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ABSTRACT

Context. It is known that the surface lithium abundances of field solar-analog G dwarfs show a large dispersion of X2 dex (among
which our Sun is located at the lower end) despite the similarity of stellar parameters, and planet-host stars tend to show comparatively
lower Li abundances in the narrow 7T range.

Aims. To investigate the reason for these phenomena, an extensive study of Li abundances and their dependence on stellar parame-
ters was carried out for a homogeneous sample of 118 selected solar analogs based on high-dispersion spectra obtained at Okayama
Astrophysical Observatory.

Methods. The atmospheric parameters were spectroscopically determined by using the equivalent widths of Fe I and Fe 1I lines, the
ages/masses were estimated from stellar evolutionary tracks, and the width of the macrobroadening (rotation plus macroturbulence)
function as well as Li abundances (A};) were established by spectrum-fitting analyses.

Results. The resulting Ay; vs. Te relation revealed a characteristic inverse-triangle-like distribution enclosed by two clear-cut bound-
aries (the slanted one running from ~5900 K to ~5800 K and the vertical one at ~5700 K), while the Sun is located around its lowest
apex. More significantly, Ay; in this region of large dispersion was found to closely correlate with the macrobroadening width (vyp,),
which is considered to be the most important parameter.

Conclusions. With a reasonable assumption that the difference of rotational velocity is mainly responsible for the variety of v, we
may conclude that the stellar angular momentum plays the decisive role in determining the surface Li abundances of solar-analog
stars in the Tr range of ~5900-5700 K. The low-Li tendency of planet-host stars may thus be interpreted in terms of rotational
characteristics.
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1. Introduction

It is of astrophysical importance to study the abundance of
lithium on the surface of late-type (F-G-K) stars; i.e., it in prin-
ciple provides us with valuable information regarding the past
history and the physical mechanism of stellar envelope mixing,
since Li nuclei are burned and destroyed when they are conveyed
into the hot stellar interior (T ~ 2.4 x 10° K). Yet, it is not gen-
erally easy to give a reasonable account on its behavior from
a theoretical point of view. As a matter of fact, even the surface
Li abundances of ordinary field stars similar to our Sun are not
well understood and several problems remain unexplained.
First, according to several recent elaborate and extensive
studies, solar-type G-dwarfs show a large dispersion of Li abun-
dances amounting to ~2 dex or more in the effective temper-
ature (T.¢) range of ~5500-6000 K (see, e.g., Pasquini et al.
1994; Favata et al. 1996; Chen et al. 2001; Qiu et al. 2001;
Mallik et al. 2003; Galeev et al. 2004; Lambert & Reddy 2004).
Admittedly, this region corresponds to the transition region in
the course of the declining of surface Li abundance (Ar;) with

* Based on observations carried out at Okayama Astrophysical
Observatory (Okayama, Japan).

** Tables 2—-6 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]/A+A/468/663
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a lowering of T from F through G to K owing to the increase
in the efficiency of envelope mixing' (i.e., ever deepening of the
convection zone). Even so, what mechanism could be responsi-
ble for such a large diversity of Ar; among similar stars of near-
solar Teg?

Second, and more interestingly, an important discovery was
made by Israelian et al. (2004), who reported that planet-host
stars tend to show significantly less Ar; than non-planet-host
stars in the same T.g range of large dispersion in the Ap; vs.
T. diagram?. This trend was further confirmed by the follow-
up studies of Takeda & Kawanomoto (2005, hereinafter refereed

' We use the term “efficiency of mixing” as a measure of how
Li atoms are effectively conveyed and mixed to the hot inner layer
where they are destroyed. Note that two factors may be involved here:
the depth of the convection zone (generally deepened with a lowering
of T.q) and the rate of mixing (or shaking efficiency) in the envelope.

2 The possibility of Li deficiency in planet-host stars had been argued
by King et al. (1997) and Gonzalez & Laws (2000), which was then
criticized by Ryan (2000) as unlikely. However, the arguments in these
previous studies are based on insufficient observational data as well as
a naive parameterization of Ap; (simply in terms of T.q, age/activity,
and [Fe/H], referring to open cluster observations), which now appear
to be outdated. In contrast, the work of Israelian et al. (2004) is based
on a much larger number of planet-host stars, which we may consider
more reliable.
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to as Paper II) and Chen & Zhao (2006), though Luck & Heiter
(2006) questioned its reality. If the Li abundance at the stellar
surface depends on whether a star has a planet or not, what phys-
ical process is involved?

Third, Ay; in the Sun appears to be located nearly at the low-
est end (i.e., an outlier) in the considerable spread exhibited by
similar solar-type stars. This tendency has been seen in studies
of “solar twins”. That is, while several stars are considered to
have stellar parameters very close to those of the Sun, such as
18 Sco (Porto de Mello & da Silva 1997), HIP 78399 (King et al.
2005), and HD 98618 (Meléndez et al. 2006), all these show
a marked difference from the Sun with respect to the strength
of the Li line (i.e., appreciably stronger than the solar case). Is
our Sun an anomalous star with regard to Li? Does this have
anything to do with the solar-system planets?

Unfortunately, currently accumulated observational Li abun-
dance data of solar-type stars are not yet satisfactory from
a quantitative as well as qualitative point of view to answer these
questions:

— The number of solar-analog stars in the relevant T.g region
with a diversity of Ay is still insufficient. For example, in the
recent Li abundance investigations quoted above, the num-
ber of stars with |AT.g| < 100-200 K (A means the differ-
ence from the solar value) is ~20-30 at most, which should
be increased up to ~100 for a statistically more meaningful
discussion.

— The precision of stellar parameter determinations in previ-
ous work may not have been sufficiently high as to allow
a close investigation of the characteristic distribution (if any
exists) in the Ap; vs. T diagram. For instance, we need to
have a precision of at least a few tens of K in T.g in order
to argue the behavior of Li abundance within the narrow Teg
interval of ~200-300 K. Knowing or establishing other stel-
lar parameters (e.g., log g, age, line width, etc.) as precisely
as possible is likewise necessary to investigate their roles in
affecting the surface Li.

Considering this situation, we decided to carry out a new sys-
tematic Li abundance study for a large number (~100) of care-
fully selected solar-analog stars based on our own observa-
tional data obtained at Okayama Astrophysical Observatory,
while establishing their parameters as accurately as possible so
as to achieve a sufficiently high “resolution” in the parame-
ter/abundance space, to understand the behavior of Ay; in this
peculiar near-solar T.g range.

In Sect. 2, we explain our basic observational data includ-
ing the properties of the selected solar-analog stars. Section 3 is
devoted to the description of stellar parameter determinations,
where the atmospheric parameters are established by the spec-
troscopic method using Fe 1/Fe 11 lines and the age/mass are es-
timated from stellar evolutionary tracks. In Sect. 4, we describe
the spectrum-fitting analyses for evaluating the macrobroaden-
ing width (rotation plus macroturbulence) as well as for deter-
mining the Li abundance. The discussion on the behaviors of
resulting Ay; values and their dependence upon various stellar
parameters is presented in Sect. 5, followed by conclusions in
Sect. 6. Appendix A describes the “solar twin” candidates from
our targets.

2. Observational data

Observations were carried out in the 2005-2006 season
(2005 September, 2005 November, 2006 February, and
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Fig. 1. Plot of the 118 solar-analogs (target stars in this study) on the
HR diagram (My vs. B — V), which were selected from the stars listed
in the Hipparcos Catalogue (ESA 1997) also depicted here as thin back-
grounds. The rectangle shows the region of 4.5 < My < 5.1 and
0.62 <B-V <0.67.

2006 April) by using the HIgh-Dispersion Echelle Spectrograph
(HIDES; Izumiura 1999) at the coudé focus of the 188 cm reflec-
tor of Okayama Astrophysical Observatory (OAO). Equipped
with a 4K x 2K CCD detector at the camera focus, the
HIDES spectrograph enabled us to obtain an echellogram cover-
ing a wavelength range of 5600-6800 A with a resolving power
of R ~ 70000 (case for the normal slit width of 200 um) in the
mode of red cross-disperser. This wavelength region was chosen
so as to cover the important Li I 6708 line as well as the green-
yellow range including a number of Fe I/Fe 1I lines.

As our solar-analog targets, we observed 118 stars, which
were selected from the Hipparcos catalogue (ESA 1997) mainly
based on the criterion of V < 8.5,0.62 < B-V < 0.67, and
45 < My < 5.13. This field of search, centered on the solar
values of (B — V)i = 0.65 and (My)e = 4.82 (Cox 1999), was
selected by considering the possible uncertainties (with a suf-
ficient margin) of B — V and My; i.e., a few hundredths mag
for the former (cf. the note in the last paragraph of Sect. 3.2) and
a few tenths mag for the latter (ambiguities due to parallax errors
are typically ~0.1-0.2 mag; in addition, other uncertainies such
as the interstellar extinction or Lutz-Kelker correction may also
have some minor contribution). The positions of the 118 targets
on the HR diagram are depicted in Fig. 1.

The reduction of the spectra (bias subtraction, flat-fielding,
scattered-light subtraction, spectrum extraction, wavelength cal-
ibration, and continuum normalization) was performed by us-
ing the “echelle” package of the software IRAF* in a standard
manner. The stellar radial velocities were then determined by the
cross-correlation method (“fxcor” task of IRAF) applied to the

3 Since the effect of interstellar reddening/extinction was taken into
account with the help of Arenou et al.’s (1992) tables, some stars are
slightly redder than this criterion in terms of the apparent B—V . Besides,
we intentionally included all of the top-ten solar analogs reported by
Soubiran & Triaud (2004) in our sample.

4 IRAF is distributed by the National Optical Astronomy
Observatories, which is operated by the Association of Universities
for Research in Astronomy, Inc. under cooperative agreement with the
National Science Foundation.
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Table 1. Basic observational data of 118 program stars.

HIP HD Sp. B-V \% bid o/lr My Date (S/N) Vi
1499 1461 GOV 0.674 647 42.67 0.02 4.62 2005-09-28 140 -104
1598 1562 GO 0.640 697 4025 0.02 499 2005-09-30 200 +14.9
1803 1835 G3V 0.659 6.39 49.05 0.02 4.84 2005-09-29 210 -2.6
4290 5294 G5 0.652 7.41 3392 0.03 506 2005-09-26 180 -8.5
5176 6512 GO 0.656 8.15 20.84 0.05 4.74 2005-11-25 130  +10.1
6405 8262 G3V 0.627 696 39.07 0.02 492 2005-09-28 160 +5.5
6455 8406 G5V 0.656 7.92 27.00 0.04 5.08 2005-09-29 140 -8.0
7244 9472 GO 0.666 7.63 30.13 0.03 5.02 2005-09-28 150 +11.4
7585 9986 G5V 0.648 6.77 38.86 0.02 4.72 2005-09-26 250 -21.3
7902 10145 G5V 0.691 7.70 2728 0.04 4.88 2005-11-24 160 +17.5
7918 10307 G2V 0.618 496 79.09 0.01 445 2005-09-26 390 +4.7
8486 11131 GO 0.654 6.72 4347 0.10 491 2005-09-29 180 -4.9
9172 11926 G5 0.661 7.57 3198 0.05 5.09 2005-11-24 160 -14.9
9349 12264 G5V 0.660 799 2280 0.05 4.78 2005-09-29 130 +19.3
9519 12484 F8 0.649 8.18 21.24 0.06 4.82 2005-11-25 120 +4.5
9829 12846 G2V 0.662 6.89 43.14 0.02 5.06 2005-09-28 160 -4.8

10321 13507 GO 0.672 7.19 38.12 0.02 5.10 2005-09-28 190 +5.9
11728 15632 GO 0.666 8.03 2390 0.05 492 2005-11-25 140 +4.5
12067 15851 G3V 0.696 842 2028 0.05 496 2006-02-18 90 +9.7
14614 19518 G8V 0.642 7.85 2444 0.04 479 2005-09-29 150 -27.5
14623 19632 G3/G5V  0.678 7.29 33.14 0.03 4.89 2005-09-26 90 +40.9
15062 20065 G5 0.624 8.12 2452 0.04 5.07 2005-11-30 130 -179
15442 20619 GO 0.655 7.05 4052 0.02 5.09 2005-09-28 170 +22.4
16405 21774 G5 0.680 8.08 20.04 0.06 4.59 2005-11-29 120 -33
17336 23052 GO 0.659 7.07 3875 0.03 5.01 2005-09-28 190 -15.2
18261 24552 GO 0.631 7.97 2213 0.06 4.69 2005-09-29 140 +159
19793 26736 G3V 0.657 8.05 21.69 0.05 4.73 2005-11-27 120 +37.2
19911 26990 GO 0.661 7.50 28.69 0.04 4.79 2005-09-29 170 -154
19925 27063 GO 0.669 8.07 2481 0.04 5.04 2005-11-30 140 -10.1
20441 27685 G4V 0.677 7.86 2696 0.05 5.01 2005-09-26 110 +35.7
20719 28068 G1V 0.651 8.04 2176 0.07 4.73 2005-11-27 150 +35.1
20741 28099 G8V 0.664 8.10 21.42 0.07 4.75 2005-11-27 140  +38.1
20752 28192 GO 0.629 8.06 19.51 0.05 4.51 2005-11-30 140 -4.5
21165 27757 G5 0.630 7.83 23.97 0.03 473 2005-11-24 140  +36.8
21172 28821 GO 0.683 7.61 27.05 0.04 477 2005-12-01 150 +37.2
22203 30246 G5 0.665 830 1942 0.06 4.74 2005-12-01 90 +41.8
23530 31864 GO 0.660 7.63 3176 0.03 5.14 2005-11-24 180 -26.2
25002 35041 G6V 0.636 7.68 26.89 0.04 4.83 2005-12-01 90 -4.5
25414 35073 G5 0.700 835 20.64 0.05 492 2005-12-02 110 +1.8
25670 36152 G5V 0.657 827 2135 0.05 492 2005-12-02 110 -9.6
26381 37124 G4IV-V  0.667 7.68 30.08 0.04 5.07 2005-11-24 180 -23.4
27435 38858 G4V 0.639 597 6425 0.02 501 2005-09-29 240  +31.2
20432 42618 G4V 0.642 685 4326 0.02 5.03 2005-11-24 160 -53.8
31965 47309 GO 0.672 7.60 23.57 0.04 446 2005-11-25 210 +274
32673 49178 GO 0.677 8.07 23.06 0.05 4.88 2005-11-25 160 +33.5
33932 49985 GO 0.627 831 20.88 0.04 491 2005-12-02 90 -12.3
35185 56202 G5 0.641 842 1899 0.06 4.81 2006-02-17 90 +21.5
35265 56124 GO 0.631 6.93 3650 0.03 4.74 2005-11-25 210 +222
36512 59711 G5V 0.637 7.73 2736 0.03 492 2005-11-30 180 +7.9
38647 64324 GO 0.659 7.78 2833 0.04 5.04 2005-11-30 150 +16.8
38747 64942 G5 0.671 837 20.69 0.06 495 2005-11-30 130 -8.5
38853 65080 GO 0.638 8.21 18.57 0.07 4.55 2005-11-29 100 -8.6
39506 66573 GO 0.632 726 33.88 0.03 491 2005-11-27 170 -44.7
39822 66171 G2V 0.621 8.18 21.15 0.04 4.81 2005-12-02 100 +36.0
40118 68017 G4V 0.679 6.78 46.05 0.02 5.10 2005-11-26 160 +29.3
40133 68168 GO 0.667 7.34 2945 0.03 4.69 2005-11-29 150 +8.8
41184 70516 GO 0.652 7.71 27.10 0.08 4.87 2005-12-01 140 +8.0
41484 71148 G5V 0.624 632 4589 0.02 4.63 2005-11-26 130 +8.1
41526 71227 GOV 0.639 798 2229 0.05 4.72 2005-12-01 110 -1.2
42333 73350 GO 0.655 6.74 4232 0.02 4.87 2005-11-26 150 +35.1
42575 73393 G3V 0.675 8.00 23.81 0.04 4.88 2005-12-01 110 +35.1
43297 75302 GO 0.689 7.45 3350 0.03 5.08 2005-11-30 150 +9.9
43557 75767 GO 0.640 6.57 4142 0.03 4.66 2005-11-26 210 +17.1
43726 76151 G3V 0.661 6.01 5850 0.02 4.85 2005-11-27 210 +31.6
44324 77006 G5 0.651 7.93 2323 0.04 476 2005-12-01 110 +4.4

665



666

Table 1. continued.
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HIP HD Sp. B-V \% T o/t My Date (S/N)Y Vi
44997 78660 G5 0.665 834 1993 0.06 4.84 2006-04-17 90 -12.5
45325 79282 G5 0.654 830 17.61 0.06 4.53 2006-02-17 100 +3.7
46903 82460 GO 0.670 840 21.31 0.05 5.04 2006-02-18 100 +9.3
49580 87680 G2V 0.670 7.96 2550 0.04 499 2005-12-02 100 -27.1
49586 87666 KO 0.664 8.15 20.83 0.05 4.74 2006-04-17 80 +29.6
49728 88084 G5V 0.649 7.52 2837 0.03 478 2006-04-16 130 -24.0
49756 88072 GO 0.647 755 2696 0.04 470 2006-04-16 140 -18.2
50505 89269 G5 0.653 6.66 4845 0.02 5.09 2005-11-29 150 =77
51178 90494 F8 0.632 839 20.87 0.05 4.99 2006-04-16 110 +1.5
53721 95128 GOV 0.624 5.03 71.04 0.01 429 2005-11-29 260 +10.9
54375 96497 G1V 0.645 822 1894 0.09 4.61 2006-04-17 90 -0.8
55459 98618 G5V 0.642 7.65 2582 0.03 471 2006-04-16 150 +6.8
55868 99505 G5 0.630 7.59 30.76 0.04 5.03 2006-02-17 130 -0.1
59589 106210 G3V 0.667 7.57 29.50 0.03 492 2006-02-18 90 -249
59610 106252 GO 0.635 7.41 2671 0.03 4.54 2006-02-19 130 +15.3
62175 110869 G5V 0.662 8.01 22.10 0.04 473 2006-04-16 100 -94
62816 111938 GO 0.632 848 18.78 0.05 4.85 2006-04-16 100 -11.7
63048 112257 G2V 0.665 7.80 23.84 0.04 4.69 2006-04-17 110  -40.0
63636 113319 G8IV 0.655 7.51 31.86 0.03 5.03 2006-02-17 130 +6.0
64150 114174 GSIV 0.667 6.78 38.07 0.02 4.68 2006-02-17 160 +24.2
64747 115349 G2V 0.640 829 2239 0.04 5.04 2006-04-16 110 —-47.0
70319 126053 G1V 0.639 6.25 56.82 0.02 5.02 2006-02-16 200 -19.5
72604 131042 G5 0.643 750 2679 0.03 4.64 2006-02-18 110 -27.2
75676 138004 G5 0.676 7.48 31.10 0.02 494 2006-04-16 130 -8.7
76114 138573 GS5IV-V  0.656 7.22 3235 0.03 477 2006-02-17 150 -36.1
77749 142072 G5V 0.670 7.85 24.07 0.04 476 2006-04-17 100 -25.2
78217 144061 G5 0.654 7.26 3435 0.03 494 2006-04-17 120 -9.0
79672 146233 G1V 0.652 549 7130 0.01 4.76 2006-04-17 210 +11.2
85042 157347 GSIV 0.680 6.28 51.39 0.02 4.83 2005-09-26 220 -36.1
85810 159222 G5V 0.639 6.52 4220 0.01 4.65 2005-09-28 220 -51.6
88194 164595 G2V 0.635 7.07 3457 0.02 476 2005-09-29 200 +1.9
88945 166435 GO 0.633 6.84 39.62 0.02 4.83 2005-09-30 190 -14.6
89282 167389 F8 0.649 7.38 2991 0.02 476 2005-09-30 150 -5.6
89474 168009 G2V 0.641 630 44.08 0.01 4.52 2005-09-30 180 -64.7
89912 168874 G2IV 0.636 699 3399 0.02 4.65 2005-09-30 160 -20.2
90004 168746 G5 0.713 795 23.19 0.04 4.78 2005-09-26 90 -25.8
91287 171665 G5V 0.687 7.43 33.17 0.03 5.03 2005-09-29 130 -23.6
96184 184403 GO 0.654 7.81 2252 0.05 4.57 2005-09-30 130 -27.2
96395 185414 GO 0.636 6.73 4124 0.01 4.81 2005-09-28 160 -15.9
96402 184768 G5 0.675 7.55 2556 0.04 4.59 2005-09-29 120 -13.5
96901 186427 G5V 0.661 6.25 46770 0.01 4.60 2006-04-17 140 -28.3
96948 186104 GO 0.664 7.64 2481 0.04 4.61 2005-09-29 160 -61.4
97420 187237 G211 0.660 6.87 3844 0.02 479 2005-09-28 210 -33.1
98921 190771 GS5IV 0.654 6.18 5299 0.01 4.80 2005-09-26 150 -26.2

100963 195034 G5 0.642 7.09 3541 0.02 4.84 2005-09-28 230 -1.0
104075 200746 G5 0.654 797 2257 0.13 4.74 2005-09-29 150 +14.7
109110 209779 GO 0.674 7.57 28.16 0.04 4.82 2005-09-28 140 -6.7
110205 211786 G5 0.666 798 23.88 0.04 4.87 2005-09-28 160 +21.6
112504 215696 G5V 0.684 7.35 29.51 0.05 470 2005-09-30 140 -30.7
113579 217343 G3V 0.655 7.47 3122 0.03 494 2005-09-30 140 +6.4
113989 218209 G6V 0.646 7.49 33.65 0.02 5.12 2005-09-26 160 -16.3
115715 220821 GO 0.644 736 2853 0.04 4.64 2005-09-26 180 -3.2
116613 222143 G5 0.665 6.58 4326 0.02 476 2006-02-17 140 -0.4

Note. The basic stellar data in the first seven columns (HIP number, HD number, spectral type, B—V color, V magnitude, parallax in milliarcsecond
and its relative error) were taken from the Hipparcos catalog (ESA 1997), while My was derived from V and n. The last three columns give the
information of our spectroscopic data adopted in this study (observation date, mean S/N, and the heliocentric radial velocity in kms™!).

spectrum portion of 6050-6160 A, and were further converted
into the heliocentric scale (“dopcor” task).

The list of our program stars is presented in Table 1, where
their fundamental quantities taken from the Hipparcos cata-
logue are also given. The mean S/N ratios given in this table
were computed as (S/N) = (4.2 X (count)'?, where {count) is
the mean ADU count evaluated by “imstatistics” task of IRAF

and 4.2 e7/ADU is the gain factor. Since this is a rough esti-
mate for the mean §/N, the actual values are dependent on the
location within the echelle order (i.e., higher/lower in the cen-
ter/edge of the order). Unfortunately, these (S/N) values are typi-
cally ~100-200 and are not satisfactorily high for spectroscopic
analyses, since we had to restrict the total exposure time for a star
to <1-2 h at most, forced by the necessity of observing a large
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Fig. 2. a) Correlation diagram between zym,, (maximum separation from
the galactic plane) and Vi sg (rotation velocity component relative
to LSR), which may be used to classify the stellar population (the
halo/thick-disk/thin-disk boundaries are also shown by dashed lines ac-
cording to Ibukiyama & Arimoto 2002). b) e (orbital eccentricity) plot-
ted against R,, (mean galactocentric radius).

number of (7-)8 mag stars (which was severe requirement for
high-dispersion spectroscopic observations with the 188 cm tele-
scope at OAO).

We also examined the kinematic properties of each star by
computing the orbital motion within the galactic gravitational
potential based on the positional and proper-motion data (taken
from the Hipparcos catalog) along with the radial-velocity data
(measured by us), following the procedure described in Sect. 2.2
of Takeda (2007, herein referred to as Paper IV). While the in-
put data and the solutions of the resulting kinematic parameters
are given in (electronic) Table 2, Figs. 2a,b show the correla-
tions of zy.x (Maximum separation from the galactic plane) vs.
VLsr (rotation velocity component relative to LSR) and e (or-
bital eccentricity) vs. Ry, (mean galactocentric radius). We can
see from Fig. 2a that all our program stars belong to the nor-
mal thin-disk population, according to Ibukiyama & Arimoto’s
(2002) classification criteria.

3. Stellar parameters
3.1. Atmospheric parameters

A stellar atmosphere is characterized by four parameters: the
effective temperature (T.¢), the surface gravity (logg), the mi-
croturbulent velocity dispersion (v;), and the metallicity usually
represented by the Fe abundance relative to the Sun ([Fe/H]).
These have to be established, in order to construct an atmo-
spheric model for a star and simulate theoretical spectra (e.g.,
for elemental abundance determinations).

We determined these four atmospheric parameters from the
measured equivalent widths of Fe I and Fe 11 lines based on
the computational procedure described in Takeda et al. (2002),
which establishes the best solutions of these parameters satisfy-
ing the conditions of excitation/ionization equilibria and curve-
of-growth matching, where we followed the two consecutive
steps as described below.

3.1.1. Standard solutions

First, we obtained the “absolute” values of these parameters
for our 118 program stars (plus the Sun), following the pro-
cedures adopted by Takeda et al. (2005b, hereinafter referred
to as Paper I). See Sects. 2 and 3 therein for the description
of the equivalent-width measurement for the usable Fe I and
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Fe I lines® and the computational procedure (i.e., an applica-
tion of the TGVIT program). We call such established absolute
parameters, T3¢, log g™, v'%, and {Fe/H}*(=A}Y - 7.50), the
“standard” solutions®. The adopted atomic data, the measured
equivalent widths, and the Fe abundances for each of the used
lines (corresponding to the final parameter solutions) are pre-

sented in (electronic) Table 3, while the results of T:;?, log gs‘d,

vftd, and {Fe/H}* are given in (electronic) Table 4. Note that we
obtained 5761.0 K, 4.435, 1.00 kms~!, and —0.007 for the solar
atmospheric parameters.

3.1.2. Differential solutions

Then, given the solutions of standard parameters, we further
applied the technique described in Takeda (2005, hereinafter
Paper III), which we may call the method of “complete differen-
tial analysis” (i.e., all parameters are differentially treated, where
errors in the gf values or imperfections in the model atmo-
sphere are cancelled), to any 118 (star—Sun) pair to establish the
four “differential” parameters AT.g, Alogg, Av, and A{Fe/H},
where A means the star—Sun difference of the parameter’. The
results are given also in Table 4.

The correlations betwen the simple differences of the stan-
dard parameters (p*(star)—p®4(Sun)) and the solutions of dif-
ferential parameters (Ap), where p is any of Teg, logg, v,
and {Fe/H}, are shown in Fig. 3. As can be recognized from
this figure, both are mostly in good agreement. Although
we expected a quantitatively more appreciable change (with
a markedly improved precision) in the differential solution com-
pared to the standard one as was experienced in Paper II (see

5 We used the 5600-6800 A region of the Moon spectrum included
in the database of Takeda et al. (2005a) to evaluate the solar equivalent
widths.

% A denotes the logarithmic abundance in the usual normalization of
Ay = 12.00.

7 Note that A{Fe/H} is equivalent to [Fe/H] (EARY — A]S,‘el“) according
to the definition of {Fe/H} (=Af. — 7.50).
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Figs. 2a—d therein, which are equivalent to Figs. 3a—d in this pa-
per)®, it is certain that the precision in Ap has been improved
compared to p*"Y(star)—p*(Sun). Actually, the mean statistical
errors (averaged over all stars; individual errors vary from star
to star typically by a factor of $2-3 from these means) for the
four parameters evaluated in a manner described in Sect. 5.2
of Takeda et al. (2002) are 17 K, 0.04 dex, 0.09 km s7!, and
0.02 dex for the former, which are slightly better than those
of 20 K, 0.05 dex, 0.10 kms™!, and 0.02 dex for the latter.
Therefore, we will refer to the A values as the atmospheric pa-
rameters in the rest of this paper whenever possible (e.g., use
of AT when discussing the T.g-dependence of Ay;).

3.2. Distributions and mutual correlations

The resulting solutions of Alogg, Auv, and A{Fe/H} are plot-
ted against AT, in Fig. 4, where the correlation between B — V
and AT is also shown.

While we see from Fig. 4a that the distribution of Alogg is
slightly biased toward a lower gravity, it is not clear whether this
is meaningful, since our spectroscopic gravity may have been
somewhat underestimated for those stars in the low-gravity re-
gion (Sect. 3.3).

Figure 4b shows that v; tends to decrease toward a lower Teg
with a gradient of ~—0.1 km s71/100 K, which is consistent with
the global trend established in Fig. 2b of Paper 1. That this
tendency is recognizible even in a narrow Tg-interval of ~200 K

8 This fact (the improvement in the parameter precision is quantita-
tively inconspicuous) may be interpreted as follows. Compared to the
analysis in Paper I, the precision of EW measurement is lower in this
study (because of insufficient S/N ratios of the spectra) and the number
of the lines used are about half as small. Therefore, precisions in the so-
lutions are presumably determined by errors in the input observational
data (influencing equally both types of analyses), and not by errors due
to gf values or spectrum modeling (from which differential solutions
are almost free, unlike the standard solutions). Accordingly, the merit
of the differential solution may not have been much demonstrated.
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may suggest that the precision in our AT g is satisfactorily high
(with a resolution of ~20 K).

While the metallicities of our program stars are distributed
mostly around the solar value (Fig. 4c), several stars with ap-
preciably low AT.¢ as well as low A{Fe/H} are included, which
are located at the lower-right corner of this figure. This may be
interpreted as due to our solar-analog selection process based on
B — V colors; i.e., unwanted low-Teg, low-metal stars may hap-
pen to be inadequately picked up because they may accidentally
have near-solar B — V values (i.e., both effects of reddening and
blueing tend to cancel each other).

While the B — V vs. AT relation shown in Fig. 4d reveals
that the correlation is rather poor, this is primarily due to the fact
that stars with a variety of metallicities are mixed together. Since
the relation 6(B — V) ~ 0.16[Fe/H] approximately holds (e.g.,
Alonso et al. 1996), a scatter in [Fe/H] by a few tenths dex causes
a blurring of B — V by a few hundredths mag, which ecceeds the
typical intrinsic B — V error of ~0.01 mag (the average for our
sample stars). If the metallicity is known in advance or if a color
index less affected by the metallicity (e.g., V — K) is used, this
kind of uncertainty may be reduced. Yet, since even only the
intrinsic error of 5(B—V) ~ 0.01 mag itself leads to an ambiguity
of ~30-40 K in Teg for solar-type stars (Alonso et al. 1996),
color-based T.¢ determinations must have less precision than the
spectroscopic approach.

3.3. Age and mass

The stellar age (age) and mass (M) were evaluated by comparing
the position on the log L vs. log T diagram (theoretical HR di-
agram) with the theoretically stellar evolutionary tracks® in the
same manner as in described Paper IV (cf. Sect. 2.1 therein).
The theoretical tracks used here were those of Girardi et al.
(2000) computed “with overshooting” for different metallici-
ties (z) as shown in Figs. 5a,b, where our program stars are also
overplotted.

By using such determined M, we computed the theoreti-
cal log g7y (with the help of already known ngj and Hipparcos-

based L), which is compared with the spectroscopic log ¢*¢ in
Fig. 5c. We see from this figure that log ¢*'¢ appears to be some-
what lower than loggrpy at the lower gravity side (logg ~
4.2-4.3). Since such a tendency was not observed in the study
of general field stars in Paper I (cf. Fig. 5 therein), log g*¢
for those stars may have been systematically understimated by
~0.1-0.2 dex (possibly due to insufficient data quality/quantity),
which we have to bear in mind; for example, in interpreting
Fig. 4a.

As in Paper 1V, the reliability of the age solution was clas-
sified into three groups according to ¢, the difference between
log age (determined by interpolating tracks: adopted here) and
log(age)iso (determined in a superficially different manner by
interpolating isochrones), as [0] < 0.1 --- group A (reliable),
0.1 < |6 < 0.3 --- group B (tolerable), and 0.3 < || ---
group C (unreliable). The correlation between the resulting age
and M values is shown in Fig. 5d, where the reliability of age is
discerned by the difference in symbols and the error bars were
estimated from uncertainties in log L, log T, and log z as was
done Paper IV (cf. Sect. 2.1 therein for more details). We can see
from this figure that age and M of our solar-analog sample stars
tend to be anti-correlated with each other.

° That is, the age and M, to which we refer here, are the age,x and
M defined in Paper IV.
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Fig. 5. a) Our 118 program stars (symbols) plotted on the theoretical
HR diagram, where the theoretical evolutionary tracks of Girardi et al.
(2000) are also drawn for 10 mass values ranging from 0.8 to 1.7 My,
with a step of 0.1 My,, for three different metallicities: z = 0.008 (0.4 x
solar, dashed line), z = 0.019 (1x solar, solid line), and z = 0.030
(1.6 x solar, dotted line). b) Scale-up of panel a). ¢) Comparison
of the spectroscopically determined surface gravities (logg™?) with
those derived from the stellar fundamental quantities of Teq, L, and M
(log grm)- d) Relation between the mass and age derived from the evo-
lutionary tracks. The symbol type discriminates the reliability of age
(cf. Sect. 3.3): filled circles (good, class A), open circles (moderate,
class B), and crosses (poor, class C). See also Sect. 3.3 for the descrip-
tion of the error bars.

The complete results of these M and age determinations,
along with the related basic stellar quantities, are given in
Table 4.

4. Abundance and broadening-width
determinations

4.1. Model atmospheres

As to the atmospheric parameters for constructing the model
atmospheres of 118 target stars, we adopted the standard solu-
tions'? derived in Sect. 3.1.1 (Tesgl, log g*9, v}, and {Fe/H}")
as the Tex, logg, vy, and [Fe/H] to be assigned to each star. The
atmospheric models for individual stars were generated by inter-
polating Kurucz’s (1993) grid of ATLAS9 model atmospheres in
terms of Teg, log g, and [Fe/H] (assumed to represent the model

metallicity [X]).

4.2. Spectrum fitting of the 6080—-6089 region

Given the atmospheric models, we first applied the automatic
spectrum-fitting technique (Takeda 1995a) to the 6080-6089 A
region, in order to determine the abundances of Si, Ti, V, Fe,
Co, and Ni (Ag?gf, ASDSS - ASOBS - AGD8S Ag%“, and A?\ggs) and
the macrobroadening parameter (vy; e-folding half-width of the

10 This is because standard solutions (p*'9) are absolute parameters,
which can be directly/naturally applied to constructing model atmo-
spheres. Of course, we could alternatively use differential solutions (Ap;
cf. Sect. 3.1.2) by converting them to absolute values as ps + Ap; how-
ever the results must be practically the same (cf. Fig. 3).
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Gaussian macrobroadening function, fii(v) o exp[(—v/vm)?]) for
our 118 program stars and the Sun (Moon). See Sect. 3.2.2 of
Takeda et al. (2001) for more details of this procedure including
the adopted g f values.

Since such derived vy includes the contribution of instru-
mental broadening corresponding to the resolving power of
R ~ 70000 (Sect. 2), this effect (Gaussian FWHM of ~3 X
10°/70000 ~ 4.29 kms~!, which corresponds to the e-folding
half-width of 4.29/(2VIn2) ~ 2.57 kms™!) was subtracted to
obtain the atmospheric macrobroadening parameter v, which

is defined as vy = vlzvl —2.57? and represents the combined

effects of projected rotational velocity (v, sin ) and macroturbu-
lence velocity dispersion (vy,); see, e.g., Gray (2005).

The finally established solutions of Ag(i)gs’ A?,OSS, Agggs’ Ag(z)gs’

A, and vy, are given in (electronic) Table 5, and the theoret-
ical spectra corresponding to the final best-fit solutions (along
with the observed spectra) are shown in Fig. 6.

The resulting synthesis-based [Fe/H]%® (=A% — A%%) are
compared with the already determined equivalent-width’based
[Fe/HI™ (A3 — AR ; Sect. 3.1.1) in Fig. 7a. While the former
tends to be slightly lower than the latter by ~0.03 dex on average,
we may regard that the agreement is mosly reasonable, consid-
ering the not-so-high quality of the spectra. The [X/Fe]6%% vs.
[Fe/H]%%5 relations for Si, Ti, V, Fe, Co, and Ni are plotted in
Figs. 7b—f, from which we can confirm that the general tendency

is similar to the results of Paper IV (cf. Fig. 10 therein).

4.3. Analysis of the Li 6708 line

We then determined the lithium abundances from the Li I res-
onance doublet at 6708 A (or the upper limits if this line is too
weak to be measurable) in the same manner as in Paper II, which
should be consulted for detailed descriptions of this procedure
consisting of three consecutive steps:

(i) automatic profile fitting (in LTE) to determine A[{";
(ii) inversely synthesizing (in LTE) the Li 6708 line equivalent
width (EWe70s) with ALTE as given;

(iii)) non-LTE analysis of EWg70g to obtain AELTE;

In applying step (i) to each star, we carefully examined the spec-
trum feature of the Li I 6708 line, and classified individual cases
into three groups:

— Group (a): the line has a sufficiently large strength and the
resulting Ay is fairly reliable.

— Group (b): a slight depression-like feature is barely observ-
able (though not confidently) at the position of the line, and
we managed to derive Apj, which however may suffer con-
siderably large uncertainties.

— Group (x): we could not detect any sign of depression for
the Li 1 6708 line, and jumped to step (iii) with an estimated
upper limit of EWe7os.

The resulting best-fit theoretical spectra (and the observed spec-
tra) around this Li I 6708 region are shown in Fig. 8. The results
of this analysis are presented in (electronic) Table 6, which con-
stitute the basic data for our discussion about Ap; in the next
section, where we will concentrate primarily on group-(a) stars.

Then, what about the errors in such established Li abun-
dances? Regarding the precision in the resulting Ay;, the same
argument as given in Sect. 3.3 of Paper II holds for the error com-
ponents caused by uncertainties in atmospheric parameters (i.e.,
well below <0.1 dex). Due to the algorithm of our automatic
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Fig. 6. Synthetic spectrum fitting analysis of the 6080-6089 A region to determine the macrobroadening parameter as well as the abundances of
Si, Ti, V, Fe, Co, and Ni. The best-fit theoretical spectra are shown by solid lines, while the observed data are plotted by symbols. A vertical offset
of 0.1 is applied to each relative to the adjacent ones. Indicated on the left to the spectrum is the HIP number, while the case of Moon (Sun) is
displayed at the lower-right of the figure.

profile-fitting method (Takeda 1995a) which does not require

any information on the precise continuum level prior to analy-
sis, errors caused by ambiguities in the continuum-placement are
not relevant here. Meanwhile, errors in EW(Li I 6708) related to
S/N-dependent photometric ambiguities are typically several mA

as inferred from the upper limit values, which are also consistent
to an order-of-magnitude with the estimations based on the re-
lation suggested by Cayrel (1988). Considering that 10 mA <
EW(Li16708) < 100 mA in most of our cases (cf. Table 6), we
may consider that the error of this kind is again insignificant,
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Fig. 7. Characteristics of the elemental abundances (AQ®, X = Si, Ti,
V, Fe, Co, and Ni) derived from the 6080-6089 A fitting. Note that
[X/HI = AP (star) — AS(sun), and [X/Fe]®® = [X/H]% —
[Fe/H]®5. While panel a) depicts the correlation between [Fe/H]%’%
and [Fe/H]*¢ (i.e., ordinate of Fig. 3d), panels b)-f) show the runs
of [X/Fe]% against [Fe/H]*® for Si, Ti, V, Fe, Co, and Ni,
respectively.

except for the case near to the detection limit. Consequently, the
general tendency of Ay; (ranging over ~2 dex), to be discussed
in Sect. 5, is hardly affected by errors involved in the abundance
determination.

5. Discussion: Li abundance behaviors
5.1. General trend

The resulting Li abundances (Ay;) for our targets of 118 solar
analogs are plotted against AT in Fig. 9a, where three groups
are distinguished by symbols and the solar abundance (ALic =
0.92; cf. Paper III) is also indicated. For comparison, we show
the Ay vs. Teg relation for field stars in Fig. 9b (the same as
Fig. 11b of Paper III), where the data for planet-host stars and
non-planet-host stars were taken from Israelian et al. (2004) and
Paper 111, respectively.

Inspecting Fig. 9a, we can see that the distribution is roughly
characterized by a triangle; i.e., a slanted boundary running from
A ~ 3at ATeg ~ 4200 K to A ~ 1 at AT.g ~ 0 K (below
which no stars exist), and a vertical boundary at AT ~ —100 K
(lower than which the Li line becomes suddenly invisible).

At the lowest edge (nearly at the apex) of this triangle zone
lies the Sun, which is apparently an outlier position among
the considerably large dispersion (X2 dex). Some (several to
~10) Li-invisible stars of near-solar T.g, for which only upper
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limits of Ar; could be estimated, may share the common prop-
erty with the Sun. However, little can be said about whether the
solar Apio (~1) is the lowest possible limit in this region or if
any of these associates have significantly lower Ap; than this,
until the Li line of these stars is intensively investigated based
on extremely high S/N (desirably 210%) data. Anyhow, our Sun
belongs to a minority group of Li-weak stars with respect to the
surface lithum abundance.

Since only 5 planet-host stars (HIP 26381, HIP 53721,
HIP 59610, HIP 90004, and HIP 96901) are included in our
sample (and Li could not be detected for 3 of them), a statis-
tically meaningful discussion on the effect of planets is difficult.
Nevertheless, we see the trend argued in Paper III (cf. Fig. 9b)
that A;’s of planet-host stars lie on the lower envelope at Teg ~
5800-5900 K. Namely, HIP 53721 and HIP 59610 are both on
the slantly-running lower boundary at AT.¢ ~ 100-0 K. Further,
considering that Ar; ~ 0.5 was derived by King et al. (1997)
for HIP 96901 (16 Cyg B) based on a very high S/N Keck
spectrum and the Sun has Ario ~ 0.9, all these four objects
(three planet host stars and the Sun) are located on the boundary
line of Ap; ~ 1 + 1 (AT./100 K). That is, as far as our sample is
concerned, all relevant planet-host stars (including our Sun) are
aligned on this boundary.

Besides, this boundary region appears to be separated by
a narrow gap running parallel to it, which further makes us
speculate that this elongated/isolated island might be a spe-
cial zone occupied by stars with planets. Anyway, those rele-
vant boundary-line still-non-planet-host stars (e.g., HIP 5176,
HIP 7918, HIP 18261, HIP 20752, HIP 33932, HIP 38853,
HIP 43557, HIP 44324, HIP 45325, HIP 55459, HIP 85810,
HIP 96184, HIP 104075, and HIP 116613) may deserve par-
ticular attention, since they might someday turn out to har-
bor planets.

5.2. Role of each stellar parameter

To study the origin of these characteristics, we examine whether
and how the distribution of A;; depends upon several stellar pa-
rameters which are considered to be important; i.e., Teg, age,
[Fe/H], and v;4py. Our discussion will be confined to the Ap; val-
ues of group (a) (reliably determined case; Sect. 4.3). As a pre-
requisite for this inspection, the mutual correlations of these key
parameters are shown in Figs. 10a—d.

5.2.1. T, age, and metallicity

It has been occasionally considered that Ay; in late-type stars
may be a function of T.g, age, and metallicity ([Fe/H]), since
the depletion of Li is considered to be determined by the convec-
tion zone depth (i.e., the efficiency of envelope mixing), which
depends on T.¢ and [Fe/H] in the sense that convection pene-
trates deeper as T.q/[Fe/H] becomes lower/higher, as well as by
the elapsed time (age). Actually, however, it is almost certain
that the situation is not so simple and some other (still unknown)
parameter must play a significant role (see, e.g., Pasquini et al.
1994, 1997, for detailed discussions).

We show Api-Teg—age and Ap—T.g—[Fe/H] relations in
Figs. 11 and 12, respectively. Combining these with Figs. 9
and 10, we see:

— While the global trend of enhanced Ap; depletion at
a lower T is obvious over a wide T, span, it is not clear
from these figures whether Ay; is sensitively affected by



672 Y. Takeda et al.: Li abundances in solar-analog stars

5L 4 L i -
001499 ashettag petttsetelites] (2638 Aomstssmmhestilisdel 1062175
001598 « 027435 Ooooeessfacgsiasg oo 062816 ofer g
001803 asassany, g2 1029432 MWM% 063048 A
004290 === £ 031965 e petasesennl (63636 Pt
005176 “Atsi pufyliweisiant )30 (73 Mersbemy, assimptiiosl  H)04150 “nppmminy arigfsnstns
006405 ooy oo (033932 064747 oo sossasiennfarmnstns
006455 W 035185 =ty 070319 taniiduphasasdttusreis
007244 Socressesg ' 035265 axesreonq ek © feresd | 072604 o%eﬂ@w%‘boo%”
007585 Hoersssny L (036512 atumsmsng p S sssmsanssd | 075676 Horsnmany pumsitertinionny
41607902 W, 1038647 “ - te76114 Wm
077749 “osasss

007918 W 038747 shnsasebes pasca,
ad 078217 osse>s

008486 ° 038853 % R} seFoPang o
009349 = 039822 PomRfRgpmmesed i [()85(042 ooy psesiesiesc

009519 “4 040] 18 aum“uumaisasinntian)  [)g5g]() s

009829 cocfeesspplpsapeifcssesy | (040133 oo prsacar ooy | (18894 O00moRN peiecionierence
010321 “fwerss ' 041184 “Aasmia, A4 1088945 AAW
011728 Foff S 041484 ©apsag X Al (089282 © = o
012067 “bemm i 041526 “waitn 8 080474 Sassasty ,‘ ‘
3to14614 W 1942333 om0 89912 coomesRnesey.

015062 043297 W 091287 sl
015442 AT pamtial | (043557 sdsmspmmnmetiond | (06184 W
016405 PP P27 1043726 096395 ey

017336 E W 044324 10964072 acbobes

Normalized intensity ( + const)

018261 044997 SFERAEFTS 096901 Wm

019793 “ g W £ 1045325 W 096948 smiay ympuppuiuiterss

019911 o=seeg 046903 &Ry oo™ 1097420

019925 “masing o} 049580 A = prtinl 10980) | st Sorf et
21620441 049586 T efoaufetons™ 1700963

020719 “wausaanss 049728 Olprriin,  postleetbontty (104075 st

020741 Py o AF0 049756 “eingrammr=a| 109110
020752 “eshstst L bl (050505 “ossseisqpmississsssss) | 110205 :
021165 P poige o] (151178 o bty 112504 W
021172 = 053721 Momssssss g it 1] |3579 shsttotaang

022203 T Forngag 4 054375 ForoRg,, 5% 113989 ey
023530 M iy 055459 7 pRpa™ 1115715 At

025002 % 055868 - 116613
059589 ¥k napmasnedtonst?

025414 4294

1525670 059610 "”“r&f“’““’“ _?ggggl

Fe Li Fe Li Fe Li
| 1 | 1 | 1 | 1 | 1 |

6706 | 6707 6708 6706 6707 6708 6706 6707 6708
Wavelength (A)  Wavelength (A) Wavelength (A)

Fig. 8. Synthetic spectrum-fitting analysis of the Fe I+Li I line feature at the 6707—6708 A region to determine the abundance of lithium. Otherwise,
the same as in Fig. 6.

a slight change in T.g, because its dispersion at a given T,y ~ — Figure 11b suggests a weak dependence of Ar; upon age as
is too large'!. expected, although it is not very manifest.

I However, Ar; may be sensitive to T.q, since the results for the se-
lected 26 solar-twin candidates having similar parameters (discussed decrease in AT.s) within a very narrow Ty interval of only ~100 K
in Appendix A) appear to imply such a decreasing trend (with a  (cf. Fig. A.1a).
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Fig. 9. a) Ay; vs. AT relation for the 118 solar analogs from our study.
The filled circles, half-filled diamonds, and open downward triangles
correspond to fairly reliable Ay; values (group (a)), rather uncertain
Ay, values (group (b)), and upper limits (group (x), for which the Li line
could not be detected), respectively. The large double-circle indicates
the solar Li abundance. Five planet-harboring stars, included in our
sample, are indicated by their HIP numbers. b) The Ay; vs. Tes rela-
tion for field stars, where the data for planet-host stars (center-dotted
symbols) and non-planet-host stars (simple symbols) were taken from
Israelian et al. (2004) and Paper III, respectively. The downward tri-
angles indicate the upper limits. This panel is a redrawn version of
Fig. 11b in Paper III.
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Fig. 10. Mutual correlations between the important parameters (AT,
Ur+ms age, [Fe/H]) for all our 118 sample stars. The data points are
grouped and expressed by different symbols according to the range
of logage (yr), while the reliability of age-determination is indicated
by the symbol size: large/middle/small symbol corresponds to reliabil-
ity class of A(high)/B(moderate)/C(low), respectively. a) vy vs. AT,
b) vem Vs. logage, ¢) log age vs. AT.q, and d) [Fe/H] vs. log age.

— We see from Fig. 10c that a weak correlation exists between
Teg and age, which may (at least partly) be the reason for the
non-detection of Li at AT.¢ < —100 K (Fig. 9a) since they
are comparatively old (~several to ten billions of years).

— According to Fig. 12b, a marginal [Fe/H]-dependence is
observed in Apr;. However, we do not consider this to be
a real metallicity effect, since the trend (increase of Ap;
with [Fe/H]) is the opposite to what is theoretically expected
(decrease of Ap; with [Fe/H], since an enhanced metallic-
ity would deepen the convection zone). Instead, this may be
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a) shows the Ay; vs. AT relation where the data points are grouped and
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the age-reliability class indicated by the symbol size; cf. the caption of
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Fig. 12. Metallicity-dependence of the lithium abundances for the
76 stars of “group (a)” (i.e., for which Aj;s were well determined).
The left panel a) shows the Ap; vs. AT relation where the data
points are grouped and expressed by different symbols according to the
range of [Fe/H], while the right panel b) displays the Ar; vs. A{Fe/H}
(=[Fe/H]) relation.

interpreted as due to the age-dependence of Ay ;, since [Fe/H]
is weakly correlated with age (Fig. 10d)'2.

— In this connection, Dominguez Cerdefia et al.’s (2006) ar-
gument, that the low-Li tendency of planet-host stars may
reflect a metallicity effect caused by deepened convection
zone (owing to their metal-richness), seems unlikely, since
we could not confirm such an Ay; vs. [Fe/H] anti-corelation
expected from theory.

5.2.2. Line-width dependence

As shown above, none of those three parameters (Tes, age, and
metallicity) appears to be the key factor clarifying the origin of
the considerable dispersion of Ay; in the homogeneous group of
solar analog stars, even if they show rather loose (but meaning-
ful) mutual correlations from a global point of view.

However, our analysis has suggested a promising parameter
which appears to decisively influence the extent of Ap; for such
stars of narrow parameter ranges; that is, the macrobroadening
width (vp4n). Figure 13 shows the v;,-dependence of Ay in re-
lation to its huge diversity in the Teg vs. Ar; diagram. In addition,
the results for the G-type stars in the Hyades cluster (obtained in
the same manner as this study; Takeda et al., in preparation) are
also plotted for comparison. As can be seen from Fig. 13b, Ar;

12 Similarly, since M (mass) is anticorrelated with age (cf. Fig. 5d),
the age-dependence of Ay; further leads to the correlation between M
and Ap;, which is observed in F-G type field stars (e.g., Chen et al.
2001; Paper II).
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Fig.13. Dependence of the lithium abundances upon v, for the
76 stars of “group (a)” (i.e., for which Ay;s were well determined). The
left panel a) shows the Aj; vs. AT relation where the data points are
grouped and expressed by different symbols according to the range of
Ur+m, While the right panel b) displays the Ay; vs. vy relation. In ad-
dition, the results for the 14 selected solar-analog G dwarfs (6000 K <
Tt < 5500 K) in the Hyades cluster, which were obtained in the same
manner as this study (Takeda et al., in preparation), are overplotted by
crosses for a comparison in both panels (stars higher or lower than T
of 5700 K are discriminated by St. Andrew’s crosses [X] or Greek
crosses [+], respectively).

has a significantly tight correlation with v, (namely, Ar; be-
comes higher with an increase in vy, ), which we may regard as
evidence for its importance.

We can also recognize from Fig. 13b that the Hyades solar-
analogs (age ~ 8 x 108 yr; cf. Dias et al. 2002) at +100 K 2
AT 2 —100 K closely follows this Ay; vs. v+ relation derived
from our sample stars (10° S age < 10'° yr; cf. Fig. 10c) in spite
of the considerable difference in age between these two groups.
This indicates that age does not play any significant role in the
diversity of Ay; in this narrow T range'>. Hence, we may con-
clude that Ap; is almost age-independent while strongly con-
troled by v, for those stars showing a large Ay; dispersion (at
+100 K 2 ATer 2 —100 K)'.

Then, which of the rotation (v.sini) and macroturbu-
lence (vy) would contribute more dominantly to producing the
Al VS. Upy relation, given that v, (ranging from 2 kms™!
to 10 kms™!) is actually a combination of these two effects?
Although any confident statement can not be made unless they
are separately determined (almost hopeless in the present case
because of insufficient data quality), we can speculate that v,
(equatorial rotation velocity)'? is the factor that affects Ay ;, since
such a considerable fluctuation of the macroturbulent velocity

13 There was a naive consideration that Li depletion progressively
goes on with age even around this solar T.s region, mainly from stud-
ies of open clusters (see, e.g., Fig. 5 of Hobbs & Pilachowski 1988,
which was also quoted by Ryan 2000). However, it has become clear
that the situation is not so simple, at least for comparatively aged stars
like our sample (although comparatively young clusters such as Pleades
and Hyades show a reasonable age/T.g-dependence of A;; without any
large dispersion). For example, Pasquini et al. (1997) found a consider-
able spread of Aj; in a solar-age cluster M 67.

14 This v,,,-sensitive trend of Aj; is confirmed for the 26 selected
solar-twin candidates (cf. Fig. A.1b in Appendix A) having similar val-
ues of stellar fundamental parameters, which may be counted as fur-
ther evidence that Ay ; is essentially determined by v, around the solar
Teq region.

15 Of course, since the actual contribution is v, sini, the (unknown)
inclination angle (i) comes as an uncertain factor. Yet, we can still make
a statistical argument.
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field'® among similar solar-type stars is hard to imagine (given
the fairly modest behavior of the microturbulence within 0.8 <
o S 1.2kms™; cf. Fig. 4b). Namely, the star-to-star variation in
Ve sin i may be the primary cause for the spread in vy, although
vmt Would be comparable with or even dominant over v, sin i at
small values of vy, (say, 2-3 km s7h.

Consequently, we may state that the stellar rotation (or the
angular momentum) is closely/directly involved in the surface
lithium abundance in the sense that higher Ay; (i.e., less deple-
tion) is realized in rapider rotating (larger v.) stars. Though this
scenario is just the opposite to what is believed for hot early-type
stars (i.e., rotation enhances mixing; see, e.g., Meynet 2000) and
intuitively not straightforward, it is interesting that such a ten-
dency was actually predicted from the theoretical side by Martin
& Claret (1996) in their Li abundance study of pre-main se-
quence stars; i.e., rapid rotation significantly inhibits the deple-
tion of Li. Therefore, it may be worth applying similar theo-
retical investigations to our mature solar-type stars, in order to
see whether any significant v.-dependence of Aj; may be repro-
duced. Furthermore, according to this scenario, the low-Li na-
ture of planet-host stars might suggest that such stars may have
lost their angular momenta in a way related to planets (during
the formation phase?). Again, contributions of theoreticians are
needed to examine this hypothesis.

5.3. Future tasks

We have thus found observational evidence that v, (the width
of the macrobroadening function) is responsible for the large dis-
persion of Ay; in solar-analog stars, which may further suggest
that the Li depletion critically depends on the stellar rotation (an-
gular momentum), and the trend of apparently lower Li abun-
dances in stars with planets (compared to normal stars) might
be interpreted in this connection. Yet, while such a finding is
a significant first step, the complex behavior of Li abundances in
these early G-type stars is still far from being well understood
and important tasks remain to be worked out.

More effort should be made to clarify the nature of stellar ro-
tation, in order to check our postulation that the v.,,-dependence
is really attributed to the rotation effect. Although it is not neces-
sarily easy to establish the projected rotational velocity (v, sin i)
separated from the macroturbulence, because the former is gen-
erally slowed down to a few kms™! and is often comparable
to (or even dominated by) the latter in this 7. region, it may
be practicable if data of very high quality (ca. §/N 2 1000 and
R ~ 100000) are available, as has been sometimes carried out
for the Sun by using the solar flux spectrum (e.g., Takeda 1995b).

Also, we should not forget the importance of activity-
monitoring observations (e.g., the strength of Ca 1 H+K core
emission), because they can provide a way of directly evaluating
the equatorial rotation velocity (v.) from the rotational modura-
tion period of such activity indicators. The significance of such
observations is also emphasized by the fact that the rotation rate
is closely related to the stellar activity.

16 This is mainly attributed to convective granular motions and typ-
ically has a depth-dependent value of {gr ~ 2—4 km s~ for the Sun
(Takeda 1995b), where {gr is the radial-tangential macroturbulent ve-
locity dispersion. This corresponds to vy, ~ 1-2 km s~! in terms
of the Gaussian-type macroturbulent velocity relevant here (f,(v) o
exp[—(v/ Um0 D), according to the relation of vy, =~ 0.4{rr (i.e., nearly
the same FWHMs of broadening functions are realized under this con-
dition; see, e.g., Fig. 17.5 of Gray 2005). More detailed information
about the macroturbulent velocity distribution functions (in comparison
with that of rotation) is given in Gray (1988).
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The data points in the A vs. AT distribution reported in
this study should be further enriched by increasing the size of
the sample. Especially, we are interested in clarifying the struc-
ture of the lower boundary zone (running from Ap; ~ 3 at
AT ~ 4200 K to Ar; ~ 1 at AT.g ~ 0 K): Does the narrow
gap along this boundary really exist? Is the region below this
line really a forbidden zone? In addition, as already mentioned
in Sect. 5.1, stars located on this boundary line may deserve par-
ticularly intensive examination (including radial-velocity moni-
toring) because the possibility of being planet-host stars might
be higher.

We require theoretical investigations to clarify the physi-
cal mechanism underlying the characteristic distributions of Ay,
since they still remain as a puzzle. For example, regarding the
connection between the Li depletion and the stellar angular
momentum (i.e., slower rotation tends to enhance depletion,
especially in relation to planet-host stars showing a trend of
Li-deficiency), which is suggested from the close correlation
between Ay; and v+, We need a firm theoretical basis specif-
ically directed to solar-type stars, such as was done by Martin
& Claret (1996) for pre-main sequence stars. Another important
task would be to theoretically explain the existence of the slant
lower-boundary of the Ay; distribution at AT ~ +200-0K; i.e.,
the reason why no star is allowed to exist below it, why it is so
sensitive to Teg, etc.

6. Summary and conclusions

In order to investigate the puzzling behavior of the surface
Li abundances known for solar-analog G-type stars (such as the
large dispersion amounting to 22 dex and the trend of systemat-
ically low Li seen in planet-host stars), we carried out an exten-
sive spectroscopic study on the Li abundances as well as stellar
parameters for 118 solar analog stars (selected by the photomet-
ric criteria of 0.62 < B—V £ 0.67 and 4.5 < My < 5.1) based on
the high-dispersion spectra obtained at Okayama Astrophysical
Observatory.

The atmospheric parameters (T.g, log g, v;, and [Fe/H]) were
spectroscopically determined by using the equivalent widths of
Fe I and Fe 11 lines following Paper I (absolute parameters) and
Paper III (differential parameters). The ages/masses were esti-
mated by comparing the positions on the theoretical HR dia-
gram with theoretical stellar evolutionary tracks. Then, the mac-
robroadening parameter (v..n; rotation plus macroturbulence)
and the Li abundance (Ar;) were established by the automatic
spectrum-fitting analysis applied to the 6080-6089 A region and
~ 6707-6708 A region (around the Li I doublet at 6707.8 A),
respectively.

The resulting Ap; vs. Teg relation turned out to show
a characteristic distribution (inverse-triangle shape) enclosed by
two clear-cut boundaries (the slanted one running from ~5900 K
to ~5800 K and the vertical one at ~5700 K), where our Sun
is located around its lowest apex. Havig examined the possi-
ble dependence of Ay ; upon various stellar parameters, we found
that Ay; is clearly correlated with vy, which must be the most
important key parameter responsible for the large dispersion.

With the reasonable assumption that the difference in stellar
rotational velocity is mainly responsible for the variety of vyim,
we conclude that the stellar angular momentum plays the de-
cisive role in determining the surface Li abundances of solar-
analog stars in the T.g range of ~5900-5700 K in the sense that
slow rotation enhances the depletion, and the low-Li tendency
of planet-host stars might be interpreted in this connection (i.e.,
slowed rotation).
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Appendix A: Solar twin'” candidates

This subject has long been a matter of interest for stellar spec-
tropists and not a few investigations have been made since
1970s; see, e.g., Cayrel de Strobel (1996) for a comprehen-
sive review concerning earlier studies. Thanks to intensive stud-
ies done by several groups in the past decade, a few specific
candidates for the “closest ever solar twin” are now known,
such as 18 Sco (=HD 146233 = HIP 79672; Porto de Mello &
da Silva 1997), HIP 78399 (=HD 143436; King et al. 2005),
and HD 98618 (=HIP 55459; Meléndez et al. 2006). Also,
Soubiran & Triaud (2004) reported the top-ten solar analogs in
the ELODIE library by using the y? test (i.e., search for stars
having spectra as similar to the solar spectrum as possible), in
which 18 Sco was ranked as the best solar-twin target with its
highest resemblance.

The complete differential technique (Paper III), which
we adopted to establish AT.s, Alogg, Av, and A{Fe/H}
(cf. Sect. 3.1.2), is suitable for application to such a solar-twin
survey, since such stars should have all these four A values as
close as zero'®. Therefore, from our 118 solar-analog targets,
we selected 26 stars of particularly high resemblance to the
Sun by the criterion that all four conditions of |[AT.s| < 60 K,
|Alogg| < 0.15, |Av| < 0.1 kms™!, and |[A{Fe/H}| < 0.1 are
simultaneously satified (we chose these ranges rather arbitrar-
ily by consulting the extents of their dispersions in Figs. 4a—c).
The properties of these 26 stars are summarized in Table A.1,
where the values of the similarity indicator (o) defined as
02 = (AT/60)* + (Alog g/0.15)* +(Av/0.1)* +(A{Fe/H})? are
also given. In analogy with Fig. 13, the Ay; vs. AT.q and Ay; vs.
Ur+m correlations are depicted in Fig. A.1. While these selected
targets are considered to be similar to each other in terms of the
four atmospheric parameters, we recognize from Fig. A.1 that
their Ar; exhibit some trends with respect to Teg and vy €ven
within such narrow parameter ranges (as already remarked at
the footnotes in Sects. 5.2.1 and 5.2.2), which may imply a close
connection between Teg and vy4m. Such a vy -dependence of Ay
substatiates our argument presented in Sect. 5.2.2.

What is the most similar star to the Sun in our se-
lected sub-sample? Regarding the three objects (HIP 79672,
HIP 78399, and HIP 55459) reported as “very close solar-twins”
by the above-mentioned studies, two of them (HIP 79672 and
HIP 55459) are included in our selection with o values of 0.309
and 0.591 (while we can not say anything about HIP 78399,

17 We use the term “solar twin” for those special objects which have
particularly high similarity to the Sun (even among the solar-analog
group)with respect to spectra as well as stellar parameters.

18 One might consider that the similarity of T.q, log g, v, and A, can-
not be a sufficient condition (though it is a necessary condition) for
two stars being identical. Namely, even if the equalities of Teg; =~ Teq
and g, =~ g, were observationally confirmed, the inequalities of L, # L,
and M, # M, might in principle be possible in the coincidental case
where log(L,/L;) =~ log(M,/M,) is satisfied (recall the relation of
log(Li/Ly) — log(M/M>) = 410g(Tesr,1 / Terr2) — log(g1/g2)). However,
we confirmed by theoretical stellar evolutionary tracks that such equal-
ity and inequality relations in terms of L and M are never realized si-
multaneously (i.e., the log L-difference is actually much larger than the
log M-difference) at the same T and metallicity and thus this possibil-
ity can be excluded. In other words, two stars having the same values of
these four atmospheric parameters may safely be considered to occupy
the same position on the HR diagram; i.e., with the same age.
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Table A.1. Selected stars with particularly high resemblance to the Sun.
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Star AT,z Alogg Av,  A{Fe/H} M logage  Quge  Urim Ari qLi loa

HIP 7585 +0.2  -0.009 +0.04 +0.067 1.02 9.68 A 2.66 1.84 a 0391
HIP 8486 +30.2 -0.002 +0.09 -0.055 0.97 9.69 C 2.72 2.55 a  0.608
HIP 9349 +19.7 -0.064 +0.03 +0.012  1.00 9.73 A 2.60 2.06 a 0332
HIP 11728 -50.7 -0.055 +0.01 +0.033 1.01 9.48 B 249 (<1.03) x 0492
HIP 19925 -19.5 +0.041 -0.01 +0.064  0.99 947 C 2.70 1.61 a 0402
HIP 25002 -54.6 —-0.029 +0.09 -0.096 0.99 9.56 C 3.53 2.38 a  0.806
HIP 31965 +10.2 -0.111 +0.01 +0.051 1.01 9.87 A 2.49 1.00 b 0.464
HIP 32673 -30.9 +0.138 —0.07 +0.075 1.02 9.50 B 228 (<1.04) x 0.755
HIP 35265 +51.8 —-0.055 +0.06 -0.009 1.00 9.79 A 2.24 2.01 a 0559
HIP 38647 —-48.3 -0.028 —-0.03 +0.012  1.00 9.43 A 2.83 2.13 a 0518
HIP 43557 +41.2 -0.030 +0.05 -0.061 1.00 9.80 A 343 1.50 a 0579
HIP 49728 -21.1 —-0.044 —0.02 -0.064 1.00 9.60 C 241 (<1.05) x 0422
HIP 49756 -35.1 -0.145 +0.01 +0.027 1.02 9.58 C 2.51 1.34 a 0614
HIP 55459 +51.1 -0.037 +0.03 +0.072  1.03 9.58 A 2.70 1.58 a 0591
HIP 59610 +59.1 -0.129 +0.07 -0.066 1.02 9.63 B 2.57 1.62 a 0812
HIP 62816 +31.8 —0.028 —0.08 +0.069 1.02 9.49 B 3.68 2.16 a 0.624
HIP 64150 -14.4 +0.014 +0.03 +0.067 1.04 9.63 B 256 (<1.04) x 0.397
HIP 75676 -6.0 -0.031 -0.08 -0.090 0.98 9.62 A 254 (<1.07) x 0.614
HIP 76114 -34.0 +0.056 +0.00 -0.003 1.01 9.59 C 2.23 0.91 b  0.388
HIP 79672 +1.7  -0.056 -0.03 +0.039 1.02 9.66 A 2.66 1.63 a 0309
HIP 88194 —-49.2 -0.043 +0.01 -0.071 0.97 9.67 C 225 (<0.83) x 0.625
HIP 96901 -24.2 -0.121 +0.00 +0.086  1.01 9.77 B 238 (<1.06) x 0.637
HIP 96948 -8.8 —-0.003 +0.06 +0.097 1.04 9.62 C 2.30 1.52 a 0577
HIP 97420 +32.3 +0.002 +0.04 +0.064 1.01 9.65 B 2.84 2.22 a 0497
HIP 100963 -1.6 -0.026 —0.02 -0.012 1.00 9.71 A 2.70 1.72 a 0.146
HIP 112504 -16.0 -0.064 -0.01 +0.020 1.02 9.63 C 2.40 2.01 a 0289

Note. The A values are the parameter differences (relative to the Sun) for T (K), log g (dex), v, (kms™'), and {Fe/H} (dex), which were derived
as results from the complete differential analysis (Sect. 3.1.2). The units of the other quantities are as follows: M (in M), age (in yr), vy (in
kms™'), A; (with the normalization of Ay = 12.00). See the text for more details regarding the age-reliability class (Quage; Sect. 3.3), the grade of
Ay i-determination (gy;; Sect. 4.3), and the relative-to-Sun similarity index (o-; Appendix A).
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Fig. A.1. Plots of Ay; vs. ATeq (left panel a)) and Ay vs. vy (right
panel b)) correlations for the 26 stars showing particularly high sim-
ilarities to the Sun (with respect to the stellar parameters) among our
sample stars (cf. Table A.1). See the caption of Fig. 9a for the meanings
of the symbols.

since it was not observed). However, among the 28 objects in
Table A.1, the closest Sun-like star is HIP 110963 with the small-
est o of 0.146. Since its similarity to the Sun has never been re-
ported so far (at least to our knowledge), we propose this star as
another very good solar-twin candidate. The remarkable resem-
blance of the spectra between HIP 110963 and the Sun is demon-
strated in Fig. A.2, where the spectrum of HIP 79672 (=18 Sco;
the top-ranked solar twin in the top-ten list of Soubiran & Triaud
2004) is also shown for comparison. Thus, HIP 110963 equally
deserves the name of “closest-ever solar twin”.

However, all these good solar-twin candidates (HIP 110963,
HIP 79672, HIP 78399, and HIP 55459) are markedly
different from the Sun in terms of the Li T 6708 line strength
(or the surface Li abundance) in spite of the striking similar-
ity of fundamental stellar parameters; that is, their Ap; values
of 1.5-1.8 (cf. Table A.1; King et al. 2005 for HIP 78399)
are significantly larger than Ap;o of 0.92 (Paper II), which is
clearly recognized also by visual inspection of the spectra (e.g.,
Fig. A.2). According to the tentative conclusion in Sect. 5.2.2
that stellar rotation may be the key parameter'® responsible for
producing a variety of Ay ;, we speculate that the rotational veloc-
ities of these stars may be larger than the solar v, of 2.0 km s~
(siderial value; or 1.86 kms™' in the synodic case). It would
be worth trying to check this hypothesis observationally as pro-
posed in Sect. 5.3.

Somewhat ironically, stars with very high relative-to-Sun
similarities of stellar parameters show considerably differ-
ent/stronger Li line strengths, while the coincidence of stel-
lar parameters is not satisfactory for those showing very weak
Li feature like the Sun. This fact makes us wonder whether such

19 This argument may be supported by a consideration from a more
fundamental point of view. That is, recent stellar evolution theory tells
us that any two stars should be identical if the (1) initial angular momen-
tum, (2) initial mass, (3) initial chemical composition, and (4) age, are
the same for both. Then, if the atmospheric parameters (7.g, logg, vy,
and Ag.) are equal, the similarity of (2)—(4) is automatically guaranteed
(because the same position on the theoretical HR diagram is occupied
with the same metallicity). In such a case, the only possible reason that
can produce different characteristics between two stars would be the
difference in (1); i.e., stellar rotation.
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Fig. A.2. Comparison of the spectrum portions of HIP 79672 (=18 Sco;
one of the closest-ever solar twins; cf. Porto de Mello & da Silva 1997,
and Soubiran & Triaud 2004), HIP 100963 (another closet-class can-
didate newly nominated in this study), and the Sun: a) 6075-6100 A
region, b) 6695-6720 A region, and ¢) 6705-6711 A region. An ap-
propriate vertical offset is applied to each spectrum (0.25 in a) and b),
and 0.1 in ¢)). In the lower parts of panels a) and b), the star/Sun resid-
uals are also displayed to demonstrate their remarkable similarity to the
solar spectrum.

an ideal solar twin ever exists that satisfying both requirements,
which is related to the question “Is our Sun normal or peculiar
when it is seen as a star and compared to other solar analogs?”’
(see also Gustafsson 1998 or Giampapa 2005).
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