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ABSTRACT 

The immediate Solar neighborhood should be a fair sample of the local Galaxy. However, the chemical 
abundance distribution of long-lived disk stars very near the Sun contains a factor of 5 to 10 more 
metal-poor stars, — l^[Fe/H]^—0.4 dex, than is consistent with modem star-count models of larger scale 
Galactic stmcture. The metallicity distribution of complete samples of long-lived stars has long been 
recognized as providing unique constraints on the early stages of chemical evolution of the Galaxy, so that 
one would like to resolve this anomaly. We present a new derivation of the local G-dwarf metallicity 
distribution, based on the Third Gliese catalog combined with Olsen’s (A&AS, 54, 55, 1983) Strömgren 
photometry. Kinematic data for these same stars, as well as for a high-precision sample studied by 
Edvardsson et al. (A&A, 275, 101, 1993), provide clear evidence that the abundance distribution below 
[Fe/H] 0.4 contains two over-lapping distributions, the thick disk and the thin disk. However these 
samples in isolation do not allow a reliable deconvolution of the relative numbers in each population. We 
achieve this by comparing the local metallicity distribution with a recent determination (Gilmore, Wyse, & 
Jones, AJ, 109, 1095, 1995) of the metallicity distribution of stars, selected with the same evolutionary 
criteria as applied to our nearby star sample, but found in situ some 1500 pc from the Sun. The gravitational 
sieve of the Galactic potential acts on this second sample to segregate the low velocity dispersion, thin-disk, 
component of the local sample, leaving predominantly the second, higher velocity dispersion component. 
Thus the two samples are complementary, with the local sample providing accurate data primarily for the 
thin disk, but weak thin-disk/thick-disk discrimination, and the distant sample providing excellent 
thick-disk/thin-disk segregation. We are thus able to break the degeneracy between overlapping phase-space 
distributions. That is, the combination of these two datasets allows us to determine the source of the local 
paradox: there is a substantial tail of the thin disk (defined kinematically) metallicity distribution, which 
extends below [Fe/H]«*—0.4 dex. This is a robust conclusion, being consistent with the sum of star count, 
stellar spatial density distribution, and both local and distant kinematic and chemical abundance data. Using 
the sum of this information, we deconvolve the local abundance distribution function into thin disk and 
thick disk components, and show these overlap considerably. This overlap has implications for some 
dynamical merger models of the formation of the thick disk. The observed scatter in the thin disk age- 
metallicity relation however obscures any simple interpretation in terms of thick disk formation models. The 
chemical abundance distributions derived in this paper, which are based on the sum of local and distant data, 
and so are directly integrated over the Solar Cylinder, improve long-standing constraints on Galactic disk 
evolution. When combined with age and element ratio data, comprehensive constraints on the evolution of 
the disk will be available. © 1995 American Astronomical Society. 

1. INTRODUCTION 

The metallicity distribution of complete samples of long- 
lived stars has long been recognized as providing unique 
constraints on the early stages of chemical evolution of the 
Galaxy. The main-sequence lifetime of F/G dwarf stars can 
be greater than the age of the Galaxy and hence such stars 
provide a complete record of the chemical evolutionary his- 
tory (cf. van den Bergh 1962; Schmidt 1963; Pagel & Patch- 
ett 1975). Pioneering studies focused on the only reasonably 
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complete sample available, which is that for stars in the im- 
mediate solar neighborhood; in effect stars within about 20 
pc of the Sun. Until very recently, kinematic data were con- 
sidered only as a means to quantify, and to correct for, biases 
in the sample used to derive the chemical abundance distri- 
butions. It is now appreciated however that the combination 
of chemical abundance and kinematic data is a substantially 
more powerful determinant of Galactic evolution than is ei- 
ther distribution considered in isolation. It is an improved 
determination of that bivariate distribution function, and its 
analysis, which is the theme of this paper. 

The abundance data which have been available for the 
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complete sample of local stars, until now, have been derived 
from broadband photometric estimates, primarily using the 
‘ultraviolet excess’ (Sandage 1969), derived in practice from 
somewhat heterogeneous UBV photometric data. The ‘G- 
Dwarf Problem’ was identified when these data were com- 
pared with the predictions of the Simple, Closed-Box model 
of chemical evolution, and has been characterized as ‘the 
deficit of metal-poor stars in the solar neighborhood relative 
to the one-zone model of Galactic chemical evolution’ (Pagel 
1989). 

The Simple, Closed-Box model has the virtue of analytic 
simplicity, and has the vice of being based upon physical 
assumptions that are inappropriate for a disk galaxy. It is 
somewhat of a ‘straw man’ model, easily knocked down, 
involving as it does several stringent assumptions. The as- 
sumptions inherent in this model are that: 

(i) the system under study has zero metallicity initially; 
(ii) the system is homogeneous at all times, i.e., there is 

no intrinsic scatter in the chemical enrichment of the inter- 
stellar medium, and specifically a unique correspondence be- 
tween time and metallicity; 

(iii) the system has a constant stellar Initial Mass Function 
(IMF); 

(iv) the system has constant total mass at all times, i.e., 
flows of material do not occur; 

(v) the Instantaneous Recycling Approximation is valid 
for nucleosynthesis products. 

Lifting any (or all!) of these assumptions can provide for 
a very different metallicity distribution for long-lived stars. 
As we discuss further below, gas flows and spatial and tem- 
poral inhomogeneities in the interstellar medium are a natu- 
ral feature of real disk galaxies. Even were the Simple Model 
predictions to fit some observational dataset, its inherent im- 
plausibility means that it is more likely that several compen- 
sating effects had generated this agreement by chance, rather 
than that the underlying physical processes corresponded to 
all the assumptions above. The important strength of the 
Simple Model lies in its ability to provide a convenient pa- 
rametrization of the extent to which its assumptions fail, 
rather than in its ability to describe a dataset. 

Chemical evolution models have been plagued with a 
myriad of assumptions and parameters, which leads to a lack 
of uniqueness (Tosi 1988). In order to improve one’s under- 
standing of Galactic evolution, one must consider the plau- 
sibility of the physics behind the model assumptions, and 
subject the model to a range of observational tests. Many of 
the simplest, single-parameter, adjustments to the Simple 
Model can be excluded by considering the totality of relevant 
data. For example, allowing the IMF to vary with time, as 
first discussed by Truran & Cameron (1971) in the context of 
prompt initial enrichment, is in conflict with the element ra- 
tio data which are now available for metallicities spanning 
—3 dex to above solar (Nissen et al 1994). Similarly, one 
cannot posit ‘pre-enrichment’ as a solution to the G-dwarf 
problem without identifying a plausible source: stellar evo- 
lution in the stellar halo does not suffice (Hartwick 1976). It 
is clear, however, that detailed analysis of local chemical 
abundance data does provide important constraints on Galac- 
tic evolution, and is a worthwhile exercise. 

The primary limitation of the nearby star sample utilized 
in studies of the local chemical abundance distribution is its 
small size. This inevitably means that stars which are either 
intrinsically rare—such as halo population subdwarfs—or 
stars which are common in the Galaxy as a whole, but whose 
spatial distribution and kinematics are such that their local 
volume density is small—such as thick disk stars—are 
poorly represented. Most recent and current efforts to extend 
present volume-limited samples to include minority popula- 
tions have, for practical observational reasons, utilized kine- 
matically defined samples of stars observed in the solar 
neighborhood. Subsequent correction for the kinematic bi- 
ases inherent in these samples requires careful modelling (cf. 
Norris & Ryan 1991; Ryan & Norris 1993; Aguilar et al 
1995). An in situ sample, truly representative of the domi- 
nant stellar population far from the Sun, is required before 
one can be confident that these large, and model-dependent, 
corrections to local samples are reliable. 

We have recently determined the (spectroscopic) iron 
abundance distribution for a sample of F/G stars in situ 1-5 
kpc from the Galactic Plane (Gilmore et al 1995). These 
data provide the volume-complete metallicity distribution at 
z^l kpc which is complementary to local samples, and 
which allows a quantitative assessment of the reliability of 
corrections to solar neighborhood samples to account for 
their inherent kinematics biases, and of the statistical validity 
of the local sample. Combined with the local sample, these 
new data provide a powerful test of the integrated chemical 
evolution and star formation history of the local Milky Way. 

As discussed below, recent determinations of the solar 
neighborhood abundance distribution have isolated (but not 
noted) an anomaly: while the derived distribution of chemi- 
cal abundances for long-lived stars in a column through the 
Galactic disk at the Sun has reinforced the reality of the 
deficit of metal-poor stars, relative to Simple Model expec- 
tations, it has also derived a fraction of metal-poor stars 
which is a factor of nearly an order of magnitude too high for 
consistency with star-count models which explain data for 
distant stars. Typical star-count models derive a local ratio of 
thick disk to thin disk stars which is a few percent (e.g., 
reviews by Gilmore, et al 1989; Gilmore 1990; Majewski 
1993) . Kinematic studies (Carney, et al 1989; Freeman 
1991; Edvardsson et al 1993) suggest the thick disk be- 
comes apparent at abundances below [Fe/H]^—0.4. As dis- 
cussed below, recent analyses of local chemical evolution, in 
contrast, derive a fraction of typically 25 percent of ‘disk’ 
stars with [Fe/H]^-0.4 (Pagel 1989; Sommer-Larsen 1991). 
Thus, the local abundance distribution for disk stars appar- 
ently contains too many ‘thick disk’ stars to be consistent 
with other, well-established, analyses of Galactic structure. 
We quantify and resolve this discrepancy in this study. 

The present paper builds upon previous work deciphering 
the chemical evolution of the Galactic disk. We provide a 
new determination of the solar-neighborhood metallicity dis- 
tribution, derived from high-precision, intermediate-band 
photometry of long-lived stars (see also Wyse & Gilmore 
1994) . We compare this distribution with our data for distant 
F/G dwarfs, scaled down to the Galactic plane, and combine 
these two datasets. We use the joint distribution to derive the 
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abundance distribution of metal-poor thin disk stars, showing 
this is consistent with the distribution required by star count 
models. We then deduce the constraints on the formation of 
the thick disk, and the early evolution of the thin disk, which 
follow from this deconvolution. 

2. THE SOLAR NEIGHBORHOOD G-DWARF METALLICITY 
DISTRIBUTION 

2.1 Previous Determinations 

Previous analyses have shown the power, and limitations, 
of local samples of F/G dwarfs in constraining the chemical 
evolution of the disk. The sample of Pagel & Patchett (1975) 
is the most often utilized. This consists of G stars drawn 
from various catalogs, the complete sample (to distances of 
25 pc) being 133 stars from the RGO catalog of nearby stars, 
with metallicities derived from UV excess. The derived me- 
tallicity distribution of the ‘solar cylinder’—that volume of 
unit circular cross section centered on the Sun’s position and 
extended vertically through the extent of the disk—is taken 
from their Fig. 6 and shown here in Fig. 1(a). Note that only 
the binned data were published by Pagel and Patchett, and 
that those presented here are uncorrected for observational 
error and/or intrinsic scatter. The use of UV excess provides 
only rather inaccurate metallicity estimates (denoted 
[Fe/H]¿); Norris & Ryan (1989) derive a typical error of 0.45 
dex for metallicities estimated with this technique, at least 
for their sample of interest, with [Fe/H]¿<-0.4 dex. Thus, 
the resulting abundance distribution will be substantially 
broadened, by measurement uncertainties, relative to the true 
underlying distribution. Since the width of the predicted dis- 
tribution function is one of the characteristic differences be- 
tween the simple model and more realistic models, such as 
those involving flows (e.g., Edmunds 1990) or inhomogene- 
ities even in a closed system (e.g., Tinsley 1975), the preci- 
sion of the abundance calibration is of major importance. 
Pagel and Patchett adopted a broadening of only 0.2 dex for 
the combination of measurement uncertainty and intrinsic 
scatter. 

In an extension of his earlier work, Pagel (1989) adopted 
a recalibration of the relationship between [Fe/H] and UV 
excess due to Cameron (1985). From the same photometric 
data as his earlier work, he derived the metallicity distribu- 
tion shown in Fig. 1(b). In addition to the considerable ran- 
dom uncertainties from the UV excess abundance calibra- 
tion, Cameron’s calibration is systematically ^0.2 dex more 
metal poor in [Fe/H], for given UV excess, than the more 
widely used calibration of Carney (1979). Despite the large 
scatter referred to above, Norris & Ryan (1989) found no 
systematic offset between [Fe/H]¿ based on the Carney cali- 
bration and their spectroscopically determined metallicities. 
Again, their sample was limited to stars with [Fe/H]¿<—0.4 
dex, but it is just these stars which are of greatest interest for 
the solar cylinder G-dwarf metallicity distribution. 

The metallicity distributions reproduced in Figs. 1(a) and 
1(b) are not in fact those obtained directly from the photo- 
metric data for the local sample, but are for the ‘solar cylin- 
der’ and have been weighted (by Pagel) to attempt to take 
account of the kinematic bias introduced by the solar neigh- 

Fig. 1. (a) The solar cylinder metallicity distribution from Pagel & Patchett 
(1975). (b) The same data as (a), but with a different metallicity calibration, 
from Pagel (1989). (c) The same data and metallicity calibration as (b), but 
with a different kinematic weighting, from Sommer-Larsen (1991). 

borhood selection—high velocity stars, which spend only a 
small fraction of their orbit in the vicinity of the Sun will be 
under-represented. In the simplest picture of disk structure 
and evolution there are no radial flows, or gradients in either 
density or kinematics, and an integrated history of the disk is 
obtained by study of the stars in unit area of the plane, rather 
than unit volume. If density profile data were available, then 
one could simply integrate. However, such data were not 
available until the mid 1980s, so Pagel (following Schmidt 
1963) weighted the input binned metallicities by the mean 
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vertical velocity of stars in that bin. However, this correction 
is only appropriate for motion in a harmonic potential (con- 
stant period for all orbits), which corresponds to a constant 
density distribution of gravitating material. While this may 
be a reasonable approximation for low-velocity stars that do 
not penetrate much beyond a disk scale height, it is a rather 
poor approximation for just those high-velocity stars for 
which the weighting is most important. In particular, the 
thick disk and halo remain under-represented (cf. Gilmore & 
Wyse 1986; Gilmore 1990). 

Sommer-Larsen (1991; see also Sommer-Larsen & 
Antonuccio-Delugo 1993) followed Pagel’s (1989) sample 
selection and UV-excess calibration, and so analyzed the 
same basic metallicity distribution. Again, they followed Pa- 
gel (1989) in recognizing that the photometrically deter- 
mined metallicity correlated most strongly with the iron 
abundance, which is perhaps the element least likely to be 
well-described by the Instantaneous Recycling Approxima- 
tion, inherent in the chemical evolution models that are most 
often compared with the metallicity distributions, given that 
Type la supemovae are an important site for iron synthesis. 
Rather than calculating predictions from more realistic 
chemical evolution models, Sommer-Larsen instead adopted 
a mean relationship between oxygen, produced predomi- 
nately in massive stars by Type II supemovae, and iron, and 
transformed the photometric metallicity/iron distributions 
into ‘oxygen’ distributions (cf. Pagel 1989). It is now clear 
from the Edvardsson et al (1993) data that the relationship 
between oxygen and iron varies as a function of radius in the 
Galaxy, as expected if the star formation rate in the galactic 
disk varies as a function of radius, being higher in the central 
regions (cf. Wyse 1995). The adoption of a single-valued 
relationship introduces uncertainties of perhaps 0.2 dex for 
the more metal-poor stars in the sample. We here have 
reverse-transformed the oxygen abundance distributions of 
Sommer-Larsen (1991) back to photometric-metallicity dis- 
tributions. Sommer-Larsen (1991) improved upon the har- 
monic potential weighting by calculating the potential of a 
self-gravitating disk that had the observed stellar-density 
profile of Kuijken & Gilmore (1989). This provides more 
weight to the ‘hotter’ metal-poor stars, and results in the 
metallicity distribution shown in Fig. 1(c). 

We return to discussion of the appropriate distribution of 
chemical abundances to describe the Solar neighborhood be- 
low. However, we note here that the fractions of stars more 
metal poor than —0.4 dex, where thick disk kinematics are 
apparent (see below), in these weighted distributions are ap- 
proximately 25% (Pagel and Patchett), 40% (Pagel), and 
50% (Sommer-Larsen). Were this to be taken as an estimate 
of the relative mass of the thick disk to that of the thin disk, 
one would conclude that the thick disk is of order the same 
mass as the thin disk. As we discuss below, this would be 
somewhat difficult to understand in the light of star count 
analyses and in situ studies of the thick disk. 

2.2 A New Determination—Sample Selection 

Photometric catalogs of nearby stars have progressed sub- 
stantially in both precision and reliability in the almost 20 

2774 

years since Pagel and Patchett obtained their chemical abun- 
dance distribution function. Intermediate-band Strömgren 
photometry provides a more accurate estimation of the me- 
tallicity of a F/G star than does the broadband color-based 
UV excess, and is now available for many nearby stars. The 
sample of long-lived, main-sequence stars in the immediate 
solar neighborhood, for which carefully checked data are 
given in the current version of the Gliese catalog, has been 
extended from the distance limit of about 20 pc, available at 
the time of the Pagel and Patchett study, to distances of about 
30 pc. As such, the Gliese catalog provides the ideal local 
sample, superseding the RGO catalog. Hence we combined 
the most reliable census of nearby stars with the most precise 
photometric data, by cross-correlating the Third Gliese cata- 
log (Nearby Stars 3, obtained from NSSDCA) with the 
uvby{ß) photometry catalog of Olsen (1983; also obtained 
from NSSDCA). Both catalogs were searched to identify all 
single, normal stars (no white dwarfs) with V«s9; 0A^B — V 
<0.9, which appeared in both. 

This produced 128 stars; one which is known to have an 
erroneous parallax tabulated was immediately deleted (HD 
140283; see Gilmore et al. 1991), leaving a sample of 127 
F/G dwarfs. For comparison, the sample of Pagel and Patch- 
ett, and later authors, contained 133 stars with data from 
heterogeneous sources. 

2.3 Metallicity Estimator 

The most precise and reliable metallicity indicator which 
is available for essentially the whole sample of nearby stars 
is the relationship between [Fe/H] and Strömgren photomet- 
ric index (b — y). We have adopted the calibration of this 
photometric metallicity estimator due to Schuster and Nissen 
(1989a). This estimator, [Me/H], is given by the following 
expression for stars with 0.22^(Z?-y)<0.375: 

[Me/H]= 1.052-73.21m! + 280.9m1(Z?-y) 

+ 333.95m2
l(b-y)-595.5ml(b-y)2 

+ [5.486 —41.62/n i — 7.963(è —}')]log(m1 

“C3)> 

where C3 = 0.6322 —3.58(Z? —y) + 5.20(¿> —y)2, and by the 
following when 0.375<(6 —y)<0.59: 

[Me/H] = —2.0965 + 22.45m1 —53.8m2 

— 62.04m !(/? — )>) + 145.5m2(¿> —y) 

+ [85.1m1-13.8c1-137.2m2]c1. 

Note that this calibration does not require a measurement of 
ß, the Strömgren index that is most sensitive to effective 
temperature. The ß index, being narrowband rather than in- 
termediate band, is available for fewer stars than are uvby 
data. 

Edvardsson et al. (1993) provide a metallicity calibration 
for F/G stars that does utilize ß, and it is possible to make a 
direct comparison between the two techniques. The Edvard- 
sson et al. estimator is 

[Me/H]=-[10.5 + 50(yS-2.626)]X^m1 + 0.12, 
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Fig. 2. Metallicity estimated using the technique of Edvardsson et al 
against that obtained using the technique of Schuster and Nissen. 

where = Wi,Hyades(/3)-mi’ with the Hyades sequence 
taken from Crawford & Barnes (1969); note that their rela- 
tionship between ml and ß for the Hyades is well-behaved 
for 2.6^/3sS2.89 only. 

The metallicity estimates obtained using these two tech- 
niques, for the ten stars in the present sample with ß in the 
well-behaved Hyades range, and with (b — y) within the Hy- 
ades range of 0.076-0.39 (Crawford & Barnes 1969) are 
shown in Fig. 2. The scatter about the dotted line which 
indicates perfect correspondence is less than 0.1 dex. Indeed, 
the mean difference between the two techniques for this sub- 
sample is 0.04 dex, with a dispersion of 0.05 dex. Thus 
adopting the Schuster and Nissen metallicity calibration is 
justified. 

Further, Edvardsson et al investigated the calibration of 
their photometric metallicity estimate by comparison with 
their spectroscopic iron abundance estimates. They found, 
after removal of 15 of their most metal-rich stars (all with 
metallicity above the solar value), very good agreement: 

[Me/H]=1.049[Fe/H] — 0.030; cr=0.074 rc=174. 

This result is valid for their entire range of iron abundances, 
including the bulk of their metal-rich stars. Without removal 
of those 15 metal-rich stars, for which the photometric indi- 
ces yield an overestimate of the iron abundance by 0.1-0.3 
dex, it can be seen from their Fig. 6 that the scatter increases 
to —0.15 dex above solar metallicity, with a mean offset of 
—0.05 dex. 

There are four stars in the present sample that have spec- 
troscopic iron abundances available from Edvardsson et al 
These are HD 6434, with a spectroscopic [Fe/H]=-0.54 
dex, HD 22879, with a spectroscopic [Fe/H]=-0.84 dex, 
HD 89707, with a spectroscopic [Fe/H]=-0.42 dex and HD 
165401, with a spectroscopic [Fe/H]=-0.47 dex. Compari- 
son of our metallicity estimates with the iron abundances 
yields a mean offset of 0.003 dex (their estimate being the 
one slightly more metal poor) and a dispersion of only 0.04 
dex. Thus the metallicity estimate adopted here based on 
intermediate-band photometry is a reliable and precise 
(cr~0.1 dex) indicator of true iron abundance. 

Applying the Schuster and Nissen calibration to the F/G 
star sample extracted from the Gliese catalog provides the 

metallicity estimates given in Table 1, which also contains 
the necessary photometric data for the stars. The addition of 
the Sun brings the sample to 128 stars and results in the 
metallicity distribution shown as a histogram in Fig. 3. 

2.4 Isolation of Potentially Long-Lived Stars 

In order for the metallicity distribution function to be an 
unbiased description of the chemical history, the sample 
must be restricted to include only those stars which have 
both masses and metallicities such that any star ever formed, 
which has those parameters, is still on the main sequence 
today. If this restriction were not applied, then some parts of 
age-metallicity space would be excluded from measurement, 
potentially distorting the resulting metallicity distribution 
function. It should be emphasized that the selection of a re- 
stricted range of spectral types does not achieve this, due to 
metallicity-dependent evolutionary times. Spectral types in 
the absence of metallicity data are not a sufficiently good 
indicator of mass, or of main-sequence lifetimes. 

An estimate of the age of the disk, based on (VandenBerg) 
stellar evolution models, is available from the data of Ed- 
vardsson et al. (1993). This sample of 189 stars was drawn 
from the Olsen local sample and was designed to cover the 
metallicity range above one-tenth of solar uniformly; thus 
there should be no kinematic-metallicity bias. As discussed 
in some detail by Freeman (1991), the kinematic thin disk/ 
thick disk transition in that sample occurs fairly abruptly at 
12 Gyr, which may be taken as a minimum age for the thin 
disk.2 Thus the evolutionary selection was effected by re- 
moving stars which had a potential main-sequence lifetime 
less than 12 Gyr, according to the VandenBerg & Bell (1985) 
isochrones (7=0.20), the VandenBerg (1985) isochrones (7 
=0.25) and the VandenBerg & Laskarides (1987) isochrones. 
Colors for models of solar metallicity and above were ini- 
tially obtained by interpolation in Table 1 of VandenBerg & 
Bell (1985), using the effective temperature and gravity of 
turnoff stars from VandenBerg (1985; solar metallicity) and 
from VandenBerg & Laskarides (1987; three times solar me- 
tallicity). Interpolation in this table predicts a solar color of 
(£ —y)o=0.388, to be compared with a measured color of 
(/? —y )0—0.405 ±0.002 (Saxner & Hammarbäck 1985; Ma- 
gain 1987). We took this difference in solar color as a zero- 
point color offset, and thus adjusted the interpolated {b — y) 
colors by adding 0.017 (cf. Schuster & Nissen 1989b). Note 
that there is no agreement in the zero point of the theoretical 
models in with the present data. Fortunately for our pur- 
poses we need to use only the {b — y) color information, as 
only the turnoff temperature is required and we have metal- 
licity data. The adjusted turnoff {b — y) colors obtained this 
way are given in Table 2, for convenience. These models 
show an increasing, and probably overestimated, sensitivity 
of {b — y) to metallicity, with increasing metallicity. In par- 

2Note that the Edvardsson et al. data show no evidence for an age gap 
between the thick disk and the thin disk, either in the direct age estimates, or 
in the element ratios (see Wyse, 1995, for further discussion of this point). 
The data of Marquez & Schuster (1994) also show considerable overlap in 
age between the halo and thick disk, with a continuous age distribution, into 
the thin disk. 
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Table 1. Gliese catalog F/G dwarfs. 

HD B-V (b-y) mi Cl ß [Me/H] rejected? W vel HD B-V (b - y) mi ci ß [Me/H] rejected? W vel 

1273 
1388 
3079 
3823 
4208 
6434 
10800 
11112 
13043 
13445 
14412 
14802 
16141 
16397 
16417 
16784 
17051 
17865 
17925 
18803 
19467 
20165 
20407 
20619 
20794 
22049 
22484 
22879 
24293 
30495 
36435 
36767 
37655 
42618 
42807 
43834 
46588 
50806 
52449 
52711 
56274 
61994 
62613 
62644 

0.64 
0.59 
0.54 
0.56 
0.67 
0.60 
0.61 
0.65 
0.61 
0.82 
0.73 
0.60 
0.67 
0.60 
0.65 
0.56 
0.56 
0.55 
0.87 
0.72 
0.65 
0.86 
0.58 
0.66 
0.71 
0.88 
0.57 
0.54 
0.66 
0.63 
0.77 
0.54 
0.60 
0.63 
0.67 
0.72 
0.50 
0.72 
0.53 
0.60 
0.61 
0.66 
0.73 
0.77 

0.409 
0.379 
0.364 
0.359 
0.404 
0.383 
0.390 
0.409 
0.388 
0.486 
0.445 
0.390 
0.424 
0.388 
0.413 
0.380 
0.356 
0.371 
0.511 
0.429 
0.409 
0.508 
0.373 
0.405 
0.440 
0.514 
0.370 
0.369 
0.412 
0.399 
0.454 
0.344 
0.380 
0.402 
0.414 
0.442 
0.345 
0.432 
0.332 
0.386 
0.373 
0.445 
0.450 
0.493 

0.182 
0.191 
0.156 
0.156 
0.227 
0.159 
0.201 
0.200 
0.206 
0.338 
0.247 
0.185 
0.211 
0.156 
0.205 
0.131 
0.190 
0.141 
0.390 
0.267 
0.200 
0.407 
0.162 
0.215 
0.235 
0.410 
0.169 
0.120 
0.211 
0.213 
0.300 
0.168 
0.176 
0.219 
0.228 
0.263 
0.158 
0.235 
0.177 
0.182 
0.181 
0.247 
0.261 
0.226 

0.248 
0.345 
0.367 
0.348 
0.278 
0.275 
0.302 
0.400 
0.379 
0.283 
0.231 
0.379 
0.377 
0.281 
0.397 
0.302 
0.363 
0.309 
0.297 
0.326 
0.337 
0.297 
0.280 
0.276 
0.283 
0.273 
0.379 
0.273 
0.332 
0.320 
0.263 
0.336 
0.373 
0.303 
0.293 
0.339 
0.346 
0.368 
0.391 
0.330 
0.246 
0.298 
0.293 
0.382 

594 
578 

597 
637 
593 

605 

593 
581 
582 
601 

590 
575 

-0.57 
-0.01 
-0.41 
-0.38 
-0.10 
-0.53 
-0.10 
-0.05 

0.14 
-0.17 
-0.52 
-0.11 
-0.05 

—0.58 
-0.02 
-0.82 

0.10 
-0.61 
-0.14 

0.16 
-0.13 
-0.14 
-0.40 
-0.19 
-0.26 
-0.24 
-0.30 
-0.81 
-0.07 

0.00 
-0.20 
-0.14 
-0.17 
-0.03 
-0.09 

' 0.11 
-0.27 

0.08 
0.06 

-0.18 
-0.17 
-0.16 
-0.14 
-0.36 

yes 
yes 
yes 

64606 0.73 
65583 0.71 
66751 0.58 
67458 0.60 
68456 0.43 
69830 0.76 
73524 
77137 

94518 
96700 

0.60 
0.69 

78612 0.61 
88261 0.60 

-10 88697 0.49 
88725 0.60 
88742 0.59 

-31 89707 0.55 
94444 0.52 

0.60 
0.60 

97343 0.77 
100004 0.41 
102438 0.68 
104304 0.77 
110010 0.59 
112164 0.64 
114174 0.67 
116459 0.50 
117635 0.78 
117939 0.67 
120690 0.69 
122742 0.74 
122862 0.58 
124292 0.74 
129333 0.61 
130948 0.56 
131511 0.84 
133002 0.68 
134483 0.50 
136352 0.65 
143291 0.77 
144287 0.77 
145417 0.83 
145675 0.88 
145809 0.61 
146775 0.61 
150706 0.62 

0.450 
0.449 
0.372 
0.375 
0.290 
0.458 
0.376 
0.438 
0.384 
0.376 
0.326 
0.394 
0.379 
0.360 
0.343 
0.378 
0.389 
0.458 
0.279 
0.426 
0.464 
0.395 
0.392 
0.418 
0.339 
0.474 
0.409 
0.434 
0.451 
0.366 
0.446 
0.408 
0.376 
0.499 
0.442 
0.322 
0.403 
0.466 
0.467 
0.511 
0.528 
0.396 
0.379 
0.389 

0.221 
0.234 
0.151 
0.189 
0.143 
0.297 
0.202 
0.234 
0.185 
0.168 
0.163 
0.166 
0.181 
0.148 
0.135 
0.179 
0.176 
0.300 
0.126 
0.220 
0.312 
0.228 
0.209 
0.233 
0.165 
0.293 
0.208 
0.236 
0.272 
0.185 
0.269 
0.202 
0.192 
0.371 
0.192 
0.165 
0.195 
0.284 
0.287 
0.276 
0.393 
0.187 
0.211 
0.188 

0.217 
0.229 
0.265 
0.302 
0.453 
0.307 
0.376 
0.362 
0.313 
0.295 
0.437 
0.256 
0.334 
0.307 
0.316 
0.288 
0.319 
0.313 
0.466 
0.273 
0.345 
0.387 
0.458 
0.335 
0.399 
0.240 
0.310 
0.301 
0.319 
0.359 
0.295 
0.301 
0.324 
0.294 
0.345 
0.395 
0.294 
0.252 
0.316 
0.168 
0.409 
0.328 
0.318 
0.312 

2.548 
2.585 

2.603 
2.605 

2.583 
2.609 

2.575 

-0.76 
-0.61 
-0.52 
-0.07 
-0.31 

0.01 
0.17 
0.02 

-0.17 
-0.34 
-0.12 
-0.59 
-0.14 

'-0.48 
-0.55 
-0.26 
-0.29 

0.04 
-0.57 
-0.31 

0.17 
0.31 
0.16 
0.07 

-0.15 
-0.47 
-0.14 
-0.14 

0.02 
-0.05 
-0.08 
-0.21 
-0.03 
-0.13 
-0.41 

'-0.07 
-0.26 
-0.38 
-0.03 
-1.28 

0.11 
-0.20 

0.11 
-0.18 

yes 
yes 

yes 
yes 

-5 
-35 

9 

54 
-8 
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Table 1. (continued) 

HD B-V (b-y) Tili Cl ß [Me/H] rejected? W vel 

152391 
153597 
153631 
154345 
154577 
155918 
158633 
159222 
161612 
162521 
165401 
166620 
167954 
171665 
172051 
176377 
177565 
182488 
189567 
190248 
192310 
193307 

193664 
194640 
195987 
196761 
197214 
199288 
199620 
202457 
205905 
210277 
210918 
213628 
213941 
218209 
220339 
221613 
223731 

0.76 
0.48 
0.58 
0.73 
0.89 
0.60 
0.76 
0.65 
0.71 
0.45 
0.62 
0.87 
0.54 
0.69 
0.68 
0.58 
0.71 
0.81 
0.65 
0.76 
0.88 
0.55 

0.58 
0.73 
0.79 
0.72 
0.67 
0.58 
0.84 
0.68 
0.62 
0.75 
0.65 
0.72 
0.66 
0.65 
0.89 
0.58 
0.43 

0.457 
0.327 
0.386 
0.448 
0.519 
0.385 
0.460 
0.404 
0.439 
0.292 
0.391 
0.516 
0.335 
0.420 
0.415 
0.385 
0.431 
0.481 
0.399 
0.472 
0.521 
0.363 

0.386 
0.440 
0.481 
0.441 
0.423 
0.384 
0.527 
0.433 
0.388 
0.472 
0.398 
0.441 
0.418 
0.419 
0.515 
0.394 
0.293 

0.294 
0.154 
0.189 
0.273 
0.389 
0.153 
0.286 
0.219 
0.259 
0.160 
0.170 
0.407 
0.180 
0.230 
0.225 
0.179 
0.256 
0.348 
0.199 
0.278 
0.428 
0.148 

0.184 
0.274 
0.299 
0.259 
0.217 
0.148 
0.294 
0.220 
0.219 
0.275 
0.221 
0.266 
0.193 
0.189 
0.414 
0.183 
0.138 

0.290 
0.364 
0.339 
0.286 
0.227 
0.269 
0.244 
0.364 
0.359 
0.419 
0.286 
0.294 
0.412 
0.309 
0.267 
0.292 
0.326 
0.331 
0.298 
0.398 
0.295 
0.349 

0.315 
0.301 
0.270 
0.258 
0.250 
0.265 
0.391 
0.370 
0.329 
0.382 
0.320 
0.315 
0.270 
0.258 
0.251 
0.286 
0.428 

2.590 
2.550 
2.595 

2.581 
2.540 

2.569 
2.588 
2.584 
2.567 

2.604 

2.593 

-0.08 
-0.24 
-0.09 
-0.12 
-0.51 
-0.62 
-0.39 

0.13 
0.17 

-0.06 
-0.44 
-0.16 

0.08 
-0.05 
-0.23 
-0.30 

0.09 
0.08 

-0.19 
0.16 

-0.16 
-0.49 

-0.19 
0.01 

-0.31 
-0.28 
-0.42 
-0.68 
-0.10 
-0.04 

0.15 
0.11 
0.07 
0.03 

-0.46 
-0.54 
-0.34 
-0.33 
-0.38 

17 
70 

11 
43 

ticular, the large increase in (b —y) based on the VandenBerg 
and Laskarides models of above solar metallicity does not 
agree with the trend predicted by the observationally cali- 
brated model atmospheres of Edvardsson et al (1993). This 
latter study finds A(¿>-y)/A[Me/H]=+0.026 mag/dex, for 
stars with iron abundance in the range from solar metallicity 
to +0.17 dex. It should be noted that since the VandenBerg 
(1985) isochrones have a IÆq star of solar metallicity at the 

Fig. 3. Metallicity distribution of all local F/G dwarfs selected from the 
cross correlation of the Gliese and Olsen catalogs, plus the Sun. 

turnoff after only 9 Gyr, the 12 Gyr turnoff color for this 
metallicity should be at least as red as the Sun, lending cred- 
ibility to the interpolated value for solar metallicity obtained 
here. Accepting the solar metallicity 12 Gyr turnoff param- 
eters based on the 1985 VandenBerg models, then the Ed- 
vardsson et al trend predicts that the 12 Gyr turnoff color for 
a population of metallicity equal to +0.5 dex should be 
(¿? —y)+0 5=0.419. This is also given for convenience in 
Table 2. 

Figure 4(a) shows the raw sample of Gliese F/G stars 
plotted in the [ci — (b — y)] plane, together with the 12 Gyr 
turnoff colors for the relevant range of metallicities. All stars 
blueward of the turnoff for their metallicity (linear interpo- 
lation was used between fiducial points in the tumoff-color- 
[Fe/H] relation) are excluded from further consideration, 
since they occupy a region in which it is possible that old 
stars would have evolved out of the sample. Photometric 
errors are thus assumed to be unbiased. It should be noted 
that the Sun is excluded by this procedure; as noted above 
this is not unexpected, given that the main-sequence lifetime 

Table 2. Adjusted turnoff (b — y) colors. 

[Fe/H] (b~y) 

-2.27 

-1.77 

-1.27 

-0.79 

-0.49 

0.0 

+0.50a 

+0.506 

0.241 

0.260 

0.288 

0.323 

0.348 

0.406 

0.513 

0.419 

Notes to Table 2 : 

(а) Interpolation in Table 1 of vandenBerg and Bell 

(б) Predicted from Edvardsson et al. 
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Fig. 4. (a) The sample of Fig. 3 in the cy — (b — y) plane, together with 
turnoff points for a range of metallicities, as described in the text, (b) The 
local sample after removal of stars expected to have main-sequence life- 
times shorter than the age of the disk. 

of the Sun in these models is only 9 Gyr, which is less than 
our adopted age of the disk. For the stars of metallicity 
greater than the solar value, adopting the Edvardsson et al 
turnoff color excludes only three fewer stars than does use of 
the redder vandenBerg and Laskarides turnoff color. In the 
following, we will use the results from adoption of the Ed- 
vardsson et al color, since it is observationally calibrated. 

The excluded stars from the Gliese catalog, which total 36 
(plus the Sun), are indicated as such in Table 1 by a ‘yes’ in 
the column headed ‘rejected?’. The sample remaining after 
this pruning, which totals 91 stars, has the color distribution 
shown in Fig. 4(b). The metallicity histogram corresponding 
to this ‘G-dwarf’ sample, is given in Fig. 5. This is our final 
metallicity distribution of long-lived stars observed in the 
solar neighborhood. This distribution will be combined with 
our metallicity distribution for long-lived stars in situ several 
kiloparsecs below the Galactic plane in the following sec- 
tions. Given that our main scientific conclusions will be 
based upon comparing observations with observations, rather 
than comparing observations with precise theoretical predic- 
tions, we will not attempt any deconvolution of observational 
uncertainties from our metallicity distributions. Indeed, be- 
low we will rather rebin the local sample to match the 
(larger) uncertainties of the in situ data, —0.2 dex. 

A comparison of the distributions in Figs. 3 and 5 reveals 

Fig. 5. Metallicity distribution of the local sample after the removal of 
short-lived stars. 

that stars more metal-rich than [Fe/H]—0.4 dex are prefer- 
entially removed. A consistency check on the robustness of 
our rejection of these stars may be made by comparison with 
two other samples. The first of these is the sample of around 
seven hundred K giants in the solar neighborhood of Me Wil- 
liam (1990); these stars, being evolved, are by definition 
comparable to those stars rejected from our sample of long- 
lived F/G dwarfs. His sample contains every evolved G and 
K star in the Bright Star Catalog, and is approximately vol- 
ume complete, but with a bias to higher mass, more distant 
stars. His abundance estimates are based on high-resolution 
spectra. The second sample consists of the F/G stars from the 
Edvardsson et al (1993) sample that are younger than 12 
Gyr, our chosen cutoff main-sequence life-time. Edvardsson 
et al calculate the corrections required to generate a volume- 
complete metallicity distribution from their observed distri- 
butions. The metallicity distributions of these three 
samples—those stars rejected by our lifetime criterion (thus 
containing stars of all ages up to 12 Gyr), the local G/K 
giants (MeWilliam 1990) and the volume-corrected Edvard- 
sson et al younger subsample—are shown together in Fig. 6. 
Note that we have chosen a wider bin size, 0.2 dex, to ensure 

Fig. 6. Histograms of the iron abundance distributions for the Edvardsson 
et al sample with ages less than 12 Gyr, after corrections for completeness 
(dashed lines); the Me William local G/K giant sample (dot-dashed lines) 
and the present sample of long-lived F/G dwarfs from the Gliese catalog 
(solid lines). 
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Fig. 7. [Fe/H] rank vs absolute value of the vertical velocity for the Edvard- 
sson et al sample, following Freeman (1991). The straight dashed line has 
been drawn to illustrate the change in kinematics. 

that any small zero-point or scale differences which may 
exist between the different samples do not obscure the main 
point of the comparison. It is clear that the three distributions 
are all consistent with one another, and provide a well- 
defined metallicity distribution function for the younger thin 
disk. 

It should also be noted that even the VandenBerg (ad- 
justed) 12 Gyr turnoff for a stellar population of three times 
solar metallicity, (b — y) =0.513, is bluer than the red limit of 
the data, (6 —y )= 0.528; this means that old, metal-rich stars 
have not been excluded by our selection procedures. This 
was not known to be the case for previous samples. 

2.5 What Stars Have We Isolated? 

The sample whose chemical abundance distribution we 
have obtained will be a mix of all the stellar populations that 
are represented in the solar neighborhood—effectively, the 
thick and thin disks. Kinematics are usually invoked to de- 
termine the boundary of the thick disk/thin disk transition. 
As exemplified by the analysis of Freeman (1991, 1994), the 
vertical velocity distribution of the Edvardsson et al sample 
(which has no kinematic-metallicity bias) can be described 
by essentially two numbers — (|VL|) approximately constant 
at 19 kms-1 for thin-disk stars, and (|VF|)—42 kms-1 for 
thick-disk stars. The value for the thin-disk stars is generally 
understood as reflecting the saturation of the disk-heating 
mechanism by scatterers confined to the disk plane (e.g., 
Lacey 1991). Freeman assigns age ranges to these kinemat- 
ics, but one can also look at metallicity ranges. Following his 
approach, Fig. 7 shows the cumulative | W\ velocity against 
[Fe/H] rank for the Edvardsson et al sample; in such a plot a 
straight line has a slope equal to the mean of the absolute 
value of the W velocity; this is an approximation to the dis- 
persion if the underlying distribution function is a single 
zero-mean Gaussian. 

It is clearly consistent with the data to adopt the colder 
kinematics (indicated by the dashed line) for the stars more 
metal rich than [Fe/H] 0.4 dex, whereas the hotter com- 
ponent is evidently present in those stars with —1.0^[Fe/H] 
<—0.4. Thus, purely kinematic definitions show the thick 

disk to be an important component of the disk for stars with 
metallicity below [Fe/H]<—0.4. We now check to see if it is 
a dominant or even unique component. 

Figure 5 above is the abundance distribution function for 
our final local sample. Simple counting shows that the frac- 
tion of the sample which has abundance below [Fe/H]<—0.4 
is ^25%, and below [Fe/H]<—0.5 is ^20%. This can be 
compared with that derived from star-count models, which 
reproduce the number of stars in situ some 1-2 kpc from the 
Galactic plane, using a (highly correlated) combination of a 
scale height and a local volume density, expressed as the 
ratio of thick-disk to thin-disk stars. Typical star-count mod- 
els provide estimates of this local ratio of thick-disk to thin- 
disk stars of between —2% and —10%, with the most recent 
models being in the middle of this range (Gilmore et al. 
1989; Majewski 1993; Ojha et al. 1994, and references 
therein). That is, with this metallicity identification of the 
thick disk, which is apparently consistent with kinematic 
data, there is an apparent overdensity of thick-disk stars in 
the local sample here by a factor of about 5. Thus there is a 
serious failing of at least one of the star-count models, the 
bivariate definition of the boundary between the thick and 
the thin disks, or of the assumption that the thick-disk-thin- 
disk boundary is discontinuous. 

The star-count models are sufficiently successful that the 
possibility they are in error by the required magnitude can be 
excluded. The bivariate kinematics-chemistry determination 
of the onset of the thick disk is justified above. Thus we must 
deduce that there is a substantial overlap between the thick 
disk and the thin disk. That is, the onset of the thick disk, as 
evidenced in the rapid change in vertical velocity distribution 
(Fig. 7) at a metallicity of [Fe/H]—-0.4, does not corre- 
spond to the end of the thin disk. This interpretation requires 
that the vertical velocity distribution function for these lower 
metallicity stars is not a single Gaussian. 

The composite nature of the velocity distribution is con- 
firmed in Figs. 8(a)-8(d), which show histograms of the ver- 
tical velocity data for all the Edvardsson et al stars [panels 
(a) and (c)] and all the single Gliese F/G dwarfs [panels (b) 
and (d)], with metallicity in the range -0.4<[Fe/H]<-0.9 
[panels (a) and (b)] and with metallicity in the range 
-0.5^[Fe/H]<-0.9 [panels (c) and (d)] (W velocities for 
these stars are listed in Table 1 ; we note that there is only one 
metal-poor star—HD 100004—that was rejected from our 
potentially long-lived sample and which is in this complete 
sample). The smooth curve superposed corresponds to a 
Gaussian with dispersion of 45 km s-1; there is evidently a 
cold core, reminiscent of the thin-disk kinematics, in addi- 
tion to the stars with hotter, thick-disk kinematics. This cold 
core persists even after the exclusion of stars in the range 
-0.4<[Fe/H]<-0.5. Note that we are limited, by the small 
sample sizes, to this broad a metallicity range, and so are 
unable from these data alone to determine the true detailed 
metallicity distribution of local stars with thin-disk kinemat- 
ics, but can say that it clearly extends into the regime of the 
thick disk. In contrast, stars with thick-disk kinematics are 
not a substantial contributor at higher metallicities, [Fe/H] 
^—0.3, or they would be visible in Fig. 7. We achieve the 
deconvolution of the thick-disk and thin-disk metallicity dis- 
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Fig. 8. (a) Histogram of the VF-velocity data for the subsample of the Edvardsson et al stars with iron abundance in the range —0.4^[Fe/H]>—0.9, where 
naively one might have expected the thick disk to dominate. The smooth curve is a Gaussian of dispersion 45 km/s-1, normalized by eye. (b) As (a), but for 
the complete sample of Gliese F/G dwarfs, (c) As (a), but for the more metal-poor stars, with iron abundance in the range —0.5 ^[Fe/H]>—0.9. (d) As (b), 
but for the more metal-poor stars, with iron abundance in the range -0.5^[Fe/H]> -0.9. 

tributions in Sec. 3 below, by combining distant and local 
data. 

The fact that thin-disk stars are significant, if not domi- 
nant, contributors to the metallicity distribution at [Fe/H] 
 0.6, around the peak of the thick-disk metallicity distri- 
bution, results from the much higher local normalization of 
thin-disk stars. As discussed by Gilmore & Wyse (1985), the 
old thin disk has a characteristic value in its metallicity dis- 
tribution of [Fe/H]—0.25, and a width which may be char- 
acterized crudely by a Gaussian of dispersion 0.2 dex. This 
combination of a higher local normalization and a peak at a 
metallicity which is only as far as the spread of its distribu- 
tion from the maximum of the thick-disk distribution, means 
that a large part of the metal-poor local stellar populations 
are members of the thin disk. We return to this point in Sec. 
3.2 below. 

3. THE SOLAR CYLINDER G-DWARF METALLICITY 
DISTRIBUTION 

We have identified above a reliable and volume-complete, 
though small, local sample of potentially long-lived stars. We 
recall that any such sample in the Plane may undersample 
high velocity dispersion components of the disks, and so 
should be corrected accordingly. Conversion of this sample 

into a fair estimator of the local time-integrated chemical 
abundance distribution requires that this sample be corrected 
from volume to surface density. The simplest models of gal- 
axy evolution assume there is no radial rearrangement of 
chemically enriched material, with vertical and radial kine- 
matics decoupled, so that one should integrate in a column 
perpendicular to the disk. This may be achieved either by 
kinematic weighting of a local sample, or by interpolating 
between a local and a similar distant in situ sample. This 
second approach, achieved for the first time in this paper, has 
the additional benefit that the comparison may be used to 
estimate more reliably than was possible above the relative 
contributions of low velocity dispersion (thin-disk) and high 
velocity dispersion (thick-disk) stars to the metal-poor stellar 
distribution. We address both options in this section. 

3.1 Kinematic Weighting of the Local Sample 

We now attempt to define a representative metallicity dis- 
tribution function from our local stellar sample using a 
kinematic-dependent weighting. This is to correct for the fact 
that the probability of observing a star on a given orbit while 
it is in the solar neighborhood depends on the fraction of the 
orbit that the star spends there. It also provides for the trans- 
formation of volume densities to surface densities, leading to 
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Fig. 9. Ratio of the vertical orbital period in the actual Galactic potential to 
that in an harmonic potential, as a function of vertical velocity at the disk 
plane. 

Fig. 11. Iron abundance distribution of the local sample after the weighting 
to account for kinematic bias. 

the iron abundance distribution integrated through the solar 
cylinder. The correction factor is the inverse of the fraction 
of an orbit that a star spends traversing the disk, and thus is 
proportional to the product of the vertical speed passing 
through the plane, | JFZ=0|, and the vertical oscillation period 
for that star’s orbit. The vertical period should be calculated 
from the measured vertical potential gradient of the Galactic 
disk rather than from an harmonic potential approximation 
(which has constant vertical period). Figure 9 shows the re- 
lation between oscillation period and vertical speed that re- 
sults from the vertical force law derived by Kuijken & 
Gilmore (1989). This was adopted here. 

In principle, the correction could be done on a star-by-star 
basis, using the space motions in the Gliese catalog. How- 
ever, the small sample size, 91 stars after pruning, leaves this 
procedure susceptible to sampling errors. A more robust 
weighting is that derived from the best available estimator of 
the true vertical velocity dispersion appropriate for a specific 

Fig. 10. Vertical velocity dispersion as a function of iron abundance for the 
Gliese catalog stars and the F/G star sample of Edvardsson et al. (1993). 
The filled square symbols refer to the ‘raw’ Gliese sample, the open squares 
to that obtained subsequent to pruning of potentially short-lived stars, and 
the filled circles to the Edvardsson et al sample. The error bars are appro- 
priate for an underlying Gaussian distribution. The solid line is the result of 
convolving a Gaussian of dispersion 0.1 dex with the step-function velocity- 
dispersion-metallicity relation suggested by the data. 

abundance range, provided that one knows reliably the rela- 
tive fractions of stars in that specific abundance range which 
are thin disk and thick disk. As emphasized earlier, this in- 
formation is not available a priori. Thus weightings of this 
type are inherently unreliable. However, to compare with 
previous analyses we go through such a weighting exercise 
here. 

The vertical velocity dispersion as a function of iron 
abundance for the Gliese catalog sample—both the ‘raw’ 
sample and that obtained subsequent to pruning of poten- 
tially short-lived stars—together with that of the local F/G 
star sample of Edvardsson et al. (1993) is shown in Fig. 10. 
The solid curve is the result of convolving a step-function 
relationship between velocity dispersion and [Fe/H], with the 
transition between a velocity dispersion of 19 to 42 km s-1 at 
—0.4 dex, as suggested by Fig. 7, with a Gaussian of disper- 
sion 0.1 dex, the expected metallicity accuracy. The smooth 
dashed curve results from adopting a value of —0.5 dex for 
the transition metallicity, and serves as an estimate of the 
uncertainty introduced by this approach. These smooth rela- 
tionships were used to assign a velocity dispersion to each 
metallicity bin of the present sample, rebinned into 0.2 dex 
wide bins. The kinematic corrections were thus effected by 
weighting the binned data (after evolutionary corrections) by 
the product of the vertical velocity dispersion of that bin, 
times the extra factor due to the period lengthening in a 
nonharmonic potential (from Fig. 9), adopting the velocity 
dispersion as the estimator for the relevant mean vertical 
speed; this is justified for relative weighting.3 The resulting 
metallicity distribution was then renormalized to the same 
number of stars, for convenience. This procedure resulted in 
the metallicity distribution of Fig. 11, where the solid and 
dashed histograms correspond to the adopted kinematics in 
the weighting scheme indicated by the solid and dashed 
curves in Fig. 10. One should remember that the kinematic 
weighting assumes that all stars more metal poor than -0.4 

3Note also that using our procedure with the adopted velocity dispersions of 
Sommer-Larsen (1991) resulted in a weighting factor that is numerically 
equal (to within a few percent) to that obtained by Sommer-Larsen by his 
more indirect technique. 
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Fig. 12. (a) As Fig. 11 but with the predictions of a ‘simple closed-box’ 
model of yield 0.7Zo, and present gas fraction 0.25, truncated at the me- 
tallicity corresponding to these values and normalized to the total number of 
stars in the sample, (b) As (a), but for the transformed ‘oxygen’ metallicity 
distribution. 

dex (or -0.5 dex) belong to a single population, with kine- 
matics characterized by a simple, single Gaussian; this is a 
dubious assumption. 

The metallicity distributions of Fig. 11 do not differ radi- 
cally from earlier determinations. There are somewhat fewer 
stars below [Fe/H]—0.7 dex than have the distributions 
resulting from Cameron’s (1985) UV excess calibration from 
broadband UBV photometry (Pagel 1989; Sommer-Larsen 
1991); as we have noted, this metallicity calibration provides 
systematically lower [Fe/H] estimates than, e.g., that of Car- 
ney (1979), while the larger errors of the UV excess tech- 
nique will broaden the distribution. After weighting, the 
present sample has relatively fewer stars above solar metal- 
licity than does either of the Pagel distributions, but is simi- 
lar to that of Sommer-Larsen. The fraction of stars more 
metal poor than —0.4 dex is approximately 45%. 

For interest, to compare with previous results, we show in 
Fig. 12(a) these same distributions, with an overlaid Simple 
Model of yield 0.7 solar abundance, and evolved to a gas 
fraction of 0.25, as appropriate for the local disk (Kuijken & 
Gilmore 1989). While the model could not be described as 
providing an excellent description of the data, the discrepan- 
cies are not overwhelming. As we emphasize below, how- 
ever, we explicitly do not suggest that this model is a viable 

representation of these data, nor that the distribution function 
of Fig. 12(a) is that appropriate to the local Galactic disk. 
Indeed, the possible traps for the unwary may be illustrated 
by, following Pagel (1989), transforming the iron abundance 
distribution into one for oxygen. The Simple Model predic- 
tions are based on the instantaneous recycling approxima- 
tion, and as such are better compared to metallicity distribu- 
tions based on elements that are produced predominantly by 
massive stars, such as oxygen, rather than the iron-based 
distribution usually measured (cf. Pagel 1989). As discussed 
above, for most of the stars of interest, with [Fe/H]^:-1 dex, 
the simple relationship [O/H]=-0.5[Fe/H] is a reasonable 
approximation (e.g., Edvardsson et al 1993). Using this to 
transform an iron distribution into an oxygen distribution 
simply squashes the metallicity scale of the observations. 
The resulting distribution and Simple Model are shown in 
Fig. 12(b); it is much clearer now that the Simple Model 
distribution is significantly wider than the observations.4 

3.2 Comparison to the in situ Sample 

Gilmore et al (1995) determined the iron abundance dis- 
tribution of G dwarfs at several kpc above the Galactic plane. 
Those distributions were derived from spectroscopic obser- 
vations of area-complete, photometrically defined samples of 
F/G dwarfs in the apparent magnitude range 16^V^18. The 
final distribution of stars per unit volume at a chosen fiducial 
distance depends on the density law assumed for the stars. 
Figure 19 from that paper is reproduced here as Fig. 13, 
showing the iron abundance distributions at z = 1.5 kpc in the 
direction of the South Galactic Pole and at z = 1 kpc in a field 
at (/=270, & = —45), UK Schmidt FI 17; for the magnitude 
range under study these two lines-of-sight probe essentially 
the same Galactocentric distance projected on the plane. The 
distributions shown are derived under two sets of assumed 
density laws; in one case that all the stars are thick-disk stars, 
and in the other case that the stars more metal poor than 
[Fe/H] = — 1.0 are halo objects, while the stars more metal 
rich than [Fe/H]=—0.4 are 90% thick-disk and 10% thin- 
disk stars (a ratio consistent with star-count model predic- 
tions at the sample distance from the Galactic plane) and 
100% thin disk for [Fe/H]>0.0. Adopted vertical scale 
heights were 4000 pc for the halo, 1000 pc for the thick disk, 
and 250 pc for the thin disk, in agreement with the adopted 
velocity dispersions and vertical potential above. Full details 
are provided in Gilmore et al (1995). 

The metal-rich bins are expected to be under-represented, 
since the sample was selected in situ, far from the Galactic 
plane, requiring a high minimum vertical velocity at the 
plane, for a given star. Metal-rich stars in general may be 
expected to be drawn from a population with vertical veloc- 
ity dispersion of only ~20 km s-1 (Edvardsson et al 1993; 

4It should be noted that the gas fraction appropriate to the solar circle, 0.25, 
is rather higher than had been adopted in the past; this larger value results in 
the truncation of the model evolution at metallicities below the extent of the 
data, for yields that approximate the location of the peak in the observational 
data. The main input parameters to the local gas fraction whose values have 
been reestimated recently are the actual gas surface densities, and the total 
disk surface density (see Kuijken & Gilmore 1989). 
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Fig. 13. Figure 19 from Gilmore et al (1995). Comparison of the F117 z = 1000 pc iron abundance distribution (solid histograms) and the SGP z = 1500 pc 
distribution (dashed histograms). The left panel shows the derived distributions under the assumption that all stars follow the thick-disk density profile, while 
the right panel includes thin-disk and stellar halo contributions. 

Freeman 1991), so that only stars in the tail of the velocity 
distribution will be sampled in situ at a few kpc. That is, this 
sample suffers from the complementary selection bias to that 
suffered by the nearby-star sample, systematically undersam- 
pling low velocity-dispersion populations. Indeed, there is no 
significant dependence of the observed line-of-sight velocity 
dispersion on metallicity for either the SGP stars (typical 
dispersion is crw~40 km s-1), or the FI 17 stars (typical dis- 
persion is crlos~50 kms-1; Gilmore and Wyse, in prepara- 
tion), suggesting that the colder thin-disk stars are indeed 
relatively undersampled. We can use this kinematic bias to 
determine the number of low vertical velocity, metal-poor 
stars in the local sample. 

The predicted distribution at z = 0 pc may be derived from 
these data, again once an appropriate choice of density law is 
made. Obviously the case where all stars are thick-disk stars, 
and so each metallicity bin is corrected using the same den- 
sity profile, will have the same relative distribution as that 
shown in Fig. 13, with only the overall normalization in- 
creased. The distributions obtained under the alternative as- 
sumption, that the metal-poor bins are dominated by halo 
stars, while the metal-rich bins are dominated by thin-disk 
stars, are shown in Fig. 14. It should be noted that the origi- 
nal sample has very few stars at either extreme in metallicity. 

The two lines of sight provide independent probes of the 
in situ metallicity distribution, with approximately equal 
numbers of stars in the original samples, and in each bin, and 
so a composite distribution may be obtained by a simple 
unweighted sum. 

The distributions shown are most reliable in the range of 
-l^[Fe/H]^—0.2, where we have most stars in the original 
sample, and for which the iron-abundance estimator is most 
robust (see Jones et al. 1995a; Jones et al. 1995b; Gilmore 
et al. 1995 for details). This is also the range of metallicity 
for which there is minimal difference between the two treat- 
ments of the density law(s). Comparing to the unweighted 
Gliese sample of Fig. 5, the in situ sample at the plane has a 
rather different distribution for metal-poor stars, being flat 
from [Fe/H] 0.5 to [Fe/H] 1 dex. The difference in 

distributions between the local sample and the in situ sample 
brought down to the plane is due to the presence of those 
kinematically cold stars in the local sample with metallicity 
[Fe/H]^-0.4. Thus comparison of these two samples thus 
allows us to deduce the shape of the thin disk metallicity 
distribution below its peak. 

The distributions functions must first be matched: this 
should be at an iron abundance where the thick disk may 
reasonably be expected to dominate, rather than just be 
present as a small minority population. An independent esti- 
mate of this abundance may be made by inspection of the 
age-metallicity-kinematics relations of Edvardsson et al. 
(1993) and of Marquez & Schuster (1994). These show that, 
although there is a substantial scatter in the thin disk age- 
abundance relationship, there is no significant population of 
stars with [Fe/H]^-0.7 dex that is younger than 12 Gyr, or 
has kinematics cooler than those of the thick disk. The stellar 
halo, on the other hand, dominates for [Fe/H]^ — 1 dex (Mar- 
quez & Schuster 1994). Thus, we match the in situ sample, 

Fig. 14. The z=0 pc iron abundance distribution resulting from the in situ 
data, if density laws appropriate to the halo are assumed for the metal-poor 
stars, and that appropriate to the thin disk for the most metal-rich stars, as 
described in the text. 
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Fig. 15. The solar neighborhood iron abundance distribution that results 
from matching the in situ data, brought to the Plane, to the local data, as 
described in the text. The dashed lines denote the 2=0 pc, formerly in situ, 
distribution, assuming all stars are thick-disk stars; the dash-dotted curve is 
the comparable distribution adopting the three-component scaling—both 
now renormalized to match, over the interval —0.8>[Fe/H]> —1 dex, the 
solid histogram, which represents the local Gliese long-lived F/G dwarf 
sample. The in situ data have been truncated at solar metallicity. 

scaled to the plane, and the local sample, over the interval 
—0.7>[Fe/H]> —1 dex. Further, both distributions should be 
reliable here. We carry out this matching for both scalings to 
the plane, that assuming that all stars at z = 1500 pc are thick- 
disk stars, and that assuming the three-component distribu- 
tion in the in situ sample. The uncertainties in the iron abun- 
dance estimates of the in situ sample are around 0.2 dex; the 
local sample was rebinned to this prior to the matching. 

In view of the small number statistics in the local sample 
at low abundances, we proceed by adopting the shape of the 
thick-disk chemical abundance distribution function as de- 
rived from the scaled in situ sample. Given that shape, we 
normalize the counts iteratively to provide a self-consistent 
match to the local metal-poor abundance distribution and the 
kinematic distributions shown earlier. That is, the normaliza- 
tion of the thick-disk distribution function is derived by al- 
locating a subset of those stars in the abundance range -0.8 
<[Fe/H]<—0.4 to the thick disk, with the relative numbers 
from each abundance bin determined by the adopted shape 
for the thick-disk distribution. The normalization is derived 
from the combination of the kinematics of Fig. 9 and the 
(small) number of stars in the chemical abundance range 
— 1.0<[Fe/H]<—0.8, which is assumed pure thick disk. 

This matching results in the histograms shown in Fig. 15. 
The dashed lines denote the z=0 pc, formerly in situ, distri- 
bution, assuming all stars are thick-disk stars; the dash- 
dotted curve is the comparable distribution adopting the 
three-component scaling, as defined above—both now renor- 
malized as above to match the solid histogram, which repre- 
sents the local Gliese long-lived F/G dwarf sample. While 
the normalization is imprecise in consequence of small- 
number statistics, it is clear that, with either assumption in 
renormalizing the in situ sample, there is a considerable ex- 
cess group of stars with [Fe/H]~—0.5 in the local Gliese 
sample, compared to the number in the other distributions. It 
is also apparent that there is reasonable agreement between 
the renormalized in situ sample, after scaling to the plane, in 

the number of stars with — 0.4^[Fe/H]^0.0, although the 
detailed shape of the distribution function remains uncertain, 
only if the three-kinematic component model is adopted. We 
note that it is this model which is also consistent with star- 
count models (Gilmore et al 1995). 

That is, a matching of the local volume-complete sample 
of long-lived F/G dwarfs with a comparable sample, selected 
near 1500 pc from the Sun, and corrected through density 
profiles and normalizations consistent with kinematic and 
star-count data, requires that a majority of the stars near the 
Sun with [Fe/H] near —0.5 dex have kinematics appropriate 
to the thin disk and not the thick disk. This population may 
extend, but only as a minority constituent, to at least [Fe/H] 
^—0.8. Similarly, it is probable that some stars with thick- 
disk kinematics extend upwards in metallicity to [Fe/H] 
^-0.2 dex. It is this overlap of populations which resolves 
the apparent inconsistency between star-count models, which 
require the local thick-disk normalization in a volume- 
complete sample to be a few percent, and the abundance 
distribution of the local volume-complete (Gliese catalog) 
samples, where metal-poor stars comprise some 25 percent 
of the total. 

In summary, from this deconvolution, we now derive an 
abundance distribution for the long-lived stars of the Galac- 
tic disk by assigning the stars with -0.8<[Fe/H]^-0.6 to 
populations with vertical velocity dispersions of 42 and 19 
km s“1 (Freeman 1991) in the ratio of 3:2; those in the in- 
terval -0.6<[Fe/H]^-0.4 in the ratio 1:5; and those in the 
interval -0.4<[Fe/H]^-0.2 in the ratio 1:10. With these 
kinematic assignments, we are able to derive a column- 
integral abundance distribution, utilizing the weightings of 
Fig. 9 above. 

For completeness, we also recall the results of Wyse & 
Gilmore (1992) and of Ibata & Gilmore (1995), which show 
that the angular momentum distributions of the halo and the 
inner bulge are indistinguishable from each other, but are 
very different from those of the thick disk or the thin disk, 
which are in turn indistinguishable from each other. Thus, 
those studies conclude that the halo-bulge system of the 
Galaxy is a parallel evolutionary sequence to that of the thick 
disk-thin disk. We summarize all these results in Fig. 16. 
This shows the (normalized to unity for each distribution) 
abundance distribution of the Solar neighborhood halo (Laird 
et al 1988), the outer Galactic bulge (Ibata & Gilmore 
1995), the younger stars of the solar neighborhood, from Fig. 
6 above, the volume complete sample of long-lived thin-disk 
stars, derived here from our composite Gliese and scaled in 
situ samples, the (similarly derived) volume complete 
sample of local thick-disk stars, and the column-integral 
summed abundance distribution for the long-lived thin disk 
and the thick disk derived here from those latter two distri- 
butions. The six distributions are also presented, for conve- 
nience, in Table 3. 

4. DISCUSSION 

A variety of distribution functions relevant to the evolu- 
tion of the Galactic disk, and in particular to the question of 
the stellar population structure in the Galactic disks, have 
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Fig. 16. Abundance distributions, normalized to unity, of, from top to bot- 
tom, the Solar neighborhood halo (Laird et al. 1988); the outer Galactic 
bulge (Ibata & Gilmore 1995), truncated by them at solar metallicity; the 
younger stars of the solar neighborhood, from Fig. 6 above; the volume 
complete sample of long-lived thin-disk stars, derived here from our com- 
posite Gliese and scaled in situ samples; the (similarly derived) volume 
complete sample of local thick-disk stars; and the column-integral abun- 
dance distribution for the sum of the long-lived thin disk and the thick disk, 
derived here from those latter two distributions. 

become reliably defined in the last few years. Among the 
most important of these have been determinations of the 
age-metallicity-kinematics distribution of F/G stars in the 
Solar neighborhood. These have been complemented by 
many recent star-count and kinematic studies, which have 
determined reasonably reliable and precise normalizations 
for the three stellar populations evident in the Solar neigh- 
borhood data: the halo, the thick disk, and the thin disk. In 
this paper we have achieved a new derivation of the abun- 
dance distribution for the local, volume-complete sample of 
long-lived stars, using the most recent and precise photom- 
etry and calibrations. This determination, which is in general 
agreement with other recent such determinations, but more 
reliable, was demonstrated above to provide a local fraction 
of metal-poor stars which exceeds that derived from the 
larger-scale studies (star counts and in situ chemical abun- 
dance distributions) by a factor of about five. Comparison of 
the local abundance determination with that determined from 
two in situ samples, each some 1500 pc from the Sun, iso- 
lates the explanation of this inconsistency: a majority of the 
stars with metallicity near [Fe/H]^-0.5 dex in the Solar 
neighborhood have thin-disk kinematics. The apparent rather 
abrupt transition in kinematics near [Fe/H]^—0.4 dex, as in 

Fig. 7, is rather a confusing manifestation of two overlapping 
distribution functions. The combination of kinematics, spa- 
tial distribution, and chemical abundances for samples with 
different selection effects was required for this understand- 
ing. 

The underlying metallicity distribution function for the 
old thin disk extends to at least [Fe/H]^-0.75 dex, and 
possibly to even lower abundances. Similarly, the thick-disk 
abundance distribution extends up to at least [Fe/H]^-0.3 
dex, and possibly to even higher abundances. This overlap, 
while confusing simple analyses, is consistent with the ob- 
served scatter in recent age-metallicity relations, which 
show a significant number of stars with [Fe/H]^—0.5 dex, 
and with ages of only a few Gyr, and which are providing 
improving evidence for stars with [Fe/H]^0, and with ages 
more typical of the bulk of the thick disk, some 12 Gyr [cf. 
Fig. 14(a) of Edvardsson et al. 1993]. It is clear that age 
distributions are are also going to provide important con- 
straints on theories of disk evolution. Whether these are old, 
thin-disk stars or metal-rich thick-disk stars remains a matter 
for future investigations. 

The result that the abundance distributions of the thick 
disk, which is apparently exclusively old, and of the thin disk 
overlap considerably, with the thin disk extending to abun- 
dances nearly as metal poor as does the thick disk, has im- 
plications for models of the formation of the thick disk. This 
is consistent with the simplest class of merger models for the 
formation of the thick disk only if there is substantial scatter 
in the age-metallicity relationship for thin-disk stars at all 
times, even during the earliest stages. In such models the 
thick disk is formed during the merger of a predominantly 
stellar satellite galaxy with an extant Galactic disk (e.g., 
Quinn et al. 1993). Dramatic kinematic heating of those thin- 
disk stars already formed abruptly thickens the thin disk into 
a thick disk, which will also contain much of the stellar 
population of the incoming merging galaxy. The remaining 
disk gas will rapidly restabilize into a new thin disk, and 
continue its evolution. The chemical evolution is relatively 
unaffected by the merger, and the first newly forming thin- 
disk stars will have the mean metallicity which the interstel- 
lar medium had attained prior to the merger, which will be 
greater than the mean abundance of the stars in the newly 
thickened disk. In this class of model, substantial overlap in 
abundances is not a natural feature without appeal to large 
scatter in the age-metallicity relationship of those stars 
formed prior to the merger, as well as those formed after. 

As part of the present analysis, we have isolated, in order 
to remove from our complete sample of long-lived stars, the 
distribution of abundances of younger stars near the Sun. 
This distribution is more metal rich in the mean, and is 
skewed to higher abundances, than is the distribution of 
abundances of longer-lived stars, which will in the mean be 
older. Thus, there is a trend of abundance with age in the 
Galactic disk. Remarkably, however, there appears to have 
been little or no change in the mean abundance of the old 
disk in the interval between about 10 Gyr ago and about 3 
Gyr ago. In the last few Gyr the mean iron abundance has 
increased by a factor of about two, while the tail of the 
thin-disk abundance distribution to metal-poor stars has dis- 
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Table 3. Abundance distribution functions for stellar populations. 

[Fe/H] Field Halo Outer Bulge Young Disk Thin Disk Thick Disk Thin + Thick 

Volume Volume Column 

Note 1 Note 2 Note 3 Note 4 Note 4 Note 5 

+0.3 - - _ _ _ 

+0.1 - - 0.65 0.55' - 0.55 

-0.1 0.00 0.99 1.00 1.00 0.00: 1.00 

-0.3 0.15 1.00 0.35 0.52 0.67 0.72 

-0.5 0.19 0.92 0.06 0.45 1.00 0.75 

-0.7 0.23 0.75 0.00 0.06 1.00 0.36 

-0.9 0.27 0.61 0.00 0.00 1.00 0.30 

-1.1 0.37 0.42 0.00 0.00 0.10: 0.03 

-1.3 0.53 0.32 0.00 0.00 0.10: 0.03: 

-1.5 0.85 0.20 0.00 0.00 0.00 0.00 

-1.7 0.94 0.14 0.00 0.00 0.00 0.00 

-1.9 0.65 0.08 0.00 0.00 0.00 0.00 

-2.1 0.48 0.08: 0.00 0.00 0.00 0.00 

-2.3 0.34 0.03: 0.00 0.00 0.00 0.00 

-2.5 0.24 0.03: 0.00 0.00 0.00 0.00 

Notes to Table 3: 

Note 1: data from Laird et al (1988). 

Note 2: data from Ibata and Gilmore (1995). 

Note 3: Gliese pruned stars, this paper. 

Note 4: This paper, §3. 

Note 5: This paper. Weights (from Figure 9) are, for isothermal samples 

with vertical dispersions 42km/s and 19km/s, in the ratio 3.09. 

appeared. This conclusion from the present analysis is con- 
sistent with the age-metallicity-kinematic data of Edvards- 
son et al (1993), which show a turn-up in the mean chemical 
abundance within the last few Gyr [their Fig. 14(a)]. 

Identification of a large fraction of the metal-poor 
[Fe/H]~-0.5, stars in the Solar neighborhood with the thin 
disk, so that their kinematics confine them close to the disk 
plane, means that recent attempts (including those by our- 
selves in Sec. 3.1 above) to derive the column-integral abun- 
dance distribution near the Sun by kinematic-weighting of 
the local data will over-estimate the true number of metal- 
poor stars in the Galactic disk. This arises since the practice 
has been to identify all metal-poor stars with the thick disk, 
and thus necessarily use thick-disk kinematics in the weight- 
ing applied to all these stars. Figure 8 demonstrated the dan- 
ger of assuming a simple single Gaussian fit to determine the 
kinematics appropriate to a given sample. Hence, to use the 

jargon of the Simple Model of chemical evolution, the ‘G- 
dwarf problem’ seen in the fitting of the solar cylinder data is 
even more severe than has been suggested recently, since the 
true contribution of metal-poor stars to the column integral 
has been overestimated in the past by the simple kinematic 
weighting procedure which had been adopted. We empha- 
size, however, that the assumptions underlying the Simple 
Model are inappropriate to the evolution of a part of a galac- 
tic disk, so that this deduction by itself is not a very helpful 
clue to improve models of galactic evolution. 

A variety of recent studies have provided a determination 
of the Solar cylinder chemical abundance distribution taking 
account of local kinematics. In this study we have included 
data for distant stellar samples, allowing a more robust de- 
convolution of the high-precision, but small sample, local 
data than has been possible heretofore. Such abundance de- 
terminations are useful constraints on Galactic chemical evo- 
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lution, but contain insufficient information for detailed 
analysis. Further progress requires consideration of the mul- 
tivariate distribution function, complementing the results of 
this study with both age and chemical element ratio informa- 
tion. 
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