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Fig. 2. Examples of co-added sky-subtracted spectra in the spectral re-
gion that includes the Li line. The GIRAFFE ID given in Table 4 and
theV magnitude of the stars are indicated.

ranges [6310–6680]Å, for the spectra around the Li line, and
[6610–6810]Å, for the spectra around the Hα line.

Final RVs for the stars of our sample were computed as the
mean value and the standard deviation of theRVs obtained with
giCrossC from the 8 di� erent sets of spectra.

TheRVs obtained using the functiongiCrossC as described
before were compared with those obtained by using a di� erent
template spectrum, girG2, which corresponds to a spectrum of
a solar-type star. The comparison does not evidence signi�cant
di� erences. In addition, in order to check the reliability of the
automatic cross-correlation performed by the pipeline, we com-
puted theRV for 4 of the 8 sets of spectra using the IRAF2 task
FXCOR (Tonry & Davis 1979); as template we used the spec-
trum of a relatively bright star (V = 16.5, spectral type F8V)
from our sample, which is considered a reliable cluster mem-
ber, based on itsRV as measured withgiCrossC. The relative
RVs computed withFXCOR were converted into the heliocentric
system using the heliocentricRV of the template star computed
with giCrossC. The median of the di� erences between the four
sets ofRVs obtained withgiCrossC RVs minusFXCOR RVs are
0.13, –0.34, 0.12 and –1.05 Km s−1, while the standard devia-
tions are 2.13, 2.16, 1.81 and 2.10 Km s−1. Such values indi-
cate an excellent agreement between the two methods. The dif-
ference between the meanRVs obtained with the two methods

2 IRAF is distributed by the National Optical Astronomical
Observatories, which are operated by the Association of Universities
for Research in Astronomy, under contract with the National Science
Foundation.

shows that only 8 stars (OC21-M80, OC21-M273, OC21-M581,
OC21-M324, OC21-M282, OC21-M185, OC21-M177, OC21-
M41) have a di� erence in the meanRV obtained with the two
methods larger than 5 km s−1 and only 2 (OC21-M80 and OC21-
M282) have a di� erence larger than 10 km s−1. These objects do
not show the Li line and 7 of them are not cluster members since
they have aRV not consistent with that of the cluster (see next
section). The only star classi�ed as a cluster member (OC21-
M273) based on itsRV does not show the Li line and therefore
it is considered a contaminating �eld star.

For 2 stars (OC21-M286, OC21-M136) the peak of the
cross-correlation function performed withFXCOR is not symmet-
ric but shows a double peak, which indicates that these objects
are double-lined spectroscopic binaries (SB2). An inspection of
the spectrum of these objects con�rms the double spectral fea-
tures, typical of SB2 stars.

3.1.1. Cluster membership

The density distribution of the �nalRVs is shown in the
histogram of Fig. 3, where a signi�cant peak aroundRV =
−20 km s−1 indicates the presence of the cluster with respect to
the RV distribution of the �eld stars, which shows a secondary
peak at about−2 km s−1.

To derive the cluster membership based on theRV we �tted
the �nal RV distribution with a double Gaussian using the “max-
imum likelihood �tting”, as in Prisinzano et al. (2007). We �nd
that the cluster Gaussian is centered on−20.0±0.7km s−1 with a
standard deviationσ = 2.3±0.6 km s−1, while the much broader
�eld star RV distribution shows a peak at−2.1±2.6km s−1, with
a standard deviation ofσ = 22.9± 1.8 km s−1. The �tted curve
is indicated by the solid line in Fig. 3. We note that the average
clusterRV is smaller than the meanRV of NGC 3960 (equal to
about−12 km s−1) computed from 5 members studied in Friel &
Janes (1993), but in very good agreement with the value derived
by Sestito et al. (2006) from UVES spectra (−22.6±0.9km s−1).

The total number of possible cluster members within±3σ of
the clusterRV distribution is 39 including 16 contaminating �eld
stars, as computed from the Gaussian distribution of the �eld
stars. We note that some of the classi�ed non-members could
be spectroscopic binaries of the cluster, which cannot be eas-
ily distinguished from true non-members. From an inspection of
the single spectra, only two objects, indicated byX symbols in
Fig. 1, have been recognized from the characteristic double-line
spectrum typical of SB2 stars (see Sect. 3.1).

Note that the identi�cation of the cluster members does not
allow us to reduce the spread in the CMD since the di� eren-
tial reddening corrections are computed using the reddening map
shown in Fig. 8 of Prisinzano et al. (2004), which gives therel-
ative reddening values in subregions of 1′.7× 1′.7, with respect
to the subregion where the cluster centroid is located. They are
therefore spatially-dependent corrections and are not calculated
for each star individually. This statistical method also includes
the contaminating �eld stars. Individual spectral type estimates
from low resolution spectra are needed to derive the individual
reddening and thus the accurate position of the members in the
CMD.

3.2. Li equivalent widths

Li EWs were measured on the co-added spectra normalized to
their continuum. The normalization was performed using the re-
gion of the spectrum between 6693 and 6722Å that includes the
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Fig. 3. Density distribution of theRV of the whole sample, which in-
cludes 113 stars. The �tted double Gaussian (see text) is indicated by
the solid line.

Li I 6707.8Å line; we used the IRAF taskCONTINUUM with a
second order Legendre function and a variable residual rejec-
tion limit chosen based on the visual inspection of the �tting re-
sult. TheEWs of the LiI 6707.8Å line were measured using the
IRAF taskSPLOT, assuming a Gaussian pro�le, which is a good
approximation since theEWs are all smaller than about 100 mÅ
and therefore the line is not saturated.

The continuum normalization and theEW measurements
were repeated three times, on di� erent dates; the continuum has
been estimated by choosing each time a di� erent residual rejec-
tion limit, that causes a change of the continuum level; di� erent
measures have been done after few months and therefore they are
quite di� erent. The mean of the threemeasurements was taken
as the �nal estimation of theEW, and the maximum uncertainty
was used as the error. We detected the Li line in 55 objects, 29
with RVs that were consistent with membership and 26 withRVs
corresponding to non-members. Among the remaining 58 stars,
we have 56 single objects and two SB2 binaries. For the 56 sin-
gle stars, we estimated an upper limit of theEW by measuring
theEW of the smallest line around 6707.8Å. In some cases the
spectra are of candidate M dwarf stars and show large molecu-
lar bands around the Li line. For these stars, we considered the
whole depression of the spectrum, which includes the Li line,
therefore the upper limits are very conservative.

We corrected measuredEWs for the contribution of the FeI
line at 6707.44Å using the relationEW(Fe)= 20(B−V)0−3 mÅ,
given in Soderblom et al. (1993a) for stars with solar metallicity,
thus appropriate for our cluster (Sestito et al. 2006).

Figure 4a shows the LiEWs measured for all of the 55 ob-
jects where Li was detected as a function of the dereddened
(B− V) colors, corrected for di� erential reddening, as described
in Prisinzano et al. (2004). Figure 4b shows the LiEWs for the
stars that are cluster members based on theirRV, while Fig. 4c
shows the LiEWs for the non-members. Upper limits are also
plotted in the three panels, as well as LiEWs measured for the
stars in the Hyades (Soderblom et al. 1990; Thorburn et al. 1993;
Soderblom et al. 1995) .

Whereas our measurements are characterized by a larger
spread, Fig. 4b indicates that the LiEWs of RV members are
on average smaller than those of the Hyades members of similar
color. This is also true for most of theRV non-members (Fig. 4c)
with (B− V)0 smaller than about 0.6 (F and G-type stars), while
for redder colors, LiEWs are more comparable with those of
Hyades stars.

Fig. 4. a) Li EWs and upper limits toEWs for all our candidate mem-
bers as a function of the dereddened (B−V) colors, corrected for di� er-
ential reddening, as described in Prisinzano et al. (2004). Panelsb) and
c) show the LiEWs for the subsamples of the candidate members that
are cluster members (panelb)) or contaminating �eld stars (panelc)),
based on theirRV . Our measurements are compared with theEWs mea-
sured for the stars in the Hyades (Sestito & Randich 2005).

4. Li analysis

4.1. Effective temperatures

As in Sestito & Randich (2005), e� ective temperatures were
computed from the dereddened (B − V) colors, using the rela-
tion Te� = 1800(B − V)2

0 − 6103(B − V)0 + 8899 K, given by
Soderblom et al. (1993b). Since photometric errors are smaller
than 0.01 mag , errors in the e� ective temperatures are mainly
due to the interstellar reddening correction. Indeed, as discussed
in Prisinzano et al. (2004), Bragaglia et al. (2006), Bonatto
& Bica (2006), NGC 3960 is a� ected by a relatively strong
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Fig. 5. Reddening distribution computed as described in Prisinzano
et al. (2004), for all stars within 7 arcmin from the cluster center
(panela)) and for the stars observed with Gira� e (panelb)). The dashed
lines indicate the 25th (0.26) and the 75th (0.34) percentiles of the two
distributions (see text).

di� erential reddening. Figure 5 shows the reddening distribu-
tion computed as described in Prisinzano et al. (2004), for all
stars within 7 arcmin from the cluster center (Fig. 5a) and for
the stars observed with Gira� e (Fig. 5b). The dashed lines indi-
cate the 25th (0.26) and the 75th (0.34) percentiles of the two
distributions around the median value equal to 0.30; we assume
the semi-di� erence of these two percentiles, equal to 0.04, as
the typical error ofE(B − V). This range is in agreement with
0.29± 0.05 found in Bragaglia et al. (2006) and with the range
[0.03, 0.34] given by Bonatto & Bica (2006).

Assuming thatσ(B−V) ∼ σE(B−V), i.e., the error in the (B−V)
colors corrected for di� erential reddening is of the order of the
reddening error, we computed errors in the e� ective tempera-
tures as the propagated uncertainties.

4.2. Li abundances

Li abundances were computed from theEWs and the e� ective
temperatures by interpolating the growth curves of Soderblom
et al. (1993a). Since these curves are computed assuming the lo-
cal thermodynamic equilibrium (LTE), we corrected the derived
Li abundance, for non-local thermodynamic equilibrium (NLTE)
using the Carlsson et al. (1994) code.

Errors in Li abundances were estimated by independently
computing errors in Li abundance due to the e� ective tempera-
ture errors andEW errors. Finally, we quadratically added these
errors to estimate our uncertainties in Li abundances.

The computed Li abundances as a function of the temper-
atures for all the photometric candidates are shown in Fig. 6a;
theRV members and the non-members are shown separately in
Figs. 6b and c, respectively. Upper limits are also plotted. Final
data are given in Table 4 where we list the following: identi�-
cation number of Prisinzano et al. (2004), Gira� e identi�cation
name and spectrum number, celestial coordinates,V andB mag-
nitudes,V and B magnitudes corrected for di� erential redden-
ing, membership �ag based on theRV (0 means “non-member”,

Fig. 6. Li abundances derived from the e� ective temperatures computed
using the (B − V)0 colors corrected for di� erential reddening, as de-
scribed in Prisinzano et al. (2004). As in Fig. 4, the values are reported
for the whole sample of photometric candidate members (panela)) and
for the subsamples ofRV members and non-members (panelsb) andc),
respectively). Upper limits for the stars without Li are also indicated.

1 means “member” and 2 means “binary”), e� ective tempera-
tures computed from the (B − V)0 colors, corrected for di� eren-
tial reddening,EW of the Li line, and �nally LTE and NLTE Li
abundances. Note that in some cases, the NLTE Li abundances
were not computed because the LTE Li abundances were out-
side the range of allowed values for the Carlsson et al. (1994)
correction. Note also that for the 2 binaries, theEW of the Li
line were not measured due to the complexity of the spectrum of
these objects.

For comparison, Fig. 7 shows the same plots of Fig. 6, but
with the Li abundances derived from the e� ective temperatures
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Fig. 7. Li abundances derived from the e� ective temperatures computed
using the (B − V)0 colors not corrected for di� erential reddening. The
reported subsamples are the same described in Fig. 6.

computed using the (B−V)0 colors not corrected for di� erential
reddening.

We note that Li abundances in Fig. 7b are slightly more
spread out than those in Fig. 6b. This suggests that tempera-
tures obtained from colors corrected for di� erential reddening
are, on average, more accurate than those from uncorrected col-
ors; hence, we adopt them for the following analysis. However,
the adopted reddening corrections are derived statistically from
photometry assuming the distance of the stars of NGC 3960,
therefore, the reddening correction may not be appropriate for
the �eld stars, especially if they are foreground �eld stars.
Nevertheless, we �nd that the spread in Fig. 6c is smaller than
that shown in Fig. 7c and similar to that found in Pasquini et al.
(1994) for �eld stars of similar temperatures.

5. Discussion

5.1. Li abundances

Figure 6a evidences a large spread in the Li abundance distribu-
tion: it includes both the coevalRV members of NGC 3960 and
the inhomogeneous sample ofRV non-members. This is espe-
cially true for F-types and later spectral types, where the amount
of the Li depletion signi�cantly depends on stellar age. In the
following sections we focus on the Li distribution for cluster
members and likely �eld stars.

5.1.1. Cluster members

Figure 6b shows the Li abundance distribution for the 29 stars
with detected Li line andRVs consistent with membership. As
already mentioned in Sect. 3.1, we estimate that a total of 39 stars
areRV members, over a total of 113 objects studied in this work.
Of the 39 objects, 16 are expected to be contaminating �eld stars,
with RVs consistent with that of the cluster.

Based on Li only, we cannot de�nitively rule out the pos-
sibility that the 10 stars withRVs consistent with membership
and without Li are cluster members3. On the one hand, for
some of them we have inferred upper limit values comparable
or even higher than measured LiEWs of stars with detected
Li. On the other hand, considering these 10 objects as cluster
members would imply a large spread in the Li abundances for
warmer stars, which, again, we cannot completely exclude. We
note however that if these 10 stars, or most of them, were indeed
cluster members, most of the contaminating �eld stars would
have high Li, which is rather unlikely. On the contrary, we make
the more reasonable hypothesis that the 29RV members with de-
tected Li are cluster members,while the 10 remaining objects la-
beled asRV members, but without a detected Li line, are among
the 16 contaminating stars. This assumption would imply that
we have∼60% of non-members (10/16) without a measurable
Li, which is in agreement with the expected fraction of �eld stars
without Li (see next section).

The remaining 6 contaminating �eld stars show the Li line
but cannot be identi�ed in the sample of the 29 members shown
in Fig. 6b.

In Fig. 8 we compare the Li abundances for the 29 NGC 3960
candidate members with the Li abundances of the Hyades. The
two distributions are almost identical for stars warmer than about
6000 K, while the Li abundances of NGC 3960 stars cooler than
6000 K are systematically smaller than those of Hyades mem-
bers of similar temperature. This result on the one hand supports
our initial assumption that NGC 3960 is older than the Hyades;
on the other hand, it allows us to add a critical datapoint (see
Sect. 1) on the empirical study of the evolution of Li abundance
with age.

Figure 9, adapted from Sestito & Randich (2005), shows the
average Li abundances as a function of age, in three di� erent
e� ective temperature ranges, as computed by Sestito & Randich
(2005) for open clusters of di� erent ages; the average values in
the same temperature ranges derived here for NGC 3960 using
the 29RV members with Li are indicated in the �gure and are
given in Table 2. For comparison, the position of the Sun is also
indicated.

For stars cooler than 5700 K (Fig. 9c), the average Li abun-
dance in NGC 3960 is computed from only two stars and the
associated error is the semi-di� erence of the two Li abundances.

3 The sample of the 10 stars includes the binary with aRV consistent
with that of the cluster, for which theEW has not been measured.
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Table 2. Average of logn(Li) for NGC 3960 in three di� erent ranges of
e� ective temperatures.

� Te� 〈log n(Li) 〉 error error type
[6050–6350] K 2.72 0.25 σ
[5750–6050] K 2.19 0.48 σ
[5500–5700] K 1.88 0.35 maximum error

As discussed in Sestito & Randich (2005), the upper panel
shows that after a small amount of Li depletion occurring during
the pre-main sequence (PMS) phase, no Li destruction is present
up to about 250 Myr, while it restarts. The average abundances
for NGC 3960 con�rm the trend of slow (but present) depletion
at ages older than the Hyades.

Figure 9b and c indicate that for cooler stars, after the phase
of PMS Li destruction, Li depletion restarts signi�cantly after
about 200 Myr. Importantly, our analysis allows us to put tighter
constraints on the age at which Li depletion is no longer present.
Speci�cally, the average Li abundances derived for NGC 3960
shows that the Li plateau might start at∼1 Gyr rather than 2 Gyr:
the average abundance of NGC 3960 is indeed closer to that of
the 2 Gyr clusters, rather than to the Hyades, although, due to the
largeσ, it is not completely inconsistent with the latter. Also,
average Li abundances in NGC 3960 could be lowered by the
inclusion of a few non-members withRVs consistent with that
of NGC 3960 but, which might have lower Li abundances. For
example, the average Li abundance of stars in Fig. 9b has been
computed, including in the sample the star with logn(Li) 	 1.15
andTe� 	 5800 K; its Li abundance signi�cantly deviates from
the mean Li pattern, suggesting that this object might come from
the sample of contaminating �eld stars. By excluding this object
from the sample we would get a smallerσ (0.31) and a slightly
higher average (2.32), which is however consistent with that of
older clusters.

We stress that our analysis has been carried out consistently
with that of Sestito & Randich (2005) and thus the comparison
of the average abundances should not be a� ected by systematic
errors.

As discussed by Sestito & Randich (2005), none of the mod-
els/mechanisms proposed to explain the occurrence of MS Li
depletion is also able to reproduce the plateau, since all of
them predict that Li depletion should continue at old ages. To
our knowledge, no new models predicting the existence of the
plateau have been presented. Our study, not only reinforces the
empirical evidence for the plateau and thus the need for such
models, but also provides an additional constraint to be taken
into account.

5.1.2. Field stars

Figure 6c shows the Li abundance distribution for the 26 objects
that are contaminating �eld stars according to theirRV, but do
show the Li line. Their distribution is not remarkably di� erent
from that of NGC 3960 members, although it is characterized
by a much larger dispersion. As discussed in Prisinzano et al.
(2004), the di� erential reddening correction was computed as
the distance (along the reddening vector) of the position in the
CMD of each star from the assumed MS at the cluster distance.
Therefore, such correction does not take into account the dis-
tance spread from the Sun for �eld stars and this explains the
large spread in the Li abundance.

Nevertheless, several stars with high abundance (logn(Li) >
2) are present. More speci�cally, we �nd that the �eld stars hotter

Fig. 8. Li abundances of the 29 NGC 3960 members (�lled circles) as
in Fig. 6 (panelb)), compared with the Hyades values (empty circles).

than about 6400 K (early F-type) show a Li abundance of about
2.7, consistent with that found for stars of similar temperatures
for NGC 3960; stars cooler than 6400K and hotter than 5700 K
(late F-type and early G-type) show a large spread in the Li abun-
dance with values similar or smaller than those found for the
same temperature range for NGC 3960; �nally, stars with tem-
peratures smaller than about 5500 K have Li abundances some-
what larger than those found for NGC 3960. Note, however, that
e� ective temperatures (and thus Li abundances) for these stars
might have been overestimated, since we have assumed the same
reddening as for NGC 3960 members.

We exclude that the stars in Fig. 6c are binary cluster mem-
bers (SB1) with discrepantRVs due to the orbital component,
since for these objects, the distribution of the di� erence between
the maximum and the minimum values of theRV measured from
our spectra (acquired within about one and a half months, see
Table 1) is very similar to that obtained for the sample ofRV
members. Therefore, we conclude that they are, most likely, a
sample of �eld stars with Li.

If we consider that we have 74 non-members forRV (i.e.
113-39), including the binary, plus 16 contaminating �eld stars
stars withRVs consistent with that of NGC 3960, we have a to-
tal of 90 �eld stars; those with the Li line are 26 within the
sample ofRV non members, plus the remaining 6 contaminat-
ing �eld stars in the sample ofRV members. Therefore, the
fraction of �eld stars with the Li line is (26+6)/90, i.e., about
one third of the sample. This fraction is slightly lower than that
found by Pasquini et al. (1994), who found that about one half
of the G dwarfs analyzed in their work had high Li content
(2.0 <∼ log n(Li) <∼ 3.0) and apparently old age. Also note that all
solar-type stars in the very old cluster NGC 188 (∼6 Gyr) with
available Li measurements have abundances above 2.0 (Randich
et al. 2003), i.e., a relatively high Li is not inconsistent with a
very old age.

In summary, the presence of several Li-rich F and G-type
�eld stars in our sample is not surprising. The large spread in
their Li abundance is both consistent with a mixed population of
stars older or similar to NGC 3960, and also possibly/in part due
to the fact that, in addition to stellar age, another unknown pa-
rameter can regulate MS Li depletion (e.g. Pasquini et al. 1994;
Pinsonneault 1997; Pasquini et al. 1997; Charbonnel & Talon
2005; Randich et al. 2006, and references therein).
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Fig. 10. Fraction of contaminating �eld stars estimated in this work
from individual membership derived by theRV and the Li line (solid
line histogram) and in Prisinzano et al. (2004) from a statistical analy-
sis of a �eld region around NGC 3960 (dashed line histogram).

The average Li abundances computed for stars in three dif-
ferent temperature ranges con�rms the trend, already found in
Sestito & Randich (2005), of slow (but present) depletion at ages
older than the Hyades for starswith temperatures larger than
about 6000 K. For cooler stars, the inclusion of the average Li
abundance of NGC 3960 in the distribution of Li abundance as a
function of the age, allows us to conclude that the age at which
Li depletion is no longer present is very likely closer to 1 Gyr
rather than 2 Gyr, as inferred by Sestito & Randich (2005), on
the base of the incomplete sample of open clusters with ages
older than 2 Gyr and younger than the Hyades.

The fraction of �eld stars with an evident Li line is about one
third, while the fraction of �eld stars, as a function of the mag-
nitude, is consistent with that derived statistically from photom-
etry. This allows us to con�rm the conclusions about the mass
function derived in Prisinzano et al. (2004), which strongly de-
pends on the estimate of the �eld star contamination.
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