 clump giants and they investi-
gated disk properties as AMR and AVR. ARCS paper I catalog
contains accurate radial velocities and atmospheric parameters of

300 Red Clump stars. (I HAVE TO WRITE IT BETTER)

8.5 ARCS SPACE VELOCITIES AND ORBITS
8.5.1 Distances and space velocities

In Paperl we transformed radial velocities, Tycho proper motions
and photometric distances into the corresponding galactocentric
velocities U, V, W. The conversion of the space velocity to the
usual (U, V, W) system was carried out with the help of the for-
mula described in Johnson and Soderblom (1987). We used a left-
handed system with U positive outward the Galactic Center. We
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corrected for the solar motion, adopting (Ug,Ve,We)=(—10.0,5.25,7.17)

km s7* (Denhen & Binney, 1998) to the local standard of rest.

By using a Monte Carlo simulation we calculated the errors on U,V
and W velocities. The higher contribution to the errors is given
by distances, reaching an error of 8 km s~*. Errors on Tycho-2
proper motion contributes of ~ 1 kms™* and radial velocities of
~ 1.8 kms™*. Fig.1 and Fig. 2 displays U,V,W distributions of

ARCS objects.
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8.5.2  Galactic model of mass distribution and orbits integration

For integrating the equation of motion we adopted the model for
the Galactic gravitational potential and the corresponding mass
distribution of Allen & Santillan (1991), adopting a default value
of 2 Gyr as integration time.

In the adopted model the mass distribution of the Galaxy is de-
scribed as a three component system: a spherical central bulge, a
flattened disk described in the Miyamoto-Nagai form and a mas-
sive spherical halo. The gravitational potential is fully analytical,
continuous everywhere and has continuous derivatives, in order to
make the integration faster but with an high numerical precision.
The expressions for the potential of the three components are:

GMp

BT, 2
VT2 22 b

GMp

¢DT7 z
Ve (ap V22 5)°

(8.1)

(8.2)

o 2.02
¢H’I",Z G]gH : 1<ZHP))1.02

100

(8.3)

Where p +/r? 22, G is the constant of gravity, Mp, Mp, My,
bp, ap, bp and ay are the masses and scale lenghts for the Bulge,
Disk and Halo respectively.Their values are listed in Table 28. The
total mass of this model is 9 x 10** My, and the halo is trun-
cated at 100 kpc. The adopted velocity of the Sun with respect
to the LSR is (—10.0,5.25,7.17) km s~* (Denhen & Binney, 1998),
the solar galactocentric distance R;=8.5 kpc and circular velocity
Vi5sr=220 km s~*. Results are labeled in Table 29.

8.6 ARCS AGES

Ages of ARCS targets have been computed with the code PARAM,
developed by L. Girardi, available via interactive web form. The



8.6 ARCS AGES

consists in a Bayesian estimation method which uses theoretical
isochrones computed by Giradi et al. (2000) taking into account
mass loss along red giant branch. Starting from observed Ty,
absolute magnitudes, metallicities and related errors, the code es-
timates the probability that such a star belongs to each small sec-
tion of a theoretical stellar isochrone of a given age and metallicity.
Then, the probabilities are summed over the complete isochrone,
and hence over all possible isochrones, by assuming a Gaussian
probability of having the observed metallicity and its error, and
a constant probability of having stars of all ages. The latter as-
sumption is equivalent to assuming a constant star formation rate
in the solar neighbourhood. In this way, at the end, we have the
age probability distribution function (PDF) of each observed star.
PDFs can also be obtained for any stellar property, such as initial
mass, surface gravity, intrinsic colour, etc!.

Although a full discussion of the PDF method is beyond the scope
of this thesis, we note the following. The method, with just some
small differences, has already been tested on both main sequence
stars (Nordstrom,2004) and on giants and subgiants (da Silva,
2006). Ages of dwarfs turn out to be largely undetermined by
this method, due to their very slow evolution while on the main
sequence. Ages of giants turn out to be well determined provided
that the effective temperature and the parallax (absolute magni-
tude) are measured with enough accuracy. In fact, da Silva et a.
(2006) find that stars with errors of 70 K in Tig, and less than
10% errors in parallaxes, have ages determined with an accuracy of
about 20%. These errors become larger on the red clump region,
where stars of very different age and metallicity become tightly
clumped together, and where in addition there is a superposition
of red clump stars and first-ascent RGB ones. Stars of very differ-
ent age and metallicity become tightly clumped together. In this
case PDF of ages can be asymmetric or double peacked. As a con-
seguences ages are accurate for only a part of our ARCS objects
(150 objects), and we used the computed ages only for a statistical
investigation.

This method was initially developed by Jgrgenson & Lindegren
(2005) and slightly modified as described in da Silva et al. (2006).
As explained in Biazzo et al. (2007), ages of giants turn out to be
well determined when effective temperature and the parallax (ab-
solute magnitude) are measured with enough accuracy. In fact,
stars with errors of 70 K in T.sf, and less than 10% errors in
parallaxes, have ages determined with an accuracy of about 20%.

A Web version of this method 1is available at the URL
http://stev.oapd.inaf.it/~1girardi/cgi-bin/param.
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Figure 37: Distribution in age of the ARCS stars with a meaningful
age computed by PARAM. Crosses represents stars with an
error on age <25%, full dots represents stars with an error
on age >25%. (a) Histogram of age distribution; (b) Age vs
W velocity; (c) Age vs VU2 V2; (d) Age vs [M/H] of ARCS
stars (black filled circles and crosses) and OC from Dias et
al. (2005), red (or grey) empty dots are OC with 6<R,<10,
full green (or grey) triangles are OC with Ry>10.
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Figure 39: UV distribution of the 300 ARCS objects. Different metallic-
ity is labeled with a different sign.

8.7.2 Age-Metallicity relation -to check

ARCS objects seem to show a good agreement with Open Cluster’s
age and metallicities from the catalog of Dias et al. (2005).

8.7.3 Vertical metallicity gradient- to check

Figure of the vertical gradient of metallicity (Zmax vs [M/H]).

8.7.4 A signature of Radial Mizing?(provvisory title)

By looking the Age-Metallicity diagram (Fig. 3d), the Age-Energy
diagram (Fig.3b) and the Age-W diagram a group of old-metal
poor-'cold’ stars is evidenced. Does the kinematics, age and metal-
licity of these stars suggest their different nature respect to the
average ARCS stars?

Those old metal poor stars (labeled in Tab. ?) that now are in
the solar neighborhood could have formed elsewhere:



8.8 STRUCTURES IN THE U-V VELOCITY SPACE OF ARCS OBJECTS

o they can be stars belonging to low end of the thin disk;

o these stars could have formed in satellite galaxies that were
assimilated later on circular orbit (Abadi et al., 2003);

e they formed in the outer disk and then migrated inward due
to the influence of transient spiral arms (RoSkar et al., 2008).

Informations on [«/Fe] and abundances could provide another tip
about the nature of these stars.

8.8 STRUCTURES IN THE U-V VELOCITY SPACE OF ARCS
OBJECTS

8.8.1 Moving Groups

In the UV-space of ARCS object some overdensities are clearly
visible. The low error in the U,V,W velocities excludes that these
overdensities are some artifacts. We can identify three overdensi-
ties, that we recognized as the Sirius, Coma and Pleiades moving
groups.

The Sirius moving group is clearly identified in ARCS sample: it
starts from UV=(20,2) km s~* and ends at U,V=(30,-2) km s~ *.
Its center is not well defined and it appears as a branch-shape
feature with a clear extension. The average metallicity of the Sir-
ius moving group is [Fe/H]= +0.12 dex with 0=0.22 dex, while
Antoja et al. (2008) finds [Fe/H]=-0.21 dex 0=0.27 dex. Average
age is 1Gy with 0=1.2 Gyr .

The Coma Berenices moving group (or middle branch) starts from
U,V=(-3,+3) km s~ * and it ends at U,V = (5,-5) km s™*. It ap-
pear as a long branch-shape feature. The average metallicity of
the Coma moving group is [Fe/H]= 40.18 dex with 0=0.29 dex,
while Antoja et al. (2008) finds [Fe/H]=-0.16 dex 0=0.21 dex.
Ages seems more etherogeneus spanning from 1Gy to 6 Gyr .
The Hyades-Pleiades moving group is not very well defined, we
may identify the Pleiades moving group at U,V ~ (0,-22) km s™*.
The average metallicity of this moving group is [Fe/H]= +0.02
dex with ¢=0.17 dex, while Antoja et al. (2008) finds [Fe/H]|=-
0.11 dex 0=0.20 dex.. Ages seems more etherogeneus also in this
group from 1Gy to 6 Gyr.

8.8.2 Kinematic branches

Even if the moving groups are present as overdensities in the UV
distribution, they can also be marked as long parallel branches.
Skuljan et al. (1999) and Antoja et al. (2008) detected the pres-
ence of at least three long, parallel and equidistant branches in
the U-V plane: the Sirius branch, the middle (or Coma Berenices)
branch and the Pleiades (or Hyades-Pleiades) branch. In order to
emphasize the branches, a clockwise rotation through an angle
is applied to the original (U,V) components. Thanks to this rota-
tion in the new coordinates Ugror, Vror the branches are better
aligned with the horizontal axis. Althought Skuljan et al. (1999)
adopted a $=25° and Antoja et al. (2008) adopted [ ~ 16°, a
value of $=34.4° is more suitable for ARCS data (see Fig. 4).

This difference in 8 among these three studies are apparently due
0 different dictance acalee +0o the tarcete SQliilian ef al (1009)
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Table 27: Kinematic properties (U,V,W dispersions and asymmetric drift) of the major components of the Milky Way, from [? ].

Age ou oy ow Vot EMMw
(Gyr) (kms™) (kms™') (kms™) (kms™?)
0-0.15 16.7 10.8 3.5
0.15-1 19.8 12.8 3.1
1-2 27.2 17.6 5.8
Disc 2-3 30.2 19.5 220 7.3 —2Xx 10"
3-5 36.7 23.7 10.8
57 43.1 27.8 14.8
7-10 43.1 27.8 14.8
Thick disc 67 51 180 53 0
Halo 131 106 - 226 0
Bulge 113 115 0 79 0




Table 28: Constants for the Galactic model.

8.9 CONCLUSIONS

distance of the Sun from GC R

local circular velocity o6
Bulge Mp
bp
Disk Mp
ap
bp
Halo My
by

8.5

220

1.41 x 10*°
0.3873

8.56 x 10'°
5.3178
0.2500
80.02 x 10*°
12.0

kpc

km s6—1
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Table 29: Orbital parameters of ARCS stars.

ARCS

966

2023
2344
2624
3512
4352
4593
4621
5362
5544
5720
5822
7736
8120
8333
8337
8599
9261
9649
9959

“_Ws.:.z
kpe

7.124
5.719
7.917
8.293
7.717
7.307
4.885
6.631
7.391
5.682
7.976
5.596
7.932
8.568
8.454
8.029
5.444
7.286
8.112
3.856
8.531

oRmin

kpc

0.105
0.131
0.051
0.021
0.068
0.070
0.200
0.117
0.126
0.074
0.031
0.033
0.049
0.005
0.011
0.034
0.185
0.036
0.046
0.149
0.037

”_.HW\SQ.H
kpc

8.508
8.643
9.735
9.498
10.424
9.947
10.511
14.341
8.674
9.205
9.122
8.923
9.130
9.955
9.342
10.182
9.181
8.812
9.680
9.471
11.288

oRmaz

kpc

0.002
0.023
0.074
0.051
0.126
0.073
0.258
0.425
0.033
0.059
0.037
0.008
0.053
0.091
0.047
0.069
0.089
0.010
0.089
0.073
0.164

_Nﬁ:@i
kpc

0.328
0.260
0.203
0.193
0.242
1.016
0.465
0.838
0.236
0.237
0.285
0.216
0.330
0.183
0.156
0.155
0.294
0.363
0.163
1.517
0.349

QfNEQH_

kpc

0.020
0.015
0.014
0.008
0.013
0.028
0.058
0.050
0.012
0.019
0.012
0.007
0.013
0.009
0.007
0.008
0.021
0.008
0.011
0.073
0.015

ecc.

0.089
0.204
0.103
0.068
0.149
0.153
0.365
0.367
0.080
0.237
0.067
0.229
0.070
0.075
0.050
0.118
0.256
0.095
0.088
0.422
0.139

gecc

0.007
0.011
0.007
0.003
0.008
0.005
0.021
0.015
0.008
0.007
0.003
0.003
0.004
0.005
0.002
0.004
0.016
0.002
0.005
0.016
0.008
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Table 31: Orbital parameters of ARCS stars.

ARCS

19847
19866
19903
19928
20792
21196
21215
21838
21887
21976
21993
22149
22796
22797
22798
22819
22853
23223
23887
24107
24120

“_Ws.:.z
kpe

8.693
7.588
8.456
6.912
6.861
7.702
8.596
7.662
8.505
7.346
6.848
6.958
8.557
6.802
6.915
7.724
8.058
6.509
6.488
6.892
5.240

oRmin

kpc

0.014
0.039
0.015
0.132
0.081
0.145
0.010
0.108
0.026
0.162
0.103
0.055
0.005
0.063
0.024
0.063
0.082
0.129
0.129
0.102
0.211

H_.HW\SQ.H
kpc

9.199
10.264
10.223
8.656
10.886
11.742
9.084
8.730
9.066
9.127
8.649
9.380
10.118
8.653
9.580
8.745
8.672
8.678
9.546
8.730
9.307

oRmaz

kpc

0.129
0.070
0.078
0.010
0.132
0.098
0.074
0.017
0.064
0.079
0.008
0.039
0.079
0.008
0.033
0.021
0.014
0.055
0.082
0.014
0.051

_NSQDL
kpc

0.319
0.145
0.161
0.291
0.214
0.431
0.127
0.266
0.149
0.160
0.120
0.144
0.214
0.597
0.085
0.074
0.126
0.517
0.235
0.263
0.971

Q_NEQH_

kpc

0.018
0.012
0.010
0.015
0.023
0.050
0.007
0.014
0.009
0.017
0.008
0.010
0.012
0.012
0.005
0.004
0.007
0.018
0.029
0.012
0.065

ecc.

0.028
0.150
0.095
0.112
0.227
0.208
0.028
0.065
0.032
0.108
0.116
0.148
0.084
0.120
0.162
0.062
0.037
0.143
0.191
0.118
0.280

gecc

0.007
0.005
0.004
0.009
0.008
0.011
0.004
0.007
0.003
0.009
0.007
0.004
0.004
0.005
0.003
0.004
0.005
0.008
0.008
0.007
0.019
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Table 33: Orbital parameters of ARCS stars.

ARCS

30781
30812
31693
32393
35220
70435
70435
71137
71955
73412
73413
74216
74444
75408
76334
76366
77236
77894
79218
79567
80163

“_Ws.:.z
kpe

8.091
6.303
6.737
7.073
9.147
6.715
6.456
5.931
7.676
8.612
6.608
6.261
8.351
8.220
5.462
8.355
6.991
7.766
7.188
4.212
7.479

oRmin

kpc

0.072
0.073
0.138
0.059
0.065
0.200
0.051
0.037
0.077
0.008
0.085
0.036
0.087
0.039
0.050
0.034
0.193
0.152
0.086
0.085
0.064

H_.HW\SQ.H
kpc

8.855
9.048
8.683
8.868
24.517
9.532
8.929
9.093
8.691
10.295
10.111
8.590
8.697
9.175
8.632
8.980
9.746
11.285
9.426
8.853
9.992

oRmaz

kpc

0.034
0.086
0.010
0.021
0.881
0.086
0.039
0.084
0.014
0.135
0.095
0.009
0.021
0.050
0.010
0.048
0.240
0.197
0.090
0.030
0.065

_NSQDL
kpc

0.255
0.092
0.104
0.078
3.352
0.498
0.179
0.275
0.158
0.361
0.154
0.170
0.395
0.113
0.285
0.417
3.275
1.426
0.159
1.413
0.149

Q_NEQH_

kpc

0.015
0.007
0.009
0.010
0.269
0.067
0.014
0.014
0.012
0.031
0.020
0.008
0.022
0.010
0.009
0.015
0.371
0.109
0.009
0.127
0.011

ecc.

0.045
0.179
0.126
0.113
0.456
0.174
0.161
0.210
0.062
0.089
0.210
0.157
0.020
0.055
0.225
0.036
0.165
0.185
0.135
0.355
0.144

gecc

0.004
0.005
0.010
0.004
0.014
0.014
0.004
0.007
0.005
0.006
0.007
0.003
0.005
0.003
0.004
0.002
0.014
0.011
0.008
0.009
0.005
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Table 35: Orbital parameters of ARCS stars.

ARCS

86342
87095
87502
87975
88083
89114
89776
90080
90594
90969
92706
93719
94058
94279
94363
94402
94738
95740
95849
96694
96720

“_Ws.:.z
kpe

7.505
5.937
6.898
8.400
7.676
6.964
6.688
6.327
7.042
8.423
7.903
7.482
8.446
6.887
4.657
7.517
8.451
8.119
8.299
7.696
6.410

oRmin

kpc

0.072
0.020
0.054
0.069
0.050
0.157
0.106
0.062
0.047
0.050
0.069
0.085
0.016
0.088
0.152
0.071
0.008
0.074
0.084
0.029
0.094

”_.HW\SQ.H
kpc

11.392
8.958
9.755
8.603
10.862
9.098
9.690
8.737
8.567
9.854
8.776
8.842
9.541
8.597
8.724
8.959
10.563
8.650
9.000
8.714
8.531

oRmaz

kpc

0.154
0.198
0.079
0.022
0.105
0.095
0.101
0.107
0.007
0.125
0.040
0.051
0.071
0.015
0.030
0.057
0.055
0.039
0.140
0.016
0.008

_Nﬁ:@i
kpc

0.323
0.256
0.995
0.204
0.213
0.896
0.597
0.491
0.815
0.231
0.226
0.197
0.163
0.222
0.448
0.099
0.251
0.155
0.150
0.276
0.232

QfNEQH_

kpc

0.017
0.009
0.056
0.019
0.015
0.090
0.027
0.021
0.092
0.017
0.012
0.012
0.009
0.014
0.057
0.010
0.010
0.009
0.017
0.010
0.014

ecc.

0.206
0.203
0.172
0.012
0.172
0.133
0.183
0.160
0.098
0.078
0.052
0.083
0.061
0.110
0.304
0.088
0.111
0.032
0.041
0.062
0.142

gecc

0.009
0.011
0.006
0.004
0.006
0.011
0.009
0.008
0.003
0.008
0.005
0.006
0.004
0.006
0.015
0.006
0.003
0.005
0.009
0.002
0.007
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Table 37: Orbital parameters of ARCS stars.

ARCS

112048
112281
112992
113564
113595
116817
118219
119373
119461
120967
123509
128200
129887
131455
132132
136380
136514
138562
139308
140489
143857

“_Ws.:.z
kpc

5.923
8.166
8.423
8.277
4.149
7.627
8.458
5.373
6.814
7.846
6.639
7.525
7.996
8.320
7.799
7.795
6.153
7.655
7.639
8.250
5.434

oRmin

kpc

0.024
0.053
0.009
0.026
0.195
0.030
0.002
0.174
0.222
0.052
0.063
0.091
0.040
0.019
0.029
0.025
0.077
0.045
0.092
0.023
0.113

H_.HW\SQ.H
kpc

8.941
8.669
10.517
9.480
8.473
8.909
12.182
9.241
8.427
9.618
8.959
8.789
9.203
9.976
10.572
11.033
8.670
8.444
8.697
8.625
8.121

oRmaz

kpc

0.017
0.043
0.044
0.085
0.015
0.024
0.095
0.103
0.009
0.096
0.036
0.064
0.081
0.108
0.076
0.086
0.011
0.004
0.063
0.037
0.028

_Nﬁ:@i
kpc

0.288
0.164
0.193
0.439
1.357
0.412
0.285
0.237
0.155
0.251
0.418
0.509
0.238
0.221
0.113
0.286
0.081
0.098
0.157
0.143
1.051

QfNEQH_

kpc

0.012
0.007
0.008
0.013
0.100
0.010
0.008
0.017
0.014
0.015
0.015
0.030
0.016
0.018
0.010
0.015
0.005
0.004
0.015
0.009
0.071

ecc.

0.203
0.030
0.111
0.068
0.343
0.078
0.180
0.265
0.106
0.101
0.149
0.077
0.070
0.090
0.151
0.172
0.170
0.049
0.065
0.022
0.198

agecc

0.002
0.003
0.002
0.004
0.020
0.002
0.004
0.015
0.016
0.006
0.004
0.006
0.004
0.005
0.004
0.003
0.006
0.003
0.005
0.002
0.010
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Table 39: Orbital parameters of ARCS stars.

ARCS

217187
217591
220858
220859
221296
222455
222754
222936
223252
223336
223870
224776

Hwﬁ:s.ﬁ
kpc

8.467
6.010
7.018
1.252
5.871
7.274
8.422
7.810
7.390
8.493
8.191
8.397

oRmin

kpc

0.009
0.109
0.087
0.241
0.175
0.205
0.016
0.081
0.090
0.006
0.035
0.021

U_w\SQ\R.
kpc

10.098
8.449
8.514
9.529
10.992
12.975
10.211
8.878
8.908
10.346
10.884
10.393

oRmaz

kpc

0.066
0.007
0.008
0.144
0.288
0.590
0.082
0.064
0.055
0.062
0.112
0.096

_NSSL
kpc

0.188
0.236
0.103
1.218
1.070
0.397
0.382
0.213
0.095
0.274
0.408
0.258

Q;NSQL

kpc

0.012
0.015
0.007
0.977
0.066
0.066
0.016
0.012
0.007
0.014
0.021
0.013

eccC.

0.088
0.169
0.096
0.769
0.304
0.281
0.096
0.064
0.093
0.098
0.141
0.106

gecc

0.003
0.009
0.006
0.039
0.016
0.026
0.004
0.006
0.006
0.003
0.006
0.005
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Table 41: PARAM ages for 144 ARCS stars.

ARCS

15005
16467
16672
16708
17806
18145
18682
18739
19847
21838
21887
21976
22149
22797
22819
22853
23223

ARCS x? PARAM
Tet  oTeft 099 Ologg [M/H] onym V oy  phot.m o, Age opage Mass onass 1099 01099 R 0R
K K dex dex dex dex mag mag mas mas Gyr Gyr Mgy Mg dex dex Rg Rp
4610 56 2.23 0.10 -0.18 0.13 7.003 0.011 6.41 0.30 6.1 2.7 1.06 0.11 2.39 0.08 10.4 0.7
4787 43 251 0.14 -0.16 0.11 6.348 0.010 8.65 0.40 6.1 3.7 1.09 0.15 249 0.07 9.5 05
4854 50 2.39 0.13 -0.08 0.09 7.745 0.011 4.56 0.21 2.5 2.2 1.08 0.24 249 0.13 95 0.5
4746 71 252 0.10 -0.32 0.12 7.196 0.011 5.86 0.27 59 29 1.02 0.10 246 006 9.5 0.5
4623 43 245 0.12 -0.21 0.15 7.790 0.014 448 0.21 6.1 2.7 1.06 0.12 2.39 0.07 104 0.6
4895 59 2.10 0.12 0.11 0.10 6.644 0.011 7.23 033 1.2 0.3 1.30 045 254 0.18 9.7 0.6
4605 57 2.69 0.13 -0.26 0.09 7.898 0.013 4.25 0.20 6.5 2.6 1.00 0.07 2.37 0.07 10.3 0.7
5016 43 2.98 0.13 -0.15 0.08 &.196 0.016 3.69 0.17 1.1 0.2 1.21 042 2.61 0.20 86 0.6
5092 46 2.89 0.10 -0.18 0.09 8.020 0.012 3.62 0.17 1.0 0.2 1.19 046 256 0.19 9.1 0.5
4755 43 246 0.08 -0.24 0.16 8.160 0.012 3.76 0.18 5.9 3.3 1.06 0.13 247 0.06 9.6 0.5
4875 56  2.89 0.12 0.03 0.09 7.286 0.011 5.62 0.26 1.5 0.9 1.06 0.30 2.47 0.15 9.6 0.6
4466 56 2.62 0.09 0.23 0.12 7.951 0.012 4.33 040 6.5 2.8 1.10 0.16 2.34 0.10 11.3 1.1
4705 57 291 0.11 0.05 0.11 7.637 0.011 4.82 0.22 53 29 1.09 0.19 243 0.09 10.1 0.5
4486 69 243 0.14 0.13 0.13 7.615 0.012 4.86 023 6.1 2.6 1.09 0.15 2.34 0.08 11.2 0.8
4876 45 2.62 0.12 -0.08 0.12 6.232 0.010 9.12 0.42 2.1 1.8 1.07 0.26 2.49 0.14 94 0.6
4489 72 2.28 0.08 0.10 0.08 7.391 0.011 5.38 0.25 6.1 2.6 1.09 0.12 2.34 0.08 11.3 0.8
4532 61  2.29 0.07 -0.04 0.09 7.140 0.018 5.74 0.27 5.5 2.5 1.06 0.10 2.30 0.07 11.6 0.8
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Table 43: PARAM ages for 144 ARCS stars.

ARCS

31693
32393
35220
70435
73413
75175
75193
76366
77894
78421
79567
81490
82957
83024
83161
83453
83536
83581
83618

ARCS x? PARAM
Tet  oTeft 1099 Ologg [M/H] onym V oy  phot.m o, Age opage Mass onass 1099 01099 R 0R
K K dex dex dex dex mag mag mas mas Gyr Gyr Mg Mg dex dex Rg Rg
5039 56 292 0.12 0.13 0.12 7.772 0.012 4.48 0.21 1.1 0.2 200 0.19 286 006 83 0.4
4581 53 2.69 0.11 0.58 0.09 5.991 0.010 10.33 0.48 6.1 2.5 1.20 0.21 2.39 0.08 11.2 04
4452 44 195 0.09 -0.18 0.15 8.096 0.013 1.02 0.01 0.3 0.1 241 0.56 1.47 0.12 45.8 1.8
3976 46 1.11 0.10 -0.32 0.11 7.870 0.012 1.12 0.01 1.6 0.5 1.12 0.19 0.72 0.10 73.7 5.0
5739 78 296 0.12 -0.11 0.16 7.884 0.013 4.25 0.20 0.9 0.1 1.99 0.08 3.19 0.04 57 04
6054 47 299 0.14 -0.28 0.09 7.032 0.010 6.34 029 1.1 0.1 1.81 0.06 3.26 0.03 5.0 0.3
5012 39 2.66 0.10 -0.23 0.16 7.414 0.011 5.28 020 1.2 0.5 1.38 0.36 2.70 0.14 84 0.5
5958 61 2.86 0.13 0.35 0.16 7.035 0.010 6.34 0.29 1.0 0.1 2.03 0.06 3.29 0.04 51 0.3
4268 52 1.48 0.07 -0.43 0.18 7.369 0.011 1.43 0.02 1.2 0.7 1.27 0.27 1.06 0.11 53.3 2.6
5114 50 2.98 0.12 -0.17 0.08 7.186 0.011 5.85 0.27 1.0 0.2 183 032 288 0.11 79 0.4
4549 54 2.62 0.09 0.32 0.12 7.931 0.013 4.22 0.20 6.0 25 1.09 0.18 2.36 0.07 11.0 0.5
5038 50 2.81 0.07 -0.03 0.11 7.720 0.012 438 0.20 1.1 0.2 1.65 0.57 274 0.19 87 0.5
4807 75 2.67 0.11 0.10 0.17 7.510 0.011 5.09 024 2.5 2.0 1.19 0.36 2.50 0.16 9.8 0.6
4870 55 3.29 0.07 0.11 0.09 8.017 0.013 4.02 0.19 1.5 0.7 1.22 0.43 253 0.19 9.6 0.7
4815 62 252 0.10 -0.19 0.12 7.134 0.010 6.02 0.28 5.5 3.9 1.09 0.16 249 0.08 94 0.5
4830 50 2,52 0.11 -0.14 0.12 7.825 0.011 4.39 0.20 4.6 3.9 1.09 0.19 250 010 94 0.5
4730 62  2.46 0.08 -0.09 0.16 7.683 0.011 4.70 0.22 5.3 3.3 1.09 0.17 245 0.08 9.9 0.6
4805 40 2.39 0.12 -0.26 0.09 7.423 0.010 5.28 0.25 6.3 3.7 1.05 0.11 248 0.05 94 05
4241 48 1.70 0.10 -0.12 0.10 4.036 0.009 6.21 0.14 0.3 0.1 2.08 0.33 1.19 0.09 585 3.0
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