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Zusammenfassung
Die Untersuchung der Atmosphäre von ”early-type” Sternen spielt eine bedeu-

tende Rolle in der stellaren Astrophysik. Die Atmosphären solcher Sterne zeigen
eine Vielfalt verschiedener Phänomene wie etwa die Anwesenheit starker Magnet-
felder, ausgeprägte Oberflächenkonvektion, Pulsation sowie Diffusion chemischer
Elemente. Um die tiefere Bedeutung dieser Phänomene vollständig zu verstehen
ist es notwendig Bedingungen aus den Beobachtungen abzuleiten und vor allem
eine grosse Anzahl von Sternen unterschiedlichen Alters und Typs zu untersuchen.

Sterne offener Haufen sind aus zwei Gründen besonders interessant: 1) Man
kann annehmen, dass alle Mitglieder eines Haufens in etwa ähnliches Alter und
chemische Zusammensetzung haben. 2) Das Alter von Sternen offener Haufen ist
wesentlich genauer bestimmbar als jenes von Feldsternen.

Unter Verwendung modernster Instrumente (inkl. FLAMES der ESO VLT) er-
hielt ich hochqualitative Spektren einer grossen Anzahl altersmässig gleichverteil-
ter ”early-type” Sterne in zehn offenen Haufen. Hier präsentiere ich die Resul-
tate für die Sterne zweier Haufen (NGC 5460 und Praesepe). Untersucht wurde
der Zusammenhang zwischen der Elementenhäufigkeit und den Sternparametern
im Hinblick auf Bedingungen an das Diffusionsmodell. Die Bestimmung der Pa-
rameter und der LTE Elementenhäufigkeit erfolgte mittels eines neuen Modells
für Atmosphäre und Synthese welches verschiedene spektroskopische Parameter
einbezieht. Die Schwankungen der Elementenhäufigkeiten wurden dabei exakt
berücksichtigt.

Die Stichprobe besteht aus 54 chemisch unauffälligen ”early-type” Sternen,
drei heissen He-armen Sternen und neun Am Sternen. Der wesentliche neue Beitrag
meiner Arbeit ist die Erkenntnis, dass die Elementenhäufigkeit bestimmter Ele-
mente zwischen 7000 K und 10500 K mit der Temperatur zunimmt und zwischen
10500 K und 13000 K wieder abnimmt. Für chemisch unauffällige Sterne wurde
kein Zusammenhang zwischen Elementenhäufigkeit und υ sin i gefunden. Hinge-
gen fand ich eine starke Korrelation zwischen der chemischen Ausprägung von Am
Sternen und υ sin i, nämlich dahingehend, dass diese Ausprägung mit zunehmen-
dem υ sin i abnahm.
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Abstract
In stellar astrophysics, the study of the atmospheres of early-type stars plays

a very special role. The atmospheres of these stars display a variety of different
phenomena, such as the presence of large magnetic fields, strong surface convec-
tion, pulsation, diffusion of chemical elements. To fully understand the actual role
of all these physical phenomena, it is important to seek constraints from the ob-
servations, in particular to perform a detailed study of a large number of stars of
different ages and peculiarity types.

Open cluster stars are particularly interesting for two reasons: 1) it is possible
to assume that all cluster members have approximately the same original chem-
ical composition and age; 2) the age of stars belonging to open clusters can be
determined with much higher accuracy than for field stars.

Using advanced available instrumentation (including FLAMES of the ESO
VLT) I obtained high-quality spectra of a large number of early-type stars in ten
open clusters, uniformly distributed in age. Here I present the results obtained for
the stars observed in two clusters (NGC 5460 and Praesepe), searching for correla-
tions between abundances and stellar parameters and to provide constraints to the
models of diffusion theory.

Parameter determination and LTE abundance analysis were performed with
new generation model atmosphere and synthesis codes, taking into account dif-
ferent spectroscopic parameter indicators. A rigorous treatment of the abundance
uncertainties was performed.

The sample is composed of 54 chemically normal early-type stars, three hot
He-weak stars and nine Am stars. The original main contribution of this work
is the finding that the abundance of several elements increases with temperature
between 7000 K and 10500 K and decreases from 10500 K to 13000 K. No corre-
lation between abundance and υ sin i was found for chemically normal stars, while
I found a strong correlation between the peculiarity of Am stars and υ sin i, in par-
ticular that chemical peculiarity decreases with υ sin i.
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Chapter 1

Introduction

In stellar astrophysics, the study of the atmospheres of A- and B-type stars plays a
very special role. The atmospheres of these stars display a variety of different phe-
nomena, such as the presence of large and relatively simple magnetic fields, strong
surface convection, pulsation, diffusion of chemical elements, and various kinds of
mixing processes from small-scale turbulence to global circulation currents. These
general physical processes are almost certainly active in the atmospheres (and inte-
riors) of stars other than the main sequence A- and B-type stars, but in more subtle
ways. Because of the easily visible effects found in A- and B-type stars, these stars
provide a unique access to the invisible interior processes. To fully understand the
actual role of all these physical phenomena, it is very important to seek constraints
from the observations, in particular to perform a detailed study of a large number
of stars of different ages and peculiarity types.

The variety of phenomena present in A- and B-type stars is shown also by
the large amount of different stellar typologies present in this region of the main
sequence, such as: i) ApBp displaying a wide range of chemical peculiarities and
an organised magnetic field. ii) HgMn stars that present large overabundances of
Hg and possibly of Mn. iii) AmFm stars that display underabundances of C, N, O,
Ca, Sc and overabundances of Fe-peak and rare-earths elements (see Preston 1974,
for a better characterisation of these three types of chemically peculiar stars). iv)
roAp stars that display all the peculiarities of Ap stars together with the presence
of a rapid oscillation of the order of ten minutes (Kochukhov 2008). v) Pulsating
Am stars that display pulsation together with the characteristic abundance pattern
of Am stars (Kurtz 1989). vi) λ Boo stars for which the abundance pattern is
characterised by strong underabundances of elements heavier than oxygen (Kamp
et al. 2008). vii) Be stars that exhibit or exhibited emission lines in the photospheric
spectrum (Zorec 2004). viii) δ Sct stars that display luminosity variations up to
one magnitude with a typical period of few hours (Breger 2000). ix) γ Dor stars
displaying non-radial pulsation with a period of the order of one day (Balona et al.
1994). x) γ Dor-δ Sct hybrids that present pulsational signals typical of both γ Dor
and δ Sct stars (Handler & Shobbrook 2002; Handler et al. 2002).
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The chemical peculiarities of both the peculiar and the normal A- and late
B-type stars certainly reveal the action of a number of hydrodynamic processes
occurring inside the stars. The details of most of these processes, and how they
interact with one another, are far from clear, although some reasonably successful
semi-empirical models are being produced (e.g. Richer et al. 2000; Talon et al.
2006). These processes are almost certainly operating in the atmospheres of all
stars, but due to competing effects are difficult or impossible to detect and study.
Therefore it is important to study the atmospheres of A- and B-type stars in order
to understand this general physics. Observations can support the necessary theo-
retical work by providing information about how the symptoms of these processes
(chemical anomalies, slow rotation, etc.) appear on individual stars, and how these
symptoms depend on stellar mass and age. Because of the easily visible effects
found in A- and B-type stars, these stars provide a unique access to the invisible
interior processes.

In recent years, also the so-called normal early-type stars started to receive
attention, and detailed abundance determinations have been performed for a few
tens of them. An example is the whole series of papers based on the analysis of
spectra obtained at the Dominon Astrophysical Observatory (DAO) and led by Saul
Adelman1. Another example is Erspamer & North (2003), who analysed a large
sample of spectra of F- and A-type stars present in the archive of the ELODIE
spectrograph2.

This project is intended to study, for the first time, the correlation between the
element abundances of early-type stars and the stellar evolution state. Up to now
there are not such studies, besides few analysis of small samples of early-type stars
in open clusters, of which Varenne & Monier (1999) was probably the precursor.
Other analysis of cluster early-type stars were for example performed by Stütz et
al. (2006) and Folsom et al. (2007), but the sample of studied stars was always quite
small and the analysis of several cluster stars was never performed, up to now, in a
consistent way.

For this project, it is very interesting to study stars that are cluster members,
rather then selecting targets in the field, because of two very compelling reasons.
First, it is possible to assume that all cluster members have approximately the same
original chemical composition and age. Therefore, when the analysis of chemical
abundances of stars belonging to the same cluster is performed, it is possible to
assume that the studied objects are different only by their initial mass, rotational
velocity, magnetic field strength and binarity. Second, the age of stars belonging
to open clusters can be determined with much higher accuracy then for objects in
the field, especially for stars that are young enough that less then half of their life
on the main sequence has elapsed. Figure 1.1, taken from Bagnulo et al. (2006),

1Adelman (1988), Adelman (1991a), Adelman et al. (1991b), Pintado & Adelman (1993), Adel-
man (1994), Adelman (1996), Ryabchikova et al. (1996), Adelman et al. (1997), Caliskan & Adel-
man (1997), Adelman (1998), Adelman et al. (1998), Adelman & Albayrak (1998), Adelman (1999),
Adelman et al. (2000), Adelman et al. (2001), Caliskan et al. (2002) and Kocer et al. (2003)

2http://atlas.obs-hp.fr/elodie/
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Figure 1.1: Left panel: position of four stars, with uncertainties on Teff and
log L/L� of 5% and 0.1 dex respectively, in the Hertzsprung-Russell diagram.
Right panel: position of the same four stars in an age-mass diagram. The trans-
formation uses evolution tracks for Z = 0.020 from Schaller et al. (1992). This
Figure is taken from Bagnulo et al. (2006).

Hertzsprung-Russell diagram, while the right panel shows the position of the same
four stars on an age-mass diagram, assuming an uncertainty of 5% on Teff and of
0.1 dex on log L/L�. The transformation uses evolutionary tracks with Z = 0.020
from Schaller et al. (1992). Figure 1.1 clearly shows that when transforming the
typical uncertainties on Teff and log L/L� on the age-mass diagram, the uncertainty
on the age determination is smaller for stars that has already elapsed at least half
of their main sequence lifetime.

The work presented in this thesis makes part of a bigger project for which
two large observational campaigns were carried out with FORS1 at the ESO/VLT
and with ESPaDOnS at the Canada-France-Hawaii Telescope (CHFT). The sur-
vey consists of polarimetric observations of magnetic A- and B-type stars in open
clusters, to search for links between magnetic fields and stellar evolution. These
stars present a large variety of chemical peculiarities such as large overabundances
of Cr, Sr and Eu, of Si, etc. The project intends as well to study the evolution
of the chemical peculiarities of magnetic A- and B-type stars. The results of the
campaign concerning the measurement of magnetic fields in chemically peculiar
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cluster A- and B-type stars are presented in Bagnulo et al. (2006); Landstreet et al.
(2007, 2008).

Another part of the bigger project consists of a multicolor photometrical survey
of magnetic A- and B-type stars in open clusters to obtain high precision light
curves to determine stellar rotational periods. This part of the project will allow to
search for correlations between rotational period, amplitude of the light curve and
magnetic field strength, as well as to check whether angular momentum loss still
occurs during the main sequence phase.

In the framework of these observational campaigns, high-resolution spectroscopy
of a large number of early-type stars in about ten open clusters of different ages was
obtained. The clusters are approximately uniformly distributed in logarithmic age
from log t = 6.8 to log t = 8.9, and the spectra have been obtained using five differ-
ent spectrographs: FLAMES the multi-object spectrograph at the ESO/VLT, FIES
the high resolution spectrograph at the Nordic Optical Telescope (NOT), ELODIE
and SOPHIE the mid and high resolution spectrographs at the Observatoire de
Haute-Provence (OHP) and ESPaDOnS the high resolution spectropolarimeter at
the CFHT. All these instruments, except FIES, is described in Chapter 2. Table 1.1
shows the clusters selected and observed for this project, the indication of the in-
strument adopted to observe them, their age and distance modulus.

Table 1.1: Open clusters observed for the survey. The second and third columns
give the distance modulus, in magnitudes, and age of the cluster, in log t. The last
column shows which instrument (and telescope) were adopted to obtain the spectra
of the stars.

Cluster Distance Modulus log t Instrument
[mag] [dex]

NGC 6193 11.8 6.8 FLAMES (VLT)
NGC 6383 10.9 6.9 FLAMES (VLT)
NGC 6250 10.8 7.4 FLAMES (VLT)
IC 4665 8.3 7.6 FIES (NOT)
NGC 6405 8.9 8.0 FLAMES (VLT)
NGC 3114 10.0 8.1 FLAMES (VLT)
NGC 5460 9.4 8.2 FLAMES (VLT)
NGC 7092 7.6 8.4 FIES (NOT)
NGC 6633 8.4 8.6 FLAMES (VLT)
M 44 / 6.4 8.9 SOPHIE & ELODIE (OHP)
Praesepe ESPaDOnS (CFHT)

Figure 1.2 shows the distance modulus as a function of the logarithmic age for
all the clusters present in the WEBDA database (Mermilliod & Paunzen 2003).
This plot illustrates why the use of observations with a large telescope, such as the
ESO/VLT, were necessary. With the use of small and mid-size telescopes it would
have been impossible to obtain high signal to noise ratio (SNR) spectra for a large
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number of stars (mainly for the younger open clusters) within a reasonable amount
of telescope time.
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Figure 1.2: Cluster distance modulus as a function of logarithmic age for all the
open clusters present in the WEBDA database (Mermilliod & Paunzen 2003). The
dotted and dashed lines correspond to the magnitude limit that it is possible to reach
with FLAMES/UVES and SOPHIE respectively, assuming a SNR of 200 and 30
minutes of exposure time.

The spectra collected for this project have a quality, in terms of SNR and res-
olution, similar to the one presented by other authors that studied chemical abun-
dances of early-type stars. The big advantage of the sample of stars presented here
is its extension and the fact that for each star the age is well determined. As a mat-
ter of fact, I am here looking for very small effects, smaller then the uncertainties
associated with the derived abundances, even for chemically normal slowly rotat-
ing stars analysed with very high quality spectra (see Fossati et al. 2009b). For this
reason it was necessary to obtain an extremely large sample of stars and to analyse
them in a consistent way. The methodology followed to perform the fundamental
parameter determination and the abundance analysis is described in Chapter 3.

The project described above will give several important results concerning dif-
ferent topics. It will allow to better constrain open cluster parameters (such as age
and metallicity) and membership of cluster stars. Due to the very large sample,
this survey will allow to address the distribution of angular velocities in stars of
various masses along the main sequence, important to investigate the distribution
and evolution of angular momentum among the objects in which the transition be-
tween radiative and convective envelopes occurs (such data exist for only a very
few bright open clusters). Within the collected sample of observed open clusters
there are some very young objects in which there are several pre-main sequence
stars (including pulsating pre-main sequence stars), for which important informa-
tion on the fundamental parameters and chemical composition will be extracted.
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In this thesis (Chapters 4 and 5) I present the results obtained for the stars
observed in NGC 5460 and in the Praesepe cluster. This thesis is concentrated
on the analysis of the obtained abundances in the context of diffusion, looking for
correlations between the abundances of the chemical elements and other stellar
parameters, such as the effective temperature (Teff) and the projected rotational
velocity (υ sin i).

NGC 5460 is an intermediate age open cluster (log t = 8.20 ± 0.20, Ahumada
& Lapasset 2007) that includes a large number of early-type stars, covering a large
range in stellar mass. NGC 5460, observed with FLAMES at the ESO/VLT, gives
the possibility to test the quality of the observations performed with this instrument.
NGC 5460 is also an almost completely unknown open cluster on the spectroscopic
point of view, except for few polarimetric observations Bagnulo et al. (2006). This
allows to discover much more of this open cluster, not only on the point of view of
the cluster parameters (such as the metallicity that was previously unknown), but
also on the single objects in the cluster field of view. NGC 5460 contains also three
chemically peculiar stars (He-weak stars) that are here spectroscopically analysed
for the first time.

Praesepe (M 44, NGC 2632), a nearby intermediate age open cluster (log t =

8.85 ± 0.15, González-Garcı́a et al. 2006), is an especially interesting target be-
cause it includes a large number of A-type stars, among which are many Am stars.
Furthermore, because of the cluster is relatively close to the sun (d = 180 ± 10 pc,
Robichon et al. 1999), many of the member A-type stars are bright enough to allow
to obtain high resolution spectra with intermediate class telescopes. As mentioned,
this cluster is particularly interesting for the very large number of cluster member
Am stars. In particular, Praesepe is probably the know open cluster containing
the largest number of Am stars. This allows for the first time to characterise this
type of stellar peculiarity on a statistically relevant and consistent sample giving an
important contribution to the development of diffusion models.

In conclusion the aim of the project is to give fundamental observational con-
straints to the modelling of diffusion processes present in the envelopes of early-
type stars.

1.1 Target selection

The target selection performed for this thesis is divided essentially into two parts:
the selection of the clusters and the selection of the cluster stars.

The cluster selection was based on an age, visibility and ”interest” criteria. For
the project it was necessary to have clusters more or less uniformly distributed in
age. It was of course necessary that the clusters were visible at the time and place
from where observations were performed. What I have here called ”interest” cri-
terium consists in the fact that the open clusters were chosen taking into account
also the number of ”interesting” objects (such as chemically peculiar stars) in the
cluster. Although this thesis is mainly based on a consistent analysis of chemi-
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cally normal stars, the observational interest on clusters containing magnetic stars
clearly appears considering the whole project behind this thesis. High resolution
spectroscopy of magnetic stars, analysed in Bagnulo et al. (2006), Landstreet et al.
(2007) and Landstreet et al. (2008) is extremely valuable for the prosecution of the
project.

In the past, the spectroscopic analysis of a large amount of cluster stars was not
possible due to the difficulty given by the determination of the cluster membership.
Recently, several catalogs of memberships in open cluster stars were published,
thanks also to the data provided by space missions such as HIPPARCOS and TY-
CHO. These catalogs provided the necessary information to be able to determine
with an acceptable accuracy the cluster membership of a large number of stars in a
cluster’s field of view.

The first step of the target selection of cluster stars was to recognise the most
probable cluster member chemically peculiar stars (Am, Ap, HgMn stars) in a way
to assign them the highest priority. A high priority was assigned also to stars known
as slow rotators (typically υ sin i < 50 km s−1) since there are good chances that also
these objects display chemical peculiarity (if not, they would provide anyway high
precision abundances for several elements). For this purpose I designed a standard
procedure followed to select the stars to observe and to assign their priority.

The first step of the procedure consists in identifying the most probable clus-
ter members by checking the membership probabilities given by several authors.
For this operation, the most useful works to check are: Robichon et al. (1999) and
Baumgardt et al. (2000) based on HIPPARCOS data, Kharchenko et al. (2004) and
Dias et al. (2006). In particular I considered as probable members of the cluster ev-
ery star with a kinematic and photometric membership probability higher than 0.14
(Kharchenko, private communication) in the case of the Kharchenko et al. (2004)
catalogue, or a membership probability higher than 10% for the Dias et al. (2006)
catalogue. For some clusters there are publications of photometric data where stel-
lar memberships are assigned, but not always these information are accessible in
electronic form, so that sometimes there was not the possibility to carefully check
all of them.

There is a catalog that deserves a special place in the description of the tar-
get selection. The catalog recently published by van Leeuwen (2007) provides
probably the best kinematic membership probabilities ever published for a num-
ber of cluster stars. van Leeuwen (2007) shows the results of a new reduction of
the HIPPARCOS data performed with a much better understanding of the satellite
movements. The outcome is that the uncertainties of the HIPPARCOS data here
published are very much reduced. Unfortunately the catalog became available only
after that most of the target selection was performed.

I searched then for information about the spectral type, magnitude, colors,
υ sin i, binarity, variability, chemical peculiarities, magnetic field and radial ve-
locity for each star considered a probable member of the cluster. I collected infor-
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mation from SIMBAD3 (scanning also the different references mentioned therein),
VIZIER4 (using a combination of several keywords – binaries: cataclysmic, bina-
ries: eclipsing, binaries: spectroscopic, multiple stars, open clusters, positional
data, proper motions, rotational velocities, spectral classification, spectropho-
tometry, spectroscopy, stars: early-type, stars: late-type, stars: peculiar, stars: vari-
able – in a range of 10 arcsec around the position of each star) and the WEBDA5

database (Mermilliod & Paunzen 2003). The WEBDA database is also particularly
useful for the presence of tasks that allow to plot the color-magnitude and color-
color diagram of the available clusters, so that it is possible to make a further check
of the adopted stellar memberships. I looked also for additional information about
each star in articles by Glebocki & Stawikowski (2000) and Royer et al. (2002a,b,
2007) for υ sin i measurements, Rodrı́guez et al. (2000) for δSct pulsations, the
SB9 catalogue (Pourbaix et al. 2004) for information about a possible binarity and
Renson et al. (1991) for chemical peculiarities.

The mentioned publications and catalogs deserve further comments. I have
found them probably to be up to now the best and more complete data source in
their field, but some of them do not cover very large sky regions. The tools of the
Virtual Observatory (VO) are very useful to show the cover of the sky given by each
catalog. The SB9 catalog provides a very good example. It is probably the most
complete and easily accessible existing catalog on spectroscopic binaries (SB), but
it covers only very small and selected regions of the sky, as shown in Fig. 1.3.
Each dot, visible in Fig. 1.3, displays the position of a spectroscopic binary present
in the SB9 catalog. There are clearly huge regions of the sky where there are no
information at all even about the presence or not of SB stars.

Other catalogs such as Glebocki & Stawikowski (2000) (Fig. 1.4, upper panel)
and Royer et al. (2002a,b, 2007) (Fig. 1.4 lower panel) cover the sky in a much
more complete way.

I searched then for high resolution spectra in several archives (e.g. the ESO
archive6 and the ELODIE archive7), in order to avoid a duplication of observa-
tional effort, in case some stars had already been observed with high resolution
spectroscopy. The presence of archives of stellar spectra, only recently available,
gave an important contribution in the collection of the large sample of observed
cluster stars here presented. A clear example of this contribution is given by the
ELODIE archive that provided the spectra of four of the eight Am stars analysed
in the Praesepe cluster.

Of the sample of stars obtained with this procedure for a given cluster, I kept
only the stars with spectral types between early F5 (to avoid too long an exposure
time on a single object) and B5 (to avoid strong stellar winds), giving a higher rank
to peculiar stars and slow rotators. From the sample I removed stars already known

3http://simbad.u-strasbg.fr/simbad/sim-fid
4http://vizier.u-strasbg.fr/viz-bin/VizieR
5http://www.univie.ac.at/webda/
6http://archive.eso.org/
7http://atlas.obs-hp.fr/elodie/
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Figure 1.3: Position in the sky of the objects cataloged in the SB9 catalog. The
dots show the position of the spectroscopic binary stars. The pole visible at the top
of the plot is the north celestial pole.

to be SB2 (double line spectroscopic binary) systems, unless they had already been
extensively observed using high resolution spectroscopy. In the list of target stars I
included also some G-type star to be able to recover the cluster original metallicity.
This kind of stars have a rather deep convective zone and are not too faint to obtain
enough signal to noise ratio for an abundance analysis.
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Figure 1.4: Position in the sky of the objects cataloged in Glebocki & Stawikowski
(2000) (upper panel) and Royer et al. (2002a,b, 2007) (lower panel). Each dot cor-
respond to the position of a star for which there is a cataloged υ sin i measurement.



Chapter 2

Instruments, telescopes and data
reduction

This thesis is based on observations obtained with four different instruments: FLA-
MES at the European Southern Observatory (ESO/VLT), ESPaDOnS at the Canada-
France-Hawaii Telescope (CFHT), ELODIE and SOPHIE at the Observatoire de
Haute Provence (OHP).

The choice of the instruments was crucial since it was necessary at the same
time high resolution (for the few slowly rotating stars) and high signal to noise
ratio, together with high efficiency and large wavelength coverage when possible.
This was necessary because I had to derive abundances for as many elements as
possible for each star, considering that the adopted methodology requires large
amount of measured spectral lines. At same time I had to observe a large number of
stars in a reasonable amount of telescope time. Almost all the adopted instruments
fulfill all these conditions.

Here I aim to describe the instruments and telescopes employed for the obser-
vations of the cluster stars, together with the applied data reduction. The normali-
sation procedure will be then described in Sect. 3. At the end of the chapter I will
show a comparison among some of the instruments, employing spectra of a ”ref-
erence” star (HD 73666 belonging to the Praesepe cluster). This star was already
used as a comparison star by Ryabchikova et al. (2008). At last I show a compari-
son of the exposure times necessary to reach a signal to noise ratio (SNR) per pixel
of 200 with each adopted instrument, given a certain stellar magnitude, instrument
settings and airmass.

2.1 FLAMES@ESO VLT

FLAMES is the multi-object low, intermediate and high resolution spectrograph
that is mounted at UT2 telescope of the ESO/VLT and can access targets over
a large field of view of 25 arcmin of diameter. UT2 at the ESO/VLT is one of
the four 8.2 m telescopes at Cerro Paranal in Chile. Each telescope provides two
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Nasmyth and one Cassegrain focus station.
FLAMES consists of three main components:

1. A Fiber Positioner (OzPoz) composed by two plates: while the observation
is performed with one plate, the other one is set up for the subsequent obser-
vation. In this way the dead time between two observations is limited to less
than 15 minutes, including the telescope preset and the field acquisition.

2. A low, medium and high resolution optical spectrograph, FLAMES/GIRAFFE,
with three types of feeding fiber systems: MEDUSA (stellar objects), IFU
and ARGUS (extended objects). In this work I have used only MEDUSA
fibers.

3. The UVES high resolution spectrograph (Red Arm) fed via 8 single fibers.

Thanks to a special observing software (FLAMES OS) it is possible to acquire
simultaneously and independently FLAMES/GIRAFFE and FLAMES/UVES ob-
servations. FLAMES is mounted at the Nasmyth A platform of UT2, while UVES
at the Nasmyth B platform, on the other side of the telescope relative to the A
platform.

Together with Dr. S. Bagnulo, PI of the proposal with title ”Observing the
chemical evolution of early-type stars in open clusters” we obtained 14 hours of
telescope time with FLAMES at the ESO/VLT to carry out in service mode obser-
vations of early-type stars in seven open clusters.

2.1.1 MEDUSA and the fiber positioner system

MEDUSA is one of the three fiber systems (the other two IFU and ARGUS are
used for integral field spectroscopy) that feeds FLAMES/GIRAFFE and FLA-
MES/UVES and the only one available for stellar objects. MEDUSA fibers can
observe simultaneously up to 132 separate objects. The core of the system is the
fiber positioner system (OzPoz) that is equipped with four plates, but only two
are currently used. These plates are metallic disks on which the magnetic buttons,
holding the fibers, are attached. The curvature of each plate is of 3950 mm to match
the curvature of the corrector of the focal plane. In this way all fibers can receive
the full telescope beam, apart from their position on the plate. The plates are hold
by a trolley that is able to rotate, to exchange the plates, and to approach or retract
the Nasmyth focus of the telescope.

Each fiber is connected to a retractor that maintains the fiber in constant trac-
tion. The parking position of the fibers is just outside the plate. A number is
assigned to each fiber to be able to distinguish them. Each even-numbered fiber is
a MEDUSA fiber, while each odd-numbered fiber is an IFU fiber (ARGUS fibers
are parked at the center of the plate).

OzPoz (the fiber positioner) is also equipped with a calibration box hosting an
optical system which redirects the light both from a W lamp and from a Th-Ar
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lamp, and from a Ne lamp into a fiber, to obtain a wavelength calibrations both
for FLAMES/GIRAFFE and FLAMES/UVES. For FLAMES/GIRAFFE there are
four additional fibers for the calibration lamp, while for FLAMES/UVES one of
the eight fibers has to be kept for the wavelength calibration.

For combined observations, the exposure times for FLAMES/UVES and FLA-
MES/GIRAFFE do not need to be the same. This allows to increase considerably
the SNR of the spectra of the stars observed with FLAMES/GIRAFFE (the total
exposure time is controlled by FLAMES/UVES, since it is the instrument that re-
quires more time to obtain the necessary SNR). FLAMES/GIRAFFE does not pro-
vide both large wavelength coverage and high resolution, but has an exceptional
efficiency that allows to obtain high quality spectra for very faint stars within few
seconds of exposure time. It is anyway not possible to observe simultaneously
in two FLAMES/GIRAFFE modes, or to observe the same target simultaneously
with the two spectrographs (FLAMES/GIRAFFE and FLAMES/UVES). For this
reason the target selection and the observing strategy, especially for the observa-
tions carried out with FLAMES, were real crucial procedures.

Four particular magnetic buttons are equipped with a system of 19 coherent
fibers each. This set of fibers is used to obtain images of four ”fiducial” or ”ref-
erence” stars (FACB). These stars are continuously observed during the whole ob-
servation and their images are recorded on a technical CCD. A separate computer
computes the centroids and calculates the proper offsets to be applied to the tele-
scope to keep the fiducial stars in the center of the bundle of fibers. These four
stars represent the link between the sky and the plate coordinates, for this reason
it is essential that these objects are very carefully chosen. They have to be suf-
ficiently isolated, bright (R <15 mag) and with a low proper motion. Due to the
low dynamical range of the technical CCD, the magnitude of the four FACB stars
should lay within a range of 3 mag. For obvious reasons it is very important to have
accurate coordinates for all the observed stars and in particular of the four FACB
stars. I used the UCAC2 catalogue (Zacharias et al. 2004) as coordinate source, as
also suggested in the FLAMES user manual1.

The Fiber Positioning System Software (FPOSS) controls the fiber crossing
during each movement to their final position on the plate and determines also the
button movement sequence configuration to the next one. This is an important part
of MEDUSA since more than four fibers cannot cross in the same place, as well as
no fibers can pass too close to other buttons. All these rules are implemented in the
FPOSS that, given a certain observing sample of stars, creates the best observing
configuration of the fibers. It tries to maximise the number of observed stars, giving
the possibility to set priorities to each star (in my case, the ones that should be
observed with the FLAMES/UVES fibers had a higher priority as well as slowly
rotating stars).

Figure 2.1 shows the plate configuration for the observation of NGC 5460.
The FACB stars are identified by the green fibers, while the red and gray fibers cor-

1http://www.eso.org/sci/facilities/paranal/instruments/flames/doc/
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Figure 2.1: Configuration of the plate for the observation of NGC 5460. See the
text for a description of symbols and colors.

respond to the fibers that feed FLAMES/GIRAFFE and FLAMES/UVES respec-
tively. The black spot in the center identifies the hole where the fibers of ARGUS
lay. All the observable objects must lay inside the blue ring. FPOSS requires as in-
put file the coordinates of the center of the plate and of each star, together with their
magnitudes and observational priority. The small blue circle is connected with the
red structure visible at the bottom of the figure. It consists of an arm that lays over
the plate and is locked on a further reference star. No star that lays behind this arm
can be observed.

Differential atmospheric effects

An important problem that cannot be neglected when performing multi-object
spectroscopy in a large field, is the atmosphere differential refraction. This is a
differential effect in the sense that the atmospheric refraction index, and hence the
direction of propagation of the light from a given star, changes with the wave-
length and the distance from the zenith. There are two important consequences for
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astronomical observations:

• A chromatic effect where the refraction index changes with wavelength. The
red and the blue part of the spectrum do not hit the fiber at the same position,
therefore part of the stellar spectrum can fall outside the entrance of the fiber.
This effect is actually important only when observing over a wide spectral
range, especially in the blue.

• An achromatic effect where the refraction index at a given wavelength changes
with the zenith distance in a non-linear way. This is very important when ob-
serving large fields, because stars in different positions can have significantly
different distances from the zenith so that they do not move in a coherent way
across the sky during the exposure time, making it impossible to guide on the
whole field.

The achromatic effect (dependent on the zenith distance) cannot be compen-
sated, since it has a differential character across the field and it is strongly depen-
dent on the zenith distance. It was therefore extremely important to be aware of
its amplitude with different observing conditions, in order to plan the observations
in the correct way. The problem, when observing a large field of view, is that an
object placed at the corner of the field will have a zenith distance (z’) different from
the one at the center of the field (z). In this way the observed position of the stars
placed at the field corner will show a displacement respect to their ”real” position,
by a different quantity. The size of this difference is then proportional to tan(z)-
tan(z’), varying non-linearly with the distance of the whole field from the zenith.
Since the telescope is guided with respect to the center of the field, this effect leads
to distortions at the field corners, that are time dependent, since the observed field
moves across the sky. The maximum size of this effect can be of few arcsec in the
blue on the field of view of FLAMES since due to the dependence of the refraction
index upon wavelength, the effect would be significantly smaller in the red.

The central wavelength of each observation is given as input of the acquisition
template, to allow the telescope to guide at the same wavelength. Due to the chro-
matic effect, different spectral regions will be displaced with respect to the central
one and for large displacements they could fall outside the entrance of the fiber.
Figure 2.2 illustrates this displacement between a central wavelength at 4000 Å
and four other wavelengths for a typical FLAMES/GIRAFFE spectrum, covering
a wavelength range of 600 Å (Figure taken form the FLAMES user manual).

The FLAMES Fiber Positioner Software is able to calculate the mean position
of each object during the exposure, based on the coordinates of the field and the
time of the observation. Extremely rapid airmass variations could cause a dramatic
change of the position of an object close to the field edge. This change could be of
the order of 2 arcsec in one hour exposure. For this reason, it is important to avoid
high airmass observations. The risk is that some or the whole stellar flux goes lost
due to the fact that objects placed far from the center of the field could move away
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Figure 2.2: Relative displacement between the central wavelength at 4000 Å and
nearby wavelengths covered by typical FLAMES/GIRAFFE gratings (FLAMES
user manual).

from the position of their fiber during long exposures. For this reason I decided to
divide each exposure into three or four subexposures.

At the time when I prepared the observing blocks for FLAMES no detailed
description of the differential atmospheric effects was available in the FLAMES
user manual. For this reason I used the results obtained for the Keck Observatory,
taking roughly into account the difference in altitude above the sea level of about
2000 m between Cerro Paranal and Mauna Kea.

FLAMES/UVES and in particular FLMANES/GIRAFFE allow to chose among
a large number of settings. This gave the possibility to chose the best wavelength
regions to observe, but paying always attention to the presence of the chromatic
and achromatic atmospheric effects. For example, observations of both Hα and Hβ
would be extremely valuable for a solid determination of the fundamental param-
eters, but some stellar flux could be lost if observations are performed with a high
airmass. A detailed description of the selection of the settings and of the adopted
observation strategy for FLAMES is given in Sect. 4.1.

2.1.2 FLAMES/GIRAFFE

FLAMES/GIRAFFE is a low and medium resolution (R=7500–30000) spectro-
graph in the visible range 3700–9000 Å and it is suited for observations of single
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and extended objects in regions of the sky with a high stellar density such as open
and globular clusters and clusters of galaxies.

FLAMES/GIRAFFE uses filters to select the required spectral range and each
object is observed in a single echelle order at once. The light, coming from one of
the 6 available slits, passes through the order sorting filter, to be then reflected into
a double pass collimator (the light passes though the collimator again after being
dispersed). Afterwords the light goes to the gratings (high or low resolution) and
finally to the CCD. The list of available filters, gratings and correlated resolutions
for FLAMES/GIRAFFE and FLAMES/UVES is given in Table 2.1. For a given
filter and grating, the spectral resolution is very uniform along the CCD.

FLAMES/GIRAFFE is equipped with an EEV CCD with an exceptionally
good quantum efficiency in the blue and UV domain. It is not possible to change
the CCD readout characteristics, such as windowing, variable readout speed and
binning. The CCD saturates at about 60000 ADU.

FLAMES/GIRAFFE has an online pipeline that automatically reduces the ac-
quired spectra. The online reduction pipelines performs a very high quality data
reduction so that no further manual reduction was necessary.

2.1.3 FLAMES/UVES

UVES is the high resolution spectrograph of the ESO/VLT and is able to work
both in long slit mode and in fiber mode on its Red Arm. FLAMES employs the
fiber mode of UVES. The fibers are injected just before the slit through a projector,
which changes the F/3 fiber exit to the F/10 UVES aperture of the long slit mode.

Each positioner plate has 8 fibers connected to the Red Arm of UVES. The
resolving power of the spectrograph in fiber mode is R=47 000. As shown in Ta-
ble 2.1 only three standard UVES setups are offered, with central wavelengths of
5200 Å, 5800 Å and 8600 Å. In addition to the 8 fibers per plate, an extra fiber is
available for the simultaneous wavelength calibration. Due to the large UVES in-
terorder separation, only 7 fibers can be devoted to astronomical objects when the
simultaneous calibration fiber is used. With certain settings, as the one I adopted,
it is required that one or two fibers are devoted to record the sky contribution.

The detector placed in the red arm consists of a mosaic of one EEV (CCD 44-
82) and one MIT-LL (CCID-20) 4kx2k CCD; this optimises the detector response
as a function of wavelength, reducing the fringing at far-red wavelengths. The
gap between the two CCDs is 0.96 mm implying the loss of one spectral order
(∼5170-5230 Å). This gap and the non-perfect alignment of the two chips require
a separate extraction of the spectra recorded on each of the two chips. The CCD
control system reads the mosaic as a single image with 100 artificial pixels between
the two CCDs so that the file has to be split before reduction. As for the CCD
of FLAMES/GIRAFFE, windowing or binning of the two CCDs is not allowed.
The saturation of the EEV and MIT-LL CCDs is about 65000 and 40000 ADU,
respectively. The efficiency of the RED arm of UVES in fiber mode is about 40%
lower than UVES in long slit mode for observations of a single point source. It is
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however rather difficult to accurately predict the real differences between the two
modes because they will be function both of the seeing and of how accurate the
fiber centering has been performed.

FLAMES/UVES has a reduction pipeline that automatically reduces the ac-
quired spectra. Unfortunately the data I obtained from the pipeline were of very
low quality. What probably happened during the automatic reduction was that the
pipeline lost the tracing of the spectral orders, generating only noise spectra. For
this reason I performed a manual reduction of the spectra with the MIDAS tools
provided by ESO. The manual reduction revealed the origin of the problem at the
stage of the application of the order definition frame. The only difference between
the online pipeline and the manual one was the setting of the P5 parameter for
the FMSTA/FLAMES task. This parameter sets the rotation of the CCDs around a
fixed reference point. The original setting is P5=0,0, while the best order definition
is obtained with P5=12,-33. It could probably happened that the UVES red arm
CCDs were unmounted for technical reasons and then remounted with a different
angle that was then not recovered in the online reduction pipeline.

In spite of the very high pressure to obtain telescope time at the ESO/VLT, in
particular at UT22, within 14 hours of awarded telescope time FLAMES allowed
to collect very high quality spectra of about 1400 stars. The available database
contains probably the largest amount of photons ever collected for early-type stars
in open clusters.

2.2 ESPaDOnS@CFHT

ESPaDOnS is a high resolution echelle spectrograph and spectropolarimeter of the
CFHT that is fiber fed from a Cassegrain module that includes calibration, guiding
facilities and an optional polarisation analyser. The instrument is able to obtain a
spectrum of the optical region 3700–10500 Å with a single exposure with resolv-
ing power of R=68 000 up to R=81 000, dependent on the adopted setting. The
efficiency provided by the fiber link is of about 40–45%. ESPaDOnS is mounted
at the 3.6 m telescope of the CFHT, located at the summit of Mauna Kea, on the
island of Hawaii, USA.

The polarimeter includes one quarter-wave and two half-wave Fresnel rhombs
coupled to a Wollaston prism, providing a very achromatic polarisation analysis of
the stellar light.

The instrument provides three different configurations: a spectropolarimetric
mode, a first spectroscopic mode called ”object+sky” and a second spectroscopic
mode called ”object only”. In spectropolarimetric mode both ordinary and extraor-
dinary beams are recorded and all four Stokes parameters (I, V , Q and U) are
obtained along the whole wavelength range with a mean resolving power of about
R=68 000. In first spectroscopic mode both the stellar and the sky spectra are ob-

2This is due to the presence, at the time of the submitted proposal, of three very much requested
instruments mounted at the same telescope: FORS1, UVES and FLAMES.



2.2 ESPaDOnS@CFHT 19

tained with a mean resolution of R=68 000, while in second spectroscopic mode
only the star is observed giving the possibility to reach a resolution of R=81 000.
To switch between two observing modes takes about 10–15 minutes, including the
refocusing of the spectrograph.

The CCD is an EEV with a size of 2kx4.5k square pixel with the possibility
of four different readout speeds, usually not offered by other instruments. This
gives the possibility to perfectly tune the readout mode on the brightness of the
observed object. The CCD saturates at about 65000 ADU for each readout speed
but the fastest, for which the saturation is reached at 58000 ADU. Unfortunately,
if illuminated with infrared light, the CCD shows severe fringing, but this effect is
well reproduced by the flat fields, giving in this way the possibility to remove it
during the reduction process. The only left signature of fringing is a variation of
the error bars of the reduced spectrum up to 25%.

In polarimetric mode, to minimise errors due to waveplates imperfections and
to minimise the crosstalk between circular and linear polarisation (Bagnulo et al.
2009), observations are carried out in series of four subexposures, each taken with
a different waveplate configuration. The polarisation signal is then obtained by
processing the complete series of four subexposures, while the unpolarised signal
by processing separately each of the subexposures.

ESPaDOnS spectra are reduced automatically by the available reduction pipe-
line called Libre-ESpRIT and described in detail in Donati et al. (1997). The reduc-
tion pipeline is not openly available and can be used only at the CFHT observatory
or under agreement of the author. When observations are carried out in spectropo-
larimetric mode (as done for the stars observed for this work) Libre-ESpRIT gives
two files as output: a ”.out” file containing the spectra and a ”.s” file containing
the log produced by the reduction pipeline. The file containing the spectra presents
six columns: wavelength in nanometers, normalised intensity, normalised Stokes
V , error bars associated to intensity and Stokes V , and N spectrum. The normalisa-
tion of the intensity spectrum is not optimal and cannot be used for an abundance
analysis. A definition of the N spectrum together with its meaning can be found
in Bagnulo et al. (2009). The file containing the log of the reduction procedure
contains important information like the number and place of the rejected pixels for
each order and the χ2 relative to the fit of the wavelength calibration. At the very
end of this file other important information are present such as the coordinates of
the observed object, total exposure time, heliocentric correction and the SNR at the
center of each order in a bin of 2 pixels.

ESPaDOnS provides both a larger wavelength coverage in the red (very impor-
tant because it is the only region where for example lithium and nitrogen lines are
visible in early-type stars), the polarimetric mode and a high resolution. All these
benefits are strengthened by a high efficiency, as shown in Table 2.2. Together with
FLAMES, ESPaDOnS represents probably the prototype of the perfect instrument
for this project, but both are very much requested by the community.
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2.3 ELODIE & SOPHIE@OHP

2.3.1 ELODIE

ELODIE is a cross-dispersed echelle spectrograph fed by a pair of optical fibers
from the Cassegrain focus of the 1.93 m telescope at OHP. This instrument was
decommissioned in mid-August 2006. One fiber was used for the starlight, while
the other one for the sky background or the wavelength calibration lamp, but there
was also the possibility to mask it. The spectra (67 spectral orders) cover the optical
wavelength range 3850–6800 Å with a spectral resolution of about R=42 000. Only
this configuration of the instrument was available.

At the Cassegrain adapter two lamps were mounted, a Tungsten lamp for flat
fields and a Thorium lamp for the wavelength calibration. The instrument was
designed for high precision radial velocity measurements and it was able to reach
precisions up to 6 ms−1, with simultaneous observation of the Thorium calibration
lamp.

The CCD was a thinned, back-illuminated, anti-reflection coated Tektronix
1kx1k square pixel with a saturation level at about 64000 ADU.

The spectra were automatically reduced by an online pipeline able to perform
a localisation of all orders on the frame, optimal order extraction, cosmic-ray re-
jection and wavelength calibration. After the automatic reduction of the spectra
there was the possibility to continue with the determination of the radial velocity
by numerical cross-correlation with the use of different available masks, adapted
for several stellar spectral types.

All the spectra obtained with the ELODIE spectrograph can be retrieved from
the ELODIE archive: http://atlas.obs-hp.fr/elodie/.

If ELODIE would have been still mounted at the OHP, probably it would have
not been selected for observations for this project, mainly because the observed
stars are rather faint for the efficiency of the instrument, leading to rather long
exposures. The ELODIE archive gave/gives the possibility to increase the number
of available spectra without any extra-observing time, but some of the spectra did
not have an optimal quality.

2.3.2 SOPHIE

The successor of ELODIE at the 1.93 m telescope at the OHP is SOPHIE, a cross-
dispersed echelle spectrograph that had first light on August 2006. The spectro-
graph is fed from the Cassegrain focus through one of two separate optical fiber
sets, yielding two different spectral resolutions called high efficiency (HE) and
high resolution (HR) mode. The spectra cover the optical wavelength range 3870–
6940 Å.

The spectrograph is fed by two pairs of optical fibers, each of 100 micron of
diameter. Within one pair, one fiber (fiber A) is normally used for the target, while
the other one (fiber B) can be used for the sky spectrum or for a simultaneous
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observation of the Thorium wavelength calibration lamp. One pair of fibers is used
for the high resolution mode leading to a spectral resolution of R=75 000, the other
one for the high efficiency mode with a spectral resolution of R=40 000.

The difference between the HE and the HR modes is a factor of 2.5 (1 magni-
tude), for this reason the HE mode is particularly useful for low magnitude objects.
Switching between the two modes involves moving the fiber heads in the adapter,
which takes about 3 minutes plus the observation of a complete set of calibrations
(bias, flat fields, wavelength calibration lamp) since the reduction pipeline takes as
input the last observed set.

The gain in efficiency with SOPHIE in the V band has been determined to
be about 3 magnitudes in HE mode relative to the previous ELODIE spectrograph
and consequently of 2 magnitudes in HR mode. These values where obtained com-
paring SNR values for the same object, wavelength and spectral bin with the two
spectrographs. Another gain was reached in the accuracy of the radial velocity
measurements that is about 50 cms−1 in HR mode.

The CCD is a thinned, back-illuminated, anti-reflection coated E2V44-82 chip
with 4096x2048 pixels. The chip can be read out using three different settings: fast,
medium and slow. For fast and medium readout mode the saturation is reached at
177000 ADU, while in slow readout mode at 44560 ADU.

The data reduction is performed automatically after each exposure and the
pipeline takes automatically as calibrations the last obtained set. The pipeline was
adapted from the one of the HARPS spectrograph placed at ESO/LaSilla and per-
forms localisation of the orders on the frame, optimal order extraction, cosmic-
ray rejection and wavelength calibration. The obtained spectrum for each order is
stored in a multidimensional fits file. The orders are then reconnected after correc-
tion for the blaze function (derived from the flat field), yielding a one dimensional
fits file, which includes the barycentric correction.

I was PI of an accepted proposal with title ”Chemical composition of A-type
stars in the Praesepe cluster: a clue to their evolutionary status” that brought to the
observation of 15 A- and F-type stars member of the Praesepe cluster and 7 field
δ Sct stars in 4 nights, 1.5 of them lost for bad weather and technical problems.
I personally carried out the observations. SOPHIE has a much higher efficiency
compared to ELODIE making this instrument suitable for the project, with the
bonus to be more easily accessible since it is not far from Vienna.

2.4 Comparison of characteristics and performances of
the different instruments

Since this work is based on spectra obtained with different instruments, it was
important to compare them to be able to assure that the obtained results are not
instrument dependent. For a future employment of one of these instruments, for a
work similar to the one here presented, it is useful to compare their performances
and to know which of them can be operated in service mode. In this way, it will
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result easier to chose the instrument to be employed.
Figure 2.3 shows the comparison among the spectra of HD 73666 obtained with

ESPaDOnS, ELODIE and SOPHIE. No significant differences are visible apart the
ones due to the spectral resolution. I was not able to find FLAMES/UVES spectra
of this star because it was never observed with it.
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Figure 2.3: Comparison between the spectra of HD 73666 obtained with
ELODIE@OHP, black line - R=42 000), ESPaDOnS (red line - R=65 000) and
SOPHIE (green line - R=75 000).

The good agreement among the spectra obtained with these different instru-
ments allows to compare results obtained with them for different stars. Possible
undetected differences could be due to small disagreements with the wavelength
calibration and with an undetected straylight. The disagreements in wavelength
calibration should not be anyway larger than the typical error bar given for the ra-
dial velocity (the majority of the analysed stars are fast rotators - υ sin i ≥ 50 km s−1

- for which the συr is larger than 2 km s−1). Straylight is generally negligible for all
the described spectrographs. As a check of a possible wavelength dependent (de-
pendent on the position on the CCD) straylight, for each star, I have always looked
for any clear correlation between the obtained line abundance and wavelength for
a certain element/ion, without having found any.

Table 2.2 shows the comparison of the exposure time required to reach a SNR
per pixel of 200 at ∼5000 Å for each of the instrument described above. The values
given in Table 2.2 do not take into account the difference in pixel size among each
instrument.
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Table 2.2 shows clearly the low efficiency of the ELODIE spectrograph. I have
to mention here that this instrument was anyway not designed to reach high SNR,
but to reach high precision radial velocity measurements with the use of a cross-
correlation technique, that does not require high SNR.

Another important issue to take into account when choosing the instrument to
employ for a certain kind of observation is the possibility or not to use the instru-
ment in service mode. Without taking into account ELODIE, already decommis-
sioned, all the adopted instruments, but ESPaDOnS, can be operated in service
mode. Service mode gives the big opportunity to obtain time resolved spectra or to
make use of instruments with high competition (the observations can be performed
anytime the possibility is given), such as the ESO/VLT. The big issue of observing
in service mode is the planning of the observations, since the exposure times have
to be optimal for any kind of sky condition. In other words the exposure time has
to be both long enough to be able to obtain the necessary amount of photons and
short enough to avoid saturation of the CCD. It is very important to keep this into
account mainly when observing with SOPHIE in service mode since the weather is
highly unstable and often thin clouds are present. The solution I adopted to set up
the observing time for observations in service mode is the following. I calculated
the optimal observing time to obtain the requested SNR, with almost the worse
weather condition, and then split the given exposure time in several subexposures.
The analysed spectrum was then the sum or the median of the single obtained spec-
tra.
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Table 2.1: Filters, grisms and spectral resolutions available for FLAMES
(GIRAFFE+UVES). λ1 and λ2 correspond to the starting and ending wavelengths,
respecively. The ”B” settings have a lower efficiency than the ”A” settings. The
resolution correesponds to the resolution of MEDUSA. In bold face the filters and
grisms used to for my observations.

Instrument Filer & Grism λ1 λ2 Resolution
p2pp/ETC [nm] [nm]

FLAMES/GIRAFFE H379.0/HR1 370.0 386.7 22 500
(HR) H395.8/HR2 385.4 404.9 19 600

H412.4/HR3 403.3 420.1 24 800
H429.7/HR4 418.8 439.2 20 350
H447.1A/HR5A 434.0 458.7 18 470
H447.1B/HR5B 437.6 455.2 26 000
H465.6/HR6 453.8 475.9 20 350
H484.5A/HR7A 470.0 497.4 18 529
H484.5B/HR7B 474.2 493.2 26 700
H504.8/HR8 491.7 516.3 20 000
H525.8A/HR9A 509.5 540.4 17 750
H525.8B/HR9B 514.3 535.6 25 900
H548.8/HR10 533.9 561.9 19 800
H572.8/HR11 559.7 584.0 24 200
H599.3/HR12 582.1 614.6 18 700
H627.3/HR13 612.0 640.5 22 500
H651.5A/HR14A 630.8 670.1 17 740
H651.5B/HR14B 638.3 662.6 28 800
H665.0/HR15N 647.0 679.0 17 000
H679.7/HR15 660.7 696.5 19 300
H710.5/HR16 693.7 725.0 23 900
H737.0A/HR17A 712.9 758.7 17 425
H737.0B/HR17B 722.5 749.0 30 200
H769.1/HR18 746.8 788.9 18 400
H805.3A/HR19A 774.5 833.5 13 867
H805.3B/HR19B 785.6 822.5 22 200
H836.6A/HR20A 807.3 863.2 16 036
H836.6B/HR20B 819.5 850.9 28 600
H875.7/HR21 848.4 900.1 16 200
H920.5A/HR22A 881.6 956.5 11 642
H920.5B/HR22B 896.0 941.9 19 000

FLAMES/GIRAFFE L385.7/LR1 362.0 408.1 12 800
(LR) L427.2/LR2 396.4 456.7 10 200

L479.7/LR3 450.1 507.8 12 000
L543.1/LR4 501.5 583.1 9 600
L614.2/LR5 574.1 652.4 11 800
L682.2/LR6 643.8 718.4 13 700
L773.4/LR7 710.2 834.3 8 900
L881.7/LR8 820.6 940.0 10 400

FLAMES/UVES SHP700-520 414.0 621.0 47 000
SHP700-580 476.0 684.0 47 000
OG590-860 660.0 1060.0 47 000
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Table 2.2: Comparison of the exposure time needed for each described insturment
to reach a SNR per pixel of 200 at about 5000 Å. The exposure times are calcu-
lated with the exposure time calculator available for each intrument, for a A0 star
of 7th magnitude in V band. An airmass of 1.6 and a seeing of 0.8 arcsec was
taken into account. For GIRAFFE the exposure time is calculated with no fiber
displacement. These values do not take into account the difference in pixel size
among each instrument.

Instrument Setting SNR Exp.time (Sec)
GIRAFFE HR 525.8B 200 30
GIRAFFE LR 479.7 200 6.6
UVES 580 200 60
ESPaDOnS polarimetric mode 200 100
ELODIE 200 3600
SOPHIE high efficiency 200 600



26 Instruments, telescopes and data reduction



Chapter 3

Abundance analysis

In this chapter I aim to describe the way in which the continuum normalisation
and the abundance analysis were performed. I decided to put these two topics
together because nowadays several reduction pipelines (such as Libre-ESpRIT for
ESPaDOnS) perform already a continuum normalisation, but usually not enough
precise for an abundance analysis. For this reason the continuum normalisation
belongs more to the spectral analysis than to the spectra reduction. In this chapter,
I describe in detail certain tools adopted to manage and visualise spectra because
there is no literature on them, while I provide the references for all the other tools
that were already previously described by other authors.

3.1 Continuum normalisation

The continuum normalisation was performed with an IDL tool (called ”dvd2”)
developed and maintained by Dr. O. Kochukhov. The layout of this tool is shown
in Fig. 3.1. It provides all the facilities given also by the widely used continuum
task of iraf, but with the advantage of a much better visualisation of the spectrum,
leading to a general more precise continuum setting.

The adopted tool gives the possibility to select between a polynomial and a
spline for the continuum description. When the polynomial function is selected
it is possible to change the polynomial order, while for the spline the smoothing
parameter. In general it is better to use low order polynomials as well as rather
high smoothing parameters (around 104-105), but this is strongly dependent on the
instrument and on the performed spectral reduction.

Both polynomial and spline continuum fitting make the following sequence of
operations:

• fitting through the spectrum of a smooth line (polynomial of a given degree
or spline of a given smoothing parameter);

• computation of the standard deviation of the fit;
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Figure 3.1: Layout of the dvd2 normalisation tool. The bright blue line shows
the fitting line, the black line the spectrum and the violet dots correspond to the
rejected spectral points. The colors were here inverted for visualisation reasons.

• rejection of the points above and below the clipping thresholds.

This three-steps sequence constitutes one iteration. Since the upper and lower clip-
ping thresholds are asymmetric (by default 3 sigma upper and 1 sigma lower clip-
ping), more points lying below the fitting line are rejected. In this way, an increase
of the number of iterations will move gradually upwards the fitting line. This gives
the possibility, together with a tuning of the lower and upper clip, to set the best
possible continuum with a rather high precision.

The parameter in Fig. 3.1 indicated as ”Window”, if below 100, gives the pos-
sibility to horizonthaly zoom the spectrum and watch it with a scrolling bar that au-
tomatically appears. There is also the ”Cut” option that allows to remove portions
of spectra from the fitting. The removed spectral ranges will not be normalised and
saved in the output. It is important to remember that to save the normalised spec-
trum it is necessary to click first the ”Divide” button and then the ”Save” button,
otherwise the code will save the unnormalised spectrum.

Since most of the reduction pipelines provide spectra with unmerged single
echelle orders, I always normalised each order separately. The next step was to cut
the high noise inter-order overlapping regions and merge the orders to get the whole
normalised spectrum. For the normalisation of the hydrogen lines of stars between
spectral type F and B this method cannot usually be applied since the lines are
broader than the wavelength range of one echelle order (in the case that the center
of the hydrogen line lays in the center of the spectral order). In this case I first
merged the unnormalised orders containing the hydrogen lines, normalising then
the merged spectrum. This operation was not performed in general for all spectral
regions because it is much more time consuming. This is because there are often
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systematic vertical shifts between two adjacent orders that have to be manually
removed. The continuum normalisation of the single orders removes automatically
all these systematic shifts.

In the case of SOPHIE spectra, the output of the reduction pipeline is a single
spectrum, since the orders are already merged by the pipeline (see Fig. 1 of Fossati
et al. 2008b) and for this reason the continuum normalisation was performed in a
slightly different way. I divided the whole spectrum in ranges of about 300–400 Å
long, with a small overlap among them. I then normalised each of these section
and merged them.

The normalisation of the hydrogen lines deserves further discussion since it is
of crucial importance for the fundamental parameters determination. The contin-
uum normalisation of hydrogen lines should be performed fitting a very low order
polynomial (between 1 and 3) between carefully selected continuum points at the
outer limits of the hydrogen line wings. The problem usually is the determination
of these continuum points. In many cases photometry or even spectral classifica-
tion give a first idea of the fundamental parameters, in particular of the Teff , that
can be used to synthesise an hydrogen line profile to check where the synthetic pro-
file moves away from the continuum. These two regions are not changing within a
certain temperature range; for example the continuum points will be the same for
profiles obtained from models with Teff = 8000 K and Teff = 9000 K. In this way
it is possible to know, before the normalisation, where the continuum lays with a
good approximation.

3.2 Tools for the visualisation and treatment of spectra

In Vienna two IDL tools for the spectral visualisation and treatment are available.
One is called ”binmag” and the other one ”rotate MG.csh”. Both codes are quite
similar in the spectral visualisation, but have different features for the spectral treat-
ment, so that for the abundance analysis of each star both tools were used.

Figure 3.2 and 3.3 show the layout of binmag and rotate MG.csh respectively,
when an observation and a synthetic spectrum are plotted.

For the purposes of this thesis it is not necessary to describe both codes in
details so I will mention only the features that make them a kind of ”unique” codes.

Binmag was written by Dr. O. Kochukhov and is freely available on his web
site: http://www.astro.uu.se/∼oleg/. As for dvd2, there is the possibility
to horizonthaly zoom the spectrum and to scroll it with a bar. The code allows to
display at the same time a maximum of two synthetic spectra and one observation.
The features that distinguish binmag from the other tool are mainly the possibility
to deal with spectroscopic binary stars and the automatic fitting of various param-
eters, such as υr and υ sin i. When two synthetic spectra are displayed there is
the possibility to introduce the ratio between the radius of the two stars and the
code produces the synthetic spectrum of the whole binary system. Of course, υr,
υ sin i and υmacro can be separately set for the two synthetic spectra. The code gives
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Figure 3.2: Layout of binmag. The blue line corresponds to the observed spectrum,
while the red line to the synthetic spectrum.

also the possibility to fit υr and υ sin i at the same time or separately in a selected
wavelength region. One of the other main feature is the calculation of equivalent
widths with two different methods: direct integration and profile fitting. The di-
rect integration is very useful and precise in case of unblended lines and high SNR
spectra. The profile fitting gives the possibility to derive the equivalent width also
for lines in simple blends. The fitting of the line profile can be performed both
with a Gaussian profile, setting previously the instrumental resolution, or with a
Doppler profile, setting previously the υ sin i. The Gaussian profile represents bet-
ter spectral lines of slowly rotating stars, up to υ sin i ∼ 10 km s−1. The Doppler
profile represents better spectral lines of fast rotators. For stars with a υ sin i be-
tween 10 and 20 km s−1 both profiles do not perfectly represent the line shape. The
Gaussian profile will give a higher equivalent width, while the Doppler profile a
lower equivalent width, compared to the one measured with direct integration. The
best would be a compromise between the two profiles: a Doppler line core profile
with Gaussian wings. This feature is already implemented in the new version of
binmag which is still under construction.

Rotate MG.csh (written by Mag. M. Gruberbauer) is still under construction
and aims to put into one code all the features present in the older versions of rotate
and in binmag, but the goal is not yet reached. The main feature of this tool is
the possibility to load an arbitrary number of observations and synthetic spectra.
This characteristic is very useful for example for the determination of fundamen-
tal parameters with hydrogen line fitting, since it is performed by comparison of
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Figure 3.3: Layout of rotate MG.csh. The black line corresponds to the observed
spectrum, while the red line to the synthetic spectrum.

several synthetic profiles with the observation. As for binmag, rotate MG.csh al-
lows to calculate equivalent widths from a multigaussian fit, but this procedure in
rotate MG.csh, is operationally slightly longer than in binmag. For this reason
equivalent widths were always calculated with binmag. Rotate MG.csh provides
also a very nice visualisation of the spectra that does not require an unzoom to
switch between two a spectral regions, allowing to scroll always the whole spec-
trum wherever the zoom was previously made. In rotate MG.csh there is also the
possibility to mark the lines selected for the abundance analysis and to save the line
parameters in a file.

3.3 Model atmospheres

The stellar atmosphere is the region of the star that does not have its own en-
ergy sources and where spectral lines are formed. Stellar model atmospheres are
self-consistent mathematical models of stellar atmospheres containing information
about the distribution of the main physical stellar quantities, such as temperature
and pressure with a geometric depth, counting from a setted zero-level inside the
star up to the stellar surface. Self-consistent means that having a set of free param-
eters the code provides a unique solution.

For stellar model atmosphere codes the following can be assumed:

• the total amount of radiative energy coming from the inner part of the star
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is the same anywhere throughout the atmosphere (div(Frad) = 0, Frad is the
stellar flux);

• plane-parallel geometry (ratm � Rstar). All the physical quantities depend
only on geometrical depth h;

• homogeneous abundances;

• hydrostatic equilibrium (no large-scale motions);

• the atmosphere is time-independent (statistical equilibrium);

• there are no sources or sinks of energy;

• energy transport takes place only by radiation and convection (no heat con-
duction, acoustic waves, MHD waves, etc.);

• the free electrons as well as the free heavier particles obey the Maxwell dis-
tribution with local kinetic temperature Te;

• Local Thermodynamical Equilibrium (LTE) is assumed.

A stellar atmosphere can be treated in LTE when the electron and ion popula-
tions follow the thermal Boltzmann distribution:

ni

n j
=

gi

g j
exp(−E j − Ei

kT
), (3.1)

where ni
n j

represents the ratio of populations in two levels i and j with statistical fac-
tors gi and g j. In this thesis LTE is assumed for both model atmosphere calculation
and abundance determination.

Model atmospheres were calculated with the LTE code LL, which uses
direct sampling of the line opacity (Shulyak et al. 2004) and allows the computa-
tion of model atmospheres with individualised (not scaled to the solar) abundance
patterns. This allows to compute self-consistent model atmospheres that match
the actual abundances and to thereby minimise systematic errors (Khan & Shulyak
2007).

LL uses the VALD database (see Sect. 3.4) as a source of spectral line
data, including lines that originate from predicted levels. A preselection procedure
is applied automatically to eliminate those lines that do not contribute significantly
to the line opacity. The preselection is performed on the basis of precomputed
ATLAS9 (Kurucz 1993a) model atmospheres with fundamental parameters corre-
sponding to the one of the star to model. The line selection criterion required that
the line-to-continuum opacity ratio at the center of each line, at any atmospheric
depth, to be greater than 0.05%.

The stellar atmosphere is described by a logarithmic Rosseland optical depth
(log τross) spanning from +2 to -6.875 and subdivided into 72 layers. The opacity
sampling has a spacing of 0.1 Å.
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Convection in general was not particularly important due to the temperature
of the analysed stars, but it was always treated according to the Canuto-Mazzitelli
(CM) approach (Canuto & Mazzitelli 1992). Figure 3.4 shows the difference of
the temperature structure between a model calculated without convection and one
with the treatment of convection according to the adopted CM approach, for a
star of Teff ∼ 7700 K. No visible differences are present in the main line forming
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Figure 3.4: The solid line shows the temperature structure of a Teff ∼ 7700 K
star modeled with the convection treated according to the CM approach, while
the dashed line is calculated without any convection treatment.

region, between log τross -2 and 0. The analysis of the same object with the two
models reveals differences of less than 0.01 dex, clearly within the error bars of the
analysis.

I will go back to the importance of using models with individualised abun-
dances later in Sect. 3.5.

3.4 Vienna Atomic Line Database (VALD)

The Vienna Atomic Line Database (VALD) is a collection of atomic line parame-
ters of astrophysical interest and provides tools to select subsets of lines for typical
astrophysical applications, such as line identification, chemical composition, radial
velocity measurements and model atmosphere calculations. VALD is available on-
line at http://ams.astro.univie.ac.at/∼vald/ or
http://www.astro.uu.se/∼vald/ or http://vald.inasan.ru/∼vald/.
The three web sites are completely identical mirror sites.
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Four kind of requests are possible: show line, extract all, extract element and
extract stellar. Show line extracts from the database all the available information
about spectral lines of the same species in a small wavelength region. Extract all
extracts the best atomic parameters for all spectral lines in a given wavelength re-
gion. Extract element does the same as extract all, but for a specific element/ion.
Extract stellar extracts all spectral lines, with their best parameters, which produce
significant absorption in a stellar atmosphere with a given set of fundamental pa-
rameters. Since there are several sources for the same parameters, VALD provides
the possibility to decide which source to adopt for each extracted parameter, imple-
mented in a configuration file given by default in VALD and that can be changed
anytime according to the user’s wish. Once the user has created his own config-
uration file, it is duty of the user to keep track of the changes in the database and
update the personal configuration file. All the changes in the database are clearly
announced on the main web page. A more detailed description of the database can
be found on each of the mentioned web sites or in Piskunov et al. (1995), Kupka et
al. (1999) and Ryabchikova et al. (1999).

The presence of a VALD server in Vienna was of great help in dealing with a
manual abundance analysis of a large number of stars. The extraction of data from
the database was done in few seconds, directly from the source files, without the use
of the web interface, and without any restriction in wavelength range. It gave also
the possibility to make requests anytime a change in abundance was made (dozens
of times for each star) during the analysis of each star, leading to a general decrease
of possible small inaccuracies due to an inappropriate line selection caused by the
abundance changes.

For the data extraction I always used the most recent and updated configura-
tion file available at that time. Along the three years of work, two major changes
in the VALD database occurred. They concerned the data regarding silicon and
chromium. For both elements, no difference can be present between the analysis
performed before and after the update, since it concerned lines for which the line
parameters (in particular wavelengths and logg f values) were clearly incorrect. As
a consequence neither these lines nor lines in their wings were ever used for the
abundance analysis before the update.

3.5 Abundance analysis

Here I intend to give a short description of the physics at the basis of the adopted
spectrum synthesis code and a detailed explanation of the procedure followed for
both parameter determination and abundance analysis.

Passing through the gas of the atmosphere, the radiation is absorbed, re-emitted
and scattered many times. The description of these mechanisms defines the way in
which the radiation at each frequency is transferred from the bottom of the atmo-
sphere up to the surface. The intensity Iν is defined as
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[Iν] = erg cm−2 s−1 Hz−1 sterad−1:

Iν =
dEν

cos θdσdνdωdt
, (3.2)

that can be rewritten as:

µ
dIν
dτν

= Iν − S ν, (3.3)

with µ = cos θ. This equation is called radiative transfer equation (RTE). S ν =
ην
κν

is called source function, where ην denotes the emission and κν the absorption per
volume element as a function of the frequency ν, and dτν = −κνρds is the optical
depth.

On the physical point of view this thesis aims to obtain a solution of the RTE
for each of the analysed stars deriving the set of stellar atmospheric parameters and
abundances that best fit the observed spectrum.

The formal solution of the RTE is:

Iν(µ) = −eτν/µ
∫ τν

c
S νe−t/µ dt

µ
. (3.4)

Iν(µ) is the intensity of the radiation emitted outwards from a certain depth defined
by the lower limit of the integration (c). Knowing the form of the source function
it is possible to solve the RTE, thus to find the solution of the problem.

Often the source function is assumed to be equal to the Plank function:

S ν = Bν(T ) =
2hν3

c2

1
ehν/kT − 1

, (3.5)

but more generally the source function is assumed to have this form:

S ν =
κνBν(T ) + σνJν

κν + σν
, (3.6)

where σν denotes the scattering and Jν is called mean intensity and represents the
energy emitted by unit of surface area in any direction:

Jν =
1

4π

∫
Iνdω. (3.7)

Without taking into account the scattering the source function in Eq. 3.6 takes the
form of the Plank function shown in Eq. 3.5.

From Eq. 3.3 it comes that to solve the RTE it is necessary to know the source
function S ν which also depends on the solution of the RTE itself due to a scattering
term σνJν (see Eq. 3.6), but with the use of Eq. 3.3, 3.6 and 3.7 it is then possible
to solve the RTE, thus find the solution of our problem.

To describe more in detail the characteristics of the spectral lines it is useful first
to separate the source function in the contribution of the continuum (e.g. ην/C) and
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of the spectral lines (e.g. ην/L). This operation allows to substitute the continuum
source function with the Plank function (Bν) obtaining:

ην = ην/C + ην/L, κν = κν/C + κν/L, (3.8)

so that
S ν =

κν/L

κν
S ν/L +

κν/C

κν
Bν. (3.9)

Now, being Φν the line absorption profile, Ψν the line emission profile1, A ji the
probability of spontaneous emission (j→i), Bi j the absorption coefficient (j→i) and
B ji the probability of induced absorption (i→j)2 it is possible to write the source
function that describes spectral lines as follows:

S ν/L = S ν =
ην
κν

=
hνA jin jΨν

hν(Bi jni − B jin j)Φν
. (3.10)

With the use of the basic relations on A ji, Bi j and B ji:

giBi j = g jB ji, A ji =
2hν3

c2 B ji (3.11)

it is possible to rewrite Eq. 3.10 as follows:

S ν =
2hν3

c2

1
nig j
n jgi
− 1

Ψν

Φν
. (3.12)

We consider now only the line absorption κν that, from Eq 3.10, depends only
on the absorption coefficient Bi j and on the absorption profile Φν in this way:

κν = hνBi j(ni − n j
gi

g j
)Φν, (3.13)

showing also that the general shape of the absorption profiles does not vary much
from line to line.

With the presence of no external effects such as magnetic field, rotation, mi-
croturbulence velocity, etc. spectral lines are broadened by thermal Doppler effect
(λD), radiative damping (γrad) and collisional damping (Stark effect - γst and Van
der Waals - γvw). The thermal Doppler broadening is due to the Doppler effect
induced by the thermal agitation of the particles and is described as:

λD =
λL

c

√
2kT
mn

+ v2
micro (3.14)

1Φν and Ψν are normalised as follows:
∫

Φνdν = 1 and
∫

Ψνdν = 1.
2A ji, Bi j and B ji are called Einstein coefficients. They describe the probabilities for emission and

absorption between an upper atomic level j and a lower atomic level i.
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where λL is the central wavelength of the spectral line and mn the mass of the atom
or ion. The radiative damping is described as:

γrad =
∑
l<i

1
τil

+
∑
l< j

1
τ jl
, (3.15)

where the transition takes place between two excited levels i and j with lifetimes
τi and τ j respectively, while l is a running index. The Stark effect is due to the
collision with other ions and electrons. The line broadening is proportional to
the inverse of the square root of the Stark constant (hydrogen and helium) or to
1
γ4

st
(called quadratic Stark effect). The line broadening due to the Van der Waals

effect (collisions with neutral atoms) is proportional to 1
γ6

vw
. Usually radiative and

collisional dampings are combined in one damping constant γ:

γ = γrad + γst + γvw. (3.16)

Assuming the case of a photon absorbed by an atom, the absorption probability
depends not only on the energetic difference between the atomic levels (∆Ei j), but
also on the velocity and direction of motion of the atoms. The absorption profile
around the line center (small ∆νD) can be written as:

Φ(∆ν) =
1√
π∆νD

e−
∆ν

∆νD

2

+ terms o f higher order (3.17)

This equation is obtained assuming a Maxwellian velocity distribution, the normal-
isation of the absorption profile Φν (

∫
Φνdν = 1), a Voigt function and a =

γ
∆νD
�

1. For the line wings (large ∆νD) the absorption profile is:

Φ(∆ν) =
a∆νD

π(∆ν)2 + ... =
γ

π(∆ν)2 + ... (3.18)

On the classical point of view with the equations here shown it is possible to de-
scribe absorption line profiles, but the classical equations are not enough since they
do not take into account the quantum mechanics that rules the atomic transitions.
For this reason the oscillator strength fi j, different for each line, was introduced
with this definition:

fi j =
mnhν
πe2 Bi j. (3.19)

The line absorption (κnu) is directly proportional to fi j.
The VALD database provides fi j, γrad, γst and γvw almost for each line. In

particular fi j is given for every line, while all three damping constants are not
always present in the database for each line. When this occurs the database returns
a default value of 99.000.

As already mentioned, synthetic spectra were calculated with S3 (Kochu-
khov 2007), that is able to calculate synthetic spectra on the basis of models of
any Teff and with also the presence of molecules. The code is maintained by Dr.
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O. Kochukhov and regularly updated (the main updates regard partition functions).
Both LLmodels and S3 assume the source function to be of form given in
Eq. 3.6. The derivation of the abundances from equivalent widths was performed
using a modified version (Tsymbal 1996) of the WIDTH9 code (Kurucz 1993a).
Both codes use as input files model atmospheres in the ATLAS9 format and line
lists in the format given by the extract stellar request of VALD.

When approaching an abundance analysis the first and probably most important
step to do is the determination of the fundamental parameters: Teff , log g and υmic.
For several objects a correct parameter determination is strictly connected with the
determination of the abundances.

For the general discussion on the derivation of fundamental parameters and
abundances I will use mainly as example two chemically normal slowly rotating
field stars: HD 49933 and 21 Peg. HD 49933 is a solar-type star, while 21 Peg
is a late B-type star. HD 49933 and 21 Peg are analysed in very much detail in
Ryabchikova et al. (2009) and Fossati et al. (2009b), respectively. I decided to
use these two objects because of their non-chemical peculiarity, slow rotation and
difference in temperature, that help a clear description of the adopted methodology
for the analysis of cluster stars from early G- up to late B-type.

3.5.1 Determination of the fundamental stellar atmosphere parame-
ters

A first good guess of the fundamental parameters is given by photometric indi-
cators. A further spectroscopic derivation of the fundamental parameters is then
necessary since different photometries and calibrations give different parameters.
Only a deep spectroscopic analysis will clarify which is the best final set of param-
eters not only for an abundance analysis, but also for any other kind of analysis
such as Doppler imaging or line identification.

Parameters from photometry

Photometry gives a description of the stellar flux. The smaller is the photometric
band, the finer is the description. With the use of a grid of precomputed stel-
lar model atmospheres it is possible to associate the observed colors to a set of
fundamental parameters. An easy example is given taking into account Johnson
photometry and main sequence stars. If B − V is equal to 0, the star has spectral
type A0 and the Teff is about 10000 K. With the use of more colors, it is possible
to constrain also gravity and sometimes metallicity. The photometric calibrations
differ according to the stellar spectral type and are strongly dependent on the model
atmosphere adopted to build the grid that gives the references for the calibration.

In literature there exist calibrations to obtain Teff , log g and sometimes also
metallicity from both broad-band and narrow-band photometry. The most used are
Johnson photometry among the broad bands and Strömgren and Geneva photome-
try among the narrow bands. For these three photometric systems there exist sev-
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eral calibrations each providing a different set of fundamental parameters. In this
way it is possible to have an idea of the error bars introduced by the calibration.
This uncertainty has to be added to the uncertainty relative to the photometric mea-
surements. Usual error bars for chemically normal stars of spectral types between
F and B are 300 K in Teff and 0.2 dex in log g, in case of narrow band photometry.
For chemically peculiar stars the error bars increase to at least 500 K in Teff and
0.4 dex in log g. If a broad band photometry is used to derive the fundamental pa-
rameters the error bars increase at least to the double of the given values, since this
kind of photometry describes much less in detail the characteristics of the stellar
flux.

I used always narrow band photometry taken from the Hauck & Mermilliod
(1998) catalogue, for the Strömgren photometry, or Rufener (1988) catalogue for
the Geneva photometry. When no photometry was available, I took as starting point
the typical Teff and log g corresponding to the spectral type of the star. The adopted
calibrations for Strömgren photometry were by Moon & Dworetsky (1985) and
Napiwotzki et al. (1993). Regarding Geneva photometry I adopted calibrations by
North & Nicolet (1990), Kobi & North (1990), Hauck & North (1993) and Kunzli
et al. (1997) according to the expected Teff and chemical peculiarity of the star to
analyse.

Parameters from spectroscopy

Hydrogen lines Hydrogen line wings are optimal parameter indicators be-
cause they promptly react to variations of at least one fundamental parameter (Teff

or log g) and are not affected by non-LTE effects (Mihalas 1978). The only prob-
lems that could be encountered when fitting hydrogen line wings for parameter
determination concerns a wrong continuum normalisation or the use of a model
atmosphere calculated with a wrong metallicity.

Figure 3.5 shows the variation of the Hβ line profile as a function of Teff (top
plot) and log g (bottom plot). Hydrogen lines reach their maximum depth at Teff ∼
8000 K, where they are most sensitive to both temperature and log g variations. At
lower temperatures they react more on temperature, while at higher temperatures
on gravity variations. This is due to the fact that at high temperatures hydrogen is
almost completely ionised and it cannot react anymore on temperature variations,
but just on pressure variations. This effect can also be observed in the last raw of
the top plot of Fig. 3.5, where the variation of the hydrogen line profile is not so
large as in the other two raws.

With the use of the hydrogen line fitting it is also possible to derive a realistic
error bar on the fundamental parameters, that takes into account also the quality
of the observed spectrum and of the normalisation, if more than one hydrogen line
is available. Figure 3.6 shows the Hβ line profile for 21 Peg in comparison with
the synthetic profiles calculated with the adopted stellar parameters. In Fig. 3.6 I
added also the synthetic line profiles calculated with 1 σ error bar on Teff (± 200 K;
top spectrum) and log g (± 0.1 dex; bottom spectrum). The error bars on Teff and
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Figure 3.5: Variation of the Hβ line profile as a function of Teff (top plot) and log g
(bottom plot). For both plots the υ sin i is 0 km s−1 and υmic is 2.0 km s−1. For the
top plot log g is set to 4.0, while for the bottom plot Teff is set to 8000 K.

log g obtained from hydrogen line fitting change according to Teff . For example at
Teff ∼ 6000 K typical error bars are of the order of 50 K, due to the high sensitivity
of the hydrogen lines to Teff , but on the other side the error bars on log g increases
drastically, even up to 0.5 dex or more. For this reason other parameter indicators



3.5 Abundance analysis 41

have to be used in such cases.
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Figure 3.6: Observed Hβ line profile for 21 Peg (black solid line), compared to
synthetic profiles (red blue and green lines). The red solid lines were obtained as-
suming the best Teff and log g values (Teff = 10400 K, log g = 3.55). The blue lines
show the synthetic profile by increasing Teff by 200 K (top spectrum) or log g by
0.1 dex (bottom spectrum). The green lines show the synthetic profile by decreas-
ing Teff by 200 K (top spectrum) or log g by 0.1 dex (bottom spectrum).
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The core of hydrogen lines cannot in general be fitted in LTE, since non-LTE
effects are rather strong in that region. Only in case of very low resolution, as
in my case was for FLAMES/GIRAFFE observations, it is possible to fit also the
line core. This is rather useful because, as already mentioned, also the depth of
the hydrogen line depends on the Teff and the fit of the line core helped with the
temperature determination.

As shown extensively in Khan & Shulyak (2007) non-solar abundances lead to
a different atmospheric structure that is then reflected on the determination of the
fundamental parameters with any spectroscopic method. For early-type stars an
even small overabundance of He is clearly visible in the hydrogen line profiles. At
Teff ∼ 15000 K a helium overabundance of 0.2 dex corresponds to an increase of
0.1 dex in log g, since a helium overabundance acts as pressure. This means that if
He is overabundant of 0.2 dex the final adopted log g has to be 0.1 dex lower than
the one derived with models with solar He abundance. On the contrary an under-
abundance of He of 0.2 dex does not produce any effect in the model structure, at
the same temperature.

A clear example of the importance of using the correct abundances for the
model calculation is given by the analysis of the hydrogen lines of HD 49933.
The star shows a moderate underabundance (up to 0.5 dex) of almost all the anal-
ysed elements (Ryabchikova et al. 2009). The Teff determination made with solar
abundances lead to a Teff = 6550±50 K. With this temperature I derived then the
abundances and used them to calculate a new model to rederive Teff . The Teff ob-
tained with the model with the revised abundances was then Teff = 6450±50 K.
This new Teff was then used to rederive the abundances and then Teff , till conver-
gence. This example shows how an underabundance of 0.5 dex, that sometimes is
considered almost trascurable, clearly affects the determination of the fundamental
parameters. Also for stars considered chemically ”normal”, such as HD 49933 or
π Cet (see Fossati et al. 2009b). In conclusion even small non-solar abundances
play an important role in the model structure calculation, that is reflected then in
the parameter determination.

The model structure is modified not only by non-solar abundances, but also
by the presence of magnetic field or stratification. This should be kept in mind
whenever dealing with chemically peculiar (CP) stars.

Metallic lines The analysis of the metallic lines provides useful constraints
on the atmospheric parameters, besides being the only way to determine the υmic.
The minimisation of the correlation between individual line abundances and ex-
citation potential, for a certain element/ion, will lead to the determination of the
Teff . If no deviation from LTE is expected, then the balance between different ion-
isation stages of the same element will provide a value for log g (ionisation equi-
librium). The microturbulent velocity (υmic) is then determined by minimising the
correlation between individual line abundances and equivalent widths for a certain
element/ion.
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The ionisation equilibrium, imposed to derive the log g value, has its physical
basis on the Saha equation that describes the ratio of the ion numbers:

nI

nJ
=

2
ne

gI

gJ
(
2π/mkT

h2 )3/2 exp(−EJ − EI

kT
). (3.20)

Similarly to the Eq. 3.1, the ratio nI
nJ

corresponds to the ratio of the number of atoms
in two different ionisation stages. For example n1

n0
is the ratio of ionic to neutral

number of atoms. The information regarding the element abundances enters in
Eq. 3.1 and Eq. 3.20.

Figure 3.7 displays the abundance of more than 400 measured FeII lines for
21 Peg as a function of the excitation potential. The abundances were calculated
on the basis of two models, one with Teff = 10000 K and the second with Teff =

11000 K, both adopting log g = 3.55 and υmic = 0.5 km s−1 (the final adopted Teff

is 10400 K Fossati et al. 2009b).
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Figure 3.7: FeII line abundance vs. excitation potential adopting two different Teff

of 10000 K (black circles) and 11000 K (red triangles). The lines represent the
linear fit.

With a plot of the correlations obtained for a Teff lower and higher than ex-
pected, as a function of Teffitself, it is possible to quickly estimate Teff , as shown
in Fig. 3.8. According to this plot the effective temperature derived from the FeII
lines is a little less than 10300. Lines of different elements/ions will give little dif-
ferent results for Teff . One solution would be to obtain as many Teff values as the
number of analysed elements/ions and then adopt the average. I always proceed
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in this way, when possible, only with the difference that I adopted not the simple
average, but the weighted mean with the number of lines as weight.

Figure 3.8 assumes a linear variation of the slope with Teff . Linearity is assured
within a small range in Teff . A deep analysis of the linearity together with other
details regarding the parameter determination from metallic lines is still in progress
and will be shown in future papers. Preliminary results of this study are published
in Stütz et al. (2008).
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Figure 3.8: Value of the slopes derived from Fig. 3.7, with their error bar, as a
function of Teff . The Teff for which the slope is 0 is the value to adopt.

Figure 3.9 shows the mean abundance and standard deviation of measured FeI,
FeII and FeIII lines for 21 Peg as a function of log g. The abundances were calcu-
lated on the basis of two models, one with log g = 3.35 and the second with log g =

3.75, assuming Teff = 10400 K and υmic = 0.5 km s−1(the final adopted log g is 3.55
Fossati et al. 2009b). As for the determination of Teff , the plot in Fig. 3.9 allows to
derive the best log g value for a certain element. As for Teff I always used several
elements, if possible, and adopted the weighted mean.

Figure 3.10 displays the correlation between the abundances of FeII lines and
the measured equivalent widths for 21 Peg. The υmic value to adopt is found when
no correlation is present. It is important to notice that a variation in υmic leads to
a variation in abundance, mainly for the strong lines. For this reason, with the use
of the only shallow lines, it is possible to derive rather correct abundances even
without knowing the correct υmic.

There are other methods to obtain υmic, such as using Blackwell diagrams, but
all of them are based on the same principle, already explained.
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Figure 3.9: Iron mean abundance and standard deviation as a function of log g. The
black circles correspond to the FeI, red squares to FeII and green triangles to FeIII
abundances.

υmic can be measured just with the analysis of metallic lines, but Teff and log g
can be determined in other ways, such as hydrogen lines fitting and spectropho-
tometry. For this reason the determination of Teff and log g should be done only
with metallic lines just when nothing else is available, otherwise it should be left as
a check. Actually, the derivation of Teff and log g only through the analysis of the
metallic lines could lead to an incorrect set of parameters. For example, the ioni-
sation equilibrium for several elements is very often not reached, due to different
non-LTE effects for different ions. Another danger comes from the adopted logg f
values that for some lines are not correct or accurate enough, leading to wrong
slopes or abundances, mainly when a small number of lines is available. The lat-
ter is the reason for which it is better always to have as many measured lines as
possible, meaning large spectral wavelength coverage.

A good indicator for Teff for cool stars is the balance between two ionisation
stages of elements for which the abundance of only one of the two ions reacts very
fast on a Teff variation. Such elements are for example Ti and V. Having a rather
good value for log g, the correct Teff is obtained when the equilibrium, for example,
between TiI and TiII is present. As a matter of fact, the abundance derived from the
TiII lines will not change much with a temperature variation, while the one of TiI
will change very fast. It is important to remember that for hot stars the ionisation
equilibrium is more sensitive to log g variations, while for cool stars it is more
sensitive to Teff variations.
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Figure 3.10: FeII line abundance vs. equivalent width adopting two different υmic
of 0.0 km s−1 (black circles) and 1.5 km s−1(red triangles). The lines represent the
linear fit.

A very good log g indicator for cool stars is given by the fitting of line wings
of MgI lines with developed wings. Such lines in the visible are at λλ 5167, 5172
and 5183 Å. The method, described in details in Fuhrmann et al. (1997), consists
in the derivation of the Mg abundance from other MgI lines with no developed
wings, such as λλ 4571, 4730, 5528 and 5711 Å, and then fit the wings of the other
three mentioned lines tuning log g. To apply this method, it is necessary to have
very accurate logg f values and Van der Waals damping constants. Comparison
with several cool stars shows that the values given by Fuhrmann et al. (1997) are
of very high quality and better than the ones currently present in VALD (Barklem
et al. 2000). Fuhrmann et al. (1997) gives the Van de Waals damping constants in
a different format than present in VALD. The conversion between the two formats
can be done using this simple formula: log C6 = 2.5log γ − 12.32, where log C6
is the format given by Fuhrmann et al. (1997) and log γ the one present in VALD.
This method was used also for the derivation of log g for HD 49933, as shown in
detail in Ryabchikova et al. (2009).

In case the parameters are obtained only from the analysis of metallic lines, as
it happens often with automatic tools for abundance analysis, the obtained param-
eters might be very different from the real ones. An example is well illustrated in
Ryabchikova et al. (2009). HD 49933 was analysed with an automatic abundance
analysis tool called VWA (Bruntt et al. 2008) that led to Teff = 6780±130 K and
log g = 4.24±0.13. This set of parameters does not fit at all the hydrogen line pro-
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files of the star. The use of the hydrogen lines and of the wings of some MgI lines
allow to determine a much ”safer” set of parameters, as actually confirmed from
the analysis of the other metallic lines. In other words, the surface in the Teff - log g
plane has probably more than one minimum; the use of the hydrogen lines and MgI
lines avoids often to fall in the wrong one, as happened to Bruntt et al. (2008).

Spectrophotometry For a complete self-consistent analysis of any star one
should reproduce the stellar spectral energy distribution with the adopted param-
eters and abundances for model atmospheres. The most adopted source of spec-
trophotometry were Adelman et al. (1989), Breger (1976), IUE satellite spectra
and Clampitt & Burstein (1997). Other good source of spectrophotometry are the
TD-1 satellite (Jamar et al. 1976) and spectra coming from the STIS instrument
mounted on the HST. In particular, STIS provides well calibrated spectra, from the
near ultraviolet up to the near infrared.

Figure 3.11 shows the comparison between the measured flux distributions and
the model fluxes calculated with the adopted atmospheric parameters for 21 Peg
and π Cet (Fossati et al. 2009b). The optical spectrophotometry was taken from
Adelman et al. (1989) and Breger (1976). All flux measurements were normalised
to the flux value at 5000 Å.

For 21 Peg there is the presence of a small discrepancy in the near infrared.
This often happens with the optical spectrophotometry, as shown in Figure 1 of
Adelman et al. (2002). It can be that this effect is due to the fact that the interstellar
reddening is not taken into account since its uncertainty is often rather high, but
this is just a possibility and I do not have a definite explanation for this effect.

Figure 3.12 shows a comparison of the model fluxes, normalised to the flux at
5560 Å with spectrophotometry from Clampitt & Burstein (1997) for the Praesepe
star HD 73345.

On the spectrophotometry an increase of Teff leads to a decrease of the flux in
the visible and infrared regions and an increase of the flux in the ultraviolet region.
This modifies as well the shape of the Balmer jump, but mainly in hot stars, while
for cool stars the Balmer jump is modified mainly by log g variations. For cool
stars, where the hydrogen lines give high quality information almost only for the
Teff , the spectrophotometry allows to get accurate measurements also of log g. For
hot stars it is the opposite. The case of A-type stars is the best one since for them
it is possible to measure accurately both Teff and log g from both hydrogen lines
fitting and spectrophotometry. For this reason spectrophotometry is so important
in the parameter determination.

LL allows to get not only model atmospheres, but also synthetic fluxes,
with a resolution of R=50 000 both in ergs cm−2 s−1 A−1 and ergs cm−2 s−1 Hz−1.
All the adopted spectrophotometries were given in ergs cm−2 s−1 A−1, so no con-
versions were needed before the comparison. Anyway a useful place to recover all
the units adopted in astronomy for fluxes measurements and how to convert one
each other is the PhD thesis of Dr. R. Kurucz (Kurucz 1973).
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Figure 3.11: Comparison between LL theoretical fluxes calculated with the
fundamental parameters and abundances derived for 21 Peg and π Cet (green solid
line) with spectrophotometries by Adelman et al. (1989) (open red circles) and
Breger (1976) (open blue triangles), IUE calibrated fluxes (full black line), TD-
1 observations (full blue squares) and STIS spectrum (full red line). The model
fluxes for 21 Peg and π Cet, shown in the middle of the panel, were convolved to
have the same spectral resolution of the IUE fluxes (R ∼ 900), while the upper of
π Cet has a spectral resolution 700, approximately the same of STIS spectra.

To be able to match synthetic fluxes with IUE fluxes it is necessary to correct
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Figure 3.12: Comparison between spectrophotometry from Clampitt & Burstein
(1997) and normalised fluxes at 5560 Å with the fundamental parameters adopted
for the abundance analysis of the Praesepe star HD 73345.

the synthetic fluxes according to the radius and distance of the star, but this is in
general not possible since these two parameters are not known with the necessary
accuracy. For this reason the applied correction is usually based on a number that
is obtained just matching at best synthetic and observed fluxes.

It is important to mention here that for a physically correct comparison between
model fluxes and observed fluxes it is necessary to convolve the model fluxes with
the same resolution of the observation(s).

The use of the energy distribution plays a crucial role in adjusting the model
atmospheric parameters because it is independent of the photometrical calibrations
(different for each author), of the hydrogen line fitting (reduction and normalisation
dependent) and of the ionisation equilibria approach (dependent on several effects
such as the adopted atomic line data and non-LTE effects).

3.5.2 Derivation of the abundances

In the case that it was possible to measure equivalent widths, a preliminary set of
abundances was determined with the already mentioned WIDTH9 code and then
the final abundances were obtained through a line by line comparison of the obser-
vations with synthetic spectra.

Each spectrum was carefully scanned to select spectral lines with these char-
acteristics: not heavily blended, with a good set of line parameters, with a well
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established continuum and strong enough to be measurable.
Line parameters of the lines selected for the abundance analysis were checked

synthesising those lines and comparing them with the solar spectrum obtained from
the National Solar Observatory Atlas3. The lines for which I found a clear discrep-
ancy between the observed and synthesised solar spectrum were rejected.

The abundance of each of these selected lines was automatically fitted on the
observed spectra in a restricted wavelength range, dependent on the υ sin i of the
star. The adopted code fits only of the selected line abundance, taking into account
obviously all the lines of the same element in the selected wavelength range.

The fitting procedure and the abundance determination was performed itera-
tively for each elements in order to obtain at every iteration a better determination
of the abundances in case of blends.

The adopted abundance of an element/ion was defined as the mean of the abun-
dances obtained from each selected line of the same element/ion. The error bar
associated with each mean abundance is the standard deviation, and does not take
into account the uncertainties on the fundamental parameters.

For all the elements that were not analysed I adopted the solar abundance from
Asplund et al. (2005). This fact enters into the model atmosphere computation,
and in the normalisation of the results expressed according to the total number of
nuclei per unit volume Ntot.

In the derivation of the abundances I took into account the hyperfine structure
for all the elements for which it is present (such as Li, Mn, Cu etc.) and visible due
to the low υ sin i of some of the analysed stars.

3.5.3 Radial velocity and projected rotational velocity (υ sin i)

The radial velocity is a crucial parameter in this work, since it is used, together
with the proper motion, to check the cluster membership.

Radial velocity and υ sin i, both in km s−1, were determined in a very similar
way, computing the median of the results obtained by synthetic fitting of several
individual lines in the observed spectrum. The typical error bars associated with
υr and υ sin i are dependent on υ sin i. For υr the uncertainty ranges between 1 and
8 km s−1, while for υ sin i it is about 5%.

When possible, the fitting of the υ sin i was made after the determination of the
fundamental parameters and of the abundances (obtained from equivalent widths)
because the hydrogen line fitting is not strongly dependent on υ sin i and the equiv-
alent widths are υ sin i independent.

A set of magnetic null lines on which perform the υ sin i determination is given
by Landstreet (1969). These lines have the property not to be broadened by mag-
netic field, due to the zero landé factor, giving the possibility to derive a correct
υ sin i value also for well known magnetic stars or stars where the magnetic field
strength is unknown.

3http://www.coseti.org/natsolar.htm
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In case of stars with too much line blending for equivalent width measure-
ments, the fitting of υr and υ sin i was performed just after the derivation of the
fundamental parameters. Usually these kind of stars do not show abundances very
different from the solar ones, allowing a precise υ sin i determination even adopting
slightly inappropriate abundances.

3.5.4 Fast rotating stars

The derivation of Teff and log g was in principle not affected by a high υ sin i since
I mostly used hydrogen line fitting. The main difference consists in the fact that
no equivalent widths measurement was possible, so that the derivation/check of the
parameters via analysis of the metallic lines was performed directly with the fit of
synthetic spectra, to obtain line abundances.

For such stars it is not possible to derive υmic in the classical way, so I adopted
the following method. I obtained the mean abundance and relative standard devi-
ation for elements, for which a consistent number of lines was selected, adopting
different values of the υmic. The next step was to plot the derived standard devia-
tions, from the mean abundance, as a function of υmic. The adopted υmic value is
the one for which the standard deviation is minimum. Four examples of this kind
of plot are shown in the upper panels of Fig. 3.16 and 3.17.

The heavy line blending of some of the analysed stars results in a different and
smaller selection of lines compared to the line list employed for stars with less
blending. I checked if this effect is a source of systematic errors by performing
the abundance analysis of two Praesepe stars: HD 73045 (υ sin i = 10 km s−1) and
HD 73746 (υ sin i = 95 km s−1) adopting the line list used for HD 72757 (υ sin i =

179 km s−1). The results of this test, illustrated in Fig. 3.13, show that no systematic
errors are introduced by the difference in selected lines.

3.5.5 Abundance uncertainties

The first source of abundance uncertainty that I take into account here is due to the
continuum normalisation, that for stars with small line blending is also connected
with the uncertainty on the equivalent widths measurement.

At first it is important to know which is the minimum measurable equivalent
width and as a consequence its uncertainty, given a certain SNR and υ sin i. Taking
as example 21 Peg, with a two σ error bar I derived a value of 0.2 mÅ (υ sin i
of 21 Peg is about 3.8 km s−1, and SNR per pixel of the observed spectrum about
700). This value is derived assuming a triangular line with a depth (height of
the triangulum) proportional to twice the signal to noise and wide (base of the
triangulum) as a single spectral line broadened with the adopted υ sin i. At low
υ sin i the uncertainty is completely driven by the SNR showing the importance of
a very high SNR not only for fast rotating stars, but also for slowly rotating stars.
This uncertainty includes also the uncertainty due to the continuum normalisation.
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Figure 3.13: Comparison between the abundances derived for HD 73045 (υ sin i =

10 km s−1- open circles in the upper panel) and HD 73746 (υ sin i = 95 km s−1 -
open circles in the lower panel) adopting a proper line selection and the lines used
to determine the abundances of HD 72757 (υ sin i = 179 km s−1 - open squares in
both panels).

In Fig. 3.14 I plot the error bars in abundance for a certain line as a function
of equivalent widths for 21 Peg. To derive the uncertainty in abundance due to
the error bar on equivalent widths measurement I took a representative FeII line
and derived the abundance of this line on the basis of different values of equivalent
widths ranging from 0.3 mÅ to 110 mÅ. I then calculated the difference between
the abundance obtained with the equivalent width X and X+δX, where δX is the
error bar on the equivalent widths measurement. For equivalent widths greater than
30 mÅ, the abundance error bar tends asymptotically to zero.

Knowing the mean measured equivalent width, with the use of the plot shown
in Fig. 3.14, it is possible to derive the mean error bar in abundance due to the
uncertainty on the equivalent widths measurement and continuum normalisation.
In the case of 21 Peg the mean equivalent width is about 20 mÅ leading to an error
bar in abundance of 0.03 dex.

For a sufficiently larger number of lines, it is possible to assume that the internal
scatter of each ion takes into account also the error bars due to equivalent widths
measurement and continuum normalisation.

Figure 3.15 shows the abundance scatter as a function of the number of mea-
sured lines for 21 Peg. For elements for which non-LTE effects are supposed to be
important and line dependent, such as Al and S, the internal standard deviation is
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Figure 3.14: Error bar in abundance as a function of equivalent widths 21 Peg.
This uncertainty is due to the uncertainty in the equivalent widths measurement
and continuum normalisation.

particularly high. The same is found for elements for which the logg f values are
not very accurate due to the complexity of the atomic structure, such as Si. For
the other elements, Fig. 3.15 shows that for a sufficiently high number of spectral
lines, say n > 10, it is reasonable to expect an internal error bar of 0.11 dex.

For fast rotating stars it is not possible to use the method just described, so I per-
formed the following test. I derived the abundance of the FeII line at 5325.6 Å for
the Praesepe stars HD 73746 (υ sin i = 95 km s−1), HD 72757 (υ sin i = 179 km s−1)
and HD 73798 (υ sin i = 200 km s−1) with the adopted normalised observed spec-
trum and with the spectrum multiplied / divided by 0.99. In this way I increased
/ decreased the continuum level of 1%, that I estimate to be a reasonable uncer-
tainty. The difference between the abundances obtained in this way is increasing
with υ sin i from about 0.1 dex for HD 73746, to about 0.2 dex for the two faster
rotators.

I believe that in most cases these error bars are upper limits since the line by line
abundance analysis method, used in this work, allows a very careful line selection
that rejects all the lines for which the continuum level looks uncertain. If for some
lines the continuum level is too low, for some others it would be too high, leading
to an increase of the dispersion, but not to an abundance variation.

The internal scatter is just a part of the total error bar on the abundance determi-
nation, since the uncertainties on the determination of the fundamental parameters
have to be taken into account.
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Figure 3.15: Standard deviation of the derived abundances as a function of the the
number of lines (shown in logarithmic scale and for a number of lines greater than
2). For visualisation reasons I omitted the standard deviation given by ZrII.

Table 5 of Fossati et al. (2009b) shows the variation in abundance, for each
analysed ion of 21 Peg, that was determined when a fundamental parameter is
increased of 1σ, keeping fixed all the other parameters. The main source of uncer-
tainty is the error bar on the effective temperature, while the variation due to log g
and in particular to υmic is almost negligible, although in Fossati et al. (2009b) an
uncertainty on υmic of 2σ is considered.

The last column of Table 5 of Fossati et al. (2009b) shows the final abundance
error bar, assuming all sources of uncertainty independent.

For fast rotating stars, the heavy line blending results in a line list dominated
by strong and saturated lines. These lines are more sensitive to υmic variations than
shallow lines. For this reason the uncertainties of the adopted υmic value needs to
be reconsidered to obtain a realistic estimate of the error bars associated with the
derived element abundances.

To quantify the importance of the error bar on υmic as a function of υ sin i
and then on the abundances, I performed the following test. For four Praesepe
stars with different υ sin i values (HD 73730, υ sin i = 29 km s−1- HD 73746, υ sin i
= 95 km s−1- HD 72757, υ sin i = 179 km s−1- HD 73798, υ sin i = 200 km s−1) I
performed the abundance analysis of selected Fe, Ni, Cr and Ti lines for assumed
υmic varying from 1 to 5 km s−1 in steps of 0.1 km s−1. I plotted then in Fig. 3.16
and in Fig. 3.17 the variation of the standard deviation from the mean abundance
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(upper panel) and the mean abundance itself (lower panel) as a function of υmic.
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Figure 3.16: The upper panels show the variation of the standard deviation from
the mean abundance of Fe, Ni, Cr and Ti as a function of υmic, for HD 73730
(υ sin i = 29 km s−1) and HD 73746 (υ sin i = 95 km s−1). The lower panels show
the variation of the mean abundance as a function of υmic.

Taking into account the different best υmic values obtained from different ele-
ments, and the dispersion of the standard deviation as a function of υmic, the uncer-
tainty that I assigned to υmic, for the rapid rotators, is 0.7 km s−1. The lower panels
of Fig. 3.16 and Fig. 3.17 allow to derive directly the abundance uncertainty given
the uncertainty on υmic for each element. I used Fe as a standard element to derive
the abundance standard error bar, since it is the element with the highest number of
selected lines. An error bar of 0.7 km s−1 in υmic produces an uncertainty of element
abundance increasing from 0.1 dex for the slow rotators, to 0.2 dex for the rapid ro-
tators. The error bar on the element abundance is dominated by the uncertainty of
Teff for the slow rotators, while the uncertainty in υmic becomes increasingly im-
portant for larger υ sin i. Assuming that Teff and υmic are completely uncorrelated,
the resultant abundance error bar for the rapidly rotating stars is given by standard
error propagation theory, which leads to an uncertainty of about 0.3 dex. In confor-
mity with this analysis, I assumed an abundance error bar increasing linearly with
υ sin i from 0.2 dex to 0.3 dex at a υ sin i value of 200 km s−1.
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Figure 3.17: As for Fig. 3.16, but for HD 72757 (υ sin i = 179 km s−1) and
HD 73798 (υ sin i = 200 km s−1).

3.6 High precision magnetic field search

As already mentioned in Sect. 2, I analysed spectra obtained with the ESPaDOnS
spectropolarimeter, in polarimetric mode. This instrument configuration allows
to obtain all four Stokes parameters and in particular Stokes V was obtained for
the observed stars. For these objects it was possible to perform a measurement
of the mean longitudinal magnetic field through the Least-Square Deconvolution
technique (LSD).

LSD is a cross-correlation technique developed for the detection and measure-
ment of weak polarisation signatures in stellar spectral lines. The method is de-
scribed in detail in (Donati et al. 1997) and Wade et al. (2000).

Figure 3.18 shows the LSD profile obtained for one of the analysed stars mem-
ber of the Praesepe cluster: HD 73730. The bottom line corresponds to the intensity
LSD profile, while the upper profile to the LSD Stokes V profile. No signature is
present in the LSD Stokes V profile meaning that no magnetic field was detected.
For comparison it is possible to see Fig. 2 and Fig. 3 in Alecian et al. (2008) where
Stokes V profiles of magnetic stars are presented.
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Figure 3.18: LSD profiles for the normalised Stokes I and Stokes V spectra (from
bottom to top) of HD 73430. The Stokes V profile is expanded by a factor of 25
and shifted upward of 1.02.
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Chapter 4

Results and discussion of the
open cluster analysis

In this chapter I aim to describe the results obtained for the two analysed clusters:
NGC 5460 and Praesepe (M 44, NGC 2632).

NGC 5460 is an intermediate age open cluster (log t = 8.20±0.20, Ahumada &
Lapasset 2007) including a large number of early-type stars that cover a large part
of the upper main sequence. This cluster was observed with with FLAMES at the
ESO/VLT. Besides few spectropolarimetric measurements obtained for three stars
of the cluster, NGC 5460 is almost completely unknown on the spectroscopic point
of view. This allows to get important new information on the cluster parameters,
such as metallicity, and of the stars in the cluster field of view.

Praesepe is also a nearby intermediate age open cluster (log t = 8.85 ± 0.15,
González-Garcı́a et al. 2006) and is an especially interesting target because it in-
cludes a large number of A-type stars, among which are many Am stars. Among
the known open cluster, Praesepe is probably the one containing the largest num-
ber of Am stars. Since Praesepe is relatively close to the sun (d = 180 ± 10 pc,
Robichon et al. 1999), many of the member A-type stars are bright enough to al-
low to obtain high resolution spectra with intermediate class telescopes. This open
cluster was observed with ELODIE and SOPHIE at the OHP, and ESPaDOnS at
the CFHT.

Several analysed F- and A-type stars lay or could lay in the instability strip so
that they could be variables and most likely δ Sct pulsators Breger (2000). Together
with other three collaborators, I analysed the possibility for the δ Sct stars to show
systematically different abundance patterns compared to the non-pulsating stars
of similar spectral type, with negative results (Fossati et al. 2008b). This result
allows to treat the abundances of the δ Sct stars and of the stars that could be δ Sct
pulsators in the same way as done for the non-pulsating stars.
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4.1 NGC 5460

NGC 5460 was photometrically studied primarily by Claria (1971), Claria et al.
(1993) and Barrado & Byrne (1995), but it is still spectroscopically almost un-
known, except for the few CP stars for which measurements of the longitudinal
magnetic field were obtained with FORS1 at the ESO VLT (HD 122983, HD 123183
and HD 123225 by Bagnulo et al. 2006).

4.1.1 Observing strategy

This cluster was observed with FLAMES at the ESO/VLT. FLAMES was described
in detail in Chapter 2. Here I intend to describe the observing strategy adopted to
maximise the performances of FLAMES in order to obtain the highest possible
spectral quality of the largest possible number of cluster member stars.

The observing strategy was based on the selection of the target stars, funda-
mental to decide the adopted instrument setup.

Selection of the target stars

On the basis of the target selection described in Chapter 1, I divided the whole
sample of stars in the field of NGC 5460 according to their properties (as already
described in Chapter 2, FPOSS allows to give a decreasing observational priority,
from 9 to 1, to the selected targets and to allocate automatically each fiber, fol-
lowing the given priority). At first, I separated the objects members of the cluster
to the non-members taking the membership from the available surveys: Robichon
et al. (1999), Kharchenko et al. (2004), Kharchenko et al. (2005) and Dias et al.
(2006). The membership given for each star was then checked at a further stage
(see Sect. 4.1.2). I divided the selected stars according also to their spectral clas-
sification; in particular I was interested in stars with spectral type between early
G and late B. Within this subsample of stars I separated the stars with the most
interesting properties, such as chemical peculiarity, slow rotation, variability, etc.
from the others.

I selected about ten stars among the most interested and I gave them the highest
observational priority. In this way the four available FLAMES/UVES fibers were
automatically positioned on four of these most interesting stars and the other stars
of this subsample were observed with FLAMES/GIRAFFE. The remaining fibers
of FLAMES/GIRAFFE were then ”almost” automatically positioned on the other
selected stars according to the given observational priority. I gave a pretty high
priority (between 4 and 5) also to the non-member early-type stars present in the
field of view. This will allow to analyse in a further stage possible systematic
abundance differences between cluster member and non cluster member early-type
stars present in the same field of view, but this topic is not touched in this thesis.
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Instrument setup

An important decision to take, before observing with FLAMES, regards the set-
tings to adopt, both with FLAMES/UVES and FLAMES/GIRAFFE. Taking into
account that for the parameters determination it is very useful to have observations
of the hydrogen lines (at least one) and that the number of lines (and elements)
increases towards the blue spectral regions, the most adequate FLAMES/UVES
setting is the SHP700-520 that covers the wavelength region 4140–6210 Å with a
mean resolving power of 47 000.

The choice of the setting has to take into account the atmospheric effects, de-
scribed in Chapter 2, that play an important role when observing with multifiber
spectrographs such as FLAMES.

The telescope was guided at the central wavelength of the adopted FLAMES/

UVES setting (5200 Å) because the observations with FLAMES/UVES require the
longest exposure time to reach the desired SNR. Given the guiding wavelength, the
settings chosen for FLAMES/GIRAFFE could not have a central wavelength too
far from 5200 Å due to the mentioned atmospheric effects. For this reason the
choice of the H525.8B setting was almost obvious since it has a central wavelength
very close to the one of the setting chosen for FLAMES/UVES and a spectral res-
olution of 25 900, higher than both the H525.8 and H525.8A settings that have
the same central wavelength. The total exposure time was controlled by FLA-
MES/UVES and it was long enough to allow exposures with FLAMES/GIRAFFE
with more than one setting. As mentioned, for the abundance analysis it is ex-
tremely useful to have available at least one hydrogen line. For the parameters
determination with hydrogen line fitting, high resolution is not necessary so I de-
cided to adopt the L479.7 FLAMES/GIRAFFE setting, that covers the whole Hβ
line region plus a large wavelength range on the blue of the hydrogen line, allow-
ing the analysis of a larger portion of the stellar spectrum. As third setting for
FLAMES/GIRAFFE I decided to take the H572.8 that provides the rather good
resolution of 24 200 and the central wavelength lays not too far from the guiding
wavelength, allowing to obtain abundances for elements not visible with the other
selected settings, such as sodium.

The knowledge of Teff allowed also to perform a spectral classification of each
observed star, extremely valuable due to the fact that most of the selected stars
were never observed spectroscopically so that no clear spectral classification was
available.

Each FLAMES observation was composed by four FLAMES/UVES exposures
and two FLAMES/GIRAFFE exposures for each setting. The final analysed spec-
trum of a star observed with a given instrument/setting was calculated summing
the single spectra obtained with each exposure.
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4.1.2 Target list

Table 4.1 lists the sample of stars analysed in NGC 5460. This Table does not
contain all the stars observed in the cluster field of view since not all of them were
directly interesting for this work. I analysed ”only” all the stars with spectral type
between early G and late B, and denoted as cluster member by Kharchenko et al.
(2004) and/or Dias et al. (2006). For several stars, the spectral type was unknown,
so that first I quickly derived a rough value for the Teff of each star automatically
fitting precomputed synthetic Hβ line profiles on the observed spectra. Based on
the so obtained Teff , I selected the stars to be analysed in this cluster.

Some stars of the sample are here called with their UCAC2 catalog (Zacharias
et al. 2004) name. One star of the sample, HD123201B, is member of a visual
double system, while the stars denoted in Table 4.1 as SB2 are newly discovered
double line spectroscopic binaries. All the analysed stars were assigned as cluster
member by Kharchenko et al. (2004) and/or Dias et al. (2006), but a more detailed
discussion of the membership is needed.

The HJD at the middle of the exposure is the same both for the spectra ob-
tained with FLAMES/UVES and FLAMES/GIRAFFE and it is 2454242.096. The
total exposure time for the spectra obtained with FLAMES/UVES is 2520 seconds,
while for FLAMES/GIRAFFE is 1300 seconds with the H525.8B setting, 900 sec-
onds with the H572.8 setting and 240 seconds with the L479.7 setting.

Cluster membership

Table 4.2 lists the proper motion and their uncertainties for the observed stars given
by Dias et al. (2006) and Hog et al. (2000), the membership probabilities given
by Dias et al. (2006) and Kharchenko et al. (2004), and stellar identification and
membership given by Claria et al. (1993). The mean cluster proper motion given
by (Kharchenko et al. 2005) is (-5.70,-3.58) ± (0.27,0.37).

Figure 4.1 shows a comparison between the proper motions published by Khar-
chenko et al. (2004) and the ones given for the observed stars by Dias et al. (2006)
and Hog et al. (2000). Within the cluster chart given by Kharchenko et al. (2004)
and shown at the bottom of Fig. 4.1, the middle plot in the lower raw has to be
taken into consideration for the comparison of the proper motions given by the
other authors.

The upper plots of Fig. 4.1 show clearly how difficult is for this cluster to
obtain a precise determination of the cluster membership with only the use of the
stellar proper motion. For this reason it was very important to establish the cluster
membership the use of the already published photometry. Photometry of almost
all the stars here analysed was performed by Claria et al. (1993), who gave cluster
memberships as well. For this reason in the end I decided to adopt the cluster
membership given by Claria et al. (1993). The final adopted cluster membership
for each analysed star is given in Table 4.1. Stars for which no information is given
by Claria et al. (1993), for safety reasons, were considered as non cluster members.
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Figure 4.1: The upper row of plots shows the proper motion of the observed stars
with the data taken by Dias et al. (2006) and Hog et al. (2000). The red dots indicate
the proper motion of the stars considered in the end as not member of the cluster.
The lower set of plots reproduces the chart published by Kharchenko et al. (2004).

This work allows to establish as well the mean cluster radial velocity. Without
taking into account SB2 stars and non cluster members, the mean radial velocity
is: -17.9 ± 5.2 km s−1. The mean cluster radial velocity published by (Kharchenko
et al. 2005) is: -12.70 ± 2.18 km s−1. The two values are in good agreement also
because the value given by (Kharchenko et al. 2005) is obtained averaging the
results obtained for only three stars.



64 Results and discussion of the open cluster analysis

4.1.3 Results of the abundance analysis

Fundamental parameters and abundances of the program stars were obtained as
explained in Chapter 3. Table 4.3 lists the fundamental parameters derived for
each analysed star in NGC 5460.

For all the SB2 stars, but HD 123225, it was possible to derive only υr and
υ sin i values and to roughly estimate Teff and log g. There is the possibility that
some of the analysed stars is a single line spectroscopic binary such as maybe
HD 123182, but this is impossible to address wit a reasonable accuracy with only
one available spectrum and the measured mean cluster υr.

The given σlog g for G- and late F-type stars are pretty high due to the fact that
the parameters were obtained mainly with hydrogen line fitting and ionisation equi-
librium. The fitting of Mg lines with developed wings to determine log g was not
possible due to the low spectral resolution. The ionisation equilibrium gives rather
good results in the determination of log g, but it is dependent on possible non-LTE
effects and on the obtained abundance dispersion. In the case of G- and late F-type
stars the abundance dispersion was rather large due to the large number of heavily
blended spectral lines, and to the low spectral resolution and SNR (because these
stars are rather faint) of the available spectra.

Figure 4.2 shows a comparison between observed and synthetic Hβ line profiles
for seven stars of various Teff observed with FLAMES/GIRAFFE. The fit here
shown demonstrates the general high quality of the available spectra and of the
adopted fundamental parameters.

The obtained abundances for each analysed star (including the non cluster
member stars) are shown from Table 4.4 to Table 4.8

In the following I describe more in detail the results obtained for some partic-
ularly interesting individual star.

HD 122983

HD 122983 was observed by Bagnulo et al. (2006) with FORS1, because suspected
chemically peculiar, to measure the magnetic field, but no field was detected. The
abundance pattern, displayed in Fig. 4.3, shows that HD 122983 is a He-weak
chemically peculiar star, but it is not possible to say if the star is a HgMn star
or not. Manganese lines are too weak to be measurable and mercury lines are in
principle present, but not visible in the spectral region covered by the available
spectrum. A spectrum of the blue visible region would be extremely valuable to
detect the presence of Hg overabundance (Hubrig & Mathys 1996). I looked for the
presence of the overabundance of other elements typically visible in HgMn stars,
such as P and Xe, but without success.

HD 123182

The abundance pattern of HD 123182 (see Fig. 4.3) reveals that the star is most
likely a mild He-weak star, in particular it could be a hot Am star or a cool HgMn
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Figure 4.2: Comparison between the observed Hβ line profile (thick black lines)
and synthetic line profile (thin red lines) for seven stars observed with FLA-
MES/GIRAFFE. From top to bottom the stars here displayed are: UCAC 11104969
(Teff = 7050 K), UCAC 11105106 (Teff = 7500 K), UCAC 11105176 (Teff =

8100 K), CPD-47 6385 (Teff = 9350 K), CD-47 8868 (Teff = 10400 K), HD 123202
(Teff = 11400 K) and HD 123226 (Teff = 12400 K). The stars are here shown in
order of increasing Teff from top to bottom. For display purposes I applied an
arbitrary vertical shift.



66 Results and discussion of the open cluster analysis

He C O Ne Mg Al Si P S Cl Ca Sc Ti Cr Mn Fe Ga As Y Xe Ba Pr Nd Hg

element

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

ab
un

da
nc

es
 r

el
at

iv
e 

to
 th

e 
Su

n HD 122983
HD 123182
HD 123225A

Figure 4.3: Elemental abundances relative to the Sun (Asplund et al. 2005) of
HD 122983, HD 123225 and HD 123182. The error bars are the standard deviation
from the mean abundance.

star. Sc lines are not measurable from the observed spectrum, so it is not possible to
say whether it is underabundant or not. The not extreme overabundance of Cr and
Fe (related to the rather high υ sin i), and the fact that Hg, P and Xe are not visible
(although lines are present in the observed wavelength range) are in agreement
with the Am possible classification. On the other side the clear Mn overabundance
would tend more to a HgMn classification. On the basis of the available data I can
only conclude that HD 123182 is a He-weak star of an unclear type. As already
mentioned this star could also be a single line spectroscopic binary, due to the high
measured radial velocity, compared to the other cluster stars.

HD 123183

HD 123183 was observed with FORS1 by Bagnulo et al. (2006) who published
a marginal magnetic field detection of < Bz > = -440 ± 146 G. The abundance
pattern (see Table 4.6) does not reveal any peculiarity that could strengthen this
detection. The very high υ sin i of 275 ± 14 km s−1 goes as well against a classi-
fication of this object as chemically peculiar. For this reason I conclude that this
object is a ”normal” early-type star.
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HD 123225

HD 123225, observed with FLAMES/UVES, is another newly discovered SB2
star. Thanks to the characteristics of Binmag, to the slow rotation of the two com-
ponents, to the high resolution, to the large wavelength coverage and to the large
separation between the spectral lines of the two stars, it was possible to perform
a rather accurate parameter determination and abundance analysis of the primary
component and a parameter determination of the secondary. The radio ratio that
best fits the observed spectrum is Rprimary/Rsecondary = 1.32. Figure 4.4 shows the
obtained best fit of the observed Hβ line profile. The primary component (the hot-

Figure 4.4: Best fit of the observed Hβ line profile for HD 123225. The black solid
line is the observed spectrum. The red and the green dashed lines are the spectra of
the primary and secondary components respectively scaled according to the given
radio ratio. The violet solid line is the synthetic spectrum of the system.

ter star) is a HgMn star, as clearly shown by the abundances pattern displayed in
Fig. 4.3. HD 123225 was observed with FORS1 by Bagnulo et al. (2006), but no
magnetic field was detected.

The secondary component of this system shows solar abundances, although
there is the possibility that this star is an Am star for the following reason. Since
the primary component is a low υ sin i HgMn star, it is likely that also the low
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υ sin i of the secondary component is due to an intrinsic slow rotation, that at this
Teff could lead to the formation of Am peculiarities. Several high resolution spec-
tra of this object would be extremely valuable to explore this possibility, since a
system composed by a HgMn star and by an Am star is not common. Remember-
ing that this is a binary system in an open cluster (meaning that extremely accurate
parameters and age could be determined), the accurate abundances that could be
obtained by this system would be valuable to give constraints to diffusion models
both for HgMn and Am stars.

HD 123201B and HD 123184

HD 123201B and HD 123184 are both ”normal” early-type stars and join the com-
mon property of showing a different υ sin i for the He lines, compared to the other
spectral lines. The υ sin i of HD 123201B, measured on not-He lines, is about
202 km s−1, while He lines are best fit with a υ sin i of about 150 km s−1. The same
is found with HD 123184 for which υ sin i is about 65 km s−1, but He lines are
best fit with a υ sin i of about 50 km s−1. Figure 4.5 shows the comparison between
the observed spectrum and two synthetic line profiles with υ sin i = 65 km s−1 and
50 km s−1 in the region of the FeII line at ∼ 5018 Å and of the He multiplet at
∼ 5875 Å for HD 123184. This plot shows that for the He multiplet the adopted
stellar υ sin i of 65 km s−1is too large, while a υ sin i of 50 km s−1 fits better the ob-
servation. In comparison there is the plot of the region around the FeII line showing
that the adopted stellar υ sin i of 65 km s−1 is correct. Both for HD 123201B and
HD 123184 the He abundance was measured with the υ sin i proper of the He lines.

This effect is most likely due to the fact that both stars are fast rotators so that,
due to their non-spherical geometry, the poles are hotter than the equator. In such
stars He lines are mostly produced in regions around the poles, where υ sin i is
actually less. This effect should be visible also in other spectral lines with high
χexcit, but, besides He, no other lines with high χexcit were observed.

CD-47 8879

This is a double line spectroscopic binary with a low υ sin i for both components.
To solve the binarity, Binmag requests the radio ratio of the system (see Chapter 3).
With the parameters given in Table 4.3, the radio ratio (Rprimary/Rsecondary) that at
best fits the observed spectrum is 1.3. Given the Teff (usually chemically ”normal”
A-type stars are fast rotators) and the υ sin i of the two components, there is the
possibility that the orbital plane is very much inclined respect to the line of sight,
but if this is not the case and both stars are intrinsically slowly rotating, there is
the possibility that they are chemically peculiar (Am, HgMn). A high resolution
spectrum or a series of high resolution spectra would allow to check the presence
of chemical peculiarity in the atmosphere of these two objects.
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Figure 4.5: Comparison between the observed spectrum (thin line) and synthetic
spectra calculated with υ sin i = 65 km s−1 (thick line) and υ sin i = 50 km s−1 (thick
dashed line) in the region of the FeII line at ∼ 5018 Å (left plot) and of the He
multiplet at ∼ 5875 Å (right plot), for HD 123184.

4.1.4 Abundance patterns in NGC 5460: from F- to B-type stars

Figure 4.6 shows the comparison among the mean abundance pattern obtained for
B-, A- and F-type stars considered members of the cluster. The error bars are the
standard deviations from the mean abundance. All the G-type stars of the sample
were unfortunately not cluster member. In the whole sample, after the assignment
of the cluster membership, only three F-type stars were left and of these three
objects only one, UCAC 11104969, is a single star with measured abundances, so
that the mean abundance of the F-type stars corresponds actually to the abundance
pattern of UCAC 11104969.

The mean abundance patterns of the three stellar types are quite similar and
concentrated around solar values except for a sulphur overabundance, that cannot
be ascribed to non-LTE effects (see Sect. 4.2.10), and for an apparent Am pe-
culiarity of some elements for UCAC 11104969 (Sc underabundance, Y and Ba
overabundance). The stars cannot anyway be classified as Am stars since the υ sin i
(260 ± 15 km s−1) is too high for Am stars because the maximum rotational velocity
to let a star evolve Am peculiarities is 90 km s−1 (Charbonneau & Michaud 1991).
Am stars are also characterised by CNO underabundances and overabundances of
the Fe-peak elements, both not present in the obtained abundance pattern.

A very important result of this work is the estimation of the cluster metallic-
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Figure 4.6: Comparison between the mean abundances obtained for B-, A- and
F-type stars indicated by an open square, circle and triangle respectively. The
error bars are the standard deviations from the calculated mean abundances. The
abundance patter of the mean F-type stars is corresponds to the abundance pattern
of UCAC 11104969, since it is the only F-type stars of the sample with measured
abundances.

ity (Z), unknown up to now. On this point of view, the most important elements
are C, O, Si and Fe (without taking into account H and He). For all these five
elements there is a fairly good agreement among the three stellar types, exclud-
ing the Si abundance of UCAC 111049691, that was not taken into account in the
determination of Z.

Since the cluster metallicity should be calculated on the basis of the abundances
of the cool stars (more mixed) and that only one F-type star is present in the sample,
I decided to derive Z from the mean abundance of this one F-type stars and of the
cool A-type stars (Teff leq 8500 K), that still have a reasonably deep convective
zone. In this way I used seven stars of the sample to derive the cluster metallicity
Z (I excluded all the SB2s for which no abundances were measured). The Z value
I obtained is 0.014±0.003 dex, that has to be compared with the solar value of Z
= 0.0122 obtained adopting the solar abundances by Asplund et al. (2005). The
obtained cluster Z shows that NGC 5460 has a solar metallicity.

The Z value used to characterise isochrones is calculated with the following

1The star shows a υ sin i of about 260 km s−1 and the Si abundance was derived only from one
line. This makes the Si abundance determination extremely uncertain.
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approximation:
Zcluster ' 10([FE/H]Fstars−[Fe/H]�) · Z� , (4.1)

assuming Z�=0.019 dex. I recalculated the Z value of NGC 5460, according to this
approximation, obtaining Z = 0.011±0.005. This value was derived from the mean
Fe abundance of the seven stars taken into account ([Fe/H] = -0.22±0.22 dex).

4.1.5 HR diagram

Using the stellar magnitudes given by Claria et al. (1993), I built the color-magnitude
(CM) diagram of the cluster using the stars of the available sample. The CM dia-
gram is shown in Fig. 4.7 together with an isochrone by Girardi et al. (2002) corre-
sponding to an age of log t = 8.20 and solar metallicity (Z = 0.019). The plot was
made considering a distance modulus of 9.44 mag and a reddening of 0.092 mag,
both values given in WEBDA.
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Figure 4.7: Color-magnitude diagram of the cluster produced using the photometry
given by Claria et al. (1993). The full circles show the position of the cluster
members, while the open squares denote the not cluster members. The full lines
corresponds to an isochrone from Girardi et al. (2002) for an age of log t = 8.20
and solar metallicity.

The CM diagram shows clearly the not membership of three stars, while, for
the four stars laying on the isochrone and denoted as non cluster member, the not
membership was given from the analysis of the color-color (CC) diagram (Claria
et al. 1993).
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With the temperatures obtained for the abundance analysis and the magnitudes
given by (Claria et al. 1993), I built the HR diagram of the cluster (Fig. 4.8).
As already mentioned, to built the HR diagram, I adopted a distance modulus
of 9.44 mag, a reddening of 0.092 mag (both values given in WEBDA) and the
bolometric correction given by Balona (1994). In Fig. 4.8 I do not show the stars
considered not member of the cluster.
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Figure 4.8: Hertzsprung–Russell diagram of NGC 5460. The crosses and filled cir-
cles show the position on the HR diagram for the He-weak and normal B-, A- and
F-type stars, respectively. The open squares indicate the spectroscopic binaries. I
did not correct the luminosity of these stars due to the presence of the companion
so that their position on the HR diagram could be very different from how it ap-
pears on the plot. The error bar in luminosity is 0.10 dex. The full line shows an
isochrone from Girardi et al. (2002) for an age of log t = 8.20 and solar metallicity
(Z = 0.019). The not cluster member stars are not shown.

Luminosities are listed in Table 4.9. With a distance modulus uncertainty of
0.20 mag, an uncertainty in the bolometric correction of about 0.07 mag, and a
reddening uncertainty of 0.01 mag, I estimate the typical uncertainty in Mbol being
about 0.28 mag, corresponding to an uncertainty in log L/L� of about 0.10 dex.

In the HR diagram I separated the chemically normal stars (full circles) and the
He-weak stars (crosses) and highlighted the spectroscopic binaries (open squares).
I did not correct the luminosities of the spectroscopic binaries so that their real po-
sition on the HR diagram could be very different from what it is shown in Fig. 4.8.
A clear example is given by the star on the top right of the HR diagram, that is the
secondary component of HD 123225. The HR diagram shows that this star should
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have a V magnitude of about 9.9 mag, 1 mag below what adopted here. The cor-
rection of the magnitude on the basis of the derived Teff of each component of the
SB2 systems could anyway lead to a wrong placement in the HR diagram creating
only confusion for the writer and the reader.

The solar metallicity of NGC 5460, obtained in Sect. 4.1.4 has a very important
consequence for the parameter determination of the cluster. It confirms that the
metallicity of the isochrones adopted in literature up to now to derive the cluster
age was correct. The obvious conclusion is that both the distance modulus of
9.44±0.20 mag and the reddening of 0.092 mag and the age of 8.20±0.20 adopted
up to now do not require corrections due to a different cluster metallicity. Anyway,
a definitive check of this conclusion could be done only performing and abundance
analysis of cluster member late-type stars.

4.1.6 Abundances vs. Teff and υ sin i

From Fig. 4.9 to Fig. 4.11 I display the abundances of the most analysed elements
against Teff , without taking into consideration the abundances of the not cluster
member stars. I divided the sample according to their spectral classification: B-
type stars (open squares), A-type stars (open circles), F-type stars (open triangles),
He-weak stars (crosses).
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Figure 4.9: Abundances relative to the Sun (Asplund et al. 2005) of C, Mg, Al and
Si as a function of Teff for B-type stars (square), A-type stars (circle), F-type stars
(triangle) and He-weak stars (cross).

For some elements such as Mg and Fe it is possible to notice a mild correlation
of the obtained abundances with Teff . In particular for the two mentioned elements,
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Figure 4.10: Same as Fig. 4.9, but for Ca, Sc, Ti and Cr.
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Figure 4.11: Same as Fig. 4.9, but for Mn, Fe, Ni and Ba.

the abundance increases with temperature till Teff ∼ 10500 K, where it decreases
then with increasing temperature.

The trends obtained for Mg and Fe could in principle not be real, but due to
other factors, such as υmic, log g and υ sin i. I exclude that both υmic and log g
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would have produced such trends, since the error bars shown for the abundances
take carefully into account the uncertainty on the determination of υmic, and the
effect of a log g variation on the abundances is much smaller than what found here.
I did not find any clear trend between abundances and υ sin i, as shown in Fig. 4.12,
except for a decreasing Ba abundance (diffusion indicator) with increasing υ sin i
up to υ sin i values of about 150 km s−1, in agreement with predictions by Turcotte
& Charbonneau (1993).

I went to look for such correlation in other sample of stars consistently analysed
and present in literature. Luck & Heiter (2005) has consistently analysed a sample
of 114 stars in the local vicinity, covering the Teff range between 4000 and 7500 K.
For the hottest stars of their sample there is no presence of any correlation of the Fe
abundance with Teff , but their sample above Teff = 6500 K is composed only by four
stars. Erspamer & North (2003) consistently analysed the spectra of 140 A- and
F-type stars, present in the ELODIE archive, obtaining fundamental parameters
and abundances. Fig. 4.13 shows a comparison between the results obtained in
NGC 5460 and what published by Erspamer & North (2003) for C, Mg, Ti and Fe.

The comparison reveals a good agreement for both Mg and Fe, although the
trends appear less pronounced in the data by Erspamer & North (2003). They plot
as well the abundances as a function of Teff but only in the Teff range between
6500 and 7500 K, not enough to show large scale trends. Unfortunately the sample
of stars presented by Erspamer & North (2003) did not cover temperatures higher
than 10500 K, so that it is not possible to check the presence of the abundance drop
visible here.

In literature there are some abundance analysis of open cluster stars and dif-
ferent authors looked for trends between abundances and Teff . One of the first
abundance analysis of early-type cluster stars was presented by Varenne & Monier
(1999), but the range in Teff of their sample of stars was too small to show what I
obtained here. Gebran & Monier (2005) presented the Fe abundance obtained in
the α Persei open cluster as a function of Teff in a large temperature range, from
7000 to 16000 K. Their plot shows a mild trend that might be similar to what here
found, but the number of analysed stars is not large enough, in particular around
10000 K, where I obtain the abundance drop. Gebran & Monier (2008) presented
an abundance analysis of early type stars in the Pleiades open cluster. The sample
of stars they analysed covers quite uniformly the temperature range between 6500
and 10000 K, but from their data does not appear any trend similar to what obtained
here.

With the increase of the effective temperature the hydrogen and helium ion-
isation zones are shifted more and more towards the surface of the star. As a
consequence the convection zones, close to the stellar surface become thinner and
less turbulent. But the fact that they become less turbulent does not mean that the
atmospheres of normal A- and B-type stars are static. In these kind of stars there
are clear signatures of microscopic and macroscopic transports. For example, it is
well known that Ba is always overabundant in early-type stars, clear signature of an
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Figure 4.12: Abundances relative to the Sun (Asplund et al. 2005) as a function
of υ sin i for B-type stars (square), A-type stars (circle), F-type stars (triangle) and
He-weak stars (cross).

influence of gravitation and radiation (diffusion) even in chemically normal stars.
Another example is given by the presence of a correlation between strontium and
oxygen or strontium and magnesium, obtained for chemically normal B-type stars
by Hempel & Holweger (2003). Where strontium is overabundant, Mg and O are
underabundant, in other words, where strontium is radiatively driven outwards, Mg
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Figure 4.13: Comparison between the results obtained in this work (upper plots
with error bars) and by Erspamer & North (2003) (lower plots without error bars).
The upper figure shows the comparison for C and Mg, while the lower figure for
Ti and Fe. B-type stars are denoted with squares, A-type stars with circles, F-type
stars with triangles and He-weak stars with crosses.

and O sink down. For this reason it should not be very surprising that correlations
with Teff , such as the ones here obtained, are found.

I have to mention that there is also another possibility that would explain at least
the increase of the iron abundance with effective temperature. Non-LTE effects for
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FeI are known to increase with increasing Teff (Rentzsch-Holm 1996), and the iron
abundance given for the cool stars of the sample is essentially given by the FeI
lines, dominant in number on the FeII lines. For this reason the increase of the
Fe abundance with Teff up to about 8500 K could be due to non-LTE effects. If
it would be so, it would then be anyway not straightforward to understand and
explain without diffusion the strong decrease of the Fe abundance for the hotter
stars, since FeII (the dominant iron ionisation stage for these stars) should not be
strongly affected by non-LTE effects at these Teff .

The efficiency of diffusion processes is actually reduced by rotation. In par-
ticular, simulations carried out by Turcotte & Charbonneau (1993) show that for
rotational velocities higher than 125 km s−1 the envelope results to be completely
mixed. This would suggest that correlation between abundances of diffusion in-
dicator elements (such as Sr, O, Mg, Ba) and υ sin i should be obtained even for
chemically normal star. The problem, in this case, is that υ sin i represents the
projected rotational velocity and not the rotational velocity itself. Correlations
between abundance and υ sin i are not obtained here, except for Ba, one of the
diffusion indicators, for which the abundance decreases mildly with υ sin i, up to
υ sin i values of about 150 km s−1, in agreement with what predicted by Turcotte &
Charbonneau (1993). Probably a much larger sample of stars, that include some
chemically normal low υ sin i stars could show the presence or not of this effect.
It is therefore important to continue with the analysis of the other observed open
clusters in such a way to be able to collect a large amount of stars analysed in a
consistent way to be able to detect such effects.

4.1.7 Abundances vs. M/M� and fractional age

For each star of the sample I calculated M/M�, fractional age (τ) and their uncer-
tainties according to Landstreet et al. (2007) and listed them in Table 4.9. Since I
had to deal with several spectroscopic binary stars for which the magnitude of the
single components was unknown, I decided to put them as well in Table 4.9, but
with slightly higher error bars, that anyway are not realistic. An example is given
by the secondary component of HD 123225 for which the derived M/M� is at least
1 solar mass above the real value. Such stars are also highlighted in Table 4.9
so that the reader is aware that the obtained M/M� and τ should not be taken in
consideration.

Three stars of the sample (HD 122983, HD 123183 and HD 123225) are in-
cluded in the work by Landstreet et al. (2007) and there is a good agreement be-
tween the obtained log L/L� and M/M� values. The very small differences are due
to the adoption of a different source for the stellar magnitudes. I adopted the mag-
nitudes given by Claria et al. (1993), while Landstreet et al. (2007) adopted the
magnitudes published by Claria (1971).

Figure 4.14 shows the abundances of some well sampled elements as a function
of stellar mass. The plots show mild trends similar to what obtained with Teff , as
expected since Teff and M/M� are strictly related.
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Figure 4.14: Abundances relative to the Sun (Asplund et al. 2005) as a function
of M/M� for B-type stars (square), A-type stars (circle), F-type stars (triangle) and
He-weak stars (cross) of NGC 5460.

4.2 Praesepe

Praesepe (NGC 2632), a nearby intermediate age open cluster (log t = 8.85± 0.15,
González-Garcı́a et al. 2006), is an especially interesting target because it includes
a large number of A-type stars, among which are many Am stars. Praesepe is prob-
ably the known open cluster with the largest number of Am stars. Furthermore,
since the cluster is relatively close to the sun (d = 182 ± 6 pc, van Leeuwen 2007),
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many of the member A-type stars are bright enough to allow to obtain high reso-
lution spectra with intermediate class telescopes. I analysed spectra of 27 cluster
member early-type stars, six of them were observed with the ESPaDOnS spec-
tropolarimeter, four with ELODIE, 16 with SOPHIE and one with the MuSiCoS
spectropolarimeter. I personally carried out the observations of fourteen of the
sixteen stars observed with SOPHIE.

The results presented in this section of the thesis regarding the Praesepe open
cluster are also published in three papers: Fossati et al. (2007), Fossati et al. (2008a)
and Fossati et al. (2009a).

4.2.1 Target list

Table 4.10 lists the complete sample of stars observed and analysed in the Praesepe
cluster. In the sample eight objects are Am stars, while all the others are chemically
normal A-type stars. Seven stars are spectroscopic binaries. Eight stars are present
in the δSct variable star catalog by Rodrı́guez et al. (2000). One star (HD 73993) is
present in the Combined General Catalogue of Variable Stars (Samus & Durlevich
2004), but the variability type is listed as ”unknown”.

HD 73709 was observed with the MuSiCoS spectropolarimeter, now decom-
missioned and substituted by NARVAL, mounted at the 2-m Bernard Lyot Tele-
scope (TBL) of the Pic du Midi Observatory. I did not include the description of
MuSiCoS in Chapter 2 because I performed the abundance analysis of only one
archive spectrum that was already used for measurement of the mean longitudi-
nal magnetic field by Shorlin et al. (2002). MuSiCoS, as ESPaDOnS, consists
of a table-top cross-dispersed echelle spectrograph fed via a double optical fiber
directly from a Cassegrain-mounted polarisation analysis module. MuSiCoS pro-
vides a Stokes V , Q or U stellar spectrum from 4500 to 6600 Å with a mean re-
solving power of 35 000. A more detailed description of the instrument and of the
observing procedures are reported by Donati et al. (1999).

All the stars in the sample (including the spectroscopic binaries) were consid-
ered as cluster members by several authors: Robichon et al. (1999), Baumgardt
et al. (2000), Kharchenko et al. (2004) and Dias et al. (2006). The radial veloc-
ities derived for the observed stars, excluding the spectroscopic binaries, confirm
the given membership, because they are all compatible with the cluster mean of
34.5±0.1 km s−1 (Robichon et al. 1999). For several observed spectroscopic bi-
nary stars Abt (1970) and Abt & Willmarth (1999) derived the orbit parameters.
For all these stars I found a good agreement between the measured υr and the one
calculated with the orbit parameters obtained by Abt (1970) and Abt & Willmarth
(1999). The fact that all the observed stars are considered as cluster members con-
firms the quality of the performed target selection for this cluster.
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4.2.2 Results of the abundance analysis

The parameter determination and the abundance analysis were performed as de-
scribed in Chapter 3, and the set of spectroscopically derived fundamental param-
eters is shown in Table 4.11

I analysed all the stars in the sample, classified as SB1, as single stars since the
secondary does not contribute significantly to the total flux of the spectrum (Budaj
1996; Burkhart & Coupry 1998; Abt & Willmarth 1999; Debernardi et al. 2000).

The obtained abundances for each analysed star are given in Table 4.12 (Am
stars and blue straggler), Table 4.13 (F-type stars) and Table 4.14 (A-type stars).

In the following I give some more additional comment for some interesting
stars.

HD 72942

The abundance analysis of HD 72942 shows that Ca and Sc are not underabundant
and that the Fe-peak elements show an abundance similar to the one of the other
normal A-type stars of the cluster. This indicates that the star is a normal A-type
stars and not an Am star, as classified by Bond (1972) and given in SIMBAD.

HD 73045

During the abundance determination I noticed an extra broadening of the wings of
deep lines, perhaps due to the binarity. To be able to fit these lines I introduced a
macroturbulent velocity (υmacro = 10 km s−1 - obtained fitting several deep lines) to
compensate for this effect. The use of the macroturbulence velocity does not lead
to any significant abundance change, as expected. In particular the iron abundance
calculated without the use of the macroturbulence velocity results to be 0.01 dex
lower than the final adopted one.

HD 73174

HD 73174 is an Am star and is the primary component of a quadruple system. For
this star, the derived Teff from photometry and from spectroscopy differ by about
700 K and I have no explanation for this effect. For this reason, I keep this star
out of the following analysis. Due to the extreme low rotation of this star, it would
be probably necessary the analysis of a very high resolution spectrum. In such
slowly rotating Am stars, velocity fields (Landstreet 1998) begin to be extremely
important for the analysis, but the spectral resolution of ELODIE (R=42 000) is not
high enough to allow to take them properly into account.

HD 73666

HD 73666 is an extreme blue straggler (Ahumada & Lapasset 2007) of the Prae-
sepe cluster. The HR diagram (see Sect. 4.2.6) reveals that the star appears to be
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about 1200 K hotter than the hottest main sequence stars member of the cluster.
The mass derived from the HR diagram for HD 73666 is 2.46±0.12 M�, about
0.5 M� more than for the turn-off stars. From Teff and log L/L� I derived a radius
of R/R� = 2.72±0.12. In Fossati et al. (2009a), with the use of theoretical results
on blue straggler formation present in literature, we were able to conclude that
HD 73666 was probably formed by physical collision involving at least one binary
system, between 5 and 350 Myr (50 Myr if the star is an intrinsic slow rotator) ago.
The details of this analysis are presented in Fossati et al. (2009a).

HD 73709

HD 73709 is the primary component of an SB1 quadruple system and was clas-
sified as Am by Gray & Garrison (1989), but was found photometrically to be an
Ap star by Maitzen & Pavlovski (1987) according to the ∆a index (∆a = +0.018
mag). Debernardi et al. (2000), using two ELODIE spectra and observations with
the CORAVEL radial velocity scanner, found a magnetic field of 7.5 kG. Shorlin et
al. (2002) looked for the presence of such a magnetic field using the LSD technique
applied to the same MuSiCoS spectrum here analysed. Their result shows clearly
that HD 73709 does not have a significant magnetic field, with the measured value
equal to 〈Bz〉 = 66± 39 G. I calculated a synthetic ∆a value with respect to the the-
oretical normality line a0 determined in Khan & Shulyak (2007, Sect. 3.3.2) and
found that ∆a = +0.012 mag, which is compatible with the observed value.

4.2.3 Abundances of the Am, A- and F-type stars of the Praesepe clus-
ter

I first grouped all the observed stars according to their spectral classification as F,
A and Am stars; Fig. 4.15 shows the mean abundances for each group. The error
bars in Fig. 4.15 are the standard deviations from the calculated mean abundances
of each group.

The A- and F-type stars show similar abundance patterns, characterised by
solar abundances for almost all the elements. The Am stars show the typical abun-
dance pattern characterised by underabundances of C, N, O, Ca and Sc, with a gen-
eral overabundance of the other elements, in particular of the Fe-peak and heavy
elements. As expected, the error bars associated with the abundances of the F-type
stars turn out to be comparable to or smaller than those for the A-type stars. It is
also possible to see this effect in Figures from 4.19 to 4.21.

I calculated the metallicity of the cluster (Z) from the abundances derived for
the F-type stars, excluding HD 73575. This star is close to the TAMS and its Fe
abundance differs by 0.27 dex with respect to the mean Fe abundance (0.11±0.03 dex)
of the other F-type stars. For this reason I omitted HD 73575 from the determina-
tion of the cluster metallicity. The Z value I obtained is 0.015±0.002 dex.

The Z value adopted by several other authors and used to characterise isochrones
(see Sect. 4.2.6) is calculated with the approximation shown in Eq. 4.1 and assum-
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Figure 4.15: Comparison between the mean abundances obtained for Am, A- and
F-type stars indicated by an open circle, square and triangle respectively. The error
bars are the standard deviations from the calculated mean abundances. In the case
of only one measurement, no error bar is shown.

ing Z�=0.019 dex. I recalculated the Z of the cluster according to this approxima-
tion obtaining Z = 0.024±0.002. I derived this value using the mean Fe abundance
of all the F-type stars except HD 73575 ([Fe/H]=0.11±0.03 dex).

My estimated metallicity is in agreement with that included in the catalogue
of Chen et al. (2003) of [Fe/H]=0.14 dex and with that recently obtained by An et
al. (2007) of [Fe/H]=0.11±0.03 dex. An et al. (2007) derived the metallicity from
an Fe abundance determination from high resolution spectra of four G-type cluster
members.

Normal A-type vs. Am stars

The precision obtained with the abundance analysis allows to distinguish clearly
the normal A-type stars and the Am stars. For both of them, the abundances of
the Fe-peak elements are different. In normal A-type stars, Fe, Ni, and Cr are
solar or slightly overabundant (compared to their solar abundances). In Am stars,
these elements are clearly overabundant. In all but one of the stars of the sample,
Ba is overabundant. However, the Ba abundance is definitely lower in normal
A-type stars than in Am stars. This suggests that Ba may be considered as an
additional indicator of Am peculiarities, together with C, N, O, Ca, Sc and the
Fe-peak elements.
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4.2.4 Li abundance

In the context of radiative diffusion theory, it is interesting to examine the atmo-
spheric abundance of lithium in stars where diffusion is known to be active, like
in Am stars. Such studies have been carried out especially by Burkhart & Coupry
(1991) and Burkhart et al. (2005). Their conclusion was that, in general, the Li
abundance in Am stars is close to the cosmic value (log NLi/Ntotal ∼ −9.04 dex),
although a small proportion of them are deficient. The normal A-type stars re-
sult to have a higher Li abundance (log NLi/Ntotal ∼ −8.64 dex), in the Teff range
7000–8500 K (Burkhart & Coupry 1995).

I calculated precise Li abundance only for HD 73045 taking into account hy-
perfine structure, while for HD 73730 and HD 74656 I give an estimation derived
from one line and without hyperfine structure. For other stars it was possible to
derive only an upper limit, since the higher υ sin i values did not allow a more ac-
curate abundance determination. In HD 73666 I did not found any Li line (due to
the high Teff), while for HD 73709 the MuSiCoS spectrum did not cover the strong
Li 6707.761 Å line. The determinations confirm the overabundances (relative to
the Sun) for three Am stars. Since for all the other stars I can only derive upper
limits, I cannot confirm the overabundances. In Fig. 4.16 I show the absolute Li
abundance as a function of Teff , in comparison with the values given by Burkhart
& Coupry (1995).

Since almost all the Li abundances here derived are upper limits it is difficult
to address the behavior of the lithium abundance in the temperature range between
7000 K and 8500 K, but I notice that the abundances appear to be higher than those
derived by Burkhart & Coupry (1995) in open clusters. I notice as well the ten-
dency of the normal A-type stars to have a higher Li abundance. The results appear
to be more consistent with those derived by North et al. (2007) for field stars.

4.2.5 Are weak magnetic fields present in the Am stars of Praesepe?

If magnetic fields are present in Am stars, this might help explain some of the
peculiar properties of these stars, such as slow rotation and the typical Ca/Sc un-
derabundances (Böhm-Vitense 2006).

I decided to use the LSD approach to detect magnetic fields in Am stars since
this method is the most precise method currently available, especially for stars with
rich line spectra and low υ sin i.

Lanz & Mathys (1993) claimed evidence of magnetic fields in the Am star
(o Peg - Teff = 9550 K) using the difference of equivalent widths of two FeII lines at
6147.741 Å and 6149.258 Å. I did not try to apply the same method to compare my
results to theirs as all of the sharp-lined Am stars in my sample are spectroscopic
binaries, and the blending due to the spectral lines of the secondary might well
affect the subtle signal of a magnetic field. Another problem is due to the fact that
my Am stars are cool Am stars and the FeII line at 6147.741 Å is strongly blended
by an FeI line, preventing an accurate equivalent width determination.
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Figure 4.16: Distribution of the Li abundance as a function of the Teff . The dashed
line shows the Li abundance value found by Burkhart & Coupry (1995) (BC in the
legend) for normal A-type stars. The dotted line shows their Li abundance value for
Am stars. The open circles, squares and triangles correspond to the Li abundances
of the program A-type, Am and F-type stars respectively.

Shorlin et al. (2002) analysed 25 Am stars with the LSD technique without
having found any significant magnetic field signature. These authors concluded
that no credible evidence exists for the presence of organised or complex magnetic
fields in Am or normal A-type stars.

In this analysis, the three Am stars observed with ESPaDOnS and the one ob-
served with MuSiCoS did not reveal any magnetic field signature in the circular
polarised spectra, analysed with the LSD procedure.

The conclusion is that the cool Am stars of Praesepe (Teff < 8500 K) show no
evidence of magnetic fields that could explain the well-known phenomena associ-
ated with Am stars. These results support and strengthen the conclusion of Shorlin
et al. (2002).

Figure 4.17 shows the LSD profile of HD 73045, one of the Am stars observed
in circular polarisation. It is clear that no magnetic field was detected.

4.2.6 HR diagram

Using the temperatures determined during the abundance analysis I built the HR
diagram of the cluster around the turn-off point (Fig. 4.18). I calculated the lumi-
nosity of each star photometrically, adopting the magnitudes in V band given by



86 Results and discussion of the open cluster analysis

-250 -200 -150 -100 -50 0 50 100 150 200 250

Velocity (Km/s)

0.84

0.88

0.92

0.96

1

1.04

   
   

   
   

   
   

   
   

 I
/I

c  
   

  2
5*

V
/I

c+
1.

02

Figure 4.17: LSD profiles for the normalised Stokes I and Stokes V spectra (from
bottom to top) of HD 73045. The Stokes V profile is expanded by a factor of 25
and shifted upward of 1.02.

SIMBAD and a cluster distance modulus of 6.30±0.07 mag (van Leeuwen 2007).
I used a reddening of 0.009 mag (WEBDA) and the bolometric correction given
by Balona (1994). Luminosities are listed in Table 4.15. With a distance modu-
lus uncertainty of 0.07 mag, an uncertainty in the bolometric correction of about
0.07 mag, and a reddening uncertainty of 0.01 mag, I estimate that the typical un-
certainty in Mbol is about 0.15 mag, corresponding to an uncertainty in log L/L� of
about 0.06 dex.

In the diagram I divided the sample into Am stars (crosses) and normal A- and
F-type stars (full squares). I denoted also (open squares) the spectroscopic binary
stars. I did not correct the luminosities of the spectroscopic binaries, as the only
information I have about the secondaries is that their contribution to the analysed
spectra is not detected. This suggests that their flux contribution is below about
5%.

The two stars located at the top left and top right of the HR diagram are
HD 73666 and HD 73575, respectively. HD 73666 is clearly a blue straggler,
while HD 73575 should be just at the TAMS. The maximum age of HD 73666
since becoming a blue straggler is given by the age of the isochrone on which it
would be at the turn-off point. This is about 350 Myr. HD 73575 deserves a further
comment. It is the most evolved star of the cluster and the position close to the
TAMS is consistent with this. This star also shows anomalous chemical composi-
tion compared with that of the other normal F-type stars. The position on the HR
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Figure 4.18: Hertzsprung-Russell diagram of the Praesepe cluster. The crosses and
filled squares show the position on the HR diagram for the Am and normal A- and
F-type stars, respectively. The open squares indicate the spectroscopic binaries
(HD 73666 is a speckle binary). I did not correct the luminosity of these stars
due to the presence of a companion. This correction is anyway assumed to be
less than 0.1 dex. The error bar in luminosity is 0.07 dex. The dashed line shows
an isochrone from Girardi et al. (2002) for the age and metallicity given in the
literature (log t = 8.85 dex; Z = 0.024 dex). The solid line shows the isochrone
corresponding to my best fit (log t = 8.77 dex; Z = 0.030 dex).

diagram and the peculiar chemical composition of HD 73575 suggest an unusual
evolutionary history.

I adopted isochrones by Girardi et al. (2002) to determine age and metallicity
of the cluster using the HR diagram. In Fig. 4.18 I plotted two isochrones: one
corresponding to the age and metallicity of the cluster taken from WEBDA (log t
= 8.85 dex; Z = 0.024 dex; dashed line) and the other corresponding to my best fit
on the HR diagram (log t = 8.77 dex; Z = 0.030 dex; solid line).

An et al. (2007) determined the metallicity of the Praesepe cluster by fitting
Yale Rotating Evolutionary Code (YREC, Sills et al. 2000) isochrones to the main
sequence of the cluster, obtained from Johnson photometry. They derived a metal-
licity of [Fe/H] = 0.20±0.04 corresponding to Z = 0.030±0.003. This result is in
agreement with the results of the fit of isochrones to the sample of stars around the
turn-off point.

All the Am stars are on the main sequence. Only HD 73618 and HD 72942 can
be considered blue stragglers (Ahumada & Lapasset 2007), taking into account the
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age and metallicity given in the literature.

4.2.7 Abundances vs. Teff and υ sin i

The abundances of the elements analysed for most of the stars are displayed against
Teff and υ sin i in the left and right panels respectively from Fig. 4.19 to Fig. 4.21.
I divided the sample of stars according to their spectral classification: A-type stars
(open circles), Am stars (open squares) and F-type stars (open triangles). This
division and visualisation will be retained in the following sections.
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Figure 4.19: Abundances relative to the Sun (Asplund et al. 2005) of C, O, Ca
and Sc as a function of Teff and υ sin i for normal A-type stars (circle), Am stars
(square) and normal F-type stars (triangle). A correlation between abundances of
C, O, Ca and υ sin i is found for Am stars; an anticorrelation between Sc abundance
and υ sin i is found for Am stars. For plotting reasons I excluded from the plot
HD 72942.

The plots show that the abundances of the F-type stars are less scattered than
those obtained for the A-type stars, as expected.

For the normal A- and F-type stars I do not find any clear correlation between
abundance and Teff or abundance and υ sin i, except for a hint of correlation be-
tween the Mg abundance and Teff . This result is apparently in contrast with what
found for NGC 5460. This apparent disagreement can be explained by the large
difference in the covered temperature range in the sample of stars collected for the
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Figure 4.20: Same as in Fig. 4.19 but for Na, Mg, Si and S. No correlation is found.

two open clusters.
For the Am stars, none of the plotted elements, except Y, shows any trend

between abundance and Teff . Richer et al. (2000) predict mild correlations between
abundances of some elements (e.g. Ni) and Teff , but probably the temperature range
is not large enough to show such correlations.

In Am stars, I find a correlation between abundance and υ sin i for all peculiar
elements, except for scandium and titanium. As described in detail in Sect. 4.2.3,
Am stars of the Praesepe cluster show peculiarities mainly for C, O, Ca and Sc
(underabundant) and Ti, Cr, Fe, Ni, Y and Ba (overabundant). C, O and Ca show
an increasing abundance with υ sin i. The Fe-peak elements, Y, and Ba show a de-
creasing abundance with υ sin i. Na, Mg, Si and S are not peculiar in Am stars and
they do not show any correlation with υ sin i. As a general behavior, the peculiari-
ties decrease with υ sin i, becoming closer and closer to the abundances typical of
the normal A- and F-type stars of the cluster. The behavior was recently confirmed
by Takeda et al. (2008). Scandium and titanium are exceptions: Ti does not show
any clear trend with υ sin i, and Sc shows a trend opposite to that of C, O and Ca,
while I would have expected a similar behavior.

Burkhart (1979) derived the abundance anomaly, from the Strömgren m1 index,
and υ sin i values for a sample of well-known Am stars. She suggested a jump in
the abundance anomaly for stars with υ sin i > 55 km s−1; the results here shown
confirm this claim.
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Figure 4.21: Same as in Fig. 4.19 but for Ti, Cr, Fe, Ni, Y and Ba. No correlation
is found for Ti. An anticorrelation between Cr, Fe, Ni, Y and Ba abundance and
υ sin i is found for Am stars.

Models by Charbonneau & Michaud (1991) do not predict any strong corre-
lation between element abundances and rotational velocity: ”For FmAm stars, it
was shown quantitatively that despite the potentially inhibiting effects of merid-
ional circulation on chemical separation, no dependence of abundance anomalies
on υ sin i is expected, for most elements, in the rotational velocity interval charac-
teristic of FmAm stars.”. The correlations here obtained between abundance and
υ sin i, for the Am stars, are in disagreement with the predictions of Charbonneau
& Michaud (1991).

Richer et al. (2000) found that element abundances in model Am stars are de-
pendent only on the depth of the zone mixed by turbulence, thus showing that the
abundance anomalies in Am stars depend mainly on the turbulence model.

More recently, Talon et al. (2006) tested rotational mixing models with both
the Geneva-Toulouse and Montreal codes. They showed how the predicted surface
abundances of FmAm stars should vary as a function of rotational velocity of the
star. My findings support their predictions.
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4.2.8 Abundances vs. M/M� and fractional age

For the stars in the sample I calculated M/M�, fractional age (τ) and their uncer-
tainties according to Landstreet et al. (2007) and listed them in Table 4.15.

I took the abundances of three representative elements (Mg, Ca and Fe) show-
ing, for the Am stars, the three different properties discussed in Sect. 4.2.7. I plot
the abundances of these elements as functions of M/M� and display the results in
Fig. 4.22.
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Figure 4.22: Abundances relative to the Sun (Asplund et al. 2005) of Mg, Ca and
Fe as a function of the M/M�. No correlations are found.

No clear correlation is visible for any of the three plotted elements, for the
normal or the Am stars.

Richer et al. (2000) suggest that the abundance anomalies typical of Am stars
depend very little on the mass and therefore fractional age of the star (in an open
cluster where I assume that all the stars are coeval). This is consistent with the
results of this study.

4.2.9 Searching for correlations between abundances

In a sample of seventeen Am stars, Adelman & Unsuree (2007) found significant
correlations between the abundances of twelve elements.

The abundances of the elements analysed in most of the stars of the sample are
displayed against the Fe abundance in Fig. 4.23 and Fig. 4.24.
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Figure 4.23: Abundances relative to the Sun (Asplund et al. 2005) of C, O, Na,
Mg, S and Si as a function of the Fe abundance.
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Figure 4.24: Same as in Fig. 4.23 but for Ca, Sc, Ti, Cr, Mn, Ni, Y and Ba.
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I do not find any clear correlation between the abundances of any element and
Fe for the A- and F-type stars due to the tiny spread in Fe abundance.

In contrast, the Am stars show correlations for all the elements in which a
correlation was already found with υ sin i. The Fe abundance is an indicator of Am
peculiarities. As I found a correlation between υ sin i and Am peculiarities, it is not
surprising to obtain similar correlations with the Fe abundance.

The correlations found for C and O are in agreement with those found by Sa-
vanov (1995) in a sample of seventeen well-known Am stars analysed by different
authors. They looked for a correlation between the C abundance and υ sin i, but
without any positive result.

From my results it is clear that these correlations are related to those found
with υ sin i in Sect. 4.2.7.

4.2.10 Constraints to the diffusion theory

Underabundances of Sc and/or Ca and overabundances of iron-group elements are
qualitatively explained by diffusion theory (see, e.g., the review in the introduction
by Alecian (1996) and references therein). In particular, following Alecian (1996),
Richer et al. (2000) developed a detailed modeling of the structure and evolution
of Am/Fm stars, taking into account atomic diffusion of metals and radiative accel-
erations for all species in the OPAL opacities.

The results of this work can be used to constrain diffusion models, and I can
compare my results with theoretical predictions (Fig. 4.25). For the comparison, I
use the mean Am abundances shown in Fig. 4.15.

Figure 14 of Richer et al. (2000) shows the predicted abundances from a diffu-
sion and turbulence model as a function of time and effective temperature. Open
circles (reported also in Fig. 4.25) refer to the predicted abundances for 670 Myr
old stars, an age that is closely comparable to that one of the Praesepe cluster
(∼700 Myr, according to González-Garcı́a et al. 2006). For temperatures around
Teff = 8000 K, about the mean temperature of the Am stars of the cluster, the model
by Richer et al. (2000) predicts underabundances of -0.3 (relative to the Sun) for
C, N and O, of -0.1 for Na, Mg and Ca, solar abundances for Si, S and Ti, over-
abundances of +0.1 for Al, of +0.3 for Cr and Fe, of +0.4 for Mn, of +0.8 for Ni
and +2.3 for Li, within 0.1 dex.

Figure 4.25 shows an agreement for Li, C, N, O, Mg, Al, Si, Ca and Fe-peak
elements within 0.1 dex. Discrepancies are instead apparent for Na and S (Sc is not
modeled by Richer et al. (2000) because no OPAL data was available for Sc).

Na is the element for which the derived abundance (' 0.5 dex with respect to
the solar abundance) has the smallest scatter among the Am stars of the sample.
Observations seem definitely to suggest an overabundance of this element which is
inconsistent with model predictions of -0.1 dex.

S shows a small scatter in the sample (σ = 0.12 dex). Kamp et al. (2001)
analysed the S abundance in the metal poor A-type star λ Boo in LTE and non-
LTE. Their analysis shows that the S abundance determined in non-LTE results to
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Figure 4.25: The open triangles show the mean Am abundances. The open circles
show the predicted abundances displayed in Fig. 14 of Richer et al. (2000).

be lower than the one determined in LTE of 0.1 dex. For metal poor stars non-LTE
effects are larger than for normal A-type stars and Am stars. This brings the S
abundance (' +0.35 dex) to an overabundance (relative to the Sun) of ≥0.25 dex,
to be compared with a solar abundance predicted by Richer et al. (2000). This
apparent discrepancy should be investigated in non-LTE regime.

The results here shown for this cluster indicate that radiative diffusion, com-
bined with turbulent mixing, can account for most of the chemical peculiarities
found in Am stars.
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Table 4.1: Basic data of the observations for the program stars. For some stars
the UCAC catalog name (Dias et al. 2006) was adopted since no other name is
given in literature. The second column shows the magnitude of each star in the
VUCAC band (Dias et al. 2006). The fourth column indicates the spectrograph
used to observe each star (U - UVES; G - GIRAFFE). The fifth column shows the
SNR per pixel. For the stars observed with FLAMES/UVES the SNR per pixel
is calculated at about 5000 Å. For the stars observed with FLAMES/GIRAFFE
the SNR per pixel is calculated for each of the three settings L479/H525/H572
respectively at about 5000 Å, 5200 Å and 5650 Å. SB2 indicates that the object is a
double line spectroscopic binary. The spectral types were obtained from SIMBAD
or were derived from the automaticaly determined Teff (see text). The latter are
denoted with a *. For the SB2 stars, the radial velocity is given in the first line for
the primary stars (later denoted as A) and in the second line for the secondary stars
(later denoted as B).

Star Name Mv Spectral Instrument SNR υr συr Remarks
type [km s−1] [km s−1]

HD 122983 9.87 B9 G 159/178/213 -24 2
HD 123097 9.30 B9 G 209/233/275 -20 3
HD 123182 9.88 B9 G 148/165/195 0 4
HD 123183 10.11 A0 U 144 -19 7
HD 123184 9.54 A0 U 195 -15 3
HD 123201B 9.55 B8 U 199 -20 5
HD 123202 9.04 B9 G 247/275/323 -19 11
HD 123225 9.01 B9 U 207 -2 1 SB2

-53 2
HD 123226 9.15 B8 G 231/258/306 -12 1
HD 123269 9.55 B8 G 185/211/243 -20 2
CD-47 8868 10.66 A0 G 104/116/137 -10 9
CD-47 8869 10.94 A* G 96/106/125 -16 5
CD-47 8879 10.47 A2 G 114/128/151 19 2 SB2

85 2
CD-47 8889 10.76 A0 G 99/110/128 -19 4
CD-47 8905 10.78 A0 G 100/111/131 -18 5
CD-47 8913 11.17 F* G 83/92/106 -9 3
CPD-47 6379 10.17 A0 G 120/134/158 -24 7
CPD-47 6385 10.46 A0 G 123/135/162 -19 2
Cl NGC 5460 BB 338 11.80 F* G 49/55/69 -23 6 SB2

-23 1
UCAC 11104969 12.01 F* G 58/63/76 -17 3
UCAC 11105038 11.59 A* G 69/78/94 -20 4
UCAC 11105083 12.42 F* G 48/52/65 -19 7
UCAC 11105106 11.69 A* G 66/73/82 -16 3
UCAC 11105144 13.80 G* G 25/28/37 -16 2
UCAC 11105150 12.96 F* G 32/36/45 -20 3
UCAC 11105152 11.55 A* G 70/79/93 -23 4 SB2

-15 1
UCAC 11105162 13.59 G* G 27/31/39 -20 3
UCAC 11105176 11.33 A* G 78/87/104 -17 5
UCAC 11105213 11.83 A* G 62/69/79 -21 3
UCAC 11105215 13.29 G* G 31/35/44 -19 3
UCAC 11105253 13.75 G* G 24/28/34 -19 2
UCAC 11105293 12.11 F* G 58/63/76 -30 4
UCAC 11105379 11.75 A* G 65/72/87 -21 2
UCAC 11105406 12.52 F* G 48/52/65 -17 7
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Table 4.2: Columns two and three show the stellar proper motion and uncertainty
by Dias et al. (2006). while in the fifth and sixth columns by Hog et al. (2000).
Column four gives the membership probabilities by Dias et al. (2006). Column
seven shows the cluster kinematic (Pkin), photometric (Pph) and positional (Psp)
membership probability by Kharchenko et al. (2004). Columns eight and nine list
the identification number by Claria et al. (1993) and the membership. The last
column shows the adopted cluster membership.
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Table 4.3: Atmospheric parameters for the analysed stars of the Praesepe clus-
ter. For υmic the error bar increases with υ sin i approximatively from 0.2 km s−1

to 0.9 km s−1. The spectral type here shown are obtained after the whole abun-
dance analysis. He-w and HgMn indicate He-weak and mercury-manganese star,
respectively.

Star Teff σTeff
log g σlog g υmic υ sin i συ sin i Spectral

name [K] [K] [cgs] [cgs] [km s−1] [km s−1] [km s−1] type
HD 122983 10700 200 4.00 0.15 0.0 35 3 He-w
HD 123097 12000 300 3.96 0.10 0.0 133 5 B9
HD 123182 10800 200 4.25 0.15 0.0 81 6 He-w
HD 123183 10900 250 4.05 0.15 0.0 275 14 A0
HD 123184 10900 250 4.25 0.15 0.0 65 6 A0
HD 123201B 11700 250 3.95 0.15 0.0 202 11 B8
HD 123202 11400 250 3.70 0.15 0.0 301 17 B9
HD 123225A 12800 300 4.00 0.20 0.0 12 1 HgMn
HD 123225B 8000 500 4.00 0.50 2.0 20 2 A*
HD 123226 12400 300 4.04 0.10 0.0 17 1 B8
HD 123269 11600 250 3.94 0.15 0.0 25 2 B8
CD-47 8868 10400 200 4.20 0.15 0.9 250 10 A0
CD-47 8869 8400 200 3.60 0.20 1.2 230 10 A*
CD-47 8879A 11000 500 4.00 0.30 - 26 2 A*
CD-47 8879B 8500 500 4.00 0.30 - 20 2 A*
CD-47 8889 10300 200 4.15 0.15 0.5 113 3 A0
CD-47 8905 9700 200 4.10 0.20 1.6 160 6 A0
CD-47 8913 6300 150 4.20 0.30 0.8 55 5 F*
CPD-47 6379 11000 250 4.30 0.15 1.7 136 7 A0
CPD-47 6385 9350 200 4.12 0.20 1.6 55 5 A0
Cl NGC 5460 BB 338A 7000 500 4.00 0.40 - 140 10 F*
Cl NGC 5460 BB 338B 7000 500 4.00 0.40 - 10 1 F*
UCAC 11104969 7050 150 4.00 0.20 1.4 260 15 F*
UCAC 11105038 7650 200 4.00 0.20 3.4 85 5 A*
UCAC 11105083 6400 150 4.00 0.30 1.2 196 10 F*
UCAC 11105106 7500 200 4.00 0.20 2.5 195 10 A*
UCAC 11105144 5800 150 4.00 0.40 0.4 12 1 G*
UCAC 11105150 6200 150 4.00 0.30 1.0 39 3 F*
UCAC 11105152A 7500 200 4.00 0.40 - 190 10 A*
UCAC 11105152B 7500 200 4.00 0.40 - 10 1 A*
UCAC 11105162 5800 150 4.00 0.40 0.0 35 4 G*
UCAC 11105176 8100 200 4.00 0.20 1.8 125 7 A*
UCAC 11105213 7600 200 4.00 0.20 1.9 57 3 A*
UCAC 11105215 5800 150 4.40 0.40 0.6 80 5 G*
UCAC 11105253 5600 150 4.00 0.40 0.0 26 2 G*
UCAC 11105293 6200 150 4.00 0.30 0.2 90 5 F*
UCAC 11105379 7700 200 4.00 0.20 2.1 44 2 A*
UCAC 11105406 6400 150 4.00 0.30 1.4 157 8 F*
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Table 4.4: Abundances (log(NX/Ntot)) of the analysed B-type and He-weak stars
with the estimated internal errors in units of 0.01 dex, in parenthesis. For compari-
son, the solar abundances (Asplund et al. 2005) are given in the last column. At.N.
gives the Atomic Numbers of the elements. Abundances obtained from just one
line have no error ( - ). The second number in the brackets is the number of lines
used to derive the mean abundance.

B-type stars Solar
At.N. Element HD 123202 HD 123269 HD 123201B HD 123226 Abundances
2 He -0.98(-;1) -1.00(03;6) -1.02(05;2) -1.11
6 C -3.60(-;1) -3.65
8 O -3.28(-;1) -3.41(01;2) -3.38
12 Mg -4.58(16;3) -4.29(10;5) -4.64(08;3) -4.51
13 Al -5.76(-;1) -5.70(-;1) -5.77(17;2) -5.67
14 Si -4.62(-;1) -4.42(-;1) -4.52(01;2) -4.63(-;1) -4.53
16 S -4.45(-;1) -4.77(17;6) -4.90
22 Ti -7.26(25;2) -6.54(18;5) -7.27(-;1) -7.14
24 Cr -5.94(10;2) -6.48(13;9) -5.99(14;4) -6.63(12;6) -6.40
26 Fe -4.50(07;5) -4.57(16;60) -4.47(14;20) -4.75(15;54) -4.59
28 Ni -5.76(-;1) -5.86(-;1) -5.81

Teff 11400 11600 11700 12400
log g 3.70 3.94 3.95 4.04
υmic 0.0 0.0 0.0 0.0
υ sin i 301 25 202 17

He-weak stars Solar
At.N. Element HD 122983 HD 123182 HD 123097 HD 123225A Abundances
2 He -2.00(-;1) -1.48(-;1) -0.90(-;1) -2.15(15;6) -1.11
6 C -3.75(-;1) -3.65
8 O -3.41(-;1) -3.41(-;1) -3.17(-;1) -3.38
10 Ne -3.87(11;5) -4.20
12 Mg -5.22(-;1) -4.56(01;2) -4.55(36;3) -5.03(34;3) -4.51
13 Al -6.19(-;1) -5.43(-;1) -5.85(-;1) -6.85(07;2) -5.67
14 Si -4.41(-;1) -4.58(09;2) -4.54(01;2) -4.62(13;5) -4.53
15 P -4.86(14;20) -6.68
16 S -5.30(-;1) -4.90
17 Cl -5.10(-;1) -6.54
20 Ca -5.29(-;1) -5.73
21 Sc -7.48(20;4) -8.99
22 Ti -7.37(13;3) -6.87(08;5) -7.31(10;2) -6.62(04;7) -7.14
24 Cr -5.27(14;19) -5.90(23;9) -6.78(12;2) -6.11(06;5) -6.40
25 Mn -5.19(23;9) -4.54(21;31) -6.65
26 Fe -3.81(12;100) -4.20(14;60) -4.60(05;12) -3.85(13;145) -4.59
31 Ga -5.63(32;2) -9.16
33 As -4.62(03;2) -9.75
39 Y -9.81(-;1) -9.83
54 Xe -5.37(21;6) -9.77
56 Ba -8.64(-;1) -9.09(-;1) -9.87
59 Pr -7.57(20;3) -8.35(24;2) -11.33
60 Nd -7.43(10;8) -10.59
80 Hg -5.98(20;3) -10.91

Teff 10700 10800 12000 12800
log g 4.00 4.25 3.96 4.00
υmic 0.0 0.0 0.0 0.0
υ sin i 35 81 133 12
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Table 4.5: Abundances (log(NX/Ntot)) of part of the analysed A-type cluster mem-
ber stars with the estimated internal errors in units of 0.01 dex, in parenthesis. For
comparison, the solar abundances (Asplund et al. 2005) are given in the last col-
umn. At.N. gives the Atomic Numbers of the elements. Abundances obtained from
just one line have no error ( - ). The second number in the brackets is the number
of lines used to derive the mean abundance.
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Table 4.6: Abundances (log(NX/Ntot)) of part of the analysed A-type cluster stars
and the F-type cluster stars with the estimated internal errors in units of 0.01 dex, in
parenthesis. For comparison, the solar abundances (Asplund et al. 2005) are given
in the last column. At.N. gives the Atomic Numbers of the elements. Abundances
obtained from just one line have no error ( - ). The second number in the brackets
is the number of lines used to derive the mean abundance.

A-type stars Solar
At.N. Element UCAC 11104969 CPD-47 6385 HD 123183 HD 123184 Abundances
2 He -0.90(05;3) -1.11
6 C -3.47(-;1) -3.27(13;5) -3.47(-;1) -3.65
8 O -3.40(11;4) -3.28(01;3) -3.38
12 Mg -5.11(32;2) -4.28(02;3) -4.30(16;3) -4.35(16;5) -4.51
13 Al -5.35(-;1) -5.56(-;1) -5.67
14 Si -3.58(-;1) -4.71(24;2) -4.37(19;2) -4.39(10;4) -4.53
16 S -4.20(-;1) -4.90
20 Ca -5.69(17;4) -5.30(09;4) -5.77(-;1) -5.73
21 Sc -9.43(-;1) -8.81(04;3) -9.21(-;1) -8.99
22 Ti -7.48(32;5) -6.85(13;12) -6.51(-;1) -6.88(14;8) -7.14
24 Cr -6.76(15;6) -6.04(09;17) -5.81(01;2) -6.15(13;10) -6.40
25 Mn -6.34(08;3) -5.99(03;2) -6.10(-;1) -6.65
26 Fe -4.62(05;12) -4.38(09;59) -4.37(22;11) -4.29(14;57) -4.59
28 Ni -5.65(65;5) -5.55(30;2) -5.81
38 Sr -9.34(-;1) -9.12
39 Y -8.64(03;2) -9.83
56 Ba -8.55(-;1) -8.17(11;2) -9.87

Teff 7050 9350 10900 10900
log g 4.00 4.12 4.05 4.25
υmic 1.4 1.6 0.0 0.0
υ sin i 260 55 275 65
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Table 4.7: Abundances (log(NX/Ntot)) of the analysed non cluster member stars
with the estimated internal errors in units of 0.01 dex, in parenthesis. For compari-
son, the solar abundances (Asplund et al. 2005) are given in the last column. At.N.
gives the Atomic Numbers of the elements. Abundances obtained from just one
line have no error ( - ). The second number in the brackets is the number of lines
used to derive the mean abundance.
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Table 4.8: As for Table 4.7, but for other stars not member of NGC 5460.
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Table 4.9: log L/L�, logTeff , M/M� and fractional age (τ) with associated error bars
for the analysed stars of the NGC 5460 open cluster. The last column denotes the
spectroscopic binary stars for which log L/L�, M/M� and tau should not be taken
into consideration.

Star log L/L� Sp.Type logTeff M/M� σM/M� τ στ Binarity
name dex
HD 122983 1.88 He-w 4.029 2.76 0.14 0.37 0.15
HD 123097 2.25 B9V 4.079 3.40 0.17 0.67 0.27
HD 123182 1.89 He-w 4.033 2.80 0.14 0.38 0.16
HD 123183 1.80 A0 4.037 2.73 0.14 0.36 0.15
HD 123184 2.06 A0 4.037 3.02 0.21 0.48 0.19
HD 123201B 2.10 B8 4.068 3.17 0.16 0.55 0.22
HD 123202 2.33 B9V 4.057 3.45 0.24 0.70 0.28
HD 123225A 2.44 HgMn 4.107 3.80 0.27 0.92 0.37 SB2
HD 123225B 2.11 A 3.903 2.80 0.28 0.38 0.15 SB2
HD 123226 2.35 B8IV 4.093 3.60 0.18 0.79 0.32
HD 123269 2.11 B8V 4.064 3.15 0.16 0.54 0.22
CD-47 8868 1.50 A0 4.017 2.30 0.16 0.22 0.09
CD-47 8869 1.25 A 3.924 1.94 0.14 0.14 0.05
CD-47 8879A 1.63 A 4.041 2.55 0.18 0.29 0.12 SB2
CD-47 8879B 1.46 A 3.929 2.15 0.15 0.18 0.7 SB2
CD-47 8889 1.47 A0 4.013 2.35 0.16 0.23 0.09
CD-47 8905 1.41 A0 3.987 2.20 0.11 0.19 0.08
CPD-47 6379 1.76 A0 4.041 2.71 0.14 0.35 0.14
CPD-47 6385 1.52 A0 3.971 2.27 0.16 0.21 0.09
Cl NGC 5460 BB 338A 0.83 F 3.845 1.52 0.11 0.07 0.03 SB2
Cl NGC 5460 BB 338B 0.83 F 3.845 1.52 0.11 0.07 0.03 SB2
UCAC 11104969 0.72 F 3.848 1.48 0.07 0.06 0.03
UCAC 11105038 0.92 A 3.884 1.66 0.08 0.09 0.04
UCAC 11105106 0.88 A 3.875 1.60 0.08 0.08 0.03
UCAC 11105152A 0.95 A 3.875 1.65 0.12 0.09 0.03 SB2
UCAC 11105152B 0.95 A 3.875 1.65 0.12 0.09 0.03 SB2
UCAC 11105176 1.06 A 3.908 1.78 0.09 0.11 0.04
UCAC 11105213 0.80 A 3.881 1.59 0.08 0.08 0.03
UCAC 11105379 0.88 A 3.886 1.64 0.08 0.08 0.03
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Table 4.10: Basic datas of the observations for the program stars. The SNR per
pixel are calculated at about 5000 Å. The exposure time is in seconds. The HJD
indicate the Heliocentric Julian Date at the middle of the exposure. BS indicates
the the star is a blue straggler.

HD HJD Mv Spectral Instrument Resolution SNR Exp. Remarks
Type Time

72757 2454172.336 8.45 F0 SOPHIE 40 000 190 3600
72846 2454070.737 7.48 A5V SOPHIE 40 000 210 3600
72942 2453746.098 7.48 A3V ESPaDOnS 65 000 350 1600 SB1
74028 2454171.318 7.97 A7V SOPHIE 40 000 185 3600 δSct
73045 2453745.091 6.82 Am ESPaDOnS 65 000 290 2400 SB1
74050 2454170.566 7.91 A6Vn SOPHIE 40 000 160 3600 δSct
74135 2454172.559 8.88 F0 SOPHIE 40 000 120 3600
73174 2453010.574 7.76 Am ELODIE 42 000 120 2700 SB1
73175 2454171.406 8.25 F0Vn SOPHIE 40 000 155 3600 δSct
73345 2454171.363 8.14 A7V SOPHIE 40 000 188 3600 δSct
73430 2453746.125 8.33 A9V ESPaDOnS 65 000 220 1800
73450 2454171.494 8.59 A9V SOPHIE 40 000 185 3600 δSct
73574 2454171.585 7.75 A8V SOPHIE 40 000 170 3600
73575 2453747.116 6.66 F0III ESPaDOnS 65 000 250 2400 δSct
74587 2454172.468 8.51 A5 SOPHIE 40 000 177 3600
74589 2454172.379 8.46 F0 SOPHIE 40 000 200 3600
73618 2453009.612 7.30 Am ELODIE 42 000 160 3600 SB1
74656 2454170.537 8.04 Am SOPHIE 75 000 226 2x3600
73666 2453745.063 6.61 A0V ESPaDOnS 65 000 660 1600 BS
73709 2451611.473 7.68 Am MuSiCoS 35 000 120 2400 SB1
73711 2453010.432 7.51 Am ELODIE 42 000 90 3600 SB1
74718 2454171.538 8.39 A5 SOPHIE 40 000 172 3600
73730 2453745.123 7.99 Am ESPaDOnS 65 000 330 2000
73746 2454172.514 8.72 F0V SOPHIE 40 000 154 3600 δSct
73798 2454172.424 8.48 F0V SOPHIE 40 000 190 3600 δSct
73818 2453012.102 8.69 Am ELODIE 42 000 80 2400 SB1
73993 2454171.450 8.56 F2V SOPHIE 40 000 134 3600 variable
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Table 4.11: Atmospheric parameters for the analysed stars of the Praesepe cluster.
The errors on the fundamental parameters are estimated to be 200 K and 0.2 for
Teff and log g respectively. For υmic the error bar increases with υ sin i approxi-
matively from 0.2 km s−1 to 0.7 km s−1. 〈Bz〉 indicates the Longitudinal Magnetic
Field (measured in Gauss) calculated with the LSD tecnique.

HD Teff log g υmic υ sin i συ sin i υr συr 〈Bz〉
[K] [cgs] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] G

72757 7400 3.60 2.7 179 10 35.8 7.0 -
72846 8040 3.50 2.5 119 6 35.1 7.3 -
72942 8450 3.90 2.4 73 4 39.9 3.4 12 ± 31
73045 7570 4.05 3.6 10 0.5 27.9 0.2 -1 ± 4
73174 8350 4.15 2.9 <5 1 2.9 0.4 -
73175 7660 3.94 2.6 163 9 36.7 5.7 -
73345 7990 3.96 2.6 85 4 34.5 4.4 -
73430 7660 4.02 2.6 73 4 33.7 3.6 1 ± 45
73450 7270 4.20 2.7 138 7 34.5 5.1 -
73574 7660 4.00 2.6 102 4 35.3 4.5 -
73575 7300 2.92 2.7 127 6 33.4 4.5 -215 ± 149
73618 8170 4.00 2.5 47 2 15.1 2.1 -
73666 9380 3.78 1.9 10 0.5 34.1 0.2 6 ± 5
73709 8070 3.78 2.3 10 1 26.7 0.4 -
73711 8020 3.69 2.5 62 3 23.4 3.6 -
73730 8070 3.97 2.6 29 1 36.6 1.5 -12 ± 9
73746 7440 4.08 2.7 95 4 34.2 3.6 -
73798 7330 3.95 2.7 200 11 34.1 5.9 -
73818 7230 3.82 2.8 66 3 22.5 3.6 -
73993 7140 3.92 2.8 240 14 33.6 7.5 -
74028 7750 4.50 2.6 150 9 35.3 7.4 -
74050 7870 3.66 2.6 188 8 36.0 7.8 -
74135 7400 4.00 2.7 100 4 32.5 5.7 -
74587 7500 4.20 2.7 90 4 33.9 4.1 -
74589 7550 4.03 2.7 127 5 34.1 4.7 -
74656 7800 3.99 3.6 25 1 34.1 1.3 -
74718 7600 4.00 2.7 155 7 34.1 5.7 -
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Table 4.12: Abundances (log(NX/Ntot)) of the analysed Am stars and the blue strag-
gler HD 73666 with the estimated internal errors in units of 0.01 dex, in parenthe-
sis. For comparison, the solar abundances (Asplund et al. 2005) are given in the last
column. At.N. gives the Atomic Numbers of the elements. Abundances obtained
from just one line have no error ( - ). Upper limits are denoted by <. The second
number in the brackets is the number of lines used to derive the mean abundance.
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Table 4.13: As Table 4.12 but for the F-type stars.
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Table 4.14: As Table 4.12 but for the A-type stars.
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Table 4.15: log L/L�, logTeff , M/M� and fractional age (τ) with associated error
bars for the analysed stars of the Praesepe cluster. No fractional age is given for
HD 73666 since it is a Blue Straggler.

HD log L/L� Sp.Type logTeff M/M� σM/M� τ στ
dex

72757 1.06 F0 3.869 1.71 0.09 0.43 0.06
72846 1.43 A5V 3.906 2.09 0.15 0.76 0.11
72942 1.41 A4V 3.927 2.16 0.22 0.53 0.15
73045 0.99 Am 3.880 1.67 0.08 0.40 0.06
73175 1.13 F0V 3.884 1.78 0.09 0.48 0.07
73345 1.17 A7V 3.903 1.84 0.13 0.53 0.08
73430 1.10 A7V 3.884 1.76 0.09 0.47 0.07
73450 1.01 A9V 3.862 1.66 0.08 0.39 0.06
73574 1.33 A8V 3.884 1.96 0.10 0.64 0.10
73575 1.78 F0III 3.863 2.33 0.12 1.02 0.15
73618 1.50 Am 3.912 2.16 0.22 0.84 0.13
73666 1.71 A0 3.972 2.46 0.12
73709 1.35 Am 3.907 2.00 0.14 0.68 0.10
73711 1.42 Am 3.904 2.08 0.10 0.75 0.11
73730 1.23 Am 3.907 1.89 0.13 0.58 0.09
73746 0.95 F0V 3.872 1.64 0.08 0.38 0.06
73798 1.05 F0V 3.865 1.70 0.12 0.42 0.06
73818 0.97 Am 3.859 1.63 0.08 0.37 0.06
73993 1.02 F2V 3.854 1.66 0.12 0.39 0.06
74028 1.24 A7V 3.889 1.88 0.09 0.57 0.09
74050 1.26 A6V 3.896 1.91 0.10 0.60 0.09
74135 0.89 F0 3.869 1.60 0.08 0.35 0.05
74587 1.03 A5 3.875 1.71 0.09 0.43 0.06
74589 1.05 F0 3.875 1.70 0.09 0.42 0.06
74656 1.25 Am 3.892 1.89 0.09 0.58 0.09
74718 1.08 A5 3.881 1.74 0.09 0.45 0.07
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Chapter 5

Discussion and conclusions

I obtained low (FLAMES/GIRAFFE), mid (FLAMES/GIRAFFE) and high (FLA-
MES/UVES, ELODIE, SOPHIE, FIES, ESPaDOnS) resolution, high SNR spectra
of stars in the field of view of ten open clusters, approximately uniformly dis-
tributed in logarithmic age. This project is intended to study, for the first time, the
correlation between the element abundances of early-type stars and the stellar evo-
lution state, concentrating in particular on the analysis of the obtained abundances
in the context of diffusion, looking for correlations between the abundances of the
chemical elements and other stellar parameters, such as Teff , υ sin i and stellar mass.

In this thesis I presented the results on an abundance analysis of early-type
stars in NGC 5460 and in the Praesepe open cluster. The whole sample of stars has
similar log g and metallicity, only Teff varies between about 6000 K and 12000 K.
It is important to notice that I am here looking for star to star variations and not
absolute effects, so that the presence of, for example, non-LTE effects (not taken
into account in this analysis) do not influence much the results. Non-LTE effects
are dependent on the fundamental parameters and on the lines adopted to derive
the abundances. As already said, the only difference in fundamental parameters
between the various stars is the effective temperature, thus in a not too wide Teff

range the non-LTE effects associated to each star can be considered of the same
magnitude. A similar consideration is applied to the line selection, since at similar
Teff the lines adopted to derive the element abundances were always almost the
same (see Chapter 3). The fact that the non-LTE effects are approximately of sim-
ilar magnitude for stars in a not too wide Teff range allows to compare the element
abundances of almost each analysed star between each other without the need of
any non-LTE correction.

For this work the knowledge of the cluster membership was of crucial impor-
tance and only recently it is possible to determine it with the necessary accuracy for
a large number of stars in open clusters’ field of view, thanks to several membership
catalogs recently published.

The NGC 5460 open cluster was almost completely unknown on the spectro-
scopic point of view, including the spectral classification of several stars that was
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here assigned for the first time. For the stars observed in NGC 5460 the deter-
mination of the cluster membership was a particularly important and delicate part
of the work, since not enough HIPPARCOS data were available and the cluster
proper motion is similar to the one of the field stars in the same field of view. For
this reason I took into high consideration the photometric membership provided by
Claria et al. (1993). The stars were observed with the FLAMES spectrograph at
the ESO/VLT and for the analysis I selected stars according to the criteria given
in Chapter 4. The analysis was performed in a consistent way, as described in
Chapter 3, extracting fundamental parameters and abundances for each star. The
sample of analysed stars in NGC 5460 consists of three He-weak stars, five B-type
stars, eighteen A-type stars and three F-type stars. The analysis brought also to the
discovery of four new double line spectroscopic binary systems and, maybe, one
single line spectroscopic binary system (HD 123182).

For the stars observed in the Praesepe cluster the determination of the member-
ship was not a difficult task since Praesepe is a well studied cluster with extremely
reliable HIPPARCOS data (van Leeuwen 2007). The selected sample of stars was
finally composed of eight Am stars, 11 A-type stars and eight F-type stars. One
Am star was not considered in the analysis due to a large uncertainty in the Teff

measurement, and HD 73666 was also neglected in the analysis since it is a col-
lisionally formed (Fossati et al. 2009a) blue straggler for which the abundances
cannot be considered as proper of stars with the age of the Praesepe cluster. No
double line spectroscopic binaries were found due to the performed target selec-
tion.

The original approach of this work consists of an homogeneous analysis of two
homogeneous sample of stars that differ mainly in metallicity and age, allowing to
minimise systematic errors that can be introduced comparing results obtained by
different authors and on stars formed in many different environments.

The sample of stars analysed in NGC 5460 covers a wide range in Teff giving
the possibility to look for effects due to different physical processes across the
whole center of the main sequence, from early F- to late B-type stars. The sample
collected in the Praesepe cluster contains a large number of A-type stars, among
which are many Am stars. The collection of several Am stars was then important
for the characterisation of this often forgotten class of chemically peculiar stars.

All these considerations allow to proceed combining the two set of stars anal-
ysed in both clusters. This operation could lead to big systematic errors if per-
formed with field stars, mainly in respect to the comparison of the abundances.
The different metallicity of the two open clusters is an unavoidable bias that can
be minimised. If the abundances of the analysed open cluster stars are normalised
to the abundances of the original cloud from which the cluster was formed, then
it is possible to compare directly the results obtained from the two star’s cluster
samples. In other words the obtained abundances have to be normalised with the
ones obtained from the well mixed G- and late F-type stars, that provide the orig-
inal metallicity of the cluster. For this reason it is extremely important to have in
the sample cool stars, not only for this thesis, but furthermore for the prosecution
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of the project, since the main goal is the characterisation of the abundance evolu-
tion, impossible if systematics, such as the cluster to cluster difference in original
metallicity, are present.

In the following I will discuss the results obtained when the combination of
the two sample of stars is performed. At first I will concentrate on the obtained
distribution of the projected rotational velocity, that is one of the main project
goal as presented in Chapter 1, then I will discuss the results obtained after the
normalisation of the element abundances to the ones obtained from the cool stars
of each of the two samples.

5.1 Distribution of the projected rotational velocity

It is expected that the rotational velocity is increasing with Teff , in particular that
it is rather low (less than about 30 km s−1) for cooler stars up to the early G-type
stars, increasing rapidly (up to about 250 km s−1) in the region where F-type stars
lay (Wilson 1966; Kraft 1967) and increasing then smoothly with increasing tem-
perature (in this region the upper limit for the rotational velocity is given by the
break-up velocity). A complete picture of the rotational velocity distribution along
the main sequence is not yet available.

The consistent analysis of all the stars in the sample allows to explore the dis-
tribution of the projected angular velocity as a function of stellar parameters such
as Teff and mass. Figure 5.1 shows the distribution of the measured stellar υ sin i
for the analysed cluster stars as a function of the effective temperature. This plot
shows a steep increase of the projected rotational velocity around 6000 K, as ex-
pected (Wilson 1966; Kraft 1967) across the G- and F-type stars. The region be-
tween 7000 and 8500 K is better sampled, showing that single early F-type stars are
fast rotators, while SB stars show in general (but not always) low υ sin i values. The
region of the late A-type stars is the best sampled one. The υ sin i distribution in the
Praesepe cluster shows a clear distinction between normal and metallic line stars.
In particular, there are no normal A-type stars with a low υ sin i. In NGC 5460
among the normal A-type stars (not SB) here analysed there are also objects with a
rather low υ sin i, comparable to the one of the Am stars. This could be just a selec-
tion effect due to the inclination of the rotation axis, but there could be also another
more fascinating explanation: the stars in the Praesepe cluster might tend to have
a common inclination of the rotation axis, while for the stars in NGC 5460 the
inclination is more random, leading to the presence of single stars with low υ sin i.
Figure 5.3 shows the number of stars with Teff between 7000 K and 8500 K in υ sin i
bins of 50 km s−1 wide. This plot clearly shows that the stars in NGC 5460 cover
uniformly a large υ sin i range, while the stars observed in the Praesepe open clus-
ter concentrate very much between υ sin i 50 km s−1 and 200 km s−1. The number
of stars here analysed is anyway not large enough to be able to conclude anything
and only with the analysis of the other available open clusters it will be possible to
arrive at solid conclusions.
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Figure 5.1: Distribution of the measured υ sin i value for each analysed star as
a function of the derived Teff . The open symbols denote the stars belonging to
NGC 5460, while the filled symbols indicate the stars of the Praesepe open cluster.
Upside triangles, circles, downside triangles and squares indicate B-, A-, F-type
and chemically peculiar stars respectively. The crosses indicate the non cluster
members.

For early A- and late B-type stars (Teff between 9000 K and 13000 K) the sam-
pling is not so well refined as for the cooler stars of the sample, but it still shows
that the υ sin i distribution is rather wide, with both high and low υ sin i stars. The
three hot He-weak stars present rather low υ sin i, as expected, but there are also
chemically normal slowly rotating stars. In particular at Teff ≥ 9000 K, excluding
SB and He-weak stars, among twelve objects, four have a υ sin i below 80 km s−1

(two well below 50 km s−1), a ratio of one over three. This is a characteristic that
helps to obtain high precision fundamental parameters and abundances, thus a sta-
tistically large enough number of these stars could allow to detect more clearly
small signatures, like the ones that are searched here.

I divided the sample of stars according to their υ sin i value in bins of 50 km s−1

(e.g. from 0 to 49.9, from 50 to 99.9, etc.). In the sample of stars in the following
taken into account, I removed the chemically peculiar stars (expected slow rota-
tors), the SB stars (expected in general slow rotators due the tidal breaking and
consequent synchronisation) that being in general slowly rotating would introduce
systematic errors. Since I want to analyse stars with spectral type between F and
B, I do not take here into account the also the G-type stars. Figure 5.2 shows the
number of stars for each bin.
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Figure 5.2: Number of stars within an interval of 50 km s−1 as a function of υ sin i.
The plot does not take into account chemically peculiar stars, SB stars and G-type
stars.

A similar analysis, but for a much larger number of field stars, was performed
by Abt & Morrel (1995), that for spectral types between F0 and A5 obtained an
unimodal distribution with a υ sin i peak slightly above 150 km s−1. Since the sam-
ple of stars here available is particularly dense in this spectral region I decided to
produce the same plot shown in Fig. 5.2, but taking into account only stars with
spectral types between F0 and A5. The plot is shown in Fig. 5.3.

Figure 5.3 shows a clear peak for υ sin i values between 100 and 150 km s−1,
slightly below the one obtained by Abt & Morrel (1995). It is anyway known that
the analysis performed by Abt & Morrel (1995) tend to overestimate υ sin i for
υ sin i values above 100 km s−1 (Royer et al. 2007). On the basis of the correction
that has to be given to the data presented by Abt & Morrel (1995), the distributions
obtained here and by Abt & Morrel (1995) are in perfect agreement. This is an
important result, given the small sample of stars here analysed compared to the one
of Abt & Morrel (1995) and a very good sign for the prosecution of the project.

Royer et al. (2007) is probably the reference work on this topic. It is based on
υ sin i catalogs described in Abt & Morrel (1995), Royer et al. (2002a), Royer et al.
(2002b) and Abt et al. (2002) of υ sin i measurements of F-, A- and B-type stars.
These sets of υ sin i measurements were obtained with different spectrographs and
methodologies so that a big effort in avoiding systematic errors was given. The re-
sult is a consistent catalog of υ sin i measurements of about 1100 stars with spectral
type between F2 and B9.
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Figure 5.3: Number of stars within an interval of 50 km s−1 as a function of υ sin i
for all the stars with spectral type between F0 and A5 for the whole sample of stars
(black), considering only the stars in NGC 5460 (green) and in Praesepe (blue).
The plot does not take into account chemically peculiar stars, SB stars and G-type
stars.

Royer et al. (2007) obtained the following results: a bimodal character of the
υ sin i distribution for stars with spectral type between A2 and B9, a lack of slow
rotators (υ sin i ≤ 70 km s−1) for spectral types between A9 and A2, a bimodal
distribution in the subgroup of stars with spectral types between F2 and F0 and a
peak in the υ sin i distribution at about 200 km s−1 for all spectral classes.

The bimodal character of the υ sin i distribution for stars with spectral type
between A2 and B9 can somehow be found here as well, in spite of the small
number of stars. Royer et al. (2007) obtained the modes of slow rotators at about
35 km s−1 and 60 km s−1 respectively for the subgroups of stars with spectral type
B9 and A0-A1, while the fast rotation modes at about 190 km s−1 and 200 km s−1.
The B-type stars analysed in this work are actually B8-B9 stars. Figure 5.1 shows
two stars (over five analysed) with a υ sin i around 25 km s−1 and three objects
with υ sin i between about 150 and 300 km s−1, which agrees with the distribution
obtained by Royer et al. (2007). I have anyway to mention that the He line profiles
of the two slowly rotating B-type stars, HD 123201B and HD 123184, revealed
that probably these two objects are actually fast rotators seen pole on. The bimodal
distribution obtained for the stars of spectral types A0-A1 is not found in this work,
but the sample of stars is very small.

The lack of slow rotators at spectral types between A9 and A2 is difficult to
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characterise here since the sample is not dense in this region. Anyway the presence
of three objects (on about fifteen) with υ sin i ≤ 70 km s−1 has to be mentioned.
Also the bimodal distribution for stars of spectral type between F2 and F0 is not
here seen.

The peak in the υ sin i distribution obtained by Royer et al. (2007) at about
200 km s−1 is not clearly obtained here. Figure 5.1 would suggest a peak more at
υ sin i about 150 km s−1, but again the sample here shown is much smaller than the
one presented by Royer et al. (2007).

Systematic errors could be introduced by the geometry of the star, in particu-
lar when fast rotators are seen pole-on, since for these objects there is a general
underestimation of the υ sin i and an overestimation of Teff . The analysis here per-
formed will allow to detect these objects (see e.g. HD 123201B and HD 123184 in
NGC 5460) and possibly remove or treat them in such a way to minimise system-
atic effects that they could introduce.

There is anyway the possibility of a common orientation of the inclination axes
for stars in the same open cluster. This effect is very difficult to discover since
inclination axes can be measured almost only with interferometry or for magnetic
stars or for binary stars. Nobody before has ever explored this intriguing effect and
the analysis here shown could give the possibility to discover it, if a clear lack of
fast or slow rotators is present for a whole sample of stars in a single cluster.

5.2 Diffusion at work

The sample of stars collected for each of the two analysed open clusters differs in
respect to the range of the main sequence that is studied (from early G- to late B-
type stars for NGC 5460, for early F- and late A-type stars for the Praesepe cluster)
and of the chemical peculiarities that are analysed (mainly chemically ”normal”
stars in NGC 5460 and Am stars in the Praesepe cluster). It is very important to
remember here that the two sample of stars are completely homogeneous in respect
of both the adopted instrumentation (see Chapter 2) and the performed analysis (see
Chapter 3). In Sect. 5.2.1 and Sect. 5.2.2 I summarise the results obtained for each
of the two clusters, leaving to Sect. 5.2.3 the discussion of the combined analysis.

5.2.1 NGC 5460

The measurement of the radial velocity of several stars member of NGC 5460
allowed me to derive a reliable mean cluster υr of -17.9 ± 5.2 km s−1. This value
is in good agreement with what previously published by (Kharchenko et al. 2005,
-12.70 ± 2.18 km s−1,) on the basis of the υr measurement of only three cluster
member stars.

I derived the metallicity of NGC 5460 from the late A-type stars and the only
F-type star for which a complete abundance analysis was possible. For the deriva-
tion of the metallicity it was not possible to use the G-type stars because they were
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not cluster members. The resultant metallicity is Z = 0.014±0.003 dex. The cluster
metallicity was here derived for the first time. Several authors derived the cluster
age (log t = 8.20 ± 0.20), assuming a solar cluster metallicity, from fitting of the-
oretical isochrones on the photometrically derived main sequence. Therefore the
conclusion that NGC 5460 has a solar metallicity confirms that the previous age
determinations were correct.

For each star of the sample I derived photometrically log L/L�, from the V
magnitudes provided by Claria et al. (1993) and, adopting the Teff values derived
for the abundance analysis, built the Hertzsprung-Russell (HR) diagram of the clus-
ter.

I plotted the abundances of the elements analysed in most of the stars of the
sample as a function of Teff and υ sin i. For some elements, such as Mg and Fe,
I obtained trends between abundance and Teff , while no trends were found with
υ sin i, except for Ba. In particular the abundance increases up to a Teff value of
about 10500 K to rapidly decrease with increasing effective temperatures. I looked
for the presence of such abundance trend in literature and I obtained that the in-
crease of the iron abundance with increasing effective temperature is actually ob-
tained also with results by Erspamer & North (2003) who analysed a large sample
of F- and A-type stars. Their data do not cover anyway the region were I obtained
the abundance drop, so that there is not the possibility to check the presence of this
phenomenon.

There is the possibility that these trends are real effects due to diffusion in
chemically normal stars, known to be effective at least up to υ sin i values of about
125 km s−1 (Hempel & Holweger 2003; Turcotte & Charbonneau 1993). There is
as well the possibility that at least for the iron abundance of the cool stars of the
sample the abundance increase with Teff is due to non-LTE effects (Rentzsch-Holm
1996).

I derived M/M� and fractional age (τ) for each of the stars of the sample and
plotted the abundances as a function of M/M�. Here I obtained the same trend
obtained with Teff . This is anyway not surprising due to the correlation between
stellar mass and effective temperature.

The three stars observed with FORS1 by Bagnulo et al. (2006) are actually not
magnetic chemically peculiar stars. Bagnulo et al. (2006) obtained only marginal
or not magnetic field detection for all of them.

For two of the three He-weak stars it was not possible to clearly say if they are
for example hot Am or cool HgMn stars, while for the third object, HD 123225,
it was possible to perform a detailed abundance analysis that led to the conclusion
that this star is a HgMn star. This is also the primary component of an SB2 system
where the secondary appears to be an A-type star with solar abundances. Anyway
this secondary star is itself a very slowly rotating star, so that there is the possibility
that it is itself a chemically peculiar stars, precisely an Am star. It would be of great
interest to obtain time resolved high resolution spectra to be able to disentangle
the spectra to perform a detailed analysis also of the secondary star. A system
composed by a HgMn star and an Am star in an open cluster would be of great
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help for further observational constraints to diffusion models.

5.2.2 Praesepe

The A- and F-type stars show a similar abundance pattern, close to solar, while the
Am stars show the typical Am peculiarities: underabundance of C, N, O Ca, Sc
and overabundance of the Fe-peak elements and of the rare earths. The abundance
scatter of the Am stars is higher than for the normal stars and, between A- and
F-type stars, the F-stars show the smaller scatter, as expected.

I turned my attention to the Li abundance of the sample, obtaining results com-
parable to those of (Burkhart & Coupry 1995), in open clusters, and North et al.
(2007), for field stars.

Some stars of the sample were observed in circular polarisation and the LSD
technique was adopted to measure the longitudinal magnetic field. No significant
magnetic field signature was found applying the LSD technique to the Am stars,
which were observed with ESPaDOnS and MuSiCoS. This leads to the conclusion
that peculiar abundances and slow rotation of the Praesepe Am stars cannot be
explained by the presence of a magnetic field. But since about all of them are SBs
I can conclude that slow rotation, induced by binarity, can lead to the Am chemical
peculiarities.

I derived the metallicity of the cluster from the F-type stars of the sample,
omitting HD 73575 which is already on the TAMS. The resultant metallicity is Z =

0.015±0.002 dex. To be able to compare this metallicity ([Fe/H] = 0.11±0.03) with
that used by other authors I derived Z with the approximation given in Chapter 4
that corresponds to Z = 0.024±0.002 dex, assuming Z� = 0.019 dex. This result is
in agreement with previous metallicity determinations from abundance analysis of
G-type stars by An et al. (2007).

For each star of the sample I derived photometrically log L/L� and, adopting
the Teff values derived for the abundance analysis, built the Hertzsprung-Russell
(HR) diagram of the cluster around the turn-off point. I then fit isochrones by
Girardi et al. (2002) to the HR diagram to derive age and metallicity (log t =

8.77±0.1 dex; Z = 0.030±0.007 dex). This result is in agreement with that obtained
by An et al. (2007) fitting YREC isochrones to a photometrically derived main se-
quence of the cluster. I confirm the discrepancy in metallicity found by An et al.
(2007). Within the errors, my age determination agrees with earlier determinations
in the literature (log t = 8.85±0.15, González-Garcı́a et al. 2006).

I plotted the abundances of the elements analysed in most of the stars of the
sample as a function of Teff and υ sin i. I did not find any clear abundance trend
with respect to Teff and υ sin i for the A- and F-type stars. However, I found several
trends between abundances and υ sin i for Am stars. Correlations are present for the
elements that characterise the Am peculiarities. Only Sc and Ti do not show this
trend. With increasing υ sin i the peculiarities tend to weaken, and the abundances
approach the mean of the other A- and F-type stars. This is the first real observa-
tional evidence of a direct connection between abundance anomalies or diffusion
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processes and rotational velocity in Am stars.
The trends obtained in this work are in disagreement with those predicted by

Charbonneau & Michaud (1991), as according to their models meridional circula-
tion does not affect abundance peculiarities. Recently Richer et al. (2000) and later
Talon et al. (2006) calculated diffusion models with a more accurate treatment of
the rotational mixing. Their predicted abundances for stars with various rotational
velocities are qualitatively in agreement with observed properties of the sample of
Am stars. Detailed models, with a full treatment of diffusion and rotational mixing,
calculated individually for each Am star of this sample, would be necessary for a
more substantial comparison between models and observed abundances.

I derived M/M� and fractional age (τ) for each of the stars of the sample and
plotted the abundances as a function of M/M�. No correlation was found for any
of the three spectral groups considered here, as predicted by Richer et al. (2000).

I searched for correlations between abundances of the elements analysed in
most of the stars and the Fe abundance. For normal A- and F-type stars I did not
find any correlation, while for Am stars strong correlations are obtained for all
the peculiar elements. The behavior of the abundances of the elements which are
peculiar in Am stars, as a function of the Fe abundance, is the same as that found
for υ sin i. I conclude that there is a strong connection between the correlations
among the abundances, with the correlations of abundances with υ sin i. This is
anyway expected since Fe is a peculiarity indicator for Am stars.

For this sample of Am stars I compared the obtained abundances with the pre-
dictions of diffusion models by Richer et al. (2000). I obtained an excellent agree-
ment, within the errors, with the predictions for almost all the common elements.
Only Na and probably S show a clear discrepancy from the theoretical abundances.
Unfortunately, my Na and S abundances do not take into account non-LTE effects
that would bring the abundances closer to the predictions (Kamp et al. 2001). A
non-LTE abundance determination should be performed, at least for few Am stars,
in order to confirm the abundance predictions of these two elements. Richer et al.
(2000) did not analyse Sc because it is not present in the OPAL opacity database.
Model predictions for this element and for heavy elements are especially important
and should be performed.

These results indicate that radiative diffusion, combined with turbulent mixing,
can account for most of the chemical peculiarities found in Am stars. More abun-
dance determinations on cluster stars with a variety of ages will help to constrain
the physical processes at work in Am stars.

5.2.3 Combined analysis of the two samples of open clusters, and fu-
ture work

The merging of the results of the two samples of cluster stars has to be performed
taking into account the different original metallicity of the two open clusters. The
best way would be to obtain the abundance of the maximum number of elements
from the G-type stars member of each cluster and then normalise the abundances
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obtained for the early-type stars on the basis of the ones of the G-type stars.
Unfortunately I do not have spectra of G-type stars member of the two open

clusters, so that I assumed that the original metallicity of the cluster is given by
the early F- and late A-type stars. A confirmation of the possibility to adopt these
abundances as original cluster abundances in first approximation is given by the
results obtained for the metallicity of the Praesepe cluster. In this cluster the Fe
abundance obtained from the early F-type stars is in perfect agreement with the Fe
abundance derived from spectra of G-type stars and published by An et al. (2007).

From Fig. 5.4 to Fig. 5.12 I show the abundances relative to the original cluster
metallicity for the most analysed elements: C, Mg, Si, Ca, Sc, Ti, Cr, Fe and Ba.
The assumed original cluster metallicity relative to the sun for each mentioned
elements for NGC 5460 is: 0.23, -0.33, 0.35, -0.09, -0.17, -0.09, -0.12, -0.18,
0.58 respectively. While for the Praesepe cluster stars the assumed original cluster
metallicity is: 0.26, 0.06, 0.29, 0.20, 0.17, 0.19, 0.02, 0.11, 0.54 respectively.
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Figure 5.4: Carbon abundances of the analysed stars as a function of the derived
Teff . The open symbols denote the stars belonging to NGC 5460, while the closed
symbols indicate the stars analysed in the Praesepe open cluster. Upside triangles,
circles, downside triangles and squares indicate B-, A-, F-type and chemically pe-
culiar stars respectively. The crosses indicate the non cluster members. The abun-
dances of the stars member of the NGC 5460 open cluster were normalised to the
original cluster metallicity of 0.23, while for the Praesepe cluster the normalisation
was of 0.26.

The abundance trends with Teff visible from Fig. 5.4 to Fig. 5.12 are very sim-
ilar to the ones shown for the results obtained for NGC 5460, since the Praesepe
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Figure 5.5: Same as Fig. 5.4, but for magnesium. The abundances were normalised
to -0.33 and 0.06 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.

stars contribute only to the cool side of the plots.
To be able to give observational constraints to diffusion models in respect of

the abundance evolution with time it will be useful to subdivide the sample in mass
bins. At this stage of the analysis it is not necessary since the comparison between
the abundances of clusters with different age could be performed only with two
clusters and for one mass bin (M/M� ≤ 2).

Figures from 5.4 to 5.12 show that the abundances of the cool stars of the two
samples scatter around zero, since I normalised all the abundances to the mean
abundance of these objects. The performed abundance normalisation has advan-
tages and disadvantages. The clear advantage is that the normalisation is based on
abundances that were obtained consistently for all the open clusters and for all the
stars in each open cluster. In this way it is possible to minimise possible systematic
errors introduced by a normalisation based on abundances obtained with different
instruments, methodology, atomic parameters, etc. On the other hand the disad-
vantage is that it is not possible to explore the abundance evolution for the cool
stars (F- and late A-type stars). For this reason it will be extremely important for
the prosecution of the project to obtain high resolution spectra of cluster member
late type stars for each analysed cluster and to analyse them with the same method-
ology adopted up to now. In this way the normalisation will be really effective to
search the kind of effects for which the project is intended.

Clearly the analysis limited to only two open clusters prevents to obtain any
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Figure 5.6: Same as Fig. 5.4, but for silicon. The abundances were normalised to
0.35 and 0.29 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.

result regarding the abundance evolution with age, but here I show the path to
follow for the future analysis.
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Figure 5.7: Same as Fig. 5.4, but for calcium. The abundances were normalised to
-0.09 and 0.20 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Figure 5.8: Same as Fig. 5.4, but for scandium. The abundances were normalised
to -0.17 and 0.17 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Figure 5.9: Same as Fig. 5.4, but for titanium. The abundances were normalised to
-0.09 and 0.19 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Figure 5.10: Same as Fig. 5.4, but for chromium. The abundances were normalised
to -0.12 and 0.02 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Figure 5.11: Same as Fig. 5.4, but for iron. The abundances were normalised to
-0.18 and 0.11 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Figure 5.12: Same as Fig. 5.4, but for barium. The abundances were normalised
to 0.58 and 0.54 for stars belonging to NGC 5460 and the Praesepe cluster respec-
tively.
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Dias, W. S., Assafin, M., Flório, V., Alessi, B. S., & Lı́bero, V. 2006, A&A, 446,
949

Donati, J.-F., Semel, M., Carter, B. D., Rees, D. E., & Collier Cameron, A. 1997,
MNRAS, 291, 658

Donati, J.-F., Catala, C., Wade, G. A., et al. 1999, A&AS, 134, 149

Erspamer, D., & North, P. 2003, A&A, 398, 1121

Folsom, C. P., Wade, G. A, Bagnulo, S., & Landstreet, J. D. 2007, MNRAS, 376,
361

Fossati, L., Bagnulo, S., Monier, R., et al. 2007, A&A, 476, 911

Fossati, L., Bagnulo, S., Landstreet, J, et al. 2008, A&A, 483, 891

Fossati, L., Kolenberg, K., Reegen, P. & Weiss, W. 2008, A&A, 485, 257

Fossati, L., Mochnacki, S., Landstreet, J., Weiss, W. 2009, A&A, submitted

Fossati, L., Ryabchikova, T., Bagnulo, S., et al. 2009, A&A, in press

Fuhrmann, K., Pfeiffer, M., Frank, C., Reetz, J. & Gehren, T. 1997, A&A, 323,
909

Gebran, M. & Monier, R. 2005, Memorie della Societa Astronomica Italiana Sup-
plement, 8, 200

Gebran, M. & Monier, R. 2008, A&A, 483, 567

Girardi, L., Bertelli, G., Bressan, A., et al. 2002, A&A, 391, 195

Glebocki, R., & Stawikowski, A. 2000, Acta Astronomica, 50, 509



130 BIBLIOGRAPHY
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ABSTRACT

Aims. We aim to provide observational constraints on diffusion models that predict peculiar chemical abundances in the atmospheres
of Am stars. We also intend to check if chemical peculiarities and slow rotation can be explained by the presence of a weak magnetic
field.
Methods. We have obtained high resolution, high signal-to-noise ratio spectra of eight previously-classified Am stars, two normal
A-type stars and one Blue Straggler, considered to be members of the Praesepe cluster. For all of these stars we have determined
fundamental parameters and photospheric abundances for a large number of chemical elements, with a higher precision than was
ever obtained before for this cluster. For seven of these stars we also obtained spectra in circular polarization and applied the LSD
technique to constrain the longitudinal magnetic field.
Results. No magnetic field was detected in any of the analysed stars. HD 73666, a Blue Straggler previously considered as an Ap (Si)
star, turns out to have the abundances of a normal A-type star. Am classification is not confirmed for HD 72942. For HD 73709 we
have also calculated synthetic ∆a photometry that is in good agreement with the observations. There is a generally good agreement
between abundance predictions of diffusion models and values that we have obtained for the remaining Am stars. However, the
observed Na and S abundances deviate from the predictions by 0.6 dex and ≥0.25 dex respectively. Li appears to be overabundant in
three stars of our sample.

Key words. stars: abundances – stars: atmospheres – stars: fundamental parameters – stars: chemically peculiar

1. Introduction

Main sequence A-type stars present spectral peculiarities, usu-
ally interpreted as due to peculiar photospheric abundances and
abundance distributions which are believed to be produced by
the interaction of a large variety of physical processes (e.g. dif-
fusion, magnetic field, pulsation and various kinds of mixing
processes).

An interesting problem that has yet to be addressed is how
these peculiarities change during main sequence evolution. The
chemical composition of field A-type stars have been studied
by several authors, e.g. Hill & Landstreet (1993), Adelman
et al. (2000). However, it is not straightforward to use the re-
sults of these investigations to study how photospheric chem-
istry evolves during a star’s main sequence life. First, the

� Figures 13–22 and Table 4 are only available in electronic form at
http://www.aanda.org

original composition of the cloud from which stars were born
is not known and is likely somewhat different for each field star.
It is therefore not possible to discriminate between evolution-
ary effects and differences due to original chemical composition.
Secondly, it is difficult to estimate the age of field stars with the
precision necessary for such evolutionary studies (for a discus-
sion of this problem see Bagnulo et al. 2006).

From this point of view, A-type stars belonging to open
clusters are much more interesting objects. Compared to field
stars, A-type stars in open clusters have three very interesting
properties:

– they were all presumably born from the interstellar gas with
an approximately uniform composition;

– they all have approximately the same age (to within a
few Myr);

– their age can be determined much more precisely than for
field stars.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20078320
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Few abundance analyses of A-type stars in open clusters have
been carried out. Those that have been published have usually
focused on a limited numbers of stars.

Varenne & Monier (1999) have determined the abundances
of eleven chemical elements for a large sample of stars regularly
distributed in spectral type along the main sequence in order to
sample the expected masses uniformly. All these stars were anal-
ysed in a uniform manner using spectrum synthesis. Stütz et al.
(2006) have performed a detailed abundance analysis for five
A-type stars of the young open cluster IC 2391. Folsom et al.
(2007) have performed a detailed abundance analysis for four
Ap/Bp stars and one normal late B-type star of the open cluster
NGC 6475.

A goal of this programme is to determine photospheric abun-
dance patterns in A-type star members of clusters of different
ages. This is crucial in order to: i) investigate the chemical differ-
ences between normal and peculiar stars inside the same cluster,
ii) study the evolution with time of abundance peculiarities by
studying clusters of various ages, iii) set constraints on the hy-
drodynamical processes occurring at the base of the convection
zone in the non magnetic stars and iv) study the effects of dif-
fusion in the presence of a magnetic field for the magnetic (Ap)
stars in the cluster. The abundance analysis will be performed in
an homogeneous way applying a method described in this first
work.

Praesepe (NGC 2632), a nearby intermediate-age open clus-
ter (log t = 8.85 ± 0.15, González-García et al. 2006), is an es-
pecially interesting target because it includes a large number of
A-type stars, among which are many Am stars. Furthermore, be-
cause the cluster is relatively close to the sun (d = 180 ± 10 pc,
Robichon et al. 1999), many of the member A-type stars are
bright enough to allow us to obtain high resolution spectra with
intermediate class telescopes.

We dedicate this first paper to the Am stars of the Praesepe
cluster, searching for magnetic fields in these objects and dis-
cussing the differences between “normal”1 A-type stars and
Am stars in the cluster.

We also compare our results with previous works and with
theoretical chemical evolution models. In particular we take into
account diffusion models by Richer et al. (2000). We want to
provide observational constraints to the theory of the evolution
of the abundances in normal and chemically peculiar stars. Our
detailed abundance analysis could provide information about the
turbulence occurring in the outer stellar regions in Am stars with
well determined age. In particular, our analysis can give con-
straints to define the depth of the zone mixed by turbulence,
since it is the only parameter characterising turbulence (Richer
et al. 2000). A systematic abundance analysis of normal and pe-
culiar stars in clusters could provide information on the origin
of the mixing process and show if only turbulence is needed to
explain abundance anomalies, or if other hydrodynamical pro-
cesses occur.

We tackle this problem using new and more precise new-
generation spectrographs providing a wider wavelength cover-
age together with newer analysis codes and procedures (e.g.
Least-Squares Deconvolution and synthetic line profile fitting in-
stead of equivalent width measurements).

The observed stars, the instruments employed and the target
selection are described in Sect. 2. The data reduction and a dis-
cussion of the continuum normalisation are provided in Sect. 2.3.
In Sects. 3 and 4 we describe the models and the procedure used

1 We consider as “normal” A-type stars all the A-type stars that are
classified neither as Am nor Ap.

to perform the abundance analysis. Our results are summarised
in Sect. 5. Discussion and conclusions are given in Sects. 6 and 7
respectively.

2. Observations and data reduction

2.1. Instruments

We observed six stars of the Praesepe cluster using the
ESPaDOnS (Echelle SpectroPolarimetric Device for Observa-
tions of Stars) spectropolarimeter at the Canada-France-Hawaii
Telescope (CFHT) from January 8th to 10th 2006. Spectra were
acquired in circular polarisation.

Spectra of an additional four stars were obtained with the
ELODIE spectrograph at the Observatoire de Haute Provence
(OHP) from January 4th to 6th 2004.

An additional circular polarisation spectrum of HD 73709
was obtained with the MuSiCoS spectropolarimeter at the 2-m
Bernard Lyot Telescope (TBL) of the Pic du Midi Observatory
on 7 March 2000. The magnetic field derived form this observa-
tion has been discussed by Shorlin et al. (2002).

2.1.1. ESPaDOnS

ESPaDOnS consists of a table-top cross-dispersed echelle
spectrograph fed via a double optical fiber directly from a
Cassegrain-mounted polarization analysis module. In “polari-
metric” mode, the instrument can acquire a Stokes V,Q or U stel-
lar spectrum throughout the spectral range 3700 to 10 400 Å
with a resolving power of about 65 000. A complete polarimet-
ric observation consists of a sequence of 4 sub-exposures, be-
tween which the retarder is rotated by ±90 degrees (Donati et al.
1997; Wade et al. 2000). In addition to the stellar exposures, a
single bias spectrum and ThAr wavelength calibration spectrum,
as well as a series of flat-field exposures, were obtained at the
beginning and end of each night.

2.1.2. ELODIE

ELODIE is a cross-dispersed echelle spectrograph at the 1.93-m
telescope at the OHP observatory. Light from the Cassegrain fo-
cus is fed into the spectrograph through a pair of optical fibers.
Two focal-plane apertures are available (both 2 arcsec wide),
one of which is used for starlight and the other can be used for
either the sky background or the wavelength calibration lamp,
but can also be masked. The spectra cover a 3000 Å wavelength
range (3850−6800 Å) with a mean spectral resolution of 42 000.
ELODIE was decommissioned in mid-August 2006.

2.1.3. MuSiCoS

MuSiCoS, like ESPaDOnS, consists of a table-top cross-
dispersed echelle spectrograph fed via a double optical fiber
directly from a Cassegrain-mounted polarization analysis mod-
ule. MuSiCoS provides a Stokes V , Q or U stellar spectrum
from 4500 to 6600 Å with a mean resolving power of 35 000. A
more detailed description of the instrument and of the observing
procedures are reported by Donati et al. (1999). MuSiCoSwas
decomissioned in December 2006.
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Table 1. Basic datas of the observations for the program stars.

HD RA Dec HJD Mv Spectral type Instrument Resolution SNR Exp. time Remarks

73430 08 39 03.585 +19 59 59.08 2 2 453 746.125 8.33 A9V ESPaDOnS 65 000 220 1800
73575 08 39 42.6548 +19 46 42.440 1 2 453 747.116 6.66 F0III ESPaDOnS 65 000 250 2400 δSct variable
73666 08 40 11.4528 +19 58 16.073 1 2 453 745.063 6.61 Ap(Si) ESPaDOnS 65 000 660 1600 SB1, Blue Straggler
72942 08 36 17.4422 +20 20 29.421 1 2 453 746.098 7.48 Am ESPaDOnS 65 000 350 1600 SB?
73045 08 36 48.0033 +18 52 58.111 1 2 453 745.091 6.82 Am ESPaDOnS 65 000 290 2400 SB1
73730 08 40 23.466 +19 50 05.91 2 2 453 745.123 7.99 Am ESPaDOnS 65 000 330 2000
73618 08 39 56.496 +19 33 10.76 2 2 453 009.612 7.30 Am ELODIE 42 000 160 3600 SB1
73174 08 37 36.995 +19 43 58.48 2 2 453 010.574 7.76 Am ELODIE 42 000 120 2700 SB1, triple system
73711 08 40 18.099 +19 31 55.17 2 2 453 010.432 7.51 Am ELODIE 42 000 90 3600 SB1
73818 08 40 56.935 +19 56 05.47 2 2 453 012.102 8.69 Am ELODIE 42 000 80 2400 SB1
73709 08 40 20.748 +19 41 12.24 2 2 451 611.473 7.68 Am MuSiCoS 35 000 120 2400 SB1, quadruple system

1 Positions from Perryman et al. (1997); 2: positions from Hog et al. (1998). The SNR are calculated at ∼5000 Å in a bin of 0.5 Å. The exposure
time is in seconds. With the ESPaDOnS and MuSiCoS instruments we obtained Stokes I and V spectra, which allowed us to attempt magnetic
field detection. With ELODIE we obtained Stokes I spectra only. The HJD indicate the Heliocentric Julian Date at the middle of the exposure.

2.2. Target selection

The target selection for the run with the ESPaDOnS spectro-
graph was performed taking into account previously-published
peculiar spectral classifications of the stars, together with their
υ sin i (if any), giving priority to slowly-rotating stars. Data con-
cerning stars of the cluster were collected from the WEBDA
database2 (Mermillod & Paunzen 2003) and the SIMBAD
database, operated at CDS, Strasbourg, France.

The stars observed with the ELODIE spectrograph were the
bright stars included in the analysis provided by Burkhart &
Coupry (1998), to allow a comparison with their work.

The star observed with MuSiCoS was analysed by Shorlin
et al. (2002), with the LSD technique, to measure the magnetic
field strength.

Four stars of the sample were accepted as cluster mem-
bers by the HIPPARCOS survey (Robichon et al. 1999) whereas
the others have been confirmed as members by different stud-
ies, such as those by Kharchenko et al. (2004) and Wang et al.
(1995).

The complete sample of stars observed and analysed in this
paper is listed in Table 1. Seven of the stars are spectroscopic bi-
naries and one is a δ Scuti star. Of the eleven stars observed, eight
were previously classified as Am stars, two as normal A-type
stars and one as an Ap (Si) star.

2.3. Data reduction

The ESPaDOnS spectra were reduced using the Libre-ESpRIT
package3.

The ELODIE spectra were automatically reduced by a stan-
dard data reduction pipeline described by Baranne et al. (1996).

The MuSiCoS spectrum was reduced according to the pro-
cedure described by Wade et al. (2000) and Shorlin et al. (2002).

The sample of stars includes objects with a high υ sin i (up
to �130 km s−1) for which the continuum normalisation is a crit-
ical reduction procedure. For this reason, all of the spectra were
normalised without the use of any automatic continuum fitting
procedure. We considered the single echelle orders of the spec-
tra, which were normalised and then merged. It was not possible
to determine a correct continuum level short wards of the Hγ line

2 http://www.univie.ac.at/webda
3 www.ast.obs-mip.fr/projets/espadons/espadons.html –

see also Donati et al. (1997).

(4340.462 Å), as there were not enough continuum windows in
the spectrum at these shorten wavelengths.

3. Calculation of model atmospheres

Model atmospheres were calculated with the LTE code
LLmodels (version 8.4), which uses direct sampling of the line
opacity (Shulyak et al. 2004), and allows the computation of
model atmospheres with individualised (not scaled solar) abun-
dance patterns. This allows us to compute self-consistent model
atmospheres that match the actual abundances of chemically pe-
culiar stars and to thereby minimise systematic errors (Khan &
Shulyak 2007).

We used the VALD database (Piskunov et al. 1995; Kupka
et al. 1999; Ryabchikova et al. 1999) as a source of spectral
line data, including lines that originate from predicted levels. We
then performed a preselection procedure to eliminate those lines
that do not contribute significantly to the line opacity. For this
procedure we utilised model atmospheres calculated by atlas9
(Kurucz 1993a) with fundamental parameters corresponding to
each star in our sample. Because at this stage of the analysis we
did not know the photospheric abundances of the sample stars,
we employed the Opacity Distribution Function (ODF) tables for
solar abundances (Kurucz 1993b). The line selection criterion
required that the line-to-continuum opacity ratio at the center of
each line, at any atmospheric depth, be greater than 0.05%.

To compute atmosphere models with individual abundance
patterns, we used an iterative procedure. The initial model at-
mosphere was calculated with the solar abundances taken from
Asplund et al. (2005). Then, these abundances were modified ac-
cording to the results of spectroscopic analysis, and a final model
atmosphere was iterated.

A logarithmic Rosseland optical depth scale log τross was
adopted as an independent variable of atmospheric depth span-
ning from +2 to −6.875 and subdivided into 72 layers. Opacities
were sampled with a 0.1 Å wavelength step. Since a posteri-
ori we found no magnetic field in the atmospheres of our stars
(Sect. 6.1), the excess line blanketing due to a magnetic field
(Kochukhov et al. 2005; Khan & Shulyak 2006a,b) was ne-
glected. The value of the microturbulence velocity υmic was
adopted according to the results of the spectroscopic analysis
(Sect. 4.2).

Convection was treated according to the CM approach
(Canuto & Mazzitelli 1992). It has been argued that CM should
be preferred over the MLT approach (Kupka 1996). For example,
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Smalley & Kupka (1997) showed that the CM models give re-
sults that are generally superior to standard MLT (α = 1.25)
models. Furthermore, to calculate a part of the NEMO model
atmosphere grid, Heiter et al. (2002) adopted the free parameter
α = 0.5 for the MLT approach as it produced results quite sim-
ilar to those of the CM method. Consequently, we have taken
convection (CM approach) into account for the whole set of cal-
culations to ensure correct modelling for lower effective temper-
atures, as many of the stars analysed in this paper have effec-
tive temperatures below 9000 K. To test the importance of the
convection treatment on the abundance analysis, as applied to
this sample of stars, we performed several numerical tests using
model atmospheres calculated with no convection treatment at
all. The results revealed differences of about 0.005 dex, clearly
within the errors associated with the analysis.

4. Spectral analysis

4.1. High precision search for magnetic field

One of the main goals of our analysis is to search for weak
magnetic fields in the Am stars of Praesepe, and to check if
the Ap (Si) star HD 73666 has one, since many Ap stars show
a strong magnetic field. For these reasons, we observed some
Am stars and HD 73666 with the ESPaDOnS spectrograph that
provides the opportunity to obtain high resolution spectra in cir-
cular polarization. To detect the presence of a magnetic field
and to infer the longitudinal magnetic field we used the Least-
Squares Deconvolution technique (hereafter LSD). LSD is a
cross-correlation technique developed for the detection and mea-
surement of weak polarization signatures in stellar spectral lines.
The method is described in detail by Donati et al. (1997) and
Wade et al. (2000).

4.2. Atmosphere fundamental parameters

The initial values of the effective temperature (Teff), surface
gravity (log g) and metallicity of our sample of stars were es-
timated via Strömgren photometry (Hauck & Mermilliod 1998).

The initial value of the microturbulence velocity (υmic) was
determined using the following relation (Pace et al. 2006):

υmic = −4.7 log (Teff) + 20.9 km s−1. (1)

The uncertainties associated with Teff , log g and υmic determined
photometrically and from Eq. (1) are quite large (about 300 K
in Teff and 0.25 in log g, due to uncertainties in the photometric
measurements and intrinsic scatter in the calibrations). We have
adjusted these parameters spectroscopically to get more accurate
values for an abundance analysis.

The best value of the effective temperature was estimated
using the abundance-χexcit correlation, calculated fitting the
abundances of different selected lines of an element, in the
abundance-excitation potential plane. This correlation is sen-
sitive to effective temperature variations. This property allows
us to determine the best value of the effective temperature,
which we derived by eliminating the abundance-χexcit correla-
tion. For this step, the abundances were calculated using a mod-
ified version (Tsymbal 1996) of the WIDTH9 code (Kurucz
1993a), using equivalenth widths for the more slowly-rotating
stars (υ sin i< 30 km s−1), and by fitting line cores (as described
in Sect. 4.3) for the rapid rotators.

In a similar way, the best value for log g was found by elimi-
nating any systematic difference in abundance derived from dif-
ferent ionisation stages of the same chemical element.

Fig. 1. Standard deviation for Fe i and Fe ii lines, selected for
HD 73730, as a function of υmic using fundamental parameters obtained
from Geneva photometry (straight line), from Strömgren photometry
(dotted line) and from spectroscopy (dashed line).

Finally, for stars with υ sin i less than 30 km s−1, the υmic
value was determined by eliminating any abundance-equivalent
width correlation.

To check the degree of refinement reached with the spec-
troscopic method, we systematically performed the following
check. For each star with υ sin i< 30 km s−1 we have per-
formed the abundance analsysis of Fe i and Fe ii lines using
three different approaches, i.e., by calculating log g and Teff
from (i) Geneva photometry, (ii) from Strömgren photometry,
and (iii) with the spectroscopic method outlined above. For each
of these three models, we have calculated the abundances of Fe i
and Fe ii lines for υmic = 0, 1, 2, ..., 6 km s−1. Finally, for each of
these 18 sets of Teff , log g and υmic values, we have calculated
the standard deviation from the mean Fe i and Fe ii values. In all
cases we found that the parameters that we have identified with
the method described above are those that minimise the abun-
dance scatter.

In Fig. 1 we give an example of the result of our check, for
the Am star HD 73730. The result of the check for all the other
stars of the sample is similar to the one shown in Fig. 1.

For faster rotators an insufficient number of unblended lines
are available with which to calculate the equivalent width. The
more slowly-rotating Am stars of the sample show a mean υmic
value around 2.7 km s−1. For this reason, for fast rotators, we
retained the value found using Eq. (1), which was always com-
patible, within the errors, with 2.7 km s−1.

Following Landstreet (1998) it has been generally adopted
that for Am stars υmic is between 4−5 km s−1. By contrast in the
present work we determined values between 2.3−3.1 km s−1, for
the slowly rotating stars.

The chemical elements used to determine the fundamental
parameters were different for each star, depending mainly on the
value of υ sin i, and are described in Sect. 5.

For the lines used to eliminate the correlations discussed
above we assumed that non-LTE and stratification effects were
negligible (Ryabchikova et al. 2007).

The wavelength range of the ESPaDOnS orders was wide
enough to perform a safe continuum normalisation of the Hα
and Hβ lines. For the spectra obtained with this instrument it was
therefore possible to use these two hydrogen lines to provide an
additional constraint on the fundamental parameters. In particu-
lar, for effective temperatures less than 8000 K, the wings of the
Hydrogen lines are very sensitive to the effective temperature.
On the other hand, at higher effective temperatures the wings are
particularly sensitive to log g. We did not use the hydrogen lines
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of the spectra obtained with ELODIE and MuSiCoS because the
wavelength ranges of the orders containing the Hα and Hβ lines
were too narrow to include the entire line profile.

The spectroscopic procedure of refining the fundamental pa-
rameters reduces the errors of Teff and log g to typically 200 K
and 0.2, respectively, while the estimated error for υmic is around
0.2 km s−1. These errors are estimated taking into account differ-
ent noise sources, including continuum normalisation errors and
uncertainty in the convective model. The errors associated with
the effective temperature and log g have been confirmed by a fit
of the Hα and Hβ line profiles using the models calculated with
the parameters obtained from the estimated errors.

In some cases a star’s high rotational velocity prevented us
from recovering Teff and log g spectroscopically with good pre-
cision. In these cases we ultimately adopted an average of pa-
rameters determined spectroscopically and those obtained via
Strömgren photometry.

For the spectra obtained with the ELODIE spectrograph we
also attempted to check for the presence of a magnetic field by
looking for a correlation between the abundance derived from
each line and its Landé factor. We also conducted a search for
magnetically-split lines (e.g. Fe ii line at 6149.258 Å) in spec-
tra of the very slowest rotators. In fact, for υ sin i more than
a few km s−1 this method cannot be used for detecting typi-
cal Ap-star magnetic fields. For the spectra obtained with the
ESPaDOnS spectrograph we used the LSD technique to mea-
sure the velocity-resolved Stokes V profile and the longitudinal
magnetic field.

With the correct fundamental parameters, we determined the
best value of υ sin i fitting it on the Fe i lines at 5434.524 Å and
5576.089 Å. We chose these two Fe i lines because their broad-
ening parameters are well known and are not affected by mag-
netic field broadening, since their Landé factor is close to 0. The
estimated error on υ sin i is about 5%.

The radial velocity, in km s−1, was determined by performing
the median of the results obtained by fitting several lines of the
observed spectrum to a synthetic one.

4.3. Element abundance analysis

Once we had obtained the best values for the fundamental pa-
rameters, we determined the final elemental abundances by di-
rect fitting of the observed spectra with synthetic models. We
synthesised the model spectra with Synth3 (Kochukhov 2006)
and fit the cores of selected lines to get a value of the abundance
associated with each line. We then calculated the mean and the
relative standard deviation for each analysed element. The line
core fitting was performed with the “Lispan” and “ATC” codes
(written by Ch. Stütz) together with Synth3. The only free pa-
rameter in the line core fitting procedure is the abundance of the
line. The fitting procedure and the determination of the abun-
dances was performed iteratively in order to obtained a better
determination of the abundances for blended lines. The error as-
sociated with the derived abundance of each element is the stan-
dard deviation from the mean abundance of the selected lines of
that element. These errors do not take into account the uncer-
tainties of the fundamental parameters and of the adopted model
atmosphere. To have an idea of these uncerteinties, we have cal-
culated the abundances of Fe, Ti and Ni for HD 73730 with five
different models varing Teff of ±200 K and log g of ±0.2 dex
from the adopted model. We found a variation of less than
0.2 dex for Fe, 0.1 dex for Ti and 0.1 for Ni due to the tempera-
ture varation. We did not find any significant abundance change

varing log g. The uncertainty in temperature is probably the main
error source on our abundances.

The lines used to synthesise the spectra and selected to cal-
culate the abundances for the various elements were extracted
from the VALD database.

The number of selected lines depends on the υ sin i value
found for each star. We also checked the log g f value of each
selected line using the solar spectrum. Lines in the synthetic
spectrum of the Sun showing large deviations from the observed
solar spectrum were rejected from the selection. For some el-
ements (e.g. Co, Cu and Zn) we derived the abundance from
one line. This does not mean that only one line is present in the
spectrum, but that only one line was selected to derive the chem-
ical abundance. Other lines of the same element are present, but
they were not selected because they are either too much blended
or their log g f value appeared to be in error based on the solar
spectrum.

For the elements which were not analysed we assumed solar
abundances from Asplund et al. (2005).

4.4. Non-LTE effects

Some potassium lines were visible in the ESPaDOnS spectra
(because of the extension of the spectra into the far red), making
possible the calculation of the abundance of this element. In par-
ticular the K i line at 7698.974 Å was detected and was largely
unblended in the spectra of most stars. Unfortunately, this ele-
ment presents strong non-LTE effects; for this reason the K abun-
dances derived here are reported only as upper limits. The He, O
and Na lines were selected in such a way to reduce as much as
possible non-LTE effects. For He, we selected lines in the blue
region; for O, lines in the red region; and for Na, we used the
Na i doublet at 5682.633−5688.205 Å, which is known to be es-
sentially uneffected by non-LTE effects (Ryabchikova, private
communication). For all the other elements that present impor-
tant non-LTE effects (e.g. C, N, Al, S, Y, Ba), the abundances
derived here should be considered as upper limits (Baumueller
& Gehren 1997; Kamp et al. 2001; Przybilla et al. 2006, and
references therein). However at present day it is not known
how large are the deviations from LTE for normal A-type stars
and Am stars for the various elements. More non-LTE analy-
sis should be performed for this type of star. Since our sample
of stars has similar fundamental parameters (mainly log g and
metallicity) the non-LTE effects associated to each star should
be of the same magnitude. This allows us to compare the stars of
our sample with each other.

5. Results

We have organised our sample of program stars according to
their literature classification as normal A-type stars (HD 73430,
HD 73575), Blue Stragglers (HD 73666 – Ap(Si) star) and
Am stars (HD 72942, HD 73045, HD 73730, HD 73618,
HD 73174, HD 73711, HD 73818, HD 73709).

Table 2 lists the initial and final set of fundamental parame-
ters obtained for each program star.

The derived abundances are illustrated in Figs. 13 to 22, and
reported in Table 3.

In the following sections we comment on individual stars,
devoting special attention to the elements that characterise the
peculiarities of each star.
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Table 2. Initial and final atmospheric fundamental parameters for the analysed stars of the Praesepe cluster. The initial fundamental parameters
are derived from photometry, the final with spectroscopy. The errors on the fundamental parameters are estimated to be 200 K, 0.2 km s−1and 0.2
for Teff , υmic and log g respectively. The estimated error on υ sin i is about 5%. The υr is given in km s−1. 〈Bz〉 indicate the Longitudinal Magnetic
Field (measured in Gauss) calculated with the LSD tecnique. BS: Blue Straggler.

initial set final set
HD Teff log g υmic Teff log g υmic υmacro υ sin i υr 〈Bz〉 comments

[K] [cgs] [km s−1] [K] [cgs] [km s−1] [km s−1] [km s−1] [km s−1] G
73 430 7790 3.95 2.6 7660 4.02 2.6 0 73 33.7 1 ± 45 normal
73 575 7435 3.46 2.7 7300 2.92 2.7 0 127 33.4 –215 ± 149 normal
73 666 9429 3.84 2.2 9382 3.78 1.9 0 10 34.1 6 ± 5 SB1; BS; close to normal
72 942 8237 3.80 2.5 8450 3.90 2.4 0 73 39.9 12 ± 31 SB?; between normal & Am
73 045 7470 4.09 2.7 7570 4.05 3.6 10 10 27.9 –1 ± 4 SB1; Am
73 730 8009 3.83 2.5 8070 3.97 2.6 0 29 36.6 –12 ± 9 Am
73 618 8091 3.81 2.5 8170 4.00 2.5 0 47 15.1 − SB1; Am
73 174 7600 4.20 2.0 8350 4.15 2.9 0 <5 2.9 − SB1; Am
73 711 8269 3.95 2.5 8020 3.69 2.5 0 62 23.4 − SB1; Am
73 818 7232 3.82 2.8 7232 3.82 2.8 0 66 22.5 − SB1; Am
73 709 8063 3.79 2.5 8070 3.78 2.3 0 10 26.7 − SB1; Am

5.1. Normal A-type stars

5.1.1. HD 73430

This is the slower rotator (υ sin i= 73 km s−1) of the two normal
A-type stars studied. The LSD profile (Fig. 2) shows symmetric
rotational broadening, and does not show any particular features;
the analysis gives a longitudinal magnetic field of 〈Bz〉 = 1 ±
45 G.

The effective temperature was determined so as to cancel any
dependence of abundance versus excitation potential for Fe i.
The log g was calculated imposing equilibrium between the Fe i
and Fe ii abundances. The values for Teff and log g found in this
way were then averaged with the values found with the photom-
etry. The Teff was then checked and found consistent with the
Hα and Hβ profiles, very sensitive to effective temperature at
Teff < 8000 K.

We find that C and O are solar and N is overabundant, as
is observed for the other normal A-type star of our sample,
HD 73575 (see Sect. 5.1.2). This differs from the Am stars, in
which these elements are usually observed to be underabundant.
We note that Asplund et al. (2005) have significantly reduced the
solar abundances of C, N and O, so all comparisons with the Sun
of previous A-star studies regarding these elements may need to
be revised. Ca, Sc, Ti, Cr, Fe and Ni are solar within the errors,
allowing us to confirm the previous classification of HD 73430
as a normal A-type star.

5.1.2. HD 73575

This is the faster rotator (υ sin i= 127 km s−1) of the two normal
A-type stars. HD 73575 is present in the catalog of Rodriguez
et al. (2000) of δ Scuti variable stars. The Stokes I LSD profile
(Fig. 3) shows remarkable structure that may well be due to pul-
sation. No magnetic field was detected (〈Bz〉 = −215 ± 149 G).

The very high υ sin i resulted in a relatively small number
of metal lines with which to tune the fundamental parameters.
The effective temperature was also determined by fitting the Hα
and Hβ line profiles, which were then combined with the val-
ues obtained with the photometry. The log g was determined by
imposing equilibrium between different ionisation stages (Fe i
and Fe ii). Due to the very high rotational velocity, the errors on
the fundamental parameters are estimated to be similar to the
photometric ones.

HD 73575 shows all the properties of normal A-type stars
of the cluster (e.g. C and O solar with N overabundant; Fe un-
derabundant), except for Sc, which appears to be slightly
underabundant.

5.2. The blue straggler HD 73666

HD 73666 is the hottest star of the sample and the only Blue
Straggler present in the cluster, according to Andrievsky (1998).
It is also included in the “New Catalogue of Blue Stragglers
in Open Clusters” by Ahumada & Lapasset (2007). The pho-
tospheric chemistry of this star has been previously investigated
by several authors (Andrievsky 1998; Burkhart & Coupry 1998),
but their results, the iron abundances for example, vary wildly
([Fe/H] = +0.1, +0.5 respectively). These discrepancies are
probably due to the narrow wavelength ranges available to those
investigators.

The result of the application of the LSD technique is
shown in Fig. 4. The derived longitudinal magnetic field is
〈Bz〉 = 6 ± 5 G.

This star is the primary component of a close binary system
(SB1), as is the case for many other Blue Stragglers (Leonard
1996), and the flux coming from the secondary star is negligible,
as previously checked by Burkhart & Coupry (1998), so the star
was analysed ignoring the presence of the secondary.

The sharp lines (υ sin i= 10 km s−1) allowed for a detailed
abundance analysis. The microturbulence velocity and Teff
were determined respectively by eliminating the abundance-
equivalent width and abundance-excitation potential correla-
tions, using Fe i, Fe ii and Ti ii lines. The log g value was ob-
tained using the equilibrium between Fe i and Fe ii, and finally
by looking for the best fit of the profile for the Hα and Hβ line
wings (very sensitive to log g at Teff > 8000 K). The resulting
log g is the average of the values obtained with the two methods.

For the adopted model, Mg i and Mg ii deviate noticeably
from the ionisation equilibrium condition. Their abundances
are −3.98 and −4.35 respectively. The same behavior was found
for Ca i and Ca ii with abundances of −5.65 and −5.41 respec-
tively. These features of the Mg and Ca abundances explain the
high value of the associated errors.

Abt (1985) classified this star as Ap (Si). The signature of
this kind of star is a strong silicon overabundance. However,
it can be seen in Table 3 and Fig. 15 that the Si abundance is
not much higher than the solar abundance of this element. Also
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Fig. 2. LSD profiles for the normalised Stokes I and Stokes V spectra
(from bottom to top) of HD 73430. The Stokes V profile is expanded by
a factor of 25 and shifted upward of 1.02.

Fig. 3. LSD profiles for the normalised Stokes I and V (from bottom
to top) spectra of the δ Scuti star HD 73575. The Stokes V profile is
expanded by a factor of 25 and shifted upward of 1.02.

Ap (Si) stars are magnetic, and the very high precision of the
longitudinal field diagnosis effectively rules out the presence of
any organised magnetic field. Figure 5 shows one of the selected
Si lines. If HD 73666 was an Ap(Si) star, we would expect this
line to be much stronger, compared to the surrounding Fe lines.
Andrievsky (1998) cataloged this star as an Am star, but Ca is
slightly overabundant while Sc is solar. C, N and O are overabun-
dant and, as it is possible to see in Fig. 10, these overabundances
are typical of the normal A-type stars of the Praesepe cluster.
These results allow us to conclude that HD 73666 is neither an
Ap nor an Am star.

5.3. Am stars

In this section we analyse the stars of the sample classified as
Am stars in previous works. According to Preston (1974) a star
in the temperature range of 7000−10 000 K is classified as Am
(CP1) if Ca and/or Sc are underabundant and the heavy met-
als are overabundant. Am stars nearly always show low values
of υ sin i, tipically less than 100 km s−1.

5.3.1. HD 72942

The LSD profile for HD 72942 is symmetric and rotationally
broadened, as is illustrated in Fig. 6. The magnetic analysis of
the LSD profiles gives a value of the longitudinal magnetic field
of 〈Bz〉 = 12 ± 31 G.

Fig. 4. LSD profiles for the normalised Stokes I and V (from bottom to
top) spectra for the Blue Straggler HD 73666. The Stokes V profile is
expanded by a factor of 25 and shifted upward of 1.02.

Fig. 5. Portion of the spectrum of HD 73666. The dots show the obser-
vation, the dashed line shows the synthetic spectrum. The weak blended
lines are omitted.

Fig. 6. LSD profiles of the normalised Stokes I and V (from bottom to
top) spectra of HD 72942. The Stokes V profile is expanded by a factor
of 25 and shifted upward of 1.02.

Teff was set using Ti ii and Fe i lines. The log g value was
estimated using the equilibrium between the Fe i and Fe ii abun-
dances and fitting the Hα and Hβ line profiles.

The large error associated with the Y abundance is due to the
poor determination of the line parameters and to the unknown
non-LTE effects associated with each line. It was not possible to
derive the K abundance from the K i line at 7698.974 Å because
the line was blended by a telluric line.
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Fig. 7. LSD profiles for the normalised Stokes I and V (from bottom to
top) spectra of HD 73045. The Stokes V profile is expanded by a factor
of 25 and shifted upward of 1.02.

Ca and Sc are not underabundant, indicating that HD 72942
is probably not an Am star. However, the Fe abundance is similar
to that observed in the metallic stars of the sample.

HD 72942 is not known to be a spectroscopic binary and is
neither a classical Am star nor a normal A-type star (Sect. 6.2).
The calculated radial velocity is rather high as compared to those
of the other members and to the mean of the cluster. See also the
discussion in Sect. 6.2.

5.3.2. HD 73045

HD 73045 is the primary component of an SB1 binary system
(Debernardi et al. 2000). It exhibits a low projected rotational
velocity (υ sin i= 10 km s−1).

The LSD profiles of the Stokes I and V spectra are shown
in Fig. 7. The magnetic field analysis provided a longitudinal
magnetic field of 〈Bz〉 = −1 ± 4 G.

The secondary star does not contribute significantly to the
lines of the spectrum, according to Debernardi et al. (2000) and
Budaj (1996), so we have analysed the system as a single star.
During our abundance determination we noticed an extra broad-
ening of the wings of deep lines, perhaps due to the binarity. To
be able to fit these lines we introduced a macroturbulence ve-
locity (υmacro = 10 km s−1 – obtained fitting several deep lines)
to compensate for this effect. The use of the macroturbulence
velocity does not lead to any significant abundance change, as
expected. In particular the Iron abundance calculated without
the use of the macroturbulence velocity results to be 0.01 dex
lower than the final adopted one. The microturbulence velocity
and the effective temperature were established using Fe i, Fe ii
and Ni i unblended lines, using the method described previously.
The log g value was obtained imposing the ionisation equilib-
rium condition for Fe. The determined Teff was then checked
with the Hα and Hβ line wings.

HD 73045 is a typical Am star as Ca and Sc are underabun-
dant and the Fe-peak elements are overabundant, as are the rare
earth elements. C, N and O are underabundant, typical of all the
Am stars of the sample. For the Cu i line at 5105.537 Å, Co i line
at 5342.695 Å and Co i line at 5352.045 Å we applied a hyper-
fine structure correction, but the υ sin i was too high to produce
any detectable difference in the line broadening.

Fig. 8. LSD profiles of the normalised Stokes I and V (from bottom to
top) spectra of HD 73730. The Stokes V profile is expanded by a factor
of 25 and shifted upward of 1.02.

5.3.3. HD 73730

HD 73730 is an Am star with an intermediate rotational velocity
(υ sin i= 29 km s−1).

The LSD profiles for the Stokes I and Stokes V spectra are
shown in Fig. 8. No magnetic field was detected from the LSD
profiles. The calculated longitudinal magnetic field was 〈Bz〉 =
−12 ± 9 G.

We obtained the fundamental parameters (υmic, Teff,
and log g) using only Fe i and Fe ii lines, since the υ sin i did not
allow us to select a sufficient number of unblended lines with
good line parameters for any other element. Since we had the
possibility to use only Fe i and Fe ii lines, we also used the val-
ues of the log g obtained from the fitting of the Hα and Hβ line
profiles.

The υ sin i and the non-binarity allowed us to perform a pre-
cise abundance analysis for many elements – in fact only C
shows a large error bar. This is probably due to the small num-
ber of selected C lines, all of which present non-LTE effects.
The underabundances of Ca and Sc confirm that HD 73730 is an
Am star. Also C, N and O are underabundant, as is the case for
the other Am stars of the sample.

The υ sin i is sufficiently large to hide any hyperfine structure
broadening.

5.3.4. HD 73618

HD 73618 is the primary component of an SB1 binary system in
which the flux of the secondary star does not significantly influ-
ence the total flux spectrum, according to Mason et al. (1993).
For this star, as for all the others observed with the ELODIE
spectrograph, we do not have a Stokes V LSD profile since the
instrument did not support a polarimetric mode. So we checked
for the presence of a magnetic field with the correlation between
abundance and Landé factor for Fe i. This method allows the
detection of magnetic fields stronger than about 1−2 kG (Stütz
et al. 2006). We did not find any detectable magnetic field for
HD 73618. To obtain the Teff and the log g we used Fe i and
Fe ii lines. The fitting of the Hα and Hβ lines was not applied
because their wings were broader than the wavelength range of
the respective orders of the spectrograph. Since the υ sin i is too
high to get equivalent widths for enough unblended Fe i lines,
we used the υmic calculated with Eq. (1).

Only Sc is underabundant, while Ca is solar. C and O are
underabundant, as we have found for the other Am stars of the
sample. Also, the Fe-peak elements show a behavior typical of
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this type of star. This confirms the previous classification of
HD 73618. Because of the lower resolution of the ELODIE spec-
trograph with respect to the ESPaDOnS spectrograph, the errors
associated with the abundances turn out to be higher than those
calculated for the other stars described above.

This star is included, as a Blue Straggler, in the catalogue
by Ahumada & Lapasset (2007). Andrievsky (1998) analysed
this star in his paper on Blue Stragglers in the Praesepe clus-
ter, but he did not define it as a true Blue Straggler, since in
the colour−magnitude diagram it does not lie outside the clus-
ter’s main sequence. Our sample of stars is too small to allow us
to generate a trustworthy colour−magnitude diagram based on
spectroscopic temperatures. For this reason we are not able to
confirm either the classification of Ahumada & Lapasset (2007)
or that of Andrievsky (1998).

5.3.5. HD 73174

HD 73174 is the primary component of a triple SB1 system
(Debernardi et al. 2000) and is the slowest rotator of the program
stars, with υ sin i< 5 km s−1. The spectrum was obtained with the
ELODIE spectrograph with a mean resolution of 45 000, not suf-
ficient to allow an accurate measurement of the υ sin i of this star.

Debernardi et al. (2000) obtained the masses of the three
components of the system (2 M�; 0.68 M�; 0.63 M�). Knowing
the age of the cluster (González-García et al. 2006, log (t) =
8.85) it was possible to estimate the effective temperatures and
the radii of the three stars comprising the system. Using the evo-
lutionary mass models of Schaller et al. (1992), we estimated the
effective temperature and the radius of the primary component
(8375 K and 2.22 R� respectively). From plots on evolutionary
models of cool stars of Gray (1992) we estimated the effective
temperature and the radii of the other two components: 4557 K
and 0.68 R� for the secondary and 4300 K and 0.65 R� for the
third component. Since the presence of the third component is
not certain we have not taken this star into account in our analy-
sis. The radius ratio between the primary and the secondary star
turns out to be R1/R2 = 3.26. We assumed a υmic of 2 km s−1 for
both the stars and a log g of 4.2 and of 4.4 for the primary and
the secondary respectively. We calculated a model atmosphere
for each of the two stars, using the parameters just described,
and produced a synthetic spectrum for each of the two stars to
check how much flux in the observed intensity spectrum is due
to the secondary component. As it is possible to see in Fig. 9, the
flux coming from the secondary star is negligible with respect to
that of HD 73174. For this reason we analysed the system as
a single one. The error bars on these inferred fundamental pa-
rameters could be very high since the error bars on the mass
determination are unknown.

The low υ sin i allowed us to perform a very detailed abun-
dance analysis and the errors associated with the various ele-
ments are for this reason quite low, even if the signal to noise
ratio and the resolution were not optimal.

C, N, O and Sc are underabundant while Ca is almost so-
lar, as was found for HD 73618. For this reason we confirm the
previous classification of this star. Only Ba shows a large error
bar. This is probably due to the strong difference in depth of the
selected lines and to the different influence that the non-LTE ef-
fects have on each of these lines.

We took into account the hyperfine structure correction for
the following lines: Co i at 5342.695 Å and 5352.045 Å, Cu i
at 5105.537 Å, Mn i at 6021.819 Å and Zn i at 4722.153 Å. The

Fig. 9. Comparison between the incoming flux from the two compo-
nents of the HD 73174 system. In the upper panel the dotted thick line
is the observed (normalised) spectrum, while the solid and the dashed
lines are the synthetic spectra of the primary and the secondary star
respectively. These two synthetic spectra are calculated with the param-
eters described in the text and with solar abundances. In the lower panel
we show with the dotted thick line the observed and normalised spec-
trum and with the straight line the resultant synthetic spectrum after the
application of the calculated radius ratio (R1/R2 = 3.26).

abundance correction from HFS observed for all of these lines is
smaller than 0.03 dex, much less than our typical errors.

We have to comment the difference of about 700 K between
the Teff derived from Strömgren photometry and from spec-
troscopy. We are not able to explain the reason for this dicrep-
ancy. Probably, give concerning the very low υ sin i of this star,
a spectrum taken with a much higher resolution could solve this
puzzle.

5.3.6. HD 73711

The ELODIE spectrum of this Am star has unfortunately a low
SNR (Table 1) and a quite high υ sin i (62 km s−1), making the
abundance analysis more difficult and less precise. HD 73711 is
also the primary component of an SB1 system. The abundances
of this star were previously analysed by Burkhart & Coupry
(1998) who considered the spectrum as that of a single star.

We have used Fe i and Fe ii lines to calculate the Teff and
log g, while υmic was calculated with Eq. (1). As with all the
other ELODIE spectra we were not able to use the Hα and
Hβ lines to determine the parameters. We have not found any
detectable magnetic field with the abundance-Landé factor cor-
relation for Fe i lines.

We confirm the previous classification of HD 73711, as Ca
and Sc are underabundant, like C and O, as occurs for all the
Am stars of the sample. The errors associated with the abun-
dances are below 0.15 dex in spite of the high υ sin i and the
low SNR; only the error associated with the C abundance reaches
0.15 dex, probably due to the small number of selected lines used
to calculate the final abundance, which were analysed without
taking into account non-LTE effects.

5.3.7. HD 73818

The spectrum of the Am star HD 73818 has the lowest SNR
of the whole sample. This fact, combined with the rather high
υ sin i (66 km s−1), made the abundance analysis very difficult
and imprecise. This is the primary star of an SB1 system. We
analysed this spectrum as a single star, as suggested by Burkhart
& Coupry (1998).
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We tried to calculate Teff and log g using Fe i and Fe ii lines,
applying the method described in Sect. 4.2, but we were never
able to converge to two final values. For this reason we adopted
the fundamental parameters calculated with the photometry. The
υmic was calculated using Eq. (1).

The abundances of many elements show large errors, mainly
those elements for which non-LTE effects should be taken into
account. The error associated with the Fe abundance is quite high
in comparison to all other stars of the sample. This example il-
lustrates the importance of a high SNR to be able to perform an
accurate abundance analysis that starts with a spectroscopic de-
termination of the fundamental parameters.

Ca and Sc are underabundant, confirming in this way the
previous classification. Only the C abundance is higher than ex-
pected for an Am star of the Praesepe cluster.

5.3.8. HD 73709

HD 73709 is the primary star of an SB1 quadruple system (Abt
& Willmarth 1999). The low υ sin i allowed a good determina-
tion of the elemental abundances; only the moderate resolution
of MUSICOS decreased the quality of our results.

This star was classified as Am by Gray & Garrison (1989),
but was found photometrically to be an Ap star by Maitzen &
Pavlovski (1987) according to the ∆a index (∆a = +0.018 mag).
Debernardi et al. (2000), using two ELODIE spectra and ob-
servations with the CORAVEL radial velocity scanner, found a
magnetic field of 7.5 kG. Shorlin et al. (2002) looked for the
presence of such a magnetic field using the LSD technique ap-
plied to the same MuSiCoS spectrum we analyse here. Their
result shows clearly that HD 73709 does not have a signifi-
cant magnetic field, with the measured value equal to 〈Bz〉 =
66 ± 39 G.

We calculated a synthetic ∆a value with respect to the theo-
retical normality line a0 determined by Khan & Shulyak (2007,
Sect. 3.3.2) and found that ∆a = +0.012 mag, which is compati-
ble with the observed value.

As mentioned before, this star is the main component of a
quadruple system. We ruled out that the third or fourth compo-
nents could contribute significantly to the light since they appear
to be much less massive than the other components. The ratio
between the masses of the primary and secondary component
is M2/M1 ≥ 0.27 (Abt & Willmarth 1999). For HD 73174 we
employed a value of M2/M1 ≥ 0.35 (Abt & Willmarth 1999)
and in that case our test demonstrated that the flux coming from
the secondary star was negligible with respect to the primary for
a radius ratio lower than two (Sect. 5.3.5). For this reason we
arrived immediately at the same conclusion as for HD 73174 –
that the contribution of the secondary to the observed spectrum
is negligible.

The υmic and Teff were established using Fe i, Fe ii and
Ni i unblended lines. The log g was set imposing the ionisation
equilibrium condition for Fe i and Fe ii. The fitting of the Hα
and Hβ lines was not applied to obtained the fundamental pa-
rameters, for the same reason as for the ELODIE spectrograph.

O, Ca and Sc are underabundant, confirming in this way
the previous classification. C and Al show large error bars
(≥0.15 dex), probably due to the fact that non-LTE effects were
not taken into account.

6. Discussion

6.1. Are weak magnetic fields present in the Am stars
of Praesepe?

If magnetic fields are present in Am stars, this might help ex-
plain some of the peculiar properties of these stars, such as slow
rotation and the typical Ca/Sc underabundances (Böhm-Vitense
2006).

We decided to use the LSD approach to detect magnetic
fields in Am stars since this method is the most precise method
currently available, especially for stars with rich line spectra and
low υ sin i. As explained in Sect. 4.2 we have also looked for
magnetic fields using other techniques, but these methods have
resulted in substantially higher upper limits.

Lanz & Mathys (1993) have claimed evidence of mag-
netic fields in the Am star o Peg (Teff = 9550) using the differ-
ence of equivalent widths of two Fe ii lines at 6147.741 Å and
6149.258 Å. We did not try to apply the same method to com-
pare our results to theirs as all of the sharp-lined Am stars in our
sample are spectroscopic binaries, and the blending due to the
spectral lines of the secondary might well affect the subtle signal
of a magnetic field. Another problem is due to the fact that our
Am stars are cool Am stars and the Fe ii line at 6147.741 Å is
strongly blended by an Fe i line, preventing an accurate equiva-
lent width determination.

Shorlin et al. (2002) analysed 25 Am stars with the LSD
technique without finding any significant magnetic field signa-
ture. These authors concluded that no credible evidence exists
for the presence of organised or complex magnetic fields in Am
or normal A-type stars.

In our study, the three Am stars observed with ESPaDOnS
and the one observed with MuSiCoS did not reveal any magnetic
field signature in the circular polarized spectra, analysed with the
LSD procedure. We also tried to detect the presence of potential
magnetic fields in the other Am stars, observed with ELODIE,
using the method described in Sect. 4.2. For all of them it was
not possible to detect any magnetic field.

Our conclusion is that the cool Am stars of Praesepe
(Teff < 8500 K) show no evidence of magnetic fields that could
explain the well-known phenomena associated with Am stars.
This result supports and strengthens the conclusion of Shorlin
et al. (2002).

6.2. Normal vs. Am stars

In Fig. 10 and in Table 3 we show the final adopted abundances
for all of the program stars. The precision obtained with the
abundance analysis allows us to distinguish two groups among
the A-type stars of Praesepe: the normal A-type stars and the
Am stars. For the two kinds of star analysed in this paper, the
abundances of the Fe-peak elements are different. In normal
A-type stars, Fe, Ni, and Cr are solar or slightly underabundant
(compared to their solar abundances). In Am stars, these ele-
ments are slightly overabundant. In all but one of the stars of
our sample, Ba is overabundant. However, the Ba abundance is
definitely lower in normal A-type stars than in Am stars. This
suggests that Ba may be considered as an additional indicator of
Am peculiarities, together with C, N, O, Ca, Sc and the Fe-peak
elements.

The abundance pattern found for HD 72942 deserves
further comment. Bidelman (1956) classified HD 72942 as
Am. Our abundance analysis shows some features common
to the Am stars, like underabundances of C and O and an
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Fig. 10. Elemental abundances relative to the
Sun for the program stars. The solar abun-
dances are taken from Asplund et al. (2005).
In order to show a more readable Figure, the
errors (Table 3) are omitted. Arrows show ele-
ments affected by non-LTE effects.

overabundance of Fe, and some others in common with normal
A-type stars, like overabundance of N, Ca and Sc and a low Ba
abundance. For these reasons we believe that HD 72942 has a
chemical composition between the normal A-type stars and the
Am stars. The high observed radial velocity of this star may be
indicative of undetected binarity.

The remaining Am stars represent a fairly homogeneous
sample.

6.3. Constraints to the diffusion theory

Underabundances of Sc and/or Ca and small overabundances of
Iron-group elements are qualitatively explained by diffusion the-
ory (see, e.g., the review in the introduction by Alecian (1996)
and references therein). In particular, following Alecian (1996),
Richer et al. (2000) developed a detailed modeling of the struc-
ture and evolution of Am/Fm stars, taking into account atomic

diffusion of metals and radiative accelerations for all species in
the OPAL opacities.

The results of this work can be used to constrain diffu-
sion models, and we can compare our results with theoreti-
cal predictions. For the comparison, we use the abundances of
HD 73730 (Fig. 11) since it is the star among those that are
not binary with the lowest υ sin i, which favors the abundance
analysis. Furthermore, the elemental abundances of this star are
also representative of the homogeneous group of Am stars of the
Praesepe cluster as listed in Sect. 6.2.

Figure 14 of Richer et al. (2000) shows the predicted abun-
dances from a diffusion and turbulence model as a function
of time and effective temperature. Open circles (reported also
in Fig. 11) refer to the predicted abundances for 670 Myr
old stars, an age that is closely comparable to that one of
the Praesepe cluster (∼700 My, according to González-García
et al. 2006). For temperatures around Teff = 8000 K, the temper-
ature of HD 73730, the model by Richer et al. (2000) predicts
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Fig. 11. The open triangles show the abundances derived for HD 73730.
The open circles show the predicted abundances displayed in Fig. 14 of
Richer et al. (2000). Arrows show elements affected by non-LTE effects

underabundances of −0.3 (relative to the Sun) for C, N and O,
of −0.1 for Na, Mg and Ca, solar abundances for Si, S and Ti,
overabundances of +0.1 for Al, of +0.3 for Cr and Fe, of +0.4
for Mn, of +0.8 for Ni and +2.3 for Li, within 0.1 dex.

Our Fig. 10 (see also Table 3) shows an agreement for Li,
C, N, O, Mg, Al, Si, Ca and Fe-peak elements within 0.1 dex.
Discrepancies are apparent for Na and S (Sc was not modeled by
Richer et al. (2000) because no OPAL data was available for Sc).

Na is the element for which the derived abundance (�0.5 dex
with respect to the solar abundance) has the smallest scatter
among the Am stars of our sample. Observations seems defi-
nitely to suggest an overabundance of this element which is in-
consistent with model predictions of −0.1 dex.

S shows a small scatter in our sample (σ = 0.12 dex). Kamp
et al. (2001) analysed the S abundance in the metal poor A-type
star λ Boo in LTE and non-LTE. Their analysis shows that the
S abundance determined in non-LTE is lower than that deter-
mined in LTE by 0.1 dex. For metal poor stars non-LTE effects
are larger than for normal A-type stars and Am stars. This brings
our S abundance (�+0.35 dex) to an overabundance (relative to
the Sun) of ≥0.25 dex, as compared with a solar abundance pre-
dicted by Richer et al. (2000). This apparent discrepancy should
be investigated in non-LTE regime.

6.4. Lithium abundance

In the context of radiative diffusion theory, it is interesting to
examine the atmospheric abundance of lithium in stars where
such a mechanism is known to be present, like in Am stars. Such
studies have been carried out especially by Burkhart & Coupry
(1991) and Burkhart et al. (2005). Their conclusion was that,
in general, the Li abundance in Am stars is close to the cosmic
value (log NLi/Ntotal ∼ −9.04 dex), although a small proportion
of them are Li deficient. The normal A-type stars appear to have
a higher Li abundance (log NLi/Ntotal ∼ −8.64 dex), in the Teff
range 7000−8500 K (Burkhart & Coupry 1995).

We have calculated precise Li abundances for HD 73045 and
for HD 73174 taking into account hyperfine structure, while for
HD 73730 we give an estimation derived from one line and with-
out hyperfine structure. For other stars it was possible to derive
only an upper limit, since the higher υ sin i values did not al-
low a more accurate abundance determination. In HD 73666 we
have not found any Li line, while for HD 73709 the MuSiCoS
spectrum did not cover the strong Li 6707.761 Å line. Our

Fig. 12. Distribution of the Li abundance as a function of the Teff . The
dashed line shows the Li abundance value found by Burkhart & Coupry
(1995) (BC in the legend) for normal A-type stars. The dotted line
shows their Li abundance value for Am stars. The open squares and
the closed circles correspond to the Li abundances of the program nor-
mal A-type stars and Am stars respectively. The upper limit values are
indicated with an arrow.

determinations confirm the overabundances (relative to the Sun)
for three Am stars. Since for the normal A-type stars and the
other Am stars we can only derive upper limits, we cannot con-
firm the overabundances. In Fig. 12 we show the absolute Li
abundance as a function of Teff, in comparison with the values
given by Burkhart & Coupry (1995). Our sample is not large
enough to address the behavior of the lithium abundance in the
temperature range between 7000 K and 8500 K, but we notice
that the abundances appear to be higher than those derived by
Burkhart & Coupry (1995) in open clusters. We cannot confirm
the tendancy of the normal A-type stars to have a higher Li abun-
dance. Our results appear to be more consistent with those de-
rived by North et al. (2007) for field stars.

6.5. Comparison with previous abundance determinations

In the past years, some of the stars belonging to our sam-
ple were analysed by different authors: Hui-Bon-Hoa et al.
(1997), Hui-Bon-Hoa & Alecian (1998), Andrievsky (1998) and
Burkhart & Coupry (1998).

In Table 4 (available only in the online version) we com-
pare our final abundances with those obtained by other authors.
The abundances coming from other papers were converted to our
log Nel/Ntotal scale, using the solar abundances taken as reference
in each paper.

As explained in Sect. 4.2, our Teff and log g were determined
spectroscopically, while the other authors derived these parame-
ters from photometry. All the measurements are in perfect agree-
ment considering the associated errors. This shows that for nor-
mal A-type stars and for Am stars the fundamental parameters,
derived from photometry, are not too far from a more precise
determination given by the spectroscopy. For some stars, the mi-
croturbulence velocity appears to differ for different authors. It
is notable that the our υmic and that derived by Hui-Bon-Hoa &
Alecian (1998) for the slow rotator HD 73174 are in good agree-
ment. This agreement is due probably to the similar methods
used to derive it (see Hui-Bon-Hoa & Alecian 1998).

Taking into account a default error of 0.2 dex for the abun-
dances without an individual error, inspection of Table 4 reveals
a good agreement between our work and the previous ones.
Only Li, Sc, Ba and Eu show some deviations. The deviation
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associated with the Sc abundance occurs because of the diffi-
culty to calculate this abundance for Am stars in which Sc is
underabundant, showing only shallow lines. Concerning the Ba
and Eu discrepancies, they could be due to a different line selec-
tion with different non-LTE effects associated with the Ba lines
and a different weight given to the blended Eu lines, selected to
determine the abundances. We are not able to find a clear reason
of the discrepancies for the Li abundances.

We believe that our determination of the fundamental param-
eters and of the elemental abundances are affected by smaller ex-
ternal errors than those of the other authors. We state this based
on the wider wavelength range available, on the use of better and
more carefully-checked line parameters, on the more reliable at-
mospheres models used and finally on the methodology used to
determine the abundances (fitting of the line profile instead of
using equivalent widths).

7. Conclusions

We have obtained high resolution, high SNR spectra for eleven
A-type stars belonging to the nearby intermediate-age Praesepe
open cluster. For seven stars of the sample the spectra were also
obtained in circular polarization.

Eight stars of the sample were previously classified as
Am stars, two as normal A-type stars and one as an Ap (Si) star.
We have calculated the fundamental parameters and performed
a detailed abundance analysis for each star of the sample. For
the stars observed in circular polarization we have used the LSD
technique to measure the longitudinal magnetic field.

No significant magnetic field signature was found applying
the LSD technique to the Am stars, which were observed with
ESPaDOnS and MuSiCoS. This leads us to the conclusion that
peculiar abundances and slow rotation of the Praesepe Am stars
cannot be explained by the presence of a magnetic field. But
since nearly all of them are SBs we can conclude that slow
rotation, induced by binarity, can lead to the Am chemical
peculiarities.

Fundamental parameters and elemental abundances were de-
rived by adjusting synthetic spectra to the observed ones. The
model atmospheres were computed by means of the 8.4 ver-
sion of the LLmodels code, without taking into account non-
LTE corrections, using atomic line data extracted from the
VALD database. Synthetic spectra were produced with Synth3
(Kochukhov 2006).

The abundance analysis shows that the Blue Straggler
HD 73666, previously classified Ap (Si) star, is a normal A-type
star. This star does not show any magnetic field nor peculiarity.
We confirm the membership and the classification of the two nor-
mal A-type stars HD 73430 and HD 73575. HD 72942 cannot be
confirmed either as member of the cluster or as an Am star. For
all the other Am stars classification is confirmed.

For this sample of Am stars we have compared our abun-
dances with the predictions of diffusion models by Richer et al.
(2000). We obtained an excellent agreement, within the errors,
with the predictions for almost all the common elements. Only
Na and probably S show a clear discrepancy from the theoreti-
cal abundances. Unfortunately, our Na and S abundances do not
take into account non-LTE effects that would bring the abun-
dances closer to the predictions of theory (Kamp et al. 2001). A
non-LTE abundance determination should be performed, at least
for a few Am stars, in order to confirm the abundance predic-
tions of these two elements. Richer et al. (2000) did not anal-
yse Sc because it is not present in the OPAL opacity database.

Model predictions for this element and for heavy elements are
especially important and should be performed.

Finally, we have turned our attention to the Li abundance of
the sample, obtaining results comparable to those of Burkhart &
Coupry (1995), in open clusters, and North et al. (2007), for field
stars.

Our results indicate that radiative diffusion, combined with
turbulent mixing, can account for most of the chemical peculiar-
ities found in Am stars. More abundance determinations on clus-
ter stars with a variety of ages will help to constrain the physical
processes at work in A and Am stars.
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Fig. 13. Elemental abundances relative to the Sun for HD 73430. The
solar abundances are taken from Asplund et al. (2005). Arrows show
elements affected by non-LTE effects. Errors are given in Table 3.

Fig. 14. As for Fig. 13 for HD 73575.

Fig. 15. As for Fig. 13 for HD 73666.

Fig. 16. As for Fig. 13 for HD 72942.

Fig. 17. As for Fig. 13 for HD 73045.

Fig. 18. As for Fig. 13 for HD 73618.
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Fig. 19. As for Fig. 13 for HD 73174.

Fig. 20. As for Fig. 13 for HD 73711.

Fig. 21. As for Fig. 13 for HD 73818.

Fig. 22. As for Fig. 13 for HD 73709.
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Table 4. The table shows the comparison between the abundances described in this paper and those derived by other authors for the common stars.
We compare also the fundamental parameters. HBA: Hui-Bon-Hoa et al. (1997); HA: Hui-Bon-Hoa & Alecian (1998); A: Andrievsky (1998);
BC: Burkhart & Coupry (1998); TW: this work.

Teff log g υ sin i υmic He Li C O Na Mg Al
HD 73666

A 9600 3.80 30 3.0 −1.05(−) −3.59(−) −3.37(−) −5.41(−)
BC 9500 − − 4.5 <−8.59(−)
TW 9382 3.78 10 1.9 −1.20(05) − <−3.25(03) −3.06(07) −5.47(01)

HD 72942
HA 8130 3.80 70 2.0 −4.38(−)
BC 8300 − − 4.5 <−8.74(−)
TW 8450 3.90 73 2.4 <−8.49(−) −4.51(03)

HD 73045
HBA 7520 4.27 10 3.5 −4.31(−)
BC 7500 − − 4.5 −9.04(−) −5.44(−)
TW 7570 4.05 10 3.6 −8.86(02) −4.52(04) <−5.41(01)

HD 73730
HA 8020 3.90 32 4.0 −4.67(−)
BC 8020 − − 4.5 −9.04(−) −5.64(−)
TW 8070 3.97 29 2.6 −8.74(−) −4.43(06) <−5.37(−)

HD 73618
HBA 8060 3.87 60 3.0 −3.93(−)

A 8050 4.00 60 3.0 −3.89(−) −3.77(−) −5.71(−)
BC 8100 − − 4.5 −8.94(−) −5.29(−)
TW 8170 4.00 47 2.5 <−8.58(−) <−4.16(16) −3.65(04) −5.34(03) −4.29(−) −

HD 73174
HA 8090 4.00 <10 2.8 −4.40(−)
BC 8090 − − 4.5 −9.04(−) −5.34(−)
TW 8350 4.15 <5 2.9 −8.51(02) −4.21(05) <−5.06(−)

HD 73711
BC 8290 − − 4.5 <−8.64(−)
TW 8020 3.69 62 2.5 <−8.43(−)

HD 73818
BC 7230 − − 4.5 −8.99(−)
TW 7230 3.82 66 2.8 <−8.63(−)

HD 73709
HBA 8060 3.95 20 3.5 −4.39(−)
BC 8080 − − 4.5 −8.64(−) −5.14(−)
TW 8070 3.78 10 2.3 − −4.56(06) <−4.91(16)

Si S Ca Sc Cr Mn Fe Ni Ba Eu
HD 73666

A −4.89(−) −5.68(−) −4.44(−) −9.31(−)
BC −4.64(−) −5.24(−) −3.94(−) −10.04(−)
TW −4.30(01) <−4.47(−) −5.53(14) −4.30(07) <−9.13(04) −

HD 72942
HA −6.09(−) −9.05(−) −6.40(−) −4.59(07) −5.09(−)
BC −4.54(−) −4.29(−)
TW <−4.48(−) −5.58(12) −8.88(11) −6.41(16) −4.47(07) −5.57(−)

HD 73045
HBA −6.22(27) −9.87(−) −5.67(−) −3.95(14) −4.99(−)
BC −4.29(−) −4.94(−) −4.17(−) −5.09(−) −10.54(−)
TW −4.21(05) <−4.67(09) −6.46(04) −9.39(01) −5.63(16) −4.03(04) −4.93(06) −10.20(−)

HD 73730
HA −6.24(−) −10.54(−) −6.06(−) −4.35(06) −5.14(−)
BC −4.39(−) −4.64(−) −4.14(−) −5.34(−) −10.74(−)
TW −4.21(05) <−4.54(03) −6.36(03) −9.71(03) −5.65(08) −4.14(05) −5.14(07) −10.42(−)

HD 73618
HBA −5.70(−) −10.53(−) −5.92(−) −4.08(20) −4.93(−)

A −4.69(−) −4.51(−) −5.78(−) −6.75(−) −4.24(−) −5.49(−) −9.21(−)
BC −4.14(−) −4.74(−) −4.01(−)
TW −4.51(−) <−4.52(13) −5.74(07) −9.51(27) −5.93(10) −6.28(−) −4.13(10) −5.10(15) <−8.09(18)

HD 73174
HA −6.07(07) −10.52(−) −6.09(−) −4.27(16) −5.20(−)
BC −4.34(−) −4.74(−) −4.22(−) −5.24(−) −10.54(−)
TW −4.08(11) <−4.37(03) −5.70(08) −9.44(08) −5.69(08) −3.88(09) −4.79(02) −

HD 73711
BC −4.64(−) −3.94(−)
TW <−4.62(−) −4.44(13)

HD 73818
BC −4.34(−)
TW −4.26(20)

HD 73709
HBA −5.92(17) −10.20(−) −5.72(−) −3.96(17) −4.76(−)
BC −4.24(−) −4.54(−) −4.04(−) −5.04(−) −10.24(−)
TW −4.10(06) <−4.44(01) −6.18(06) −9.79(01) −5.79(13) −4.05(11) −4.88(06) −9.95(−)
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ABSTRACT

Aims. We study how chemical abundances of late B-, A-, and early F-type stars evolve with time, and we search for correlations
between the abundance of chemical elements and other stellar parameters, such as effective temperature and υ sin i.
Methods. We observed a large number of B-, A-, and F-type stars belonging to open clusters of different ages. In this paper we
concentrate on the Praesepe cluster (log t = 8.85), for which we have obtained high-resolution, high signal-to-noise ratio spectra of
sixteen normal A- and F-type stars and one Am star, using the SOPHIE spectrograph of the Observatoire de Haute-Provence. For
all the observed stars, we derived fundamental parameters and chemical abundances. In addition, we discuss another eight Am stars
belonging to the same cluster, for which the abundance analysis had been presented in a previous paper.
Results. We find a strong correlation between the peculiarity of Am stars and υ sin i. The abundance of the elements underabundant
in Am stars increases with υ sin i, while it decreases for the overabundant elements. Chemical abundances of various elements appear
correlated with the iron abundance.

Key words. stars: abundances – stars: atmospheres – stars: fundamental parameters – stars: chemically peculiar

1. Introduction

In stellar astrophysics, the study of the atmospheres of A- and
B-type stars plays a very special role. The atmospheres of these
stars display a variety of different phenomena, such as the pres-
ence of large and relatively simple magnetic fields, strong sur-
face convection, pulsation, diffusion of chemical elements, and
various kinds of mixing processes from small-scale turbulence
to global circulation currents. These general physical processes
are almost certainly active in the atmospheres (and interiors) of
stars other than the main sequence A- and B-type stars, but in
more subtle ways. Because of the easily visible effects found
in A- and B-type stars, these stars provide unique access to the
invisible interior processes. To fully understand the actual role
of all these physical phenomena, it is very important to seek

� Based on observations made at the Observatoire de Haute-Provence.
�� Figures 13 to 16 are only available in electronic form at
http://www.aanda.org

constraints from the observations, in particular to perform a de-
tailed study of a large number of stars of different ages and pe-
culiarity types.

For this project, it is very interesting to study stars that are
cluster members, rather than selecting targets in the field, be-
cause of two very compelling reasons. First, we can assume
that all cluster members have approximately the same original
chemical composition and age. Therefore, when we analyse the
chemical abundances of stars belonging to the same cluster, we
can assume that we are studying objects that are different only
by their initial mass, rotational velocity, magnetic field strength
and binarity. Second, the age of stars belonging to open clus-
ters can be determined with much higher accuracy than for ob-
jects in the field, especially for stars that are young enough that
less than half of their life in the main sequence has elapsed
(for a discussion of the star’s age determination see Bagnulo
et al. 2006). Therefore, we carried out two large observational
campaigns. With FORS1 at the ESO VLT and with ESPaDOnS
at the Canada-France-Hawaii Telescope (CHFT) we made a

Article published by EDP Sciences
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survey of magnetic A- and B-type stars in open clusters, to
search for links between magnetic fields and stellar evolution.
The results of this campaign are described by Bagnulo et al.
(2006); Landstreet et al. (2007, 2008). In the framework of this
observational campaign, we obtained also high-resolution spec-
troscopy of a large number of early-type stars in about ten open
clusters of different ages. The clusters are approximately uni-
formly distributed in logarithmic age from log t = 6.8 to log t =
8.9, and the spectra have been obtained using five different spec-
trographs: FLAMES at the ESO VLT, FIES at the Nordic Optical
Telescope (NOT), ELODIE and SOPHIE at the Observatoire de
Haute-Provence (OHP), and ESPaDOnS at the CFHT.

In a previous paper (Fossati et al. 2007, hereafter referred to
as Paper I), we started the analysis of the Praesepe cluster, pre-
senting the observations and the results of the abundance anal-
ysis of eight Am and three normal A- and F-type stars. In this
work we complete the study of the Praesepe cluster by present-
ing observations of 16 additional normal A- and early F-type
stars, and an additional Am star. These new observations were
obtained with the SOPHIE spectrograph at the Observatoire de
Haute-Provence. Because of the large sample of analysed stars,
we are able to make a sensitive search for correlations between
the abundances of the chemical elements and other stellar pa-
rameters, such as the effective temperature Teff and projected ro-
tational velocity υ sin i.

This Paper is organised as follows. In Sect. 2 we describe
the criteria that we adopted for target selection, which were
used both for the entire observational campaign, and for the spe-
cific observations of the Praesepe cluster presented in this pa-
per. Details about observations of the Praesepe cluster and data
reduction are given in Sect. 3. In Sect. 4 we compare spectra
of a reference star obtained with two different instruments that
we used in our observational campaign: the SOPHIE spectro-
graph and the ESPaDOnS spectropolarimeter. In Sect. 5 we de-
scribe the procedure used to perform the abundance analysis,
and we present the results obtained for the early-type stars of
the Praesepe cluster observed with the SOPHIE spectrograph.
In Sect. 6 we consider the abundances of chemical elements
for the stars studied in Paper I and for the stars studied in
this work. We search for correlations between chemical element
abundances and effective temperature, υ sin i, M/M� and frac-
tional age (τ − fraction of main sequence lifetime completed).
In Sect. 7 we summarise our conclusions.

2. Target selection

For target selection in the overall programme, we assigned the
highest priority to the most probable cluster members that were
already known to be chemically peculiar (Am, Ap, HgMn stars)
and/or to show slow rotation (typically υ sin i < 50 km s−1). For
this purpose we followed a standard procedure to select the stars
to observe and to assign their priority.

The first step was to identify the most probable cluster
members by checking the membership probabilities given by
Robichon et al. (1999) and Baumgardt et al. (2000) obtained
from HIPPARCOS data, by Kharchenko et al. (2004) and by
Dias et al. (2006). We considered as probable members of the
cluster every star with a kinematic and photometric membership
probability higher than 0.14 (Kharchenko, private communica-
tion) in the case of the Kharchenko et al. (2004) catalogue, or
a membership probability higher than 10% for the Dias et al.
(2006) catalogue.

We searched then for information about the spectral type,
magnitude, υ sin i, binarity, variability, chemical peculiarities,

magnetic field and radial velocity for each star considered a
probable member of the cluster. We collected information from
SIMBAD1 (scanning also the different references mentioned
therein), VIZIER2 (using a combination of several keywords –
binaries:cataclysmic, binaries:eclipsing, binaries:spectroscopic,
multiple_stars, open_clusters, positional_data, proper_motions,
rotational_velocities, spectral_classification, spectrophotome-
try, spectroscopy, stars:early-type, stars:late-type, stars:peculiar,
stars:variable – in a range of 10 arcsec around the position of
each star) and the WEBDA3 database (Mermilliod & Paunzen
2003). We looked also for additional information about each
star in articles by Glebocki & Stawikowski (2000) and Royer
et al. (2002) for υ sin i measurements, Rodríguez et al. (2000)
for δSct pulsations, the SB9 catalogue (Pourbaix et al. 2004) for
information about a possible binarity and Renson et al. (1991)
for chemical peculiarities.

We searched then for archival high resolution spectra in sev-
eral archives (e.g. the ESO archive4 and the ELODIE archive5),
in order to avoid a duplication of observational effort, in case
some stars had already been observed with high resolution spec-
troscopy. Almost no pre-existing spectra were found.

Of the sample obtained with this procedure, we kept only
the stars with spectral types between F5 (to avoid too long an
exposure time on a single object) and B5 (to avoid strong stel-
lar winds), giving a higher rank to peculiar stars and slow ro-
tators. From the sample we removed stars already known to be
SB2 systems, unless they had already been extensively observed
using high-resolution spectroscopy.

3. Observations and data reduction

We observed seventeen stars of the Praesepe cluster using the
SOPHIE spectrograph at the Observatoire de Haute-Provence
(OHP) during two runs, from December 1st to 2nd 2006 and
from March 10th to 12th 2007.

SOPHIE is a cross-dispersed échelle spectrograph mounted
at the 1.93-m telescope at the OHP. The spectrograph is fed
from the Cassegrain focus through a pair of optical fibers, one
of which is used for starlight and the other can be used for ei-
ther the sky background or the wavelength calibration lamp, but
can also be masked. The spectra cover the wavelength range
3872−6943 Å. The instrument allows observations either with
medium spectral resolution (R ∼ 40 000) or with high spectral
resolution (R ∼ 75 000). Since for most of the stars of our sam-
ple no precise υ sin i measurements were available, we decided
to observe all of them in high resolution mode.

The spectra were automatically reduced using the
SOPHIE pipeline, adapted from the HARPS software de-
signed by Geneva Observatory. A detailed description of the
pipeline is available on the SOPHIE web page6.

From our spectra we found that almost all of the stars have
high rotational velocity (υ sin i ≥ 30 km s−1). For these objects
the continuum normalisation is a critical reduction procedure
that cannot be performed with an automatic fitting procedure.
We therefore rectified the continua of these stars manually. Even

1 http://simbad.u-strasbg.fr/simbad/sim-fid
2 http://vizier.u-strasbg.fr/viz-bin/VizieR
3 http://www.univie.ac.at/webda/
4 http://archive.eso.org/
5 http://atlas.obs-hp.fr/elodie/
6 http://www.obs-hp.fr/www/guide/sophie/sophie-eng.
html



L. Fossati et al.: Effect of rotation in abundances of A-type stars in the Praesepe cluster 893

Table 1. Basic data of the observations for the analysed stars.

HD HJD Mv Spectral type SNR Exp. time Remarks
72757 2454172.336 8.45 F0 190 3600
72846 2454070.737 7.48 A5V 210 3600
73175 2454171.406 8.25 F0Vn 155 3600 δSct
73345 2454171.363 8.14 A7V 188 3600 δSct
73450 2454171.494 8.59 A9V 185 3600 δSct
73574 2454171.585 7.75 A8V 170 3600
73666 2454070.682 6.61 A1V 326 1800 speckle binary
73746 2454172.514 8.72 F0V 154 3600 δSct
73798 2454172.424 8.48 F0V 190 3600 δSct
73993 2454171.450 8.56 F2V 134 3600 variable
74028 2454171.318 7.97 A7V 185 3600 δSct
74050 2454170.566 7.91 A6Vn 160 3600 δSct
74135 2454172.559 8.88 F0 120 3600
74587 2454172.468 8.51 A5 177 3600
74589 2454172.379 8.46 F0 200 3600
74656 2454170.537 8.04 Am 226 2 × 3600 sum of two exposures
74718 2454171.538 8.39 A5 172 3600

The SNR are calculated at ∼5500 Å in a bin of 0.5 Å. The exposure time is in seconds. The HJD indicate the Heliocentric Julian Date at the middle
of the exposure.

with manual rectification, it was not possible to determine a cor-
rect continuum level shortwards of the Hγ line (4340.462 Å),
since there were not enough continuum windows in the spectra,
due to the crowding of spectral lines when υ sin i is high.

It is well known how important it is to reach a high signal-
to-noise ratio (SNR) to be able to carry out an abundance anal-
ysis of rapidly rotating stars (Hill & Landstreet 1993). For two
stars (HD 73798 and HD 73993) the SNR was too low, so we re-
binned the spectra to increase the SNR, at the expense of spectral
resolution.

The complete sample of stars observed and analysed in this
paper is listed in Table 1. In the sample, one object is an Am star,
while the others are normal stars with spectral types between F2
and A1. Seven stars of our sample are present in the δSct variable
star catalog of Rodríguez et al. (2000). One star (HD 73993) is
present in the Combined General Catalogue of Variable Stars
(Samus & Durlevich 2004), but the variability type is listed as
“unknown”. HD 73666 is the only known binary star present in
our sample, as we removed all SB2 stars from the selected target
stars, as explained in Sect. 2.

4. SOPHIE vs. ESPaDOnS

The observational material employed in this large project has
been obtained with different instruments at different telescopes.
Since the homogeneity of the analysis is of crucial importance,
in this section we compare spectra of a reference star obtained
with two different spectrographs to demonstrate the homogene-
ity of our data.

HD 73666 was previously analysed in Paper I. The star
was also used as reference star by Ryabchikova et al. (2008).
Here we compare the spectra of HD 73666 obtained with
ESPaDOnS (analysed in Paper I) and with SOPHIE. ESPaDOnS
was mounted at the Canada-France-Hawaii Telescope (CFHT)
in 2005 and SOPHIE at the Observatoire de Haute-Provence
(OHP) in 2006. The two instruments have similar mean resolv-
ing power, 65 000 and 75 000 respectively. ESPaDOnS is also
adapted for spectropolarimetric observations, while SOPHIE for
radial velocity observations. Here we compare the spectra of the
reference star obtained with the two instruments.

In Figs. 13 and 14 (available online) we show a direct
comparison between the ESPaDOnS and SOPHIE spectra for
HD 73666 around the He multiplet at ∼4471.5 Å and the strong
Fe ii line at 5018.440 Å respectively. No significant differences
are present apart from those due to the small difference of spec-
tral resolution, visible mainly in the cores of the strong lines.

HD 73666 was first detected as a binary star with speckle
interferometry by Hartkopf & McAlister (1984), and was ob-
served and analysed further by McAlister et al. (1987). Mason
et al. (1993), who collected all available interferometric mea-
surements and concluded that HD 73666 “shows little orbital
motion”. Radial velocity measurements are reported by Abt
(1970), Conti et al. (1974), Abt & Willmarth (1999) and Madsen
et al. (2002). All these authors give radial velocities compati-
ble with the cluster mean of 34.5 ± 0.0 km s−1 (Robichon et al.
1999). The spectra plotted in Figs. 13 and 14 have been cor-
rected only for the terrestrial radial velocity; nevertheless, no ra-
dial velocity difference is visible from the comparison of the two
spectra, in agreement with results from previous authors.

5. Model atmosphere and abundance analysis

Model atmospheres were calculated with the LTE code
LLmodels, which uses direct sampling of the line opaci-
ties (Shulyak et al. 2004) and makes it possible to compute
model atmospheres with an individualised abundance pattern.
We adopted the VALD database (Piskunov et al. 1995; Kupka
et al. 1999; Ryabchikova et al. 1999) as the source of spec-
tral line data, including lines originating from predicted levels.
We carried out a preselection procedure to eliminate all lines
that do not contribute significantly to the line opacity. This was
done by requiring that the line-to-continuum opacity ratio at the
centre of each included line be greater then 0.05%. Convection
was treated according to the CM approach (Canuto & Mazzitelli
1992).

The initial values of the fundamental atmospheric param-
eters (Teff and log g) were derived from Strömgren (Hauck &
Mermilliod 1998) and Geneva (Mermilliod & Paunzen 2003)
photometry, using calibrations from Napiwotzki et al. (1993) and
Kunzli et al. (1997) respectively.
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Table 2. Atmospheric parameters for the analysed stars of the Praesepe cluster.

Strömgren photometry Geneva photometry Final set
HD Teff log g Teff log g Teff log g υmic υ sin i συ sin i υr συr

[K] [cgs] [K] [cgs] [K] [cgs] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
72757 7330 3.81 7400 3.60 2.7 179 10 35.8 7.0
72846 8187 3.85 8146 4.12 8045 3.50 2.5 119 6 35.1 7.3
73175 7735 3.94 7506 4.22 7660 3.94 2.6 163 9 36.7 5.7
73345 7779 3.92 7865 4.43 7993 3.96 2.6 85 4 34.5 4.4
73450 7271 3.77 7455 4.26 7270 4.20 2.7 138 7 34.5 5.1
73574 7659 3.90 7733 4.36 7662 4.00 2.6 102 4 35.3 4.5
73746 7390 4.01 7236 4.16 7440 4.08 2.7 95 4 34.2 3.6
73798 7355 3.80 7301 4.11 7328 3.95 2.7 200 11 34.1 5.9
73993 7124 3.74 7153 4.11 7138 3.92 2.8 240 14 33.6 7.5
74028 7517 3.65 7772 4.34 7750 4.50 2.6 150 9 35.3 7.4
74050 7767 3.78 7722 4.19 7872 3.66 2.6 188 8 36.0 7.8
74135 7016 4.22 7400 4.00 2.7 100 4 32.5 5.7
74587 7246 4.15 7500 4.20 2.7 90 4 33.9 4.1
74589 7581 4.04 7550 4.03 2.7 127 5 34.1 4.7
74656 7517 4.11 7800 3.99 3.6 25 1 34.1 1.3
74718 7599 3.99 7453 4.21 7600 4.00 2.7 155 7 34.1 5.7

Columns two to five show the fundamental parameters derived from Strömgren and Geneva photometry. The sixth and seventh columns show the
final adopted parameters derived from spectroscopy.

The adopted Teff and log gwere derived spectroscopically, as
explained in detail in Paper I. We almost always used Fe lines for
this purpose, as the generally high υ sin i of the analysed stars did
not provide a suitable number and variety of lines of other ele-
ments. The microturbulent velocity (υmic) was determined spec-
troscopically, from Fe and Ti ii lines, for HD 74656 only; this
was possible because of its low υ sin i. For all other stars we
adopted υmic computed from the relation (Pace et al. 2006):

υmic = −4.7 log(Teff) + 20.9 km s−1. (1)

There is no significant difference between adopting the υmic
given by Eq. (1) and assuming a fixed value of 2.7 km s−1. We
notice that υmic obtained for the Am star HD 74656 is signif-
icantly larger than 2.7 km s−1. Whether this is also the case for
other stars of the sample cannot be tested with the available data.

Radial velocity (υr) and υ sin i, in km s−1, were determined
by computing the median of the results obtained by synthetic
fitting of several individual lines in the observed spectrum. We
derived error bars for these quantities for each analysed star us-
ing the standard deviation of the derived values. The error bar
associated with υr is strongly dependent on υ sin i, ranging from
about 1 km s−1 for slow rotators, up to about 8 km s−1 for the
fast rotators. The error bars in υ sin i are about 5% or 3 km s−1,
whichever is larger.

Table 2 reports the fundamental parameters obtained for each
star of the sample from photometry and spectroscopy. The pa-
rameters adopted for abundance analysis are those obtained from
spectroscopy.

We tested the fundamental parameters adopted for the
abundance analysis with spectrophotometry from Clampitt &
Burstein (1997) for 5 stars of the sample. We used Atlas9 models
and the fundamental parameters adopted for the abundance anal-
ysis to compute the fluxes for comparison with the spectropho-
tometry. The fluxes were normalised to the flux at 5560 Å. An
example of the comparison is shown in Fig. 1. We found good
agreement, within the error bars of the fundamental parameters,
for all the stars for which spectrophotometry was available.

The synthetic line spectrum was produced with the synthe-
sis code Synth3 (Kochukhov 2006). In each spectrum we fit the

Fig. 1. Comparison between spectrophotometry from Clampitt &
Burstein (1997) and normalised fluxes at 5560 Å with the fundamental
parameters adopted for the abundance analysis of the star HD 73345.

cores of selected lines of each ion to obtain a value of the abun-
dance associated with each line. The adopted abundance of that
ion is then defined to be the mean of the abundances obtained
from the selected lines. The error bars associated with the mean
abundances are the standard deviations, and they do not include
uncertainties in fundamental parameters (see below). The abun-
dances and their standard error bars are given in Table 3.

The line data required for our analysis were extracted from
the VALD database. Line parameters of the lines selected for the
fundamental parameter derivation and abundance analysis were
checked by synthesising these lines in the solar spectrum taken
from the National Solar Observatory Atlas7. The lines for which
we found a discrepancy between the observed and synthesised
solar spectrum were rejected.

The typical number of lines selected for the analysis varied
according to the rotational velocity of the analysed star. The Fe
abundance was always determined on the basis of the largest
number of lines, in comparison with other elements. The number
of lines used to derive the abundance of each element is given in

7 http://www.coseti.org/natsolar.htm
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Table 3. Abundances (log(NX/Ntot)) of the observed stars.

“Normal” A−type stars Solar
At.N. Element HD 72846 HD 73345 HD 73450 HD 73574 HD 74028 HD 74050 HD 74587 HD 74718 abundances

3 Li <−8.08(−; 1) <−8.33(−; 1) <−8.70(−; 1) <−8.38(−; 1) <−8.41(−; 1) <−8.26(−; 1) −10.99
6 C −3.58(−; 1) −3.44(12; 3) −3.27(−; 1) −3.36(18; 2) −3.39(08; 2) −3.52(−; 1) −3.49(01; 2) −3.51(04; 2) −3.65
8 O −3.18(−; 1) −3.22(01; 2) −3.70(−; 1) −3.30(−; 1) −3.38
11 Na −5.44(01; 2) −5.37(01; 2) −6.28(−; 1) −5.57(02; 2) −5.98(−; 1) −5.64(13; 2) −5.61(02; 2) −5.70(14; 2) −5.87
12 Mg −4.18(08; 3) −4.18(02; 3) −5.02(18; 2) −4.37(04; 3) −4.86(08; 3) −4.22(05; 4) −4.56(08; 3) −4.52(01; 2) −4.51
14 Si −4.62(16; 2) −4.67(−; 1) −4.13(−; 1) −4.19(−; 1) −4.17(−; 1) −4.37(−; 1) −4.16(−; 1) −4.25(−; 1) −4.53
16 S −4.71(04; 2) −4.44(03; 4) −4.35(−; 1) −4.61(02; 2) −4.26(01; 2) −4.50(04; 2) −4.28(11; 2) −4.90
20 Ca −5.17(−; 1) −5.39(09; 6) −5.95(06; 4) −5.86(16; 5) −5.37(16; 2) −6.13(06; 2) −5.49(15; 6) −5.68(02; 3) −5.73
21 Sc −8.88(−; 1) −8.63(07; 3) −8.57(14; 3) −8.89(02; 3) −8.35(−; 1) −8.96(27; 3) −8.56(−; 1) −8.69(14; 2) −8.99
22 Ti −6.88(03; 5) −6.95(06; 6) −7.30(11; 5) −6.98(09; 5) −6.78(−; 1) −7.08(15; 5) −6.83(16; 3) −6.93(10; 5) −7.14
24 Cr −6.23(06; 3) −6.22(08; 2) −6.56(08; 3) −6.19(16; 3) −6.23(12; 4) −6.48(10; 3) −6.05(13; 4) −6.44(20; 5) −6.40
25 Mn −6.37(−; 1) −6.88(−; 1) −6.52(02; 2) −6.77(−; 1) −6.61(−; 1) −6.62(04; 2) −6.71(−; 1) −6.65
26 Fe −4.55(18; 42) −4.33(11; 61) −4.62(09; 15) −4.49(10; 30) −4.50(09; 18) −4.44(13; 16) −4.28(10; 33) −4.61(11; 26) −4.59
28 Ni −5.70(18; 2) −5.58(11; 4) −5.82(16; 2) −5.62(08; 4) −5.93(14; 3) −5.60(15; 3) −5.84(−; 1) −5.68(02; 3) −5.81
39 Y −9.75(−; 1) −9.46(−; 1) −9.83(−; 1) −9.20(−; 1) −9.56(−; 1) −9.26(−; 1) −9.13(−; 1) −9.10(−; 1) −9.83
56 Ba −9.48(−; 1) −9.30(06; 2) −9.50(02; 2) −8.98(04; 2) −9.65(−; 1) −9.52(01; 2) −8.96(25; 2) −9.15(−; 1) −9.87

Teff 8045 7993 7270 7662 7750 7872 7500 7600
log g 3.50 3.96 4.20 4.00 4.50 3.66 4.20 4.00
υmic 2.5 2.6 2.7 2.6 2.6 2.6 2.7 2.7
υ sin i 119 85 138 102 150 188 90 155

F−type stars Am star Solar
At.N. Element HD 72757 HD 73175 HD 73746 HD 73798 HD 73993 HD 74135 HD 74589 HD 74656 abundances

3 Li <−8.70(−; 1) <−8.47(−; 1) <−8.35(−; 1) −8.61(−; 1) −10.99
6 C −3.71(16; 2) −3.36(01; 2) −3.39(−; 1) −3.30(14; 2) −3.19(18; 2) −4.09(−; 1) −3.65
7 N −3.98(−; 1) −4.26
8 O −3.30(−; 1) −3.40(−; 1) −3.36(−; 1) −3.88(−; 1) −3.38
11 Na −5.61(−; 1) −5.81(01; 2) −5.45(13; 2) −5.73(24; 2) −5.73(07; 2) −5.35(01; 2) −5.87
12 Mg −4.56(14; 2) −4.38(07; 2) −4.50(11; 5) −4.76(23; 2) −4.57(−; 1) −4.14(09; 2) −4.25(02; 2) −4.73(11; 3) −4.51
13 Al −5.15(−; 1) −5.67
14 Si −4.23(06; 3) −4.39(−; 1) −4.29(−; 1) −4.09(−; 1) −4.34(−; 1) −4.14(−; 1) −4.20(−; 1) −4.37(−; 1) −4.53
16 S −4.62(01; 2) −4.55(−; 1) −4.54(05; 5) −4.62(05; 2) −4.44(07; 2) −4.52(04; 5) −4.90
20 Ca −5.60(11; 6) −5.41(03; 3) −5.68(16; 8) −5.38(15; 5) −5.65(−; 1) −5.45(14; 4) −5.53(05; 7) −6.34(13; 3) −5.73
21 Sc −9.07(−; 1) −8.66(−; 1) −8.98(10; 3) −9.20(−; 1) −8.90(−; 1) −8.48(15; 4) −8.43(25; 3) −9.27(−; 1) −8.99
22 Ti −7.03(16; 5) −6.90(15; 3) −6.68(13; 3) −6.90(−; 1) −7.18(−; 1) −7.03(09; 6) −6.92(11; 7) −6.90(16; 18) −7.14
23 V −7.06(−; 1) −8.04
24 Cr −6.72(08; 3) −6.55(01; 2) −6.20(23; 6) −6.64(36; 4) −6.16(12; 3) −6.26(20; 4) −5.72(10; 11) −6.40
25 Mn −6.92(−; 1) −6.98(08; 2) −6.46(01; 2) −6.36(−; 1) −6.42(11; 3) −6.27(11; 5) −6.65
26 Fe −4.50(08; 31) −4.52(08; 14) −4.46(08; 49) −4.47(06; 17) −4.47(08; 6) −4.45(11; 60) −4.51(11; 53) −4.11(13; 74 −4.59
27 Co −5.38(−; 1) −7.12
28 Ni −5.57(−; 1) −5.68(05; 3) −5.38(12; 5) −6.20(07; 2) −6.15(−; 1) −5.53(10; 4) −5.90(17; 4) −5.00(08; 15) −5.81
29 Cu −6.92(−; 1) −7.83
30 Zn −6.77(−; 1) −7.44
38 Sr −8.23(−; 1) −9.12
39 Y −10.07(−; 1) −9.39(−; 1) −9.35(01; 2) −9.20(−; 1) −9.46(−; 1) −8.99(−; 1) −8.92(11; 3) −9.83
40 Zr −8.62(−; 1) −9.45
56 Ba −9.12(06; 2) −9.64(−; 1) −9.02(12; 2) −8.78(−; 1) −9.48(−; 1) −9.10(−; 1) −9.14(−; 1) −8.46(23; 3) −9.87
57 La −9.22(14; 3) −10.91
58 Ce −9.11(08; 3) −10.46
60 Nd −9.27(13; 5) −10.59
62 Sm −9.89(−; 1) −11.03
63 Eu −9.89(−; 1) −11.52
68 Er −9.53(−; 1) −11.11
70 Yb −9.46(−; 1) −10.96

Teff 7400 7660 7440 7328 7138 7400 7550 7800
log g 3.60 3.94 4.08 3.95 3.92 4.00 4.03 3.99
υmic 2.7 2.6 2.7 2.7 2.8 2.7 2.7 3.6
υ sin i 179 163 95 200 240 100 127 25

The estimated internal error (in parenthesis) is in units of 0.01 dex. The internal error associated with the derived abundance of each element is the
standard deviation from the mean abundance of the selected lines of that element. For comparison, the solar abundances (Asplund et al. 2005) are
given in the last column. At.N. gives the Atomic Numbers of the elements. Abundances obtained from just one line have no error (−; 1). Upper
limits are denoted by <. The second number in the brackets is the number of lines used to derive the mean abundance.
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Fig. 2. Comparison between the abundances derived for HD 73045
(υ sin i = 10 km s−1 – open circles in the upper panel) and HD 73746
(υ sin i = 95 km s−1 – open circles in the lower panel) adopting a
proper line selection and the lines used to determine the abundances
of HD 72757 (υ sin i = 179 km s−1 – open squares in both panels).

Table 3, following the (internal) standard deviation associated
with each measured abundance.

For all the elements that were not analysed we adopted the
solar abundance from Asplund et al. (2005). (This fact enters
into the model atmosphere computaion, and in the normalisation
of the results expressed according to the total number of nuclei
per unit volume Ntot.)

The high υ sin i of some of the analysed stars resulted in a
different and smaller selection of lines compared to the line list
employed for slower rotators. We checked if this is a source
of systematic error by performing the abundance analysis of
HD 73045 (υ sin i = 10 km s−1 – analysed in Paper I) and
HD 73746 (υ sin i = 95 km s−1) adopting the line list used for
HD 72757 (υ sin i = 179 km s−1). The results of this test, illus-
trated in Fig. 2, show that no systematic errors are introduced by
the difference in selected lines.

The high rotational velocity of many of the analysed stars re-
sults in a line list dominated by strong and saturated lines. These
lines are more sensitive to υmic variations than shallow lines.
For this reason the uncertainties of the adopted υmic, Teff, and
log g values need to be considered to obtain a realistic estimate
of the error bars associated with the derived element abundances.

In Paper I we have shown the results of two tests performed
on slowly rotating stars. They show i) how the standard devia-
tion from the mean Fe abundance changes for υmic = 0, 1, 2, ...,
6 km s−1, adopting fundamental parameters derived from pho-
tometry and spectroscopy and ii) the uncertainties introduced in
the abundances of Fe, Ti and Ni by varying effective tempera-
ture and log g by ±200 K and ±0.2 dex respectively. Our tests
show that the spectroscopic parameters are comparable or bet-
ter than the photometric parameters. Furthermore, the tests show
a variation of less than 0.2 dex in abundance due to the tem-
perature variation. No significant abundance change was found
varying when log g. However, the υmic value and its associated
uncertainty increase their importance for rapidly rotating stars,
and for this reason we performed the following additional test.
For four stars with different υ sin i values (HD 73730, υ sin i =
29 km s−1 – HD 73746, υ sin i = 95 km s−1– HD 72757, υ sin i =
179 km s−1 – HD 73798, υ sin i = 200 km s−1) we performed the
abundance analysis of selected Fe, Ni, Cr and Ti lines for as-
sumed υmic varying from 1 to 5 km s−1 in steps of 0.1 km s−1.
We plotted then in Figs. 3 and 4 the variation of the standard
deviation from the mean abundance (upper panel) and the mean
abundance itself (lower panel) as a function of υmic.

Fig. 3. The upper panels show the variation of the standard deviation
from the mean abundance of Fe, Ni, Cr and Ti as a function of υmic, for
HD 73730 (υ sin i = 29 km s−1) and HD 73746 (υ sin i = 95 km s−1). The
lower panels show the variation of the mean abundance as a function
of υmic.

Fig. 4. As for Fig. 3, but for HD 72757 (υ sin i = 179 km s−1) and
HD 73798 (υ sin i = 200 km s−1).

Figures 3 and 4 show that the adopted υmic value (2.7 km s−1

for all the stars taken into account in this test) obtained with
Eq. (1) is reasonable at every rotational velocity. The only ex-
ception is for the Am stars, for which slightly larger values of
υmic are obtained for those stars for which this quantity is di-
rectly derived. Taking into account the different best υmic val-
ues obtained from different elements, and the dispersion of the
standard deviation as a function of υmic, the uncertainty that we
assign to υmic, for the rapid rotators, is 0.7 km s−1. The lower
panels of Figs. 3 and 4 allow us to derive directly the abundance
uncertainty given the uncertainty of υmic for each element. We
used Fe as a standard element to derive the abundance standard
error, since it is the element with the highest number of selected
lines. An error bar of 0.7 km s−1 in υmic produces an uncertainty
of element abundance increasing from 0.1 dex for the slow ro-
tators, to 0.2 dex for the rapid rotators. The error bar on the
element abundance is dominated by the uncertainty of Teff for
the slow rotators, while the uncertainty in υmic becomes increas-
ingly important for larger υ sin i. Assuming that Teff and υmic
are completely uncorrelated, the resultant abundance error bar
for the rapidly rotating stars is given by standard error propa-
gation theory, which leads to an uncertainty of about 0.3 dex.
In conformity with this analysis, we assume an abundance error
bar increasing linearly with υ sin i from 0.2 dex to 0.3 dex at a
υ sin i value of 200 km s−1.
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Another source of uncertainty that is dependent on υ sin i
is due to the continuum normalisation. To quantify this uncer-
tainty we performed the following test. We derived the abun-
dance of the Fe ii line at 5325.6 Å for HD 73746 (υ sin i =
95 km s−1), HD 72757 (υ sin i = 179 km s−1) and HD 73798
(υ sin i = 200 km s−1) with the adopted normalised observed
spectrum and with the spectrum multiplied/divided by 0.99. In
this way we increased/decreased the continuum level of 1%, that
we estimate to be a reasonable uncertainty. The difference be-
tween the abundances obtained in this way is increasing with
υ sin i from about 0.1 dex for HD 73746, to about 0.2 dex for the
two faster rotators. We believe that in most cases this error bar is
an upper limit since the line by line abundance analysis method,
used in this work, allows a very careful line selection that re-
jects all the lines for which the continuum level looks uncertain.
Under the assumption of no systematic errors in the continuum
normalisation, this uncertainty is decreasing with an increase of
the number of selected lines. If for some lines the continuum
level is too low, for some others it would be too high, leading to
an increase of the dispersion, but not to an abundance variation.

An example of the spectrum of a rapidly rotating star and
the synthetic spectrum obtained after the complete abundance
analysis is shown in Fig. 16 (available online).

For all the rapid rotators in our sample, we were able to ob-
tain only an upper limit on the abundance of Li, because the high
υ sin i values did not allow us to detect the Li line. Only the Li
abundance of HD 74656 may be considered as a real estimate,
although even this value is uncertain because it was derived only
from one blended line.

We confirm the membership in Praesepe of all the stars of our
sample, because the υr measurements are all compatible with the
cluster mean of 34.5 ± 0.0 km s−1 (Robichon et al. 1999). For
none of the analysed stars we found any evidence of binarity.
These considerations confirm the quality of our target selection
(which were selected for membership and non-binarity).

We confirm the Am classification of HD 74656. In Fig. 15
(available online) the mean abundances for the Am stars anal-
ysed in Paper I are compared with the abundances obtained for
HD 74656. The comparison shows a good agreement between
the two abundance patterns.

6. Discussion

In this section we discuss the results obtained considering both
samples of stars: those analysed in this work, and those from
Paper I. In the sample of stars from Paper I, we did not in-
clud results for HD 73666 (Blue Straggler), HD 72942 (probable
non-member) and HD 73174, for which the derived Teff from
Strömgren photometry and from spectroscopy differ by about
700 K and no explanation was found in Paper I. For this reason
we decided not to consider this object in our final analysis of
the cluster.

6.1. Abundances of the A- and F-type stars of the Praesepe
cluster

The stars were first grouped according to their classifications as
F, A and Am stars; Fig. 5 shows the mean abundances for each
group. The error bars in Fig. 5 are the standard deviations from
the calculated mean abundances of each group.

The A- and F-type stars show similar abundance patterns,
characterised by solar abundances for almost all the elements.
The Am stars show the typical abundance pattern characterised

Fig. 5. Comparison between the mean abundances obtained for Am, A-
and F-type stars indicated by an open circle, square and triangle respec-
tively. The error bars are the standard deviations from the calculated
mean abundances. In the case of only one measurement, no error bar is
shown. A- and F-type stars show a similar abundance pattern. The Am
stars show the typical peculiar abundance pattern described in detail in
Paper I.

by underabundances of C, N, O, Ca and Sc, with a general over-
abundance of the other elements. As expected, the error bars as-
sociated with the abundances of the F-type stars turn out to be
comparable to or smaller than those for the A-type stars. It is
also possible to see this effect in figures from 7 to 9.

We calculated the metallicity of the cluster (Z) from the
abundances derived for the F-type stars, excluding HD 73575.
This star is close to the TAMS and its Fe abundance differs
by 0.27 dex with respect to the mean Fe abundance (0.11 ±
0.03 dex) of the other F-type stars. For this reason we omitted
HD 73575 from the determination of the cluster metallicity. The
Z value we obtain is 0.015 ± 0.002 dex.

The Z value adopted by several other authors and used to
characteris isochrones (see Sect. 6.2) is calculated with the fol-
lowing approximation:

Zcluster � 10([Fe/H]Fstars−[Fe/H]�) · Z�, (2)

assuming Z� = 0.019 dex. We recalculated the Z of the cluster
according to this approximation obtaining Z = 0.024 ± 0.02. We
derived this value using the mean Fe abundance of all the F-type
stars except HD 73575 ([Fe/H] = 0.11 ± 0.03 dex).

Our estimated metallicity is in agreement with that included
in the catalogue of Chen et al. (2003) of [Fe/H] = 0.14 dex
and with that recently obtained by An et al. (2007) of [Fe/H] =
0.11 ± 0.03 dex. An et al. (2007) derived the metallicity from an
Fe abundance determination from high resolution spectra of four
G-type cluster members.

6.2. HR diagram

Using the spectroscopic temperatures determined to perform the
abundance analysis we built the Hertzsprung-Russell (HR) dia-
gram of the cluster around the turn-off point (Fig. 6). We calcu-
lated the luminosity of each star photometrically, adopting the
magnitudes in V band given by SIMBAD and a cluster distance
modulus of 6.30 ± 0.07 mag (van Leeuwen 2007). We used a
reddening of 0.009 mag (WEBDA) and the bolometric correc-
tion given by Balona (1994). Luminosities are listed in Table 4.
With a distance modulus uncertainty of 0.07 mag, an uncertainty
in the bolometric correction of about 0.07 mag, and a reddening
uncertainty of 0.01 mag, we estimate that the typical uncertainty
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Fig. 6. Hertzsprung-Russell diagram of the Praesepe cluster. The
crosses and filled squares show the position on the HR diagram for the
Am and normal A- and F-type stars, respectively. The open squares in-
dicate the spectroscopic binaries. We did not correct the luminosity of
these stars due to the presence of a companion, but we assume it less
than 0.1 dex. The error bar in luminosity is 0.07 dex. The dashed line
shows an isochrone from Girardi et al. (2002) for the age and metallic-
ity given in the literature (log t = 8.85 dex; Z = 0.024 dex). The solid
line shows the isochrone corresponding to our best fit (log t = 8.77 dex;
Z = 0.030 dex).

in Mbol is about 0.15 mag, corresponding to an uncertainty in
log L/L� of about 0.06 dex.

In the diagram we divided our sample into Am stars (crosses)
and normal A- and F-type stars (full squares). We denoted also
(open squares) the spectroscopic binary stars. We did not correct
the luminosities of the spectroscopic binaries, as the only infor-
mation we have about the secondaries is that their contribution
to the analysed spectra is not detected (Paper I). This suggests
that their flux contribution is below about 5%.

The two stars located at the top left and top right of the
HR diagram are HD 73666 and HD 73575, respectively. Both
have already been analysed in detail in Paper I. HD 73666 is
clearly a Blue Straggler, while HD 73575 should be just at the
TAMS, if the stars are cluster members (membership given by
HIPPARCOS and confirmed in Paper I). HD 73575 deserves a
further comment. It is the most evolved star of the cluster and the
position close to the TAMS is consistent with this. This star also
shows anomalous chemical composition compared with that of
the other normal F-type stars. The position on the HR diagram
and the peculiar chemical composition of HD 73575 suggest an
unusual evolutionary history.

We adopted isochrones by Girardi et al. (2002) to deter-
mine age and metallicity of the cluster using the HR diagram.
In Fig. 6 we plotted two isochrones: one correspoding to the
age and metallicity of the cluster taken from WEBDA (log t =
8.85 dex; Z = 0.024 dex; dashed line) and the other correspond-
ing to our best fit on the HR diagram (log t = 8.77 dex; Z =
0.030 dex; solid line).

An et al. (2007) determined the metallicity of the Praesepe
cluster by fitting Yale Rotating Evolutionary Code (YREC, Sills
et al. 2000) isochrones to the main sequence of the cluster, ob-
tained from Johnson photometry. They derived a metallicity of
[Fe/H] = 0.20 ± 0.04 corresponding to Z = 0.030 ± 0.003. This
result is in agreement with the results of our fits of isochrones to
our sample of stars around the turn-off point.

All the Am stars are on the main sequence. Only HD 73618
(the hottest main sequence star in Fig. 6) can be considered a
Blue Straggler (Ahumada & Lapasset 2007), taking into account
the age and metallicity given in the literature.

6.3. Abundances vs. Teff and υ sin i

The abundances of the elements analysed for most of the stars
are displayed against Teff and υ sin i in the left and right panels
respectively from Figs. 7 to 9. We divided the sample of stars
according to their spectral classification: A-type stars (open cir-
cles), Am stars (open squares) and F-type stars (open triangles).
This division and visualisation will be retained in the following
sections.

The plots show that the abundances of the F-type stars
are less scattered than those obtained for the A-type stars, as
expected.

For the normal A- and F-type stars we do not find any clear
correlation between abundance and Teff or abundance and υ sin i.
This result confirms the prediction of Charbonneau & Michaud
(1991).

For the Am stars, none of the plotted elements, except Y,
shows any trend between abundance and Teff. Richer et al.
(2000) predict mild correlations between abundances of some
elements (e.g. Ni) and Teff, but probably our temperature range
is not large enough to show such correlations.

In Am stars, we find a strong correlation between abundance
and υ sin i for all peculiar elements, except for scandium and tita-
nium. As described in detail in Paper I, Am stars of the Praesepe
cluster show peculiarities mainly for C, O, Ca and Sc (under-
abundant) and Ti, Cr, Fe, Ni, Y and Ba (overabundant). C, O
and Ca show an increasing abundance with υ sin i. The Fe-peak
elements, Y, and Ba show a decreasing abundance with υ sin i.
Na, Mg, Si and S are not peculiar in Am stars and they do not
show any correlation with υ sin i. As a general behavior, the pe-
culiarities decrease with υ sin i, becoming closer and closer to
the abundances typical of the normal A- and F-type stars of the
cluster. Scandium and titanium are exceptions: Ti does not show
any clear trend with υ sin i, and Sc shows a trend opposite to
that of C, O and Ca, while we would have expected a similar
behavior.

Burkhart (1979) derived the abundance anomaly, from the
Strömgren m1 index, and υ sin i values for a sample of well-
known Am stars. She suggested a jump in the abundance
anomaly for stars with υ sin i > 55 km s−1; our results confirm
this claim.

Models by Charbonneau & Michaud (1991) do not predict
any strong correlation between element abundances and rota-
tional velocity: “For FmAm stars, it was shown quantitatively
that despite the potentially inhibiting effects of meridional cir-
culation on chemical separation, no dependence of abundance
anomalies on υ sin i is expected, for most elements, in the ro-
tational velocity interval characteristic of FmAm stars”. The
correlations here obtained between abundance and υ sin i, for
the Am stars, are in clear disagreement with the predictions of
Charbonneau & Michaud (1991).

Richer et al. (2000) found that element abundances in model
Am stars are dependent only on the depth of the zone mixed by
turbulence, thus showing that the abundance anomalies in Am
stars depend mainly on the turbulence model.

More recently, Talon et al. (2006) tested rotational mix-
ing models with both the Geneva-Toulouse and Montreal
codes. They showed how the predicted surface abundances of
FmAm stars should vary as a function of rotational velocity of
the star. Our findings support their predictions.
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Fig. 7. Abundances relative to the Sun (Asplund et al. 2005) of C,
O, Ca and Sc as a function of Teff and υ sin i for normal A-type
stars (circle), Am stars (square) and normal F-type stars (triangle).
A correlation between abundances of C, O, Ca and υ sin i is found
for Am stars; an anticorrelation between Sc abundance and υ sin i
is found for Am stars.

Fig. 8. Same as in Fig. 7 but for Na, Mg, Si and S. No correlation
is found.

Fig. 9. Same as in Fig. 7 but for Ti, Cr, Fe, Ni, Y and Ba. No
correlation is found for Ti. An anticorrelation between Cr, Fe, Ni,
Y and Ba abundance and υ sin i is found for Am stars.

6.4. Abundances vs. M/M� and fractional age

For the stars in our sample we calculated M/M�, fractional
age (τ) and their uncertainties according to Landstreet et al.
(2007) and listed them in Table 4.

We took the abundances of three representative elements
(Mg, Ca and Fe) showing, for the Am stars, the three different

properties discussed in Sect. 6.3. We plot the abundances of
these elements as functions of M/M� and display the results in
Fig. 10.

No clear correlation is visible for any of the three plotted
elements, for the normal or the Am stars.

Richer et al. (2000) suggest that the abundance anomalies
typical of Am stars depend very little on the mass and therefore
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Table 4. log L/L�, logTeff , M/M� and fractional age (τ) with associated
error bars for the analysed stars of the Praesepe cluster.

HD log L/L� Sp.type logTeff M/M� σM/M� τ στ
dex

72757 1.06 F0 3.869 1.71 0.09 0.43 0.06
72846 1.43 A5V 3.906 2.09 0.15 0.76 0.11
73045 0.99 Am 3.880 1.67 0.08 0.40 0.06
73175 1.13 F0V 3.884 1.78 0.09 0.48 0.07
73345 1.17 A7V 3.903 1.84 0.13 0.53 0.08
73430 1.10 A7V 3.884 1.76 0.09 0.47 0.07
73450 1.01 A9V 3.862 1.66 0.08 0.39 0.06
73574 1.33 A8V 3.884 1.96 0.10 0.64 0.10
73575 1.78 F0III 3.863 2.33 0.12 1.02 0.15
73618 1.50 Am 3.912 2.16 0.22 0.84 0.13
73666 1.71 A0 3.972 2.46 0.12
73709 1.35 Am 3.907 2.00 0.14 0.68 0.10
73711 1.42 Am 3.904 2.08 0.10 0.75 0.11
73730 1.23 Am 3.907 1.89 0.13 0.58 0.09
73746 0.95 F0V 3.872 1.64 0.08 0.38 0.06
73798 1.05 F0V 3.865 1.70 0.12 0.42 0.06
73818 0.97 Am 3.859 1.63 0.08 0.37 0.06
73993 1.02 F2V 3.854 1.66 0.12 0.39 0.06
74028 1.24 A7V 3.889 1.88 0.09 0.57 0.09
74050 1.26 A6V 3.896 1.91 0.10 0.60 0.09
74135 0.89 F0 3.869 1.60 0.08 0.35 0.05
74587 1.03 A5 3.875 1.71 0.09 0.43 0.06
74589 1.05 F0 3.875 1.70 0.09 0.42 0.06
74656 1.25 Am 3.892 1.89 0.09 0.58 0.09
74718 1.08 A5 3.881 1.74 0.09 0.45 0.07

No fractional age is given for HD 73666 since it is a Blue Straggler.

Fig. 10. Abundances relative to the Sun (Asplund et al. 2005) of Mg, Ca
and Fe as a function of the M/M�. No correlations are found.

fractional age of the star. This is consistent with the results of
this study.

6.5. Searching for correlations between abundances

In a sample of seventeen Am stars, Adelman & Unsuree (2007)
found significant correlations between the abundances of twelve
elements.

The abundances of the elements analysed in most of the stars
of our sample are displayed against the Fe abundance in Figs. 11
and 12.

We do not find any clear correlation between the abundances
of any element and Fe for the A- and F-type stars due to the tiny
spread in Fe abundance.

Fig. 11. Abundances relative to the Sun (Asplund et al. 2005) of C, O,
Na, Mg, S and Si as a function of the Fe abundance.

Fig. 12. Same as in Fig. 11 but for Ca, Sc, Ti, Cr, Mn, Ni, Y and Ba.

In contrast, the Am stars show correlations for all the ele-
ments in which a correlation was already found with υ sin i. The
Fe abundance is an indicator of Am peculiarities. As we found
a correlation between υ sin i and Am peculiarities, it is not sur-
prising to obtain similar correlations with the Fe abundance.

The correlations found for C and O are in agreement with
those found by Savanov (1995) in a sample of seventeen well-
known Am stars analysed by different authors. They looked for
a correlation between the C abundance and υ sin i, but without
any positive result.

From our results it is clear that these correlations are related
to those found with υ sin i in Sect. 6.3.

7. Conclusions

We obtained high resolution, high SNR spectra for seventeen
F- and A-type stars of the Praesepe open cluster, with the
SOPHIE spectrograph at OHP. One of these stars (HD 74656)
was classified as Am star.

We calculated the fundamental parameters and performed a
detailed abundance analysis for all the stars of the sample, con-
firming the previous classification, as chemically peculiar, of the
Am star HD 74656.

The stars we observed were selected using a standard pro-
cedure that will be adopted for future analysis of other open
clusters. All the selected stars of the sample shown in Table 1
are confirmed members of the cluster and among them there are
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no known binaries (except HD 73666). This shows the quality
of the selection procedure, since membership and non-binarity
were required for the selection.

To be able to discuss general properties of the cluster we
added to our sample of stars those considered in Paper I. Of the
stars analysed in Paper I we did not include HD 73666 (Blue
Straggler), HD 72942 (not a confirmed member) and HD 73174
(important uncertainties in Teff). The sample of stars analysed
in Paper I and in this work contains all the known cluster mem-
bers with a spectral type between F2 and A1 and not SB2. This
removes any bias that could have been introduced by an inap-
propriate target selection.

We divided our final sample of stars according to their spec-
tral classification, taken from WEBDA, and derived the mean
abundance pattern for three groups of stars: A-, F-type and Am.
The A- and F-type stars show a similar abundance pattern, close
to solar, while the Am stars show the typical Am peculiarities
described in Paper I. The abundance scatter of the Am stars is
higher than for the normal stars and, between A- and F-type
stars, the F-stars show the smaller scatter, as expected.

We derived the metallicity of the cluster from the F-type
stars of our sample, omitting HD 73575 which is already on the
TAMS. The resultant metallicity is Z = 0.015 ± 0.002 dex. To be
able to compare our metallicity ([Fe/H] = 0.11 ± 0.03) with that
used by other authors we derived Z with the approximation given
by Eq. (2) that corresponds to Z = 0.024 ± 0.002 dex, assuming
Z� = 0.019 dex. This result is in agreement with previous metal-
licity determinations from abundance analysis of G-type stars by
An et al. (2007).

For each star of the sample we derived photometrically
log L/L� and, adopting the spectroscopic temperatures de-
rived for the abundance analysis, built the Hertzsprung-Russell
(HR) diagram of the cluster around the turn-off point. We fit
isochrones by Girardi et al. (2002) to our HR diagram to de-
rive age and metallicity (log t = 8.77 ± 0.1 dex; Z = 0.030 ±
0.007 dex). This result is in agreement with that obtained by
An et al. (2007) fitting YREC isochrones to a photometrically-
derived main sequence of the cluster. We confirm the discrep-
ancy in metallicity found by An et al. (2007). Within the errors,
our age determination agrees with earlier determinations in the
literature (log t = 8.85 ± 0.15, González-García et al. 2006).

We plotted the abundances of the elements analysed in most
of the stars of our sample as a function of Teff and υ sin i. We
did not find any clear abundance trend with respect to Teff and
υ sin i for the A- and F-type stars. However, we found several
trends between abundances and υ sin i for Am stars. Correlations
are present for the elements that characterise the Am peculiar-
ities. Only Sc and Ti do not show this trend. With increasing
υ sin i the peculiarities tend to weaken, and the abundances ap-
proach the mean of the other A- and F-type stars. This is the first
real observational evidence of a direct connection between abun-
dance anomalies or diffusion processes and rotational velocity in
Am stars.

The Praesepe cluster could be peculiar in this sense because
it contains a high number of Am stars. This fact, combined with
the advanced age of the cluster, makes it possible to have many
Am stars close to the turn-off point. Since diffusion is a slow pro-
cess, in this cluster, more than in others, the peculiarities are ev-
ident and well-characterised by correlations between abundance
anomalies and rotational velocity. Similar relationhips may be
less obvious in younger clusters. It will clearly be of interest to
check this possibility.

The trends obtained in this work are in disagreement
with those predicted by Charbonneau & Michaud (1991), as

according to their models meridional circulation does not not
affect abundance peculiarities. Recently Richer et al. (2000)
and later Talon et al. (2006) calculated diffusion models with a
more accurate treatment of the rotational mixing. Their predicted
abundances for stars with various rotational velocities are quali-
tatively in agreement with observed properties of our sample of
Am stars. Detailed models, with a full treatment of diffusion and
rotational mixing, calculated individually for each Am star of
our sample, would be necessary for a more substantial compari-
son between models and observed abundances.

We derived M/M� and fractional age (τ) for each of the stars
of our sample and plotted the abundances as a function of M/M�.
No correlation was found for any of the three spectral groups
considered here, as predicted by Richer et al. (2000).

We searched for correlations between abundances of the el-
ements analysed in most of the stars and the Fe abundance. For
normal A- and F-type stars we did not find any correlation, while
for Am stars strong correlations are obtained for all the pecu-
liar elements. The behavior of the abundances of the elements
which are peculiar in Am stars, as a function of the Fe abun-
dance, is the same as that found for υ sin i. We conclude that
there is a strong connection between the correlations among the
abundances, with the correlations of abundances with υ sin i.
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Fig. 13. Comparison between the spectra of HD 73666 obtained with
the ESPaDOnS spectropolarimeter (blue line) and the SOPHIE spectro-
graph (red line) in the region of the He i multiplet at ∼4471.5 Å. No
difference is visible between the two spectra, apart the one due to the
different spectral resolution of the two instruments.

Fig. 14. Same as for Fig. 13, but in the region of the strong Fe ii line at
5018.440 Å.

Fig. 15. Comparison between the mean abundance of the Am stars anal-
ysed in Paper I and the Am star HD 74656. This plot confirms the
Am classification of this star.



L. Fossati et al.: Effect of rotation in abundances of A-type stars in the Praesepe cluster, Online Material p 2

Fig. 16. Portion of the spectrum of HD 72757 (υ sin i = 179 km s−1) and the synthetic spectrum after the complete abundance analysis in black and
red respectively.
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ESO VLT 079.D­0178(A) ­ Observing the chemical evolution of early­type stars in open clusters. 
Observations performed with FLAMES. Awarded 14 hrs. in service mode (co­I; responsible for 
target selection and OB preparation)

NOT / FIES – Chemical signatures of A­type stars in open clusters. August 2007, 5 nights awarded in 
visitor mode for observations with FIES (co­I; responsible for target selection)

OHP / SOPHIE – Chemical composition of A­type stars in the Praesepe cluster: a clue to t heir 
evolutionary status. March 2007, 4 nights awarded in visitor mode for observations with SOPHIE 
(P.I.; responsible for target selection and observer)
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