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Abstract. We present and discuss new determinations of metallicity, rotation, age, kinematics, and Galactic orbits for a com
plete, magnitude-limited, and kinematically unbiased sample of 16682 nearby F and G dwarf stars. Our -63000 new, accurate 
radial-velocity observations for nearly 13500 stars allow identification of most of the binary stars in the sample and, together 
with published uvbyf3 photometry, Hipparcos parallaxes, Tycho-2 proper motions, and a few earlier radial velocities, complete 
the Idnematic infOlmation for 14139 stars. These high-quality velocity data are supplemented by effective temperatures and 
metallicities newly derived from recent and/or revised calibrations. The remaining stars either lack Hipparcos data or have fast 
rotation. 
A major effort has been devoted to the determination of new isochrone ages for all stars for which this is possible. Particular 
attention has been given to a realistic treatment of statistical biases and error estimates, as standard techniques tend to under
estimate these effects and introduce spurious features in the age distributions. Our ages agree well with those by Edvardsson 
et al. (1993), despite several astrophysical and computational improvements since then. We demonstrate, however, how strong 
observational and theoretical biases cause the distribution of the observed ages to be very different from that of the true age 
distribution of the sample. 
Among the many basic relations of the Galactic disk that can be reinvestigated from the data presented here, we revisit the 
metallicity distribution of the G dwarfs and the age-metallicity, age-velocity, and metallicity-velocity relations of the Solar 
neighbourhood. Our first results confirm the lack of metal-poor G dwarfs relative to closed-box model predictions (the "G dwarf 
problem"), the existence of radial metallicity gradients in the disk, the small change in mean metallicity of the thin disk since 
its formation and the substantial scatter in metallicity at all ages, and the continuing kinematic heating of the thin disk with an 
efficiency consistent with that expected for a combination of spiral arms and giant molecular clouds. Distinct features in the 
distribution of the V component of the space motion are extended in age and metallicity, con'esponding to the effects of stochas
tic spiral waves rather than classical moving groups, and may complicate the identification of thick-disk stars from kinematic 
criteria. More advanced analyses of this rich material will require careful simulations of the selection criteria for the sample 
and the distribution of observational errors. 
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1. Background and motivation 

Send offprint requests to: B. Nordstrom, The Solar neighbourhood is the benchmark test for models of 
e-mail: birgitta@astro.ku.dk 

the Galactic disk: the stars in a sample volume around the Sun 
* Based on observations made with the Danish 1.5-m telescope 

provide a first estimate of the mass density of the Galactic disk 
at ESO, La Silla, Chile, and with the Swiss I-m telescope at 

near the plane. Their distribution in age is our record of the star Observatoire de Haute-Provence, France. 
formation history of the disk. Their overall and detailed heavy** Complete Tables 1 and 2 are only available in electronic form at 

the CDS via anonymous ftp to cdsarc. u-strasbg. fr element abundances as functions of age are the fossil record 
(13&.79.128.5) or via of the chemical evolution and enrichment history of the disk. 
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/418/989 Finally, the space motions and Galactic orbits of the stars as 
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Figure 17. Identification of stars associated with the overdense region of constant eccentricity in the APL space. The (blue) asterisks 
correspond to Group 1 (120 stars), with [Fe/H] E [-0.45, -0.2) dex; the (green) triangles to Group 2 (86 stars): [Fe/H] E [-0.7, -0.45) 
dex; and the solid dots to Group 3 (68 stars): [Fe/HI E [-1.5, -0.7) dex. Note that the various groups are distributed slightly differently 
in the APL-space. The black small dots correspond to all stars in the N04 sample with [Fe/H]< -0.2 dex. 

of satellites that have given rise to the structures with ec
centricity 0.3 :S: € < 0.5. It is clear from the metallicity 
distribution shown in Fig. 14 that the satellites that have 
contributed to this region of phase-space, must have been 
relatively massive to be able to contribute a large number 
of stars with [Fe/H] ~ -0.5 dex. The extent of the overden
sities in the APL-space are similar to that seen in the simu
lation discussed in Sec. 3.2, which corresponds to a satellite 
of ~ 4 x 108 M0 in stars. 

We now focus on the metallicity distribution of the stars 
located in the overdense segment of eccentricity identified 
previously. We have divided the eccentricity interval [0.3, 
0.5) into four small intervals. The metallicity distribution 
obtained is shown in Fig. 16. The top panel corresponds to 
stars located near the lower limit, while the high-eccentricity 
end is shown in bottom right panel. Note that the metallicity 
distribution of the stars in these two groups is very different. 
The stars with eccentricities close to € ~ 0.3 are predom
inantly more metal-rich, their distribution peaks around 
[Fe/H] ~ -0.4 dex. On the contrary, stars with high or
bital eccentricity € ~ 0.45, are more metal~poor on average. 
Note as well, that there seems to be a third peak in metallic
ity [Fe/H] ~ -0.6 for stars with intermediate eccentricities, 
as depicted in the top right panel. It is clear that in all ec
centricity ranges, there is a contribution from two or more 
groups of stars with similar metallicities. However, the rel
ative contribution of these groups varies as the eccentricity 
changes. The fact that the characteristic metallicity of the 
stars in this region of the APL-space varies with orbital ec
centricity (in a discontinuous fashion) leads us to conclude 
that more than one disrupted galaxy has deposited debris in 
this region of phase-space. Note that the single satellite case 

would imply a narrow distribution of [Fe/H], which is inde
pendent of eccentricity, and is not consistent with Fig. 16. 

Debris from disrupted galaxies is expected to have a 
somewhat extended distribution of eccentricities, as shown 
in Fig. 5. This fact together with the above analysis, suggests 
that it is better to identify the various satellites using the 
metallicity distribution of the stars in this region of phase
space, rather than to do so on a purely dynamical basis. 

We explore further this line of thought by separating 
the set of stars in this region of the APL space into three 
metallicity groups, according to the characteristics of the 
histograms shown in Fig. 16. We focus on three groups with 
[Fe/H] 2 -0.45 (Group 1; 120 stars), -0.7 :S: [Fe/H] < -0.45 
(Group 2; 86 stars) and -1.5 :S: [Fe/H] < -0.7 (Group 3; 68 
stars), which roughly correspond to the peaks/bumps seen 
in the right-hand side panel of Fig. 14. 

Figure 17 shows the distribution of stars in this over
dense region of the APL-space, colour-coded according to 
their metallicity. Note that there is considerable overlap be
tween the different groups, but that some are more domi
nant in certain regions of phase-space (as discussed before). 
For example, the more metal-rich stars preferentially have 
higher L. for a given apocentre. Figure 18 shows their veloc
ity distribution. The "banana" pattern in the upper panels 
is the same as that seen in Fig. 4 for satellite debris. Note 
that the more metal-rich stars (in blue; left panels) tend to 
have significantly smaller z-velocities. In fact the z-velocity 
dispersion decreases with metallicity. For Group 1: 17. ~ 28 
km s-t, for Group 2: 17. ~ 39 km s-\ while for Group 3: 
17. ~ 52 km S-l. While a similar trend of increasing vertical 
velocity dispersion with metal1icity exists for thin disk stars, 
it is by no means comparable to the abrupt changes seen for 
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Figure 18. Velocities of stars (in km s-l) associated with the 
groups shown in Fig. 17. Note that the velocity distribution in the 
z-direction (second and third panels) is very different for each 
group. Compare to the velocity distribution of satellite debris 
shown in Figure 4. 

this set of stars. As a comparison, if we consider stars in 
the N04 sample with E ::; 0.2 and group them according to 
the same three metallicity bins, the z-velocity dispersions 
obtained are 16, 19 and 19.5 km s-lrespectively, i.e. almost 
independent of [Fe/H]. For higher eccentricity stars, those 
with 0.2 ::; E ::; 0.3, O'z is 23, 30, 32 km s- l in the same three 
metallicity bins, again indicative of small variations with 
[Fe/H]. Therefore the strong dependence of the z-velocity 
dispersion with metallicity found for the stars in the over
dense segment of constant eccentricity of the APL-space is 
unique to this special set of stars. It constitutes another 
manifestation of the particular nature of the stars found in 
this region of phase-space. 

4.5.2 Age distribution 

Let us now focus on the age distribution of the stars in 
Groups 1, 2 and 3. The most reliable way to determine the 
age pattern of these stars is by means of their HR diagram. 
We prefer not to use the individual ages derived by N04 be
cause of the large error bars. The determination of individual 
ages for stars is subject to large uncertainties, and it is more 
reliable to try to establish whether the stars in a given group 
are mostly young or old, and to obtain a rough estimate of 
their ages using isochrones. Since binary stars generally in
troduce more scatter in the HR diagram, we will not include 
these in the analysis. The identification of binaries has been 
done spectroscopically and visually (see Sec. 3.2.4 of 04). 

The uncertainty in the location of a star in the HR di
agram comes from two sources. Since the average error in 

Figure 19. HR diagram for the 88 single stars in Group 1. The 
uncertainty in the location of a star in this diagram is ~ 50 
100 K in the x-direction and 0.2 magnitudes in the y-direction, 
that is roughly twice the symbol size. Overplotted are two sets of 
isochrones with metallicities close to the maximum (right-most) 
and minimum values (left-most) found in this group, and for an 
8 Gyr old (solid) and a 12 (dashed) Gyr old population. In all 
cases, the isochrones correspond to an a-enhanced population, 
with [a/Fe] = 0.4 dex. 

the temperature is small (of the order of 50 K to 100 K), it 
is mostly driven by uncertainties in the absolute magnitude, 
which arise from the distance determination. On average, 
the relative distance errors are in the 10% - 13% range. 
This implies an uncertainty in the absolute magnitude of 
"" 0.2 mag. 

In Figure 19 we plot the HR diagram of the 88 single 
stars in Group 1. It shows some very distinct features: i) 
there are very few young stars; ii) there is evidence of two 
turn-off points around Mv "" 3.7 and Mv "" 4; iii) there 
is a clearly demarcated subgiant branch region. To establish 
whether and how these features are linked, we have explored 
the Yonsei-Yale single stellar population library5 by Yi et 
al. (2001), and last updated by Demarque et al. (2004). In 
Figure 19 we overplot the sets of isochrones that best match 
the various features as judged by eye-ball inspection. Two 
isochrones correspond to a low age of 8 Gyr (solid curves), 
that fit well the location of the brightest TO point. Each 
of these two isochrones is for a different metaJlicity that is 
close to the maximum and minimum values found in Group 
1: -0.5 dex and -0.25 dex, respectively. A second set of 
(older) 12 Gyr isochrones (dashed curves) reproduces well 
the location of the fainter TO point, and yields an almost 
perfect match to the location of the stars on the upper main 
sequence. 

5 http://www-astro.physics.ox.ac.uk/~yi/yyiso.html 
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Figure 20. HR diagram for the single stars in Group 2. Over
plotted are three sets of isochrones with metallicities close to the 
maximum (right-most) and minimum values (left-most) found in 
the group, and for [a/Fe] = 0.4 dex. The 8 Gyr (solid) repro
duces well the location of the TO point around Mv ~ 3.6. The 
intermediate 12 Gyr isochrone (dashed) matches the second TO 
point at M v ~ 4.5, while an older 16 Gyr isochrone appears to 
be required to fit the location of the stars around Mv ~ 4.7 and 
logTef f ~ 3.74. Compare with the HR diagrams of Group 1 and 
3 shown in Fig. 19 and Fig. 21, respectively. 

We can obtain an estimate of the relative importance 
of the two populations by focusing on the region delimited 
by 3.5 :s: Mv :s: 5.5, where the 8 Gyr and 12 Gyr isochrones 
show the least overlap. We shall say that a star belongs to 
the 8 (12) Gyr population if it is found to the left (right) 
of the most-metal rich 8 Gyr isochrone. Out of the 73 stars 
located in this region, 25 can be associated with the younger 
isochrone, while the remaining 48 appear to be older. There
fore, the ratio of the young to the old population in Group 
1 is roughly 1:3 versus 2:3 with respect to the total number 
of stars in this group. It is worth noting that the kinemat
ics of these two populations are indistinguishable from one 
another. 

Figure 20 shows the HR diagram for the 57 single stars 
in Group 2. Like in the case of Group 1, few young stars are 
present, and the subgiant and the bottom of the red giant 
branches can be clearly identified. Furthermore, besides the 
two TO points visible around Mv rv 3.6 and Mv rv 4, there 
is possibly a third turn-off point at Mv rv 4.5. We have 
overplotted the 8 Gyr old and the 12 Gyr old isochrones 
for two metallicities [Fe/H] = -0.75 dex and [Fe/H] = -0.5 
dex, which are close to the maximum and minimum values 
found in this group. Note that none of the 8 Gyr and 12 
Gyr old isochrones provides a good match to the group of 
stars with Mv rv 4.7 and logTeff rv 3.74. This is why we 
have also plotted a third set of isochrones corresponding to 
an age of 16 Gyr which fit the features better. We estimate 
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Figure 21. HR diagram of all single 41 stars in Group 3. Over
plotted are two sets of isochrones with similar metallicity as the 
maximum (right-most) and minimum values ([Fe/H]~ -1 dex; 
left-most) and to 12 Gyr (solid) and 14 (dashed) Gyr of age, for 
[a/Fe] = 0.4 dex. Unlike for groups 1 and 2, the stars in group 3 
are consistent with having all the same age, around 14 Gyr. 

the relative importance of the populations associated with 
these three sets of isochrones by focusing on the region in 
the HR diagram defined by 3.5 :s: Mv :s: 5.5. Out of the 41 
single stars located here, 6 can be associated with the 8 Gyr 
isochrones (rv 15%), 15 stars to the 12 Gyr old (rv 36%) and 
the remaining 20 stars (rv 49%) to the 16 Gyr old isochrones. 

In Figure 21 we show the HR diagram of Group 3. In 
this case, the dearth of young stars is even more striking than 
for Groups 1 and 2. Like before, the subgiant and red giant 
branches are quite prominent. However, only one TO point 
can be clearly identified for Group 3, around Mv rv 4.3. 
This TO is fainter than what was found for Group 1 and 
is slightly brighter than the weakest one in Group 2. For 
completeness, we have overplotted two sets of isochrones for 
12 Gyr and for 14 Gyr, but the overall features of the HR 
diagram seem to be well reproduced by the older 14-Gyr 
isochrone. 

In our exploration of the stellar population libraries, 
we have found that better matches to the location of the 
features (especially the main sequence) in the various HR 
diagrams could be obtained for a-enhanced populations, in 
particular those with [a/Fe] = 0.4. This a-enhancement is 
of similar magnitude to that found in Galactic halo stars, 
although it occurs at a relatively high-metallicity ([Fe/H] ~ 

-1 dex) compared to the halo. This result would suggest 
that the stars in Groups 1, 2 and 3 were formed from ma
terial that had been previously enriched both by type I and 
type II supernovae, but predominantly by the latter. Un
doubtedly spectroscopic abundances are required to confirm 
this speculation. 

We now summarise the discoveries made in the last two 
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believe that the canonical models are basically correct. 
Regarding composition uncertainties, a number of 

comments may be made. First, as VandenBerg (1985) 
discusses more fully, had no oxygen overabundance been 
assumed, an age higher by about 0.7 Gyr would have 
been found. This result is illustrated in the upper right
hand panel of Figure 19. Note that the location of the 
horizontal branch is not significantly affected by the 
change in the assumed oxygen content and that, relative 
to Figure 18, the predicted colors are slightly bluer (by 
0.01 mag) ifscaled solar abundances are assumed. For the 

sake of completeness, we provide listings of the 
isochrones and ZAHB for [Fe/H] = -0.65 and [O/Fe] == 
0.0 in Tables XII and XIII, respectively. 

We also illustrate, in the lower panels of Figure 19, fits 
to the data of VandenBerg and Bell (1985) isochrones for 
[Fe/H] = -0.79 and [Fe/H] = -0.49. These assume a 
helium content ofY = 0.20 and solar-number abundance 
ratios of the heavier elements. In both instances, for 
distances based on fits of computed ZAHBs to the lower 
envelopes of the observed HB distribution, ages in the 
Vicinity of 16 Gyr are obtained. This results from the close 
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range of [m/H]. Finally, the most serious problem is the steep slope of the main 
sequence in the colour-magnitude plane. Relative distances are estimated by 
making a vertical sliding fit ofone duster's unevolved main-sequence position to a 
second cluster's or to the sequence of local subdwarfs. For lines with a non-zero 

in the horizontal (colour) scale are magnified in the vertical 
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sketched it, we considered only the region from the HB up in our obse.r.yational errors may be I 
the comparison, and we found no revision of our initial sub ed. We attempted to draw or 
jective sequence to be necessary. through the greatest concentrat 

If the main sequence is in fact broad and asymmetric, this urge to draw it through the cent 
would suggest that either field stars or optical or physical gram in the upper panel of Fig. 
double stars may be contributing to the scatter; conversely, 12's main-sequence stars as a fl 

B - V color from our adopted t 
the magnitude range 20.1 < V < : 

TABLE IV. Nonnal points for Pal 12's principal sequence.	 peak near ~ B _ V = 0 indicates 01 
successful in following the ridg' 
least to within "",0.005 mag on a'V B-V V B-V V B-V 
interval, in spite of the extendec 

14.60 1.600 17.25 0.908 19.83 0.600	 distribution. The bottom panel 
14.68	 1.550 17.50 0.878 19.85 0.550 asymmetry of the distribution c 

12's main-sequence ridge lin14.77 1.500 17.75 0.851 19.95 0.500 
'A T I' A '- T"""- 'f i'"\ /1 , 
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FIG. 12. Comparison ofour fiducial sequences for Pal 12 (connected dark 
circles, and the large dot representing the red horizontal branch) to pub
lished sequences for 47 Tuc (Hesser et al. 1987, shown as solid curves) 
and M5 (light circles are normal points from Richer and Fahlman 1987; 
dashed curves are the giant branch and subgiant branch from Buonanno, 
Corsi, and Fusi Pecci 1981, and the lower envelope which we have fit to 
BCF's data for horizontal branch stars). All clusters have been corrected 
for reddening according to the color excesses given in Table V, and they 
have been shifted vertically to match Pal 12 at the red horizontal branch. 

1.5
 

Hesser et al. 1987) and M5 (the dashed curves representing 
the top of the giant branch and the asymptotic giant branch 
are from Buonanno, Corsi, and Fusi Pecci (1981), and the 
horizontal branch is a lower envelope that we have fit to their 
data~ the light circles reoresent normal ooints for the lower 
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