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Abstract. Ages and metallicities of stars in the Solar neighbourhood are fundamental con-
straints on models of the evolution of galactic disks. They are derived from the observations
through calibrations which may introduce systematic errors. Understanding and minimising
such errors and their interaction with any selection biases in the sample is crucial for the
interpretation. We determine substantially improved calibrations of uvbyB photometry into
Tex and [Fe/H], evaluate their effects on the computed ages, and perform extensive numer-
ical simulations to verify the robustness of the derived relations. We then revisit the main
results of the Geneva-Copenhagen Survey (Nordstrom et al.[2004), the largest and least-
biased complete sample of nearby long-lived stars in the solar neighbourhood, finding the
fundamental conclusions to remain unchanged.
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1. Introduction

Models for the evolution of spiral galaxy
disks, such as that of the Milky Way, describe
their star formation history, nucleosynthesis,
chemical enrichment, and dynamical evolu-
tion. Traditional models yield single-valued re-
lations for the increase in the (total or indi-
vidual) heavy-element abundances at a given
position in the disk, the radial gradients in
metal abundance, and the increase in velocity
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dispersion of well-defined groups of stars, all
as functions of time. The Milky Way is the
one galaxy in which these predictions can be
tested in detail. Thus, complete, accurate in-
formation on the stellar content of the Solar
neighbourhood remains a fundamental obser-
vational constraint on any set of models. The
most comprehensive recent study of nearby
stars in the solar neighbourhood is the Geneva-
Copenhagen Survey (GCS) (Nordstrom et al.
2004). The GCS provides metallicities, ages,
kinematics, and Galactic orbits for a complete,
magnitude-limited, all-sky sample of ~14,000
F and G dwarfs brighter than V' ~ 8.3. The
basic observational data are uvbyf photome-
try, Hipparcos/Tycho-2 parallaxes and proper
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motions, and some 63,000 new, accurate radial
velocity observations, supplemented by earlier
data. The best calibrations then available were
used to derive Teg, [Fe/H], and distances from
the photometry, and the astrometry and radial
velocities were used to compute space motions
and identify binaries in the sample. Finally,
unbiased ages and error estimates were com-
puted from a set of theoretical isochrones by
a sophisticated Bayesian technique (Jgrgensen
& Lindegren 2005), and Galactic orbits were
computed from the present positions and ve-
locity vectors of the stars and a Galactic po-
tential model. The GCS is large enough to
yield adequate statistics for subsets of stars de-
fined by age, metallicity, or abundance, and es-
sentially free of the kinematic and/or metal-
licity biases affecting most earlier samples.
However, systematic selection effects may re-
main in the data or be introduced by the cal-
ibrations used to derive astrophysical param-
eters from the observations. Accordingly, the
purpose of the present paper is to critically
re-examine the observational determination of
Teg, [Fe/H], and age for F- and G-type dwarf
stars in the light of the most recent develop-
ments in the field.

2. Temperature calibration
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Fig. 1. The difference between T.g¢ from the
Alonso et al.|(1996) b-y calibration, used in the
GCS, and T as derived from the V-K calibra-
tion by |di Benedetto| (1998).
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Temperatures in GCS are based on the
Alonso, Arribas & Martfnez—Roger (1996) cal-
ibration of b-y, m; and c;. Alternatively, tem-
peratures based on V-K can be used, be-
cause 2MASS photometry is available and well
suited to our colour and magnitude ranges. In
contrast to calibrations based on only visible
colours, T.g estimates based on V-K are re-
markably consistent. As an example, the V-K
calibrations of Alonso et al [(1996), Ramirez
& Meléndez (2005b), and di Benedetto (199R)
agree pairwise to within ~20K for the stars in
the GCS. In contrast, the Alonso et al |[(1996)
V-K and b-y calibrations differ by 180K rms!
We have used the calibration of di_ BRenedetto
(1998), which is in excellent agreement with
the IRFM temperature scale of Ramirez &
Meléndez|(20052a) and is valid for the whole
colour range of the GCS.
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Fig. 2. Differences between the Tegq of GCS
stars as derived from the new b-y calibration
and from the V-K calibration by {1 Benedetto
(1998).

Because of the larger number of suitable
calibration stars available, the V-K calibration
has less systematic error. However, the obser-
vational accuracy of the b-y index is substan-
tially better than that of V-K. We have therefore
derived a new Teg calibration for b-y, based on
the V-K temperature scale set by di Benedetio
(1998). The dispersion of the fit is 60K. We
note that this calibration yields 5777K for the
Sun when using (b-y)o= 0.403 from Holmberg,
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Flynn & Portinari (2006)), although this was not
forced on the fit.

3. Metallicity calibration

The determination of accurate metallicities for
F and G stars is one of the strengths of
the Stromgren uvbyB system. Among the then
available uvbyp calibrations, the GCS used that
by Schuster & Nissen (1989) for the major-
ity of the stars. However, this calibration was
found to give substantial systematic errors for
the very reddest G and K dwarfs (b—y > 0.46),
where very few spectroscopic calibrators were
available at that time. In GCS, we therefore de-
rived a new ’red’ relation in the colour range
0.44 < b — y < 0.59. Further, about 2400 GCS
stars with high T.s and low log g were outside
the range covered by the |Schuster & Nissen
(1989) calibration. For these stars, the calibra-
tion of 8 and m; by Edvardsson et al. (1993)
was used when valid. For stars outside the lim-
its of both calibrations, we derived a new ’blue’
relation in the colour range 0.18 < b—y < 0.38.

In order to define an improved photomet-
ric metallicity calibration, we select only spec-
troscopic investigations using a correct temper-
ature scale. This gives a total sample of 573
stars from Edvardsson et al./ (1993), Chen et al.
(2000), Reddy et al (2003)), 'Allende Prieto et
al. (2004), and Feltzing & Gustafsson (1998).
They all have a very consistent metallicity
scale: Comparing stars in common yields dif-
ferences of of 0.02 dex or smaller in the mean,
with a dispersion of ~0.07 dex.

We derived a new fit of the uvby indices
to spectroscopic [Fe/H] values from this high
accuracy sample. This new calibration is used
for stars with 0.30 < b — y < 0.46, together
with the ’blue’ and ’red’ calibrations derived
in GCS.

The consistency of the photometric metal-
licities from this calibration with the spectro-
scopic reference values is shown in Fig. 3. The
dispersion around the mean is 0.07 dex — the
same as between two different spectroscopic
measurements. The calibration derived above
is also in good accordance with the two re-
lations derived in the GCS. Compared to the
’blue’ relation, the mean difference is 0.02
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(dispersion 0.04) in the common range of 0.3 <
b—y < 0.32. Compared to the 'red’ relation, the
mean difference is 0.00 (dispersion 0.09) in the
common range of 0.44 < b —y < 0.50.
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Fig.3. Modern high accuracy spectroscopic
[Fe/H] determinations vs.the new photometric
metallicity calibration derived in this paper.

3.1. The Hyades cluster

The Hyades cluster has been used by e.g.
GCS metallicity calibration. This leads to mis-
leading conclusions due to the unfortunate fact
that the photometry of the cluster stars is not
on the same system as the rest of the GCS, as
shown by a comparison with the original uvbyf
photometry of the cluster by Crawford & Perry
(1960).

The result of using Crawford & Perry
(1966) photometry combined with the GCS
calibrations is shown in Fig. 41 With the GCS
calibration, the Hyades then have [Fe/H] =
0.10+0.10. The derived [Fe/H] for the Hyades
corresponds well to the standard value, as
expected because it is mostly based on the
Schusier & Nissei (1989) calibration, which
used the Hyades as a main anchor point.
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Using the new calibration instead yields
[Fe/H] = 0.06 + 0.07. A different photomet-
ric [Fe/H] for the Hyades is to be expected,
considering the non-standard He/Fe ratio of
this cluster (Clem et al.|2004). The dispersion
among the cluster stars is no larger than in the
field star calibration, but there is an offset of
about 0.07dex. This means that it is neither ad-
visable to include the Hyades in a general cal-
ibration of photometric metallicities, nor when
comparing different metallicity scales.

[Fe/H] GC
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Fig.4. Left: The GCS metallicity calibration
applied to the Crawford & Perry|(1966) uvbyp
photometry of the Hyades. Right: Using the
new calibration instead.

4. Stellar ages

In the GCS, great effort was devoted to the
derivation of ages and masses and their un-
certainties for the stars of the survey, us-
ing the Bayesian computational technique of
Jgrgensen & Lindegren| (2005) and verify-
ing the correspondence between the computed
and observed lower main sequences. Using
the new temperature and metallicity calibra-
tions, the temperature corrections applied to
the isochrones in the GCS need slight revision.

Wide physical binaries as confirmed by
proper motions and radial velocities provide
another check of the accuracy of our metallic-
ity and age determinations. We have selected
18 such pairs from the GCS, with separate
measurements of all parameters and no indi-
cation of further multiplicity. The pairs have a
wide distribution in [Fe/H], from -0.4 to +0.1,
and ages in the range 0—10 Gyrs.
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With the GCS calibrations, the rms differ-
ence in [Fe/H] between the two components is
0.11dex; using the new calibrations reduces it
to 0.06 dex, in excellent agreement with our
other error estimates. The accuracy of the age
determination can be estimated from the ratio
of the age difference, AAge, and the combined
1o age uncertainty, cAge. For the GCS ages
AAge/oAge= 0.87, which is reduced to 0.67
with the new calibrations. If this is distributed
between the lower error in [Fe/H] (0.07 dex)
and that in Teg, the latter is about 0.005 dex,
again as expected for the new temperature de-
termination.

Fig. 5/compares the GCS ages, computed
with the old [Fe/H] and T calibrations, with
the ages computed using the new calibrations
from this paper. Overall, the differences are in-
significant, much smaller than the estimated in-
dividual uncertainties. On average, the largest
ages decrease by ~10%, which has negligible
impact on the interpretation.

o s 10 15
Age old (Gyr)

Fig. 5. Ages based on the new metallicity and
temperature calibrations vs. those in the GCS,
using only single stars with ages better than
25% in both sets. The dotted line shows the 1:1
relation.

The only noteworthy deviations occur on
the two “branches” that can be seen in Fig. 5:
This small group of stars is located in the
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“hook” region in the HR diagram, where an
observed point is matched by two different
isochrones, one placing the star on the main
sequence turnoff, the other on the early sub-
giant branch. As explained e.g. in Jgrgensen &
Lindegren| (2005), this leads to a two-peaked
G-function structure, and small changes in the
assumed [Fe/H] and T.g may change the rel-
ative heights of the peak and thus the most
probable age of the star. One could introduce a
weighted mean value rather than just a fit to the
maximum of such double-peaked G-functions,
but the improvement would be primarily cos-
metic.

5. Discussion: Evolution of the Milky
Way disk

Based on the new calibrations and model cor-
rections discussed above, we have computed
new [Fe/H], T.s, ages, and age uncertainties
for all the stars in the GCS. In the following,
we discuss the implications of the new data for
our understanding of the evolution of the Milky
Way disk.

In such discussions, it is crucial to not only
employ the best possible calibrations from ob-
served to astrophysical parameters, but also to
understand to what extent the criteria used to
select the current sample of stars may influence
the conclusions drawn. This is especially im-
portant when studying subsamples selected on
the basis of having one or more of the derived
parameters available, perhaps within a certain
level of precision, rather than the entire GCS.
To estimate the interplay between the sample
selection criteria and any errors in the determi-
nation of the derived parameters in the GCS,
we constructed a simulated catalogue. The ba-
sic stellar sample consists of a mix of three
populations, i.e. thin disk, thick disk and halo,
with separate distributions in metallicity, kine-
matics and SFR, but all with the same IMF
in the range 0.75-2.5 M. The combined cat-
alogue, like the GCS, contains about 15000
stars with 90% disk, 8% thick disk and 2%
halo stars, and the distribution of stellar param-
eters and measurement errors is also like the
real catalogue. By applying the various calibra-
tions, computations, and parameter cuts to the
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simulated catalogue as well as to the observed
sample, we can ascertain in quantitative term
which systematic effects are introduced at each
stage and whether they have any decisive influ-
ence on the conclusions.

5.1. The age-metallicity diagram

The relationship between average age and
metallicity for stars in the solar neighbour-
hood - the so-called age-metallicity relation —
(AMR) is probably the most popular diagnos-
tic diagram for comparing galactic evolution
models with the real Milky May. There is, how-
ever, N0 consensus on its interpretation.

The discussion centres essentially on the
existence or otherwise of a general slope of
the AMR, i.e. a gradual increase in [Fe/H] with
time, and whether the scatter in [Fe/H] at any
given age is of observational origin or reflects
a greater complexity in the evolution of a real
galaxy than accounted for by the models. It
is thus crucial to ascertain whether the distri-
bution of stars in the age-metallicity diagram
(AMD) reflects intrinsic properties of the sam-
ple or just artefacts of the measurement and pa-
rameter calculation procedures.

This can be investigated by means of our
simulated sample. First, we see whether the
new calibrations have by themselves caused
any significant change in the AMD, using the
stars with the very best ages (0(Age) <25%
and d <40pc; Fig. 6). As seen, the revised
calibrations cause hardly any difference in the
AMD.

Perhaps the most obvious structure in the
observed AMD is the marked increase in mean
metallicity and the absence of metal-poor stars
for ages below 2 Gyr (see Fig. 6/ and GCS
Figs. 27-28). It is important to understand if
this is due, at least in part, to the selection
criteria used to define the catalogue sample,
or whether it is a genuine property of the so-
lar neighbourhood. In the latter case, it could
be interpreted as a cut-off in the resupply of
fresh low-metallicity gas, followed by closed-
box evolution.

Fig. 7| (lower left panel) shows that a sim-
ulated sample with a flat input AMR for the
thin disk shows the same deficiency of young
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Fig.6. Top: AMR from the original GCS, for single stars with ages better than 25% and d <
40 pc. Large dots are mean values in bins with equal numbers of stars. Botfom: Same, using the
improved stellar parameters.
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Fig.7. AMR computations for the simulated
sample. Top left: The input AMR, flat within
each of the thin and thick disks. Top right: The
“observed” AMD for the simulated sample, us-
ing the synthetic observations with the new
calibrations and restricting the figure to stars
with ages better than 25%. Thick-disk stars are
shown as open circles. Bottom left: AMD for
the thin-disk stars only, imposing a blue colour
cutoff at b-y < 0.205 as in the GCS. Bottom
right: Derived ages vs. the “true” input values.

metal-poor stars in the observed diagram (es-
pecially those using the new calibrations), in-
dicating that the effect is caused by the blue
colour cutoff at b-y < 0.205 used to define the
GCS sample.

In order to verify whether our calibrations
or age computations could introduce (or re-
move) trends at higher ages in the AMD, we
imposed tight AMRs (width 0.1 dex at all ages)
on a subset of the simulated catalogue. In order
to test our computations for stars with all com-
binations of age and metallicity, we assumed
both a linear increase in [Fe/H] with time as
well as a similar, fictitious (and completely un-
physical!) linear decrease of [Fe/H] with time.

Fig. 8 compares the input and recovered
AMD for both of these cases. As can be seen,
the slope of the input AMR is faithfully repro-
duced in both cases despite the inevitable scat-
ter introduced by the observational errors.
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Age (Gyr) Sim Age (Gyr) Sim
Fig. 8. Input and “observed” AMR for the sim-
ulated catalogue, in Fig. 7. Left: With an in-
put AMR restricted to a 0.10 dex wide band of
slope -0.036 dex/Gyr. Right: Same, but assum-
ing an (unphysical) slope of +0.036 dex/Gyr.

6. Conclusions

Our review of the basic calibrations used to de-
termine astrophysical parameters for the stars
in the GCS from uvby photometry has resulted
in substantially improved temperatures for es-
pecially the hotter stars, minor corrections to
[Fe/H], and substantial improvement in the
absolute magnitude (i.e. distance) determina-
tions. These results are obtained by drawing on
the large body of 2MASS K photometry and
high-resolution spectroscopic abundance anal-
yses now available.

Using the improved astrophysical parame-
ters, we have recomputed the ages and age er-
ror estimates for the GCS sample, and also re-
computed the temperature corrections needed
for the models to agree with the unevolved
main sequence at metallicities below solar.
The resulting ages are in good agreement with
those published in the GCS.

We note that, because of a problem with the
uvby photometry for the Hyades stars and the
non-standard He abundance of this cluster, the
Hyades cannot be used to check the metallicity
or age scales for field stars.

The new [Fe/H] values change the ob-
served metallicity distribution only marginally;
it is still in strong disagreement with the pre-
diction of closed-box galactic evolution mod-
els.

In preparation for the discussion of
Galactic relations involving stellar ages, no-
tably the age-metallicity diagram, we have per-
formed extensive simulations of the effects
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of our selection and computation procedures
by applying them to a synthetic catalogues
with properties closely resembling those of the
GCS, but with specified intrinsic properties
such as the AMR. We find that our methods
faithfully recover the "true’ relations within the
observational errors, and without introducing
systematic effects.

The observed AMR retains the general fea-
tures of that of the GCS, i.e. little or no vari-
ation in mean metallicity with age in the thin
disk, plus an admixture of perhaps 3% thick-
disk stars, and with a large and real scatter in
[Fe/H] at all ages.
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