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ABSTRACT 
Lithium abundances were measured in nearly 200 old disk-population F stars to examine the effects of rota- 

tional braking on the depletion of Li. The sample was selected to be slightly evolved off the main sequence so 
that the stars have completed all the Li depletion they will undergo on the main sequence. We find a large 
scatter in Li abundances in the late F stars, indicating that the Li depletion is not related to age and spectral 
type alone. Conventional depletion mechanisms like convective overshoot and microscopic diffusion are 
unable to explain Li depletion in F stars with thin convective envelopes and are doubly taxed to explain such 
a scatter. No correlation is found between Li abundance and the present projected rotational velocity, v sin i, 
and some of the most rapid rotators are undepleted, ruling out meridional circulation as the cause of Li 
depletion. There is a somewhat larger spread in Li abundances in the spun-down late F stars compared to the 
early F stars which should remain rotationally unaltered on the main sequence. We suggest that Li depletion 
may occur as a result of mixing induced by differential rotation when a rapidly rotating star spins down on 
the main sequence. The range in Li abundance would then result from an initial range in rotational velocities. 
Contrary to earlier understanding, some Li depletion is seen in a few early F stars which have evolved from 
main-sequence effective temperatures greater than 7000 K. Highly Li depleted stars with upper limit estimates 
of log €(Li) < 2.0 are clumped in the H-R diagram and are identified as slightly evolved Li “ dip ” stars. This 
clump is not coincident with the rotational break seen in the main sequence but is at the upper end of stars 
which have slowed down. To first approximation, “dip” stars of all metallicities have evolved from the same 
main-sequence temperature interval; the metal-poor “dip” stars have smaller masses than the solar metallicity 
stars. 
Subject headings: stars: abundances — stars: rotation 

I. INTRODUCTION 

Stars are formed with a Li abundance log €(Li) ~ 3.0 [on the 
scale where log 6(H) = 12.0] as evidenced from observations of 
early Population I stars, the interstellar medium, and meteor- 
itic samples. At the beginning of this decade, the pattern of Li 
depletion in main-sequence stars seemed fairly well under- 
stood. It was observed that early F stars retained the Li with 
which they were formed, while later type G and K stars, with 
deeper convective envelopes, showed evidence of Li depletion 
(Herbig 1965; Wallerstein, Herbig, and Conti 1964). That Li 
depletion took place on the main sequence became clear from 
comparisons of the Hyades and the Pleiades; the older Hyades 
stars had less Li than Pleiades stars at the same effective tem- 
perature (Zappala 1972). Early in the study of Li depletion, 
Weymann and Sears (1965) had calculated that the surface 
convection zones in late-type stars were not deep enough to 
destroy Li and, since then, “extra-mixing” mechanisms have 
been sought to take the surface material below the convection 
zone. 

Most of the observational conclusions about the Li deple- 
tion pattern in main-sequence stars were based on studies of 
the Hyades, the closest and hence the best studied of all the 
open clusters. Echelle spectrographs and CCD detectors have 
made more distant clusters accessible, and it now appears that 
conclusions based on the Hyades observations may have dis- 
torted our understanding of Li depletion. The Hyades is the 
only cluster that shows a tight and well-defined Li abundance 
sequence with effective temperature. The large spread in Li 
abundances in stars at the same effective temperature was first 
seen in the Pleiades (Duncan and Jones 1983) and interpreted 
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as being caused by an age spread in the formation of the 
cluster. A similar large spread in Li abundances was reported 
in a second young cluster, a Per (Balachandran, Lambert and 
Stauffer 1988, hereafter BLS). In clusters around the age of the 
Hyades, Coma (Boesgaard 1987a) and UMa (Boesgaard, 
Budge, and Burck 1988), some scatter is reported, but there is 
uncertainty in the cluster membership. In other older clusters, 
NGC 752 (Hobbs and Pilachowski 1986a; Pilachowski and 
Hobbs 1988) and NGC 188 (Hobbs and Pilachowski 1988), 
there are considerably fewer stars and greater membership 
uncertainties, making the observed scatter somewhat uncer- 
tain. However, recent observations may indicate that the 
scatter in Li abundances persists in M67 (Hobbs and Pila- 
chowski 19866; Garcia Lopez, Rebolo, and Beckman 1988). 
While the scatter in young clusters may be dismissed as being 
due to an age spread in the cluster, the persistence of the scatter 
in older clusters, if real, indicates that Li depletion is not a 
function of age and spectal type alone. 

The modeling of the rotational history of the Sun from the 
Hayashi track to the present by Endal and Sofia (1981) was the 
first detailed study of the spinning down of a rapidly rotating 
star on the main sequence and revealed that mixing may occur 
down to depths where the material is expected to be com- 
pletely Li depleted. More recent calculations (Pinsonneault et 
al 1989) have extended this approach and are able to repro- 
duce the observed Li depletion in the Sun. Observational evi- 
dence for a correlation between Li abundance and rotational 
velocity was first presented by Butler et al (1987) for eight stars 
in the Pleiades; the rapid rotators had an order of magnitude 
larger abundance than the slow rotators. It was argued that 
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this correlation in the Pleiades simply reflected the spread in 
the age of the cluster; the rapid rotators were younger stars. 
Observations of a larger sample of F, G, and K stars in the a 
Per cluster (BLS) showed that, while all the rapid rotators had 
their primordial Li abundance and the Li depleted stars were 
all slow rotators, not all the slow rotators were Li depleted. A 
correlation similar to that seen in the Pleiades has been report- 
ed in IC 2391 (Stauffer et al 1989). In young clusters, the effects 
of the rotational braking and the age spread on the depletion 
of Li are clearly meshed and, since the extent of the latter is not 
well known, the effects of the former cannot be isolated. 

To understand the effects of rotational braking on the deple- 
tion of Li, we examined a large sample of old disk-population 
field F stars taken from Eggen (1973). Age differences were 
minimized by choosing stars which were slightly evolved off 
the main sequence. This also ensured that the stars had com- 
pleted all the Li depletion they would undergo on the main 
sequence. The stars have not evolved far enough toward the 
giant branch for the convective envelopes to have deepened 
and caused significant mixing (Iben 1967). By choosing F stars, 
we maximized the range in rotational velocity. Typically, early 
F stars are rapid rotators, while late F stars have been spun 
down by winds and magnetic fields. The stars are in the field 
and since they are not associated with any star-forming region, 
gas, dust, or unusual chromospheric emission, it can be reason- 
ably assumed that they are not pre-main-sequence stars. We 
present here the results of this study. 

II. OBSERVATIONS 

Out of the 250 stars contained in Eggen’s (1973) sample, 199 
were observed (see Table 1). All the stars are contained in the 
Bright Star Catalogue (Holfleitt 1982, hereafter BSC). Most of 
the observations were carried out at the 2.1 m telescope at 
McDonald Observatory with the coudé spectrograph and, pri- 
marily, the Reticon detector (Vogt, Tull, and Kelton 1978) 
during seven observing runs between 1984 October and 1986 
July. The spectra were obtained using a 12,000 lines mm-1 

grating blazed at 6000 Á. A spectral coverage of about 120 Á 
was obtained with the 1728 element Reticon detector, each 
pixel in the detector being 15 gm wide. A slit width of 60 gm 
which projects onto two diodes was used under normal seeing 
conditions ( ~ 2") and a 3-4 diode slit if conditions were worse 
or if the star was a rapid rotator. Hence spectral resolutions 
vary between 0.14 and 0.28 À. The spectra are centered around 
the 6707.8 Â Li i resonance doublet and include several Fe i 
lines. Typical integration times varied between a few minutes 
for a 3.0 mag star and 90 minutes for a 6.5 mag star. Typical 
signal-to-noise (S/N) ratios were ~100, though higher S/N 
ratios were obtained for the broad-lined rapid rotators. 
Spectra in the final observing run were obtained using a 
512 x 512 RCA CCD detector array. With 30 gm pixels, the 
spectral coverage obtained with this detector was about 70 À. 
Solar spectra were obtained with each detector by recording a 
sky spectrum during the day and used in the v sin i calibration 
(see § Illh). About 25 southern stars were observed at a two- 
diode spectral resolution of 0.13 Á by D. L. Lambert and A. C. 
Danks using the ESO 1.4 m coudé auxiliary telescope at La 
Silla with a Reticon detector. The characteristics of the spec- 
trometer are described in Enard and Anderson (1978) and 
Anderson (1980). Subscript “c” is used to denote spectra 
obtained with the CCD detector and subscript “ e ” is used for 
stars observed at ESO (Table 1). Sample spectra are illustrated 

in Figure 1. Broad-lined spectra of two rapid rotators are 
shown along with the synthetic fits made to them. 

III. REDUCTION AND ANALYSIS 

a) Equivalent Widths 
Each stellar spectrum was divided by a flat-field spectrum to 

remove diode-to-diode variations. The wavelength scale was 
established by cross-correlating the spectrum with a narrow- 
lined, high S/N ratio reference spectrum in which several 
atomic lines had been identified. Next, the continuum was set 
and equivalent widths of the Li i feature and several Fe i lines 
were measured in the narrow-lined stars (see Table 1). Repeat- 
ed settings of the continuum and measurements of equivalent 
widths indicated that errors in the measurement were less than 
2 mÂ. Measurements of equivalent widths from two spectra of 
the same star yield differences of about 5 mÂ (e.g., compare 
equivalent widths from McDonald Reticon and ESO Reticon 
spectra in Table 1). Abundances of the broad-lined, rapidly 
rotating stars were determined through spectrum synthesis (see 
§IIIc). 

The equivalent width of the Fe i (6707.4 À) blend in the Li i 
feature was estimated from the measured equivalent widths of 
three other Fe i lines at >U6705.105, 6726.67, and 6752.716 
using the standard curve-of-growth technique. All three lines 
have the same excitation potential (x — 4.6 eV) as the 6701A Ä 
Fe i blend. The average of the three equivalent widths obtained 
was adopted as the strength of the blend and subtracted from 
the measured equivalent width of the Li i feature to give the 
equivalent width of the Li i component alone. Typically, the 
Fe i blend had an equivalent width between 1 and 6 mÂ. 

The 6707 Â Li feature is a doublet split by fine structure. In 
an attempt to speed up the analysis of our large sample of stars, 
we assumed that the Li feature was a single line with a g/1 value 
equal to the sum of the gf-values of the component lines and 
used the program LINES (a derivative of MOOG; Sneden 
1973) to calculate abundances from input equivalent widths 
and model atmospheres. However, tö treat the Li feature as a 
single line, a correction must be applied to the measured equiv- 
alent width. For this calculation, we assumed that the Li i 
feature consisted of two lines at 6707.761 Â and 6707.912 Á 
with gf-values of 0.989 and 0.494, respectively (Andersen, Gus- 
tafsson, and Lambert 1984). The blended feature was then at 
6707.811 Ä (weighted average) with a g/1 value (equal to the 
sum of the gfs) of 1.483. Li abundances were first determined 
for input equivalent widths between 2 and 150 mÂ by taking 
the Li i feature as a single line with a g/1 value of 1.483. Next, 
synthetic spectra of the Li feature were produced for various Li 
abundances with the feature taken as a blend of two lines with 
gf-values of 0.989 and 0.494, and the equivalent width of the 
feature was measured for each input abundance. A relation 
between the equivalent widths obtained by both techniques for 
the same abundance value was set up and used to change the 
measured equivalent width, Bo 494+0 989, to the corrected 
value Wi 483 so that the Li feature could be treated as a single 
line. While the correction is negligible at small equivalent 
widths, at 100 mÂ, the correction to the equivalent width is 
nearly 20 mÂ. The calibration was checked by determining the 
Li abundance of several narrow-lined stars through the cali- 
bration and by a synthetic fit and the agreement was found to 
be excellent. This is a relation between equivalent widths and is 
independent of the effective temperature of the star and any 
model atmosphere parameters. This calibration was merely 
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TABLE 1 
Equivalent Widths, Stellar Parameters, and Abundances 

HR Equivalent Widths (mÂ) 
Fe U 

6678 6703 6705 6726 6750 6752 6707 

Effective Temperature (K) 
(ß) (b-y) Mean 

logg 
(ß) (b-y) 

Mv log e(Li) [Fe/H] [Fe/H] 
phot spec 

17 92 14 21 24 43 22 24 
33 85 
33e ... 
82s ... 

115s ... 

8 
14 

16 
23 

16 
22 

44 15 28 
34 
49 
34 

6041 6102 6071 
6064 6141 6102 

6472 6469 6471 
6715 6656 6685 

4.18 4.17 1.6 
4.13 4.12 1.6 

3.84 3.84 2.1 
4.16 4.17 1.8 

44 
29 

3.71 
3.58 

2.16 
2.85 

2.27 
2.35 

2.95 
2.90 

-0.37 
-0.47 

-0.00 
-0.08 

-0.41±0.09 
-0.58±0.08 

-0.09 
-0.17 

143 93 
145 97 
297s ... 
407sb ... 
409 101 

11 
24 

23 
29 

17 
37 

49 
55 

17 25 26 48 

24 
20 

15 

<8 
19 
9 

83 
<3 

6263 6296 6279 
6041 6101 6071 
6041 6089 6065 
6453 6440 6446 
6041 6097 6069 

3.90 
4.12 
3.86 
3.87 
4.05 

3.89 
4.11 
3.85 
3.87 
4.04 

2.0 
1.6 
2.0 
2.1 
1.7 

7 
6 

40 
27 

6 

2.69 
3.55 
2.70 
2.30 
3.33 

<1.97 
2.18 
1.84 
3.18 

<1.30 

-0.42 
-0.34 
-0.01 
-0.13 
-0.28 

-0.28±0.10 
-0.23±0.11 
-0.17 
-0.21 
-0.35±0.05 

458b 102 
463s ... 
518s ... 
523 116 
544sb ... 

27 33 38 65 36 

20 28 33 58 30 

25 
<1 
85 
41 
<3 

6198 6198 6198 
6834 6763 6798 
6355 6353 6354 
6087 6097 6092 
6284 6292 6288 

4.22 
4.05 
3.91 
4.33 
3.91 

4.22 
4.06 
3.91 
4.33 
3.91 

1.6 
2.0 
2.0 
1.4 
2.0 

8 
110 
27 

5 
100 

3.55 
2.49 
2.57 
4.04 
2.62 

2.39 
<1.50 

3.20 
2.53 

<1.50 

0.03 
-0.27 
-0.24 
-0.14 
-0.16 

-0.03±0.13 
-0.47 
-0.05 
-0.1810.05 
0.00 

593sc ... 
635 122 
638 87 
646 94 
650 93 

49 
13 
15 
22 

48 
19 
28 
41 

47 
14 
23 
43 

96 
35 
45 
57 

53 
14 
19 
41 

<5 
14 
3 

75 
47 

6519 6476 6497 
6154 6176 6165 
6581 6542 6562 
6385 6370 6378 
6087 6107 6097 

4.14 
4.00 
4.05 
4.08 
4.15 

4.14 
4.00 
4.06 
4.09 
4.15 

1.8 
1.8 
1.9 
1.8 
1.6 

25 
9 
6 
8 

12 

2.99 
2.97 
2.68 
3.06 
3.52 

<1.85 
2.08 

<1.69 
3.08 
2.61 

-0.11 
0.09 

-0.09 
-0.38 
-0.08 

-0.12 
0.36±0.20 

-0.23±0.08 
-0.18±0.05 
-0.11+0.19 

657 124 
673c ... 
728c ... 
740 89 
740e ... 

17 
11 

14 
12 

35 
17 

21 
21 

39 
20 

21 
22 

55 
34 

27 
15 

38 11 

<4 
61 
82 
81 
80 

6304 6294 6299 
6345 6338 6342 
6675 6641 6658 
6345 6345 6345 

4.12 
3.99 
4.05 
4.00 

4.12 
3.99 
4.06 
4.00 

1.7 
1.9 
1.9 
1.9 

15 
15 
60 
7 

3.21 
2.78 
2.56 
2.84 

<1.60 
2.90 
3.25 
3.04 

-0.23 
-0.20 
0.00 

-0.34 

0.02±0.07 
-0.40±0.05 
0.09 

-0.30t0.07 

756s ... 
761 101 
770 102 
78 lb 87 
863sc ... 

15 
23 

8 

34 
31 
20 

24 
23 
23 

46 
38 
45 

19 
13 
21 

<7 
<3 
68 
28 
10 

6325 6313 
6110 6154 
6491 6461 
6444 6402 
6555 6544 

6319 
6132 
6476 
6423 
6549 

4.08 
4.02 
4.02 
4.22 
4.02 

4.09 
4.02 
4.02 
4.23 
4.02 

1.8 
1.8 
1.9 
1.6 
1.9 

27 
6 

16 
8 

25 

3.05 
3.18 
2.69 
3.33 
2.57 

<1.87 
<1.34 

3.10 
2.59 
2.20 

-0.10 
-0.29 
-0.13 
-0.14 
0.10 

-0.05 
-0.33±0.08 
-0.0810.16 
-0.28±0.09 
0.03 

869b 90 
870 114 
934s ... 
963 93 
975 80 

16 
27 

19 
7 

20 
51 

25 
14 

21 
36 

26 
26 

41 
60 

47 
34 

20 
30 

21 
21 

<8 
8 

43 
18 
47 

6395 6364 6380 
6519 6524 6521 
6841 6789 6815 
6143 6161 6152 
6666 6612 6639 

4.17 
4.11 
4.01 
4.15 
3.99 

4.17 
4.11 
4.02 
4.15 
3.99 

1.7 
1.8 
2.0 
1.6 
2.0 

15 
9 

75 
7 

20 

3.22 <2.03 
2.85 2.10 
2.33 
3.49 
2.47 

3.10 
2.24 
2.99 

-0.14 
0.17 

-0.13 
-0.22 
-0.31 

-0.23±0.10 
0.2310.09 

-0.44 
-0.2710.08 
-0.2310.13 

1069s ... 
1071 102 
1257 112 

29 
29 

33 
28 

40 
41 

52 
55 

24 
30 

81 
<1 
67 

6641 6588 6615 
6187 6197 6192 
6231 6235 6233 

4.06 
4.15 
4.04 

4.07 
4.15 
4.04 

1.9 
1.6 
1.8 

34 
5 
6 

2.68 3.20 
3.44 <0.93 
3.04 3.01 

-0.22 
-0.24 
-0.09 

0.03 
-0.1010.12 
-0.0410.11 
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TABLE 1—Continued 

HR Equivalent Widths (mÂ) Effective Temperature (K) log g £a v sin ia My log e(Li) [Fe/H] [Fe/H] 
Fe li (ß) (b-y) Mean (ß) (b-y) phot spec 

6678 6703 6705 6726 6750 6752 6707 

1406sb  
1538 111 23 40 

1545 80 6 20 
1822s   
1828 123 32 50 
1935 116 10 27 
2085 75 13 7 

2186 86 8 20 
2186e ... 14 28 
2264b 112 20 29 
2313 112 23 33 
2313e ... 23 35 

2530 92 5 16 
2601 98 12 19 
2740sc  
2832 96 13 23 
2906 101 20 41 

2906e ... 20 26 
3140s   
3184s   
3202 109 22 38 
3220e ... 9 20 

3299 ... 6 19 
3546s   
3620s   
3775 91 27 30 
3857 94 14 24 

3859s   
3954 116 29 37 
4012 196 30 43 
4079 ... 10 22 
4130 151 27 38 

4130e ... 23 36 
4134e ... 12 24 
4150 85 15 25 
4158 96 18 27 
4251 107 22 37 

4251e ... 23 37 
4298e ... 23 44 

  13 
35 66 30 <5 

16 31 8 24 
  40 

41 65 35 16 
27 60 27 29 
16 32 23 37 

18 48 24 <8 
34 0.. 0.. <4 
30 55 23 115 
34 61 24 37 
38   43 

14 30 23 1 
24 45 20 4 
  43 
19 48 18 31 
28 47 18 <2 

28   <5 
  41 
  41 

30 49 23 34 
22   <1 

22 36 14 26 
  28 
  45 

22 44 18 100 
23 37 9 <2 

  62 
33 81 35 22 
41 65 34 <5 
23 35 10 21 
32 80 47 9 

34   8 
18   16 
22 38 17 4 
29 51 21 43 
35 58 28 11 

39   13 
46   34 

6143 6177 6160 
6291 6126 6209 

6209 6234 6222 
6143 6207 6175 
5872 5958 5915 
6335 6332 6334 
6976 6902 6939 

6434 6408 6421 

6754 6816 6785 
6041 6072 6056 

6491 6453 6472 
5885 6050 5968 
6875 6817 6846 
6453 6424 6439 
6325 6309 6317 

6658 6652 6655 
6263 6282 6272 
6294 6266 6280 
6355 6331 6343 

6510 6466 6488 
6827 6905 6866 
6715 6692 6703 
6375 6352 6364 
6806 6773 6789 

6641 6639 6640 
6425 6410 6417 
6252 6272 6262 
6273 6287 6280 
6405 6407 6406 

6110 6152 6131 
6304 6315 6310 
6064 6100 6082 
6425 6429 6427 

6263 6253 6258 

3.85 3.84 2.0 
4.09 4.11 1.7 

4.15 4.15 1.7 
3.68 3.67 2.3 
3.98 3.97 1.8 
3.94 3.94 2.0 
4.23 4.24 1.8 

4.11 4.11 1.8 

3.95 3.94 2.1 
4.17 4.17 1.6 

4.17 4.18 1.7 
4.05 4.03 1.7 
4.13 4.14 1.9 
4.06 4.06 1.9 
4.11 4.11 1.7 

3.72 3.72 2.4 
3.84 3.83 2.1 
4.30 4.30 1.5 
4.15 4.16 1.7 

4.12 4.13 1.8 
3.77 3.76 2.4 
3.87 3.87 2.2 
4.11 4.11 1.8 
4.11 4.11 1.9 

3.78 3.78 2.3 
4.11 4.12 1.8 
4.17 4.17 1.6 
4.04 4.04 1.8 
4.16 4.16 1.7 

4.14 4.13 1.6 
3.99 3.99 1.9 
4.24 4.23 1.5 
4.19 4.19 1.7 

4.26 4.26 1.5 

33 2.57 2.08 
8 3.14 <1.65 

5 3.48 2.37 
43 2.14 2.61 

5 3.27 1.94 
29 2.63 2.53 
16 2.84 3.08 

17 2.99 <2.01 

11 2.11 3.76 
6 3.64 2.49 

10 3.22 <1.07 
5 3.59 <1.34 

50 2.63 3.10 
14 2.89 2.65 
7 3.15 <1.34 

75 1.63 3.00 
59 2.45 2.71 

8 3.70 2.61 
10 3.25 <0.97 

8 2.98 2.63 
40 1.52 2.95 
55 2.00 3.05 

7 3.09 3.33 
19 2.59 <1.73 

100 1.80 3.15 
15 2.98 2.48 
11 3.30 <1.61 
12 3.07 2.38 
9 3.10 <1.99 

9 3.52 2.11 
9 2.90 1.63 
6 3.84 2.56 
7 3.17 2.15 

6 3.56 2.56 

-0.07 -0.10+0.10 
0.05 -0.01+0.05 

-0.42 -0.62+0.09 
-0.29 -0.07 
-0.15 -0.0810.10 
-0.09 -0.1110.15 
-0.17 -0.1310.23 

-0.04 -0.2810.14 

0.30 0.2710.13 
-0.15 -0.1610.03 

-0.47 -0.3510.15 
-0.57 -0.4910.07 
-0.10 -0.37 
-0.32 -0.2110.06 
-0.17 -0.10+0.10 

-0.02 0.00 
-0.21 0.00 
-0.08 -0.0710.08 
-0.22 -0.36+0.06 

-0.18 -0.3110.05 
0.27 -0.22 

-0.03 -0.32 
-0.15 -0.1410.16 
0.02 -0.0210.12 

0.03 0.00 
0.05 0.2110.13 
0.23 0.09+0.06 

-0.38 -0.4010.09 
0.17 0.19+0.13 

-0.35 -0.4710.07 
-0.38 -0.3210.10 
-0.28 -0.3110.06 
0.18 0.0710.04 

0.09 0.0510.06 
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TABLE 1—Continued 

HR Equivalent Widths (mA) Effective Temperature (K) log g Ça v sin ia My log e(Ii) [Fe/H] [Fe/H] 
Fe U (ß) (b-y) Mean (ß) (b-y) phot spec 

6678 6703 6705 6726 6750 6752 6707 

4384e ... 16 25 
4399b 92 13 29 
4408 184 7 21 

4416s   
4431 95 14 23 
4479se   
4488 94 16 24 
4540 117 32 47 

4548e ... 24 36 
4600e ... 12 22 
4761 99 21 33 
4782s   
482lsb   

4856 113 22 34 
4981 98 15 25 
5011 126 36 51 
5048sc  
5083s   

5098sc   
5128sc   
5235b 133 42 53 
5257sc   
5258 111 29 46 

5304b 106 29 40 
5317b 114 21 34 
5322 128 47 51 
5338 88 17 27 
5363 116 9 30 

5404 106 25 35 
5426sc  
5434s   
5441 113 22 35 
5445c ... 11 23 

5455 96 16 26 
5457sc   
5529 75 5 14 
5533 103 21 36 
5583 112 22 31 

5612 121 24 39 

26   <1 
24 50 23 66 
23 22 10 53 

  30 
21 48 16 48 
  43 

29 49 22 47 
42 67 32 14 

34   45 
22   <1 
31 54 22 13 
  34 
  15 

37 57 26 <1 
26 45 17 88 
48 73 38 81 
  15 
  6 

  <4 
  95 

51 76 43 <7 
  20 

33 53 25 18 

35 63 29 44 
31 47 17 34 
48 77 43 18 
26 58 24 <2 
28 49 20 56 

29 55 25 18 
  59 
  24 

32 57 22 <2 
27 43 16 <1 

23 48 29 <3 
  33 
15 13 8 <3 
30 60 26 13 
34 49 25 14 

36 51 30 44 

6453 6414 6433 
6730 6748 6739 
6675 6634 6654 

6463 6462 6462 
6187 6205 6196 
6869 6803 6836 
6176 6191 6184 
6187 6192 6190 

6187 6178 6183 
6607 6548 6577 
6041 6080 6060 
6683 6653 6668 
6675 6697 6686 

6132 6164 6148 
6294 6297 6296 
6006 6030 6018 
6699 6645 6672 
6798 6780 6789 

6633 6579 6606 
6699 6668 6684 
6176 6262 6219 
6500 6504 6502 
6345 6351 6348 

6220 6222 6221 
6425 6410 6417 
6143 6161 6152 
6121 6151 6136 
6425 6416 6420 

6355 6321 6338 
6537 6528 6532 
6827 6853 6840 
6345 6348 6347 
6482 6444 6463 

6325 6302 6313 
6304 6300 6302 
6666 6598 6632 
6510 6506 6508 
6355 6332 6344 

6581 6563 6572 

4.20 4.21 1.7 
3.98 3.97 2.1 
3.88 3.88 2.2 

4.00 4.00 1.9 
4.11 4.10 1.7 
4.07 4.08 2.0 
4.20 4.19 1.6 
4.20 4.20 1.6 

4.26 4.26 1.5 
4.22 4.23 1.7 
4.08 4.08 1.7 
4.16 4.16 1.8 
3.82 3.82 2.2 

3.90 3.89 2.0 
3.99 3.99 1.9 
4.21 4.20 1.5 
4.15 4.15 1.8 
3.95 3.95 2.1 

4.23 4.24 1.7 
4.10 4.10 1.9 
4.01 3.99 1.8 
4.00 4.00 1.9 
4.03 4.03 1.9 

4.11 4.11 1.7 
4.04 4.04 1.9 
4.16 4.16 1.6 
4.00 4.00 1.8 
3.90 3.90 2.0 

4.29 4.29 1.5 
4.13 4.13 1.8 
3.98 3.98 2.1 
4.05 4.05 1.8 
4.12 4.13 1.8 

4.21 4.22 1.6 
4.16 4.16 1.7 
4.16 4.17 1.8 
4.17 4.17 1.7 
4.25 4.25 1.6 

4.17 4.17 1.7 

8 3.24 <0.39 
13 2.24 3.25 
32 2.12 3.14 

50 2.59 2.70 
5 3.32 2.71 

50 2.48 3.10 
5 3.60 2.69 
6 3.49 2.12 

6 3.70 2.72 
7 3.14 <1.36 
5 3.39 1.99 

50 2.83 2.90 
80 1.85 2.50 

12 2.74 <0.64 
12 2.88 3.15 
7 3.72 2.82 

35 2.82 2.50 
60 2.14 2.20 

15 3.12 <1.80 
40 2.65 3.50 
11 2.86 <1.81 
40 2.54 2.50 
16 2.82 2.31 

10 3.21 2.65 
26 2.78 2.67 

8 3.42 2.15 
13 3.08 <1.21 
31 2.41 2.93 

28 3.59 2.32 
31 2.89 3.05 
55 2.17 2.80 

5 2.88 <1.30 
15 3.07 <1.06 

14 3.45 <1.50 
15 3.24 2.60 
15 2.94 <1.67 
15 3.00 2.30 
6 3.45 2.19 

18 2.96 3.01 

-0.08 -0.0510.10 
0.17 0.0610.06 

-0.21 -0.2510.11 

0.10 0.13 
-0.29 -0.3510.06 
-0.19 -0.17 
-0.30 -0.2710.07 
0.13 0.1010.07 

-0.04 -0.0610.04 
-0.13 -0.1510.05 
-0.16 -0.2410.08 
0.07 0.13 
0.15 0.00 

-0.10 -0.1310.03 
-0.27 -0.2410.03 
0.04 0.0810.06 

-0.07 -0.0710.01 
0.03 -0.27 

-0.02 0.23 
0.04 0.08 
0.37 0.3010.05 
0.15 0.13 
0.09 0.0410.13 

0.02 -0.0310.09 
0.01 -0.0210.12 
0.14 0.2010.08 

-0.17 -0.3110.13 
-0.09 -0.0910.10 

-0.05 -0.0510.08 
0.12 0.03 
0.19 0.08 
0.11 -0.0310.05 

-0.37 -0.2710.03 

-0.21 -0.1910.11 
0.09 0.18 

-0.25 -0.5110.10 
0.17 0.0910.07 
0.06 -0.0510.05 

0.12 0.2410.09 
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TABLE 1—Continued 

315 

HR Equivalent Widths (mÂ) Effective Temperature (K) log g £a v sin ia 

Fe Li (ß) (b-y) Mean (ß) (b-y) 
6678 6703 6705 6726 6750 6752 6707 

My log e(Li) [Fe/H] [Fe/H] 
phot spec 

5691 111 20 
5694 100 21 
5700e ... 16 
5716s   

5723b 84 11 
5803e ... 22 
5921e   
5927 109 16 
5936s   

5954seb   
5986b 127 33 
6109cb ... 11 
6243b 104 20 
6314b 96 15 

34 
32 
26 

21 
34 
17 
29 

45 
9 

33 
27 

35 
33 
31 

21 
37 
18 
31 

40 
14 
31 
29 

58 
63 

25 
35 

44 16 

50 

8 
<3 
<4 
77 

69 
31 

... 25 
26 107 
... 59 

69 34 

55 
50 

26 
26 

<2 
<7 
23 
<3 
73 

6198 6198 6198 
6064 6091 6077 
6365 6343 6354 
6875 6858 6867 

6415 6396 6405 
6415 6372 6393 
6699 6627 6663 
6491 6472 6481 
6927 6889 6908 

6284 6273 6278 
6304 6313 6309 
6999 6914 6956 
6405 6401 6403 
6573 6580 6577 

4.17 
4.07 
4.12 
4.05 

4.00 
4.29 
4.13 
4.09 
4.04 

4.14 
4.13 
4.30 
3.89 
4.29 

4.17 
4.07 
4.13 
4.05 

4.01 
4.29 
4.14 
4.09 
4.05 

4.14 
4.13 
4.32 
3.89 
4.29 

1.6 
1.7 
1.7 
2.0 

1.9 
1.5 
1.8 
1.8 
2.0 

1.7 
1.7 
1.7 
2.1 
1.6 

4 
5 

21 
70 

9 
7 

11 
6 

70 

15 
27 
19 
9 
8 

3.41 
3.30 
3.15 
2.36 

2.72 
3.52 
2.86 
2.83 
2.32 

3.23 
3.13 
3.06 
2.39 
3.27 

1.87 
<1.28 
<1.72 

3.50 

3.06 
2.66 
2.77 
3.46 
3.34 

1.40 
<1.86 

2.93 
<1.55 

3.19 

0.02 
-0.06 
-0.22 
0.06 

-0.10 
-0.09 
-0.36 
0.05 

-0.05 

-0.04 
0.16 

-0.20 
-0.01 
0.24 

-0.1Q±0.02 
-0.1510.11 
-0.1410.08 
0.08 

-0.2910.07 
0.0410.08 

-0.1910.06 
0.0410.05 

-0.02 

0.28 
0.2010.06 

-0.1710.25 
0.0010.04 
0.0210.07 

6375 
6394 127 
6400e 

6405e 

6409 115 

12 32 32 71 18 25 
21 
29 
17 
24 

29 
43 
24 
42 

28 
38 
26 
36 

51 18 

62 32 

96 
40 
35 
<1 

6453 6424 6439 
6165 6192 6179 
6121 6141 
6315 6304 
6444 6460 

6131 
6309 
6452 

4.05 
3.92 
4.12 
4.19 
4.05 

4.05 
3.92 
4.12 
4.19 
4.05 

1.9 
1.9 
1.7 
1.6 
1.9 

30 
8 
8 
8 
7 

2.81 
2.77 
3.33 
3.42 
2.74 

2.55 
3.13 
2.57 
2.65 

<1.09 

-0.13 
-0.11 
0.11 

-0.34 
0.18 

-0.02±0.14 
-0.14±0.13 
0.01±0.06 

-0.19+0.11 
0.16±0.03 

6409e ... 25 
6441 122 32 
6467 71 7 
6489 103 17 
6492sc   

36 
44 
13 
24 

39 
40 
15 
26 

68 
24 
34 

34 
6 

13 

<2 
<3 
<5 
77 
23 

6187 6248 6218 
6472 6447 6460 
6385 6368 6377 
6895 6957 6926 

4.07 
4.13 
4.00 
3.98 

4.06 
4.13 
4.01 
3.97 

1.8 
1.8 
1.9 
2.1 

7 
7 

13 
35 

3.05 
3.13 
2.77 
2.08 

<1.41 
<1.84 

3.11 
2.85 

0.32 
-0.54 
-0.16 
0.26 

0.12±0.04 
-0.55±0.10 
-0.20±0.12 
-0.02 

6496 117 22 
6541 100 16 
6710sb   
6761eb ... 29 
6836cb ... 15 

6987sb   
7034e ... 9 
7061e ... 15 
7126e ... 16 
7163 100 15 

41 
25 

37 
26 

21 
28 
40 
31 

36 
26 

35 
32 

35 
34 
30 
29 

63 
47 

31 
19 

52 21 

39 
51 
50 
53 

<4 
<7 
12 
18 
36 

... <2 
25 <6 
25 <2 
26 <0? 
28 64 

6304 6298 6301 
6220 6241 6231 
6761 6703 6732 
5909 5956 5933 
6121 6133 6127 

6699 6642 6670 
6325 6305 6315 
6395 6374 6384 
6555 6520 6537 
6294 6292 6293 

4.10 
3.97 
4.14 
4.27 
4.30 

4.05 
4.18 
4.04 
4.20 
3.99 

4.10 
3.97 
4.15 
4.27 
4.30 

4.06 
4.18 
4.05 
4.20 
3.99 

1.7 
1.9 
1.8 
1.4 
1.4 

1.9 
1.6 
1.8 
1.7 
1.9 

10 
8 

60 
5 
8 

60 
22 
15 
15 
10 

3.10 
2.89 
2.76 
4.06 
3.95 

2.57 
3.33 
2.88 
3.10 
2.83 

<1.60 
<1.83 

2.40 
1.98 
2.48 

<1.60 
<1.83 
<1.37 
<0.46 

2.93 

0.02 
-0.27 
-0.09 
-0.11 

-0.17 
-0.09 
-0.18 
0.02 

-0.12 

0.07±0.03 
-0.28i0.02 
-0.12 
-0.1710.04 

-0.24 -0.27i0.03 

-0.42 
-0.24i0.17 
-0.04i0.04 
0.0610.07 

-0.12i0.07 

7172e ... 
7263s ... 
7266s ... 
7297e ... 
7322 93 

20 34 40 65 31 

20 
18 

27 
19 

31 
27 41 16 

<5 
15 
22 
<2 
<4 

6052 6095 6074 
6746 6675 6711 
6970 6937 6954 
6263 6256 6259 
6315 6299 6307 

3.94 
4.22 
4.13 
4.17 
4.17 

3.94 
4.23 
4.14 
4.17 
4.17 

1.9 
1.7 
1.9 
1.6 
1.7 

20 
55 
80 
10 
6 

2.96 
3.00 
2.53 
3.41 
3.34 

<1.61 
2.50 
2.90 

<1.32 
<1.65 

-0.09 
-0.14 
-0.01 
-0.23 
-0.24 

-0.07i0.06 
0.08 
0.03 

-0.05i0.13 
-0.28i0.10 
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TABLE 1—Continued 

HR Equivalent Widths (mÂ) Effective Temperature (K) log g £,a v sin ia My log e(Ii) [Fe/H] [Fe/H] 
Fe U (ß) (b-y) Mean (ß) (b-y) phot spec 

6678 6703 6705 6726 6750 6752 6707 

7354 94 15 23 
7389c ... 15 38 
7438s   
7451 96 14 26 
7496 97 17 29 

7534 97 25 33 
7538sc  
7658 113 24 36 
7692c   27 
7697 92 13 24 

7727 106 27 38 
7822s   
7855 94 18 32 
7877c ... 4 13 
7907 114 35 51 

8031c ... 12 25 
8048c   23 
8077 102 23 42 
8205 102 16 28 
8245s   

8250 110 16 33 
8315scb   
8354 70 8 9 
8391s   
8447 101 18 32 

8457 105 22 36 
8462s   
8472 108 27 31 
8536 103 15 26 
8665 90 10 21 

8697b % 15 22 
8805 87 16 27 
8825 82 11 22 
8848sc   
8853 112 30 44 

8859s   
8955s   
8969 101 14 29 
9020s   
9059b 110 35 41 

9072sb  
9078 ... 20 37 

23 38 20 <7 
39 62 28 49 
  <5 

30 51 25 54 
22 52 22 25 

29 47 17 26 
  30 

31 55 27 <1 
30 ... 20 21 
27 42 22 5 

35 62 29 <7 
  43 

32 59 25 25 
16 19 8 27 
42 61 27 42 

  <3 
25   82 
35 54 17 <4 
22 48 26 15 
  <3 

29 56 24 6 
  51 
14 25 10 <6 
  76 

35 59 27 29 

34 50 19 11 
  <2 

33 64 32 11 
23 40 16 16 
16 53 27 30 

23 45 17 <1 
24 37 9 <7 
27 48 24 <5 
  76 

50 64 35 62 

  20 
  5 

28 54 23 27 
  49 

28 52 17 <1 

  67 
35 58 27 <3 

6355 6333 6344 
6500 6497 6499 
6564 6507 6535 
6335 6310 6322 
6482 6457 6469 

6375 6343 6359 
6472 6444 6458 
6304 6302 6303 
6607 6571 6589 
6675 6620 6647 

6241 6260 6251 
6841 6815 6828 
6041 6078 6059 
6921 6851 6886 
6405 6370 6388 

6746 6676 6711 
6633 6601 6617 
6121 6140 6130 
6555 6519 6537 
6564 6499 6532 

6294 6288 6291 
6599 6560 6579 
6315 6351 6333 
6472 6457 6465 
6491 6452 6471 

6273 6271 6272 
6761 6712 6737 
6263 6273 6268 
6187 6216 6202 
6165 6187 6176 

6121 6164 6142 
6616 6561 6589 
6315 6302 6308 
6555 6526 6541 
6143 6146 6145 

6546 6500 6523 
6220 6243 6232 
6110 6129 6119 
6564 6526 6545 
6325 6330 6327 

6581 6570 6576 
6315 6300 6307 

4.22 4.23 1.6 
3.95 3.96 2.0 
4.22 4.23 1.7 
4.23 4.23 1.6 
4.07 4.07 1.8 

4.22 4.22 1.6 
4.01 4.01 1.9 
4.05 4.05 1.8 
4.06 4.07 1.9 
4.23 4.24 1.7 

4.05 4.05 1.8 
4.07 4.07 2.0 
4.12 4.12 1.6 
4.29 4.30 1.7 
4.35 4.35 1.5 

4.23 4.23 1.7 
4.14 4.14 1.8 
4.11 4.11 1.7 
4.21 4.22 1.7 
4.26 4.27 1.6 

4.08 4.08 1.8 
3.99 4.00 2.0 
4.11 4.10 1.7 
3.84 3.84 2.1 
4.35 4.35 1.5 

4.04 4.04 1.8 
4.08 4.09 1.9 
3.96 3.96 1.9 
3.90 3.89 2.0 
4.17 4.17 1.6 

4.05 4.04 1.8 
4.21 4.22 1.7 
4.14 4.14 1.7 
3.88 3.89 2.1 
4.23 4.23 1.5 

4.19 4.19 1.7 
3.84 3.83 2.1 
4.19 4.18 1.6 
3.96 3.97 2.0 
3.89 3.89 2.0 

3.70 3.71 2.4 
4.16 4.16 1.7 

10 3.48 <1.90 
23 2.43 2.94 
65 3.19 <1.90 

8 3.50 2.85 
8 2.81 2.64 

8 3.38 2.55 
18 2.73 2.72 
7 2.96 <1.07 

34 2.67 2.60 
10 3.07 1.95 

13 2.98 <1.80 
70 2.43 3.10 
10 3.50 2.30 
13 3.03 2.93 
10 3.68 2.76 

21 2.69 <1.82 
38 2.84 3.32 

5 3.35 <1.41 
16 3.13 2.39 
45 3.33 <1.70 

8 3.04 1.80 
20 2.51 3.05 
6 3.30 <1.83 

50 2.24 3.20 
12 3.58 2.67 

7 2.98 2.02 
45 2.59 <1.50 
10 2.74 2.03 
7 2.71 2.20 
8 3.55 2.47 

4 3.24 <0.82 
10 3.09 <2.10 
14 3.27 <1.68 
80 2.26 3.20 

5 3.66 2.76 

25 3.10 2.50 
40 2.44 1.60 
7 3.62 2.33 

70 2.49 2.95 
13 2.49 <0.72 

40 1.69 3.20 
21 3.25 <1.48 

-0.34 -0.29±0.08 
0.10 0.14±0.07 

-0.13 0.03 
-0.25 -0.18±0.08 
0.00 -0.0510.08 

-0.13 -0.0910.12 
-0.28 -0.32 
0.00 0.0010.06 

-0.04 -0.0110.02 
-0.02 -0.0710.05 

0.15 -0.0410.07 
0.05 -0.22 

-0.17 -0.2510.11 
-0.09 -0.3410.05 
0.05 0.1910.13 

-0.13 -0.0110.03 
0.03 -0.1210.02 

-0.09 -0.2010.15 
0.02 -0.0410.07 

-0.25 -0.22 

0.00 -0.0710.05 
-0.48 -0.37 
-0.68 -0.6510.12 
-0.24 0.03 
0.07 0.0610.07 

-0.05 -0.0810.08 
-0.07 -0.27 
0.03 0.0410.11 

-0.22 -0.3110.07 
-0.31 -0.3710.16 

-0.31 -0.4110.04 
-0.08 -0.1610.14 
-0.27 -0.2910.13 
-0.23 -0.27 
-0.07 0.0110.12 

-0.08 -0.02 
-0.02 -0.17 
-0.19 -0.3010.07 
-0.24 -0.27 
-0.09 -0.0110.17 

-0.12 -0.27 
0.00 -0.0110.02 

a Units of km s_1. 
b Stars labeled as single-lined spectroscopic binaries in the Bright Star Catalogue (Holfleitt 1982). 
c McDonald CCD spectra. 
c ESO spectra. 
s Rapidly rotating star for which abundances were determined by fitting synthetic spectra. Li equivalent widths quoted are calculated from the 

synthetic fit. 
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Wavelength (A) 

Wavelength (A) 

conceived as a time-saving device in the analysis of our large 
sample. In the above discussion, the 6Li contribution to the Li 
feature is considered negligible. This assumption leads to an 
over estimation in the Li abundance of at most 0.05 dex when 
the abundances are derived from large equivalent widths. 

b) Rotational Velocities 
The solar spectrum obtained with each instrument-detector 

setup was broadened to various rotational velocities between 0 
and 150 km s -1 by convolving it with the rotation profile of a 
spherical rigid body (Gray 1976). The FWHM of the Fe i line 
at 6678 Â and the Ca i line at 6717 À was measured at each 
velocity. A relation between the FWHM and the rotational 
velocity was established and used to estimate the rotational 
velocities (v sin i) of the stars in our sample (see Table 1). For a 
few stars, spectra were obtained with both the Reticon and the 
CCD detectors and the calibrations gave consistent rotational 
velocities. A systematic error may be present because the cali- 
bration was obtained using the solar spectrum which is at the 
lower end of our temperature interval. This is, however, 
expected to be small because our temperature range is only 
1000 K. Besides, the emphasis here is not on estimating the v 
sin i very accurately but on providing an independent check on 
the v sin fs listed in the BSC. In Figure 2a, the v sin Vs deter- 
mined through this process are compared with those listed in 

Wavelength (A) 

Wavelength (A) 

Wavelength (A) 

Fig. 1.—Five sample spectra are shown. HR 740 and HR 409 are both 
narrow-lined stars (v sin i = 7 and 6 km s_1, respectively). The Li feature is 
strong in HR 740 and yields an abundance, log €(Li) = 3.04. The Li feature is 
not detected in HR 409. An upper limit to the equivalent width was estimated 
at 3 mÁ yielding log e(Li) < 1.30. HR 8848 and HR 6987 are both rapid 
rotators (v sin i = 80 and 60 km s-1, respectively). The synthetic fits to their 
spectra are shown by dotted lines. The Li abundance is estimated to be 3.20 in 
HR 8848 and < 1.60 in HR 6987. HR 6493 is a double-lined spectroscopic 
binary. The primary is a rapidly rotating F3 star in which the Li doublet is 
clearly seen. The slowly rotating companion is a F6 star which does not exhibit 
the Li doublet. 
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Fig. 2.—Comparing {a) projected rotational velocities, v sin i, measured 
from our spectra with those listed in the Bright Star Catalogue (Holfleitt 1982) 
and (b) spectroscopically measured [Fe/H] with photometric metallicities 
derived from the cl index. The dotted lines are 1:1 lines drawn for comparison. 
An estimate of the error in the Fe abundances in indicated in the lower right 
corner. 

the BSC. The agreement is reasonable. Since our velocities 
have all been obtained from high-resolution spectra of similar 
quality, they should be internally more consistent. 
Our measured velocities are good to ±3 km s-1 at small 

velocities and reflect the accuracy of the FWHM measurement. 
At the high velocities, the v sin i estimate made by the above 
method was checked by fitting rotationally broadened syn- 
thetic spectra fitted to the stellar spectra and found to agree 
within ±5 km s-1. 

c) Model Atmospheres 
The solar model atmosphere obtained empirically by Hol- 

weger and Müller (1974, hereafter HM) was scaled to set up a 
grid of atmospheres at temperatures and gravities appropriate 
to our sample. The empirical model was preferred over the 
theoretical model atmospheres calculated by Kurucz (1979) 
mainly because it was felt that the empirical model was intrin- 
sically more accurate than the theoretical models, which can 
only incorporate a certain finite number of lines in the opacity 
calculations. However, the empirical model must not be 
extrapolated too far from its effective temperature or metal- 
licity in the scaling process. The stars in our sample range in 
effective temperature between 6000 and 7000 K, and the 
scaling process should be valid (Gray 1976). Further, as 

pointed out by Relyea and Kurucz (1978) and Steffen (1985), 
both the theoretical and empirical models have shortfalls at the 
temperatures of the F stars where convection is present but 
inefficient. Our interpretation of the abundances is based on 
the relative abundances between stars, and hence systematic 
inconsistencies should not be of major consequence. 

Scaled solar models were obtained for effective temperatures 
between 5800 and 7000 K in 100 K intervals and gravities 
between 3.8 and 4.4 in steps of 0.2 dex. The scaling was done 
using a program written by Y. Chmielewski. The temperature 
of each layer was first scaled with effective temperature. The 
elements considered were H, He, C, N, O, Na, Mg, Al, Si, S, 
and Fe in its first and second ionization stage. The opacities 
considered were H", H, H2

+, Rayleigh scattering by H and 
H2, and bound-free absorption by C i, Mg i, Al i, Si i, and Fe i. 
Opacities were calculated, and the equation of hydrostatic 
equilibrium was integrated to obtain the scale model. Solar 
metallicities were assumed for all the models because the Li 
and Fe abundances showed only a small dependence on the 
metallicity of the model; the Li abundance changed by 0.01 dex 
and the Fe abundance changed by about 0.02 dex for changes 
in [Fe/H] of ±0.3 dex in the metallicities of the models. 

d) Effective Temperatures 

Effective temperature, gravities, microturbulent velocities, 
and metallicities were obtained from Strömgren uvby Hß 
indices. The indices for 162 stars were obtained from Olsen 
(1983). The rest were obtained from Hauck and Mermilliod 
(1980). Effective temperatures for F stars can be obtained either 
from the h —y or the Hß index. While the Hß index is depen- 
dent only upon effective temperature, the y index must be 
corrected for effects of interstellar reddening and line blanket- 
ing, and this was done using Crawford’s (1975) empirical cali- 
bration of the Strömgren photometric system. Saxner and 
Hammarbäck’s (1985, hereafter SH) empirical calibrations 
were then used to calculate effective temperatures from the 
corrected (b—y)0 and the Hß indices, and the mean of the two 
was adopted as the effective temperature of the star (Table 1). 
SH estimate that the error in the calibration is about ± 60 K. 
Errors in the effective temperature due to errors in the photo- 
metry are at most ± 80 K (Table 2). The effective temperatures 
obtained here are compared in Tables 3 and 4 with those 
obtained by Duncan (1981) and Boesgaard and Tripicco 
(1986h, hereafter BT) for stars which are in common with our 
sample. On the average, both the Duncan and BT tem- 
peratures are about 100 K lower than the temperature we 
obtained. Duncan’s effective temperatures were derived partly 
from R — I indices related to spectroscopically determined tem- 
peratures from Perrin et al (1977) and partly from B—V 
indices. Duncan reported a scatter of ±70 K in the R —/ cali- 
bration, and Perrin et al. (1977) quoted an error of ± 160 K for 
their derived temperatures. We note that for three stars in 
common with BT, HR 4600, HR 7163, and HR 8205, the tem- 
perature differences are significantly different from the mean 
difference. BT used published Hß indices (sources not cited) to 
obtain effective temperatures, and our adopted Hß indices 
from Hauck and Mermilliod (1980) are 0.010 mag larger for 
HR 4600 and HR 7163 and 0.011 mag smaller for HR 8205 
than the Hß indices obtained by BT. These differences in the 
Hß index lead to temperature differences of 100 K with the SH 
calibration. The adopted Hß indices for the rest of the stars in 
common with BT are identical. 
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TABLE 2 
Random Errors Caused by Errors in the Photometry 

Parameter Error in Photometry Error in Parameter 

Teff   Hß: ± 0.0065 mag ± 80 K at 5800 K 
± 45 K at 6900 K 

6 —y: ± 0.0040 mag + 25 K 

log Q   ± 0.0065 mag + 0.002 dex at A log # = —0.18 
: ± 0.0065 mag Í 0.02 dex at A log g = —0.18 

My  Hß: ± 0.0065 mag + 0.007 mag at AMV = —0.52 
Ci : ± 0.0065 mag + 0.07 mag at AMV = —0.52 

[Fe/H]   Hß: ± 0.0065 mag + 0.01 dex at [Fe/H] = -0.19 
m! : ± 0.0061 mag + 0.06 dex at [Fe/H] = —0.19 

Ç   ... ± 0.24 km s "1 

e) Gravities, Absolute Magnitudes, Metallicities, and 
Microturbulent Velocities 

The Li abundance is very insensitive to changes in gravity. A 
change in the gravity of ± 0.3 dex changes the Li abundance by 
+ 0.01 dex for temperatures between 6000 and 7000 K. It is 
hence adequate to determine log g to within +0.3 for our 
analysis. Absolute magnitudes were first obtained from the ôcl 
index using Crawford’s (1975) calibration 

SMV = Mv- MV(ZAMS) = -(9 + 20Aß)<5c1, 

where Aß = 2.720 mag — ß . 
Gravities were then obtained from Nissen and Gustafsson’s 

(1978) calibration of Hejlesen’s (1980) evolutionary tracks: 

log g (ZAMS, Population I) = 5.30 - 1.375 x 10"4Teff, 

log g — log g (ZAMS, Population I) 

= 0.35 SMhol + 0.1 [Fe/H] . 

Effective temperatures derived from both (b—y)0 and Hß 
indices were used to determine gravities and the mean value 
was adopted (Table 1). Errors in the photometry result in 
errors of about ±0.02 dex in log g and ±0.07 mag in absolute 
magnitude. Good agreement was found between the gravities 
obtained here and those obtained spectroscopically by Clegg, 
Lambert and Tomkin (1981) for the stars in common. 

Metallicities were obtained from Nissen’s (1981) calibration 
of the Sml index 

[Fe/H] = -[10.5 + 50(ß - 2.626)^ômi + 0.16 , 

and they are listed in Table 1. Nissen estimated that the inter- 

TABLE 3 
Comparison of Temperatures, Equivalent Widths, and Abundances with Duncan (1981) 

This Work Duncan (1981) 
HR 

Number Wx{mk) log €(Li) [Fe/H] lFA(mÀ) log e(Li) [Fe/H] 

33. 
143. 
458. 
544. 
781. 

3202. 
3775. 
4012. 
4540. 
5011. 
5235. 
5304. 
5338. 
5404. 
5694. 
5986. 
7172. 
7354. 
7451. 
7496. 
7534. 
8665. 
8697. 
8969. 

6071 
6279 
6198 
6288 
6423 
6280 
6364 
6262 
6190 
6018 
6219 
6221 
6136 
6338 
6077 
6309 
6074 
6344 
6322 
6470 
6359 
6176 
6142 
6119 

28 
<8 
25 

<3 
28 
34 

100 
<5 
14 
81 

<7 
44 

<2 
18 

<3 
<7 
<5 
<7 
54 
25 
26 
30 

<1 
27 

2.35 
<1.97 

2.39 
<1.50 

2.59 
2.61 
3.33 

<1.61 
2.12 
2.82 

<1.81 
2.65 

<1.21 
2.32 

<1.28 
<1.86 
<1.61 
<1.90 

2.85 
2.64 
2.55 
2.47 

<0.82 
2.33 

-0.58 
-0.28 
-0.03 

0.00 
-0.28 
-0.07 
-0.14 

0.09 
0.10 
0.08 
0.30 

-0.03 
-0.31 
-0.05 
-0.15 

0.20 
-0.07 
-0.29 
-0.18 
-0.05 
-0.09 
-0.37 
-0.41 
-0.30 

6208 
6194 
6053 
6180 
6266 
6194 
6252 
5957 
6138 
5943 
6095 
6081 
6180 
6266 
6152 
6281 
6053 
6152 
6180 
6295 
6237 
6012 
6026 
5970 

50 

36 
16 
21 

<17 
108 

<20 
<17 

121 
<14 

20 
<16 
<25 

27 
<25 
<12 
<28 

83 
<16 

35 
21 
47 
23 

2.56 

2.23 
1.97 
2.18 

<1.98 
3.14 

<1.81 
<1.95 

2.97 
<1.81 

1.97 
<1.98 
<2.20 

2.20 
<2.30 
<1.71 
<2.25 

2.92 
<2.09 

2.42 
1.94 
2.39 
1.95 

0.09 
-0.31 
-0.06 
-0.03 
-0.12 
-0.02 
-0.10 
-0.05 

0.21 
0.04 
0.40 

-0.03 
-0.10 
-0.17 
-0.04 

0.04 
-0.03 
-0.45 
-0.19 

0.01 
-0.11 
-0.22 
-0.39 
-0.34 
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TABLE 4 
Comparison of Temperatures, Equivalent Widths, and Abundances with Boesgaard and Tripicco (19856) 

This Work Boesgaard and Tripicco (19866) 

HR 
Number 

Wk{U + Fe) 
(mÁ) log €(Li) [Fe/H] 

^(Li + Fe) 
(mÂ) log e(Li) [Fe/H] 

3954.. 
4150.. 
4408.. 
4600a. 
5445.. 
5455.. 
5529.. 
5533.. 
6467.. 
6489.. 
6541.. 
7163a. 
7322.. 
7697.. 
7727.. 
8205a. 
8354.. 
8805.. 
8825.. 

6417 
6310 
6654 
6578 
6463 
6313 
6623 
6508 
6460 
6377 
6231 
6293 
6307 
6647 
6251 
6537 
6332 
6589 
6308 

23 
4 

55 
< 3 
< 3 
< 5 
< 5 

16 
<6 

79 
< 10 

68 
<6 

5 
< 10 

18 
< 7 
<9 
<7 

2.48 
1.63 
3.14 

< 1.36 
< 1.06 
< 1.50 
< 1.67 

2.30 
< 1.84 

3.11 
< 1.83 

2.93 
< 1.65 

1.95 
< 1.80 

2.39 
< 1.83 
<2.10 
< 1.68 

0.21 
-0.32 
-0.25 
-0.15 
-0.27 
-0.19 
-0.51 

0.09 
-0.55 
-0.20 
-0.28 
-0.12 
-0.28 
-0.07 
-0.04 
-0.05 
-0.65 
-0.16 
-0.29 

6290 
6180 
6575 
6390 
6350 
6170 
6565 
6380 
6340 
6225 
6105 
6075 
6190 
6575 
6125 
6545 
6190 
6500 
6190 

17 

64 
< 4 
< 5 
<6 
< 1 

10 
< 3 

93 
<6 

74 
<4 

<8 
23 

<3 
<3 
<2 

2.00 

2.95 
< 1.28 
< 1.15 
< 1.38 
< 1.06 

1.78 
< 1.20 

2.93 
< 1.36 

2.64 
< 1.02 

< 1.34 
<2.38 

1.65 
<0.90 
< 1.15 

0.07 
-0.33 
-0.20 
-0.21 
-0.11 
-0.22 
-0.39 

0.08 
-0.41 
-0.17 
-0.22 
-0.19 
-0.28 

0.11 
0.00 
0.17 

-0.59 
-0.07 
-0.27 

1 Difference in effective temperature is due to the adopted Hß index (see text in § Hid). 

nal accuracy of the calibration was ±0.08. Errors in metallicity 
due to photometric errors are at most ±0.09, leading to a 
combined error of ±0.12 dex. 

Finally, micro turbulent velocities were obtained using 
Nissen’s (1981) calibration 

^ = 3.2 x 10-4(Teff - 6390) - 1.3(log g - 4.16) + 1.7 , 

and they were found to range between 1.0 and 2.0 km s-1 

(Table 1). An average value of 1.5 km s-1 was chosen for our 
analysis. Errors in the microturbulent velocity due to photo- 
metric errors are about ±0.24 km s-1. Errors in the cali- 
bration are reported to be ±0.2 km s-1 (Nissen 1981), leading 
to a combined error of ±0.32 km s-1. 

Table 2 provides a summary of the errors in the effective 
temperature, gravity, absolute magnitude, photometric metal- 
licity, and microturbulent velocity due to random errors in the 
photometry as listed in Olsen (1983). The errors in the com- 
pilation by Hauck and Mermilliod (1980) may be somewhat 
larger. However, these data were used for only 27 stars in our 
sample. 

/) gf-Values 

Equivalent widths of the Fe i lines present in our spectra 
were measued from the Photometric Atlas of the Solar Spec- 
trum (Delboille, Roland, and Neven 1973). “Solar gf-values” 
were computed (Table 5) using the HM solar model and taking 
the solar Fe abundance log e(Fe)0 = 7.67. “ Kurucz gf-values ” 
were also computed using an interpolated Kurucz solar atmo- 
sphere with Teff = 5770 K. The “ Kurucz gf-values ” are around 
0.16 dex smaller than the “solar gf-values.” The gf-values and 
wavelengths of the Li i resonance doublet are taken from 
Andersen, Gustafsson, and Lambert (1984). The Li gf-values 
are based on a radiative lifetime measurement made by Gaupp, 
Kuske, and Avda (1982). 

g) Effects of Rapid Rotation on the Strömgren Colors 
Rapid rotation changes the Strömgren colors of a star by 

changing its internal structure. The centrifugal force caused by 
rotation opposes gravity and causes the star to expand. The 
interior temperature drops, and less themonuclear energy is 
generated. The net result is a decrease in both the temperature 
and luminosity of the star. From Collins and Sonneborn 
(1977), we estimate that the effective temperature will decrease 
by about 100 K and the absolute magnitude will increase by 
0.15 mag for the fastest rotators in our sample. This effect is 
much smaller for smaller rotational velocities. 

We now consider the effects of rapid rotation if only the 
convective envelope of the star is affected by it. Böhm-Vitense 
(1981) suggested that there may be two separate branches in 

TABLE 5 
Line Data 

Equivalent Excitation 
Wavelength Width Potential 

Species (À) (mÀ) (eV) log gf 

Fe i  6677.99 
Al Ia   6696.03 
Fe Ia   6696.32 
Al Ia   6698.67 
Fe Ia   6696.14 
Fe Ia   6703.58 
Fe Ia   6705.11 
Fe Ia   6707.45 
Fe Ia   6710.32 
Fe Ia   6713.04 
Fe Ia   6713.21 
Fe Ia   6713.75 
Fei  6726.67 
Fe i  6750.16 
Fe i  6752.72 

140 2.76 -1.33 
33 3.14 -1.61 
16 4.83 -1.65 
21 3.14 -1.87 

7 4.59 -2.27 
34 2.76 -3.15 
46 4.61 -1.15 

5 4.61 -5.30 
12 1.48 -4.99 
24 4.61 -1.61 

7 4.14 -2.69 
23 4.79 -1.48 
49 4.61 -1.13 
75 2.42 -2.66 
38 4.64 -1.31 

a These lines were used to obtain synthetic fits to broad-lined stars. 
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the 7¡ff versus B—V relation between B—V of 0.25 and 0.45 
with the upper branch, populated by slow rotators, about 
300-500 K higher than the lower branch, which is populated 
by more rapid rotators. In this B—V range, SH have only 
rapid rotators in their sample, and their relation coincides with 
the lower branch in the Böhm-Vitense calibration. If a similar 
branching exists in the versus (b—y)0 and Hß relations, we 
are underestimating the temperatures and hence the Li abun- 
dances in our slow rotators by 0.3-0.5 dex. 

h) Abundances 
In the narrow-lined, slowly rotating stars, Li and Fe abun- 

dances were determined from the measured equivalent widths 
using the program LINES (Sneden 1973) (see Table 1). Identi- 
cal Fe abundances were obtained through the entire tem- 
perature range of our sample when “ solar gf-values ” were used 
with scaled solar model atmospheres and “ Kurucz g/1 values ” 
were used with Kurucz model atmospheres. When the same 
absolute Li i gf-values were used, Kurucz atmospheres yielded 
Li abundances about 0.15 dex lower than the scaled solar 
models. Since the absolute g/1 values were used to determine the 
Li abundance and Li is severely depleted in the Sun, absolute 
Li abundances log e(Li) are given on the usual scale where log 
e(H) = 12.0. “ Solar g/'-values ” have been used to determine 
Fe abundances, and hence, we give Fe abundances as 
[Fe/H] = log (Fe/H)star — log (Fe/H)0. The uncertainty in 
[Fe/H] corresponds to the internal error from the five or six 
measured Fe i lines. Rotationally broadened synthetic spectra 
were fitted to rapidly rotating, broad-lined stars. Both the 
abundance and the rotational velocity were adjusted until a 
good fit was obtained. Stars for which abundances were deter- 
mined in this way are denoted with superscript “ s ” in Table 1, 
and the equivalent widths listed for the Li feature are derived 
from the synthetic fit. Sample spectra along with synthetic 
spectrum fits are shown in Figure 1. 

For narrow-lined stars, the minimum uncertainty in the 
abundance is that resulting from the lines’ equivalent widths 
(Wx). This leads to Li abundance errors between ±0.02 dex at 
large equivalent widths (100 mÂ) and ±0.07 dex at small 
equivalent widths (10 mÂ). Errors in [Fe/H] due to equivalent 
width uncertainties range between ±0.04 and ±0.07 dex. In 
rapidly rotating stars, a change in the abundance of ±0.1 dex 
noticeably worsened the fit of the synthetic spectrum and is 
probably a good reflection of the error in the abundance. 
Abundance uncertainties arising from errors in the atmo- 
spheric parameters are as follows : 

ATeff(K) = ±80 A log €(Li) = ±0.08 

A[Fe/H] = ±0.07 , 

A log ^(cm s-2) = ±0.2 A log e(Li) = ±0.00 

A[Fe/H] = ±0.01 , 

A£mic(km s_1) = ±0.5 A log €(Li) = ±0.02 

A[Fe/H] = ±0.13 . 

Since the Li abundance is not greatly affected by the micro- 
turbulence, an average value of 1.5 km s~1 was selected for this 
analysis. However, the largest error in [Fe/H] is caused by the 
uncertainty in the microturbulence, and this could have been 
somewhat reduced by adopting the appropriate micro- 
turbulence for each star. If the uncertainties arising from 
TCff, g9 and Çmic are added quadratically, we find A log 
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€(Li) = ±0.08 to ±0.11, depending upon the error in Wx and 
A [Fe/H] = ±0.15 to ±0.16. Within these errors, there is 
good agreement between the spectroscopically determined 
[Fe/H] and photometrically determined metallicities (Fig. 2b). 

Equivalent widths and abundances obtained here are com- 
pared with those from Duncan (1981) (Table 3) and BT (Table 
4). The BT data are Reticon spectra of quality comparable to 
ours. Our Li equivalent widths in Table 4 include the Fe i 
blend so that they may be compared with the published values 
of BT. While the Fe abundances agree well within the errors, 
there are larger differences in the Li abundances. For the five 
stars with firm measurements of the 6707.8 Â feature, the mean 
difference in the Li abundance is 0.33 ± 0.06 dex. If equivalent 
width differences are allowed for the five stars, the mean differ- 
ence is 0.30 ± 0.02 dex. The use of Kurucz models and a sys- 
tematic 100 K lower temperature results in BT having a lower 
Li abundance by 0.25 dex. These systematic differences 
account for most of the 0.30 dex difference. 

Duncan’s (1981) observations were obtained using a wobble 
block to alternate between the line and continuum and photo- 
multiplier tubes were used to record the “spectrum.” Metal- 
licities listed in Duncan’s study come from a variety of sources 
including uvby and UBV photometry and spectroscopically 
determined [Fe/H] from Perrin et al (1977). The differences in 
Tefr and model atmospheres leads to systematic differences in 
Li abundances similar to the differences noted above with BT. 
More importantly, Table 3 shows that there are sometimes 
large discrepancies between the equivalent widths of the Li i 
doublet measured by us and by Duncan. For example, we 
estimate the equivalent width of the Li i feature in HR 8697 to 
be less than 1 mÀ from our study, while Duncan reported it as 
47 mÀ. We have two spectra of this star and the measurements 
are consistent. Such large discrepancies may be attributed 
directly to the larger observational errors in the technique used 
by Duncan. 

IV. RESULTS 

The solar system abundance of Li is 3.31 as derived from the 
Li content of meteorites with a normalization to hydrogen 
through spectroscopically determined solar abundances of 
selected metals (Anders and Grevesse 1989). Early observa- 
tions of some T Tauri stars (Hunger 1957 ; Bonsack and Green- 
stein 1960) and early F stars in clusters (Herbig 1965; 
Wallerstein, Herbig, and Conti 1965) yielded a Li abundance 
around the meteoritic value, and this has since been used as the 
initial abundance of Population I stars. As noted previously, 
for a measured equivalent width, the calculated Li abundance 
depends primarily upon the choice of the model atmosphere 
and the effective temperature estimated for the star. The initial 
Li abundance of Population I stars is best estimated from 
young stars which have not undergone any Li depletion on the 
main sequence and from warmer F stars which are least likely 
to have undergone significant Li depletion during the pre- 
main-sequence phase (Bodenheimer 1965; D’Antona and Maz- 
zitelli 1984). BLS obtain a Li abundance of 3.19 ± 0.04 from 
rapidly rotating stars in the young a Per cluster using an 
analysis similar to the one used here. This value is consistent 
with the value of 3.01 ±0.15 adopted by BT when allowances 
are made for the 100 K difference between their temperature 
calibration and ours and their choice of Kurucz model atmo- 
spheres. We hence adopt the Li abundance of 3.20 as the 
cosmic value in the discussion that follows. 

LITHIUM IN MAIN-SEQUENCE STARS 
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a) T rends with Effective T emper ature 
In Figure 3u, Li abundances are plotted against effective 

temperature with open circles for stars with measured Li abun- 
dances and filled triangles for stars with estimated upper limits. 
Although there is a large abundance range in each group, for 
convenience we will refer to these two groups as Li-measured 
and Li-depleted, respectively. The Li abundance varies by over 
a factor of 100 through the entire temperature range. The 
upper envelope of the Li abundances shows a gradual decrease 
in the Li abundance toward lower effective temperatures. At 
7000 K, the maximum Li abundance is around 3.5, and this 
decreases to 2.5 by 6000 K. The lower envelope of the mea- 
sured abundances does not show any trend with temperature; 
i.e., stars with an abundance of 2.0, a depletion of over a factor 
of 30 from the cosmic value, are found at all temperatures. The 
Li-depleted stars appear scattered through the entire tem- 
perature range. Recall that a constant measurable equivalent 
width limit, set by the spectrum quality, leads to larger abun- 
dances at higher temperatures, and hence an increase in the 
upper limits with temperature is not surprising. Our sample 
covers the effective temperature range 6000-7000 K, which 
includes the small temperature interval in which the Li “ dip ” 
was observed in the Hyades (Boesgaard and Tripicco 1986u). 
Li abundances at the cosmic value are seen at 6600 K, the 

Fig. 3.—(a) Li abundances and (b) [Fe/H] vs. effective temperature. Open 
circles represent measured abundances and filled triangles represent upper 
limits. An estimate of the error in the abundance and the effective temperature 
is shown in the lower left comer. 

[Fe/H] 
Fig. 4.—Li abundances vs. [Fe/H]. Open circles represent measured Li 

abundances, and filled triangles represent estimated upper limits to the Li 
abundances. An estimate of the errors in both abundances is shown in the 
lower left corner. 

center of the Li “ dip ” in the Hyades, and stars with large Li 
depletions are scattered through the entire temperature range; 
the “dip” is not obvious in Figure 3a. In Figure 3b, [Fe/H] is 
plotted against effective temperature. The Fe abundances do 
not show any trend with effective temperature. The mean 
[Fe/H] is around —0.2 with a range of ±0.5 dex around the 
mean. Li depletion does not correlate with metallicity (Fig. 4). 
The entire range of Li abundances is seen in stars between 
metallicities of 0.4 to —0.4. The somewhat smaller spread in Li 
below —0.4 may be related to the sparsity of stars in our 
sample in this metallicity range. 

b) Trends with v sin i 
In Figure 5a, Li abundances are plotted against v sin i with 

the symbols having the same meaning as before. Notice the 
concentration of Li-depleted stars at small v sin i values and 
the sparseness of these at large v sin fs; 42% of stars with v sin i 
< 30 km s-1 have lithium abundances of less than 2.0 com- 
pared to 17% of those with v sin i > 30 km s_ 1. Note that there 
is no similar correlation between [Fe/H] and v sin i (Fig. 5b); 
[Fe/H] between 0.2 and —0.4, which covers almost the entire 
range of metallicities in our sample, are found at all rotational 
velocities. Although highly Li depleted stars are sparse at large 
v sin fs, the range among the Li-measured stars exceeds 1.0 dex 
even in the fastest rotators. 

The entire sample was divided into six bins according to Li 
abundance and v sin i as shown by the dotted lines in Figure 
5a. The bins were defined as follows : 

bin A : log €(Li) > 2.0 and v sin i < 20 km s ~ \ 
bin B : log e(Li) > 2.0 and 20 < p sin i < 50 km s_ 1, 
bin C : log €(Li) > 2.0 and v sin i > 50 km s ~ ^ 
bin D : log €(Li) < 2.0 and v sin i < 20 km s ~ \ 
bin E : log €(Li) < 2.0 and 20 < v sin i < 50 km s “ \ 
bin F : log e(Li) < 2.0 and v sin i > 50 km s~1. 

To examine variations in Li and v sin i with mass in stars which 
have evolved off the main sequence, the stars in the various 
bins are plotted on the H-R diagram along with the zero-age 
main sequence (ZAMS) taken from VandenBerg and Bridges 
(1984, hereafter VB) and evolutionary tracks for [Fe/H] = 0.0 
taken from VandenBerg (1985) (Fig. 6). Progressively larger 
symbol sizes are used to represent increasing values of v sin i. 
The VB ZAMS is displaced about 0.23 mag below the Craw- 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
90

A
pJ

. 
. .

35
4.

 .
31

0B
 

No. 1, 1990 LITHIUM IN MAIN-SEQUENCE STARS 323 

UJ 
CIO o 

X 
(D Pli 

40 60 80 
v sin i (km s" ) 

120 

o o 
o o 

o oo o 
pOQ-oO) ° 

800oo^°o% 8 
O O O O 

° o ° ° ° o o o 
o 
o o 

(b) 

40 60 80 
v sin i (km s ) 

100 120 

Fig. 5.—(a) Li abundances vs. v sin i. Open circles represent measured Li 
abundances and filled triangles represent estimated upper limits. Dotted lines 
show the division of the sample into six bins, A-F. (b) [Fe/H] vs. v sin i. 

ford (1975) ZAMS. In accordance with VB’s suggestion, both 
the ZAMS and the tracks have been shifted to cooler tem- 
peratures by 100 K. The Sun, with Mv = 4.83 and Te{( = 5770 
K, then falls reassuringly close to the intersection of a 1.0 M0 
track and a 5.0 Gyr isochrone, and the ZAMS coincides rea- 
sonably with the Crawford (1975) ZAMS. For convenience, the 
mass of the star is sometimes used to define its position in the 
H-R diagram and, unless explicitly mentioned otherwise, it 
refers to the mass as derived from these [Fe/H] = 0.0 evolu- 
tionary tracks. The stars in our sample have masses between 
1.0 and 1.85 M0 and ages between 1.25 and 8 billion years (as 
noted from isochrones; VandenBerg 1985). 

We observe that the stars in bins A, B, and C, which are the 
Li-measured stars ordered in increasing v sin i, are separated in 
the H-R diagram with the fastest rotators also being the most 
massive (Fig. 5). This reveals, as did the classic study by Kraft 
(1967), the slowing down of the lower mass stars due to the 
deepening convective envelope. Although there is an overlap 
between the bins, the mean mass of the fastest rotators, bin C, 
is larger than that of the intermediate rotators, bin B. The 
slowly rotating Li-measured stars contained in bin A are the 
least massive stars, though a few of these are scattered at 
masses of around 1.7 M0. If rotation changes the temperature 
and luminosity of the entire star (see § HI#), the masses of the 
most rapid rotators have been underestimated, and the overlap 
between bins B and C is actually larger. However, for a star 
rotating at 100 km s_1, the predicted decrease in the effective 

temperature is probably less than 100 K and that in luminosity 
is about 0.15 mag (Collins and Sonneborn 1977), leading to a 
decrease in mass of at most 0.1 M0- Some measure of overlap 
between the bins is inevitable because the projected rotational 
velocity, v sin i, is measured and not v itself; the more massive 
stars in bin B may be rapid rotators seen at small inclinations. 
For a star rotating at 100 km s-1 to be observed rotating at 
less than 20 km s~ ^ the inclination angle must be less than 12°. 
The probability that all the slowly rotating stars at higher 
masses are seen at small inclinations is hence small and some 
overlap must be intrinsic, i.e., there is a velocity distribution at 
each mass. The mean Li abundance of the 75 members in bin A 
is 2.63 ± 0.4, that of the 31 members in bin B is log 
€(Li) = 2.85 ± 0.35, and that of the 17 members in bin C is log 
c(Li) = 2.92 ± 0.35. The mean abundance in bin A will be 
higher if the branching in the B—V-Te{{ relation discussed 
earlier is real, and the effective temperatures of the slow rota- 
tors have been underestimated. The mean Li abundance of the 
slow rotators will be much lower if we include the Li-depleted 
stars of bin D in this group. The reasons for not doing this will 
soon become apparent. 

Teff (K) 
Fig. 6.—The entire sample is plotted on the H-R diagram. Stars have been 

grouped into six bins (see text and Fig. 5 for definitions of the bins) according 
to Li abundance and v sin i. The size of the circle increases with v sin i (see key). 
Open circles represent stars with measured Li abundances and filled circles 
represent stars with estimated Li upper limits. The ZAMS and evolutionary 
tracks (dotted lines) are for [Fe/H] = 0.0 and are taken from VandenBerg and 
Bridges (1984) and VandenBerg (1985), respectively. Each evolutionary track is 
labeled in solar masses on the right-hand side of the figure. 
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c) Hyades Dip-like Stars 
When the positions of bins A and D on the H-R diagram are 

compared (Fig. 6), we find that the slowly rotating Li-measured 
stars, bin A, appear to fall in two clumps in the H-R diagram, a 
higher mass clump around 1.4 M0 and a lower mass clump 
around 1.2 M0. The higher mass clump (defined here as those 
having Mv < 3.25 mag) has 40 members and a mean Li abun- 
dance log €(Li) = 2.73 ± 0.5, while the low-mass clump (Mv > 
3.25 mag) has 35 members and a mean Li abundance, log 
e(Li) = 2.51 + 0.2. The Li-depleted slow rotators, bin D, 
appear to be concentrated in the gap between the two clumps 
which form bin A. Two observations lead us to believe that 
these are older, field counterparts of the Li-dip stars first seen 
in the Hyades (Boesgaard and Tripicco 1986a). First, the Li 
depleted stars are seen in the same mass range as the Hyades 
“ dip ” stars. They appear to have evolved from main-sequence 
effective temperatures between 6500 and 6800 K, the same 
temperature interval in which low Li abundances are observed 
in the Hyades. Second, the lower mass boundary of bin D is 
sharp. If the onset of highly Li depleted stars was merely an 
extension of the trend of increasing Li depletion toward lower 
masses (bin B has a lower mean Li abundance than bin C, etc.), 
such large Li depletions should continue to be seen at masses 

Teff (K) 
Fig. 7.—The entire sample plotted on the H-R diagram. The size of the 

open circle represents the Li abundance (see key), and the filled circle rep- 
resents an upper limit. The ZAMS and evolutionary tracks are for [Fe/ 
H] = 0.0 and are taken from VandenBerg and Bridges (1984) and VandenBerg 
(1985), respectively. Each evolutionary track is labeled in solar masses on the 
right-hand side of the figure. 

less than 1.2 M0, where the convective zone is even deeper. 
Our sample includes a fair number of stars which have evolved 
from main-sequence effective temperatures around 6200 K, 
and such large depletions are not seen among them. Most of 
the Li-depleted stars of bin E are also in the midst of this 
Li-depleted clump along with one rapid rotator from bin F. 

The entire sample is plotted on the H-R diagram, with the 
symbol size now indicating the Li abundance (Fig. 7). It is clear 
that as we move across the H-R diagram from higher masses, 
the Li abundance drops in the region identified as that of the 
“dip” and rises again in lower mass stars. The Li-depleted 
stars are not as tightly clumped as one would expect from the 
Hyades observations. A few Li-depleted stars of all v sin f s are 
found at higher masses, and some stars with abundances 
between 2.6 and 3.0 are seen in the “ dip ” region. Apart from 
errors in Teff and Mv that result from errors in photometry and 
calibrations, the evolutionary part of the stars in the H-R 
diagram probably adds to the smearing of the Li “ dip.” Tracks 
1.2 Mq and above show a blueward hook caused by rapid 
contraction after core hydrogen exhaustion and terminated by 
the onset of hydrogen shell burning. The end of this hook 
leaves the star about 0.4 mag brighter than before and places it 
along with stars of a higher mass which have not yet under- 
gone the “ hook ” phase. The star does not live in the hook for a 
long time. According to VandenBerg (1985), a 1.3 M0 star 
spends about 2% of the entire time spent in the track illus- 
trated in Figure 7 in the blueward hook phase and about 16% 
of its time beyond the hook. However, just above the hook the 
1.3 M0 track almost coincides with the 1.4 M0 track and 
higher mass tracks intersect each other, making it difficult to 
estimate the mass of the star. In this context, it is perhaps 
relevant to point out that the smearing is more pronounced at 
the high-mass end of the Li-depleted clump, where this hook 
phase is more prominent. 

Similar to our observations (Fig. 3), BT’s earlier study of Li 
abundances in F stars found that Li-depleted stars were seen at 
all effective temperatures. They suggested that a combination 
of age and rotation may be responsible for the large Li deple- 
tion seen in some stars. If we plot data from BT and Boesgaard 
and Tripicco (1987) which are not in common with our sample 
on the H-R diagram (Fig. 8), it once again becomes apparent 
that although the Li-depleted stars are somewhat spread in 
Teff, they are clumped in mass. A cluster of Li-depleted stars is 
seen around the 1.4 M0 track between the ZAMS and the 
blueward hook phase, though the intrusion of a few stars with 
higher Li abundances persists. It is clear that the Li-depleted 
stars are not simply older stars as suggested by BT. Our sample 
contains several older, less massive stars, and Li-depleted stars 
are not abundant among them. Boesgaard (1987h) pointed out 
that in the Hyades, the decrease in the Li abundance between 
6300 and 6600 K coincided with a sharp increase in rotational 
velocity in these stars, suggesting that some form of rotational 
mixing may be responsible for the “ dip.” In our data, the sharp 
drop in rotational velocity is seen between bins B and A (Fig. 6) 
which occurs at a mass of around 1.4 M0 and is far removed 
from the rise in Li from the “dip” region referred to above, 
which occurs at a mass of around 1.3 M0. The “dip” stars in 
the field are themselves rotating slowly and are flanked on 
both the high- and low-mass sides by slowly rotating stars with 
Li abundances as large as 3.0. 

The 57 Li-depleted stars in our sample span the entire metal- 
licity range between —0.6 and 0.4, and this may be one of the 
factors causing the smearing of the Li-depleted clump in the 
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Teff (K) 
Fig. 8.—Stars from Boesgaard and Tripicco (19866, 1987) which are not 

present in our sample are plotted on the H-R diagram. The size of the open 
circle represents the Li abundance (see key), and the filled circle represents an 
upper limit. The ZAMS and evolutionary tracks are for [Fe/H] = 0.0 and are 
taken from VandenBerg and Bridges (1984) and VandenBerg (1985), respec- 
tively. Each evolutionary track is labeled in solar masses on the right-hand side 
of the figure. 

H-R diagram. To investigate the effects of metallicity, the 
sample was divided into three metallicity bins, solar ([Fe/ 
H] > —0.1), intermediate ( — 0.1 > [Fe/H] > —0.3), and low 
([Fe/H] < —0.3), and it was then plotted on the H-R diagram 
along with the ZAMS (VB) and evolutionary tracks 
(VandenBerg 1985) for [Fe/H] =0.0, [Fe/H] = —0.23, and 
[Fe/H] = —0.46, respectively (Fig. 9). To be consistent with 
the changes made to the solar metallicity ZAMS and tracks, 
the lower metallicity ZAMS and tracks have also been shifted 
to cooler temperatures by 100 K. It is immediately apparent 
that the Li “dip” does not occur at the same mass at all 
metallicities. At solar metallicity, the Li-depleted clump is at a 
mass of around 1.35 M0, at intermediate metallicity it is at a 
mass of around 1.25 M0, and at low metallicity it is at a mass 
of around 1.1 M0. This indicates that to first approximation, 
the “ dip ” phenomenon is confined to the same effective tem- 
perature interval for all metallicities and is not related to the 
mass of the star. 

The mass of each star was determined from the set of evolu- 
tionary tracks appropriate to its metallicity, and the main- 
sequence effective temperature was computed for each mass. In 
Figure 10, the Li abundances are plotted as a function of the 
main-sequence effective temperature. The solar metallicity 
stars have been divided into two groups : those that are below 
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the blueward hook and those that have evolved beyond it. 
Stars in the region of the hook or at the intersection of a hook 
and a track of a different mass are not included in either group. 
Rapidly rotating Li-depleted stars are also excluded. The 
“dip” is less smeared in the solar metallicity stars which are 
below the hook (Fig. 10a) than in those that have evolved 
beyond it (Fig. 10b). The “dip” is also clearer in the stars with 
the lowest metallicity (Fig. lOd), which contains stars with 
masses around 1.1 M0 that do not go through the hook phase, 
than in the intermediate metallicity stars (Fig. 10c), which have 
evolved past the hook. Hence, a large part of the scatter in the 
“dip” may arise from errors in the mass of the star due to 
theoretical uncertainty in the position and magnitude of the 
hook feature. Comparing Figures 10a and lOd, it appears that 
the center of the “dip” shifts from about 6700 K at solar 
metallicity to about 6400 K at the lowest metallicity. From the 
present data, it is not possible to infer if this shift in the “ dip ” is 
real or simply an artifact of the theoretical evolutionary tracks 
used to determine the masses. Observations of a metal-poor 
cluster in which the “ dip ” stars are still on the main sequence 
will resolve this ambiguity and may provide additional clues 
about the Li depletion mechanism in these stars. 

d) Li Depletion in the lA-measured Stars 
Among the stars with measured Li abundances, the range in 

Li exceeds a factor of 30. We have shown earlier that this 
variation in Li in each group is not related to the ^eff or v sin i 
of the star. From our sample, we selected two sets of stars 
which are in regions of the H-R diagram that are clearly unaf- 
fected by the Li “ dip.” Ag the high-mass end, we have 25 stars 
with masses greater than 1.5 M0 and at the low-mass end, we 
have 33 stars with masses less than about 1.25 M0. The v sin i 
and Li abundance distributions in these stars are shown in 
Figure 11. While the high-mass stars have a large range in 
rotational velocity between 0 and 100 km s-1, all the low-mass 
stars are rotating with velocities less than 20 km s~1. The mean 
Li abundance in the high-mass stars is around 3.0 and that of 
the low-mass stars is around 2.5. While the distributions are 
broadened by errors, some of the overlap between the two 
groups is real; stars with Li abundances between 2.4 and 2.8 
are found both at high and low masses. Contrary to earlier 
understanding, this means that some early F stars with 
extremely thin convective envelopes which have evolved from 
main-sequence temperatures greater than 7000 K have 
managed to deplete their Li by factors of 3-7. Equally inter- 
esting is the observation that a few low-mass stars have 
managed to retain most of their initial Li despite their deeper 
convective envelopes, while others at the same age have under- 
gone a Li depletion of a factor of 30. The scatter in Li abun- 
dances seen in late F stars in young clusters appears to persist 
in these older stars. 

e) Spectroscopic Binaries 
The presence of a companion star can affect our results in 

two ways. Additional light will increase the continuum, leading 
to an underestimation of the equivalent widths and hence the 
abundances. Also, a nearby companion may alter the rotation- 
al velocity of the star which we have assumed is affected by 
winds and magnetic fields alone. To determine the extent of 
this effect, it is essential to determine the fraction of stars in our 
sample that may be spectroscopic binaries. Ten double-lined 
spectroscopic binaries (SB2) were found among the 199 stars 
we observed and were discarded from the analysis. These are 
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listed in Table 6 along with comments about the relative 
strengths of the Li lines in the two stars. HR 6493 in particular 
is very interesting, because the primary is a rapidly rotating F3 
star in which the Li line can be clearly seen while the slowly 
rotating companion is a F6 star which does not exhibit a Li 
feature and is probably in the Li “dip” (Fig. 1). Several stars 
are labeled as single-lined spectroscopic binaries (SB1) in the 
BSC, and these have been identified with a superscript “ b ” in 
Table 1. However, selection effects play an important role in 
determining whether a star has been identified as a spectro- 
scopic binary, and a considerable number of binaries may 
remain undetected in our sample. Obviously, more luminous 
companions and short-period binaries can be detected more 
easily. We used Abt and Levy’s (1976) survey (the best available 
estimate) to determine the number of spectroscopic binaries 
that may remain unidentified. Out of the 123 F3-G2 stars 
examined by Abt and Levy (1976), 46 (i.e., 37%) were found to 
be spectroscopic binaries. Among them, 38 (i.e., 31%) were 
SBTs and eight (i.e., 6.5%) were SB2’s. 

In addition to the 10 SB2’s we identified, one more is labeled 
as SB2 in the BSC though it is not obvious in our spectrum. 
Hence, 11 of the 13 SB2’s predicted by Abt and Levy’s (1976) 
statistics have been identified. The known SBl’s form only 

Fig. 9.—The entire sample is divided into three groups according to metal- 
licity; (a) [Fe/H] > 0.1, (b) -0.1 > [Fe/H] > -0.3, and (c) [Fe/H] < -0.3 
and plotted on the H-R diagram. The ZAMS and evolutionary tracks corre- 
spond to [Fe/H] = 0.0, —0.23, and —0.46 respectively, and are taken from 
VandenBerg and Bridges (1984) and VandenBerg (1985). The evolutionary 
tracks are labeled in solar masses on the right-hand side of the figure. The size 
of the open circle represents the Li abundance (see key), and the filled circle 
represents an upper limit. 
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Main Sequence Teff (K) Main Sequence Teff (K) 

Main Sequence Teff (K) 

Fig. 10.—Lithium abundances are plotted as a function of the main-sequence effective temperature of the star as calculated from its mass for (a) stars with 
[Fe/H] > — 0.1 that are below the blueward hook, (b) stars with [Fe/H] > — 0.1 that have evolved past the hook phase, (c) stars with —0.3 < [Fe/H] < —0.1, and 
(d) stars with [Fe/H] < —0.3. 

13% of our sample and, clearly, others must exist if Abt and 
Levy’s statistics are representative. SBTs occur when one com- 
ponent is so much brighter than the other (typically Am >2.5 
mag) that it swamps the spectrum of the secondary and renders 
it invisible. Magnitude differences of 2.5 or greater will increase 
the continuum and reduce the measured equivalent widths by 

less than 10%. This has a very small effect on the calculated 
abundances; a Li abundance of 3.0 will be reduced to 2.95. 
SBTs may also occur when the secondary is rotating rapidly 
and its lines are broad and shallow. Three of the SB2’s detected 
in our sample (HR 2962, HR 4570, and 6493) have either one 
or both stars rotating rapidly. Hence, if a companion is of 

TABLE 6 
Double-Lined Spectroscopic Binaries 

HR Number Comment 

362  Both narrow-lined; secondary weaker lines; Li seen in both, weaker in secondary 
2236  Both narrovy-lined; secondary weaker lines; Li not seen in either 
2962  One narrow, one broad 
4230  Both narrow-lined; Li weak in both 
4822  Both narrow-lined; secondary lines weaker; Li not seen in either 
4570  Both broad-lined; secondary lines equally strong; Li equally strong 
5235  Both narrow-lined; Li weak in both 
5304  Secondary not seen 
6493  One narrow, one broad; Li seen in broad, not in narrow 
7955  Both narrow-lined; secondary weaker lines; Li not seen in either 
8899  Both narrow-lined; Li seen in both 
8954  Both narrow-lined; Li seen in both 
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30 1 1 1 1 1 1 1 1 f-] observed Li depletion. Speigel (1967) showed that while mass 
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Fig. 11.—(a) Projected rotational velocity v sin i and (b) Li abundance 
distributions in high- and low-mass stars selected on the basis of being 
removed from and hence unaffected by the Li “ dip.” 

comparable magnitude, it would probably be detected through 
its double-lined spectrum even if is rotating rapidly. Recall that 
abundances have been measured in stars rotating as fast as 110 
km s"1. Hence, the unidentified SBl’s should not have a major 
impact on the abundance trends observed. 

It is more difficult to estimate the effect of low-luminosity 
companions on the rotational velocity of a star. Some studies 
have shown that the mass ratio of SBl’s peaks around 0.2 
while that of SB2’s peaks around 1.0 (Trimble 1974, 1978; 
Staniucha 1979). For our sample, a mass ratio of 0.2 leads to a 
secondary mass around 0.3 M0 (a late M dwarf), and it is 
unlikely that such a secondary could have had a profound 
influence on the rotational velocity of the F star. There is, 
however, still some controversy about whether the mass ratio 
functions are indicative of different physical formation pro- 
cesses for SBl’s and SB2’s or merely a selection effect. If the 
companion was about 2.5 mag fainter than the primary as 
postulated for the marginal SB1, it would be a mid-G star with 
about half the mass of the primary and could, indeed, have 
influenced the rotational evolution of the primary star. 

v. DISCUSSION 
We will discuss several theoretical alternatives that have 

been proposed to explain the observed Li abundances in stars 
and attempt to distinguish between those which are still viable 
and those which are at odds with our observations. 

a) Mass Loss 
As early as 1965, Weymann and Sears calculated that a 

mass-loss rate in the Sun about 1000 times larger than the 
present rate was needed over its entire life to account for the 

loss by itself could not account for the depletion observed in 
the Sun, rotational mixing combined with mass loss may give a 
reasonable Li-depletion rate. Recently Willson, Bowen, and 
Struck-Marcell (1987) suggested that very high mass-loss rates 
(>10~9 Me) are indeed present in stars between 1.0-2.5 M0 
and, in the Sun, this mass loss took place over ~ 109 years after 
it arrived on the main sequence; in effect, the Sun has lost one 
solar mass of matter during its main-sequence life. This mass 
loss was not proposed to explain the Li abundances in stars 
but as a consequence of the mass loss, the Li observed in the 
Sun has to be accounted for; all the material containing Li is 
removed when a 2 M0 Sun is stripped of 1 M0. Guzik, 
Willson, and Brunish (1987) suggested that the Li observed in 
the Sun is produced in solar flares by spallation reactions and 
adopted an energy requirement of 1 erg per Li atom from 
Ryter et al. (1970) to argue for the availability of this energy in 
solar flares. While Ryter et al. acknowledge that this energy is 
sufficient, they state that ten to hundreds of ergs are necessary 
in more realistic cases. Spallation reactions produce roughly 
equal amounts of 6Li and 7Li (Reeves 1974) but the maximum 
6Li/7Li ratio observed in meteorites (Krankowsky and Müller 
1967) and in stars (Andersen, Gustafsson, and Lambert 1984) is 
0.1. Guzik, Willson, and Brunish (1987) suggested that a large 
part of the 6Li produced in spallation reactions in solar flares 
was removed by the faster destruction of 6Li. However, if spall- 
ation reactions are made to produce the observed 7Li, they will 
vastly overproduce Be and B. The observed Be and B abun- 
dance can be simply accounted for by producing the observed 
6Li and about 10% of the observed 7Li in spallation reactions. 

The significance of this mass-loss model on our understand- 
ing of Li abundances in stars is monumental because we 
should be looking for ways in which Li can be produced in 
stars in differing amounts and not for ways in which it can be 
destroyed. According to the model, the cosmic Li abundance 
seen in early F stars and in meteorites is merely the maximum 
amount of Li made in flares in stars. Why do all types of stars 
synthesize Li to the same maximum level? The identical Li 
abundance seen in young T Tauri stars must then be a coin- 
cidence. This maximum Li abundance may no longer be a 
reflection of the primordial abundance formed in the big bang 
and cannot be used to constrain models of the universe. 
However, before this suggestion of extensive mass loss can be 
considered further, the feasibility of the production of the light 
elements on stellar surfaces must be addressed in more detail. 
In addition, there is no observational evidence that such exten- 
sive mass loss has indeed taken place, and for the present we 
will assume that the conventional wisdom on primordial and 
interstellar Li production holds and attempt to distinguish 
between the various models put forward to account for its 
depletion in stars. 

b) Convective Overshoot, Microscopic Diffusion, and 
Meridional Circulation 

Calculations involving convective overshoot by Strauss, 
Blake, and Schramm (1976) were able to reproduce a smooth 
variation in the Li abundance as a function of mass and age in 
late type stars. Vauclair et al. (1978) accounted for the deple- 
tion of Li and the normal abundance of Be in the Sun by 
varying the extent of overshoot with depth in the star. The 
same calculations extended to late F stars showed that over- 
shoot was inefficient in stars with thinner convective envelopes. 
Even if convective overshoot does penetrate deep enough to 
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destroy Li in the late F stars, the efficiency of the overshoot 
must depend on a third parameter to explain the range in Li 
abundances in stars of the same mass and age seen in our data. 
Such a dependence, if invoked, must then be able to produce a 
range in Li abundance of 1.0 dex in clusters as young as a Per 
(BLS). Clearly, convective overshoot is not favored to be the 
primary cause of Li depletion in F stars. 

Microscopic diffusion is the result of upward radiative accel- 
eration and downward gravitational force. According to 
Michaud (1986), Li is pushed upward by radiative acceleration 
in stars with effective temperatures greater than 6900 K and 
settles gravitationally in cooler stars. The time scale for gravi- 
tational settling increases with the depth of the convective zone 
(Michaud 1985). Charbonneau and Michaud (1988, hereafter 
CM) extended the meridional circulation model of Tassoul and 
Tassoul (1982) to F stars and showed that meridional circula- 
tion due to rotation tends to inhibit the diffusion of Li. They 
calculated that the critical rotational velocity at which merid- 
ional circulation becomes more important than diffusion 
decreases from 50 km s ~1 at 7250 K to 5 km s ~1 at 6400 K. At 
the hotter end of the temperature range, a velocity in excess of 
the critical velocity should inhibit the overabundance of Li and 
decrease the Li abundance by circulating the material in the 
convective envelope to hotter parts of the star. At the cooler 
end of the temperature range, a velocity in excess of the critical 
velocity should inhibit the gravitational settling of Li. 

As in the case of convective overshoot, gravitational settling 
may add to the depletion of Li but cannot alone account for 
the Li abundances seen in the late F stars in our sample. Our 
data clearly show that Li has been depleted in stars between 
6000 and 6400 K, and a large fraction of these are rotating 
faster than the critical velocity calculated by CM. It is possible 
that the critical rotational velocities themselves are incorrect; 
CM state that it remains to be verified that their extension of 
the radiative rotating models of Tassoul and Tassoul (1982) to 
F stars with convective envelopes is valid. However, large Li 
depletions have been reported in the same temperature range 
in young clusters like the Pleiades (Duncan and Jones 1983) 
and a Per (BLS) where the time scale for gravitational settling 
far exceeds the estimated age of the cluster (Michaud 1985). 

According to CM, the early F stars in our sample should 
show signs of Li enhancement if they are rotating slower than 
the critical velocity. We have adopted the Li abundance log 
€(Li) = 3.20 as the cosmic value on our scale. Four stars in our 
sample have Li abundances more than 2 o above this cosmic 
value. The main-sequence effective temperatures from which 
these stars have evolved (as derived from the evolutionary 
tracks of VandenBerg 1985) are between 6800 and 7400 K, and 
their v sin fs range between 6 and 70 km s-1. Recall that 
according to CM, the critical rotational velocity varies sharply 
with effective temperature and, within the errors, it is conceiv- 
able that these stars do conform to the model predictions. CM 
calculated that if all the available Li is pushed into the convec- 
tive zone, the maximum Li overabundance would not exceed a 
factor of 8. None of the stars in our sample show such large 
overabundances. The largest overabundance is a factor of 3.6 
in HR 2264. We note that this star is classified as a single-lined 
spectroscopic binary in the BSC. We concluded earlier that the 
fainter companion of a single-lined spectroscopic binary prob- 
ably does not affect the spectrum of the primary; if it has, the 
Li abundance has been underestimated, and the over- 
abundance is even larger. The companion may also have 
altered the structure of the star and affected the Li abundance 
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of the primary. We regard the overabundance as extremely 
interesting but suspect as proof of radiative acceleration. 
Excluding this star, the maximum Li overabundance is a factor 
of 2 in HR 5128 and HR 5716. However, several stars with v sin 
fs similar to these stars, and in close proximity to them in the 
H-R diagram, show no sign of Li enhancement, which leads us 
to believe that the observed enhancement is not significant and 
may simply be caused by larger errors in a few stars. 

At the age of our late F stars (3-4 Gyr), the critical rotational 
velocity that should bring Li-depleted material to the convec- 
tion zone by meridional circulation is about 5 km s-1 (CM). If 
the models are valid, the Li depletion observed in the late F 
stars may be accounted for by such a dilution process. A 
spread in the initial rotational velocities would then account 
for the observed spread in Li abundances. The depletion seen 
in late F stars in young clusters may also be explained by 
meridional circulation. At the age of the a Per stars, the critical 
rotational velocity required to contaminate the convective 
zone of the late F stars with Li depleted material is around 100 
km s“1, and such large velocities were indeed seen in several 
stars in this young cluster (BLS). In this scenario, Li depletion 
and rotational braking must occur on the same time scale 
because the Li depleted stars in the young clusters are the slow 
rotators. However, the early F stars in our sample which have 
been rotating at similar velocities for 2 Gyr do not conform to 
the model predictions for meridional mixing. An examination 
of all the stars in our sample with effective temperatures greater 
than 6800 K (13 in all) shows no correlation between the Li 
depletion and v sin z, and there is no indication of Li depletion 
in some of the most rapid rotators in our sample. Our fastest 
rotator is HR 3859 with a v sin i of 100 km s“1. It is presently 
at an effective temperature of 6640 K but appears to have 
evolved from a main-sequence temperature of 7000 K. Accord- 
ing to CM, Li-depleted material should have reached the con- 
vective envelope of this star in a few million years. Instead, HR 
3859 has a Li abundance of 3.15 which is equal to the cosmic 
value within our estimated error. Several hotter stars with v sin 
fs around 70 to 80 km s-1 also show no Li depletion, though 
the hotter main-sequence temperatures from which they have 
evolved may mean that they are rotating at velocities lower 
than their critical velocity. Hence, our observations do not 
support the meridional mixing calculations of CM, a fact the 
authors themselves pointed out with the observations that 
existed previously. 

c) Differential Rotation and Mixing 
Our study of Li depletion in field F dwarfs was designed to 

look for correlations with rotational velocity and was moti- 
vated, in part, by the study of rotation in the Sun by Endal and 
Sofia (1981). They showed that when a rapidly rotating solar 
model was spun down by winds and magnetic fields, the outer 
convective envelope would spin down first while the interior 
continued to rotate rapidly. Although calculations for Li 
depletion were not performed, the resulting turbulence was 
predicted to cause mixing down to depths where the material 
would be totally Li depleted. Recent calculations by Pinson- 
neault et al (1989) have extended Endal and Sofia’s approach, 
and the large Li depletion seen in the Sun can be reproduced 
by the models. Using an initial angular momentum spread of a 
factor of 10, as derived from the early F stars (Kawaler 1987) 
which are not expected to have spun down, they calculate the 
expected range in Li abundance as a function of time starting 
with a constant cosmic abundance. They find that in young 
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stars, differences in the initial rotational velocities do not lead 
to large differences in the observed Li abundance because 
though the outer envelope of the initial fast rotator has been 
spun down, the subsequent mixing has not been completed. 
However, the spread in Li abundance increases with age as the 
interior spins down and mixing continues during this process. 

The rotational evolution of pre-main-sequence stars is not 
well understood. However, there is some observational evi- 
dence that stars of a given spectral type arrive on the main 
sequence with a range in rotational velocities (Hartmann and 
Noyes 1987), and several studies have shown that the distribu- 
tion of v sin f s among A and B stars corresponds to a Maxwel- 
lian velocity distribution (Deutsch 1970, and references 
therein). Primarily because of their thinner convective 
envelopes, early F stars are not expected to spin down on the 
main sequence. In our data, they are seen with v sin i’s in the 
range 0 to 100 km s- ^ and some of this spread in v sin i must 
be intrinsic. The late F stars in our sample are seen to be 
rotating with v sin fs between 0 and 20 km s-1. Observations 
of young clusters (BLS) show a spread in rotational velocities 
in the late F stars, and it is reasonable to assume (Stauffer 1988) 
that the late F stars in our sample had an initial spread in 
rotational velocities similar to that seen now in the ealy F stars. 
Those late F stars which arrived on the main sequence rotating 
slowly would not have undergone rotational spin down and 
the subsequent mixing due to differential rotation. In the 
absence of alternate ways of depleting Li, these stars should 
exhibit their initial (i.e., cosmic) Li abundance. According to 
Pinsonneault et al (1989), Li depletion in the late F stars will 
depend upon the magnitude of the change in the rotational 
velocity; i.e., stars which were spun down from 100 to 10 km 
s "1 will undergo greater mixing and hence exhibit smaller Li 
abundances than stars which were spun down from 30 to 10 
km s-1. In this scenario, a group of stars which arrive on the 
main sequence with the same cosmic Li abundance and a large 
range in rotational velocity will be seen to exhibit a large range 
in Li abundance after they have all spun down. In the absence 
of correlations with other parameters, mixing caused by differ- 
ential rotation provides a simple way to account for large 
variations of the Li abundance in stars which are otherwise 
similar. 

Recall that in the coolest stars in our sample, the maximum 
Li abundance is around 2.5, a factor of about 5 lower than our 
adopted value for the cosmic Li abundance. This indicates that 
some depletion has occurred in all the late F stars. It is con- 
ceivable that once stars of different initial rotational velocities 
have spun down and a spread in Li abundances is established, 
Li depletion continues in all stars by some other process like 
convective overshoot or gravitational settling which will mani- 
fest itself in a few gigayears, the age of our field stars. Such a 
process will retain the spread in the Li abundances seen in our 
data while decreasing the average abundance of the sample 
with age. 

If Li depletion is caused primarily by mixing due by differen- 
tial rotation, the tight Li-Teff relation seen in the Hyades and 
not in other clusters argues for a small initial rotational veloc- 
ity dispersion in this cluster alone. We speculate that a small 
spread in initial rotational velocities may also be responsible 
for the plateau in Li abundances seen in the halo stars (Spite 
and Spite 1982; Spite, Maillard, and Spite 1984; Boesgaard 
1985; Rebolo, Beckman, and Molaro 1988; Hobbs and 
Duncan 1987). Though we can offer no evidence for such a 
notion, we point out that this scenario offers a simple mecha- 

nism to produce a plateau starting with the same initial cosmic 
abundance as the Population I stars. The absence of mecha- 
nisms that can produce a uniform Li depletion over the 
observed temperature range is one of the reasons cited for 
adopting the alternate view that Population II stars started 
with a lower initial Li abundance. 

d) Pre-Main-Sequence Depletion 
The modest but real dispersion in Li abundances in the early 

F stars in our sample remains a puzzle. Although these stars 
have evolved off the main sequence, they have not evolved far 
enough toward the giant branch for Li dilution to occur as a 
result of the deepening convective envelope. According to Iben 
(1967), a 1.5 M0 star must evolve to about 5300 K before its Li 
is diluted by a factor of 1.5. Some of these stars may have 
undetected companions that have affected their Li abundances. 
Our sample contains only 25 early F stars, and the sample 
must be augmented to evaluate the probability of such an 
occurrence. In the absence of such effects, it is difficult to 
explain how stars with thin convective envelopes and no rota- 
tional braking can deplete Li on the main sequence. Convec- 
tive overshoot is extremely improbable in these stars and the 
only other depletion mechanism, meridional circulation, has 
been shown to be incompatible with our data. Perhaps the 
problem lies in assuming that this depletion did occur on the 
main sequence. Stars which arrive as slow rotators on the main 
sequence have lost the angular momentum they must have 
acquired during their contraction onto the main sequence. The 
process by which they lose their angular momentum (e.g., mass 
loss) may also lead to some depletion of Li. 

There is considerable theoretical uncertainty about the 
extent of PMS Li depletion. The earliest calculations by 
Bodenheimer (1965) showed that Li depletion occurred in stars 
cooler than 6000 K and increased with decreasing temperature. 
Revised calculations with improved physics showed that no Li 
depletion occurred in the PMS phase unless “extra mixing” 
mechanisms were incorporated (D’Antona and Mazzitelli 
1984). Recent calculations with increased opacities are able to 
reproduce the Hyades Li-Teff relation in cool stars with PMS 
Li depletion alone (Stringfellow, Swenson, and Faulkner 1987, 
VandenBerg 1989). The rotational evolution of PMS stars is 
not well understood, and no calculations have been performed 
to predict the effects of rapid rotation during this phase. 
Further investigation of Li depletion in the PMS phase, both 
observational and theoretical, is clearly warranted. 

e) Depletion Mechanisms in the Li-Dip 
Since the first report of the Li “dip” in the Hyades 

(Boesgaard and Tripicco 1986a), the “dip” has been seen in 
several clusters at least as old as the Hyades; Coma (Boesgaard 
1987h), UMa stream (Boesgaard, Budge, and Burck 1988), and 
NGC 752 (Hobbs and Pilachowski 1986a; Pilachowski and 
Hobbs 1988) but is not seen in younger clusters like the 
Pleiades (Pilachowski, Booth, and Hobbs 1988; Boesgaard, 
Budge, and Ramsay 1987) and a Per (BLS). It therefore 
appears that the “ dip ” forms after the stars have arrived on the 
main sequence and sometime between 0.07 and 0.6 Gyr. 

Two theoretical explanations have been provided for the Li 
“dip” seen in the Hyades. According to Michaud’s (1986) dif- 
fusion hypothesis, the Li “ dip ” reflects the competition 
between upward radiative acceleration, effective at tem- 
peratures greater than 6900 K, and gravitational settling, effec- 
tive at cooler temperatures. While gravitational settling 
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quickly empties out the shallow convective zone in the “ dip ” 
stars, the diffusion time scale for stars at 6400 K is around 109 

years, providing a plausible reason for such stars in the Hyades 
to remain undepleted. To account for the absence of Li 
enhancement in stars hotter than 6900 K, a mass loss of about 
10“14 Me yr-1 was invoked to remove the Li enriched 
material. While such a mass-loss rate is conceivable, it seems 
coincidental that the Li abundance after such depletion exactly 
equals the cosmic value. 

An alternative to the gravitational settling model is the 
meridional circulation suggestion of CM. According to this, 
the “dip” stars in the Hyades have a rotational velocity in 
excess of the critical rotational velocity and Li has been 
depleted by meridional circulation. In cooler stars, the lack of 
Li depletion is explained by the time scale required by merid- 
ional circulation to carry matter from the Li-burning region to 
the convective zone being greater than the age of the Hyades. 
Our data on early F stars have been shown to be in disagree- 
ment with the predictions of the meridional circulation theory. 
CM cite other objections to their own model, the strongest 
being that because a scatter is expected in the v sin rela- 
tion in clusters, and the depletion should depend upon the 
rotational velocity, the “ dip ” should not be as well defined as 
seen in the Hyades. Once again, we wonder if the Hyades is not 
unique in having a small dispersion in rotational velocity. Stars 
with cosmic Li are seen in the region of the “ dip ” in the UMa 
stream. These stars have been suspect because of membership 
and Teff uncertainties but seem to indicate that more detailed 
investigation of other clusters is needed. 
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Both theories predict that the Li “ dip ” should be broader in 
the older field stars compared to the Hyades, because Li deple- 
tion will become more evident in the cooler stars. Small varia- 
tions in the width of the “ dip ” are difficult to judge from our 
sample, but it is clear that the “dip” does not extend much 
below 6300 K. The smearing of the “dip” is more evident at 
the high-mass end, and this is probably a result of evolutionary 
path of the stars. Both theories can be made to account for the 
presence of some Li-normal stars in the “ dip ” region. In the 
diffusion model, Li is merely hidden below the convective zone, 
where it is supported by radiative forces. The stars in our 
sample have evolved off the main sequence. If Li survives just 
below the convective zone, it may mix back into the envelope 
during the rearrangement of the stellar structure that accom- 
panies hydrogen core exhaustion and subsequent hydrogen 
shell burning. Alternatively, in the meridional circulation 
model, the presence of a spread in Li abundances in the “ dip ” 
region may be a result of the intrinsic spread in rotational 
velocities in these stars. Although the “dip” itself can be 
explained by either theory, our data on the early F stars show 
serious discrepancies with the meridional circulation models, 
thus favoring the simpler diffusion hypothesis. 
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