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Abstract. Observations of cool giants have shown that thethe convective envelope gradually deepens and dilutes this Li-
exists a large range in their lithium abundances even for gpeservation zone with the Li-depleted material from below.
parently similar stars. The depletions are large in a majority ®he observed lithium abundance in such a star depends upon
them, far in excess of the predictions of the standard stellar etloe surface lithium retained in its MS progenitor and the mass
lution models. In order to explore whether the large spreadfiaction incorporated into the convective envelope of the red
Li abundances observed in giants can be interpreted in tergisnt. Stellar model calculations (Iben 1965, 1967a,b) predict
of mass, moderately high resolution CCD spectra of the Litthat the surface dilution of Li varies from about a factor of 28 in
line at 6707.8\ have been obtained in 65 subgiants, giants ard1M, star to 60 in a B/ star. The maximum Li abundance
supergiants and the lithium abundances derived. Their absoloiserved in red giants should therefore represent that of MS
magnitudes have been estimated from the Hipparcos data. Alfg@genitors which have retained all of their initial Li abundance
lute magnitudes have also been determined for another 802 stditeg N(Li)=3.3. Any depletion of surface Li during the pre MS
whose lithium abundances are already known from the availableMS phases will of course result in a smaller red giant abun-
literature. All these stars have been plotted on the HR diagraance. Past observations of cool giants have shown a large range
and compared with the theoretical evolutionary tracks of Breis-lithium abundances, as large as 3 to 4 orders of magnitude
san et al. (1993) with initial masses ranging from/t, to 9 M,  (Lambert, Dominy & Sivertsen 1980, Luck & Lambert 1982,
for a chemical composition typical of the solar neighbourhooBrown et al. 1989, Randich et al. 1993, 1994; Mallik 1998).
X=0.70, Y=0.28, Z=0.02. The stars of low mass of this samdthough there are a handful of Li-rich giants, most of them
ple, (<2Mg), span a wide range in evolution (unmixed warrhave severe depletions, far in excess of Iben’s calculations. In
subgiants and mixed giants) and therefore, show a correspomnier to understand the reasons for the low Li content in giants,
ingly wide range of Li abundances, perhaps reminiscent of thiés worth recapitulating briefly the behaviour of Liin MS stars
large range in abundances observed on the main sequence.siiee the Li abundance in a red giant is dependent upon the Li
spread is further augmented by the effects of increasing dilutiabundance of the progenitor MS star.

and mixing as the stars evolve to the right and up the red giant Past observations of the MS stars have strongly suggested
branch. Higher mass stars show a different behaviour. Manytbét there is some destruction of lithium on the MS and that this
the giants of masses between 2.5 and M § observed in the destruction, at odds with the prediction of the standard model,
present study have Li abundances close to what is predictedsg function of mass and age (Herbig 1965, Herbig & Wolff
the standard stellar models. On the other hand, there are sevVE®86, Zappala 1972). A definite trend of decreasing abundance
high mass giants{2.5 M) cooler thari, ; y = 5000 K with Li  with decreasing mass is seen on the main sequence for spectral
abundances as low as those of low mass stars of similar effgpes later than F2. During a reanalysis of the stars with nor-
tive temperature. There must be parameters other than massmmatimetallicity and a narrow range @t ;¢ and of mass from
evolutionary status, as implied by the standard evolution mod&lincan’s (1981) sample of field F5-G5 dwarfs, Spite & Spite

of a star, that control its Li abundance. (1982) find that the repartition of the ages is not significantly
different in the Li-rich and the Li-poor groups of stars. Statis-
Key words: stars: abundances — stars: late-type tically, the Li-rich stars are not any younger than the Li-poor

stars, suggesting that there is no direct relation between lithium
abundance and age on the MS, and that other mechanisms pos-
sibly are at play. Pasquini et al. (1994) also reiterate from their
study that Li is not a good tracer of age for the solar type stars.

Lithium survives only in the outer 2-3% of the stellar mass dfhere are several stars with high Li content but apparently old
a main sequence (hereafter MS) star where the temperatur@dg- Li depletion on the MS is not explained by the standard
lower than 2.5 106 K, below which lithium burns through the model and is generally supposed to be due to one or the other
reaction”Li(p,«)*He. As the star evolves to the red giant phas€f the processes like diffusion, slow mixing, rotational mixing,

1. Introduction
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enhancing the effect of the classical convection but these addi-K and M giants and supergiants also bear out the conclusion
tional processes are not expected to be identical in all stars, #mat the Li abundance in these stars is primarily controlled by
therefore it is normal to find different Li in MS stars of the samthe stellar mass.
age and mass. Itis only in the mean that Liis lower in older stars. The Hipparcos Catalogue (ESA, 1997, The Hipparcos and
The MS Li depletion is also amply evidenced by the compar@ycho Catalogues, ESA SP-1200) has made available accurately
tive study of the Pleiades and Hyades clusters (Duncan & Jodesermined parallaxes and therefore, absolute magnitudes for a
1983, Soderblom etal. 1993, Thorburn et al. 1993). There exiktsye number of stars and it is now possible to estimate their
a large scatter at a given spectral type in a cluster, in particul@asses on an evolutionary diagram. With this in mind, the ob-
in the Pleiades. This scatter is hard to explain if we believe aktrvation and analysis of a sample of 65 subgiants, giants and
stars of the cluster are formed roughly at the same time. Téigpergiants have been undertaken in order to investigate the re-
persistence of this scatter suggests Li depletion is not dictatation between mass and the Li abundance. The discussion of
by age and mass alone. In the old open cluster M 67 stars ofthe data has been enlarged by taking advantage of the infor-
same mass do not all have the same Li abundance. The basation on lithium abundances of another 802 subgiants, giants
finding is that the standard stellar model does not adequatelyare supergiants available in the literaturelfke et al. 1999,
count for the observed lithium abundances in MS stars. It dodgalachandran 1990, Luck 1977, Pallavicini et al. 1987, Lam-
not predict MS depletion of Li in any except the coolest dwartsert, Dominy & Sivertsen 1980 and Brown et al. 1989). We
(Terr < 4000 K) because the bottom of the convection zone riitus present a study of a total of 867 stars to explore the con-
mains cooler than the lithium-burning temperature in the hotteection between Li abundance and mass. Although the sample
stars. Yet, in stellar clusters, lithium abundances are obserigdot homogeneous, its largeness has helped establish statisti-
to decrease in stars from spectral types earlier than F5 to latelly significant trends. The observations and the data reduction
types, suggesting that the convective mixing is aided by naof-the sample observed presently are described in Sect. 2, fol-
standard mixing processes. Low mass giari®.0 M) are, lowed by analysis and the results in Sect. 3. Sect. 4 gives the
therefore, expected to have statistically smaller surface abumterpretation and the discussion of the results. Sect. 5 contains
dances than their maximum predicted value of log N{1)8. the conclusions.
This will be even more true of the stars located in the domain
of the ‘Boesgaard-Tripicco dip’ (Balachandran 1995b). Since
MS stars of spectral type earlier than F2 appear to retain their ) ,
initial Li abundance, higher mass giants (2442,) are expected 2. Observations and Data reduction
to have Li abundances near their maximum predicted valuefdr the current observations, 38 stars were chosen out of the
log N(Li)=1.540.3. sample of 49 stars observed earlier by Mallik (1998). Another
Lambert, Dominy & Sivertsen (1980) in their study of Liin27 subgiants and giants were sampled from the Bright Star Cat-
50 G and K giants found really low abundances.0 < log alogue (Hoffleit 1982) and the [Fe/H] Catalogue of Cayrel de
N(Li) < +1.0. The same is revealed in the study of 644 gianirobel et al. (1997), 17 of which form a part of another lithium
by Brown et al. (1989); bulk of them havel.5 < log N(Li) program. Table 1 lists the relevant stellar parameters for the 65
< +1.0. Only 10 stars among them were found to be Li-righrogram stars. The Hipparcos Catalogue contains very accurate
with log N(Li) close to +2.0 and higher. Severe Li depletiongstrometric data giving absolute trigonometric parallaxes for
were also observed in 31 giants and supergiants by Lucksfars with a precision of around a milliarcsecond and accurate
Lambert (1982):-0.89< log N(Li) < +0.84. Pallavicini et al. proad-band photometric data giving apparent visual magnitudes
(1992), Fekel & Balachandran (1993), Randich et al. (199gith a precision typically around 0.002 magnitude. From these
1994) and Mallik (1998) have observed a fairly large numbgata the absolute visual magnitudes for all the above stars have
of chromospherically active and ‘normal’ giants to investigalgeen estimated and converted into luminosities using the bolo-
whether chromospheric activity plays an important role in denetric corrections from Flower (1996). These are tabulated in
termining the lithium abundance. They find significant amoungsolumn 8. The error in log L, obtained above is withig-
of Li (i.e, in excess of log N(Li)=1.0-1.5) only in a fractiong,08. Since the distances for a large majority of stars are within
of the stars surveyed. Activity seems neither a necessary na® pc, the reddening corrections are deemed inconsequential
sufficient condition for Li excess in these cool evolved stars. And hence are not taken into account. Columns 6 and 7 list the
large range in Li abundances is observed in these stars too, @ffarent visual magnitude and the parallax (in milliarcseconds)
2 to 4 orders of magnitude. Bulk of them are heavily depletegbspectively. Columns 3 and 4 give the spectral type antl Bf
One needs to explain on the one hand, a small fraction of giafHg star, obtained from the Bright Star Catalogue and the [Fe/H]
that are Li-rich (log N(Li)> 1.0) and on the other hand, the restatalogue. Column 5 listg, ; ; derived from theT, ;-(B—V)
of them that have severe Li depletions. Randich et al. (1993libration of Flower (1996). These values are remarkably close
1994) have found no obvious dependence on activity paramgithin + 50K) to theT, ;; values obtained from the calibra-
ters nor on rotation. They contend that cool giants with a larggins of Schmidt-Kaler (1982) and Bohm-Vitense (1981). Log g
amount of lithium have evolved from the more massive progesnd [Fe/H] listed in Columns 9 and 10 respectively have been
itors and that the range of abundances has its origins in the Mgen from the [Fe/H] Catalogue of Cayrel de Strobel et al.
stage itself. A detailed analysis by Luck & Lambert (1982) qfi997) and the microturbulent velocity in Column 11 from



S.V. Mallik: Lithium abundance and mass

Table 1. Stellar parameters and lithium abundances

HR Name Spectral BV Tess(K) m, parallax logLLs logg [Fe/H] & Lil log N(Li)
type (mas) kmsec™)  (mA)
834 n Per K3 1b 1.69 3493 3.77 245 4.544 1.00-0.15 25 <29 < -012
1023 - G5l 0.86 5136 6.37 292 2.517 2.30 - - 210 2.93
1030 o Tau G6 Il 0.89 5068 3.61 15.42 2.191 2.75-0.15 2.6 6 0.50
1411 #'Tau KOIllb 0.99 4862 3.84 20.66 1.893 3.17 +0.04 2.0 21 0.81
1457 «Tau K511 154 3906 0.87 50.09 2.709 0.55-0.16 1.9 37 0.02
1464 V*Eri G8llla 0.98 4883 3.81 15.62 2.145 2.92-0.09 2.2 15 0.66
1580 o©*Ori K21l 1.15 4569 406 19.26 1.980 2.56 —0.26 21 16 0.30
1784 290ri G8lI 0.96 4922 413 18.71 1.848 2.24-0.19 1.8 13 0.62
1829 [BlLep G5l 0.82 5231 2.81 20.49 2.232 210 +0.05 3.2 6 0.86
1907 ¢2Ori KOl 0.95 4943 4.09 28.10 1.509 2.46 —0.53 1.7 16 0.74
2035 dlLep G8IIl-IVv  0.99 4862 3.76 29.05 1.656 2,95 -0.75 1.9 13 0.61
2040 B cCol K211 116 4553 312 37.94 1.748 280 +0.13 1.8 71 1.04
2134 1Gem G7ll 0.87 5114 4.16 21.64 1.668 3.18-0.01 2.0 25 1.14
2216 nGem M3l 1.6 3773 331 934 3.427 1.50 - 3.0 <58 <0.17
2269 - K3 1b 1.61 3748 5.67 5.95 2.565 1.13-0.07 10.0 114 0.46
2286 uGem M3lllab 1.64 3664 2.87 14.07 3.440 1.00 +0.11 19 <126 <0.75
2473 eGem G8Ib 1.40 4209 3.06 361 3.928 0.80—0.05 2.9 35 0.44
2574 9CMa K4l 145 4070 4.08 1294 2.493 1.80 —0.37 1.7 22 -0.32
2580 o'CMa K2lab 1.73 3339 3.89 165 5.345 0.00-0.11 35 <155 <0.93
2646 oCMa K7lab 1.73 3339 349 268 5.085 1.00 +0.00 3.0 <133 <0.75
2650 (¢Gem GOIb 0.79 5307 401 279 3.465 190 +0.33 3.0 20 1.59
2927 25Mon F6 Il 0.47 6409 514 16.11 1.431 321 +0.44 25 7 1.76
2973 oCMa K1l 112 4622 423 26.68 1.596 2.40 —0.30 1.7 35 0.66
2985 kGem G8llla 0.93 4984 3.57 2273 1.893 2.90-0.16 3.8 22 1.08
2990 (3Gem KOllb 1.00 4843 116 96.74 1.639 2.75-0.04 1.5 21 0.83
3323 oUMa G5l 0.80 5282 3.35 17.76 2.137 2.67-0.21 0.8 14 1.20
3477 - G511 0.87 5114 4.05 14.27 2.058 2.50-0.03 1.5 12 1.14
3482 eHya G5l 0.68 5620 3.38 24.13 1.823 3.02-0.14 2.0 30 1.74
3518 ~Pyx K3l 127 4366 4,02 15.63 2.250 2.35-0.11 21 54 0.60
3616 o>UMa F6IV 0.49 6324 4.80 48.87 0.602 4.00 +0.02 - 6 1.67
3664 - G6 lll 0.86 5136 5.98 7.17 1.893 2.20-0.85 1.9 <12 <116
3775 6HOUMa F61IV 0.43 6587 3.17 74.15 0.886 4.09-0.20 21 100 3.32
4069 pUMa M2lllab 159 3797 3.06 13.11 3.131 1.35 +0.00 21 <124 <0.70
4232 vHya K21l 1.25 4399 3.11 2354 2.238 2.32 -0.30 21 13 —0.09
4310 xlLeo F2lI-lVv 033 7063 462 3454 0.964 - - - 25 2.77
4382 4§ Crt Ko Il 112 4622 3.56 16.75 2.268 2.59 —0.48 2.2 2 —0.61
4450 ¢Hya G711 0.94 4963 3.54 25.23 1.813 2.93-0.04 21 34 1.27
4608 o Vir G8llla 0.97 4902 412 19.08 1.845 2.34-0.33 2.0 28 1.23
4786 [SCrv G5l 0.89 5068 265 2334 2.215 220 +0.27 3.2 26 1.18
4910 6 Vir M3 11 158 3821 3.39 16.11 2.819 1.30 —0.09 2.3 <160 <0.95
4932 e Vir G8 b 0.94 4963 285 31.90 1.885 2,70 +0.10 2.0 12 0.81
5017 20CVvn F3lil 0.30 7216 472 11.39 1.886 3.00 +0.18 0.9 6 2.35
5176 - K211 1.35 4234 5.46 7.18 2414 1.10 -0.80 1.8 <3 < -1.00
5185 71Boo F6IV 0.48 6366 450 64.12 0.488 430 +0.00 1.0 8 1.93
5235 npBoo GOIV 0.58 5964 2.68 88.17 0.954 3.83 +0.19 2.2 15 1.85
5338  (Vir F71Vv 0.50 6282 4.07 46.74 0.937 3.94 -0.11 21 5 1.58
5409 ¢ Vir G2 1V 0.70 5559 481 24.15 1.259 3.90 +0.00 2.0 89 2.39
5744 + Dra K2 Il 1.16 4553 3.29 31.92 1.848 2.74 +0.03 15 19 0.37
5889 4 Crb G3.51ll 0.80 5282 459 19.71 1.550 3.15-0.32 21 20 1.36
5908 6 Lib G85Il1lb 1.02 4806 413 20.02 1.832 2.99-0.31 1.6 11 0.52
5986 6 Dra F8 IV 0.52 6198 4.01 47.79 0.942 413 +0.20 1.7 4 1.49
6212 (¢ Her GO IV 0.65 5717 2.81 92.63 0.874 3.80 +0.05 09 <7 <1.05
6536 (pDra  G2Ib-ll 0.98 5016 279 9.02 3.008 160 +0.14 1.9 8 0.70
6569 MAra F3IV 0.40 6725 476 45.72 0.666 4.15-0.27 2.3 20 2.53
6623 pHer G5IV 0.76 5386 3.42 119.05 0.437 3.70 +0.04 2.6 8 1.13
6703 ¢ Her G8li 0.94 4963 3.70 24.12 1.789 2.92-0.10 2.0 45 1.41
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Table 1. (continued)

HR Name Spectral BV Tess(K) m, parallax logLLs, logg [Fe/H] & Lil log N(Li)
type (mas) kmsec™) (MA)
6705 ~Dra K5Il 152 3945 224 2210 2.826 1.55-0.14 2.0 41 0.00
7063 pgSct Gdlla 1.12 4622 422 4.73 3.104 0.94-0.15 2.7 50 0.93
7479 «aSge G1ll 0.78 5333 439 6.89 2.532 3.11-0.15 3.1 10 1.24
7602 BAg G8IV 0.86 5136 3.71 7295 0.781 3.60 —0.30 1.8 4 0.63
7882 (Del F5IV 0.44 6541 3.64 33.49 1.391 3.50 +0.00 - 66 3.00
8465 (Cep K15Ib 157 3853 3.39 449 3.753 0.75 +0.22 3.0 26 —0.15
8796 56Peg G8Ib 1.36 4280 476 6.07 2.756 1.26-0.15 2.8 51 0.62
8961 AXAnd G8llI 1.08 4694 3.81 38.74 1.426 3.11 -0.56 2.0 10 0.07
9103 3Cet K3Ib 1.63 3689 499 203 3.953 0.80-0.20 45 <39 <0.48
110F 3 TAQFT T T T T T 3
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O.SOE‘HHHH\H‘H‘H‘\HHHH‘\‘HHHHE 0.505"HHH‘\HHH‘H\HHH‘H\ “““““ E
6690 6700 6710 6720 6730 6690 6700 6710 6720 6730
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Fig. 1. A few normalised sample spectra in the neighbourhood of the Li | 6Tr&. Note the strong Li line irp Vir and very weak, nearly
absent in o UMa and And

the individual sources for each star listed at the end of the sathe resolving power of the spectral lines of the Thorium-Argon
catalogue. hollow cathode lamp used for line identification. Xenon lamp
The CCD spectra in the region of the Li | line at 670%.8 was used as a flat source. Several bias, comparison and flat field
have been obtained of the above stars using the coude ecHedimes were taken well spaced out in time in between the star
spectrograph at the 102 cm telescope at the Vainu Bappu ®@bmes. Data reduction was carried out with the IRAF software
servatory. These spectra have a spectral resolutiorDdB5A package following exactly the same procedure as described in
in the 33rd order where the Li | line lies, as also judged hylallik (1998). The normalised spectra of 4 sample stars in the
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neighbourhood of the Li | line are displayed in Fig. 1. The spec- 4
tral coverage in the 33rd order is around 70ﬁ8ﬂthough the

figure here shows trimmed spectra of ¥@ach. The spectra 3
are centered around thé707.8 Li | line and include several Fe

supergiants. The contribution of the Fe | line to the Li | feature

was estimated by exactly the same procedure as described in

detail by Mallik (1998). The calculated EQWs of the Fe | line

are typically 5 to 10 A for subgiants and become as highas50 8000 7000~ 6000 5000 4000 3000

mA for some of tpe supergignts. The corrected Li | EQWSs range Tere(K)

ILOIUI] 3atl'orlljensde5a:2Izgtég?n@o?ﬁriﬂnig%?gzglt;ai t}ﬁees;';zr: d';SFi . 2.Lithium abun_dange VS. effectivg temperature for stars of Table l._
T ) ) e symbols described in the key are in accordance with spectral classi-

determinations of Li are based on the measurement of the EQWinsymbols with arrows pointing downward signify upper limits

of the Lil line at 6707.8\. From the input EQW and the modelig the Lj abundance

atmospheres of Gustafsson et al. (1975) and Bell et al. (1976)

with the grid generated by Luck (1992), lithium abundances

were calculated using LINES (the standard LTE. line analyst'@mperature is due to the range in masses and evolutionary ages.

code due to Sneden 1973, the upgraded version). These,@fg1

bulatedi | tTabl . q s loss onthe MS and during the red giant phase may also add
tabulated in Column 13 of Table 1. Fora given measured EQWgly, o opserved range in the Li content. In addition, the vestiges

Lil, the primary uncertainty in lithium abundance arises from itgf the Li abundance-mass dependence prevalent in their MS
temperature sensitivity. A changeTay; of 200K changes the ;.o hitors may also have contributed to the observed spread.

. . pr
Li abundance by a substantial amount of up to 0.3. Accountl&éveral of the hotter (less evolved) subgiants have log N(Li)

fﬁr Léncerta!ntle_s arli:ng fl\rloiﬁef 7.6rand I((j)g gk,)the_alé:ﬂ%urzeécym close to 3.0. Supergiants appear to be most heavily depleted
the determination of log N(Li) is expected to be withi#.20 to and giants lie in between encompassing a larger range in Li

ifOﬁS :jexk, gi{ven :jhe| error in :]he EQV,V measurement. Btlaca ndances. As already noted, there are a few giants with log
of the lack of model atmospheres wilh; < 3750K, only ?Li) close to 1.5 and higher,e., in excess of the maximum

| lines that were also used for the wavelength calibration. The i . ° 1
equivalent width (EQW) of the Li | feature was measured for 2 [ o 4 E
each star from the normalised spectra. Repeated placementgof g %o * . 1
the continuum and the measurement of the EQW point to errogs c o-'o.,, e, ]
in the measurement less than &m o i ¢ oe e N
S E °, % g ? ]

L A& D ]

- L L ]

3. Analysis and results 0F o subgiants R A
The Li I feature is blended with an Fe | line at 6707.44&hich £ e giank . ]
has aweak contribution in subgiants butbecomes fairly strongin _1 £ 4 supergionts ' E

the upper Iimi.ts 'to the Li abu'ndance could be given for sevey edicted by the stellar model calculations. In particular, HR
stars. Upper limits are also given for HR 5176, HR 3664 and %23, a G5 giant has log N(Li)=2.9Be,, a factor of 2.7 of the

Eri either because of the low S/N of their spectra or the eXtrerBFedicted value if the star had undergone standard giant branch

weakness of the Li line. mixing. The ‘cool bottom processing’ models of Boothroyd &
Sackmann (1999) predict that Li could be synthesized in these
4. Interpretation and discussion giants, the same models also explaining the observations of the
4.1. Lithium abundance and temperature 1C/1C ratio in these same giants.
The observed Li abundances versus the effective temperat%
for the sample of 65 stars studied here are depicted in Fig.
Subgiants, giants and supergiants are defined here as pemMhbsses are difficult to determine for all stars. Taking into ac-
Bright Star Catalogue and the [Fe/H] Catalogue of Cayrel deuntthe errorintemperature, masses are particularly less accu-
Strobel et al. (1997). We shall see later from the positions i&te for giants and have to be inferred indirectly. The best way to
these stars and the stars of the other samples on the HR diagiestithe dependence of Li abundance on mass is by plotting stars
based on Hipparcos parallaxes, that quite a few subgiants ane¢he HR diagram with the theoretically calculated evolution-
actually main sequence stars and similarly several giants turn ant tracks superposed. The Hipparcos Catalogue has now made
to be subgiants or supergiants. The Li abundances span a ramgalable parallaxes to a high accuracy (about a milliarcsecond)
of four orders of magnitude. The gradual decline in the lithiumnd apparent visual magnitudes from an equally accurate pho-
abundance as a function of effective temperature is evidencearhetric analysis of a large number of stars enabling an estimate
the increasing dilution due to the deepening of the convectigédistances to an accuracy of better than 10 per cent. The result-
envelope (Iben 1965, 1967a,b). The range observed at a giienaccuracy in log LL, is better than 0.08. We have combined

. Lithium abundance and mass
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6 \ \

Log L/Lg

. log N(Li)<0.5
Ol— . 0.5%log N(Li)<1.2
L o 1.25l0gN(Li)<1.8

L e log N(Li)>1.8

=2 \ \ \

4.2 4.0 3.8 3.6 3.4
Log Ty

Fig. 3. HR diagram of the entire sample of stars for which absolute visual magnitudes are determined from the Hipparcos data. Symbols of
increasing size denote increasing Li abundances. The bins chosen in log N(Li) are indicated in the key. Also shown are theoretical evolutionary
tracks of Bressan et al. (1993) for stars of initial masses ranging from 1.0 {4 9.0

our data of Li abundances of 65 stars with the already knownfoir the lower masses. Similarly, several giants eventually turn
abundance data of another 802 stars: 104 subgiants fedarel. out to be subgiants yet to reach the base of the red giant branch
et al. (1998), 49 subgiants from Balachandran (1990), 38 giaatsd a few of them are supergiants. Symbols of decreasing size
from Lambert, Dominy & Sivertsen (1980), 12 supergiants froindicate decreasing values of the Li abundance. The theoretical
Luck (1977), 6 subgiants from Pallavicini et al. (1987) and 538/olutionary tracks of Bressan et al. (1993) for masses rang-
giants and supergiants from Brown et al. (1989). From the paralg between 1.0 and 9.0/, with Population | composition
laxes and the apparent visual magnitudes given in the Hippar¢¥s0.70, Y=0.28 and Z=0.02) are also plotted. Two stars on top
Catalogue, the luminosities have been obtained for all the abdoehe extreme right are supergiants perhaps more massive than
stars in exactly the same way as for the present sample usingalte)/ . Tracks for masses higher than 94, are not shown,

Tess - B.C. calibration of Flower (1996). Since most of theshowever. Although our sample is rather inhomogeneous, the
stars have distances less than 100 pc, the reddening effectpeareipal features of the evolution of the Li abundance in the
assumed negligible. Fig. 3 shows the positions of all the 86dst main sequence phases of low- and intermediate-mass stars
stars on the HR diagram. The stars plotted are subgiants oragee quite apparent here. Most of the stars hotter thafideg=

ants or supergiants based on spectral classifications from sev@ra8 (bluer than B- V=0.56) are either on the main sequence
catalogues. However, based on the location on the HR diagramevolving off it. They are yet to enter the post main sequence
it is found that a fraction of the subgiants turn out to be veepletion phase and their main sequence Li has been largely pre-
close to the turn-off point or on the main sequence, especiadigrved. There is a paucity of stars in the range 3:189 T s ¢
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Fig. 4.log N(Li) vs. T.¢ for all the stars plotted in Fig. 3. In addition, the remaining 140 stars of Balachandran’s (1990) sample are shown
denoted by triangles representing stars slightly evolved or evolving off the main sequence; filled symbols are the subgiants (ouélseemple, L

et al. 1999, Pallavicini et al. 1987, Balachandran 1990) and the unfilled symbols are the giants and the supergiants (our sample, Luck 1977,
Lambert et al. 1980, Brown et al. 1989). The symbols are in accordance with spectral classification.

> 3.70(0.56< B—V < 0.92) corresponding to the Hertzsprunglecreasing. s ; as a result of evolution to the right and up the
gap. Depletion as a result of convective dilution is indicated giant branch is both expected theoretically and observed but the
these stars. The range in abundance observed in these perbapsme low values of log N(Li) as seen in the sample cannot
indicates a large range of it on the main sequence itself. Tibe explained. If one believed that convective dilution were the
vast majority of the stars in the sample lie at [bgr; < 3.70 only reason for this remarkable decrease and used the standard
and most of them are red giants. On an average Li appears tarfmrlel of stellar evolution (Iben 1967a) to calculate log N(Li)
severely depleted in these stars. In Fig. 4, we have plotted theafter the first dredge-up, starting from a main sequence value
abundance as a function®f; ; for all the stars shown in Fig. 3 anywhere between 3.3 and 2.0, one would obtain on the giant
plus the rest 140 stars of Balachandran’s (1990) sample shdwanch values ranging between 1.8 and 0.22. However, the ac-
as triangles and defined as the stars just evolved or evolvingtoffl observed values are much lower and in some cases reach log
the main sequence. This plot permits us to follow the Li evoliN(Li) =—1.5 as seen in Fig. 4. Failure of the standard model in
tion as the star evolves along the subgiant branch and up theaedounting for the Li abundance in red giants is obvious. There
giant branch. Following Spite & Spite (1982) and Pasquini atust be additional mixing and dilution of lithium taking place

al. (1994), if we believe that MS stars with the same mass aonl the giant branch and perhaps even on the subgiant branch
age have different abundances, it is normal to find the corsee below).

sponding Li spread in the subgiants, as proposed by Randich etSome more trends are apparent in Fig. 3. Stars of low mass
al. (1999). Fig. 4 does indeed show that the subgiants exhibita2M) span a large range of ages and they display a corre-
large spread of Li abundance. It requires a more detailed stugghondingly large range in abundances. Among these, stars with
of the progenitor sample in the same mass range to confittme largest Li abundances are also the hottest, the main sequence
whether this spread owes itself to the range of Li depletion okrd the near main sequence stars. Tracing their evolution on the
serevd in the MS stars. The trend of decreasing abundance wii$played tracks, one notices the onset of dilution in the subgiant
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phaseinoraroundldf. s = 3.75. The deepening of the convecdredge-up predictions. They attribute it to their progenitors hav-
tive envelope in them has just begun and the subgiant dilutionng depleted Li on the main sequence. It is seen both in Figs. 3
very little. Further dilution continues and on the red giant branemd 5 that the Li spread is mostly apparent between the tracks
(log T.r¢ < 3.65), very low abundances are reached. There arfethe masses 1.4 and 112, i.e. exactly for stars which were
very few stars in the sample more massive than2;@vhich are in the dip during their stay on MS. So that, in agreement with
in the warm subgiant category. But a large number is presentBalachandran (1995b), the present analysis shows the influence
the subgiant and the giant branches. High mass gian?d{,) ofthe MS dip on the Li of the subgiants. However, the influence
show a somewhat different behaviour. There are several of thefa spread in the abundances of the progenitors, away from the
which have preserved their initial lithium to a greater or a lesseip, on the subgiant Li abundance is less clear. Most of the stars
extent, which is understandable since in principle no MS depl#-the sample are more massive than the sun, so that the deple-
tion is expected in the massive stars (all being earlier than F&yn on the MS as well as the spread is expected to be smaller or
However, there are a large number of giants that have rathen-existent. A more systematic thorough study of the detailed
low abundances, similar to what is observed in low mass giandgta is being conducted to explore whether the subgiant spread
although the stars on the subgiant branch are Li-rich compaisdnherited from the progenitors and will be addressed to in
to the giants they evolve into. Iben’s computations do prediatfuture paper. The more massive subgiants in Fig.5 are also
that the dilution is higher in high mass giants. However, trseverely depleted and this is difficult to explain since these are
abundances observed are much lower than the maximum thewlved counterparts of main sequence stars of masses greater
retical expected value of log N(Li) = 1-5L.8. The low lithium then 2.0-2.5// and hence have come from dwarfs earlier than
found in giants (both of low and high mass) is now generally a&0. For these also Li is more diluted on the giant branch than
tributed to the so-called extra-mixing or second mixing. Indeegredicted. It is fair to say that all studies to date indicate that
besides Li, there are other signatures of extra-mixing, e.g. the observed dilution on the subgiant branch is already rather
12¢/13C ratio. The post-dredge UgC/13C ratios predicted in great and this resultis independent of stellar mass. The strong Li
the framework of standard stellar theory are expected typicatigpletion found in these stars is often ascribed to non-standard
in the range 18-26 (lben 1967, Dearborn et al. 1976). Howewetixing in the post main sequence evolutionary phases which
these ratios have been observed to be substantially lower imay depend on parameters other than mass.
large fraction of giants observed in open galactic cluster (Gilroy Fig.6 presents a detailed view of the cooler stars with
1989, Gilroy & Brown 1991), as low as 10 in many of theml, ;s < 5000K. Itis evident from the figure that the lower mass
This gives a clue to the existence of additional mechanisms ligeants « 2.0M) encompass a range of Li abundances. The
extra-mixing. Itis worth noting that the point where Li depletioscatter for a given mass is a consequence of the dilution effect -
reaches 0.5 is at higher luminosity for higher mass giants. Ttine stars more to the right on the red giant branch are evidently
picture becomes clearer by considering separately subsamfieger in their Li content. Considering the fact that standard con-
with 7.,y y < 5000 K and> 5000K (logT,s; ~3.7). vective dilution is essentially complete for the low mass stars at
Fig.5 displays on a more expanded scale for stars withg L/Ls = 1.5 (Charbonnel 1994), further dilution beyond this
T.rs > 5000K. As stated before, alarge concentration of poing®int is perhaps a result of extra mixing on the giant branch.
is seen around the lower mass tracks{M.0 M) and most of The scatter near the base of the red giant branch for the various
these stars are still to evolve to the red giant branch. One woualdsses is perhaps reminiscent of the large range in abundances
notice that stars in the bins with log N(L§) 1.4 and 1.4 log observed in their MS progenitors as has been pointed out by Bal-
N(Li) < 2.0 are concentrated most in the mass range betwemhandran (1995a) and more recently by Randich et al. (1999).
1.0-1.4M,, whereas in the mass range between 1.4 and 2.5 [Blge majority of the giants have much smaller Li abundances
N(Li) > 2.0 predominates. There is thus a clear trend of highttian the predicted maximum of 1.5. It is also striking that al-
Li abundance being associated with stars of higher mass whilest all giants with M< 2.0M, are depleted, independent of
the less massive stars that have spent longer time on the M&ss and independent of the fact that they were in or out of the
with deeper convection zones have undergone more depletiBoesgaard- Tripicco dip in their main sequence phase. Possibly,
The more evolved stars in the diagram clustered to the left ohaery large dilution brings all low mass stars towards a low Li
vertical cutatlodl s y = 3.70 have gone through significant posabundance, whatever was their MS Li abundance. Even if the
MS evolution and deeper mixing and are consistently lower MS progenitors of these have undergone Li depletion and Li is
Li content independent of mass. Although there are a few stéugther reduced through standard convective dilution, one has
among these (many belonging to the present sample of 65) withinvoke extra mixing to explain such low abundances in these
log N(Li) near 1.4, most of them (including o Tau afidlep of low mass giants.
the present sample) have Li abundances already much less thai\ closer examination of Fig. 4 reveals that a very large frac-
the canonical value of 1.% 0.3. In a recent study of Popula-tion of stars cooler than lo@.;; = 3.70 {.e. aroundZ. ;s =
tion | subgiants with masses less than 2/Q,, Randich et al. 5000 K) have abundances below log N(Li) = 0.5 extending to
(1999) find that a large number of stars that have completed ttzdues as low as log N(Li) = 1.5. There is a suggestion in
first dredge-up Li dilution but that have not yet evolved to thihe data that at around Id§.; = 3.70 a dip in the abundance
point where extra-mixing in the giant phase is thought to ooccurs. In their study of the Population | subgiants, Randich et
cur, have Li abundances considerably below the theoretical finkt (1999) find evidence of the onset of an extra mixing for the
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Fig. 5. The same as in Fig. 3 for stars willaz; > 5000 K. The bins in log N(Li) are described in the key. The evolutionary tracks are exactly
the same as in Fig. 3. The arrows indicateThey limits of the Dip.

low mass stars at precisely this location which is due to a cqreservation zone throughout their MS lives and merely dilute it
tact between the chemical discontinuity left in these stars by ttigring the red giant phase. Neither the low red giant abundances
convective envelope at its maximum extent with the hydrogener the observed spread within a cluster is predicted by the stan-
burning shell that approaches it from below. The severe deptiard models. In both the hypotheses, a parameter in addition to
tions observed in these stars are thus perhaps explained byriass must also affect the observed abundance distribution.
postulated process. Contrary to the low-mass stars, there are, however, a fair

We also note in Fig. 6 the distinct presence of several higumber of higher mass stars with higher lithium content. This
mass stars{ 2.5 M) with Liabundances as low as those of theould be attributed to a better preservation of Li on the main
lower mass stars of similar effective temperature. Quite the aggequence for these stars. Considering the MS depletion of Li to
posite was expected of them since high mass stars are suppbsea random phenomenon for the more massive stars (for want
to have evolved from hotter progenitors that should have saf-any clue why such stars are depleted at all), one would then
fered no Li depletion during their residence on MS. Besides tbgpect that only about half of them would have suffered deple-
dilution, characteristic of the giant phase, non-standard mixitign and their evolved counterparts then show lower Li on the
is also strongly suspected in these stars. Gilroy’s (1989) studygidint branch than predicted by the standard model. Different Li
red giants in 20 open clusters with turn-off masses between fhesholds in Fig. 6 have been tried in order to see if general
and 5.0M, also reveals that these giants have Li abundandeferences depend on the binning of the data. One finds that the
smaller than the predicted maximum value. As emphasisedjieneral aspect of the data is preserved. It is worth noting in this
the discussion on lithium in giants by Balachandran (1995a), &gure that statistically speaking, there are many more stars with
ther lithium is more diluted on the giant branch than predicted bigher lithium content on the higher mass tracks and similarly,
the MS progenitors of these must have undergone Li depletiomany more stars with lower lithium content on the lower mass
The second hypothesis thus contradicts the assumption thatitheks, thereby suggesting a link between the lithium abundance
MS progenitors of these stars retain Li in the entire standard bof a star and its mass. The giants (2444,) conglomerated be-
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tween logT. ¢y = 3.70 and 3.65, for example, have definitelor initial masses 1.0, 1.6, 2.5, 4.0 and #4,. The differences
higher Li content than the less massive ones (1.2414). are non-negligible.
Fig. 7 displays the same set of stars as in Fig.6 except that Besides errors arising from a given choicelf ¢, metal-
the stars classified as supergiants are now denoted by openlicity and to a smaller extent luminosity, there are several other
cles. As the Ib stars are massive and have MS progenitorseeiects which can complicate the interpretation of the data. For
late B spectral type, all observed Li depletion presumably takii® more massive stars 2.5 M), it is difficult to distinguish
place only in the post main sequence phase. Conti & Wallevhether a star is on its first crossing to the red giant branch or
stein (1969) and Luck (1977) had found Li heavily depleted is on the way back during a later evolutionary phase. Further,
F and G supergiants. Heavy depletion has also been obseedeffect of mass loss on the evolution for low and interme-
in K supergiants (Luck 1994). diate mass stars(12M) has not been taken into account in
There are several uncertainties in the above comparisortted models of Bressan et al. (1993) and Fagotto et al. (1994).
stars with the evolutionary tracks. The evolutionary tracks faihere have been speculations in the past whether mass loss on
different masses become very close together at temperaturebie MS and during the red giant phase is likely to contribute to
5000 K. Although the Hipparcos survey gives distances and cdhe observed range in Li content. Luck (1977) has shown that
sequently luminosities of high accuracy (lodlld/ to within £ mass loss on the MS and in the post MS phase before the onset
0.08), an observational error&P50 K onT’ ; y can easily move of mixing can have serious consequences on the Li abundance
a red giant from a low to a high mass track or vice versa. Alsibthe mass loss rate is as high #s 8 M yr !, because such
the theoretical tracks themselves depend strongly on metallic#ysubstantial amount of mass loss can completely deprive the
Fig. 8 shows evolutionary tracks of Bressan et al. (1993) wigitar of its outermost layers where Li resides. Such high mass
Z=0.02 and of Fagotto et al. (1994) with Z=0.05. The physichdss rates are rarely observed. Considering the sensitivity of Li
input to the models of both Bressan et al. and Fagotto et altésmass loss, the time integrated mass loss in any phase of the
exactly the same except the metallicity. The tracks are shogtar before the mixing begins has to be minimal. The low Li
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abundance in evolved giants and supergiants may result frothe low mass category(2.0 M), are located on or near the
combination of several factors, e.g. mass loss, extra mixing andin sequence. We also find a fair number of stars of all masses
soon. Since mass loss is higher in AGB stars and in supergiaetglving to the red giant branch. Many of these are located in
its effect on Li depletion should be greater in these categortbe Hertzsprung gap. A very large number of stars are found on
of stars. the red giant branch all the way up to a luminosity of lodg.L/

= 4.0 or higher. Our sample being rather heterogeneous, there
may be some stars on the giant branch that are in the central

o . ) helium burning or the AGB phase but we feel the vast majority
The lithium line at 6707.& has been observed in a sample of 63y¢ in the first red giant phase. A pattern of decreasing lithium
stars that are classified in the literature as subgiants, giants ggflndance with decreasing temperature has been established for
supergiants spanning a spectral type range from F3 to M3,ip entire sample. Atari, ;; a large scatter is seen in Li abun-
order to analyse the relation between the lithium gbundance _%%ﬁilce. In general, very large depletions are seen in the majority
stellar mass. From the parallaxes and the magnitudes obtaigethem, much higher than predictions of the standard stellar
of these stars from the Hipparcos survey, we have been ablg\8|utionary models. The problem is to try to find whether the
determine their luminosities. Luminosities have also been O&tra-lowering is due to an extra-depletion in the MS phase, or
tained in the same manner for another 802 stars whose lithiygn, 1, exira mixing towards the end of the subgiant phase and
abundances were already available in the published literatyfei,e giant phase, or to mass loss, probably inefficient in the
The effective temperz_itures of all 867 sta_rs ha_lve been obtaifgg phase, but not negligible in the giant phase or in massive
from the several published (BV) - T¢ sy calibrations. All stars (gypergiant) stars. Certain trends of lithium abundance with re-

have been plotted on the theoretical HR diagram with evolutiogbect to mass and temperature have provided some hints about
ary tracks of model masses 1.0 to 94, and solar composition he cause of the depletion.

superimposed. Due to the reliable determination of parallaxes Among the stars that are hotter than 5000 K:
in the Hipparcos survey, many of the hotter stars, particularly in

5. Conclusions
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6 T T T T T the standard convective dilution are likely to cause depletion in
the low mass giants but they are not sufficient enough to explain
the unusually low abundances observed in them. Itis imperative
to invoke extra-mixing on RGB to explain the observed values.
4) Among the high mass giants, we note the distinct presence of
several with Li abundance as low as that of the low mass stars
(~ 1.2 M) at a similar evolutionary state. These stars have
evolved from the much hotter, namely late B and A MS stars
which are hardly expected to have suffered Li depletion on the
MS. It is quite likely that even for these stars, there is extra-
mixing on the RGB which besides the post MS dilution might
| _7-00s ' | be giving rise to such low abundance. Also, in these massive
L | stars, mass loss may have played an important role in reducing
{1 Liabundances.
-2 .

4 40 40 ss 56 - 54 Despite several theoretical and observational uncertainties mod-
' ' Clog T, ' " ifying the interpretation of the data, the analysis of the large
_ _ o sample above reveals a few well defined patterns of behaviour
Fig. 8. Evolutionary tracks for two values of metallicity Z=0.02 andh |ithjum content in stars that relate to their mass and the stage
Z=0.05 from Bressan, Fagotto et al. (1993) and Fagotto, Bressan ejgleyolution. Lack of agreement with the prediction of stan-
(1994) respectively for initial masses 1.0, 1.6, 2.5, 4.0./0. dard mixing models, as evinced by the evolved giants with Li
abundances lower than log N(L§ 1.0, points to some other

ocesses (non-standard mixing on RGB, mass loss etc.) and pa-

. r
1) V:/e See a Igrgehnumber an or near the main squenﬁg ﬁﬁﬂ‘ieters besides mass and the evolutionary status that control
are less massive than 2)0;,. A large scatter is present in their, ... jitnium abundance.
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