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Abstract. We present Cu and Zn abundances for 38 FGK stars, mostly dwarfs, spanning a metallicity range between solar
and [Fe/H] = —3. The abundances were obtained using Kurucz’s local thermal equilibrium (LTE) model atmospheres and the
near-UV lines of Cur3273.95 A and Zn1 3302.58 A observed at high spectral resolution. The trend of [Cu/Fe] versus [Fe/H]
is almost solar for [Fe/H] > —1 and then decreases to a plateau ([Cu/Fe]) = —0.98 at [Fe/H] < —2.5, whereas the [Zn/Fe] trend
is essentially solar for [Fe/H] > —2 and then slightly increases at lower metallicities to an average value of ([Zn/Fe]) = +0.18.
We compare our results with previous work on these elements, and briefly discuss them in terms of nucleosynthesis processes.
Predictions of halo chemical evolution fairly reproduce the trends, especially the [Cu/Fe] plateau at very low metallicities, but
to a lesser extent the higher [Zn/Fe] ratios at low metallicities, indicating possibly missing yields.

Key words. stars: Population II — stars: abundances — Galaxy: evolution

1. Introduction

Massive, low- and intermediate-mass stars, type II and
type la supernovae are likely contributors to the Galactic chem-
ical evolution of Cu and Zn. However, the nucleosynthesis
mechanisms and the relative contributions of the nucleosynthe-
sis sites for these near- iron-peak nuclei are still uncertain. The
abundances of Cu in metal-poor stars with [Fe/H] > —1.7 have
been comprehensively reviewed by Peterson (1981), with no
significant deviation from the solar ratio [Cu/Fe] = 0. Further
studies by Luck & Bond (1985), Sneden & Crocker (1988) and
Sneden et al. (1991) show that, while the [Zn/Fe] ratio remains
essentially solar, there is in fact a clear decrease in [Cu/Fe]
at lower metallicities, consistent with previous results for the
metal-poor globular clusters M 13 and M 92 by Cohen (1978,
1979, 1980). This departure from the solar ratio is as noticeable
as for the iron peak elements Cr, Mn and Co; [Co/Fe], however,
is increasing at lower metallicities (e.g. Cayrel et al. 2003).
More recent studies (Mishenina et al. 2002; Simmerer et al.
2003) show that the trend of Cu is non-linear in metal-poor
stars and globular clusters, which presumably results from the
superposition of Fe-independent (“primary”’) and Fe-dependent
(“secondary”) nucleosynthesis mechanisms. While there is a
general consensus on the early contribution by short-lived mas-
sive stars, there are many uncertainties concerning how these
stars produce Cu and Zn, and how their yields lead to the ob-
served low-metallicity tails of the ratio distributions.

The above-mentioned studies are performed mostly with
optical lines' (Cur at 5105.54 A, 5218.20 A and 5782.12 A;
Zn1 at 4722.16 A, 4810.53 A and 6362.35 A). These lines
become very weak in the spectra of very metal-poor stars.
Therefore we decided to explore the use of the UV lines
Cui 3273.95 A and Zn1 3302.58 A, which are quite intense
in the solar spectrum and, in the case of the Cu line, poten-
tially detectable at very low metallicities ([Fe/H] < —3). In the
following sections, we will discuss the observations, their anal-
ysis, and how these lines are indeed useful for investigating the
chemical evolution of copper and zinc at low metallicities.

2. Observations

The studied sample contains 38 FGK metal-poor stars, prin-
cipally dwarfs. Most of the high-resolution spectra were ob-
tained at the 4.2 m WHT/UES (La Palma) during 1992-1993.
Spectra of the stars HD 3795, LHS 540, HD 211998,
HD 166913, HD 218502 and HD 128279 were obtained at
the 3.6 m/CASPEC (La Silla) during 1993; and of the stars
HD 22879 and HD 132475 at the 3.9 m AAT/UCLES (Siding
Spring) during 1990-1991. The spectra of the very metal-poor
stars LP 815-43, G275-4 and G64-12 were obtained at the
8.2 m VLT Kueyen/UVES (Paranal) during 1999-2000 (see
details in Israelian et al. 2001). Finally, the spectra of the very

! In a study of stellar abundances in the thick disc of the Galaxy
(Prochaska et al. 2000), the IR line Cu1 8092 A is also used.
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Fig. 1. Spectra of UV copper and zinc lines in metal-poor dwarfs.

metal-poor giants HD 2796 and BD —18°5550 were obtained
at the WHT/UES during 2000, as described in Israelian &
Rebolo (2001). The échelle spectra covered the spectral range
3025-3825 A, with spectral resolution R ~ 40 000—60 000 and
signal-to-noise ratio S/N ~ 80-150 at 3300 A. All the data
were reduced using standard IRAF? routines for bias, scat-
tered light, flat field correction and wavelength calibration. We
present in Fig. 1 the spectra of five stars with different metallic-
ities. The normalization of the spectra was achieved by fitting

2 IRAF is distributed by the National Optical Astronomical
Observatories, which is operated by the Association of Universities for
Research in Astronomy, Inc., under contract with the National Science
Foundation.

a low-order polynomial to continuum regions previously iden-
tified in the solar spectrum (Kurucz et al. 1984), in the neigh-
borhood of the Cu and Zn lines.

3. Spectral synthesis and stellar parameters

Model atmospheres with “overshooting” were chosen from the
ATLASO9 grid (Kurucz 1993) by standard interpolation through
[Fe/H], Tex and log g. To analyze the blended lines of cop-
per and zinc, 5 A wide synthetic spectra were computed with
the LTE code MOOG (Sneden 1973). The atomic parameters
of the Cur resonance lines at 3247.54 A (log gf = —0.062,
x = 0.000) and at 3273.95 A (log gf = —0.359, y = 0.000),
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Fig. 2. Expanded plots of the solar spectral regions (dotted lines) fitted with the synthetic spectrum (solid lines).

and those of the Zn1 line at 3302.58 A (log gf = —0.057,
x = 4.030) were taken from VALD-2 (Kupka et al. 1999). The
wavelengths and the relative strengths of the hyperfine com-
ponents of the copper isotopes >Cu and %Cu were obtained
from Kurucz (2003, private communication), and the solar iso-
topic ratio was adopted from Anders & Grevesse (1989) for all
the stars. The oscillator strengths of the lines were calibrated
with the solar spectrum, using a model atmosphere with over-
shooting from Kurucz (1992, private communication) for the
parameters Tego = 5777 K, log go = 4.438, Vi = 1,0 km 571
and the Unsold damping approximation without enhancement.
The calibration provided log gf = —0.167 for the Zn1 line (see
Fig. 2). In the case of the Cur1 lines log gf was not modified,
because its modification strongly affected the suitable fit to the
wings (as obtained from the cog driver of MOOG, the lines
were in the linear damping part of the curve of growth) and
did not improve the fit to the cores. In fact, the cores of such
lines are usually formed close to the chromospheric tempera-
ture minimum, which exceeds that of the upper photosphere.
Since no chromosphere is included in our model, these cores
could not be reproduced as in the observed spectrum.

Stellar parameters for the model atmospheres were ob-
tained as follows. The effective temperatures (Teg) were es-
timated using the Alonso et al. (1996, 1999b) calibrations
versus V — K colours for dwarfs and giants, respectively.
The V magnitudes were taken from the Hipparcos Catalog
(Perryman et al. 1997), Alonso et al. (1994) or else from the
SIMBAD database. The K magnitudes were taken from Alonso
et al. (1994, 1998), or else from Carney & Aaronson (1979;
HD 170153, HD 165908, HD 225239 and HD 157214) and

Laird et al. (1988; G170-47). For HD 166913, a K; magni-
tude was taken from the 2MASS Catalogue, and then con-
verted to K using a relation determined from a comparison of
the magnitudes in these bands for similar stars in the sample.
Since no accurate K or K values were available for the stars
HD 211998 and HD 3795, the T.g—(B — V) calibrations from
Alonso et al. (1996, 1999b) were used, with (B — V) from the
Hipparcos Catalogue or the SIMBAD database. LTE metallic-
ities were adopted from the literature, mainly from Fulbright
(2000), Mishenina et al. (2002) and Thévenin (1998). The dif-
ferences in the values provided by these three sources were typ-
ically not greater than 0.12 dex for the stars in common, there-
fore justifying the use of an average metallicity (see Table 1).
Finally, the initial surface gravities were taken from the same
references, with the exception of Thévenin & Idiart (1999)
which was used instead of Thévenin (1998), because a higher
priority was given to their NLTE log g values (see comments
below). Stars with surface gravities log g > 3.5 were classified
as dwarfs, while stars with log g < 2.5 were classified as giants,
so that the corresponding T.g colour calibration was used for
each group. When stars had an intermediate log g value, Te
was adopted as the average of the temperatures obtained with
the calibrations for dwarfs and for giants, respectively.

We found a very good agreement between our T.g values
and the spectroscopic T values from Mishenina & Kovtyukh
(2001) for the 23 stars in common, (Tefr — Tesrmk) = +26 K,
with a standard deviation o = 75 K (see Fig. 3). A compari-
son with the spectroscopic T values from Fulbright (2000),
however, showed a systematic difference of (Teg — Terp) =
+99 K with o = 82 K (25 stars). Since the 21 stars for this
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Fig. 3. Comparison of the T.; obtained in this study with spectro-
scopic T from Fulbright (triangles) and Mishenina & Kovtyukh
(squares).

latter comparison were also included in the comparison with
Mishenina & Kovtyukh’s sample, this difference should be at-
tributed to the different methods used. Fulbright determines an
excitation temperature for the dwarfs (by requiring the same
iron abundance for Fe I lines with high and low excitation po-
tential), whereas Mishenina & Kovtyukh determine a tempera-
ture from the fits to the wings of the H, lines. Comparing with
Thévenin’s (1998) Teq values, we found (Tesr — Ter7) = +79 K
with o = 97 K (23 stars). These are selected from the cata-
logue of Cayrel de Strobel et al. (1992), and redetermined from
colours in the rare case that they are initially determined from
Fe I lines (Thévenin 2003, private communication). Comparing
for the remaining stars, we found similar values to those in the
references used for the metallicities, with a difference of less
than 80 K, apart for the star HD 128279, for which we obtained
5130 K, and Gratton et al. (2000) obtain 5394 K. This latter
value is derived from dereddened (B — V), and (b — v)( colours
using colour—T g transformations (Kurucz 1995), and is higher,
as for nearly all the stars in common with the present sample.
The surface gravities (log g¢g) were estimated using
Hipparcos parallaxes (Perryman et al. 1997) through the rela-
tion proposed by Nissen et al. (1997), [g] = [M] + 4 [Teg] +
0.4 (Myo) — Myol0), where [x] = log x/xe. The solar bolomet-
ric magnitude Mpo 0 = 4.75 mag was taken from Allen (1976),
and the bolometric magnitudes of the stars were determined
using interpolated bolometric corrections from the grids given
by Alonso et al. (1999a): My, = K + BC(K) + 5 log m + 5,
where 7 is the trigonometric parallax. For the two stars without
accurate K and K magnitudes BC(V) was interpolated from the
grids of Alonso et al. (1995, 1999b). The relative standard er-
ror in parallax, o () /x, was typically of order 0.10 and smaller
than 0.30. The stellar masses (M) were derived from their
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Fig.4. Comparison of the log g obtained in this study with spectro-
scopic log g from Fulbright (triangles) and Mishenina & Kovtyukh
(squares).

position in the (log Tes, log L/Ly) plane, using the isochrones
from Bergbusch & VandenBerg (2001). Most of the stars were
found to be in the main sequence and the subgiant domain,
while the remainder were in the red giant branch. The aver-
age stellar mass for the sample was 0.78 M. The error in
log g arose mainly from the parallax uncertainty: an error of
o(r)/m=0.10 implied (via the bolometric magnitude) Alog g =
0.10 dex, while typical errors in the mass o(M) = 0.045 M
and in the effective temperature o(Teg) = 75 K implied errors
of only Alog g = 0.025 dex.

The surface gravities of the dwarf stars agreed in general
with the LTE spectroscopic values from Fulbright (2000) and
Mishenina & Kovtyukh (2001), see Fig. 4. However, those
of the very metal-poor subgiants HD 87140 and G170-47
were different, with Alog g > +0.40 dex. This discrepancy
between trigonometric and LTE spectroscopic surface gravi-
ties in late-type stars is discussed by Nissen et al. (1997) and
Allende Prieto et al. (1999). Moreover, trigonometric surface
gravities agree better with NLTE spectroscopic determinations
(Thévenin & Idiart 1999). Since no NLTE value is published
for HD 87140, we could only compare with a trigonometric
value, for instance that given by Gratton et al. (2000) and we
found a difference of 0.05 dex. For G170-47, we could com-
pare with the NLTE “best choice” determination from Israelian
et al. (2001) and found a difference of 0.07 dex. As for the
remaining stars, we found log g values very similar to those in
the references we used for metallicities, with differences of less
than 0.17 dex.

For the three very metal-poor dwarfs G64-12, G275-4
and LP815-43 observed with VLT/UVES, the atmospheric
parameters were taken from Israelian et al. (2001). For the
two very metal-poor giants BD —18°5550 and HD 2796, the
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Table 1. Stellar atmospheric parameters and Cu and Zn abundances. Some parameters are from 1) Castro et al. (1999); 2) Chen et al. (2000);
3) Fulbright (2000); 4) Spite & Spite (1982); 5) Gratton et al. (2000); 6) Mishenina et al. (2002); 7) Thévenin (1998); 8) Israelian et al. (2001);
9) Israelian & Rebolo (2001). Solar Cu and Zn abundances are from Anders & Grevesse (1989).

Star Te log g Vi [Fe/H] Ref. [Cu/H] o [Zn/H] o
K kms™!
G64-12 6318 (150)® 420 (.3)} 1.0 -3.058 c -4.00 0.18 <=2.35 -
BD -18°5550 4668 (63)° 1.5(3)° 1.5 -3.01° b -3.94 0.20 -2.81 0.17
G275-4 6212 (150)® 4.13 (.3)} 1.0 —2.998 c -3.85 0.18 <-2.34 -
BD +3°740 6229 (67) 4.15 (.27) 1.0 —2.82%7 b <=3.77 - <=2.02 -
LP 815-43 6265 (125)8 4.54 (.3)% 1.0 —2.748 c -3.79 0.15 <-2.29 -
G170-47 5154 (58) 2.93 (.28) 1.25 —2.663° b -3.76 0.19 <=2.21 -
HD 140283 5723 (67) 3.68 (.06) 1.0 —2.47367 b -3.42 0.14 -2.27 0.14
BD +26°3578 6263 (76) 3.93 (.21) 1.0 -2.36367 b -3.01 0.14 <-1.96 -
HD 2796 4860 (46) 1.80 (.2)° 1.5 -2.18%7 b - - -2.03 0.17
BD +37°1458 5326 (54) 3.30(.23) 1.25 217 b -2.87 0.14 -1.82 0.12
HD 128279 5130 (66) 2.85(.22) 1.25 -2.11° a -3.11 0.20 -2.31 0.17
HD 84937 6277 (75) 4.03 (.09) 1.0 —2.063%7 b -2.96 0.14 <-1.96 -
HD 19445 6095 (69) 4.45 (.05) 1.0 —2.04367 b -2.69 0.14 -1.69 0.12
HD 87140 5086 (43) 2.96 (.31) 1.25 —1.8336 b -2.28 0.21 <-1.13 -
HD 25329 4721 (65) 4.65 (.06) 1.0 —1.78367 b -2.23 0.20 - -
HD 218502 6182 (77) 4.08 (.08) 1.0 —-1.76387 a -2.51 0.17 —-1.61 0.12
HD 64090 5417 (65) 4.55 (.06) 1.0 —1.74387 b -2.19 0.20 —1.64 0.16
HD 166913 6181 (74) 4.18 (.07) 1.0 -1.687 a, d —1.88 0.41 -1.23 0.25
HD 132475 5648 (69) 3.81 (.10) 1.0 —1.60%7 d -2.10 0.25 -1.10 0.18
HD 188510 5559 (65) 4.55 (.06) 1.0 —1.573¢ b —1.88 0.24 -1.52 0.20
BD +23°3912 5734 (67) 3.83(.13) 1.0 —1.50%67 b -1.90 0.25 - -
HD 94028 6058 (72) 4.27 (.06) 1.0 —1.49367 b -1.79 0.29 -1.39 0.17
HD 211998 5282 (180) 3.28 (.28) 1.25 —1.487 a, d -2.10 0.34 -1.43 0.14
LHS 540 5993 (71) 3.88 (.20) 1.0 —1.4836 a -1.63 0.26 -1.33 0.12
HD 103095 5047 (68) 4.61 (.05) 1.0 —1.43367 b -1.83 0.16 -1.38 0.11
HD 194598 6029 (77) 4.28 (.07) 1.0 —1.20%%7 b -1.45 0.32 - -
HD 189558 5681 (70) 3.81 (.08) 1.0 —1.12367 b -1.42 0.21 -1.02 0.16
HD 201891 5916 (77) 4.26 (.05) 1.0 —1.05%67 b -0.95 0.26 -0.85 0.12
HD 201889 5618 (67) 4.04 (.08) 1.0 —-0.95%67 b -1.00 0.21 -0.80 0.16
HD 22879 5823 (70) 4.29 (.04) 1.0 -0.913 d -1.16 0.25 -0.76 0.18
HD 76932 5859 (72) 4.13 (.04) 1.0 —-0.90%67 b -1.02 0.21 -0.74 0.16
HD 6582 5296 (67) 4.46 (.05) 1.0 —0.863%7 b -0.96 0.17 -0.91 0.11
HD 134169 5877 (72) 3.96 (.07) 1.0 —0.813%7 b —0.66 0.21 -0.81 0.16
HD 3795 5226 (185) 3.78 (.07) 1.0 —-0.70! a -0.85 0.34 -0.75 0.12
HD 165908 5905 (42) 4.11 (.03) 1.0 -0.67° b -0.67 0.24 -0.67 0.12
HD 170153 5954 (42) 4.13 (.03) 1.0 -0.65? b -0.70 0.24 -0.60 0.12
HD 225239 5528 (44) 3.74 (.15) 1.0 -0.54 b -0.56 0.18 -0.54 0.16
HD 157214 5715 (43) 4.21 (.03) 1.0 -0.357 b -0.40 0.16 -0.35 0.16

a. CASPEC- 3.6 m Telescope; b. UES- WHT; c. UVES- VLT; d. UCLES- AAT.

spectroscopic log g and T.x were taken from Israelian &
Rebolo (2001). Finally, the microturbulence was fixed at V; =
1.0 kms~! for the dwarfs and 1.5 kms~! for the giants.

3.1. Cu and Zn abundances

The abundances of Cu and Zn are listed in Table 1. The
wings of the intense Cur lines were fitted with the synthetic
spectrum by differential analysis with respect to the Sun.
Because these lines were in the damping or saturation parts
of the curve of growth for stars with solar temperature and

metallicities -2 < [Fe/H] < 0, the effects of changing the
abundances were carefully checked. In general an uncertainty
of 0.1 dex was adopted for the derived abundances. For metal-
licities lower than —2 the lines were unsaturated, and the ad-
justments could be achieved more precisely.

The uncertainties in T.g and log g led to average errors of
respectively 0.11 and 0.02 dex in the Cu abundance, and 0.035
and 0.02 dex in the Zn abundance, while the V, uncertainty led
to an average error of 0.07 in the Cu abundance and 0.05 dex
in the Zn abundance. The main contribution to the error came
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Fig. 5. Synthetic spectral fits to the copper and zinc lines in the spectra of several metal-poor stars of our sample.

Table 2. Sensitivities of the copper and zinc abundances to variations in the atmospheric parameters of the stars HD 94028 (T = 6058 K,
log g = 4.28, V, = 1.0 kms™"), HD 140283 (T = 5723 K, log g = 3.68, V, = 1.0 kms™') and G170-47 (Tex = 5154 K, log g = 2.93, V, =

1.25 kms™'), and to the overshooting.

HD 94028 HD 140283 G170-47

Ter logg Vi Os Teq logg Vi Os Teq log g Vi Os

+100 +0.30 -0.3 off +100 +0.30 -0.3 off +100 +0.30 -0.3 off
[Cu/H] +0.15 —-0.06 +0.13 -0.15 +0.12 0.00 +0.02 -0.13 +0.13 0.00 +0.04 —-0.15
[Zn/H] +0.06 +0.03 +0.01 -0.10 +0.06 +0.04 0.00 -0.10 +0.04 +0.04 0.00 -0.09

from the uncertainty in the localization of the continuum, es-
pecially in the spectra of the more metal-rich stars and in the
noisy spectra; this uncertainty implied an error of 0.1-0.2 dex
in the abundances. Additionally the noise in the copper and
zinc lines led to an error of 0.05-0.1 dex. In the case of the
Cu113273.95 A line, an extra error of 0.01-0.04 dex was taken
into account for the uncertainty in the contribution of the weak
Fe113273.95 A line.

A few spectra also permitted the analysis of the other
Cur1line at 3247.54 A. In the case of the very metal-poor dwarfs
G64-12, G275-4, LP 815-43, an agreement to within 0.15 dex
was found between the Cu abundances given by the two lines.
Those in the spectrum of the giant BD —18°5550, however,
provided a difference of 0.25 dex, suggesting that the differ-
ential analysis with respect to the Sun was less reliable for
this star (note that for the other giant, HD 2796, the difference
was still greater, reason why its Cu abundance was not listed in
Table 1). As for the zinc line, the spectra of only six stars out
of the thirteen with [Fe/H] < —2 permitted a clear detection.
The spectra of the remaining stars presented a very weak fea-
ture at 3302.58 A, from which no reliable abundance could be
derived; thus upper limits to the abundances were established.
Figure 5 shows the fits for three metal-poor stars.

Since Kurucz’s models atmospheres without overshooting
give a better reproduction of colour indices, Balmer profiles
and Procyon data than Kurucz’s models with overshooting
(Castelli et al. 1997), we checked the changes produced on the
abundances using the former models. For the stars HD 94028,
HD 140283 and G147-70 (Table 2), these models implied
Cu and Zn abundances systematically lower by about 0.15
and 0.10 dex, respectively, differences small enough to preserve
the main properties of our results discussed in Sect. 4.

As found by Cayrel et al. (2003), the abundances de-
rived from the spectra of metal-poor stars may be overes-
timated if the continuum scattering is approximated as an
additional opacity source in the spectral synthesis code. The
overestimation is especially high for 1 < 400 nm, where con-
tinuum scattering becomes important relative to continuous ab-
sorption. Since the spectral synthesis code MOOG approxi-
mates scattering by absorption, we evaluated the influence on
the abundances by using another LTE spectral synthesis code,
TurboSpectrum (Alvarez & Plez 1998), which takes proper ac-
count of the continuum scattering. For the only two giants,
HD 2796 and BD —18°5550, the Cu abundances derived using
TurboSpectrum were lower by more than 0.2 dex than those de-
rived using MOOG, while the Zn abundances were the same.
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As for the dwarfs G275-4 and G64-12, the abundances for both
elements were higher by less than +0.1 dex. We therefore con-
cluded that, for the dwarfs, the Cu and Zn abundances obtained
from the UV lines were not significantly affected by this source
of errors, while for the giants only the Zn abundances were. We
thus removed the contribution of the giants from our conclusion
on the Cu trend.

We compared our Cu and Zn abundances with those of
Mishenina et al. (2002) obtained from optical lines, and found a
good agreement: A[Cu/H] = ({Cu/H] - [Cu/H]ys) = —0.04 dex,
with a standard deviation o = 0.15 dex (16 stars; no giant
data to compare), and A[Zn/H] = 0.03 dex, with o = 0.13 dex
(16 stars), respectively. Converting our values with our abun-
dance sensitivities to their adopted stellar atmospheric parame-
ters provided a similar agreement: A[Cu/H] = —0.09 dex, with
o =0.14 dex, and A[Zn/H] = —0.02 dex, with o = 0.13 dex, re-
spectively. The slight abundance decrease was due principally
to their lower effective temperatures and microturbulence. The
dwarf HD 19445 (see Fig. 5) was the most metal-poor star for
Cu abundance comparison with Mishenina et al. (2002), with
[Fe/H] = —2.04. We found [Cu/H] = -2.69, a value 0.37 dex

lower than that of Mishenina et al. (2002), and lower by
~0.1 dex than the upper limit estimate of Sneden et al. (1991)
(for their adopted atmospheric parameters). We also compared
our results with the abundances obtained from optical lines by
Sneden et al. (1991), and we found a rough agreement for Cu,
A[Cu/H] = 0.13 dex, with o = 0.36 dex (5 stars only?; no giant
data to compare), and for Zn, A[Zn/H] = 0.13 dex, with o =
0.13 dex (8 stars), respectively. Converting our values with our
abundance sensitivities to their adopted stellar atmospheric pa-
rameters also revealed a rough agreement for Cu, A[Cu/H] =
0.17 dex, with o = 0.24 dex, and a good agreement for Zn,
Al[Zn/H] = 0.04 dex, with o = 0.14 dex, respectively.

4. Trends of [Cu/Fe] and [Zn/Fe]
4.1. Results

Our derived [Cu/Fe] and [Zn/Fe] ratios are shown in Fig. 6.
The [Cu/Fe] ratio is almost solar down to [Fe/H] ~ —1 and

3 The stars were less metal-poor than HD 19445 and common to the
sample of Mishenina et al. (2002).
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then decreases, until it reaches a plateau ([Cu/Fe]) = —0.98 at
[Fe/H] < —2.5 (the ratio is averaged over the five stars that are
not giants). This slanted s-shape trend in dwarfs is similar to
that outlined by Mishenina et al. (2002) (see Fig. 6). However,
the [Cu/Fe] plateau is ~0.3 dex lower than the plateau obtained
in the range —2.7 < [Fe/H] < —1.7 in their halo giants and in the
globular clusters studied by Simmerer et al. (2003). It could be
noticed that underabundances near [Cu/Fe] = —1 are also found
in Mishenina et al. (2002) (the two dwarfs BD +41°3931 and
HD 140283%, Fig. 9, with [Cu/Fe] = —0.97 and ~—0.95, re-
spectively) and in Sneden et al. (1991) (the giants HD 2665
and HD 122563, Fig. 7, with [Cu/Fe] = —0.87 and —0.93). In
addition, Sneden et al. (1991) provide an upper limit [Cu/H] <
—3.93 for the giant BD —18°5550, and we find [Cu/H] = —-3.94
([Cu/Fe] = —0.93), a value that would be even lower if we were
to take into account a better treatment of the UV spectral syn-
thesis (see Sect. 3.1).

Considering zinc, the [Zn/Fe] ratio is essentially solar down
to [Fe/H] ~ —2.0, with a possible excess of ([Zn/Fe]) = +0.18 at
lower metallicities. It is interesting to compare our results with
existing high quality surveys which include observations of Zn:
those of Mishenina et al. (2002) and Gratton et al. (2003) in a
metallicity range comparable to that of this study, and that of
Cayrel et al. (2003), which is complementary and covers con-
siderably lower metallicities. The comparison of our data with
those of these three studies is shown in Fig. 7. The ensemble of
all the data gives a clear picture of the evolution of the Zn/Fe ra-
tio with metallicity. A solar ratio of Zn/Fe is supported by the
data of both Mishenina et al. (2002) and Gratton et al. (2003)
down to a metallicity of about [Fe/H] ~ —2.5. The rise, which
is hinted at by the lower metallicity tail of our sample, is con-
sistent with the robust rise from the Cayrel et al. (2003) sample.
The regression line for [Zn/Fe] provided in Table 7 of Cayrel
et al. (2003) intercepts the solar ratio for [Fe/H] ~ —2.1. It is
worth noting that our data are consistent with the data of both
Mishenina et al. (2002) and Gratton et al. (2003) over the com-
mon metallicity range, and that our Zn abundances are derived
from Zn1 3302.58 A, while the other groups use optical lines.
Two stars, HD 166913 and HD 132475, however, seem to defy
agreement, by presenting [Zn/Fe] greater than 0.45. In the case
of HD 166913, the apparent high ratio [Zn/Fe] = 0.45 stems not
from the Zn abundance itself, which is 0.11 dex above that de-
rived by Gratton et al. (2003) (once the different atmospheric
parameters are taken into account, using the abundance sen-
sitivities given in Table 2 for HD 94028), but rather from our
much lower Fe abundance, adopted from Thévenin et al. (1998)
and 0.23 dex lower than Gratton et al.’s (2003). For the latter
comparison, we use the abundance sensitivities from Gratton
et al. (2003; Table 9), since none are given in Thévenin et al.
(1998). In the case of HD 132475, the high ratio [Zn/Fe] =
0.50 stems from its reddening, E(b — y) = 0.046 (Schuster &
Nissen 1989), because this reddening implies an appreciably
higher effective temperature and thus a lower ratio [Zn/Fe] (if
referred to Table 9, Gratton et al. 2003).

# In this reference, no [Cu/Fe] value is given for HD 140283. We re-
fer to the value derived from the point at the corresponding metallicity
in Fig. 9.
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Fig. 8. [Cu/Zn] ratios vs. [Zn/H]. The solid line represents the predic-
tions of the Prantzos model.

4.2. Cu and Zn nucleosynthesis

In spite of considerable theoretical effort, the production sites
of Cu and Zn are not clear (e.g. the discussion in ishenina et al.
2002, and references therein).

— From the theoretical point of view both elements may be
synthesized in massive stars. Both may be formed through
n-capture during He-burning in hydrostatic equilibrium
(Woosley & Weaver 1995). In addition, Cu may also be
formed in explosive Ne-burning (Woosley & Weaver 1995),
while Zn may be formed in explosive Si-burning and conse-
quent a-rich freeze-out (Arnett et al. 1971). A minor con-
tribution to both elements may come from the s-process
in intermediate mass stars (Gallino et al. 1998). Also,
Type Ia SNe may contribute their fraction of Cu and Zn
(Iwamoto et al. 1999). Finally, there are suggestions that
there might be contributions from the r-process (Woosley
& Weaver 1995; Umeda & Nomoto 2002).

The relative importance of all these potentially relevant pro-
cesses remains to be evaluated.
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— From the observational point of view some of these nucle-
osynthetic channels may be either ruled out or at least rele-
gated to a very minor role.

The very different behavior of Cu and Zn implies that n-capture
during He-burning cannot be the main mode of production for
both. Concerning the production of Zn, there are reasons to
believe that neither the s- nor the r-process can be very rele-
vant (Cayrel et al. 2003). If the s-process were important, the
[Zn/Fe] ratio ought to decrease with decreasing metallicity, as
is the case for typical s-process products such as Y, Sr or Ba.
From Fig. 7, it is instead clear that this ratio is initially constant
and then increases at lower metallicities. This observational ar-
gument supports the conclusions drawn from the theoretical
computations of Gallino et al. (1998). Concerning the relevance
of the r-process, we may note that in the very metal-poor star
CS 31082-001 ([Fe/H] = —2.90), in which all the r-process ele-
ments are greatly enhanced, [Zn/Fe] = +0.18 (Hill et al. 2002),
remarkably similar to the behaviour of other stars of compara-
ble metallicity.

We may also extend the above argument to Cu; in fact, no
Cu is detected in CS 31082-001, although no upper limit is
published. A greatly enhanced Cu would surely be detected in
the high quality data of Hill et al. (2002). Therefore we may
conclude that strong Cu production in the r-process is unlikely.

We compare our results with new chemical evolution pre-
dictions from Prantzos (2003, private communication), which
follow those from Goswami & Prantzos (2000). The model is
based on the stellar initial mass function (IMF) from Kroupa
et al. (1993) and assume an evolution of the halo for a gas
outflow rate which is equal to 8 times the star formation rate.
We find that the Prantzos model (2003) agrees most reason-
ably with the observations — especially for Cu, except for some
points (see Fig. 6). Model and observations agree on the exis-
tence of a plateau for Cu at very low metallicities ([Fe/H] <
—2.5). This supports the adopted SNII yields (Woosley &
Weaver 1995) averaged over the stellar initial mass function
from Kroupa et al. (1993). Nevertheless, we stress that since
higher ratios than those predicted are also observed at low
metallicity (Sneden et al. 1991; Mishenina et al. 2002), we can
only conclude on a possibly lower limit for the relative produc-
tion of copper. As for Zn, we observe local agreements and a
systematic disagreement appearing at [Fe/H] < —2, indicating,
to a first approximation, that some Zn sources are missing.

5. Conclusions

In summary, we present Cu and Zn abundances for a sam-
ple of 38 stars, principally dwarfs, with metallicities ranging
from solar to —3. The abundances were obtained using the in-
tense UV lines Cur 3273.95 A and Zn1 3302.58 10\, and were
generally in agreement with the results from previous stud-
ies. We showed that the Cu abundance indicator is adequate
for the study of abundances in very metal-poor stars, permit-
ting us to detect [Cu/Fe] ~ —1 in dwarfs at [Fe/H] = —3.
This research can be extended to dwarf stars of even lower
metallicities and with high resolution spectra. Contrary to the
slanted s-shape trend found for [Cu/Fe], the [Zn/Fe] trend is
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approximately solar in most stars with [Fe/H] > —2; this is a
common result, which supports the use of Zn as a metallicity
tracer in damped Lya systems. However, at [Fe/H] < -2, Zn
appears to be slightly overabundant ({[Zn/Fe]) = +0.18) and it
is in fact at these metallicities that the rise also becomes notice-
able in the sample of stars studied by Cayrel et al. (2003).

The trends found can be reasonably reproduced by the halo
chemical evolution predictions from Prantzos (2003, private
communication). The ratio [Cu/Fe] ~ —1 for -3 < [Fe/H] <
—2.5 is predicted in the Prantzos model for SNII yields from
Woosley & Weaver (1995). It probably represents, at this evo-
lutionary stage, a lower limit of Cu production, since greater
ratios are also observed in previous studies. The [Zn/Fe] trend
is in good general agreement with that predicted, except in the
low-metallicity tail, where the predicted ratios should be sys-
tematically increased.
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