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Abstract. The G dwarf metallicity distribution of a mass lim-  In this paper an investigation of a large volume limited sam-
ited sample of stars within 40 pc and southjof —26° and ple of F and G dwarfs in the solar neighbourhood is presented.
for which Stbmgrenuvby and Hg photometry is available is The sample is subjected to several tests to ensure thatitis as pure
studied. Special care is taken to ensure that the sample consistpossible. The metallicity distribution of a final mass limited

of stars with a main sequence lifetime longer than the age of temple is then compared with several other observational and
Galactic disk. Furthermore, binary stars, subgiants, active stahgoretical distributions.

etc. are removed to ensure that the sample is as clean as possithis paper is organized as follows: In Sect. 2 the sample
ble. The sample was limited to the mass intefu&@l— 1.0M, used is briefly described. In Sect. 3 the steps taken to make the
using masses determined by interpolation between theoret&ainple as clean as possible is described. In Sect. 4 the correc-
evolutionary tracks. A mass interval was used as opposed ttiaas applied to the sample is described. In Sect. 5 the resulting
color interval, as it is more directly comparable with theoretic&® dwarf distribution is discussed. In Sect. 6 it is compared with
models. The final sample contains 253 stars. Even though dteservational and theoretical distributions. Finally in Sect. 7 the
sample shows aremarkably small low metallicity tail a new scatenclusions that can be drawn from this investigation are pre-
height weighting method was developed, and used. The resa#nted.

ing G dwarf distribution cannot be reconciled with the simple

model for chemical evolution, in fact this dataset shows that the The sample

G dwarf problem is even larger than earlier results indicate. i
2.1. Observations

Key words: Galaxy: evolution — Galaxy: solar neighbourhoodrhis work is based on observations obtained with the Danish
50cm and 1.54m telescopes on La Silla. All stars from the
Michigan Spectral Catalogue (Houk & Cowley 1975; Houk
1. Introduction 1978 198R) in the spectral range F to K2, and below —26°

were included. This spectral range was used to ensure that all

The G dwarf problem is one of the more persistent problemagy s in the G dwarf mass interval were included, as different
in Galactic astronomy. The problem is the discrepancy betweg@e and metallicity spread stars of a given mass over a wide
the prediction of the simple model for the evolution of the 30'%"pectral range.

neighbourhood and observations. Basically the simple model for 1 sample has varying magnitude limits based on color.
galactic chemical evolution predicts too many low metallicity,at can be seen in Tale M, is the absolute photographic
stars among the long lived stars. It was first examined by Vafhgnitude anh,, i, is the established apparent photometric

den Bergh|(1962) and Schmidt (1963). _ limitinthe corresponding color interval. For the F stars the limit
Many theoretical models have been created to explain th‘?/\%sm, 1im = 8.3 which is more than adequate.

dwarf problem (e.g. Larsdn 1972; Lynden-Bell 1875; Clayton o stars of luminosity class V, IV or undertermined class
1985; Pagel 1989; Truran & Camerion 1871 and Pagel & TaWke included. The sample consists of 5561 stars.
vaiSierg[1995). Most of these models fit the present observations Stromgren four color photometry was obtained for all stars.

fairly well. The H; index was measured for F and early G-type stars. The

Unfortunately the observations are not of sufficient qualiyyservations are more fully described by Olsen (1983, 11993,
to discriminate between these models. The problem has, in 9889z). )

eral, been to remove biases from the sample. e.g. kinematicalThe cajibrations used are split in two parts; the G dwarfs
bias, or bias resulting from the problem of isolating long-livedn the F dwarfs, for which separate calibrations were used. In
stars. the zone where these groups overlap the F dwarf calibration was

* Presentaddress: Lund Observatory, Box 43, SE-22100 Lund, Sweused. The F dwarf group used the Crawford (1975) calibration
den (bjarne@astro.lu.se) for M,, the Nissen[(1981) calibration for [Fe/H], the Magain
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Table 1. The sample limits as a function of spectral type. oL 1
Sp.T by  M,(ZAMS) My (ZAMS)  mpgtim o8l 7
GO 0.368 4.44 5.18 8.6 - 1
Gl 0378 4.54 5.30 8.7 oer 7
G2 0.387 4.65 5.44 8.8 i ]
G3 0.402 4.85 5.67 9.1 T 04 —
G5 0.420 5.11 5.98 9.5 [ i
G6 0.440 5.42 6.34 9.8 ool N
G8 0.456 5.64 6.61 10.1 F ¢ A
KO 0.478 5.88 6.90 10.4 [ ]
K1 0.498 6.06 7.13 10.6 0.0~ 7
K2 0.518 6.23 7.34 10.8 I o °® .

ool ooy ]

0.0 0.2 0.4 0.6 0.8 1.0 1.2

(1987) calibration forl, and the Olsen (1988) calibration for

(b—1y)o- In the G dwarf group the calibration by Olsén (1084¥ig. 1. (b — y) — m diagram for the discarded stars. The diamonds
was used. are stars outside the calibration ranges of Schuster & Nissenl(1989),

the crosses are stars with conflicting [Fe/H] and the triangles are the
) o rest. The solid line is the preliminary standard relation for dwarfs of
2.2. Distance limit Hyades metallicity. The dashed line is for giants.

To ensure that the sample is reasonably volume complete a dis-

tance limit must be established. This is done by comparison

with a homogeneous distribution. For y < 0.520 the sample pared with the four masses used to derive it. If the resulting mass
is reasonably complete t)pc. For the F stars in the sampleis within 0.05M, of any of these points the result is accepted.
the limit is beyondl00pc, causing a lot of them to be removedrhis leaves 749 stars in the sample. If the sample is restricted
when the sample is reduced to stars witlipc. The distance to stars where no extrapolation is used to derive their mass, the
limit leaves 1141 stars in the sample. number of stars is reduced to 550. In both cases this is still a
fairly large sample.

A total of 392 stars were discarded by the interpolation pro-
gram. It is of course very interesting to examine these stars.
The masses of the stars in the sample were determined by linBag Olsen[(1984) calibration is only valid for luminosity class
interpolation in the evolutionary models by VandenBerg et &. stars. In general, subgiants will get a too low [Fe/H]. To
(2000). These models are brand new, and include an improvest for subgiants, the Olsen [Fe/H] was compared to the cal-
equation of state with non-ideal corrections, updated nucleariterations of Schuster & Nissen (1989), as their calibration
actions, neutrino cooling rates, and modern opacites. The ngwes include subgiants. Of the 392 rejected stars, 206 were
models are so superior compared to the older models (Vandeuotside the calibration limits of Schuster & Nissen. 116 had
Berg 1985) that the older models should be considered obsoléie:/ H]sn > [Fe/H]osen + 0.5. This indicates that they are
Even so the old models were used for comparison to gauge $iudgiants. Looking at théh — y) — m; diagram (Fidl) it is
effect of different models on the resulting masses. The modelsvious that the 116 stars with conflicting [Fe/H] lie in the area
agree within0.05 to 0.1Mg,, with a small trend, where the oldwhere subgiants normally are found (see Olsen1984). It is also
models give slightly lower masses for low metallicity stars. obvious that the stars outside the calibration range are mostly

In referring to these models, the following definitions argiants and stars on the lower main sequence (K-dwarfs etc.).
used: A point is the data describing a single model star of a Of the remaining 70 discarded stars, 14 were close binaries
given mass and metallicity at one age in its evolution. A trackécording to the Hipparcos catalogue (ESA 1997). In addition,
the collection of points describing the evolution of a model stane was found to be chromospherically active according to the
of a given mass and metallicity. A set is the collection of trackSMSS survey (Einstein Observatory Extended Medium Sensi-
describing stars of a given metallicity. tivity Survey , see Sect. 3.3). It is not clear why the remaining

Thisis aninterpolation in three dimensions. The dimensiostars are discarded, but their small number justifies simply ac-
involved are:M,,, T.s and [Fe/H]. The interpolation is split in cepting that they did not fit in some way.
three parts to match these dimensions. For each of the two sets
_nearest to the star in [F_e/H], the two tracks nearest to the A The massinterval
is found. Temporary points are then found on these tracks by
interpolating along the track, so that the temporary points havke range of colors included in the sample corresponds to a
the sameV/, as the star. It is then possible to find a temporamass interval, within which the sample is reasonably complete.
mass for the star in each set. A final interpolation (between thike lower mass limit is established by comparion to the low-
two sets) gives the mass of the star. As a test this mass is c@st-temperature for each metallicity in the theoretical models

2.3. Mass derivation



Bjarne Rosenkilde Jgrgensen: The G dwarf problem 949

Table 2. Main sequence lifetimes at different [Fe/H]. 02

Mass (M) Metallicity ([Fe/H]) ¢(MS) o.zo} {
1.0 -1.01 6.8 Gyr 0 ]
1.0 -0.83 7.6 Gyr = sk , 1
0.9 -1.01 10.3 Gyr : i ]
0.9 -0.83 11.5 Gyr 3 i i ]
0.8 -1.01 16.3 Gyr g 0.10|~ / .
0.8 -0.83 18.1 Gyr & i ]
0.7 -1.01 27.0 Gyr ook 1
0.7 —-0.83 30.0 Gyr b ]
0.00 3 Ll R R R L ]
by VandenBerg et all_(2000). This establishes the lower mass 06 0.8 10 12 1.4 1.6

Mass (Mg,

limit to betweer0.7M, and0.8 M. As stars with high metal-
licity has lowerlog T, than comparable low metallicity stars, &ig. 2. Average scatter in the mass determinations. The solid line is
limit at 0.7 M, will lead to high metallicity stars being under-the scatter from\/,, the dashed line is the scatter frdng Tes, the
represented. The upper mass limit must be established so that@g-dotted line is the scatter from [Fe/H] and the dash-dot-dot-dot line
stars below the mass limit have main sequence lifetimes lonéeie combined scatter. Only stars withi51/¢ of an interpolation

than the age of the disk. As this age is still controversial thﬁ)é)lnt have been used and invalid neighbours have been removed.
limit is subject to some uncertainty. The limit is established by

comparing the age of a model star 0.02 dex1{inT.) past

the bluest point of the evolutionary track. This extra distanceThis is then a ‘double resolution’ grid, i.e. the step length is half
chosen so that &0M, star with solar metallicity has a mainthe scatter. Using the next nearest neighbour it is possible to
sequence lifetime of 10.7 Gyr, and to allow for the observatiorg$timate the average scatter as a function of mass. It is obvious
scatter. The resulting ages are shown in Table 2. that the grid points outside the theoretical sets give nonsensical

Asthe region below [Fe/H] =-1.0is only marginally relevantesults. To avoid using these points in the estimation of the
for the purposes of this paper, as there are very few starssgatter, any points with a calculated mass bellda/, or above
the sample below this limit, it is safe to assume that the limit5)/ were notused. In addition only calculated masses within
is somewhere between 0.9 and 1.Q Mrhis does represent a0.05M, of any of the interpolation points were used. The results
rather narrow range when compared with the color limit. ~ are shown in Fid.]2.

The mass is determined with an average scattercof
0.08Mg. There is a slight increase with increasing mass, but
this is explainable. This increase is mostly derived frofy,

A number of corrections was applied to the sample to ens@ed as the distance i/, between tracks is larger on the lower
that it is as free of contaminants as possible. main sequence, a “step” in mass up or down in the HR diagram
will influence the calculated mass less. It is interesting to note
that the average scatter is comparable to the difference between
using the old and the new models.

It is of prime importance to study the accuracy of the calcu-

lated masses. Nisseln (1994) made a study of. the calibratiprgg_ Binaries & subgiants

the Stbmgren system for F and G stars. In this study he finds

among other things the standard scatteF.in, M/, and [Fe/H] To correct for any possible contamination of the sample by mul-
determined from Strmgren photometry. These results can thdiple stars or subgiants, the sample has to be examined closely
be used to estimate the accuracy of the mass as found bytthéemove any such stars. To do this the remaining stars were
method described above. Nissen finds that the error in photdl-checked in several catalogues. The catalogues used were:
metric distance is about 15%, which correspondsto 0.3 mag. For

disk stars the error in effective temperature lies around 100 k= The Washington Double Star Catalogue (Worley & Dou-
The error in [Fe/H] is estimated to 0.15 dex from Olgen (1984). glass 1996) This catalog contains 78100 known visual dou-
This is a conservative value as for most stars (those above [Fe/H]ble stars.

=-0.6) the scatter in the calibriation was 0.13, furthermore for The SIMBAD online database was checked to find MK-

3. Steps towards a clean sample

3.1. Accuracy & errors

the F stars the scatter is between 0.08 and 0.11 dex. classifications for the stars in the sample. It was also used
A grid of calculated masses running from [Fe/H]=0.00 to as a source to find multiple stars, generally spectroscopic
[Fe/H]=-1.05 in steps of alternately 0.07 and 0.08, frivp = binaries.

1.5 to M, = 9.9 in steps of 0.15, and fromeg T, = 3.950 — The Hipparcos catalogue (ESA 1997) was used to check the
(8000 K) to 3.477 (3000 K) in steps of 50 K, was constructed. photometric parallaxes. In general the photometric paral-
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399 stars. line=inactive

laxes was verified, although a few subgiants were discovered,, — :
in this way.

dots=active

Using these catalogues, the stars were classified into several
categories:

— Visual binaries. The visual binaries in the sample were split o
in two. The systems with a separation greater th#hwere ¢
regarded as single stars as the photometry of the individual
components should be unafected by the other component.”
For the remaining visual binaries there are three possibili-
ties. If the magnitude differencéym, is larger than 5.0the
primary star dominates, and the system is regarded as a sin-
gle star. IfAm is below 0.2 the two stars are regarded as )
identical, and the system is counted twice if the photometric ©——- e ! :

e . -1.5 -1.0 -0.5 0.0
parallax places the system within 29 pc to account for the ex- [Fe/H]

.tra Iumlr(;OZIty. IfAm Istbztweg?hO.Z fmd 5.0 t(;].e phcétogletr}éig. 3.Comparison of the metallicity distribution of 399 stars classified
IS regarde as C,Orru,p edan es ars are discarded. - oo tive and inactive by Henry et al. (1996). The solid line is inactive
— Spectroscopic binaries. There were eight stars that SIMBAL, s the dotted line is active stars.

categorized as spectroscopic binaries. These stars were re-
moved as their photometry may be unreliable.

— Variable stars. These stars were removed from the sample. .
— Eclipsing binaries. The four eclipsing binaries in the samplis has any effect on the current sample, the Henry et al. (1996)

O L c b b e b

5

were removed. survey of HK line emission in solar-like stars (between GO and
— Alpha Centauri was in the sample, but it was removed §€) south ofd = —25° and with HD magnitude< 9.0 was

the photometry was of both Cen A & B combined, and as used. For a G2V star this corresponds to a distandggpt.

their Am = 1.4, they were discarded. This sample contains 650 stars. Comparing with stellar densi-
— Giants. A few giant stars were still in the sample. They wefi€S they expect their sample to contain about 50% of the stars

removed. present withirbOpc.

— Subgiants. Although a lot of the subgiants in the sample Of the 1141 stars in the current sample withiipc, 399
were already removed by the interpolation program sevel4¢"® also present in the Henry et al. sample. This is pe_rhaps a
remain. These stars were removed here. The removal gr8-low as Henry et al’s sample extends3apc, thus having
cess was stepwise. First the MK classifications from tf@most twice the volume, but the current sample also includes a
SIMBAD database were examined. If there were more thi#{r @mount of F stars and giants etc. This is a sufficiently large
three sources that all agreed on the luminosity class, the S@fPle that an investigation of the effect on the photometric

was either accepted or rejected on that basis. If that was Hof/H] can be made. Using Henry et al.s limitlo R}, =
enough, the position of the individual star in fbe- ) — ¢, —4.75 to divide the sample into active and inactive stars, two

(b—1y) —my ande, —m; diagrams were examined. Fina”ysubsamples are made which can then be compared. The effect

the distances to all the remaining stars were checked wifjggested by Morale et al. and Giampapa et al. should lead to
Hipparcos data. Here a conservative limit of 60 pc (coﬁ”'te dlffe_rent metallicity distributions, with the high _a(_:tMty
responding to 40 pc +& was adopted. Stars with Iargerpart considerably more metal poorthan the low metallicity part.
Hipparcos distances were discarded. But as can be seen in Fid. 3, no real difference can be seen.

— CORAVEL spectroscopic binaries. CORAVEL data was Even when limited to the stars that are accepted after all
used to remove 15 spectroscopic binaries. tests there are still 235 stars left, enough for these investigations.

— Halo stars. One halo star (HD 113083) was found from iff¢hen the sample is limited to these stars, the result does not
velocity data described below. change, as seen in Fig. 4. This leaves a significant discrepancy

— Single main sequence stars. These stars were acceptedbﬁ’iwee” these results and the predictions of others. In an attempt
used. tounderstand this phenomenon, the distribution of [Fe/H] versus
log Ry ;c (Fig.[8) was examined.

The sample should now be reasonably free of disturbing As can be seen, there is little indication that low metallic-
double stars and subgiants, and it now contains 497 stars. ity stars are seriously polluted by active stars. There is a clear
relation between metallicity and activity to aroulod R/, ;- ~
—4.9, as expected from the activity - age - metallicity connec-
tion. Around solar metallicity there is a range of activity lev-
Chromospheric activity may affect the photometric metalliels. Only those stars categorized as very active by Henry et al.
ities, through an influence on the &tngrenm, index (e.g. (1996) log R/, > —4.2) show a tendency to have underes-
Giampapa et al. 1979; Morale etlal. 1996). To examine whethignated metallicities. These stars form a very small part (2.6%

3.3. Chromospheric activity
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Fig. 6. Velocities perpendicular to the galactic plane versus metallicity.
Fig. 4. Comparison of the metallicity distribution of stars classified as

active and inactive by Henry et al. (1996), using only the 235 stars

accepted after all tests. Again the solid line is inactive stars, the dotted With these data it is possible to make an in-depth study
line is active stars. of the scale height weighting problem. As theoretical models
usually concern a cylinder around the sun and the observed
sample is confined to the solar neighbourhood, some correction
must be made. This is usually done by weighting the sample
according to the averad@’| velocity in each velocity bin to
correct for the different scale hights. According to Mayor et al.
(1977) theU andV velocities does not produce a noticeable
effect (meaning that the radial metallicity gradient is low), thus
only |IW| velocities are usually considered.

From Fig[® it is clear that most of the stars haié| ve-
locities below50km/s. There are 10 stars witfi/’| velocities
above50km/s. These stars have,., between 1 and 2 kpc,
and could be either halo stars or the end of the disk velocity
distribution. They do not have exceptional metallicities. The re-

B e maining stars are approximately gaussian distributed. A fitted
log Rix exponential distribution would predict no stars wjitii | veloc-
Fig. 5. [Fe/H] versuslog R}, for the 399 stars from Fifyl3. Active lties above 50km/s,. which suggest that this might be a way
stars, withHog R, i > —4.75 are predicted to have lower photometrictO separate the pOSSIIbIe halo starg frqm the. sample.
metallicities. Another result evident from this figure is that many stars
have very low|W| velocities. This can cause a problem when
using conventional corrections such as weighting the stars by
according to Henry et al.) of the G dwarfs, so even without amlyeir [1¥/| velocities; When one star hag & | velocity of e.g.
attempt to remove such stars from a sample they would not afskm /s and another has [&/| velocity of e.9.9.0km/s, this
fectit greatly. Among the active stars there are a few stars belaul cause the second star to have six times the weight of the
[Fe/H] = —0.5, but the great majority lies around solar [Fe/H]first star, while in reality none of them spend much, if any, time
Even among the few highly active stars with low [Fe/H] onlynore than 40 pc from the galactic plane. As seen inFig. 6 there
one was present after all the other tests. It was removed. s only a very general trend f¢FV| to depend on [Fe/H]. This
makes it somewhat unreliable to use average values, but they
will at least give the general trend. Averaging the velocities in
0.1 [Fe/H] bins gives Fid.J7. In the figure a linear fit is shown
A large program has been underway for some years now,(tgth a dashed line). Note though, that it suffers from the bad
determine the space velocities of nearby stars. the author wtaistics in the low metallicity part with — 4 stars per bin, as
kindly lent some data from this project by Andersen & Nordspposed tex 70 in the more metal rich part.
stom (private communication). For all but 33 of the stars left Another possible correction is to use tliemethod from
in the sample there are velocity data and calculated orbits (&mmer-Larsen_(1991). Using this method would ignore the
scribed in Fux1997). These data are based on the same absefkitecity data, which is not optimal as this discards useful infor-
magnitudes as the results presented here. mation.

0.5

0.0

-0.5

[Fe/H]
e L A e

4. Corrections
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Fig. 7. Average velocities perpendicular to the galactic plane versbg. 9. Metallicity distribution of all remaining stars, with different

metallicity. scale height corrections applied. The solid line is the uncorrected sam-
ple, the dotted line is the sample corrected with zhe.x method and

Distribution of Zmax stars with|W| > 50km/s removed, the dashed line is using the
200 T T T T T T T T .

Sommer-Larsen correction, the dot-dashed line is with a linear cor-

rection and the dot-dot-dot-dashed line is with the method using

all stars.

150

simplifies the problem. With these assumptions it is then easy
to find the proportion of time spent within 40 pc of the Galac-
tic plane knowing the maximum distance that the star reaches.
Each star is then weighted with the reciprocal time:

1
1 — (arccos(40pc/ zmax )2/ )

100

dN/dz(max)

(1)

50 w

Eq[lisused, if the star reaches further than 40 pc away from
the Galactic plane. If it does not, its weight is set to one. For the
33 stars where no velocity data were available, the correction
from the average values ¢oFV| was used, normalized to the
Fig. 8. Distribution of znax. weights from the method described above.

Unfortunately this method is also prone to distortions from
a few stars. e.g. some stars gain weights=df5, compared to

Another possibility is to use the calculated maximum heighteight= 1 for a star that does not move more than 40 pc from
above the plane. The distribution ef,.. is shown in Fig.B. the Galactic plane. This is of the same order of magnitude as the
There seem to be an exponential decay (a rough guesstinsaple size and can be very disruptive. This problem is com-
suggests a scale height of around 300 pc). The important feapoended by the fact that the harmonic oscillator approximation
of the plot is that the maximum height of a considerable pdteaks down at large distances from the plane. Another problem
of the sample is comparable to the distance limit (40 pc). Thissthat with the large scatter in velocities and the very few stars
|W ] is not a good indicator of the time the star spends inside darthe low metallicity bins, this effect will primarily affect the
volume, as some stars inside the sample will be near thgir bins with many stars, as the bins with few stars will probably
and will therefore have loyi7/| velocities. These low velocities not have any extreme stars. To rectify this problem all stars with
(e.g.2km/s) will give extremely low weights with a standard|W| velocities abové&0km /s were removed.
correction method. The different metallicity distributions that result from the

Thezmax correction is done by assuming that the stars mod#ferent corrections are shown in Hid. 9. The most interesting
vertically in a harmonic oscillator potential. A harmonic oscilpoint of this plot is that the distribution below [FeH]—-0.5
lator potential is a fair approximation, as longzais small com- does not change much, although the Sommer-Larsen correction
pared to the scale height of the disk, and this is true for mostisfa bit above the others. Another interesting point is the posi-
the sample (it is not the method used to calculgtg,, but for tion ofthe main “bulge”. The bulge shifts position with changing
these purposes it is acceptable). This method also assumesabatction method. The difference between kg, correction
the Sun is located in the Galactic plane. While a more completed the truncated,, .. correction indicates that the cut-off at
analysis would remove this assumption is is used as it greailjkm /s does remove some of the weighting, but as the distribu-

0 L L L L L L L L L L L L L L L 1
0.0 0.2 0.4 0.6 0.8
z max (kpc)

o
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Fig. 10a and b.Comparison of &) all stars (A, solid line) and the conservative sample (B, dotted line) Bnth€¢ 0.7 — 0.9M sample (C,
solid line) with the conservative sample (B, dotted line). See Tdble 3.

Table 3. The definition of the different subsamples. Table 4. The final metallicity distribution.
Subsample ID #of stars Metallicity bin  # of stars  weighted
All stars still in the sample. A 497 -1.0t0-0.9 0 0.000
All stars between 0.8 and 0®,. B 117 —-091t0-0.8 2 0.018
All stars between 0.7 and 0®,. C 177 —0.8t0-0.7 2 0.006
Al stars below 0.9/, D 216 :8; :g :gg 3 88;2
All stars between 0.8 and 1@,. E 193 0510 —0.4 > 0013
All stars above 0.8/. F 398 _0.41t0-03 17 0.090
All stars above 1.0//,. G 205 —0.3t0—0.2 38 0.172
All stars between 0.7 and 1@;. H 253 —0.2t0 —0.1 56 0.219
—0.1to 0.0 48 0.144
0.0to 0.1 59 0.198
tions are comparable at lower metallicities, the cut-off does nop-1t0 0.2 19 0.091

adversely affect the distribution. As the distribution with cut-off
is comparable to the other corrections, it will be used.

the conservative sample is also affected. In that case the low
metallicity tail would be over-represented in this study. This
should be taken into consideration when evaluating the results
After these corrections it is possible to review the mass linfrom this study. The next step is to examine the upper limit.
its of the sample. To facilitate this investigation, a number @he first thing to notice here is that the low metallicity tails
subsamples are defined in Table 3. in Fig.[1Ob are comparable. This indicates that the upper mass
A comparison of the metallicity distribution of all stars leftinlimit is beyond0.9M,. Fig[Z1b shows the effect of extending
the sample and the conservatioe8(— 0.91/) sample is shown the sample upward t6.0M,. There is little change, although
in Fig[I0a. FigIDb shows the conservative sample compathd low metallicity tail is slightly less prominent. This indicates
with the0.7 — 0.9M, sample. There is little difference betweerthat the upper mass limit can safely be set.t\/.
the conservative sample and th& — 0.9M, sample, and it In Fig[I2a the upper mass limit is removed. This has an
is thus possible to extend the sample down.@\/. As seen effect on the low metallicity tail, which is nearly halved. The
in Fig.[Ida the sample is affected if the range is extended ailhin bulge is also slightly broader, and it is thus not prudent to
the way down to the lowest mass, the main peak is lower aextend the sample to higher masses. This is obvious ifLHig. 12b
wider, which is not the expected result. The main peak showsere only the stars aboue) M, is shown. This is caused by
no influence from the lack of high-metallicity low-mass starthe short mainsequence lifetimes of high mass - low metallicity
predicted from the color limit. This can be explained in twatars. In conclusion itis possible to use the interval ftofid/
ways: The first explanation is that the interpolation prograto 1.0M,. The distribution of the stars in this interval is shown
forms a natural lower mass limit, e.g. if very few stars belowia Fig.[13. This distribution is also tabulated in Table 4. The
certain mass, say 0N/, are accepted because of the locatiomeighted column indicates the normalized weight of the bin
of the tracks in the HR diagram. The second explanation is tledter scaleheight correction.

5. Results
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Fig. 12.Comparison ofg) all stars abov®.8 M, (F, solid line) and the conservative sample (B, dotted line) ahdl( stars abové.0M, (G,
solid line) with the conservative sample (B, dotted line).

5.1. Scatter estimation The [Fe/H] of all stars in the sample was shifted with a
mally-distributed random function with a standard deviation
.15 dex. The mass was shifted with a standard deviation of

: e 1M . Error bars were constructed so that 67% of all distribu-
First a smoothed distribution is found, and then a Monte Cartl ns fall inside them. The result of this simulation is shown in

si_mu_lati(_)n of the_error in [Fe/H] i_s _made using this smqoth ig.[14. The error bars in this figure do match the extended sam-
distribution. This ignores errors arising from the mass limits, tht;fe and the reconstructed distribution very well, with the only

tmhggie; g:\ecstzr:]?mles etc., but will give an estimate of the Scat{;:)()arroblems located near the “edges” of the main peak. It should

The observational scatter is taken to be 0.15 dex. altho alﬁo be noted that while there are large uncertainties in the dis-

~ . . ibution, the low metallicity tail can not be explained away, as
for _sta_rs above [FE/H] =-0.6,0.13 d_ex IS more appro_pnate. T ¥ error bars are established based on the presence of stars in
intrinsic scatter is taken to be the intrinsic scatter in the ag

metallicity relation for stars at solar age and galactocentric d E'e low metallicity tail, and do not in any way touch on the pos-
e 'T'ﬁ’.s .sz' 015 dow o B argsson egt TT953) 'De'§|bi|ity that they should not be in the sample e.g. mis-identified

- 1NIS 15 5. 1o GEX IO v e o T “subdwarfs or RS CVn stars. It is however highly unlikely that
convolving the final distribution with a normal distribution with

_— /0152 10152 . “this is the case, as the tail consists of several stars neatly dis-
. 2 . 2 == . . . ! .
astand_ard de""?‘“"r? 0.15% + O 15 . 0.21 d_ex,_ anq USING ibuted into the bins between [Fe/H]=-1.0 and [Fe/H]=-0.5.
the optimum noise filter, results in a filtered distribution. Fro

: Lo . owever, a more detailed observational investigation of these
the filtered distribution a reconstructed sample is made by 9

. . o L sf%lrs might be interesting.
convolution of the filtered distribution and a normal distribu- 9 9

tion (o = 0.21).

. . . ._no
It is of great interest to have an estimate of the error assomag(?
with this distribution. Such an estimate is obtained in two ste
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Fig. 13. Comparison of the extended sample (H, solid line) with thEig. 15. Comparison with the Pagel (1989) (dashed) and the Rocha-
conservative sample (B, dotted line). Pinto & Maciel [1996) (dotted) distributions. The solid line is the ex-
tended sample (H).

0.25

0.20 Js0 tailis not as small. While these two distributions are af samples

having comparable size (287 vs. 253 stars), the more thorough
methods used in obtaining the extended sample implies that

o1 more weight should be placed on the extended sample.

Relative number
|
W
O
Number of stars

0.10 6.1. Comparison with theoretical models

When comparing with theoretical modelsiitis practical to use the
recontructed sample, as that removes some effects from obser-
vational scatter. However, the observational and intrinsic scatter
N e i aet A I are still present. To compensate for this the theoretical models
-10 -05 0.0 05 are convolved with a normal distribution with= 0.20. A vari-
(Fe/vl ation of o for the normal distribution has the greatest effect on
Fig. 14.Error bars from a Monte Carlo simulation based on the filteresteep distributions. A higlr will make any steep distribution
distribution compared with the extended sample (H) and the recatpnsiderably wider.
structed distribution (dotted line). The extended sample was compared with the simple model
(e.g. Pagel 1997), the Prompt Initial Enrichment model (Truran
& Camerori 19711) and Larson’s model (Larson 1972). None of
these models fits the data in any acceptable way.
It is interesting to compare the distribution of the extended In Fig[I8 the extended sample is compared with Pagel
sample with distributions obtained by other authors. In[Ei§y. % Tautvaiiere (1995). Their model fits reasonably well. The
the distributions from Pagel (1989) and Rocha-Pinto & Maciedopted parameters were; = 0.14, up = 1.3 andp; =
(1996) are compared with the distribution of the extended sat8Z,. Considering the scatter inherent in the distribution this
ple. is a good fit. While the convolution does degrade the fit, it is
The Pagel(1989) distribution (containing 132 stars) does rsiill not unreasonable.
compare well with the extended sample distribution. It is much The Lynden-Bell model is also a good fit (see Eid. 17). The
broader, and the low metallicity tail begins at a much lowéiynden-Bell model had/,, = 10 and a yield ofl.0Z. This
[Fe/H] (= —0.9). This suggests that the discrepancy might b&lue of M, is not in any way unreasonable (in Pagel 1989 a
caused by the different metallicity estimators {tigrendm; value twice this is used). The reconstructed sample lies more or
vs Johnson UV excess;_ ) and callibrations, i.e. [Fe/H] vs less directly between the convolved and the unconvolved mod-
the [O/H] used in Pagel (1989). This makes it hard to compaeés. This indicates that if the intrinsic and observational scatter
these distributions. are less than anticipated an even better fit can be made. In any
The Rocha-Pinto & Maciel distribution displayed in Higl 1®ase, the infall models fits the distribution rather well, and are
contains 287 stars, and is corrected with the Sommer-Lafseperfectly capable of explaining the G dwarf problem consid-
method (mentioned in Sect. 4). It has the same pronounced pegdig the scatter in the observed distribution. The only prob-
at [Fe/H]~ —0.2 as the extended sample distribution, but thiem with these models is around [Fe/H] =-0.6. Here the models

0.05

6. Comparisons
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Fig. 16.Comparison with the Pagel & Taut&ere (199%5) model. The Fig.17. Comparison with the Lynden-Bell (1975) model. The solid
solid line is the reconstructed sample. The dashed line is the Pdge is the reconstructed sample. The dashed line is the Lynden-Bell
& TautvaBiere (1995) model, while the dotted line is including th€1975) model withM., = 10, while the dotted line is including the
convolution. convolution.

are a little too broad, although this disappears if the scattelli%ned that th? low metallicity ta_il might be over-representeq ?n
overestimated. This indicates that models should perhaps trjits Study, which strenghens this point. It makes any reconcilia-
relax the perfect mixing assumption, which could counter tt&" with the simple model impossible. The derived distribution

intrinsic scatter making models more directly comparable f&" P€ fitted with infall models, such as the models by Pagel &
observational data. TautvaBiere (1995%) and Lynden-Be[l[{1975). The careful selec-

tion procedure used in this work makes it even more unlikely
. that the G dwarf problem can be explained by selection effects.
7. Conclusion That infall models are capable of explaining the G dwarf

Alarge sample of possible G dwarfs was examined. The samp[@P!em (perhaps with some delayed recycling and a relaxation
was limited so as to be reasonably volume complete within #hPerfect mixing assumption) is a powerful result. Although it
pc and south of = —26°. Masses were calculated for the starsan not be ruled out that other effects are important, for now it
in the sample, using models of stellar evolution by VandenBefgPears to be sufficient to use an infall model to resolve the G
et al. [2000). The masses calculated from the interpolation Sh@rf problem. Thus the G dwarf metallicity distribution pre-
in general accurate within 10% (as estimated in Sect. 3.1). gented here is a solid constraint on numerical models taking into
nary stars, subgiants and other pollutants were removed frafifOunt the interaction of the different processes in the Galaxy
the sample. The sample was examined for any influence frdghoughout the lifetime of the Galaxy. This will hopefully one
chromospheric activity, but the sample did not appear to be g]aylead_to a better understanding of the formation and evolution
fected. A new|I¥| velocity correction method was developed®’ the Milky Way Galaxy.
using the space velocities of the individual stars. This methgagknowledgements. The author would like to thank Erik Heyn Olsen
did not produce a result that was markedly different from othéar providing the data that this work is based on, and for general help
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