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Abstract. We present a comprehensive study of the evolution Considerable progressin GCE studies was made possible af-
of the abundances of intermediate mass elements, from Qdothe publication of the yields from massive stars of Woosley &
Zn, in the Milky Way halo and in the local disk. We use a conAeaver|(1995, hereafter WW1995). This work made available,
sistent model to describe the evolution of those two galacfmr the first time, yields for an extensive set of isotopes (from
subsystems. The halo and the disk are assumed to evolveHrto Zn), stellar masses (from 11 to 404yland metallicities
dependently, both starting with gas of primordial compositioffrom Z=0 to Z=Z,), making thus possible a detailed compar-
and in different ways: strong outflow is assumed to take plais®n of theory to observations. Only two works until now ex-
during the~1 Gyr of the halo formation, while the disk is builtplored fully the potential of the WW1995 yields. Timmes et al.
by slowly infalling gas. This description of the halo+disk evolu1995) adopted a simple GCE model with infall, appropriate for
tion can correctly account for the main observational constrainibe Milky Way disk but certainly not for the halo (see Sect. 3.3);
(at least in the framework of simple models of galactic chenmthe framework of that model they made a case-by-case assess-
ical evolution). We utilise then metallicity dependent yields tment of the strengths and weaknesses of the WW1995 vyields,
study the evolution of all elements from C and Zn. Compariridentifying the large yields of Fe as the main weak point. On
our results to an extensive body of observational data (includitige other hand, Samland (1998) utilised a chemo-dynamical
very recent ones), we are able to make a critical analysis of thedel for the Milky Way evolution (describing, presumably,
successes and shortcomings of current yields of massive stapsrectly the halo and the disk), but introduced several approx-
Finally, we discuss qualitatively some possible ways to interpiiatations on the stellar lifetimes and the metallicity dependent
the recent data on oxygen vs iron, which suggest that oxyggalds of WW1995; he evaluated then the deviation of the pub-
behaves differently from the other alpha-elements. lished yields from the “true” galactic ones, the latter being de-
rived by a comparison of his model results with observations of
Key words: nuclear reactions, nucleosynthesis, abundancethe halo and disk abundance patterns.
stars: abundances — Galaxy: abundances — Galaxy: evolution —Those two works are the only ones that utilised metallic-
Galaxy: general — Galaxy: halo ity dependent yields and studied the full range of intermediate
mass chemical elements. Several other works focused on spe-
cific elements and utilised only metallicity independent yields
. (e.g. Pagel & Tautvaisiene 1995; Chiappini etral.1997,71999;
1. Introduction Thomas et al.” 1998 etc.)
In the past ten years or so, progress in our understanding of In this work we reassess the chemical evolution of the ele-
the chemical evolution of the Milky Way came mainly froninents from Cto Zninthe Milky Way, using the WW1995 yields.
observations concerning the composition of stars in the halo &adr work differs in several aspects from the one of Timmes et al.
the local disk. The seminal works of Edvardsson etal. (199&995) and, infact, from any other work on that topic, performed
for the disk, and Ryan et al. (1996) and McWilliam et/al. (1995#) the framework of simple GCE models: the main novelty is that
1995h) for the halo (along with many others) provided detailé¥e use appropriate models fooththe halo and the disk, cor-
abundance patterns thatreveal, in principle, the chemical histéggtly reproducing the main observational constraints for those
of our Galaxy. two galactic subsystems (see Sect. 4). Moreover, we adopt the
The interpretation of these data is not straightforward, ho§roupa et al.[(1993) IMF, which presumably describes the dis-
ever, since it has to be made in the framework of some appropﬁbution of stellar masses better than the Salpeter IMF (adopted
ate model of galactic chemical evolution (GCE). Only one of thig Timmes et al. 1995, Samland 1998, and most other studies
three main ingredients of GCE models can be calculated fréththat kind). Also, w.r.t. the work of Timmes et al. (1995), our
first principles at present: the stellar yields. For the other two ifBomparison to observations benefits from the wealth of abun-
gredients, i.e. the stellar initial mass function (IMF) and the st@nce data made available after the surveys of Ryanetal.|(1996),
formation rate (SFR), one has to rely on empirical prescriptiofdcWilliam et al. [1995&, 1995b), Chen et al. (2000) and many
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Table 1.Reference list of the observational data for the halo and the disk stars

C N O Na Mg Al Si S K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ref

X X 1
X X X 2

X X X X X X X X X X X X X X 3

X X X X 4
X X X X 5

X X X X X X X X 6
X X X 7
X X X X X X X X X X 8
X X X X X X X 9

X X X X X 10

X X X 11

X X X X X 12
X X X 13

X X X 14
X X X X X X 15

X X X X X X 16

X X 17

X X X X X X X X X 18

X X X X X X X X X X 19

X X X X X X X X X 20

X X X 21

X X 22

X X X X X X X 23

X X X X X X X 24

X X X X X 25

X X X X X X X 26

X X 27

X X X X X X X X X X 28

X X X X X X X X X X X 29

X X X 30

References: 1. Sneden et al. (1979); 2. Carney & Peterson|(1981); 3. Petersdn (1981); 4. Cleqg et al. (1981); 5. Leep & Wallerstein (1981);
6. Barbuy et al.|(1985); 7. Laird (1985); 8. Magain (1985); 9. Tomkin ef al. (1985); 10. Frahcois (1986a); 11. Francois (1986b); 12. Gratton
& Ortolani (1986); 13. Francois (1987a); 14. Carbon et[al. {1987); 15. Gratton & Srieden (1987); 16. Magain (1987); 17. Francois (1987b);
18. Gilroy et al.[(1988); 19. Gratton & Snedén (1988); 20. Hartmann & Gehren(1988); 21. Sneden & Crocker (1988); 22.[Gratton (1989);
23. Magain[(1989); 24. Molaro & Caste[li{1990); 25. Molaro & Bonifa€io (1990); 26. Zhao & Magain(1990); 27. Besséletdl. (1991); 28. Gratton

& Sneden[(1991); 29. Ryan et &l. (1991); 30. Sneden €t al. [1991)

others (listed in Table 1). These data allow to put even stronger model by comparing successfully its results to the main ob-
constraints on the stellar yields as a function of metallicity. Weervational constraints. We also show that current massive star
notice that we do notinclude yields from intermediate mass stgislds have difficulties in explaining the solar composition of
in our study, since we want to see to what extent those stars$ar;, Ti and V. In Sect. 5 we present the main result of this work,
other sources) are required to account for the observations. i.e. a detailed comparison of the model to observations of abun-
The plan of the paper is as follows: In Sect. 2 we discuglance patterns in halo and disk stars. This comparison allows to
briefly the uncertainties currently affecting the yields of masdentify clearly the successes and inadequacies of the WW1995
sive stars and present the yields of WW1995. We also presgigids; some of those inadequacies may be due to physical in-
those of a recent work (Limongi et al. 2000), which compagredients not as yet incorporated in “standard” stellar models
fairly well to those of WW1995 but show interesting differ{i.e. mass loss or rotationally induced mixing), but the origins
ences for several elements. Moreover, we present the reagfrdthers are more difficult to identify. Since the evolution of Fe
yields of lwamoto et al. (1999) for supernovae la, calculatédsually adopted as “cosmic clock”) is subject to various theo-
for white dwarfs resulting from stars of solar and zero initiaktical uncertainties - Fe yields of massive stars, rate of Fe pro-
metallicities, respectively; they are slightly different from theélucing supernovae la etc - we also plot our results as a function
“classical” W7 model for SNla (Thielemann et al._ 1986), andf Ca; comparison to available observations (never performed
we adopt them in our study. In Sect. 3 we present our chemibafore) gives then a fresh and instructive view of the metallicity
evolution model, stressing the importance of adopting appropiiependence of the massive star yields. In Sect. 6, we discuss
ate ingredients for the halo and the disk. In Sect. 4 we “validatqUalitatively some possible ways to interpret the recent data of
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Table 1. (continued)

C N O Na Mg Al Si S K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ref

X X 31

X X 32

X X X 33

X X 34
X X X X X X X X X 35

X X X X X X X X X 36

X X 37
X X X X X X X X X X X X X X X X X 38
X X X X X 39
X X 40

X X X X X X 41

X X X X X X X 42

X X X X X X X X X X X X 43
X X 44

X X 45

X X X X X X X X X X X X X X 46
X X 47
X X X 48
X X X X X X X X X X X 49

X X X X X X X X X 50

X X X X X X X X X 51
X X 52

X X 53

X X X X X X X X X X X X X X 54

X X X X X X X 55

X X 56

X X X 57

X X X X X X X X X X X X 58

X X X X X X X X 59

X X X X X X 60

References: 31. Spite & Spile (1991); 32. Spiesman & Wallerstein (1991); 33. Nissen & Edvardsson (1992); 34. Tomkin et al. (1992); 35. Ed-
vardsson et al[ (1993); 36. Norris et al. (1993); 37. Andersson & Edvardsson (1994); 38. Beveridge & Sneden (1994); 39. Cunha & Lambert
(1994); 40. King (1994); 41. Nissen et al. (1994); 42. Primas el al. (1994); 43. Sneden et al. (1994); 44. Fuhrmann_et al. (1995); 45. King &
Boesgaard (1995); 46. McWilliam et al. (1995a, 1995b); 47. Tomkin et al. (1995); 48. Balachandran & Carnéy (1996); 49. Ryan et al. (1996);
50. Nissen & Schuster (1997); 51. Baillher & Gehren[(1997); 52. Laimons et dl. (1998); 53. Israelian ef al. (1998); 54. Feltzing & Gustafsson
(1998); 55. Jehin et al. (1999); 56. Boesgaard el al. (1999); 57. Nissen et al. (1999); 58. Chén etlal. (2000); 59. Stephens (1999); 60. Carretta et
al. (2000)

Israelian et al[{1998) and Boesgaard et al. (1999) on oxygensatopes, as well as s-nuclei comes from intermediate mass stars
iron; these data suggest that oxygen behaves differently fr¢2a8 My). A detailed discussion of the yields of massive stars
the other alpha-elements and, if confirmed, will require sona@d their role in galactic chemical evolution studies has been
important revision of current ideas on stellar nucleosynthesmesented in a recent review (Prantzos 2000); here we summa-
Finally, in Sect. 7 we compare the model evolution of the Mgze the most important points.

isotopic ratios to recent observations of disk and halo stars; we Extensive calculations performed in the 90ies by a few
find that the WW1995 yields underestimate the production gfoups with 1-D stellar codes (Woosley & Weaver 1995; Arnett
the neutron-rich Mg isotopes at low metallicities. 1996; Thielemann et al. 1996; Chieffi etlal. 1998; Maeder 1992;
Woosley et al. 1993; Aubert et al. 1996; Limongi et al. 2000)
have revealed several interesting features of nucleosynthesis in
massive stars. In particular, the structure and composition of
Massive stars are the main producers of most of the heavy itfte pre-supernova star reflects the combined effect of (i) the
topes in the Universe (i.e. those with mass numbedA). Ele- various mixing mechanisms (convection, semi-convection, rota-
ments up to Ca are mostly produced in such stars by hydrostéitimal mixing etc.), determining the extent of the various “onion-
burning, whereas Fe peak elements are produced by the fisiah” layers, (ii) the amount of mass-loss (affecting mostly the
supernova explosion (SNII), as well as by white dwarfs explogiields of the He and CNO nuclei, present in the outer layers)
ing in binary systems as SNla. Most of He, C, N and minor CO

2. Yields of massive stars and supernova la
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and (iii) the rates of the relevant nuclear ractions (determinimgodels (neglecting however, rotation and mass loss) were stud-
the abundances of the various species in each layer). ied by Woosley & Weaver (1995, for masses 12, 13, 15, 18, 20,
On the other hand, the calculation of the Fe-core collap22, 25, 30, and 40/, and metallicities Z=0, 16*, 102, 107!,
supernova explosion is still one of the major challenges @nd 1 Z;) and Limongi et al.[(2000, for masses 13, 15, 20, 25
stellar astrophysics. Multi-dimensional hydrodynamical simu, and metallicities Z=0, 5 1@ and 1 Z,). Comparison of
lations in the 90ies revealed the crucial role played by neutritiee various yields on a star by star basis shows that there are
transport in the outcome of the explosion (e.g. Jankal1998 darye discrepancies between the different authors (due to differ-
references therein). In the absence of a well-defined explos@nrtes in the adopted physics) although for some elements, like
scheme, modelers of supernovae nucleosynthesis have to initiygen, there is a rather good agreement. Moreover, the yields
ate the explosion somehow (by introducing either an “interndb not show a monotonic behaviour with stellar mass.
energy bomb”, or a “piston”, e.g. Aufderheide et al. 1991) and Notice thatthe overall yield used in chemical evolution stud-
adjust the shock energy as to have a pre-determined finaliks depends on both the individual stellar yields and the stellar
netic energy, usually the “classical” value of®1Cergs (after IMF. Despite a vast amount of theoretical and observational
accounting for the binding energy of the ejected matter). Thigork, the exact shape of the IMF is not well known yet (Gilmore
procedure introduces one more degree of uncertainty in the fistkl. 1998 and references therein). It is however clear that the
yields. Moreover, the ejected amount of Fe-peak nuclei deperiis- flattens in the low mass range and cannot be represented
largely on the position of thenass-cutthe surface separatingby a power law of a single slope (e.g. Kroupa et al. 1993). The
the material falling back onto the neutronized core from thehape of the IMF introduces a further uncertainty of a fastor
ejected envelope. The position of this surface depends on thas to the absolute yield value of each isotope (Wang & Silk
details of the explosion (i.e. the delay between the bounce d@fi93).
the neutrino-assisted explosion, during which the proto-neutron In Fig. 1 we present the metallicity dependent yields of
star accretes material) and cannot be evaluated currently withosley & Weavei 1995 (hereafter WW1995) and Limongi
precision (e.g. Thielemann et al. 1999 and references thereiaj.al.[ 2000 (hereafter LSC2000), folded with a Kroupa et al.
Inthe light of the aforementioned results, intermediate ma@®H93) IMF. They are presented agerproduction factors.e.
elements produced in massive stars may be divided into thtbke yields (ejected mass of a given element) are divided by the
major groups: mass of that element initially present in the part of the star that

is finally ejected, i.e.
(i) C, N, O, Ne, and Mg are mainly produced in hydrostatilcS inally ejected, i.e
burning phases. They are mostly found in layers Whi_Ch are 1{4\412 Yi(M) ®(M) dM
not heavily processed by explosive nucleosynthesis. TH&) = — @)
yields of these elements depend on the pre-supernova model a1 Xoi(M — Mg) (M) dM

convection criterion, mixing processes, mass loss and nu- .
f:lear reaction rates) gp Wuhere:<I>(M) is the IMF, M1 andM 2 the lower and upper mass

(i) Al, Si, S, Arand Ca are also produced by hydrostatic burlﬁgiﬁ of thdezséella; mﬁcéeclszc()t(z) Mand 4tQ Nlb forj\\gVWlQ?r?,
ing, but their abundances are subsequently affected by the. " © an I\/b_or , respectively); (M) are the
passage of the shock wave. Their yields depend on both ;ﬂélwdual stellar yields and/ the mass of the stellar remnant.
pre-supernova model and the shock wave energy. opting X ; in Eq. (1) creates a slight inconsistency with the

(iii) Fe-peak elements as well as some isotopes of lighter oflefinition of the overpoduction factor given above, but it allows

ments like Ca, S and Ti are produced by the final SN explg)- visualize the effects of metallicity in the yields of secondary
' and odd elements.

2:82 E:g:::]gn-irshr?;zﬁltisec;)ir_i,iet?odncor? ::rllzélluymugasosrjctﬁsexplo From Fig.1 it can_be seen that i) most_ of_ the intermediat_e
mass elements are nicely co-produced (within a factor of 2) in
The outcome of nucleosynthesis depends also on the initiath calculations of solar metallicity stars; ii) some important
metallicity of the star. During H-burning the initial CNO transdiscrepancies (e.g. Li, B, F) can be readily understood in terms of
forms into!“N, which transforms mostly int¢?Ne during He- neutrino-induced nucleosynthesis, included in the WW1995 but
burning, throughx-captures and & decay. The surplus of neu-notin the LSC2000 calculation; iii) the odd-even effect s clearly
trons in??Ne (10 protons and 12 neutrons) affects the produgisesent in both calculations, but seems to be more important in
of subsequent burning stages, in particular those of explosih@8C2000. For solar metallicity stars most of the even Z elements
burning. This neutron surplus increases with initial metallicitsre produced with similar yields in both calculations, while odd
and favours the production of odd nucléiila, " Al, 3'P etc.), Z elementsin LSC2000 are produced with systematically lower
giving rise to the so-called “odd-even” effect. yields than in WW1995. A common feature of both calculations
In the past few years, several groups have reported resigtthe relative underproduction of C, N, Sc, V and Ti w.r.t. O.
of pre and post-explosive nucleosynthesis calculations in m&sand N clearly require another source (intermediate mass stars
sive stars with detailed networks. Thielemann et al. (1996) usaad/or Wolf-Rayet stars, see Prantzos é¢tal. 1994 and Sect. 4.2).
bare He cores of initial metallicityZ,, while Arnett (1996) The situation is less clear for the other elements, Sc, V and Ti.
simulated the evolution of He cores (with polytropic-like tra- In this work we adopt the metallicity dependent yields of
jectories) and studied different initial metallicities. Full stellatwvwW1995, keeping in mind that the use of LSC2000 yields may
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Fig. 1. Average overproduction factors (over a Kroupa et al. (1993) IMF, see Eq. 1) of the yields of Woosley & Weaver 1995 (W\Whes5,

pane) and Limongi et al._2000 (LSC200&wer pane) for 3 different initial stellar metallicities. In both cases, s$@id horizontal linesare

placed atF,., 4. and the twadotted horizontal lineat half and twice that value, respectively. The “odd-even effect” is clearly seen in both the

data sets. N behaves as a pure “secondary”. The elements He, C, N, Li and Be in both cases (as well as B and F in LSC2000) require another
production site

lead to different results for some odd elements. For illustration There is a strong observational argument, suggesting that
purposes we shall also use the WW1995 yields at constant (=s@&ssive stars are not the sole producers of Fe peak nuclei in the
lar) metallicity. There are interesting differences between tBelar neighbourhood: the observed decline in the [O/Fe] ratio
two cases (i.e. constant vs. variable metallicity yields) and th{isig. 3, lower panel) from its-3 times the solar value in the halo
instructive comparison has never been done before. We notitars ([O/Fel~0.5 for [Fe/Hk-1) down to solar in disk stars.
thatin the case of the most massive stars@0 My) WW1995 This decline is usually interpreted as due to injection of Fe and
performed 3 calculations, making different assumptions abdté group elements by SN la. Assuming that massive stars are
the kinetic energy of the supernova ejecta. We adopt here thbie only source of O and Fe in the halo phase and they produce
set of models A, in which, following the explosion, most o ratio of Fe/G-1/3 solar, the remaining2/3 of Fe in the late

the heavy elements in the inner core fall back to form a bladisk should be produced by a late source, presumably SNla.
hole of a few solar masses; because of the form of the IMF, The WW1995 yields lead to approximately solar abundance
these very massive stars play a negligible role in shaping tta¢ios of O/Fe (or-element/Fe). This lead Timmes et al. (1995)
elemental abundance ratios. As stressed in the Introduction,twesuggest that the Fe yields of WW1995 are probably over-
consider no yields from intermediate mass stars in this wokstimated. Following their suggestion, we adopt here half the
our explicit purpose is to check to what extent massive stars gaminal values for the WW1995 vyields of Fe-peak elements
account for observations of intermediate mass elements and(fosm Cr to Zn). Taking into account the uncertainties currently
which elements the contribution of intermediate mass starsaiecting those yields, such a reduction is not unreasonable. Our
mandatory.
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Fig. 2. Isotopic yields of SNIa resulting from Chandrasekhar mass B 1

white dwarfs, according to lwamoto et dl. (199%%p panel:model + _

W?7 (the white dwarf results from a star of initial metallicity Zs¥ o5 Ll b b bee e b b by
Bottom panelmodel W70 (the white dwarf results from a star of ini- -3 —-25 -2 -—-15 -1 -0.5 0 0.5

tial metallicity Z=0). Both models are calculated with updated nuclear [Fe/H]

reaction rates (with respect to the “old” W7 model of Thielemann et S

al.[1986). In both cases, the overproduction facto¥*st is taken as F9- 3-Upper panelModel metallicity distributions (MD) of the galac-

1, while variations by a factor of 2 are indicated dhyttedlines.*cr  tic halo dashed curieand the local discsplid curve obtained with

and®®Ni are clearly overproduced in those models appropriate models and the metallluty deper_ldgnt_ylelds of WW1995;
The “traditional” disk population, at [Fe/H]-1, is indicated by #hick
curve (see Sect.4.1). Observations for halo MD are from Norris &
Ryan (1991 filled square} and for the disk from Wyse & Gilmore

procedure allows to reproduce the observed O/Fe, but does{@@bs filled pentagonsand Rocha-Pinto & Maciel (1996lled trian-

alter the abundance ratibetweerfe-peak elements. gles. Lower panel [O/Fe] vs. [Fe/H] in the halodashed curveand

To account for the additional source of Fe-peak elements e disk 6olid curve thick for [Fe/H]>-1 andthin for [Fe/H]<-1), ac-
utilise the recent yields of SNla from the exploding white dwagfording to our model. Observed abundances are from sources listed in
models of lwamoto et al[{1999). These are updated versiorgble 1 (illed square} except fpr those of Israelian et al. (1_998) and
of the original W7 model of Thielemann et dl. (1986). In thi§oesgaard et al. (1999%i¢en triangley All MDs are normalised to
model, the deflagration is starting in the centre of an accretifg’g‘””:1
Chandrashekhar-mass CO white dwarf, buxrtgalf of the stel-
lar material in Nuclear Statistical Equilibrium and produees that SNla enter the cosmic scene at just the right moment. For
0.7 Mg, of >Fe (in the form of°Ni). It also produces all other the purpose of this work, we shall adopt the formalism of Mat-
Fe-peak isotopes and in particuf@Ni and *Cr. This can be teucci & Greggio[(1986), adjusting it as to have SNla appearing
seen in Fig. 2, where the overproduction factors (normalisedrtmstly after the first Gyr, i.e. at a time when [FefH]L.
the one of°Fe) of the SNla yields are plotted for two models: At this point we would like to point out that two recent ob-
one calculated for a white dwarf resulting from a star with solgervations (Israelian et al. 1998 and Boesgaard[et all 1999) chal-
initial metallicity (W7) and another for a white dwarf resultingenged the “traditional” view of O vs Fe evolution, by finding a
from a star of zero initial metallicity (W70). The main differencerend of O/Feconstantly increasinwith decreasing metallicity
between the two model results lies in the large underproducti@pen triangles in Fig. 3). This intriguing trend is not confirmed
of odd-isotopes in the latter case. In our calculation, we use thesubsequent studies (Fullbright & Kraft 1999), but the ques-
yields of those two models, linearly interpolated as a functigion remains largely open today. If the new findings are con-
of metallicity. firmed, some of our ideas on stellar nucleosynthesis should be

The problem with SNla is that, although the current ratevised. Some possibilities of such a revision are explored in
of SNIa/SNII is constrained by observations in external spirg§ect. 6.
galaxies (Tammann et al. 1994), the past history of that rate
(depending on the nature qf progenitor systems) is virt_ually UB- The model of galactic chemical evolution
known. Thus, at present, itis rather a mystery why the timescale
for the onset of SNIa activity (presumably producing the obdodels of chemical evolution for the halo and the disk of the
served decline of O/Fe in the disk) coincides with the timescalilky Way are constructed adopting the standard formalism
for halo formation. An original suggestion was recently made ({Tinsley/ 1980, Pagel 1997). The classical set of the equations of
Kobayashi et al! (1998), whereby SNla appear at a rate whiclyaactic chemical evolution is solved numerically for each zone,
metallicity dependent; the interest of this scenario lies in the fagithout the Instantaneous Recycling Approximation (IRA). At
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the star’s death its ejecta is assumed to be thoroughly mixeceiplain the observed abundance, colour and gas profiles in spi-
the local interstellar medium (instantaneous mixing approximeals (Boissier & Prantzads 1999; Prantzos & Boissier 2000). For
tion), which is then characterized by a unique composition atle purposes of this work we adopt a Schmidt law witil.5;
given time. Abundance scatter cannot be treated in that framéien combined with the adopted infall prescription (see next
work, and this constitutes an important drawback of this type séction) this leads to a slowly varying star formation history
“classical” models, since observations suggest a scatter of étethe galactic disk, compatible with various observables (see
ment to element ratios which increases with decreasing metaéct. 4). For consistency, we keep the same form of the SFR in
licity (Ryan et al| 1995). The basic ingredients of the model atiee halo model, although there is no observational hint for the
described below. SFR behaviour during this early stage.

We adopt the IMF from the work of Kroupa et al. (1993,
hereafter KTG93), where the complex interdependence of sev-
eral factors (like stellar binarity, ages and metallicities, as well
The stellar lifetimesry, as a function of stellar mass M areas mass-luminosity and colour-magnitude relationships) is ex-
taken from the work of the Geneva group (Schaller €t al. 1998icitly taken into account. It is a three-slope power-law IMF
Charbonnel et al. 1996), where the effects of mass loss on @g\7) oc M ~1+); in the high mass regime it has a relatively
duration of H and He burning phases are taken into accountsteep slope of{=1.7 (based on Scalo 1286), while it flattens

Stars with mass M9M, are considered to become whitén the low-mass rangeX(=1.2 for 0.5<M/M ;<1. andX=0.3
dwarfs with mass\r(M /M) =0.14(M/M)+0.45 (Iben & for M<0.5 My). We adopt this IMF between 0.1 and 10Q;M
Tutukov[1984). Stars with mass M9M explode as core although we are aware that there is some debate as to the exact
collapse supernovae leaving behind a neutron star of méssn of the low-mass part. Again, for consistency, we adopt the
Mpr = 1.4M (as suggested by the observations of neutraame IMF in the halo and in the disk model.
stars in binary systems, e.g. Thorsett & Chakraharty 1999). The
heaviest of those stars may form a black hole, but the mafﬁﬁ Gaseous flows: infall and outflow
limit for the formation of stellar black holes is not known at " '
present and cannot be inferred from theoretical or observatiolramost models of chemical evolution of the solar neighbour-
arguments (e.g. PrantZos 1994), despite occasional claims tadtbed, it is implicitly assumed that the old (halo) and young
contrary. Due to the steeply decreasing stellar Initial Mass Furfdisk) stars are parts of the same physical system, differing only
tion in the range of massive stars (see Sect. 3.2), as far ashiii@ge; the same model is used to describe the whole evolution,
mass limit for stellar black hole formation isp; >40M., the from the very low metallicity regime to the current (supersolar)
results of chemical evolution are not expected to be significantpe (e.g. Timmes et al. 1995).
affected by the exact value of M. This assumption is, of course, false. The halo and the disk

We stress that in our calculations we do take into accouante different entities; different processes dominated their evolu-
the amount of mass returned in the interstellar medium (ISMyn, as revealed by the corresponding metallicity distributions
by stars with M<11 My and M>40 Mg, in the form of H, He, (MD). Inthe case of the disk, observations show that the number
but also of all heavier elements, up to Zn. Since no yields as&émetal-poor stars is much smaller than what is predicted by
available for 9-11 M, and>40 M, stars (and since we delib-the simple “closed-box” model of chemical evolution (the “G-
erately neglect yields for intermediate mass stars), we simplyarf problem”); the simplest explanation of that is that the disk
assume that those stars return at their death in the ISM thaiolved not as a closed box, but by slowly accreting infalling gas
initial amount of each element, i.e. that thagt yieldis zero (e.g. Pagel1997). In the case of the halo, the observed MD sug-
for all elements (except for deuterium, which is destroyed). trests that metal production was inefficient in those early times;
that way we do not introduce any artificial modification of théhe currently accepted explanation is that a strong outflow, at
adopted yields. This procedure is crucial for a correct evaluatiamate~9 times the star formation rate, has occured during the
of the metal/H ratio at a given time, especially at late times. halo evolution (as initially suggested by Hartwick 1976).

It is clear, then, that a uniqgue model is inadequate to cover
the whole evolution of the solar neighborhood. Still, this is done
in most cases. Only in a handful of works has this point been
Observations of average SFR vs. gas surface density in spitaken into account, by adopting different prescriptions for the
and starbursts (Kenniculitt 1998) are compatible with a Schmitilo and the disk (Prantzos etal. 1993; Ferrini et al. 1994; Pardi

3.1. Stellar lifetimes and remnant masses

3.2. Star formation rate and initial mass function

type law etal[1995; Chiappini etal. 1997; Travaglio et al. 1999), although
(e — & 2 not always the appropriate ones. The importance of that point is
(t) = v 0gas(t) @ twofold: First, the corresponding MDs (the strongest constraints

with k=1-2. However, this concerns only tHisk average@FR o the models) are only reproduced when appropriate models
and Kennicutt[[1998) points out that the local SFR may havelke used. Secondly, infall and outflow modify the timescales
different behaviour. Indeed, theoretical ideas of SFR in gald@quired for the gas to reach a given metallicity. Thisis important
tic disks suggest a radial dependence of the SFR (Wyse & Sitken one isinterested in elements produced by e.g. intermediate
1989) and such a dependence is indeed required in ordef@ss stars, which enter late the galactic scene.
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Another important point, related to the first one, is that treolid curves, in order to stress that they correspond to what is
halo and the disk are, most probably, not related by any tempdralditionally thought as the “disk phase” of the Milky Way. Re-
sequence. Indeed, the gas leaving the halo ended, quite praidts for [Fe/Hk -1 are shown wittthin solid curves, indicating
bly, in the bulge of the Galaxy, not in the disk, as argued e fipat such stars do, in principle, exist, but in very small numbers.
by Wyse (200D and references therein) on the basis of angularBecause a large part of Fe in the disk comes from SNla (at
momentum conservation arguments. The disk may well haeast in our models) it is not clear whether the final G-dwarf
started with primordial metallicity, but a very small amount ofnetallicity distribution is mostly shaped by infall or by the rate
gas. The corresponding small number of low metallicity stao$ SNla. In other terms, how can one be certain that the observed
that were formed by that gas explains readily the G-dwarf protis-dwarf problem” requires indeed large infall timescales (such
lem. as those discussed in Sect. 3.1 and adopted here)? We notice

In the light of these arguments, we treat then the halo and that the G-dwarf problem concerns mainly the low metallicity
disk as separate systems, not linked by any temporal sequenegimei.e. around [Fe/H]=-110-0.6; itis in this metallicity range
The local disk is assumed to be built up by slow accretion tfat the closed box model predicts an excess of low-mass stars
gas with primordial composition. An exponentially decreasing.r.t the observations. But at those early times, corresponding
infall rate f(t) o< e~*/7 with 7 > 7 Gyr is adopted. Such ato the first~2-4 Gyr of the disk’s history, the ratio of SNla/SNII
long timescale has been shown (Chiappini €t al. 1997; Prantiostill small (with the adopted prescription for the SNla rate)
& Silk 1998) to provide a satisfactory fit to the data of Wysand most of the Fe comes from SNII. Thus, the success of the
& Gilmore (1995) and Rocha-Pinto & Maciél (1996). We havenodel in reproducing the G-dwarf metallicity distribution does
normalized the infall ratef (¢, R), as to obtain the local disk rely on the infall prescription, and not on the SNla rate prescrip-
surface density>r(R)=55 My, pc 2 at an age T=13.5 Gyr. tion. SNIa start becoming major sources of Fe somewhat later
Notice that chemodynamical models also support the idea(afound [Fe/H]=-0.5).
long time scales for the disk formation (Samland et al. 1997). In the lower panel of Fig. 3 we show the corresponding evo-

For the halo model, there are less constraints: neither fogon of O vs. Fe. Itis virtually identical in the two models, up
duration of the halo phase, nor the final gas fraction or amouat[Fe/H}~-1, since both elements are primaries and produced
of stars are known. We assume then a duration of 1 Gyr andiarthe same site (massive, short-lived, stars); their abundance
outflow rateR,.,; = 9 ¥(¢), in order to reproduce the observedatio is then independent of infall or outflow prescriptions. As
halo MD. For consistency, we use the same SFR law and tliscussed in Sect. 2, the observed decline of O/Fe in the disk is
same IMF as in the disk. reproduced by the delayed appearance of SNla, produeig

of the solar Fe.
) ) Fig. 4 presents the evolution of the halo and the disk in a
4. Evolution of the halo and the disk more “physical” way than in Fig. 3, i.e. various quantities are

We run two chemical evolution models, one for the halo (withlotted as a function of time; time is plotted on a logarithmic
outflow, for 1 Gyr) and one for the disk (with infall, for 13.5scale (on the left, so that the halo evolution can be followed)
Gyr), starting in both cases with gas of primordial compositiognd on a linear scale (on the right). The differences between the
The only observational constraints common for the halo afifo models can be clearly seen. In particular, at a given time,
the disk are: i) the metallicity distributions of low mass longthe metallicity [Fe/H] (middle panel) is larger in the halo than
lived stars, and ii) the element/element ratio vs. metallicity (i the disk (by 0.3 dex, i.e. a factor of 2); metallicity increases
particular, the O vs. Fe evolution). In the case of the disk thefore slowly in our disk model than in the halo one. It takex

are several more constraints (see Sect. 4.2) but we turn firsEy to the disk to reach [Fe/H}-1, compared te-1 Gyr in the
(i) and (ii). case of the halo. However, as noticed already, this early disk

evolution concerns only very few stars.

4.1. Metallicity distribution and O vs. Fe
in the halo and the disk 4.2. Evolution of the local disk

In Fig. 3 we present our results and compare them to obs&Rere are many more observational constraints for the local disk
vations. The metallicity distributionsf€dN/d[Fe/H]) are nor- than for the halo; an extensive presentation of those constraints
malised tofmax:]- and presented in the upper pane| of F|g gan be found in Boissier & Prantzos (1(399, their Table 1 and ref-
The adopted prescriptions (strong outflow for the halo and si@kences therein). Here we present only briefly those constraints.
infall for the disk) lead to a satisfactory agreement between tHgesides the MD and the O vs. Fe evolution, a satisfactory disk
ory and observations, as expected on the basis of the discus&i@§lel should also reproduce:

in Sect. 3.3. Notice that in the case of the disk, the theoretical

curve shows a low metallicity tail below [Fe/H]=-1. Howevera) The current surface densities of gag.{, stars E.), the

the number of stars in the tail is extremely small, less tharf10  total amount of matter’{;-) and the current star formation

of the total. Although there is no “physical” discontinuity in the  rate y);

disk population at [Fe/H]=-1, we systematically show below dlb) The age-metallicity relationship, traced by the Fe abundance
our results for the disk corresponding to [FefH] with thick of long-lived, F-type stars;
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Fig. 5.Comparison of the main observables of the solar neighbourhood
(c) The abundances of various elements and isotopes at s@J@ur model predictions. Thepper panekhows the surface densities
birth (X;, ®) and today ¥, 0); of stars, gas and total amount of matter as a function of time. The vertical
(d) The present day mass function (PDMF), resulting from theeror bars represent present day values. ffiddle panelshows the
stellar IMF and the SFR history, which gives an importarstar formation rate and infall rate; the current SRR Y is indicated

consistency check for the adopted SFR and IMF. by the error bar. Data for those tow panels are from the compilation of
Boissier & Prantzog (1999). In tHewer panelthe solid curve shows

In Fig. 5 we present our results and compare them to constraithgs derived age-metallicity relation; data are from Edvardsson et al.
(a) and (b). It can be seen that the adopted SFR and infall rEk893. filled symboly and Rocha-Pinto et al. (2000pen symbols
lead to a current gas surface densityef ~ 10 M, pc-2 and with _the last two being rather upper limits), while the position of the
afinal stellar surface density Bf, ~36 M, pc=2, both in good Sun is shown by the symbal
agreement with observations. A current SRR.5 Mg, pc—?2
Gyr—! is obtained at T=13.5 Gyr, also in agreement with obser-
vations. The evolution of the SFR is quite smooth, its curreafthe current uncertainty, we consider that the mean trend of the
value being about half the maximum one in the past. disk AMR obtained with our model is in satisfactory agreement
The lower panel of Fig. 5 shows the disk age-metallicity ravith observations.
lation. The existence of an age-metallicity relation (AMR) in In Fig. 6 we compare our results to constrain (c), i.e to the
the disk is one of the important issues in studies of chemiedeémental (upper panel) and isotopic (lower panel) composition
evolution of the solar neighborhood. Several studies in the patthe Sun. It is assumed that the Sun’s (and solar system’s)
showed a trend of decreasing metallicity with increasing stellewmposition is representative of the one of the local interstel-
ages (Twarog 1980; Meusinger etal. 1991, and Jonch-Sorenisgmmedium (ISM) 4.5 Gyr ago, but this assumption is far from
1995). Edvardsson et al. (1993) found an AMR consistent witieen definitely established. Indeed, CNO abundances in young
these results but with a considerable scatter about the metars and gas in the nearby Orion nebula show that the metallic-
trend. However, this scatter (difficult to interpret in the framaty of this young region is lower than solar (Cunha & Lambert
work of conventional models), may be due to contaminatid®94; Cardelli & Federmarin~1997); this cannot be readily in-
of the Edvardsson et al.{1993) sample by stars from differdrtpreted in conventional models of chemical evolution. On the
galactic regions (Garnett & Kobulnicky 2000). Indeed, the r@ther hand, the Fe abundance of young stars determined by
cent survey of Rocha-Pinto et al. (2000, also on Fig. 5), suggethvardsson et al. (1993) seems to be compatible with the con-
a scatter almost half of that in Edvardsson et al. (1993). In viex@ntional picture, while the data of Rocha-Pinto et al. (2000)
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Fig. 6. Ratio of the calculated and observed solar abundances of elements Quppén panel and their stable isotope{ver pane). Results

of our model are shown at a disk age of 8.5 Gyr (Sun’s formation), and yields from massive stars (metallicity dependent, from WW1995) and
SNIla (from the W7 and W70 models of lIwamoto et’al. 1999) are taken into accountlotied linesmark deviations by a factor of 2 from the

solar composition. All currently available sets of massive star yields show an underproduction of Sc, Ti and V. C and N also require additional
production sources. The overproduction of Ni (in the form of the main isotdlNg results from the W7 model of lwamoto et dl. (1999) for

SNla

suggest that the Sun is indeed Fe-rich w.r.t. other stars of simi- source for®N, but current uncertainties of nova models do
lar age (Fig. 5). One should keep in mind this question (of the not allow definite conclusions.
Sun being “typical” or not) when making detailed comparison- Fluorine is produced by neutrino-induced nucleosynthesis
of its composition to model predictions. in WW1995, and this is also the case for a few other rare
An inspection of Fig.6 shows that there is good overall isotopes, notshowninFig. BI(i, ' B). Thisis an interesting
agreement between theory and observations, i.e. about 80% of‘new” nucleosynthesis mechanism, but because of the many
the elements and isotopes are co-produced within a factor of involved uncertainties (see Woosley et[al. 1990) it cannot
two of their solar values. One should notice the following: be considered as established yet. One should keep an “open
eye” for other, more conventional, sites of fluorine (as well

— The carbon isotopes require another souf@may be pro- as lithium and boron) nucleosynthesis, like e.g. Wolf-Rayet

duced either by intermediate mass stars, as usually assumed‘?tﬁrs (tl)\ile.yn%t & Arngul(LZOOO)A.GK flect the |
or by Wolf-Rayet stars with metallicity dependent yields ™ € ovlainéd overabundance may retiect the farge

(Maedef T992; Prantzos et &l TO9H)C is made probably uncertainty in the abundance of this isotope at solar system
in intermediaté mass stars. The evolutioda&/13C in the formation (see Anders & Grevesse 1989), as already pointed

. R . : out in Timmes et al! (1995).
disk and its implications for the synthesis of those isotopes = ) o
isl studiec; inIPrF:aIntz(;s et al (10‘9% ! ! pes Sc, V and Ti isotopes are underproduced, indicating that

_ The nitrogen isotopes also require another sourdé has all currently available models of massive stars have some
the same candidate sites'd€. Novae seem to be a viable problems with the synthesis of these species.
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— There is a small overproduction of Ni, due to the isotopsurposes. In both cases, the yields of the W7 and W70 models
8Ni, which is abundantly produced in the W7 and W70f lwamoto et al.[(1999) for SNla are used (interpolated as a
models of SNla. This is also true f8tCr, a minor isotope function of metallicity), whereas no yields from intermediate
of Cr. The amount of those nuclides depends mostly on theass stars are considered; our explicit purpose is to check to
central density of the exploding white dwarf and the ovewhat extent massive stars can account for observations of inter-
production problem may be fixed by varying this parametenediate mass elements and for which elements the contribution
Alternatives to the W7 model have recently been calculateflintermediate mass stars is mandatory. We stress again that we
by Iwamoto et al.[{1999). On the other hand, Brachwitdo take into account the contribution of intermediate and low
et al. [2000) have explored the effect of electron captuneass stars to the H and He “budgetSince this is crucial for a
rates on the yields of Chandrasekhar mass models for SNdafrect evaluation of the metal/H ratio, especially at late times
they showed that the problem withCr may disappear (de- (Sect. 3.1).
pending on the ignition density) while the one witNi is Since most of the available data on the composition of stars
slightly alleviated. It can be reasonably expected that in fuencerns elemental abundances, we computed the correspond-
ture, improved, SNla models, the overproduction probleing evolution by summing over the calculated isotopic abun-
of those nuclei will be completely solved. dances. We present our results in Fig. 7 and compare them to a

Jﬁrge body of observational data; most of the data come from

r@_e surveys of Ryan et al. (1996) and Mc William (1997) for the

halo and Edvardsson et &l. (1993) and Chen €t al. (2000) for the

Fig. 3 and Sect. 5); otherwise, the WW1995 massive stars algﬁ%k’ but_we included a large number.of other works, concern-

can make almost the full solar abundance of Fe-peak nuclei specific elements (the correspondlng refergnces are “Steq n

able 1). We do not attempt here any discussion on the quality

shown in Timmes et al. 1995), leaving no room for SNla. Tak- . )
ing into account the uncertainties in the yields, especially tho%]:athese data (this would be beyond the scope of this work), and

i 7 D>
of Fe-peak nuclei (see Sect.2) our reduction imposed on WS re;erthetrr(]ezvltder tto thet.r egifm rewewt())ftR) an ("OQO) forttr:jgt.
WW1995 Fe yields is not unrealistic. IS obvious that systematic differences between various studies

The nice agreement between theory and observations. quuce a scatter larger than the real one (and, perhaps, unre-
Istic trends in some cases). Our reference Case B is shown in

Fig.6 comes as a pleasant surprise, in view of the many Upn: : : .
certainties discussed in the previous section. It certainly dot ECk cur_ve_s(d_ashed‘or the halo andsolid for the disk), while
ase A is inthin curves

not guarantee that each individual yield is correctly evaluated. . . .
Before presenting our results we notice that in our models

It rather suggests that the various factors of uncertainty cancel ~ .~ i -
out (indeed, it is improbable that they all “push” towards hetallicity reaches [Fe/H}-4 atatime+-10" yrand [Fe/H}--3

: oo : o
same direction!) so that a good overall agreement with obserd atime .2 10"yr; these timescales correspond to the lifetimes

tionsresults. As stressed in Timmes et al. (1995), the abundan%e%talrs of mass M20 My, and M~10 M, respectively. Any

of the intermediate mass isotopes span a range of 8 orderé’%{ ations in the abundance ratios in the metallicity range 4
magnitude; reproducing them within a factor of two suggesfs e/H] < -3 results then from the fact that stars of different

that models of massive stars nucleosynthesis are, globally, fagsses l(sttarzrtlng ;‘ro? 100(5Aan_?hgo:jng to 19 M) fe gtertpzro-h
isfactory. At least to first order, currently available yields ressively the galaclic scene. The diScussion ol Sect. 2 Shows

massive stars + SNIa can indeed account for the solar combiat the yields of individual stars are very uncertain, much more

sition between O and Zn (with the exceptions of Sc, Ti and an those integrated over the IMF (the latter reproduce, at least,
and possibly F) ' the solar composition!). Besides, there is absolutely no guaran-

tee that the model reproduces correctly the relation between
age and metallicity at those early times. For instance, in a re-
cent work Argast et all (2000) find that the halo became chem-

We calculated the abundance evolution of all the isotopes f@ally homogeneous and reached [Fe/H]=-3 afei60 Myr,
tween H and Zn in the framework of our halo and local disk duration six times longer than in our calculations. For those
models, by using two different sets of massive star yields:gasons we consider that any abundance trends of our models
the yields of WW1995 at constant (=solar) metallicity (Cas@t [Fe/H}<-3 are not significantbut we show them for com-

A in the following), and ii) the metallicity dependent yields ofleteness. Integration over the whole IMF of massive stars is
WW1995, by interpolating between the values given for met&nly made for [Fe/H}-3 and we consider that our results are
licities Z/Z,=0, 104, 102, 10~ ! and 1 (Case B in the follow- significant only after that point. Finally, we notice that we have
ing). Because of our neglect of the C and N yields of interm&educed the WW1995 yields of Fe-peak isotopes by a factor of
diate mass stars, total metallicity is not consistently calculat®¥o, in order to reproduce the observedre ratio in the halo.

in our models; we use oxygen as metallicity indicator, in order

to inerpolate in the WW1995 tables (in the WW1995 models,1. carbon and Nitrogen

the initial abundances of all elements are scaled to metallicity).

Obviously, Case B (also studied by Timmes ef al._1995) is tkipservations indicate a flat [C/Fe{ in the halo and the disk,
“reference” case, whereas Case A is only studied for illustrati¥ith @ large dispersion at all metallicities. Both our cases A and

Notice that in our calculation, the Fe-peak isotopic yields
WW1995 have been reduced by a factor of two, in order to
produce the observed O/Fe ratio in halo star3{imes solar, see

5. Abundance ratios in the halo and the local disk
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Fig. 7. Abundance ratios [X/Fe] of stars in the halo and the local disk, as a function of [Fe/H]. Theoretical results are obtained with models that
treat properly the halod@shed curvassumingoutflow) and the disk golid curveassumingslow infall). Two sets of massive star yields are

used, both from WW1995: at constant (=solar) metallidityr( curves Case A, only for illustration purposes) and at variable metalli¢hick

curves the reference Case B). Yields of the W7 and W70 models of Iwvamoto 2t al.l(1999) for SNIa are used in both cases (properly interpolated
as a function of metallicity); intermediate mass stars are not considered. It should be noted that WW1995 yields of Fe have been divided by 2, in
order to obtain the observed F'e ratio in halo stars. Model trends below [Fe/H]=-3 are due to the finite lifetime of stars ([Fe/H]=-4 is attained

at 10 Myr, corresponding to the lifetime of stars with mas20M,, while [Fe/H]=-3 is attained at 20 Myr, corresponding to the lifetime of

~ 10M, stars). In view of the yield uncertainties of individual stars (Sect. 2) and of the uncertainties in the timescales at those early times of
the halo evolution, those trendlould not be considered as significafihe observed data points in the figure are taken from sources listed in
Table 1. Observed abundance ratios of [O/Fe] from Israelian étal.(1998) and Boesgaard etlal. (1999) are shewtriaypglesthey suggest

a trend quite different from all other alpha-elements. @pen trianglesn the [Al/Fe] panel correspond to observed data with NLTE corrections

(from Baunilller & Gehrer . 1997)
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B show indeed [C/Fe}O0 in the halo (since both C and Fe arén both the halo and the disk (in the latter case, through the WR
primaries), and a slow decline of C/Fe in the disk due to Fands), leaving only a minor role to intermediate mass stars!
production by SNla. As discussed in Sect. 2, a complementary
source of C is required in the disk. This may be either integ- : '
mediate mass stars (IMS) or Wolf-Rayet (WR) stars. Howeveeér',z' o - elements O, Mg, Si, S, Ca, Ti
as discussed in Prantzos et al. (1994), IMS have masse® MIhe alpha elements (O, Mg, Si, S, Ca, Ti) present a well
Mg and lifetimesr <5 10° yr. Such stars can certainly evolveknown behaviour. The/Fe ratio is~constant in the halo, at
during the halo phasé the duration of that phase isindeed [«a/Fe]~0.3-0.5 dex, and declines gradually in the disk. The lat-
Gyr, as assumed here) and enrich the halo with C, thus risieg feature is interpreted as due to (and constitutes the main
the C/Fe ratio at [Fe/H}-1. Such a behaviour is not observedevidence for) the contribution of SNIa to the disk composition.
however, suggesting either that low mass stars<@W) or This behaviour is indeed apparentin Fig. 7; despite the large
WR stars are the main carbon sources in the disk. The lat$eatter, all the alpha elements show the aforementioned trend.
possibility is favoured in Prantzos et al. (1994) and Gustafssdfe stress here again that the recent data of Israelian(et all (1998)
et al. [1999) and Boesgard et al. (1999), also plotted in Fig. 7 (with different
Nitrogen behaves in a similar way as carbon, i.e. the okymbols), challenge this picture in the case of oxygen. If true,
served [N/Fe}-0 in the halo and the disk, with a large scatthese new data should impose some revision of our ideas on
ter at low metallicities. Our Case A (metallicity independemtassive star nucleosynthesis, probably along the lines suggested
yields) shows also a flat [N/FeP evolution in the halo and ain Sect. 6.
decline in the disk, exactly as for carbon. However, in the real- Until the situation is clarified, we stick to the “old
istic Case B, N behaves as secondary: [N/Fe] increases steaglilsadigm”. In the framework of this “paradigm”, Pagel & Taut-
up to [Fe/H}--1. Its value remains-constant in the disk phase vaisienel(1995) have shown that e evolution can be read-
because Fe production by SNla compensates for the largetly\explained by a very simple model (with IRA), the metallicity
yields of more metal rich stars. However, the final N/Fe is onlpdependent yields of Thielemann et al. (1996) and SNla during
~1/3 its solar value. the disk phase. On the other hand, Timmes et al. (1995), using
Obviously, current massive star yields fail, qualitatively andhe metallicity dependent yields of WW1995 (but an inappro-
guantitavely, to reproduce the observed evolution of N/Fe. Whaiate model for the halo, see Sect. 3.3), found good agreement
are the alternatives? In our view, there are two: with observations, provided that the Fe yields of WW1995 are

. . ) reduced by a factor of-2.
a) Intermediate mass stars, producing primary N through hot- 5 . o< its in Fig. 7 point to the following:

bottom burning in the AGB phase, are the most often quoted
candidate. Large uncertainties still affect that complex phase For O, Si, S and Ca, both Cases A and B give virtually identi-
of stellar evolution, but recent studies (e.g. Lattanzio 1998 cal results. These elements behave as true primaries, without
and references therein) find that hot-bottom burning does any metallicity dependence of their yields. Moreover, after
indeed take place in such stars. If N is indeed produced as the WW1995 Fe yields are reduced by a factor of 2, a fairly
a primary in IMS, and their N yields are metallicity inde- good agreement with observations is obtained.
pendent, then the N/Fe in the disk should decline (because The situation is far less satisfactory for Mg and Ti. For both
of SNla). Metallicity dependent N yields from WR stars of them, the WW1995 yields at solar metallicity are larger
(Maedef 1992) could compensate for that, keeping the N/Fe than at lower metallicities (see Fig. 1). This is puzzling since
ratio ~constant in the disk. On the other hand, if N from Mg and Ti are also supposed to be primaries (in fact, more
massive stars is indeed secondary, at some very low metal-puzzling in the case of Mg, since Ti is produced close to the
licity level (let's say [Fe/Hk-3) the N/Fe ratio should also  “mass-cut” and subject to more important uncertainties). As
decline; this would be an important test of IMS being the aresult, our Case A is marginally compatible with observa-
main N source in the halo. If such a decline is not observed, tions of Mg/Fe; the reference Case B does not match at all
we are led to the second alternative, namely the observations, despite the reduction of the Fe yields by
b) Massive stars, producing primary N by an as yet unidenti- a factor of 2. In the case of Ti, both Cases A and B fail to
fied mechanism, obviously requiring proton mixing in He- match the observations.
burning zones. Such mixing does not occur in standard s

lar models, but “new generation” models including rotatio Lese feature; were also noticgd in Timmes et_al. .(1995) and

offer just such a possibility (Heger et al. 1999; Maeder e problem W'th.the WW1995 y|e_lds of Mg and i pomte_d out,

Meynet 2000). In that case, N is produced not by the ori fOWEVET, No satisfactory alternatlye was_suggest.ed. Since the
yields of WW1995 are steeply increasing function of stellar

nal carbon entering the star, but by the carbon produced’i
He-burning; as a consequence, it is produced as a prim%gss’ our use of the Kroupa et al. (1993) IMF (steeper than the

In that case, massive stars could be the main source o Jpeter IMF used by Timmes et al. 1995) leads to a low Mg/Fe
and C in the halo ratio, even after reduction of the Fe yields. Our Fig. 1 (lower

panel) suggests that the yields of LSC2000 could match better
The discussion of this section suggests then an intriguing ptse halo data, since the Mg/Fe and Ti/Fe ratios obtained for Z=0
sibility: massive stars could well be the main source of C anda\e larger than solar. On the other hand, Fig. 1 shows that in both
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WW1995 and LSC2000, Mg and Ti have lower overproductiaomass and lifetime effects, is not significant, as stressed in the
factors than all the other alpha elements, at all metallicities; thisgining of Sect. 5). Once again, theory does not match obser-
means that, even if the halo Mg/Fe and Ti/Fe ratios are bettations and observations do not show the expected behaviour.
reproduced with the LSC2000 vyields, the correspondifidg It should be noted at that point that intermediate mass stars
anda/Ti ratios will certainly not match the observational dateof low metallicity could, perhaps, produce some Na and Al
Thus, at present, none of the two available sets of metallicityrough the operation of the Ne-Na and Mg-Al cycles in their H-
dependent yields offers a solution to the problem of Mg and Turning shells and eject them in the interstellar medium through
The fact that Pagel & Tautvaisiene (1995) find good agretheir winds. There are indeed, indications, that in low mass, low
ment with observations by using the Thielemann et al. (1998etallicity stars of globular clusters such nucleosynthesis does
yields may suggest that this set of yields indeed solves the prtdike place (Kraft et al. 1998). If this turns out to be true also for
lem. This is also the case in Chiappini et al. (1999), who uggermediate mass stars of low metallicity, it might considerably
a somewhat different prescription for SNla rate than here, ambdify our ideas of Na and Al nucleosynthesis in the halo.
metallicity independent yields from Thielemann et al. (1996)
and WW19995. Notice, however, that metallicity independegt
yields (those of Thielemann et al. 1996 are for solar metallic-
ity only) should not be used for studies of the halo, even I, Sc and V are three odd-Z elements produced mainly by oxy-
the problem is less severe in the case of primary elements. Te@ burning. However, the first one is produced in hydrostatic
equivalent set of WW1995 yields also reproduces the Mg/Barning and the other two in explosive burning, i.e. their nucle-
evolution in the halo (our Case A), but it is not appropriate. Wesynthesis is more uncertain. Their yields are affected in similar
need to understand how massive stars makeanstant Mg/Fe ways by the initial metallicity of the star, as can be seenin Fig. 1.
and Ti/Fe ratio at all metallicities, by using stellar models with  Currently available observations show a rather different be-
the appropriate initial metallicity. haviour for those elements: Sc/Fe remaivsolar in the whole
metallicity range - [Fe/H]<O0. V/Fe is also~solar in the disk
and the late halo, but appears to be supersolar in the range
—3 <[Fe/H]<-2 (although the data is rather scarce for a definite
Naand Al are two monoisotopic, odd elements. Their theoreti@nclusion). Finally, K/Fe declines in the disk, while the rare
yields are, in principle, affected by the “odd-even” effect (sdealo data point to supersolar ratio [K/F€).5, i.e. its overall
Sect. 2). This effect seems to be stronger in the case of LSC2@@baviour is similar to that of an-element!
than in WW1995 (Fig. 1), at least for the adopted IMF. From the theoretical point of view, the situation is also unsat-
The observational situation for those elements is not quitfactory. Cases A and B produce distinctively different results
clear. Recent observations (Stephens 1999) suggest that N&dF&c and V, but not so for K. In Case B, the Sc/Fe and V/Fe
decreases as one goes from [Fe/H]=-1to [Fe/H]=-2, as expeataiibs are subsolar in the halo, while K/Fe is supersolar. Also,
theoretically. However, most other observations do not supporthat case, K/Fe declines in the disk, Sc/Fe remaiosnstant
this picture, showing instead a flat [Na/R€] ratio with a large and V/Fe increases.
scatter. Our Case A evolution of Na/Fe is similar to th€e This “strange” theoretical behaviour results from the inter-
evolution and, obviously, incorrect. In Case B, Na/Fe increasgay of several factors, which do not affect all those elements in
steadily after [Fe/H}--2.5 and reaches a plateau after [Fe/H] the same way: odd-even effect, Fe yield reduction and contri-
1. Neither case matches the observations well. As we shall e¢ion of SNla. Thus, the metallicity dependence of the yields
in Sect. 5.7, the situation improves considerably when only thetween Z=0.1 £ and Z=%, is stronger for V than for the
halo data of Stephens {1999) and the disk data of Edvardssoather two. In fact, the V yield at metallicity Z=0.1-/is lower
al. (I993) and Feltzing & Gustafssdn (1998) are used; then Man at Z=0.01 £ in WW1995, which is counterintuitive (mak-
vs. Ca shows the behaviour of an odd element, as it should.ing V/Fe to decrease between [Fe/H]=-2 and [Fe/H]=-1). Also,
Ryan et al.[(1996) find a steep decline of Al/Fe at low metabNIla contribute more to the production of V than to the one of
licities, down to “plateau” value of [Al/Fe}-0.8, but they stress Sc or K (at least according to the W7 model). For those reasons,
that their analysis neglects NLTE effects and underestimates 8@&Fe is~ constant in the disk, while K/Fe declines and V/Fe
real Al/Fe ratio; for that reason we do not plot their data in Fig.iicreases.
(Ryan et all 1996 suggest that a NLTE correction to their data Although our Case B seems to match well the available
would move the “plateau” value to [Al/Fe}0.3, i.e. consistent data for K, we think that this is rather fortuitous: we obtain a
with what expected for an odd-Z element). On the other harslipersolar K/Fe in the halo because of the reduction of the Fe
the NLTE analysis of the data of Baiifter & Gehren[(1997, yields by a factor of two and of the adopted IMF (Timmes et al.
open trianglesn Fig. 7) suggests a practically flat Al/Fe ratidl995 obtain a solar K/Fe in the halo for the same reduced Fe
in the halo, a rather unexpected behaviour for an “odd” elgields, probably because they use the Salpeter IMF).
ment. In our model Case A, Al behaves like arelement. In In our view, the evolution of those three elements is far from
Case B, the “odd-even” behaviour is manifest: a small increaseing well understood, either observationaly or theoretically.
of Al/Fe is obtained as metallicity increases from [Felt-2.5 They do not show any sign of the expected odd-even effect
to [Fe/H}~-1 (the model trend below [Fe/H]=-3, due to stellafrather the opposite behaviour is observed for K!). However, if

4. Potassium, Scandium, Vanadium

5.3. Sodium and Aluminium
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theoretical “prejudices” are put aside, the situation may not be The WW1995 yields adequately describe the Ni/Fe evo-
as bad for Sc and V: indeed, they are part of the “low iron group” lution, except at the lowest metallicities ([FeA43). The
elements and their abundances may well follow the one of Fe, LSC2000 yields would face the same problem, as can be
as suggested by current observations. In that case, the “odd-seen in Fig. 1. The excess of Ni/Fe obtained in the disk
even” effect is overestimated in the theoretical yields adopted model is due to the overproduction®Ni by the W7 model
here or those of LSC2000 (Fig. 1). We also noticed that their of SNla (see Sect. 4.2).

solar abundances are underproduced by current nucleosynthesi$he WW1995 yields suggest-aconstant (solar) Zn/Fe in
models (Sect. 4.2 and Fig. 6). the halo, albeit at a value lower than actually observed. On
the other hand, they suggest that Zn/Fe should increase in
the disk, while observations show no such increase. An in-
spection of the LSC2000 yields in Fig. 1 suggests that they
The various isotopes of the Fe peak are produced by a vari- would face the same problems.

ety of processes (see WW1995): isotopes with mass numberFinally, the WW1995 yields offer an excellent description
A <57 are produced mainly in explosive O and Si burning and of the observed evolution of Mn/Fe and Cu/Fe. If the ob-
in nuclear statistical equilibrium (NSE). Isotopes with-B6 servations are correct, we have an exquisite realisation of
are produced in NSE (mostly in “alpha-rich freeze-out”), but the “odd-even” effect for Fe-peak nuclei (especially in the
also by neutron captures during hydrostatic He- or C-burning. case of Mn), almost a “text-book” case. An inspection of
Because of the many uncertainties involved in the calculations the LSC2000 yields shows that they would do equally well.
(sensitivity to the neutron excess, the mass-cut, the explosion

energy etc.) the resulting yields are more uncertain than for
other intermediate mass nuclei.

Observations show that the abundance ratio to Fe of Cr, Qe present in Fig. 7 the evolution of those elements according
Niand Zn is~solar down to [Fe/H}-2.5to -3. This fact, known to our models, although no observational data exist for them in
already in the late 80ies, suggests that those elements belst®es; fluorine is an exception, its abundance being measured in
similarly to Fe (at least in this metallicity range) and, thereforgjants and barium stars (Jorissen et al. 1992).
are produced in a quite similar way. However, observations in We recallthat Fis producedin WW1995 mainly by neutrino-
the mid-90ies (Ryan et al. 1996; McWilliam_1997) show thainduced nucleosynthesis (spallation ¥Ne) and the corre-
as one goes to even lower metallicities, a different picture $ponding yields are very uncertain. As seen in Fig.1, the F
obtained (see Fig. 7): Cr/Fe is subsolar and decreasing, wlyileld of WW1995 are metallicity dependent, and this is also
Co/Fe is supersolar and increasing; the situation is less clearrfgftected in the evolution of the F/Fe ratio (Case A vs Case B).
Ni/Fe, butin all casesthe scatter is larger at very low metalliciti&e notice again that F may also be produced in other sites, like
than at higher ones. in the He-burning shells of AGB stars (as suggested by the cal-

For the reasons mentioned in the beginning of Sect. 5, weddations of Forestini & Charbonnel 1997) or in WR stars. The
not consider the trends of our models in the range [Fe/dto recent calculations of Meynet & Arnould (2000) show that the
be significant. We do not then attempt here to interpret those Feyields of the latter site are also metallicity dependent, but they
cent intriguing findings, which point, perhaps, to some interestre important only for metallicities [Fe/H}1; at lower metal-
ing physics affecting the evolution of the first stellar generationgities, very few massive stars turn into WR. Obviously, if AGB
We simply notice that such an attempt is made in Nakamurazetd WR stars are the main producers of F, the evolution of F/Fe
al. (1999), who study the sensitivity of the corresponding yieldatio may be quite different from the one shown in Fig. 7.
to various parameters (neutron excess, mass-cut, explosion enThe main Ne isotope i$’Ne, i.e. Ne should evolve as an
ergy). Their conclusion is that the observed Co/Fe excess canmalement. The evolution of Ne/Fe in Fig. 7 is similar to the
be explained by any modification of those parameters. one of C/Fe. The yields of WW1995 show a small metallicity

The yields of WW1995 show a mild metallicity dependencdependence (reflected in Case A vs. Case B) not exhibited by
in the case of Cr and Ni and a more important one in the casested yields of LSC2000.

Mn, Co, Cu and Zn. For that reason, we obtain different results Like Ne, Arisalso aneven-Z element. There is no metallicity

for those elements between our Cases A and B (Fig. 7). Tekependence in the Ar yields of WW1995 (which explains the

situation for each of those elements is as follows: similarity between cases A and B), neither in those of LSC2000.
Ar is expected to behave like Si or Ca.

— The Cr/Fe evolution is reproduced satisfactorily for P and Clare odd-Z elements. When the WW1995 Fe yields
[Fe/H]>-2.5; in the disk, Cr and Fe are produced in similat'e divided by 2, avsolar P/Fe and a supersolar Cl/Fe ratio
amounts by SNla and the Cr/Fe ratio remaireonstant.  is obtained for halo stars. In the disk, enhanced P production

— ColFe decreases steadily as one goes to low metallicities@ymassive stars (due to the “odd-even” effect) and by SNla
Case B). This trend is not observed in the data and suggétgpensate for the Fe production by SNla; as a consequence,
that the “odd-even” effect for that nucleus is overestimatd@ie P/Fe ratio decreases only very slightly. On the contrary, this
in WW1995: we notice that LSC2000 find a much smallggompensation does notoccur for Cland the Cl/Fe ratio decreases
effect (Fig. 1). in the disk.

5.5. Fe-peak elements: Cr, Mn, Co, Ni, Cu and Zn

%].%. Fluorine, Neon, Phosphorous, Chlorine, Argon
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In the absence of observational data, the nucleosynthesisCo and Ni at low metallicities do not disappear when Ca is
of these elements cannot be put on a firm basis. Their solar adopted as “cosmic clock”.
abundances are relatively well reproduced with the WW1995
yields (Fig. 6), and this is quite encouraging. On the other hand, _
we notice that the LSC2000 yields show a more pronouncggAlternatives for Oxygen vs. Iron

“odd-even” effect for P and Cl than WW1995. In the previous sections we treated oxygen exactly as the other
a-elements, i.e. by assuming that[O/k€]4~constant in the
5.7. Chemical evolution with respect to Ca halo. However, the recent intriguing findings of Israelian et al.

(1998) and Boesgaard et al. (1999) suggest that O/Fe continues
Traditionally, the results of galactic chemical evolution studigg rise as one goes from the disk to halo stars of low metallicities
are presented as afunction of Fe/H, i.e. Fe is assumed to play(he shall call these data “new data” in this section). Although the
role of “cosmic clock”. However, in view of the uncertaintiepbservational status of O/Fe is not settled yet, the “new data”
on Fe production and evolution (due to mass cut and explosi@ttainly call for alternatives to the “standard” scenario to be
energy in SNII, or to the uncertain evolution of the rate of SNlagxplored.
it has been suggested that Fe should be replaced by a “robust’an obvious alternative is to assume that Fe producing
« element, like e.g. O or Ca. SNla enter the galactic scene as early as [Fe/d] instead
In view of the uncertainties currently affecting the obsegf [Fe/H]~-1 in the “standard” scenario. Indeed, the first white
vational status of oxygen, we choose here Ca as the referegggfs, resulting from the evolution 68 M, stars, are pro-
element. Among the data listed in Table 1 (and plotted in Fig. dliced quite early on in the galactic history; if their companions
we selected those including observations of Ca abundances grdaimost equally massive, their red giant winds would push
we plot the element/Ca ratios in Fig. 8 as a function of Ca/lsapidly the white dwarf beyond the Chandrasekhar mass, and
We also plot on the same figure the corresponding model resifliguce a SNIa explosion. The subsequent evolution of the SNIa
obtained with the metallicity dependent yields of WW1995 andte (not well known today), should then be such as to ensure
the W7 model for SNla (i.e. our Case B). a continuous, smooth decline of O/Fe with [Fe/H], as the “new
Several interesting features can be noticed: data” suggest. Such a behaviour is indeed obtained in the calcu-
lations of Chiappini et al[ {1999), which have not been adjusted
as to fit the new data: it is a direct consequence of their adopted
— For O, Al, K and V, existing data concern only the diskormalism for the SNla rate.
phase and are consistent with X/Csolar. Model results The problem with this “alternative” is that it also affects the
show that O/Ca and K/Ca ratios are solar over the whaeolution of the othen/Fe abundance ratios in the halo. Ob-
metallicity range; they also show clearly the “odd-evenservationaly, none of tha-elements shows a behaviour com-
effect for Al/Ca, V/Fe and Cu/Fe. parable to the one suggested by the “new data” for oxygen (see
— Among thea-elements, the observed Mg/Ca and Si/Ca r&ig. 7 for Mg, Si and Ca). The “new data” can simply not be
tios are solar down to very low metallicities. In our modelgxplained in terms of SNIa only, because this would spoil the
we also find constant Mg/Ca and Si/Ca ratios, slightly belogurrent nice agreement with the otheelements (see Fig. 9a).
the observed values in the former case, and in fair agreemfgyitice C/Fe would also decrease with metallicity quite early
with the observations in the latter. in that case, but this is not a serious problem, since C from in-
— The observed Na/Ca evolution shows clearly the “odd-evet€rmediate mass stars could keep the C/Fe ratio close to solar,
effect, especially with the recent data of Stephéns (19989 observed (and indicated in Fig. 9)].
for the metallicity range -1.5[Ca/H]<-0.5 and those of A second possibility is that the O yields from massive stars
Feltzing & Gustafssomn (1998) for [Ca/HD. This behaviour are, for some reason, metallicity dependent. Itis already known
is fairly well reproduced by the model. that this happens for the C and N yields of massive stars,
— The observed Sc/Ca and Ti/Caratios are slightly below théar metallicities Z>0.1 Z,: because of intense stellar winds,
solar values in the halo, with some hint for a decrease thie most massive stars lose their envelope already during He-
the latter ratio at very low metallicities. Model results arburning. This envelope is rich in H-burning products (like He
broadly compatible with those observations. and N) and later in early He-burning products (essentially C).
— Cr/Ca, Fe/Caand Mn/Ca ratios are all lower than solar in tAgéus, less mass is left in the He-core to be processed into oxy-
whole metallicity range, exactly as observed. The agreemeein (Maeder 1992). As discussed in Sect. 5.1, this metallicity
between the model results and the data is excellent for ddpendence of C yields from massive (WR) stars, can indeed
three cases, down to the lowest metallicities; notice that teeplain the observed C/O evolution in the disk. However, Prant-
evolution of Cr w.r.t. Fe was not so well reproduced by theos et al.[(1994) have shown that the effect is clearly negligible
model at the lowest metallicities (Fig. 7). for the evolution of oxygen in the disk, at least with Maeder’s
— Finally, the observed Co/Ca and Ni/Ca ratios decrease wi{fft92) yields. And at lower metallicities, the effect is virtually
decreasing Ca/H down to [Ca/H}2 and increase at lower inexistent: even the most massive stars present negligible mass
metallicities. The former trend is rather well reproduced bgsses. Thus, current models suggest that metallicity dependent
the model, but not the latter. The problematic behaviours @kygen yields cannot help explaining the new data.
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(dashed curvefor the halo andolid curvedor the local disk) are obtained with the metallicity dependent yields of WW1995 for massive stars

and the W7 and W70 models for SNIa (lwamoto et al. 1999). By adopting Ca as a reference element, some of the uncertainties related to Fe are

removed

However, the effect may have been underestimated. Aftaart of their envelope is removed. Their inner layers, producing
all, stellar mass loss is yet poorly understood. Suppose the othera-elements and Fe, are not affected by mass loss;
that, starting at [Fe/H}-3, massive stars produce less and legise resultingv/Fe abundance ratio is constant with metallicity,
oxygen as their metallicity increases, because an ever largéile the corresponding O/Fe is decreasing with metallicity. The
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Fig. 9. Attempts to interpret the “new data” of Israelian et/al. (1998) and Boesgaard|et all (1999) on O vs. Fe (appearingtiartipanels).

For each scenario discussed in Sect. 6 (presented from left to right), we show the required modifications in the yields of massive stars (w.r.t.
their current valuesypper panely the impact on the evolution of C/Fe vs. Feftdiddle panels) and the impact on the evolution of O/Fe and

alFe vs Fe/H pottompanels). In theniddlepanelsthick solidlines show the modified C/Fe evolution, while tsieaded areahows the range

of observed valuesarrows show qualitatively the effect of including carbon production from intermediate mass (IMS), definitely excluding
Case (b). In thdottompanels, thehick solidline shows the modified O/Fe evolution, ttiéck dashedine the modifiedw/Fe evolution, and the

shaded areaepresents schematically current observations/Be in the halo. Scenario (c), on the right, seems to be the only able to explain

the “new” data of Israelian et al. (1998) and Boesgaard et al. (1999) without violating other obervational constrains. For details see Sect. 6

problem encountered by the first alternative seems to be solveghducing a quasi-constantFe abundance ratio in the halo, as
However, in the expelled mass of those stars, the abundancestiferved. The O/Fe and C/Fe ratios would both decrease with
He, N and C should be particularly enhanced. The resulting N/ereasing metallicity (Fig. 9); however, in the latter case, this
and C/Fe ratios should be steadily increasing with metallicity decrease would be compensated by C production from IMS, so
the halo (see Fig.9), which is not observed; and introducingthiat the C/Fe ratio would remaiaconstant in the halo, as ob-
and C from IMS would only make things worse. Thus, seversgrved. Thus, from the three studied alternatives, we think that
arguments suggest that metallicity dependent oxygen (and,dn}y the last one cannot be at present rejected on observational
necessity carbon) yields of massive stars cannot explain tireunds.
“new data”. What could be the physics behind such a metallicity de-
A third alternative concerns the possibility of having metapendence of the yields ef-elements and Fe in massive stars?
licity dependent yields of Fe and all elements heavier than oxXyirst, we notice that the required effect is very small: a factor of
gen (while keeping the O,N,C yields independent of metallicity3 increase is required in the yields for a 100-fold increase in
below [Fe/H}-1). In that case, the yields ef-elements and metallicity (between [Fe/H]=-3 and [Fe/H]=-1, see Fig.9), i.e.
Fe would decrease with decreasing metallicity at the same ratethe same order as the “odd-even” effect in Fig. 1. Our sce-
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nario requires that the supernova layers inside the C-exhaustett? \
core (i.e. the layers containing all the elements heavier than oxy-
gen) be well mixed during the explosion. Various instabilities
could contribute to that, either in the pre-supernova stage (in
O-burning shell, Bazan & Arnett 1998) or during the explosiof
itself (as in SN1987A, Arnett et al. 1989). This is required in or20.1
der to ensure that th@'Fe ratio will be~ constant in the ejecta. &
But the main ingredient is that the structure of the star depends
on metallicity, in the sense that lower metallicity cores are more
compact than higher metallicity ones. Then, at the lowest metal0-3 L L s s R B e A B
licities (say [Fe/H}--3), after the passage of the shock wave, a
relatively large proportion of the well mixed C-exhausted core
will fall back to the black hole, feeling a strong gravitationales
potential. At higher metallicities, the core is less compact andia
larger proportion of the C-exhausted core escapes. At all metaly 1
licities, oxygen (and lighter elements as well) are located in the
losely bound He-layers and manage always to escape with the
same (metallicity independent) yields. 0
If the “new data” of Israelian et al. (1998) and Boesgaard et ‘ ‘ ‘
al. (1999) on O vs Fe are confirmed, some radical revision of
our ideas on stellar nucleosynthesis will be required. At present, [Fe/H]
we think that our third alternative (schematically illustrated ipig. 10. Evolution of the isotopic abundance ratios of Mg as a func-
the right panels of Fig. 9) is both plausible and compatible witfon of metallicity [Fe/H]. Theupper panelshows the evolution of
all currently available data. 2>Mg/**Mg and thelower panelthe evolution of*Mg/**Mg with re-
spect to [Fe/H]. In both panels tiselid curvecorresponds to the disk
model and thelashed curvéo the halo model. The observed isotopic
7. Evolution of Mg isotopic ratios ratios are from Gay & Lambeft(2000), McWilliam & Lambert (1988),
Byrbuy et al. [(1985), Barbuy (1985, 1987), Lambert & McWilliam

. . L E(1986) and Tomkin & Lamberf(1980). Corresponding solar ratios in
models of isotopic abundance evolution in the Galaxy, esgg;, panels are shown with

cially concerning the early (i.e. halo) phase of that evolution.
One of these rare cases concerns the Mg isotépidg and
26Mg. lar value at Sun’s formation, whifMg and?*Mg are slightly

All magnesium isotopes are mainly produced by hydrostatinderproduced. We notice that Timmes etlal. (1995) find also
burning in the carbon and neon shells of massive stars. The @opersolar Mg isotopic ratios at [Fe/H]=0, but #¥g excess
duction of the neutron-rich isotop&¥Vig and?¢Mg is affected is not as large as ours. We think that this difference is due to our
by the neutron-excess (i.e. their yields increase with initial steise of the Kroupa et al. (1993) stellar IMF, favouring thsg
lar metallicity) while2*Mg is produced as a primary (in princi-yields w.r.t those of*Mg; Timmes et al. use the Salpeter IMF.
ple). Thus, the isotopic raticdMg/?*Mg and?*Mg/?>*Mg are In Fig. 10 we compare our results with observations from
expected to increase with metallicity. various sources, including the recent data of Gay & Lambert

Observational evidence of a decline of the abundances(8000). The observational trends are, globally, reproduced by
25Mg and?%Mg relative to?*Mg in low metallicity stars was our model for disk stars, although tFfMg/>*Mg ratio is higher
reported as early as 1980 (Tomkin & Lambert 11980). In a recehtin observed for stars of near solar metallicity. More interest-
work Gay & Lambert/(2000) derived Mg isotopic abundance rang is the fact that the model isotopic ratios are systematically
tios for 19 dwarf stars in the metallicity range -£fe/H]<0, lower than observations for halo stars (below [Fe/Hl). This
using high resolution spectra of the MgH A-X 0-0 band at 5148as also noticed in Timmes et al. (1995). It may well be that the
A They compared their observations with the theoretical pré/W1995 yields underestimate the importance of the neutron-
dictions of Timmes et al. (1995) in the solar neighbourhood aeecess in the production of the Mg isotopes at those metallic-
found an overall good agreement. ities. Another possibility is that there is some other source of

The evolution of Mg isotopic abundance ratios of our modhe neutron-rich Mg isotopes in the late halo, like e.g. AGB
els is plotted as a function of [Fe/H] in Fig. 10. The upper panstars with He-shells hot enough to activate the(x,n)?*Mg
represents the evolution 6fMg/?*Mg and the lower panel the neutron source. This reaction, would not only provide neutrons
one of 26Mg/?*Mg. Both ratios increase slowly with [Fe/H].for the s-process in those stars, but it would also produce large
25Mg/?*Mg becomes slightly larger than the corresponding samounts o°Mg and2Mg. At present, the operation of that
lar ratio at [Fe/H}~0, while 25Mg/?*Mg is 60% higher than source in AGB stars of disk-like metallicities seems improba-
solar at that metallicity. This is consistent with the results dle, but there is no evidence as to what may happen at lower
Fig. 6 (lower panel), showing th&tMg is produced with its so- metallicities.




210 A. Goswami & N. Prantzos: Evolution of intermediate mass elements in the Milky Way

8. Summary We consider our results for the halo evolution to be significant

. . .only above [Fe/H}-3. The reason is that at lower metallicities
In this work we present a comprehensive study of the evolutli,rﬂ y [Fe/Hp

) . assive stars have lifetimes comparable to the age of the halo
of the abundances of intermediate mass elements (C to Zn P g

. . : : h int; since the vyiel f individual stars are very un-
the Milky Way halo and in the local disk. We use a consisten at point; s e the yields of ind dua} stars are very u

. . . certain, we consider that the corresponding results have little

model in order to describe the evolution of those two galactr|ﬁ

subsvstems. The model assumes strong outflow in the halo egning. Only when the age of the halo becomes significantly
ubsystems. 17 . un goutliow! pqg?ger than the lifetime of the “lightest” massive star (and ejecta
and slow infall in the disk, which allow to correctly reproduc

the corresponding metallicity distributions; these observabl%rse averaged over the IMF for all massive stars) we consider our
. P 9 y ol - ) f&sults to become significant. For that reason, we are not able to
constitute the strongest constraints for chemical evolution mciﬁ-

els of those regions. Also, we consider the halo and the di aw any conclusion on the puzzling behaviour of the Fe-peak

to evolve independently, since there is no hint at present foreaements (Cr, Co, Ni) observed recently below [Fe/r§.
P Y P We have compiled a large number of observational data on

physical connection between the wo (see Sect. 3.3). We n tg composition of halo stars. The main conclusions of the com-

that this type of modehsaﬂqn has very rare_ly been dpne befog) rison of our results to those data (Sect.5 and Figs. 7 and 8)
The second important ingredient of this study is the cof- the followina:

sistent use of metallicity dependent yields for all isotopes. V%e g

adopt the yields of WW1995 and we note that there is a re- , ,

markably good agreement between them and the more recéntC a_md N require other sources than those_stu_dled here. For

ones of LSC2000 (but also some important differences). Only C it could be WR or low mass stars, contributing to C pro-

one study of similar scope has been done before with the metal- duction inthe disk. For N, the source of primary N required

licity dependent WW1995 yields (Timmes et lal. 1995), but it n th? halo (?OUId be elt.h.er IMS W'th,hOt'bOttom burning or

utilised an inconsistent model for the halo. The study of Samland rotatlonally_ induced mixing in massive stars. i

(1998) used appropriate models for the halo and the disk, bat '€ €volution of thex-elements O, Si, S and Ca is well

made several approximations concerning the stellar lifetimes Understood (baring the discrepant “new data” for O, see

and the metallicity dependence of the yields. We note that we P€l0W) with the assumption that SNla contribute most of Fe

have divided the (uncertain, anyway) Fe-peak isotopic yields N the disk; however, the WW1995 yields underproduce Mg
of WW1995 by a factor of 2, in order to obtain abundance ra-

and Ti, and inspection of the LSC2000 yields shows that

tios w.r.t Fe consistent with observations; indeed, Timmes et al. €Y would not be of help.

(1995) recognised the problem with the WW1995 Fe yields and Similarly, the odd-Z elements Sc and V are underproduced
presented also results for twice and half the nominal values. We &t all metaliicities by both WW1995 and LSC2000 yields;
also performed calculations with metallicity independent yields 1S discrepancy points to some important revision required

(at solar metallicity only) in order to illustrate the differences in current models of nuclt_aos.ynt_h.e&s In massive s_tars, at
with the metallicity dependent ones. In all cases we used the least for those elements. Itis significant that observationally,

recent yields of Iwamoto et al_ (1999) for SNIa, which are also N€ither Sc nor V show the theoretically expected behaviour
metallicity dependent (this dependence affects very little the ©f 0dd-Z elements, suggesting that the “odd-even” effect

results). We only used yields from massive stars and SNIa, in may be overestimated in current nucleosynthesis models.
order to find out for which elements and to what extent is thé’ Observed abundances of Na and Al also do not show the the-

contribution of other sources mandatory. oretically expected behaviour of odd-Z elements, when they

We compared our results to a large body of observational '€ Plotted w.r.t Fe (Fig. 7). However, other sources may be
data. In Sect. 4 we “validated” our model, by showing that it involved in the nucleosynthesis of those two elements (e.g.

reproduces in a satisfactory way all the main observational con- H-Shell burning in intermediate mass stars in the red giant
straints for the halo and the local disk. We found that the re- St&9€), which prevents from drawing definite conclusions.
sulting elemental and isotopic compositions at a galactic age It is remarkable that, when the observed Na evolution is

of 9 Gyr compare fairly well to the solar one; among the few Plotted vs. Ca (Fig. 8), Na shows indeed the expected be-
exceptions, the most important ones concern: haviour of odd-Z element. Observations of Na vs Fe at low

metallicities are necessary to establish the behaviour of this
element. In the case of Al, NLTE effects play an impor-
tantrole in estimating its abundance at low metallicities and
a) The C and N isotopes, which are underproduced. For the render difficult a meaningful comparison of observations to
major ones {?C and'“N), both WR and IMS are candidate  theory.
sources; fot3C and!®N, IMS and novae are, respectively, — Among the Fe-peak elements, several important discrepan-
the main candidates. cies between theory and observations are found when results
b) The isotopes of Sc, Ti and V, for which there is no other are plotted w.r.t. Fe (Fig. 7). The theoretical trends of Cr, Co,
candidate source. The fact that the corresponding LSC2000 Ni and Zn deviate from the observed ones to various extents;
yields are even lower than those of WW1995 may point to in the case of Ni, the adopted W7 model for SNla largely
some generic problem of current nucleosynthesis models overproduces the main isotop&Ni in the disk, as well as
for those elements. 54Cr, a minor Cr isotope. We notice that, when results are
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plotted w.r.t. Ca (Fig. 8), the observed behaviour of Cr isrmett D., Bahcall J., Kirshner R., Woosley S., 1989, ARAA, 27, 629
well reproduced by the model; this mightimply that it is théubert O., Prantzos N., Baraffe, I., 1996, A&A, 312, 845

Fe yields that are problematic at low metallicities. We notickufderheide M., Baron E., Thielemann F.-K., 1991, ApJ, 370, 630
that Cr is produced at layers lying at larger distance from tig&lachandran S.C., Carney B.W., 1996, AJ, 111, 946

: : uy B., 1985, A&A 151, 189
g;):ﬁetr:zlgsziua;nd are thus less subject to the uncertamﬁgﬁzuy B. 1087, AGA 172, 251

. Barbuy B., Spite F., Spite M., 1985, A&A 144, 343
— There is a remarkably good agreement between the th@Qy riiller D.. Gehren T.. 1997 A&A 325. 1088

retical and the observed behaviour of the odd-Z Fe-pegkzan G., Arnett D., 1998, ApJ 496, 316
elements Mn and Cu, when their evolution is plotted w.rgessel M.S., Sutherland R.S., Ruan K., 1991, ApJ 383, 71
Fe (or w.r.t. Ca, in the case of Mn). Beveridge R.C., Sneden C., 1994, AJ 108, 285

) Boesgaard A.M., King J.R., Deliyannis C.P., Vogt S.S., 1999, AJ 117,
The recent data of Israelian et al._(1998) and Boesgaard et al. 49>

(1999) suggest that oxygen behaves differently from the othgiissier S., Prantzos N., 1999, MNRAS 307, 857

a-elements. Although this new picture of O vs Fe is not comrachwitz F., Dean D., Hix W.R., et al. (2000), ApJ submitted (astro-ph
firmed yet, we explored in this work a few alternatives to the 0001464)

“standard” scenario presented here. We thus showed in Seétagoon D.F., Barbuy B., Kraft R.P., Friel E.D., Suntzeff N.B., 1987,
(and Fig. 9), albeit qualitatively only, that the only “reasonable” PASP 99, 335

way to accomodate the new data is by assuming that the yiefgdelli J.. Federman S., 1997, inb@es J., Mathews G., Shore S.,
of both Fe and alh-elements (except O, C and He) decrease Wiescher M. (eds.) Nuclei in the Cosmos IV, Elsevier, Amsterdam,

. . - . p. 31
with decreasing metallicity for [Fe/H]-1; we also proposed aCamey B.W., Peterson R.C., 1981, ApJ 245, 238

qualitative explanation for such a behaviour. _ Carretta E., Gratton R., Sneden C., 2000, A&A, in press (astro-
Finally, we compared the model evolution of the Mg iso-  ph/0002407)

topic ratios to current observations (Sect. 7 and Fig. 10). Wegg R.E.S., Tomkin J., Lambert D.L., 1981, ApJ 250, 262

found that, although the WW1995 yields of Mg describe reGharbonnel C., Meynet G., Maeder A., Schaerer D., 1996, A&AS 115,

atively well the observations in the disk, they systematically 339

underproduce the halo data. This suggests that the “odd-evehen Y.Q., Nissen P.E., Zhao G., Zhang H.W., Benoni T, 2000, A&AS

effect for those isotopes has been underestimated at low metal-in Press (astro-ph/9912342)
licities in WW1995. Chiappini C., Matteucci F., Beers T., Nomoto K., 1999, ApJ 515, 226

. . . . hiappini C., Matteucci F., Gratton G., 1997, ApJ 477, 765
In summary, we have revisited the chemical evolution of t ieffi, A., Limongi, M. & Straniero, O. 1998, ApJ 502, 737

halo and thellocal disk wit_h consistent models and metallicigy, .~ K., Lambert D.L., 1992, ApJ 399, 586
dependent yields of massive stars and SNla. We showed {8@hna k., Lambert D.L., 1994, ApJ 426, 170
current yields are remarkably successful in reproducing a lang@ardsson B., Anderson J., Gustafsson B., Lambert D.L., Nissen P.E.,
number of observations, but need revision in several important Tomkin J., 1993, A&A 275, 101
cases. For some of those cases, the inclusion of non-clasdiedizing S., Gustafsson B., 1998, A&AS 129, 237
ingredients in stellar models (i.e. mass-loss for C, rotationaffgrrini F., Molla A., Pardi M., Diaz A., 1994, ApJ 427, 745
induced mixing for primary N) could clearly help, but for mosforestini M., Charbonnel C., 1997, AQAS 123, 241
of the others (Sc, V and Ti at all metallicities, Fe-peak elemerftE2ncois P., 1986a, A&A 160, 264
at very low metallicities) the situation remains unclear. Fina”ganco!s P., 1986b, A&A 165, 183
. . ancois P., 1987a, A&A 176, 294
we explored a few alternatives that coulq help to e>_<p|a|n tl_?—‘?ancois P. 1087b A&A 195, 226
new O vs Fe data and concluded that viable solutions existymann K., Axer M., Gehren T., 1995, A&A 301, 492
but would require some important modifications of our currepyipright J., Kraft R., 1999, AJ 118, 527
understanding of massive star nucleosynthesis. Garnett D., Kobulnicky H., 2000, ApJ, in press (astro-ph/9912031)
Gay P.L., Lambert D.L., 2000, ApJ, in press (astro-ph/9911217)
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