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ABSTRACT

Aims. We present a spectroscopic analysis of a sample of evolved stars in M 67 (turn-off, subgiant and giant stars) in order to bring
observational constraints to evolutionary models taking into account non-standard transport processes.

Methods. We determined the stellar parameters (7.q, log g, [Fe/H]), microturbulent and rotational velocities and, lithium abundances
(AL;) for 27 evolved stars of M 67 with the spectral synthesis method based on MARCS model atmospheres. We also computed
non-standard stellar evolution models, taking into account atomic diffusion and rotation-induced transport of angular momentum and
chemicals that were compared with this set of homogeneous data.

Results. The lithium abundances that we derive for the 27 stars in our sample follow a clear evolutionary pattern ranging from the
turn-off to the Red Giant Branch. Our abundance determination confirms the well known decrease of lithium content for evolved
stars. For the first time, we provide a consistent interpretation of both the surface rotation velocity and of the lithium abundance
patterns observed in an homogeneous sample of TO and evolved stars of M 67. We show that the lithium evolution is determined by
the evolution of the angular momentum through rotation-induced mixing in low-mass stars, in particular for those with initial masses

larger than 1.30 M, when at solar metallicity.
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1. Introduction

The investigation of the lithium (Li) abundance in different stel-
lar sites — such as open clusters — is a key element in the study
of the chemical evolution of the Galaxy (D’ Antona & Matteucci
1991). Regarding the formation of light elements, unlike beryl-
lium (Be) and boron (B), which are formed only via spallation
reactions involving protons or alpha particles and atoms of car-
bon, nitrogen, and oxygen (Reeves et al. 1970), lithium is mostly
produced during Big Bang nucleosynthesis. Because they are
easily destroyed at low temperature in deep stellar layers, these
light elements and especially Li provide strong constraints to test
transport mechanisms in stellar interiors.

According to standard stellar evolution, where no mecha-
nisms for the transport of matter is included in the radiative re-
gions, the only episode modifying the surface abundance pattern
of low-mass stars during their ascent of the Red Giant Branch
(RGB) is the first dredge-up (1st DUP) occuring at the base
of the RGB. At this stage the convective envelope deepens and
the ashes of hydrogen burning, mainly CN-cycle products, are
dredged-up to the stellar surface, causing the decrease of the

* Based on observations collected at ESO, Paranal, Chile
(VLT/FLAMES program ID 072.D-0309 and 074.D-0179).
** Table 6 is only available in electronic form at
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12¢/13C and '>C/'N surface ratios. The regions reached by the
convective envelope are also lithium free and the surface lithium
abundance therefore drops significantly. The importance of these
variations depends on metallicity and initial mass.

However, the large number of abundance anomalies de-
tected in main-sequence and giant stars are evidence point-
ing to one or more processes of extra-mixing occurring in the
stellar interiors (Pinsonneault 1997). Several extra-mixing pro-
cesses were suggested with the intention of explaining the Li
depletion in F and G type stars: microscopic diffusion (Michaud
1986; Chaboyer et al. 1995), meridional circulation and hydro-
dynamical turbulent instabilities (Schatzman & Baglin 1991;
Pinsonneaultet al. 1991; Deliyannis & Pinsonneault 1997; Talon
& Charbonnel 1998; Palacios et al. 2003), internal gravity waves
(Garcia Lopez & Spruit 1991; Montalban & Schatzmann 2000;
Talon & Charbonnel 2003). However, the physical parameters
that control this extra-mixing are subjects of debate (Charbonnel
& Balachandran 2000). Among the candidates, rotation-induced
mixing alone (Palacios et al. 2003) or associated to internal grav-
ity waves (Talon & Charbonnel 2003) appears to explain the
hot and the cold side of the Li-dip observed for main-sequence
stars in open clusters. Going beyond the turn-off, Palacios et al.
(2003) showed that the same models that reproduce the hot
side of the Li-dip lead to the observed dispersion of Li abun-
dances in subgiants of open clusters and of the galactic field.
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Concerning the RGB, abundance variations observed at the sur-
face of stars beyond the 1st DUP indicate the existence of ex-
tra mixing processes at this stage (Recio-Blanco & de Laverny
2007). However, rotation-induced mixing does not seem to play
a major role in more advanced evolutionary stages, when the ro-
tation decreases because of the increase of the stellar radius, as
shown in Palacios et al. (2006) for globular cluster RGB stars.
Finally let us mention that the second and third dredge-up
episodes that occur during the Asymptotic Giant Branch phase
once again modify the surface abundance patterns, and that in
these phases abundance anomalies also indicate the action of an
extra-mixing process that is not yet clearly identified. Li deple-
tion also seems to be related to the stellar age (Herbig 1965;
Duncan 1981; Soderblom 1983; Fekel & Balachandran 1993),
and it is also sometimes considered to be connected with other
parameters such as metallicity, activity, and mass (Pallavicini
et al. 1987; Spite & Spite 1982; Randich et al. 1994). If the
Li depletion is related to the stellar age, one could expect a
correlation between lithium abundance and rotational velocity
for stars of the same mass, same metallicity and same spectral
type (Skumanich 1972). In agreement with this, Zahn (1992) and
Pinsonneault et al. (1990) postulated that the Li depletion in late-
type stars is directly related to the loss of angular momentum.

The age of clusters and consenquently that of their individ-
ual stars can be determined from isochrone fitting. Cluster stars
may therefore more efficiently serve for the study of changes
in mixing-sensitive abundances and for the search of anomalies
in chemical compositions. Open clusters are moreover impor-
tant laboratories, from the study of which one can address the
question of Li evolution in stellar interiors and surfaces, because
they contain a significant sample of stars in a wide range of mass
with the same origin and same initial chemical composition. In
the last decades several observational diagnostics have discov-
ered element abundances of stars belonging to open clusters of
different ages with the help of high-resolution spectroscopy, and
even more recently with the multi-objects instruments. The evo-
lution of Li and Be abundances along specific parts of the colour-
magnitude-diagrams (CMD) of open clusters (main-sequence,
turn-off (hereafter TO), subgiant and red giant branch) has been
investigated to test the physics and the extra-mixing processes
included in stellar evolution models. Randich et al. (2002, 2007)
have investigated both Be and Li abundances in late-F and early-
G main-sequence and subgiant stars from five different open
clusters with ages ranging from 50 Myr up to 4.5 Gyr. They
confirmed shallow mixing in stellar interiors, which is able to
transport surface material deep enough for Li burning to occur,
but not deep enough for Be burning. Very recently, Smiljanic
et al. (2010) have analysed Be and Li abundances along the main
sequence and RGB in the open cluster IC 4651 (with an age es-
timated around 1.5 Gyr). They show that both the evolution and
dispersion of Be and Li abundances are successfully reproduced
by theoretical predictions from hydrodynamical models taking
into account non-standard mixing processes (rotation-induced
mixing, atomic diffusion, and thermohaline mixing).

The present study focusses on evolved stars of the open clus-
ter M 67 (= NGC 2682), which has been used for the past three
decades as an important laboratory for studying stellar evolution
(Burstein et al. 1986; Carraro et al. 1996, and references therein).
M 67 is commonly mentioned as a solar age cluster, i.e. one of
the oldest open clusters of the Galaxy. However, its age is still
a matter of debate, and estimates vary from 3.5 to 4.5 Gyr. A
recent estimate (Sarajedini et al. 2009) based on the comparison
of a M 67 proper-motion-cleaned colour-magnitude diagram to
theoretical isochrones points to low values around 3.5-4.0 Gyr,
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confirming previous results from VandenBerg & Stetson (2004)
or Michaud et al. (2004), who used evolutionary models taking
into account microscopic processes such as atomic diffusion. On
the other hand, spectroscopic studies devoted to stars from M 67
usually refer to a higher age of about 4.5 Gyr (e.g., Randich et al.
2006). Using spectroscopy and photometry, several authors de-
termined an average iron abundance [Fe/H] for M 67 very close
to the solar value.

Previous Li observations in M 67 stars show that a real dis-
persion in the lithium abundance of main-sequence objects exists
even though at this phase the convective envelope is too superfi-
cial to reach the layer where Li destruction can occur (Pasquini
et al. 1997; Jones et al. 1999; Randich et al. 2002, 2007). While
standard models appeared inefficient to explain this Li dispersion
observed in unevolved M 67 stars, the rotational mixing seems
to be a good candidate (Pasquini et al. 1997). Considering M 67
subgiants, Sills & Deliyannis (2000) also find that stellar mod-
els with slow mixing caused by rotation are the most suitable
to explain the evolution of low-mass stars. By measuring rota-
tional velocities for 28 stars from the main-sequence to the giant
branch in M 67, Melo et al. (2001) provided an analysis of the
history of the angular momentum of stars of 1.2 M. It verifies
that these velocities probably obey different laws for the evolu-
tion of the angular momentum on the main-sequence and on the
giant branch.

Our observations of M 67 stars along an evolutionary se-
quence from the TO to the top of the RGB offers the opportu-
nity to shed light on the interplay between Li and rotation evolu-
tion and to test the extra-mixing scenario in stellar structures. In
Sect. 2 we present the observational data and our method to de-
termine stellar parameters (effective temperature, surface grav-
ity, metallicity), Li abundances, and rotational velocities (v sin 7).
In Sect. 3 we present the stellar models we used to study the
Li evolution in evolved stars of M 67, and our conclusions are
drawn in Sect. 4.

2. Spectroscopic observations and data analysis

Our study is based on a sample of 28 post-main-sequence stars of
the open cluster M 67. Figure 1 displays a colour-magnitude di-
agram of the open cluster M 67 (photometry from Montgomery
et al. 1993). We overplotted a best-fitting isochrone of 3.7 Gyr
provided by VandenBerg (priv. comm.) based on the models with
diffusion by Michaud et al. (2006).

These stars are divided into three groups regarding their evo-
lutionary stages: (i) TO stars; (ii) subgiant branch stars; and
(iii) RGB stars, including three clump giants. According to
a standard evolutionary scenario, TO and subgiant stars must
present a fast expansion of their convective envelopes, while gi-
ant stars must have passed already through the first dredge-up
episode, bringing to the surface CNO products, hence modifying
the surface abundances. Let us mention that among our sample is
the Li-rich subgiant S1242, which we analysed in detail in Canto
Martins et al. (2006).

2.1. Spectroscopic observations

The observations of these stars were carried out with the
VLT/Unit2 ESO telescope (Paranal, Chile), using the FLAMES-
UVES spectrograph (Pasquini et al. 2002), during January 2004,
January 2005 and March 2005. Using photometry and astrome-
try data of M 67 from EIS pre-FLAMES (Momany et al. 2001)
we selected our stars near the centre field with @ = 8 : 48 and
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Fig. 1. Colour-magnitude diagram of the open cluster M 67. (V, B—V)
photometry is taken from Montgomery et al. (1993) and a colour excess
of E(B — V) = 0.05 has been assumed, as in Melo et al. (2001). Stars
from our sample are shown as open dot circles. The track is an isochrone
at 3.7 Gyr from Vandenberg (private communication) based on models
with diffusion from Michaud et al. (2004).

0 = +11:46. We used two different fiber configurations. For
the brightest stars (V < 12, i.e., RGB stars) we observed four
stars, with four fibers dedicated to the sky with the exposure
time set to 1500 s, providing a mean signal-to-noise ratio (S /N)
of 50 (per pixel), over the lithium region (6700-6720 A). For
the faintest stars (V > 12, TO and subgiant stars), seven fibers
were used for the stars and one for the sky. The exposure time
for these groups was set to 1500, 2580, and 3000 s, providing
a S/N between 65 and 100 (per pixel). The stellar sample was
observed with the UVES red arm centred at 580 nm, covering a
wavelength range of 420-680 nm, and also centred at 860 nm,
covering a larger wavelength range of 660-1060 nm. The ob-
servations have a resolving power of R ~ 47000 (1 arcsec sky
aperture). Moreover, some stars (marked in Table 1 with a star)
we only observed with the UVES red arm centred at 580 nm.
The spectra were reduced with the standard FLAMES/UVES
data reduction pipeline following the usual steps of reduction
(bias, flat-field, and background corrections, order fiber defini-
tion, wavelength calibration of the spectra with a ThAr spectrum
and extraction of the spectra). Concerning the sky subtraction,
for bright stars, four fibers were allocated for the sky on each
plate. The average of the sky fibers was subtracted from each
star spectrum. However, for the faintest stars only one fiber was
dedicated to the sky and then subtracted from the star spectrum.
Then we used IRAF to normalize them to a pseudo continuum
and to bring the reduced spectra to rest. The radial velocities for
our stellar sample were calculated with the IRAF fxcor task.
The stellar spectra were cross-correlated with a spectrum of the
Sun (Hinkle et al. 2000). The shifts were then computed into
radial velocities of the stars and heliocentric correction was ap-
plied. The results are presented in Table 1 and the errors in these
velocities show a stability at a level of a few hundreds of m/s.
The probability that these stars belong to this stellar cluster is
larger than 70%, according to Sanders (1977) and their estimated

radial velocities should be consistent with the estimated radial
velocity for M 67 of 33.0 km s™! (Friel & Janes 1993). This is not
the case for the star S1000 with 0% of membership probability
and a radial velocity of 42.8 km s~!, which is very different from
the group of stars and is therefore rejected.

Finally, we also combined different exposures collected at
different dates for some TO and subgiant stars, in order to reach
a good quality of the data and to increase the mean S /N over the
Li region to 100 per pixel.

A complete log of observations is presented in Table 1. Star
identifiers are from Sanders (1977). The radial velocity correc-
tion that was applied is mentioned in the last column (which
agrees very well with the values produced by Melo et al. 2001).

2.2. Spectral synthesis

We performed spectral synthesis analysis on our 27 sample stars,
to derive stellar parameters (T.g, logg, &, [Fe/H]) and to mea-
sure rotational velocities and lithium abundances. We used the
MARCS models of stellar atmospheres (Gustafsson et al. 2008),
which are based on plan-parallel and spherical models at local
thermodynamical equilibrium (LTE). The turbospectrum spec-
tral synthesis tools (Alvarez & Plez 1998) and interpolation rou-
tines on model atmospheres were used. Solar abundances were
taken from Asplund et al. (2005) and the collisional damp-
ing treatment was performed based on the work of (Barklem
et al. 2000a,b; Barklem & Piskunov 2003; Barklem &
Aspelund-Johansson 2005). To compute synthetic spectra, we
took taken into account atomic (see below) and molecular line
lists: TiO (Plez 1998), VO (Alvarez & Plez 1998), and CN and
CH (Hill et al. 2002).

In order to improve the precision on the atmospheric param-

eters and on the Li abundances (Ar; = log (Z—;) + 12) presented
in Canto Martins et al. (2007), we analysed our sample using
the curve-of-growth method, which is based on the measure-
ment of equivalent widths (EWs) of a large number of iron lines
present in our FLAMES-UVES observations. Indeed, weak fea-
tures (mainly caused by the Fe I line at 6707.44 A) are known
to blend the Li line (at 6707.78 A), which is used to derive Ay ;.
Hence, a very good precision on the estimate of the Fe abun-
dance and on all atmospheric parameters is required to ensure a
determination of Ay; with a high accuracy.

To do so, we first calibrated the oscillator strength values
(loggf) of 92 Fe I and 14 Fe II spectral lines issued from the
VALD database (Kupka et al. 1999). These lines appear reason-
ably unblended throughout the spectral domain (4200-8000 A)
of the high-resolution spectra of the Sun and of Arcturus (Hinkle
et al. 2000). For each line the central wavelength, excitation
potential (yexc), and our value on loggf improved by an in-
verse solar and Arcturus analysis are presented in Table 6 (on-
line material). The equivalent widths (EW) from the Sun and
from Arcturus spectra (Hinkle et al. 2000) are also reported.
They were measured with an automatic procedure using the
DAOSPEC package (Stetson & Pancino 2008). In order to check
our corrections on log g f values, we used our measured EWs to
derive the Fel and Fell abundances for the Sun and for Arcturus.
For the Sun, we adopted the following atmospheric parameters:
T = 5777 K (Neckel 1986), ¢ = 1.0 kms™! (Ruedi et al. 1997),
logg = 4.44 (Allen 1973); and for Arcturus: T.x = 4300 K,
& = 1.6 kms™!, logg = 1.8 (Zoccali et al. 2004). The so-
lar iron abundances we derived, logn(Fel) = 7.49 + 0.03 dex
and logn(Fell) = 7.48 + 0.04 dex, agree well with the values
of Asplund et al. (2005) and also with the value of the Fe II
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Sanders 1% (B-V) @000 52000 Julian day Exposure Urad
ID +2453000  time(s) (kms™')

S774 12.93 0.85 08:50:49.93  11:49:12.90 009.74 3000 335
011.77 1500 34.2

031.76 3000 34.0

032.76 3000 33.6

033.64 3000 34.0

S806 12.78 0.81 08:51:00.17  11:54:32.10 009.74 3000 334
011.77 1500 34.3

031.76 3000 34.0

032.76 3000 33.6

033.64 3000 34.0

S978 9.72 1.37 08:51:17.48  11:45:22.70 008.77 1500 34.7
008.79 1500 34.6

S1000* 12.84 0.78 08:51:23.83  11:47:16.20 382.73 2580 42.8
382.76 2580 429

S1010 10.48 1.11 08:51:22.81  11:48:01.80 008.77 1500 34.1
008.79 1500 33.8

S1016 10.3 1.26 08:51:17.11 11:48:16.30 008.77 1500 34.6
008.79 1500 344

S1034 12.65 0.61 08:51:18.55  11:49:21.70 028.74 3000 34.6
028.78 3000 34.6

033.69 3000 34.8

033.73 3000 34.9

S1074 10.59 1.12 08:51:12.68  11:52:42.20 007.76 1500 34.2
007.78 1500 34.7

S1231 12.93 0.92 08:51:29.38  11:45:27.80 009.74 3000 32.9
011.77 1500 33.6

031.76 3000 33.5

032.76 3000 33.1

033.64 3000 33.5

S1239 12.75 0.76 08:51:44.03  11:46:24.60 028.74 3000 32.8
028.78 3000 32.9

033.69 3000 33.2

033.73 3000 33.2

S1242 12.72 0.68 08:51:36.04  11:46:33.70 009.74 3000 37.5
011.77 1500 38.4

031.76 3000 34.1

032.76 3000 344

033.64 3000 35.1

S1245 12.93 0.92 08:51:44.77  11:46:46.20 028.74 3000 33.1
028.78 3000 33.1

033.69 3000 33.3

033.73 3000 334

S1254 11.52 1.05 08:51:45.08  11:47:46.00 007.76 1500 329
007.78 1500 33.5

S1268 12.65 0.58 08:51:49.97  11:49:31.40 009.74 3000 32.7
011.77 1500 334

031.76 3000 33.2

032.76 3000 329

033.64 3000 33.3

S1273 12.22 0.57 08:51:39.26  11:50:04.00 028.74 3000 34.6
028.78 3000 34.6

033.69 3000 34.7

033.73 3000 34.8

S1275 12.56 0.59 08:51:37.43  11:50:05.40 009.74 3000 334
011.77 1500 34.1

031.76 3000 33.9

032.76 3000 33.7

033.64 3000 34.0

S1277 11.63 1.05 08:51:42.35  11:50:07.80 008.77 1500 34.6
008.79 1500 34.3

S1279 10.55 1.12 08:51:28.98  11:50:33.00 007.76 1500 333
007.78 1500 33.9

S1288 11.33 1.07 08:51:42.37  11:51:23.10 007.76 1500 334
007.78 1500 34.0

S1293 12.09 1.01 08:51:39.42  11:51:45.90 028.74 3000 34.2
028.78 3000 342

033.69 3000 34.3

033.73 3000 34.5

S1305* 12.23 0.99 08:51:35.79  11:53:35.00 398.79 2580 34.3
431.68 2580 34.2

S1319* 12.91 0.97 08:51:48.80 11:56:52.0 398.79 2580 34.4
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Table 1. continued.

Sanders \% (B-V) @2000 2000 Julian day Exposure Vrad
D +2453000  time(s)  (kms™))
431.68 2580 343
S1323 12.83 0.78 08:51:35.43  11:57:56.80 028.74 3000 33.2
028.78 3000 33.2
033.69 3000 33.5
033.73 3000 33.5
S1438* 12.89 0.82 08:52:11.35  11:45:37.50 398.79 2580 33.1
431.68 2580 33.0
S1487* 12.63 0.64 08:52:04.81  11:58:28.80 398.79 2580 334
431.68 2580 33.3
S1607* 12.62 0.56 08:52:21.45  11:50:41.70 398.79 2580 33.7
431.68 2580 33.7
S2207* 12.65 0.62 08:51:32.47  11:47:52.50 398.79 2580 31.9
431.68 2580 31.9
S2208 12.78 0.82 08:51:32.42  11:48:01.30 028.74 3000 33.0
028.78 3000 33.0
033.69 3000 33.1
033.73 3000 33.1

Notes. The stars were observed using two different setups, except for those marked with (%), which were only observed using the setup centred at

580 nm (see text).

abundance found by Biémont et al. (1991). For Arcturus we
found logn(Fel) = 7.02 = 0.05 dex and logn(Fell) = 7.05 +
0.06 dex, which agrees with determinations from Peterson et al.
(1993) and from Carraro et al. (2004).

Then we estimated for our 27 sample stars the effective tem-
peratures, microturbulent velocities, and stellar surface gravi-
ties by imposing an excitation equilibrium for the Fe I abun-
dances, an equilibrium between the Fe I abundances and the
equivalent widths, and a Fel/Fell ionization equilibrium as pre-
sented in Fig. 2 for the TO star S1275. The initial values adopted
for the atmospheric parameters were the ones published in
Canto Martins et al. (2007). In this previous work, the Teg
were estimated from photometry (Montgomery et al. 1993;
Houdashelt et al. 2000), from the H, and Hg lines and also the
Fe I lines ratio in the Li region. The log g was estimated using
evolutionary models. For the metallicities, the solar metallicity
was adopted as a first guess and then adjusted by fitting the Fe I
lines for the Li region.

With this method the metallicities [Fe/H] were calculated for
a solar abundance logn(Fe), = 7.49 (as derived here) and the
[Fe/H] errors are based on the standard deviations in the Fe I
lines abundances only. The accuracies obtained on atmospheric
parameters are +70 K for Teg, 0.2 dex for log g and +£0.2 km s™!
for &.

Table 2 provides the atmospheric parameters adopted to
compute the synthetic spectra used to derive the projected ro-
tational velocity (vsini) and Ap;for each star in our sample.
To derive the projected rotational velocity, we used the same
procedure as in de Medeiros et al. (2006). We convolved the
resulting spectra (taking into account the instrumental pro-
file of FLAMES-UVES) with a rotational profile to adjust the
broadening observed on a group of Fel lines in the Li region
(6700-6720 A). The vsini values we measured (presented in
Table 2) have an accuracy of +1.0 kms™!.

Finally, the determination of Ay ;was made by the best fit be-
tween observed and synthetic spectra, obtained on the Li line at
6707.78 A. For each star, the total error on the Li abundance was
estimated by computing the quadratic sum of errors induced by
errors on individual parameters (7., log g, &, [Fe/H], v sini) and
also errors associated with the best-fit determinations. As dis-
cussed by De Laverny et al. (2003) and Lebre et al. (2006), the
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Fig. 2. Analysis of the turn-off star S1275: a) Fe lines excitation equilib-
rium; b) relations between Fe abundances and equivalent widths. Open
and filled circles represent the Fe I and Fe II lines, respectively. The
solid line represents the mean iron abundance and the dashed lines rep-
resent the 1o of the distribution.

main source of uncertainty in the abundances determinations is
caused by errors in the T.¢ determination. They have estimated
that Ty measurements with errors smaller than 200 K lead to er-
rors smaller than 0.2 dex in the derived metallicity and lithium
abundance. We made some tests, and the obtained errors are
about the same as proposed in these previous studies. However,
we found that errors in the parameters log g and ¢ also influence
the determination of the metallicity of the stars in our sample.
We found that the errors obtained in [Fe/H] caused by errors in
log g are smaller than those measured when we analyse the er-
rors in the metallicity caused by &. Taking into account the two
sources of errors, we obtained a maximum error of 0.16 dex in
[Fe/H]. In its last column, Table 2 also presents Ap;values and
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Table 2. Estimated atmospheric parameters for our sample stars.

ID Ter logg & [Fe/H] vsini Ay
(K)  (dex) (kms™) (dex) (kms™)
Turn-off stars
S1273 6159 4.01 1.86 -0.04 £0.04 80 1.90+0.11
S1607 6127  3.81 1.77 -0.11+£0.06 3.5 1.70+0.10
S1275 6050  4.00 1.64 -0.04+0.04 49 2.15+0.11
S1034 6020  3.90 1.94 -0.08+0.03 40 130+0.11
S2207 6000  3.90 1.62 -0.03+0.03 4.0 120+0.12
S1268 5996  3.86 1.75 -0.11+£0.07 3.5 090=+0.12
S1487 5940 3.81 1.67 -0.05+0.03 2.5 1.10x0.13
Subgiant stars
S1242 5810  3.90 1.50 -0.04+0.06 6.1 270+0.13
S1323 5654  3.90 1.50 +0.03+0.04 3.3 <1.00
S1239 5644  3.80 141 +0.00+0.03 3.1 <0.80
S806 5461  3.80 1.25 +0.08+£0.03 4.1 0.00=+0.19
S2208 5429  3.90 1.24 +0.01 £0.03 3.6 0.70+0.14
S1438 5420 3.80 1.27 -0.06 £0.03 2.2 <0.00
S774 5240  3.70 1.20 -0.08 £0.03 3.2 <0.00
Giant stars
S1245 5170  3.61 1.19 -0.02+0.03 3.0 0.00=+0.15
S1231 5130 3.60 1.12 -0.02+0.03 3.0 <0.10
S1319 5104  3.61 1.16 -0.07+£0.03 3.0 <0.40
S1293 4970 3.30 1.32 -0.01 £0.03 3.2 -0.20+0.22
S1305 4940 3.20 1.18 -0.08 +£0.03 2.8 < =0.20
S1254 4820 2091 1.30 -0.03+0.04 3.0 < -0.40
S1277 4820  3.00 1.26 +0.01 £0.05 3.0 < -0.40
S1279 4779  2.72 1.57 -0.01 £0.08 2.5 -0.50=+0.23
S1288 4773  2.90 1.32 -0.01 £0.04 2.5 -0.20+0.21
S1074 4750  2.60 1.62 -0.07+0.04 2.5 -0.40=+0.24
S1010 4748  2.60 1.58 -0.03+0.07 2.5 <0.00
S1016 4430 2.31 1.52 -0.05+0.05 2.0 -0.50=+0.25
S978 4260  1.90 1.63 -0.15+0.06 2.0 -1.00=«0.27

Notes. Rotational velocities and lithium abundances derived from our
spectral synthesis analysis are also given. The identifiers (ID) are from
Sanders (1977).

Table 3. Comparison for the star S1010 between atmospheric parame-
ters from TautvaiSiene et al. (2000) (T00), Young et al. (2006) (YO05),
and Pancino et al. (2010) (P10) and those derived in the present work.

Parameters TOO Y05 P10 Our work
T (K) 4730 +£ 100 4700 + 100 4650 = 100 4748 + 70
logg 24+03 23+0.3 2.8+0.2 2.6 +0.20
& (kms™) 1.6 £ 0.3 134+02 13+0.1 158+0.20
[Fe/H] —0.01 £0.11 0.00 £0.10 0.06 +£0.01 —-0.03 +£0.07

their accuracies. As an illustration we show in Fig. 3 a zoom on
the Li region together with synthetic spectra for several values
of Ay ;for the TO star S1275.

The stellar parameters, microturbulent and rotational veloc-
ities and Ap;measured in this study are more accurate than the
values produced by Canto Martins et al. (2007) because of the
large number of Fe I and Fe II lines used in the characterization
of the stellar sample.

2.3. Comparison with other spectroscopic studies

We compared the parameters we determined with previous spec-
troscopic studies available in the literature. Concerning the
metallicity of M 67 we found from our sample stars a mean
metallicity for our evolved stars of [Fe/H] = —0.05 + 0.04. This
value agrees very well with the lowest values from the literature
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Table 4. Comparison for S1034 and S1239 between atmospheric pa-
rameters from Randich et al. (2006) and lithium abundances from
Randich et al. (2007) and those derived in the present work.

S1034 S1239
Randich Our work Randich Our work
T (K) 5969 +70 6020 +70 5477 +70 5644 + 70
logg 4.0 +£0.25 3.9+0.20 3.8+0.25 3.8 +0.20
Ekms™) 15+0.15 1.94+020 1.25+0.15 1.41+0.20
[Fe/H] +0.01 £0.05 -0.08 +£0.03 +0.02 + 0.03 +0.00 = 0.03
Ay <1.14 1.30+£0.11  1.12+£0.10 <0.80
as [Fe/H] = —0.05 (Canterna et al. 1986), [Fe/H] = —0.07

(Anthony-Twarog 1987), [Fe/H] = —0.08 (Friel & Jane 1991),
[Fe/H] = —0.09 (Friel & Jane 1993), [Fe/H] = —0.05 (Shetrone
& Sandquist 2000) and [Fe/H] = —0.03 (TautvaiSiene et al.
2000). However, other studies point to higher values for the
mean metallicity of M 67 as [Fe/H] = 0.06 (Nissen et al. 1987),
[Fe/H] = 0.04 (Garcias Lopez et al. 1988), [Fe/H] = 0.02 (Friel
& Boesgaard 1992), and recently, [Fe/H] = 0.02 = 0.14 (Yong
et al. 2005), [Fe/H] = 0.03 +0.01 (Randich et al. 2006, hereafter
RO06) and [Fe/H] = 0.05 + 0.02 (Pancino et al. 2010).

Comparing some stars in our sample with other studies in
greater detail, we have the star S1010 that was also studied by
TautvaiSiene et al. (2000), Yong et al. (2005), and Pancino et al.
(2010). Table 3 compares the values of the atmospheric param-
eters and metallicity measured for this star. Evidently the atmo-
spheric parameters obtained in all studies agree well. However,
we measured a lower metallicity compared to their results. One
possible explanation for this is the higher solar iron abundance
adopted by these studies (log n(Fel) = 7.54 for Yong et al. 2006
and log n(Fel) = 7.50 for Pancino et al. 2010). Another expla-
nation is that both the superficial gravity and the microturbulent
velocity affect the metallicity of the star. In this case, as the value
of ¢ obtained in our study is higher than that obtained by Yong
et al. (2005) and Pancini et al. (2010), this difference leads to
errors on [Fe/H] smaller than 0.12 dex in S1010. This difference
may also explain the low mean metallicity of M 67 found in our
study.

Two other targets, S1034 and S1239 (Fig. 4), were also in-
cluded in the spectroscopic study of Randich et al. (2006). For
these two objects, Table 4 provides the comparison of the stellar
parameters between R06 and the present study. Both analyses
appear to agree fairly well within the error bars for stellar pa-
rameters determination, even if we derive a lower metallicity for
S1034 (but still consistent within the error bars) and a higher mi-
croturbulent velocity. However, the A; ;values present differences
that may be explained by the adopted methodology to compute
the model atmosphere and synthetic spectra.

Finally, our rotational velocities (vsini) agree well with
the results obtained by Melo et al. (2001) on evolved stars of
M 67. Moreover our study statistically extends the number of
M 67 evolved stars with measured v sini. In this way, our efforts
complement the existing values of atmospheric parameters and
vsini values for M 67 objects, and can assist studies that are
mainly dedicated to the evolution of the angular momentum in
the open cluster M 67.

Up to date, as mentioned in different studies (Pilachowski
et al. 1988; Balachandran 1995), subgiant and giant stars in M 67
show no significant Ay;, which points to a severe Li depletion
after the TO. For unevolved stars of M 67, Jones et al. (1999)
and Randich et al. (2002, 2007) show a large dispersion on the
Ar;. Balachandran (1995) also studied the Li abundance in M 67
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Fig. 3. Lithium line spectroscopic region of the turn-off star S1275:
a) observation (dotted line) and synthetic spectra computed with the
atmospheric parameters listed in Table 2, and with Aj;= 2.10, 2.15,
2.20 dex (dashed, solid and dashed-dot lines respectively). The best syn-
thetic spectrum is clearly the one computed with A;= 2.15. b) Residual
difference between synthetic and observed spectra.

evolved stars, but only upper limits were estimated. In this con-
text, the analysis we performed on our sample complements the
previous observational studies mainly devoted to stars of M 67
near the TO. Our data present the same dispersion as established
by Jones et al. (1999) and Randich et al. (2002 and 2007) and
shows a gradual decrease of Ap; for stars cooler than 5500 K
(see Fig. 7, next section). The present result points to a depletion
of Li in excess to standard predictions as pointed out by Pasquini
et al. (1997).

3. Connecting the Li abundances and the rotational
velocities

The lithium abundances derived for our stars clearly indicate that
this element has been depleted at their surface already during the
main sequence evolution. In an attempt to consistently explain
the evolution of both the lithium abundances and the rotational
velocities, we computed a grid of stellar evolution models with
rotation and compared the predictions to our sample.

3.1. Stellar evolution models with rotation

We computed a grid of stellar evolution models in the mass
range 1.30 Mg to 1.37 Mg (see Table 5) including rotation,
microscopic diffusion, and thermohaline mixing (as described
in Charbonnel & Zahn 2007) using STAREVOL V3.00 (Siess
2006; Siess et al. 2008; Decressin et al. 2009). We used the so-
lar abundances given by Asplund et al. (2005) as a reference
for our stellar evolution models, and the corresponding opacities
were generated with the OPAL Opacity code (Iglesias & Rogers
1996)!. Convective zones are defined using the Schwarzschild

! The Tables were generated using the web interface available at
http://opalopacity.llnl.gov/
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Fig. 4. Li region of the stars S1034 and S1239, which were also studied
by Randich et al. (2006). Observations are represented with a dotted
line and synthetic spectra by a dashed line. The vertical line indicates
the Li feature at 6707.78 A.

criterion and the mixing length formalism with an adopted mix-
ing length parameter ayr = 1.78 that was calibrated on the Sun.
The models have a metallicity of [Fe/H] = —0.03, which trans-
lates into a metal content Z = 0.01148. The initial helium mass
fraction Y;,; = 0.2688 was calibrated for the solar model. The
initial lithium content is set to A ;= 3.20%. Mass loss is included
in our models from the ZAMS and beyond following Reimers
(1975). Microscopic diffusion (gravitational settling) of chemi-
cal species is accounted for using the approximation of Paquette
et al. (1986) for the microscopic diffusion coefficient and the ex-
pressions given by Montmerle & Michaud (1976) for the micro-
scopic diffusion velocity. We adopt the Maeder & Zahn (1998)
formalism to account for the transport of angular momentum and
of chemical species by meridional circulation and shear-induced
turbulence in the models. The formalism and its introduction
in STAREVOL are described at length in Palacios et al. (2003,
2006), and we refer the reader to these papers for further details.
Let us nonetheless recall that we use the prescription from Zahn
(1992) for the horizontal turbulent diffusion coefficient Dy, with
Ch, = 1.0. We also assume that convective regions rotate as solid
bodies. For those models with equatorial velocity at the ZAMS
of about 19 kms~!, we assume angular momentum losses asso-
ciated with a magnetic torque as described by Kawaler (1988):

dJ R 1/2 M -1/2
(E) - KO3 (R—) (ﬁ) (@ < Q) )
0} o
4 RAV2 [ ap\ 12
(E) _ _Kggsatz(R—) (V) @20.). @
© ©

The parameter K in Kawaler’s law is related to the magni-
tude of the magnetic field strength, and Qg = 14Q following
Bouvier et al. (1997). Lacking observational data on the ZAMS

2 This abundance is obtained using the solar meteoritic abundance
given by Aslpund et al. (2005) scaled down to the metallicity of M 67.
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Table 5. Characteristics of stellar evolution models with rotation.
mass Tesr logg L Usurf A Age Phase
(Mo) X) (dex) (Lo) (kms™) (dex) (Gyr)
Kix=0 K¢ #0 Kgk=0 Kgk#0 Kg=0 Kgx#0 Kg=0 Kg#0 Kgk=0 Kg#0 Kg=0 Kx #0
1.30 6699 6701 4.37 4.37 2.75 2.75 12.05 18.9 3.18 3.18 448x107%2 4.76 x 1072 ZAMS
6439 6440 3.99 3.99 5.55 5.57 10.86  8.88 2.99 1.26 3.36 3.38 TO
6212 6218 3.89 3.89 6.11 6.15 7.97 8.03 2.93 1.14 3.7 3.7 M 67
1.31 6729 6729 4.36 4.36 2.85 2.85 11.92 18.87 3.18 3.18 4.50x107% 4.50x 107> ZAMS
6457 6472 3.99 3.99 5.70 570  10.72  9.00 2.93 1.27 3.24 3.24 TO
6050 6056 3.82 3.82 6.48 6.49 7.40 7.22 2.80 1.08 3.7 3.7 M67
1.32 6757 6758 4.36 4.36 2.95 296 11.88 1890  3.18 3.18 426x107% 4.26x 107> ZAMS
6476 6499 3.99 4.00 5.88 579 10.75  9.05 2.93 1.23 3.19 3.11 TO
5824 5724 3.77 3.75 6.38 6.20 5.84 5.73 2.65 0.93 3.7 3.7 M67
1.33 6787 6787 4.36 4.36 3.06 3.06 12.09 18.92 3.17 3.18 3.88x 1072 4.02x 1072 ZAMS
6479 6508 3.97 3.99 6.11 6.05 10.71 9.15 2.92 1.32 3.14 3.07 TO
5266 5211 3.70 3.68 4.98 4.89 3.63 4.14 1.82 0.19 3.7 3.7 M67
1.34 6814 6808 4.35 4.35 3.16 3.17 12.09 18.97 3.17 3.17 3.66x 1072 3.78x 1072 ZAMS
6502 6526 3.97 3.98 6.28 6.22 10.71 9.24 2.93 1.37 3.05 2.99 TO
5010 4978 3.54 3.49 5.88 6.59 2.54 3.08 1.44  -0.15 3.7 3.7 M 67
1.35 6841 6842 4.35 4.35 3.28 3.28 12.09 18.97 3.17 3.18 3.38x 1072 3.56x 1072 ZAMS
6552 6544 3.98 3.98 6.43 6.41 1090 9.33 2.93 1.38 2.94 291 TO
4909 4940 3.29 3.37 9.86 8.35 1.88 2.73 1.30  -0.23 3.7 3.7 M 67
1.36 6875 6877 4.34 4.34 3.34 334 1223 1933 3.17 3.17 295x107% 3.02x 107> ZAMS
6559 6521 3.97 3.95 6.63 6.74  10.81 9.33 2.94 1.37 2.84 2.91 TO
4709 4752 2.78 3.02 2690 22.87 1.11 1.60 1.26  -0.37 3.7 3.7 M 67
1.37 6898 6902 4.34 4.34 3.51 3.51 1223 2045 3.17 3.17 3.03x107% 2.98x 107> ZAMS
6515 6555 3.94 3.95 6.95 6.88 10.40  9.87 2.93 1.15 2.88 2.82 TO
4637 4453 2.61 223 3787 76.04 094 0.91 1.03 -0.61 3.7 3.7 M67

Notes. Effective temperature, surface gravity, luminosity, surface rotation velocity, lithium abundance, age, and associated evolutionary phase are
given for models with initial masses between 1.30 M, and 1.37 M. In the last column, “M 67" refers to the models predictions at the adopted
age for the cluster of 3.7 Gyr. For each quantity, the values for models without (Kx = 0) and with (Kx # 0) magnetic braking on the ZAMS are

indicated.

to constrain the evolution of angular momentum of our sample
stars, we use the vsini derived by Melo et al. (2001) for main-
sequence stars of M 67 as a guideline to calibrate the braking.
For masses 1.30 to 1.37 M, we adopt K = 8 x 10%°.

We checked that a model of 1.25 M, including microscopic
diffusion, no rotation, and a mixing length parameter calibrated
for the Sun reaches the turn-oft at 3.75 Gyr, in fair agreement
with the value obtained by Michaud et al. (2004), who used a
more detailed treatment for microscopic diffusion and radiative
forces. Bellow we will therefore consider an age of 3.7 Gyr for
M 67 and all discussed predictions will refer to values obtained
when the models reach this age.

Table 5 presents the results of our modelling in terms of
effective temperature and gravity, luminosity, equatorial veloc-
ity, and lithium abundance at the ZAMS, the turn-off (e.g.
TO) and 3.7 Gyr (e.g. M 67). Models with and without brak-
ing have an initial angular momentum of about 5.2 x 10* and

3.2 x 10* gem? s7! respectively.

3.2. Evolutionary status and rotation

Our choice of masses for the models computed are based on the
1.3 Mg turn-off mass suggested by Michaud et al. (2004) for
their 3.7 Gyr best-fitting isochrone to the M 67 colour-magnitude
diagram, and taking into account that our sample includes sub-
giant and giant stars that should be more massive. Figure 5 shows
the surface gravity as a function of temperature for our sample
stars together with our models at the age of 3.7 Gyr. Both types
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of models, whether they are slow or moderate rotators on the
ZAMS, fall among the data points. The data are well reproduced
by rotating models that have passed the turn-off (see Table 5),
and that have initial masses between 1.30 Mg and 1.37 M.

Figure 6 presents the rotation velocity wsini of our
data versus temperature and overplotted are the corresponding
vsini from our models at 3.7 Gyr. The models have an actual
equatorial rotation velocity higher than the values plotted here
that were obtained by multiplying the values of Table 5 by §
following Chandrasekhar (1950). They mimic a mean v sin i as-
sociated to what can be considered a mean equatorial velocity
given by stellar evolution models. The initial velocity and brak-
ing parameters (when relevant) were chosen to obtain surface
velocities between 8 and 1 kms™' at 3.7 Gyr. For models with
vzams = 19 kms™!, the evolution of the surface rotation is
driven by the radius changes as the star evolves, so that it es-
sentially drops from the ZAMS to the upper RGB. The more
massive of our models, which are also the more evolved, present
the lowest surface rotation velocities, in agreement with the ob-
servations. The angular momentum lost by the wind at the evo-
Iutionary phases considered is accounted for, but is found to be
negligible.

Concerning the models that undergo magnetic braking, the
figure shows the result of our calibration of the braking param-
eter K. The extraction of angular momentum when using the
Kawaler law is maximum when the model arrives on the ZAMS,
because it is proportional to the surface angular velocity. By the
time the model reaches the turn-off, it is efficiently slowed down
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Fig. 5. log g versus T for our sample of stars, represented by black cir-
cles. Values at 3.7 Gyr for the rotating models with and without angular
momentum extraction are represented by filled red pentagons and filled
green squares respectively. The dotted line indicates the turn-off (TO)
position and the location of the first DUP is also indicated.

and the surface rotation velocity has dropped by more than a
factor of 2 as can be seen in Table 5. The evolution of vg,r on
the subgiant and red giant branches is then dominated by the
increase of the radius as for the other family of models.

Referring back to Talon & Charbonnel (2003), we note that
our models at the age of the Hyades have effective tempera-
tures between 6700 K and 6950 K, and would thus lie on the
hot side of the Li dip. The convective envelope on the main se-
quence is thus shallow, and internal gravity waves are not ex-
pected to efficiently transport angular momentum or to influence
the transport of chemicals. On the contrary, based on Palacios
et al. (2003), we expect rotational mixing (e.g. meridional cir-
culation and shear induced mixing) to efficiently transport Li so
that the abundances derived from observations are reproduced.
Let us note that the stars of M 67 that are presently on the main
sequence are less massive than 1.30 M, and probably lie on the
cool side of the Li dip. Thus according to Talon & Charbonnel
(2003), we should expect an efficient transport of both angu-
lar momentum and chemicals by internal gravity waves, which
should therefore be taken into account if these stars were to be
modelled.

3.3. Lithium as tracer of rotational mixing on the main
sequence

After chosing the masses and calibrating the initial rotation pa-
rameters so that the gravity and the v sini patterns as a function
of effective temperature are well reproduced for our sample stars,
we look at what is obtained for the lithium abundance. The re-
sults are presented in Fig. 7, where we plot the derived lithium
abundances for our M 67 sample and the abundances obtained
for each of our models at 3.7 Gyr. Li abundances appear here as
a clear separator between the two families of models we consid-
ered. Models that are slow rotators and do not undergo magnetic
braking on the ZAMS are ruled out. Actually the Li abundance
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Fig. 6. v sini versus T4 for our sample of stars. Symbols are the same
as in Fig. 5. The theoretical predictions here are mean vsini and corre-
spond to the v, values at 3.7 Gyr given in Table 5 multiplied by 7. The
filled dot is for S1242, which has been identified as a peculiar Li-rich
subgiant in a previous work of ours (Canto Martins et al. 2006).

evolves similarly to standard models in these models and lithium
barely decreases at the surface during the main-sequence evolu-
tion, as can be seen from Table 5. On the contrary, models ar-
riving on the ZAMS with mild rotation (about 19 km s7!) and
undergoing magnetic braking experience a reduction of the Li
abundance by more than ~1.6 dex during the main-sequence
evolution. Afterwards, when the models evolve to the RGB, the
1st DUP further dilutes the Li of the envelope, and it almost dis-
appears at the surface as can be seen from the 1.35, 1.36 and
1.37 M models. These models, presented as filled pentagons on
Fig. 7, follow the trend obtained for our M 67 sample and nicely
reproduce the Ay; values derived from observations.

Without braking the angular velocity gradient below the con-
vective envelope is shallow when the star is on the main se-
quence. As a consequence, the shear instability does not develop.
Figure 8 presents the inner profile of Ay; and of the diffusion
coeflicient for chemicals (D = Dyercire. + Dshear + Dmicro) @S a
function of the radial coordinate in the 1.33 My model while on
main sequence (¢ ~ 1.4 Gyr). The solid lines refer to the model
without braking, and we see that the diffusion coefficient is small
in the region where Li is burned and the transport is strongly
inefficient. Because the meridional circulation velocity also re-
mains very slow (a few 1078 cms™! at most), the transport of
chemicals is dominated by the microscopic diffusion, which is a
slow process (Dpic = 100 cm?s™h) leading to a small decrease of
the surface lithium abundance, which would also be obtained in
a non-rotating model with microscopic diffusion. On the other
hand, the extraction of angular momentum associated with the
magnetic braking leads to an increase of the angular velocity
gradient in the stellar interior in a way that the shear instabil-
ity sets in and the meridional circulation becomes stronger as
the star is slowed down on the ZAMS. For the 1.33 M model,
as can be seen in Fig. 8, the diffusion coefficient is two orders
of magnitude higher than in the previous case just below the
convective envelope, where the meridional circulation velocity
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Fig.7. Ayiversus T for our sample of stars. Symbols are the same as
in Figs. 5 and 6.

is the highest (x10™> cms™!). It is also more than one order of
magnitude larger in the region where Li is destroyed. As a re-
sult, as can be seen from the Aj; profile, lithium (and hydrogen)
diffuses inwards, reducing the gradient around the radial coordi-
nate 0.65 Ry, and its surface abundance decreases. The depth of
the DUP is not affected by rotation, and the subsequent decrease
of Ay; at this stage is similar, whether angular momentum was
extracted or not during the early evolution on the main sequence.

Let us emphasize that the lithium abundances obtained in
our models with the adopted initial velocities and braking pa-
rameters fit the upper envelope of the values derived for the stars
in our sample. The abundance determination lead only to up-
per limits for stars undergoing the DUP (in the range T.¢ €
[4700 K, 5600 K]). However, we do not expect the actual val-
ues to be much lower than these limits considering that for the
stars with Teg ~ 4500 K in our sample, Ar; has been measured
and is of about —0.5 dex. This value gives the lower limit for the
post-DUP Ap; value. Because the shape of the Ap; vs. Teg pat-
tern is well reproduced by our models, a slight adjustment of the
rotation parameters so as to decrease more the Li on the main
sequence would concomitantly bring down the values for more
evolved models.

As explained above, we calibrated the braking parameters
in our models to reproduce the evolution of the surface rota-
tion velocity of stars beyond the turn-off in M 67. This cali-
bration depends on the equatorial rotation velocity adopted on
the ZAMS. The models presented in Table 5 show that for
VegzaMs = 19 km s~!, the amount of angular momentum extrac-
tion needed to reach vsini ~ 8.5 kms~! at the turn-off following
Melo et al. (2001) induces an internal transport of chemicals that
results in a decrease of the surface lithium abundance that agrees
very well with our observational data. Considering the uncertain-
ties on the equatorial rotation velocities of the now giant stars of
M 67 when they arrived on the ZAMS, one may now wonder
what would happen if we had chosen a faster rotation on the
ZAMS. We thus computed models of 1.30, 1.33 and 1.36 M,
with a larger initial content of angular momentum leading to
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M = 1.33 M, X, = 0.45, [Fe/H] = -0.03
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Fig. 8. Internal profiles of A;;(grey) and of the logarithm of the total
diffusion coeflicient (black) as a function of the radial coordinate in ro-
tating models with initial mass of 1.33 M., with (dotted lines) and with-
out (solid lines) braking. The profiles are shown for  ~ 1.4 Gyr, when
the models are on the main sequence (X. ~ 0.46). Left ordinates refer
to the scale for the diffusion coefficient, while right ordinates represent
the scale for the lithium abundance A, ;. Hatched regions represent con-
vective zones.

Ueqzams = 27.5 km s~!, and calibrated the magnetic braking pa-
rameter of Kawaler’s law in order to reach v sini values in the
observed range when the models reach 3.7 Gyr. While the basic
stellar parameters and the equatorial surface rotation velocities
of these faster models resemble those presented in Table 5, the
surface lithium abundance behaves very differently and is much
lower at 3.7 Gyr. This is the direct consequence of a stronger
shear mixing that develops in the stellar interior because of the
stronger magnetic torque applied at the surface of the star dur-
ing its early evolution on the main sequence. This test allows us
to constrain the ZAMS equatorial velocity of stars in the mass
range 1.30 My to 1.37 My of M 67 considering that meridional
circulation and shear turbulence are the main processes trans-
porting lithium in this stars. We therefore exclude models with
ZAMS equatorial velocities higher than 20 kms™.

4. Conclusions

We performed a spectroscopic analysis for a unique sample of
27 evolved stars of the old open cluster M 67 following an evo-
lutionary sequence from the turn-off to the Red Giant Branch.
In this analysis we used a spectral synthesis procedure based
on MARCS model atmospheres to derive the stellar parame-
ters (Teg, logg, [Fe/H]), microturbulent and rotational veloci-
ties, and the lithium abundance. The surface lithium content of
the analysed stars follows a clear evolutionary pattern ranging
from the turn-off to the Red Giant Branch. Our results reproduce
the lithium abundance dispersion previously established for the
M 67 main-sequence stars and also confirm the well known grad-
ual decrease of Ay; for Te.g below 5500 K. The lithium abun-
dances derived for our sample stars clearly indicate that this
element has been already depleted at the stellar surface dur-
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ing the main-sequence stage, which also points to a depletion
in excess of standard predictions. The present study largely ex-
tends the number of evolved stars studied in M 67. For the first
time, it offers solid possibilities for an evolutionary study of dif-
ferent stellar parameters (Ar; and vsini) and also to test non-
standard transport processes on homogeneous sample of turn-off
and evolved stars of M 67.

We tested the hypothesis that lithium and surface rotation
evolution might be connected by comparing our data to the pre-
dictions of a set of stellar evolution models including the trans-
port of matter and angular momentum by meridional circula-
tion and shear-induced turbulence. It appears that these models
(following Maeder & Zahn 1998, formalism for the transport
of angular momentum) consistently reproduce the entire set of
observational data when the evolution of angular momentum in
the models includes an early phase of magnetic braking “a la
Kawaler”, the efficiency of which is calibrated on the vsin i data
available for main-sequence and turn-off stars of M 67. This re-
sult is similar to what was also obtained by Smiljanic et al.
(2010) for the open cluster IC 4651, and confirms the impor-
tance of rotation-induced mixing in determining light elements
abundance patterns in low-mass stars in particular for those with
initial masses larger than 1.30 M when at solar metallicity.
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Table 6. Iron line list used for curve of growth and spectral synthe-
sis, with atomic parameters, corrected oscillator strengths and solar and

Arcturus equivalent width measurements.

A&A 527, A%4 (2011)

Element A Xexc loggf EWgy  EWay
(A) (eV) (mA)  (mA)
Fel 5036.919 3.017 -2.938 24.3 64.8
Fel 5044.211 2.851 -2.128 70.3 117.8
Fel 5054.643  3.640 -2.051 38.7 65.0
Fel 5228.377 4220 -1.115 57.5 83.8
Fel 5242.493  3.634 -1.007 81.2 112.8
Fel 5247.051 0.087 -4.936 66.0 175.6
Fel 5321.108 4.434 -1.301 40.0 59.2
Fel 5322.041 2279 2953 60.7 115.1
Fel 5326.143  3.573 2211 35.8 69.9
Fel 5373.709 4473 -0.830 60.7 76.9
Fel 5386.330 4.154 -1.740 31.1 51.3
Fel 5522.444 4209 -1.450 434 62.0
Fel 5543936  4.217 -1.080 62.0 81.8
Fel 5618.633 4209 -1.316 50.5 69.5
Fel 5638.262 4220 -0.810 75.1 97.3
Fel 5701.547 2.559 2276 82.3 142.4
Fel 5705.465 4301 -1.492 38.4 57.8
Fel 5741.848 4256 -1.674 32.0 51.5
Fel 5775.081 4220 -1.188 59.2 81.1
Fel 5778.453 2588 -3.510 23.0 73.0
Fel 5806.725 4.607 -0.975 52.0 68.1
Fel 5811.914 4.143  -2.390 10.7 23.5
Fel 5852.219 4.548 -1.260 39.4 -
Fel 5853.148 1.485 -5.200 7.3 62.8
Fel 5855.077 4.608 —1.583 21.5 34.1
Fel 5856.088 4294 -1.615 33.5 54.5
Fel 5858.778 4220 -2.245 12.6 27.2
Fel 5916.247 2453 2994 55.2 112.9
Fel 5927.789  4.652 -1.105 41.7 54.1
Fel 5934.657 3.928 -1.225 71.9 101.8
Fel 5956.694 0.859 —4.630 52.5 148.9
Fel 5976.777 3.943 -1.365 65.0 101.8
Fel 5987.066 4.795 -0.556 64.1 79.2
Fel 6003.014 3.881 —1.140 79.5 107.8
Fel 6019.362  3.573 -3.280 5.2 17.8
Fel 6027.051 4076  -1.190 9.4 89.2
Fel 6054.070 4371 -2.245 9.4 17.9
Fel 6056.005 4.733  -0.490 69.7 81.7
Fel 6079.009 4.652 -1.050 45.7 -
Fel 6105.128 4.548 -2.000 11.1 21.2
Fel 6120.249 0915 5910 5.3 66.7
Fel 6151.618 2.176  -3.359 50.6 113.9
Fel 6157.728 4.076 -1.270 61.7 92.7
Fel 6159.373  4.607 -1.920 12.0 -
Fel 6165.358 4.143  -1.535 44.9 66.9
Fel 6180.204 2.727 -2.736 54.7 108.5
Fel 6187.988 3.943 -1.735 46.3 74.2
Fel 6226.736  3.883  -2.145 28.1 -
Fel 6229.226  2.845 2970 37.2 86.0
Fel 6240.646 2223  -3.353 48.9 -
Fel 6265.136 2.176  -2.700 83.2 160.2
Fel 6270.225 2.858 -2.670 519 102.2
Fel 6271.277 3332 2776 234 58.3
Fel 6297.795 2223 2871 73.4 143.3
Fel 6315.809 4.076  -1.683 40.9 66.9
Fel 6380.743  4.186 -1.396 50.6 -
Fel 6392.539 2279 -3.990 17.5 -
Fel 6498.939 0958 —4.701 46.1 144.3
Fel 6574.228 0990 —4.940 33.1 125.7
Fel 6575.018 2.588 -2.765 64.6 -
Fel 6581.208 1.485 —4.730 20.2 97.5
Fel 6608.026 2279 -4.010 17.3 74.5
Fel 6627.543 4548 -1.560 27.2 42.1
Fel 6646.932 2.608 —4.015 9.3 50.0
Fel 6653.851 4.154 2470 9.9 23.6
Fel 6699.140 4593 -2.179 8.3 15.2
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Table 6. continued.

Element A Xexc loggf EWs EWag
(A) (eV) (mA)  (mA)
Fel 6703.568 2.758 -3.080 38.5 89.5
Fel 6704.480 4.217 -2.650 6.4 14.0
Fel 6705.102 4.607 -1.136  46.3 61.0
Fel 6707.420 4.610 -2.245 6.3 -
Fel 6710.318 1.485 —4.865 163 89.2
Fel 6713.045 4.607 —1.553 24.2 -
Fel 6713.190 4.143 2475 102 21.3
Fel 6713.740 4.795 —1.465 21.4 28.4
Fel 6715382 4.607 -1.535 26.5 -
Fel 6716.233 4.580 -1.875 15.3 -
Fel 6725.357  4.103 2250 17.7 354
Fel 6726.665 4.607 -1.129 47.1 59.9
Fel 6733.149 4.638 1485 269 38.2
Fel 6739.520 1.557 —4.929 12.4 76.9
Fel 6752.705 4.638 -1.314 357 54.7
Fel 6786.858 4.191 —1.950 25.3 44.7
Fel 6806.845 2.727 -3.167 352 89.7
Fel 6810.261 4.607 —1.068 49.0 65.1
Fel 6971.932 3.018 3475 128 47.4
Fel 7112.167 2.990 -3.035 31.6 31.6
Fel 7189.150 3.071 -2.761  36.5 36.5
Fel 7401.680 4.186 -1.625 39.9 39.9
Fel 7710362  4.220 -1.231 62.2 62.2
Fel 7723.204 2279 -3.542 37.8 37.8
Fel 7941.087 3.274 -2.550 419 41.9
Fe II 4993.354 2.807 -3.772 38.0 -
Fe II 5100.627 2.807 4260 173 37.4
Fe Il 5132.664 2.807 —4.130 21.5 16.8
Fe Il 5136.794 2.844 —4.440 10.0 —
Fe II 5197.570 3.230 2450 745 71.1
Fe Il 5234.625 3.221 -2.390 78.3 78.8
Fe Il 5264.805 3.230 -3.205 449 38.8
Fe Il 5325.553 3.221 -3.310 42.0 38.6
Fell 5414.070  3.221 -3.677 255 22.5
Fe Il 6084.103 3.199 -3.808 20.3 20.9
Fe II 6369.458 2.891 4253 18.1 19.2
Fe Il 6416.923 3.892 -2.790 38.1 354
Fe II 6456.383 3.903 -2.075 60.6 46.7
Fe Il 7224475 3.889 -3.317 19.1 19.1
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