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L0t OCE1M34E V=16.430 . shows that only 8 stars (OC21-M80, 0C21-M273, 0C21-M581,
LOXI08 Ermurm i AP i T o e S o STV 9C21-M324, OC21-M282, OC21-M185, 0C21-M177, OC21-
g soaote M & 3 M41) have a dierence in the meaRV obtained with the two
3 igi‘;f 1 methods larger than 5 km'and only 2 (OC21-M80 and OC21-
2 0x109F 3 M282) have a dierence larger than 10 km's These objects do
ot ] not show the Li line and 7 of them are not cluster members since
6690 6700 6710 6720 6730

 [A] they have &RV not consistent with that of the cluster (see next
section). The only star classi ed as a cluster member (OC21-
M273) based on it®V 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 wigl{COR is not symmet-
ric but shows a double peak, which indicates that these objects
are double-lined spectroscopic binaries (SB2). An inspection of
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A [A] the spectrum of these objects con rms the double spectral fea-
0C21_M205 V=17.080 tures, typical of SB2 stars.
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£ so00f - 3.1.1. Cluster membership
© 2000 & =
1000 E The density distribution of the nalRVs is shown in the
0 histogram of Fig.3, where a signi cant peak arouR¥ =
8690 6700 NG 8720 6730 _20kms? indicates the presence of the cluster with respect to
0C21 M359 V—16.068 the RV distribution oflthe eld stars, which shows a secondary
3000 peak at about2kms-.
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To derive the cluster membership based onRWewe 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-@0.0+0.7 km s with a
o700 oo PR , standard deviationr = 2.3+ 0.6 km s, while the much broader

A [A] eld star RV distribution shows a peak aR.1+2.6kms?, with

inti - 1
Fig. 2. Examples of co-added sky-subtracted spectra in the spectral; e§tandard deviation af = 229+ 1.8kms™. The tted curve

gion that includes the Li line. The GIRAFFE ID given in Table 4 and® indicated by the solid line in Fig. 3. We note that the average
the vV magnitude of the stars are indicated. clusterRV is smaller than the meaRV of NGC 3960 (equal to

about-12 km s!) computed from 5 members studied in Friel &
Janes (1993), but in very good agreement with the value derived

ranges [6310-6680]A, for the spectra around the Li line, afy Sestito et al. (2006) from UVES spectre2R.6+0.9km s™).
[6610-6810]A, for the spectra around the khe. The total number of possible cluster members witho- of

Final RVs for the stars of our sample were computed as thige clusteRV distribution is 39 including 16 contaminating eld
mean value and the standard deviation ofRl¥es obtained with stars, as computed from the Gaussian distribution of the eld
giCrossC from the 8 di erent sets of spectra. stars. We note that some of the classi ed non-members could

TheRVs obtained using the functigriCrossC as described be spectroscopic binaries of the cluster, which cannot be eas-
before were compared with those obtained by using @mint ily distinguished from true non-members. From an inspection of
template spectrum, girG2, which corresponds to a spectrumti® single spectra, only two objects, indicatedXyymbols in
a solar-type star. The comparison does not evidence signi cdmg. 1, have been recognized from the characteristic double-line
di erences. In addition, in order to check the reliability of thepectrum typical of SB2 stars (see Sect. 3.1).
automatic cross-correlation performed by the pipeline, we com- Note that the identi cation of the cluster members does not
puted theRV for 4 of the 8 sets of spectra using the IRAEsk allow us to reduce the spread in the CMD since theedgn-
FXCOR (Tonry & Davis 1979); as template we used the spetial reddening corrections are computed using the reddening map
trum of a relatively bright star = 16.5, spectral type F8V) shown in Fig. 8 of Prisinzano et al. (2004), which gives thie
from our sample, which is considered a reliable cluster memive reddening values in subregions df7k 1.7, with respect
ber, based on itRV as measured withiCrossC. The relative to the subregion where the cluster centroid is located. They are
RVs computed witlFFXCOR were converted into the heliocentrictherefore spatially-dependentreections and are not calculated
system using the heliocentrkty of the template star computedfor each star individually. Thistatistical method also includes
with giCrossC. The median of the dierences between the fourthe contaminating eld stars. Individual spectral type estimates
sets ofRV's obtained withlgiCrossC RVs minusFXCOR RVs are from low resolution spectra are needed to derive the individual
0.13, —0.34, 0.12 and —1.05 Kmts while the standard devia- reddening and thus the accurate position of the members in the
tions are 2.13, 2.16, 1.81 and 2.10 Knm.sSuch values indi- CMD.
cate an excellent agreement between the two methods. The dif-

ference between the me®Vs obtained with the two methodss_z Li equivalent widths
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2 IRAF is distributed by the National Optical Astronomical . .
Observatories, which are operated by the Association of Universities £Ws were measured on the co-added spectra normalized to

for Research in Astronomy, under contract with the National Scienfi€ir continuum. The normalization was performed using the re-
Foundation. gion of the spectrum between 6693 and 6722 A that includes the
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cludes 113 stars. The tted double Gaussian (see text) is indicated by ) . ® NGC3960 RV memb.
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L ° OO <} ]
100 — d —
Li1 6707.8A line; we used the IRAF taglONTINUUM witha 3 | % 5 } }x ]
second order Legendre function and a variable residual rejecs. | oo f° o b
tion limit chosen based on the visual inspection of the tting re- :;; ol SR ‘ i ]
sult. TheEWs of the Lil 6707.8 A line were measured usingthe * [ . } } B% 6 1
IRAF taskSPLOT, assuming a Gaussian pro le, which is a good |- } } o .
approximation since thEWs are all smaller than about 100 mA r f © }i 3 ]
and therefore the line is not saturated. 2o ° ¢ E% ge 3
The continuum normalization and théW measurements o v e & N dfoy BB
were repeated three times, on dient dates; the continuum has 03 o4 05 0 an, 08 08 L
been estimated by choosing each time aedént residual rejec-
tion limit, that causes a change of the continuum levelpdént AN AR
measures have been done after few months and therefore they are | © . eeees W no memb ]
quite di erent. The mean of the threeeasurements was taken ~ *f . e e ]
as the nal estimation of th&W, and the maximum uncertainty - ° 5 ° E
was used as the error. We detected the Li line in 55 objects, 29 00 °I o v b
with RV's that were consistent with membership and 26 Ritls % ol °g Oi ° ]
corresponding to non-members. Among the remaining 58 stars, | ° % S‘D S 1
we have 56 single objects and two SB2 binaries. For the 56 sin+ «|- T ; e . .
gle stars, we estimated an upper limit of tA& by measuring * ¢ 3 i OO% % ' 1
the EW of the smallest line around 6707.8 A. In some cases the [ $ ot t v M vy 7
spectra are of candidate M dwarf stars and show large molecu- | Vo % 0 Q/W R . 1
lar bands around the Li line. For these stars, we considered the *[ vy, yj% %Fg 4
whole depression of the spectrum, which includes the Liline, .V je ¢WW %i e ]
therefore the upper limits are very conservative. 03 04 05 6 08 09 !

We corrected measurdtW's for the contribution of the Fie
line at 6707.44 A using the relatidiW (Fe) = 20(B—V)o—3 mA,
given in Soderblom et al. (1993a) for stars with solar metallicity,
thus appropriate for our cluster (Sestito et al. 2006).

(=3

o

.0

Fig.4. a) Li EWs and upper limits t&Ws for all our candidate mem-
ers as a function of the deredden&d~(V') colors, corrected for dier-

ntial reddening, as described in Prisinzano et al. (2004). Phyatsd

¢) show the LIEWSs for the subsamples of the candidate members that

~ Figure 4a shows the LEWs measured for all of the 55 ob-4re cluster members (panis) or contaminating eld stars (pane)),
jects where Li was detected as a function of the dereddeng@ed on theirv. Our measurements are compared with/fiés mea-

(B - V) colors, corrected for dierential reddening, as describedured for the stars in the Hyades (Sestito & Randich 2005).

in Prisinzano et al. (2004). Figure 4b shows theEllW's for the
stars that are cluster members based on #REjrwhile Fig. 4c

shows the LIEWs for the non-members. Upper limits are alsd. Li analysis

plotted in the three panels, as well asAWs measured for the
stars in the Hyades (Soderblom et al. 1990; Thorburnet al. 19
Soderblom et al. 1995) .

631_. Effective temperatures

As in Sestito & Randich (2005), ective temperatures were

Whereas our measurements are characterized by a lamgmnputed from the dereddeneBl £ V) colors, using the rela-
spread, Fig.4b indicates that the EWs of RV members are tion Te = 18008 — V)g — 6103B — V)o + 8899 K, given by
on average smaller than those of the Hyades members of simBaderblom et al. (1993b). Since photometric errors are smaller
color. This is also true for most of ttRY non-members (Fig. 4c) than 0.01 mag , errors in the ective temperatures are mainly
with (B — V) smaller than about 0.6 (F and G-type stars), whildue to the interstellar reddening correction. Indeed, as discussec
for redder colors, LIEWS are more comparable with those ofn Prisinzano et al. (2004), Bragaglia et al. (2006), Bonatto

Hyades stars.

& Bica (2006), NGC 3960 is aected by a relatively strong
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Fig.5. Reddening distribution computed as described in Prisinzano & s v l B
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di erential reddening. Figure5 shows the reddening distribu- 70 o o0 Tl 2000 1900
tion computed as described in Prisinzano et al. (2004), for all
stars within 7 arcmin from the cluster center (Fig.5a) and for - T ‘ ‘C‘) "
the stars observed with Gira (Fig. 5b). The dashed lines indi- i ! I E: 1
cate the 25th (0.26) and the 75th (0.34) percentiles of the two ;| b : E
distributions around the median value equal to 0.30; we assume | v il A 1
the semi-di erence of these two percentiles, equal to 0.04, as  ;o- U % WLl 3
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0.29 + 0.05 found in Bragaglia et al. (2006) and with the range g,, 15[ % \/ ) ]
[0.03, 0.34] given by Bonatto & Bica (2006). o - 1 v 1
Assuming thatrg_vy ~ ogi-v), i.€., the error in thek - V) o[- a1
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reddening error, we computed errors in thesetive tempera- 050 o Field stars .
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4.2. Li abundances

. . Fig. 6. Li abundances derived from the ective temperatures computed
Li abundances were computed from th&'s and the eective ysing the § - V), colors corrected for dierential reddening, as de-

temperatures by interpolating the growth curves of Soderblasgribed in Prisinzano et al. (2004). As in Fig. 4, the values are reported
et al. (1993a). Since these curves are computed assuming thédothe whole sample of photometric candidate members (pahahd

cal thermodynamic equilibrium {LE), we corrected the derivedfor the subsamples &V members and non-members (pariglandc),

Li abundance, for non-local thermodynamic equilibrium (NLTENespectively). Upper limits for the stars without Li are also indicated.
using the Carlsson et al. (1994) code.

Errors in Li abundances were estimated by independently
computing errors in Li abundance due to thesetive tempera-
ture errors and'W errors. Finally, we quadratically added thes@ means “member” and 2 means “binary”),eztive tempera-
errors to estimate our uncertainties in Li abundances. tures computed from theB(- V)o colors, corrected for dieren-

The computed Li abundances as a function of the temp#g! reddening EW of the Liline, and nally LTE and NLTE Li
atures for all the photometric candidates are shown in Fig. gundances. Note that in some cases, the NLTE Li abundances
the RV members and the non-members are shown separatelyvigre not computed because the LTE Li abundances were out-
Figs. 6b and c, respectively. Upper limits are also plotted. Fingife the range of allowed values for the Carlsson et al. (1994)
data are given in Table 4 where we list the following: identi -correction. Note also that for the 2 binaries, ## of the Li
cation number of Prisinzano et al. (2004), Gieaidenti cation line were not measured due to the complexity of the spectrum of
name and spectrum number, celestial coordinates\dB mag- these objects.
nitudes,V and B magnitudes corrected for dérential redden- For comparison, Fig. 7 shows the same plots of Fig. 6, but
ing, membership ag based on ti®/ (0 means “non-member”, with the Li abundances derived from theextive temperatures
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5. Discussion
5.1. Li abundances

Figure 6a evidences a large spread in the Li abundance distribu-
tion: it includes both the coev&lV members of NGC 3960 and
the inhomogeneous sample BY 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 an&kVs consistent with membership. As
already mentionedin Sect. 3.1, waienate that a total of 39 stars
areRV members, over a total of 113 objects studied in this work.
Ofthe 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 witlRVs consistent with membership
and without Li are cluster membérsOn the one hand, for
some of them we have inferred upper limit values comparable
or even higher than measured EWs 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 th&@ PInembers with de-
tected Li are cluster membexghile the 10 remaining objects la-
beled akV members, but without a detected Li line, are among
the 16 contaminating stars. This assumption would imply that
we have~60% of non-members (106) without a measurable
Li, which is in agreement with #hexpected 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 almostidentical for stars warmer than about
6000 K, while the Li abundances of NGC 3960 stars cooler than

Fig.7. Li abundances derived from the ective temperatures computed6000 K are systematically smaller than those of Hyades mem-

using the B — V)o colors not corrected for derential reddening. The pers of similar temperature. This result on the one hand supports
reported subsamples are the same described in Fig. 6.

computed using theB(— V)q colors not corrected for derential

reddening.

We note that Li abundances in Fig.7b are slightly mo
tures obtained from colors corrected for drential reddening {2005 for open clusters of derent ages; the average values in
are, on average, more accuratarttihose from uncorrected col-
ors; hence, we adopt them for the following analysis. Howev:
the adopted reddening corrections are derived statistically fr
photometry assuming the distance of the stars of NGC 39
therefore, the reddening correction may not be appropriate HH
the eld stars, especially if they are foreground eld star

'€

S

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 threerdnt
ective temperature ranges, as computed by Sestito & Randich

the same temperature ranges derived here for NGC 3960 using
the 29RV members with Li are indicated in the gure and are

icated.

For stars cooler than 5700K (Fig. 9¢), the average Li abun-
nce in NGC 3960 is computed from only two stars and the
associated error is the semi-@irence of the two Li abundances.

%%\B/’en in Table 2. For comparison, the position of the Sun is also

Nevertheless, we nd that the spread in Fig. 6¢ is smaller than

that shown in Fig. 7c and similar to that found in Pasquini et al.3 The sample of the 10 stars includes the binary witVaconsistent
(1994) for eld stars of similar temperatures.

with that of the cluster, for which thEW has not been measured.
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Table 2. Average of log(Li) for NGC 3960 in three dierent ranges of o 4 o, LE
e ective temperatures. i L

»—‘Ti— IR Om
[
[

S

R5

Te (log n(Li)) error error type
[6050-6350] K 2.72 0.25 o 20
[5750-6050] K 2.19 0.48 o
[5500-5700] K 1.88 0.35 maximum error

log n(Li)
o

o

1.0

o]
—e—e—
o

As discussed in Sestito & Randich (2005), the upper panel
shows that after a small amount of Li depletion occurring during o NGCS960 members g
the pre-main sequence (PMS) phase, no Li destruction is present o Hyades G °
up to about 250 Myr, while it restarts. The average abundances o,r. . . . | ! L ©

7500 7000 6500 6000 5500

for NGC 3960 con rm the trend of slow (but present) depletion T K]

at ages older than the Hyades. Fié:' 8. Li abundances of the 29 NGC 3960 members ( lled circles) as
i

Figure_9b and C_indicate that for cooler star_s, r_:lfter the ph"’}ﬁ g. 6 (paneb)), compared with the Hyades values (empty circles).
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 Gyr rather than 2 Gyr:

the average abundance of NGC 3960 is indeed closer to thattfn about 6400K (early F-type) show a Li abundance of about
the 2 Gyr clusters, rather than to the Hyades, although, due to $he, consistent with that found for stars of similar temperatures
large o, it is not completely inconsistent with the latter. Alsofor NGC 3960; stars cooler than 6400K and hotter than 5700 K
average Li abundances in NGC 3960 could be lowered by thete F-type and early G-type) show a large spread in the Li abun-
inclusion of a few non-members witRV's consistent with that dance with values similar or smaller than those found for the
of NGC 3960 but, which might have lower Li abundances. F@ame temperature range for NGC 3960; nally, stars with tem-
example, the average Li abundance of stars in Fig. 9b has beepatures smaller than about 5500K have Li abundances some-
computed, including in the sample the star with lggi) ~ 1.15  what larger than those found for NGC 3960. Note, however, that
andT. = 5800K; its Li abundance signi cantly deviates frome ective temperatures (and thus Li abundances) for these stars

the mean Li pattern, suggesting that this object might come frafiight have been overestimated, since we have assumed the same
the sample of contaminating eld stars. By excluding this objegéddening as for NGC 3960 members.

from the sample we would get a smalte(0.31) and a slightly

higher average (2.32), which is however consistent with that of o :
older clusters. Bers (SB1) with discrepamtV's due to the orbital component,

We stress that our analysis has been carried out consiste ‘ye for these objects, the distribution of theefience between

with that of Sestito & Randich (2005) and thus the comparisa maximum and _the minimum values of e measured from
of the average abundances should not bected by systematic our spectra (acquired within about one and a half months, see
eITOrS. Table 1) is very similar to that obtained for the samp_IeRm‘
As discussed by Sestito & Randich (2005), none of the momé?:]ntl):rosf. er(]jesr(tagfsri\,limeucoude that they are, most likely, a
elgmechanisms proposed to explain the occurrence of MS i P '
depletion is also able to reproduce the plateau, since all of If we consider that we have 74 non-members R (i.e.
them predict that Li depletion should continue at old ages. 1d3-39), including the binary, plus 16 contaminating eld stars
our knowledge, no new models predicting the existence of tA&rs withRV's consistent with that of NGC 3960, we have a to-
plateau have been presented. Our study, not only reinforcesi@eof 90 eld stars; those with the Li line are 26 within the
empirical evidence for the plateau and thus the need for sugmple ofRV non members, plus the remaining 6 contaminat-
models, but also provides an additional constraint to be takiég eld stars in the sample oRV members. Therefore, the
into account. fraction of eld stars with the Li line is (266)/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
5.1.2. Field stars of the G dwarfs analyzed in their work had high Li content

Figure 6¢ shows the Li abundance distribution for the 26 objed? S 109 n(Li) = 3.0) and apparently old age. Also note that all
that are contaminating @ stars according to theRV, but do SClar-type stars in the very old cluster NGC 18% Gyr) with
show the Li line. Their distribution is not remarkably dirent available Li measurements hav_e ab‘%f_‘danc‘?s ab0\_/e 2.0 (Randlch
from that of NGC 3960 members, although it is characteriz&j @l- 2003), i.e., a relatively high Li is not inconsistent with a
by a much larger dispersion. As discussed in Prisinzano et 'Y 0ld age.
(2004), the dierential reddening correction was computed as In summary, the presence of several Li-rich F and G-type
the distance (along the reddening vector) of the position in theld stars in our sample is not surprising. The large spread in
CMD of each star from the assumed MS at the cluster distantieeir Li abundance is both consistent with a mixed population of
Therefore, such correction does not take into account the disars older or similar to NGC 3960, and also posgihlgart due
tance spread from the Sun for eld stars and this explains tie the fact that, in addition to stellar age, another unknown pa-
large spread in the Li abundance. rameter can regulate MS Li depletion (e.g. Pasquini et al. 1994,
Nevertheless, several stars with high abundancer{ad > Pinsonneault 1997; Pasquini et al. 1997; Charbonnel & Talon
2) are present. More speci cally, we ndthatthe eld stars hotteR005; Randich et al. 2006, and references therein).

0.5 ©

5000 4500

We exclude that the stars in Fig. 6¢ are binary cluster mem-
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line histogram) and in Prisinzano et al. (2004) from a statistical analy- ot 5pen Clusters with FLAMES: Preliminary GTO Results, Chemical
sis of a eld region around NGC 3960 (dashed line histogram). Abundances and Mixing in Stars in the Milky Way and its Satellites, ESO
Astrophysics Symposia (Springer-Verlag), 181
) ) Pasquini, L., Liu, Q., & Pallavicini, R. 1994, A&A, 287, 191

The average Li abundances computed for stars in three diésquini, L., Randich, S., &aflavicini, R. 1997, A&A, 325, 535

ferent temperature ranges con rms the trend, already foundgﬁ?s,onneau'LL “&-_191976 ARSA&ﬁA: 35é 527': o F. 2004, AGA. 417 945
H H H risinzano, L., Micela, G., Sciono, S., avata, F. , y ,
Sestito & Randich (2005), of slow (but present) depletion at aggig2 2200~ ) o =0 S0l S & mBR o oA, 462, 123
older than the Hyades for staveith temperatures larger thangangich, s., Sestito, P., & Pallavicini, R. 2003, A&A, 399, 133
about 6000K. For cooler stars, the inclusion of the average kandich, S., Bragaglia, A., Pastori, L., et al. 2005, The Messenger, 121, 18
abundance of NGC 3960 in the distribution of Li abundance a®andich, S., Sestito, P., Primas, F., et al. 2006, A&A, 450, 557
function of the age, allows us to conclude that the age at whiggnzg:gv g-v grgg;‘gl'i‘;thS- égﬂg} cAh&é' 4;2&6;806 AGA 458 121
Li depletion is no longer present is very likely closer to 1 GYE;jersiom, D. R.. Oey, M. S., Johnson, D. R. H., & Stone, R. P. S. 1990, AJ, 99,
rather than 2 Gyr, as inferred by Sestito & Randich (2005), onsgs
the base of the incomplete sample of open clusters with agegerblom, D. R., Jones, B. F., Balachandran, S., et al. 1993a, AJ, 106, 1059
0|der than 2 Gyr and younger than the Hyades_ Soderblom, D. R., Stawer, J. R., Hudon, J. D., & Jones, B. F. 1993b, ApJS, 85,
_ The fractlon of e_Id stars with an evident Li Ime is about ON& ierblom. D. R.. Jones, B. F.. Stau. J. R., & Chaboyer, B. 1995, AJ, 110,

third, while the fraction of eld stars, as a function of the mag- 7,9
nitude, is consistent with that derived statistically from photonsozzetti, A., Torres, G., Charbonneau, D., et al. 2007, ApJ, 664, 1190
etry. This allows us to con rm the conclusions about the maggorburn, J. A., Hobbs, L. M., Deliyannis, C. P., & Pinsonneault, M. H. 1993,
function derived in Prisinzano et al. (2004), which strongly de- APJ. 415, 150

pends on the estimate of the eld star contamination. onry, J., & Davis, M. 1979, AJ, 84, 1511
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