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Abstract. The accurate O, Mg and Fe abundances derivedphases is continuous in smoatissipational collapsenodels,
previous papers of this series from a homogeneous reanalydisle disk formation is a secondary mechanismattretion
of high quality data for a large sample of stars are combinedes. Separation between these two classes of models may be
with stellar kinematics in order to discuss the history of star foguite artificial: in fact various properties of galaxies, like e.g.
mation in the solar neighborhood. We found that the Fe/O atite light distribution of ellipticals, are well reproduced by in-
Fe/Mg abundance ratios are roughly constant in the (inner) halamogeneous collapses leading to some kind of violent relax-
and the thick disk; this means that the timescale of halo calion (Lynden-Bell 1967); on the other side, simulations based
lapse was shorter than or of the same order of typical lifetino@ cosmologies dominated by cold dark matter predict that in
of progenitors of type la SNe( 1 Gyr), this conclusion being high density regions galaxies form hierachically by merging of
somewhat relaxed (referring to star formation in the individuamaller subunits, while in low density ones they form more grad-
fragments) in an accretion model for the Galaxy formation. Botlally by infall of diffuse matter (Frenk et al. 1985). Within this
Fe/O and Fe/Mg ratios raised by 0.2 dex while the O/H and framework, the mechanisms of formation of our own galaxy (the
Mg/H ratios hold constant during the transition from the thicMilky Way) could be determined by examining fossil remnants
to thin disk phases, indicating a sudden decrease in star formfthe early phases represented by the old (and often metal-
tion in the solar neighbourhood at that epoch. These results poer) stars. The interpretation of the large amount of data gath-
discussed in the framework of current views of Galaxy forma&red in the last years on dynamics and metallicities (as defined
tion; they fit in a scenario where both dissipational collapse ahgl the most easily observed element, Fe) of field stars is how-
accretions were active on a quite similar timescale. ever still controversial, and while e.g. some authors consider the
thick disk and the bulge (Gilmore et al. 1989) as distinct galac-
Key words: stars: abundances — nuclear reactions, nucleosyiac-components, others (Norris 1993) think they are simply the
thesis, abundances — Galaxy: evolution outer (and oldest) part of the disk and central part of the halo
respectively. Scenarios of galactic evolution including a hiatus
between the formation of the halo and of a secondary disk (Os-
triker & Thuan 1975), that were introduced to justify the rarity of
metal-poor stars in the solar neighbourhood (Schmidt 1963), are
Observations of our and outer galaxies allowed to identify vasidely applied e.g. to explain the hot, metal-rich intergalactic
ious galactic populations: the halo, the thick disk, the thin disgas seen in clusters (Berman & Suchkov 1991); however, up to
and the bulge. A model for the evolution of galaxies should erew the observational basis for this hiatus (based on the age gap
plain the origin and properties of these populations, as well lastween open and globular clusters: Demarque et al. 1992; Car-
other basic observations like e.g. the relation of Hubble typeso et al. 1999; the white dwarf cooling sequence: Wonget et al.
with local environment, in a unifying scheme. Current model087; Knox et al. 1999; and the Th/Nd ratio nucleo-chronometer
for galaxy formation broadly divide into two families: thosdor disk and halo stars: Malaney & Fowler 1989; Cowan et al.
considering a dissipational collapse (Eggen et al. 1962; Larsb®99) are rather weak and controversial.
1974); and those which consider galaxies as the results of the ac-Relative abundances of O and Fe in stars of different over-
cretion of individual fragments undergoing (some) indipendeall metal abundance provide further constraints to the early
chemical and dynamical evolution (Toomre & Toomre 1972volution of the halo and the formation of the galactic disk
Searle & Zinn 1978). The transition between the halo and diék/heeler et al. 1989). O is the main product of hydrostatic He-
burning: hence the ejecta of core-collapse supernovae (SNe)
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resulting from the evolution of massive stars, usually identifieter to provide abundances at the level of accuracy required for
with type 1l SNe, are expected to be very rich in O (Woosleihe present purposes. Recent results based on the OH band at
& Weaver 1986; Thielemann et al. 1990). On the other sidihe extreme UV edge of ground-based observations have further
while a fraction of the Fe presently observed in the interstellaomplicated this issue, suggesting the presence of a quite strong
medium was synthesized in massive stars (Thielemann etsébpe in the [Fe/O] run with [Fe/H] amongst metal-poor stars
1990), a large fraction of it was likely produced in explosivésraelian et al. 1998; Boesgaard et al. 1999)
burning under degenerate conditions in type la SNe (Nomoto Both a high temperature scale, and consideration of depar-
et al. 1984). Typical lifetimes of the progenitors of type la SNeires from LTE were included in the new homogeneous de-
(~ 108 = 10° yr) are much longer than those of the progenitoterminations of abundances of light elements and Fe for a large
oftype Il SNe ¢ 107 yr), and they are actually longer than, or obample of stars we are presenting in this series of papers. A new,
the same order of, the free fall time in the Galaxy3 108 yr); hopefully improved temperature scale based on IRFM temper-
for these reasons the production of the bulk of Fe is expectadires for population | stars and the new model atmospheres by
to be delayed with respect to that of O (Matteucci & Greggikurucz (1995) was obtained in Gratton et al. (1996a, Paper I).
1986). A clear break in the run of O abundances with overdh extensive discussion of the effects of departures from the
metallicity [Fe/H[| should signal the onset of the contributiorassumption of LTE in line formation in the stellar atmospheres
by type la SNe, and the location of this break provides an indeas given in Gratton et al. (1999, Paper I1); in that discussion,
pendent estimate for the timescale of star formation during thwe exploited an empirical calibration of the poorly known cross
early stages of galactic evolution (Matteucci & Fraisc1992: sections for collisions wit H | atoms drawn from a parallel
hereinafter MF). It should be added that otherelements (like analysis of the spectra of RR Lyare variables at minimum light,
Mg, Si, and Ca) are expected to behave similarly to O, althougihere non-LTE effects are much larger than in the stars here
for Si and Ca a small contribution by type la SNe is also exonsidered (Clementini et al. 1995). Our final abundances for
pected. about 300 stars were presented and discussed in Carretta et al.
In the last years various investigations have been devo{@00, Paper Il1). We found that most discrepancies present in
to the study of the run of [O/Fe] with [Fe/H] in halo and dislearlier works have been removed, our results showing a high
stars (Wheeler et al. 1989; King 1994; Nissen & Schuster 192iEgree of internal consistency, at least for stars with effective
Fuhrman 1998, 1999; Israelian et al. 1998; Boesgaard ettamperaturd,; > 4600 K, although our results are still not easy
1999). However, a variety of basic questions still lacks of ta be reconciled with the O abundances from the UV OH bands.
clearcut answer. The [O/Fe] ratio in the halo and the locatidtowever, in this paper we will show that once combined with
of the change of slope in the run [O/Fe] vs [Fe/H] have beatellar kinematics and compared with models of galactic chem-
addressed by King (1994), who concluded that this change megl evolution, our results allow us to throw new light into some
occur at any value in the rangel.7 <[Fe/H]< —1.0, corre- of the above mentioned questions: we find that in the frame-
sponding to timescales for the halo formation betwdaf® work of homogeneous models, the collapse of the halo and the
and3 10° yr (MF); this range is large enough to accommodafermation of the thick disk occurred on a short timescale (a few
both a fast, ordered dissipational collapse (Eggen et al. 1961)? yr), although star formation in these environments likely
or a much slower, accretion scenario (Searle & Zinn 1978). Hasted forl + 2 Gyr; and that there was a sudden decrease in
vardsson et al. (1993) studied the [O/Fe] run in disk stars; thetar formation between the thick and thin disk phases, which are
suggested that this ratio is constant for [FefH}-0.2, and ar- then clearly distinct galactic components. It is worth noticing
guedthatthe spreadin [Fe/H] values atany age is an evidencadtff@at a decrease in the star formation rate between the formation
infall of metal-poor material. Even less understood is the [O/Fe{ the spheroidal components and the disc in disc dominated
run atintermediate metallicities, corresponding to the thick digfalaxies, had already been suggested by Larson (Larson et al.
phase (Gilmore et al. 1989; Nissen & Schuster 1997). 1976). He suggested that such a decrease in the star formation
The main concerns in previous investigations on O abuceuld be due either to the action of tidal forces inhibiting star
dances relate (i) to the paucity of samples of significant sizeemation during the later stages of the collapse or to a two-
studied in a homogeneous way, and then to the possible exisase structure of the gas, with dense clouds forming rapidly in
tence of systematic offsets between different sets of data; ansbheroidal component and less dense intercloud gas not form-
(ii) to the discrepancy between O abundances determined g stars and settling to a disc. We argue that our results fit in
ing high excitation permitted and low excitation forbidden linea scenario in which both collapse and accretion were important
(the first usually observed in dwarfs, the second in giants). Mastthe formation of the Milky Way, these mechanisms having
of this discrepancy can be removed by adopting higher tempsimilar timescales; the relative weights of the two contributions
atures in the analysis of dwarfs (King 1993); furthermore, the other galaxies might explain the Hubble sequence.
effects of departures from the Local Thermodynamic Equilib- An early, short presentation of the content of this paper was
rium (LTE) assumption when considering the formation of highiven as a talk at the conference on Formation of the Galac-
excitation permittd O | lines should also be considered, in ortic Halo (Gratton et al. 1996b). Here we give a more complete
presentation of our arguments. In the meanwhile, Fuhrmann

! In this paper we adopt the standard spectroscopic notatiéd998) reached quite similar conclusions, based on an indepen-
[X]=10g 10 (X) star —10G10(X) sun for any abundance ratio X. dent careful analysis of a smaller sample of nearby stars.
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e b b by 1 derived from individual lines. Possible errors in the atmospheric
-3 -2 -1 0 1 parameters required in the analysis of individual stas&)(K in
[0/H] the effective temperaturdsg ; 0.3 dex in the surface gravity;

) o ) ) +0.3 kms~! in the microturbulent velocity) cause uncertainties
Fig.1. a Run.of [Fe/O]_ratlo with [O/H] fC-)I’ fle|d stars witleg > of +0.08 dex in [Fe/H],0.07 dex in [O/H], and0.07 dex in
4600 K. Overimposed lines are the predictions from the models ﬂt—'e/O]' these are internal errors. Analogous values for Mg are

chemical evolution of Matteucci & Francs 1992): model 1: thick line; . . -
model 2: thinline. Error bar is attop lefi. The same as panabut with +0.05 dex in [Mg/H], and=0.06 dex in [Fe/Mg]. Systematic

models computed assuming that infall is the sum of two exponentiglgorS should be small since the present ane_1Iy5|s IS d'ﬁerent'al
(“halo” and “disk”), both starting at = 0 but with different decay With respect to the Sun. In total, we determined [O/Fe] ratios
time; in these models, the star formation rate (SFR) has been suddé@fyabout 160 stars and [Mg/Fe] for 197 stars.

decreased after 1 Gyr (thin line) and 2 Gyr (thick line)The same Following Wheeler et al. (1989) we have chosen to use O
as paneb, but with the “disk” infall starting after 2 Gyr and with a and Mg as reference elements, because they are almost uniquely
threshold of 7M¢, pc™? for the SFR; thin line represents predictiongroduced in massive stars. The scatter of data for individual stars
of a model where the same SFR has been assumed for both halojgnrgall and compatible with observational errors for stars with
disk phases, while the thick line represents_, amodel where the halo S[B?H] > —0.5 and [Mg/H]> —0.6, although we cannot exclude

has been encreased by an order of magnitude agentle & 0.1) slope in the run of [Fe/O] with [O/H]; the scatter

we obtain for more metal-poor stars (0.10 dex in both [Fe/O]and
[Fe/Mq] ratios; for O the peculiar N-rich dwarf HD 74000 was
omitted) may indicate that errors are larger in this abundance
Our results for Fe, O and Mg are displayed in Higs.1 amdnge (perhaps due to the apparent star faintness). However, the
[2. To further improve homogeneity, we only plotted data favomposition of the interstellar matter could have been slightly
dwarfs (Edvardsson et al. 1993; Tomkin et al. 1992; Nisseni@homogeneous during the early phases of galactic evolution,
Edvardsson 1992; Zhao & Magain 1990); all these stars hagsuggested by the large spread in the abundances of n-capture

2. Results
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elements found by McWilliam et al. (1995) for [Fe/d]—2 (i.e. ilar to that given by both model 1 and 2) is not a good repre-
[O/H]< —1.5), and the scatter in the Fe/O ratios amongst hadentation of the observed [Fe/O]’s for [OfH]-0.5, since the
stars found in the careful analysis by Nissen & Schuster (1993gatter of [Fe/O] values for [O/H] —0.1 is much larger than
The upper limit for intrinsic star-to-star variations derived frombservational errors. A very similar result might be obtained
the spread in our data is 0.07 dex, once observational errorsfaredMg. The simplest interpretation is that the Fe content sud-
taken into account. denly increased at [O/H][Mg/H]~ —0.3; the implication is
Fig.[Jaindicates that the run of [Fe/O] with [O/H] is quite flathat there was a phase in which the production of O and Mg
from [O/H]=-2.2, [Fe/O]=0.5 (these are the most metal-poofi.e. the formation of type Il SNe) felt down to small values,
stars in our sample) to [O/H}=0.29, [Fe/O]=0.36, where it leaving only the Fe producers in activity. This obviously means
is possible to locate (with an uncertainty of abati.1 dex) a sudden decrease in the formation of massive stars and, since
the change of slope due to the onset of the contribution to e are moving in the framework of a constant initial mass func-
cleosynthesis by the bulk of type la SNe. A similar result ion (MF), in the star formatiotout court We found this same
provided by Figl2 for the run of [Fe/Mg] with [Fe/H]. We re-feature when considering Si and Ca abundances rather than O
mark that the values of [O/H] and [Mg/H] at which the changemnes (these abundances are not discussed in Paper lll, but they
of slope occur is large ([O/H}[Mg/H] ~ —0.3). display trends similar to those found for O and Mg: Gratton et
A direct comparison with existing galactic evolution modedl., in preparation). The synthesis of these elements is also likely
is possible for O, for which the predictions of MF models areelated to massive stars (Thielemann et al. 1990).
available. We overposed on Fid. 1a lines representing the pre-The phase of low star formation must have lasted enough to
dictions given by models 1 and 2 of MF; these models wea#low the explosion of a large fraction of halo and thick disk type
computed with ar—folding time of 1 Gyr for the infall (halo la SNe, since [O/H] and [Mg/H] start increasing again from val-
collapse), and two different laws of star formation: the times raes of [Fe/O] and [Fe/Mg}- 0.2 dex higher than that achieved
quired for [Fe/H] to raise at [Fe/H]=1 (roughly corresponding in the previous phase. The simultaneous increase of both [O/H]
to the halo-disk transitions) are510° and 3 10® yr respec- and [Fe/O]in stars with [O/H} —0.5, [O/Fe]> —0.25 seems to
tively. Both models were arbitrarily scaled to match the [Fe/@gquire that both type la and type Il SNe contribute to the chem-
ratio for halo stars ([Fe/H} —1). These scalings only imply ical enrichment during this phase. The regression line through
small changes in the adopted yields of Fe from type Il SNéata in this region is:
which on turn depend on the cut-off mass for the remnants f /0] = (0.34 £ 0.07)[O/H] + (0.04 £ 0.10), 1)
core-collapse SNe, an ill-defined quantity at present (Timmes ] ]
etal. 1995). While these scalings do not affect our conclusioR@sed on 71 stars. However, results for Mg in the metal-rich
they help to see the main features we like to point out. regime _are_quite different; the regression line through data in
Insofar metal-poor stars are considered ([FefH]0.5), the this region is:
rms values of the residuals of points for individual stars arourppe/Mg] = (—0.055 £ 0.025)[Mg/H] — (0.089 + 0.076), (2)
the lines representing th_e MF_ models are 0.158 and 0.127 %%Xsed on 164 stars. If real, this result indicates that Mg abun-
formodel 1 and 2 respectively: data for metal-poor stars are th(%]nces do not increase at the same rate as O ones. sugaestin
better represented by model 2, which considers the product{ Dt the O/M T ) nes, suggy 9
i X . g ratio in the ejecta of type Il SNe is a function
of Fe from massive stars alone during this phase (the Sha"%\/\e/:tal abundance; this could be understood if severe mass loss
slope of [Fe/O] with [O/H]in this model is due to the dependence '
of the O/Fe abundance ratio in the ejecta of type Il SNe with
progenitor mass); while model 1 is in clear disagreement with
observations. The conclusion of this (and other compariso%s

not shown in Fig.1l), is that the raise of O abundances up Aofurther basic step can be done by combining information
[O/H]=—-0.3 occurred on a timescale which is not much longgrovided by the ([O/H] vs [Fe/O]) and ([Mg/H] vs [Fe/Mg])
than the lifetime of type la SNe. This timescale will be bettefiagrams with those obtained from the kinematics of stars in
quantified latef our sample. A caveat should be done here, since stars analyzed
While model 2 is able to better reproduce observationsigtthe present paper were collected from various sources, and
low metallicities, it fails in the metal-rich range. In fagt-tests the (sometimes not well defined) selection criteria introduce
show that a linear dependence of [Fe/O] on [O/H] (roughly simimportant biases: the distribution of stars with O and Mg abun-
dances in our sample is very different from that obtained from

2 While this conclusion is based on our analysis, itis not obvious thﬁ“\/olume limited sample in the solar neighbourhood, and high
a different conclusion would be obtained even adopting the O abyp; .. : !
dances from the UV OH band by Israelian et al. (1998) and Boesgai}%omty stars are likely overrepresented amongst the most metal

etal. 1999). In fact, the quite large slope found by these analyses mi r pnes. In this sectlpn we WI.” use this comparlson S|mply_ to
be explained by a very fast raise in the metal content of the early gntn‘y S'Fellar populat|ons. defined on chemical grounds with
of the galaxy - so fast that only the most massive stars were abldi@se defined from dynamics.

pollute the early interstellar medium; or by models which consider in- The basic data for this comparison are the O, Mg and Fe
dependent chemical evolution of individual halo fragments, like thabundances drawn from our analysis, and dynamical data deter-
proposed by Tsujimoto et al. (1999) mined by Edvardsson et al. (1993), for stars with [G#H}0.5;

duce production of Mg in massive, metal rich stars.

Chemical abundances and dynamics
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Fig. 3. Run of [Fe/Q] ratio with [O/H] for the stars of Fig. 1 havingFig. 4. The same as Fig. 3, but for Mg rather than for O
accurate dynamical parameters. Different symbols mark stars in dif-
ferent areas of the diagram. Compare the distribution of points in this
diagram with those of the next figure. Error bar is at bottom right
— those determined by Edvardsson et al. (1993) and Schuster

& Nissen (1989) derived using an homogeneous procedure
from the(b — y) — ¢; diagram, calibrated against age using

for stars more metal—poo_r than this limit in th_e Tomkin etal. giandard isochronesd. not O-enhanced) by VandenBerg
(1992) and Zhao & Magain (1990) samples, similar data were & Bell (1985)

obtained using parallaxes and proper motion from HIPPARCOS 1, those derived using absolute magnitudes from HIPPAR-
(Perryman et al. 1997), radial velocities from the literature (Car- COS parallaxes (Perryman et al. 1997), interpolating within
ney et al. 1994 whenever possible; else data were taken fromthe grid of isochrones by Padua group (Girardi et al. 2000):
the SIMBAD database), and the code for galactic orbit calcula- in this case the enhancement of O and the atheglements
tions by Aarseth as modified by Carraro & Chiosi (1994). Both was considered by modifying the Fe abundance according
these samples only include dwarfs in the solar neighbourhood,; the procedure suggested by Straniero et al. (1997)
the Edvardsson et al. sample is essentially a magnitude-limited
sample (although the magnitude limgt & - known - function The two age scales are somewhat different; they were homo-
of metallicity), with no kinematical bias; while Tomkin et a|.geneized to an a common (arbitrary) scale before averaging
(1992) and Zhao & Magain (1990) selected high proper motigRem.
stars, so that a bias toward high velocity stars is certainly present Apsolute ages are affected by various uncertainties related
amongst the most metal-poor stars. to stellar models, while the relative ranking should be quite re-
The location of the stars with known dynamical data ifiable, as indicated by the good agreement existing between the
the ([O/H] vs [Fe/Q]) diagram is shown in Fid. 3, where weyo sets of age determinations (see Fig. 7). Since basic data for
plotted with different symbols stars in different regions of thihe two age estimates are independent from each other, internal
diagram: metal-poor stars ([O/H] —0.5: group A); Fe-poor yncertainties on the ages may be obtained by the r.m.s scatter
O-rich stars ([O/H} —0.5, [Fe/O}< —0.25: group B); and Fe- of the differences; in this way, we estimate that typical error
rich O-rich stars ([O/H} —0.5, [Fe/O]> —0.25: group C). The pars in log(Age) for individual stars afg0.06 dex (i.e.£15%).
analogous diagram for Mg is shown in Hig. 4, but in this casghe internal scatter we get for group A and B is of this same
group A are stars with [Mg/H} —0.6; group B are stars with order, indicating that small if any internal scatter exists for these
—0.5 <[Mg/H] < 0 and [Mg/Fek —0.25; and group C are the groups.

remaining metalrich stars.Astar-by-starcomparison shows that The average properties for the three chemical groups are
stars are attributed to the same groups when using O and Mgsted in Tabld 1.

In the four panels of FigEl 5 ahil 6 [Fe/O] and [Fe/Mg] ratios  The main conclusions we may draw from Figs. 1-6 and Ta-
for these stars are plotted against the rotational velocity arous|d[] are:
the galactic center, the orbital eccentricity, the maximum height
of the orbit over the galactic plans,..., and the age respec- 1. Though some bias may be present, present data support the
tively. The age values are averages of two independent values: identification of group A as the halo, of group B as the thick
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Table 1. Average chemical and dynamical parameters for stellar populations in the solar neighbourhood determined from observed stars; for
each parameter we give the number of stars used to compute the average values, the values, and the rms scatter of individual points around the
mean

Parameter Halo Thick disk Thin disk

Viot (kms™1) 21 48 100 21 144 52 164 206 24
Zmax (KpC) 21 21 2.3 21 06 11 164 0.18 0.20
e 21 0.69 0.28 21 0.38 0.19 164 0.14 0.07
log t (Gyr) 13 1.16 0.08 21  1.12 0.06 164 0.69 0.23
[Fe/lH 29 —-1.68 041 21 -0.63 0.15 164 —-0.19 0.26
[O/H] 29 —-1.23 0.40 19 -0.29 0.12 68 —0.18 0.18
[Fe/Q 28 —-0.46 0.10 19 —0.36 0.06 67 —0.01 0.11
[Mg/H] 22 —-1.42 041 21 -0.29 0.13 164 —0.10 0.24
[Fe/Mg 22 -0.30 0.10 21 -0.32 0.05 164 —0.08 0.08
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Fig. 5a—d. Comparison between the [Fe/O] ratios and physical adg. 6a—d. Comparison between the [Fe/Mg] ratios and physical and
dynamical parameters (rotational velocity around the galactic centtygnamical parameters (rotational velocity around the galactic centre
Viot: panela; orbital eccentricitye: panelb; maximum height of orbit V;..: panela; orbital eccentricitye: panelb; maximum height of orbit
above the galactic plang,.x: panelc; aget: paneld) for the stars above the galactic plang,.x: panelc; aget: paneld) for the stars

of Fig. 4. Different symbols mark stars with different chemical aburef Fig. 4. Different symbols mark stars with different chemical abun-
dances: open squares are stars with [@/H]0.5; filled circles are stars dances: open squares are stars with [MgfH}0.6; filled circles are

with [O/H]> —0.5 and [O/Fek —0.25; open triangles are stars withstars with—0.5 <[Mg/H]< 0 and [Mg/Fek —0.25; open triangles
[O/H]> —0.5 and [O/Fek —0.25. Note the close correspondance beare the remaining metal rich stars. Note the close correspondance be-
tween classification of stellar populations in the solar neighbourhotwieen classification of stellar populations in the solar neighbourhood
according to chemical and physical criteria according to chemical and physical criteria

disk (see e.g. Robin et al. 1996; Norris 1999; Buser et al. ratios of the two populations should be different; the ages
1999), and of group C as the thin disk. derived for both groups are well in excess of 10 Gyr. Any-
2. In the framework of homogeneous models for the galactic way, this discontinuity is supported by other studies (see
evolution, the formation of stars in the halo and the thick Norris 1993). As noticed by Wyse & Gilmore (1992), the
disk was fast (a fewl0® yr), i.e. shorter than the typical  dynamical properties of the thick disk are clearly indicative
timescale of evolution for the progenitors of type la SNe.  of a flattened intermediate population supported by rotation
3. Given the lack of a clear selection criterion amongst metal- (these characteristics are drawn from the Edvardsson et al.
poor stars, our data cannot be used to draw any conclusionsample, which are not affected by kinematical biases); while
about clear breaks between the halo and thick disk popu- the halo space distribution is much wider, and the system
lations; the age difference must be small (i.e. the two pop- appears to be supported by velocity dispersion rather than
ulations are virtually coeval), else the [O/Fe] and [Mg/Fe] by rotation. In our analysis, this last result is likely enhanced
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Fig. 7. Comparison between the ages listed by Edvardsson et al. (19
and the values determined from the location in the colour-magnitu
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based on 164 stars for Mg. The Persson correlation co-
7 efficients are 0.35 and 0.25 respectively: the probability
. of getting such high correlation coefficients by chance are
o e < 0.005 and< 0.01. The scatter around the mean lines is

0o compatible with the error bars in ages, [Fe/O] and [Fe/M(]

= values.

I E%DD @ g | 4. The gap in [Fe/O] distribution

By oo | If the raise of [Fe/O] at constant [O/H] is due to a sudden de-
o Bpg oo 0 crease in star formation during the transition between the thick
o %jg@ . and thin disk phases, then there should be a corresponding gap at

o5 o Ba, 70 7 [FelO}~ —0.25inthe distribution of stars with [Fe/O]. A cumu-

poom 1 lative diagram of the distribution of [Fe/O] and [Fe/Mg] values
og 8 0 | for stars in the Edvardsson et al. sample (Hig. 8 &ahd 9) indeed
% oo supports this inference. In the rest of this section, we will evalu-
ate the statistical significance of this gap for O; similar (though
slightly less significative) results were obtained for Mg. To this
O " purpose, we performed tests on the distribution of [Fe/O] values
log Age(ema) (Gyr) in that sample, which consists of the brighteeha fidesingle
gé?ll’s with5600 <T.¢ < 6800 K, having an absolute magni-
%ﬂe from 0.4 to 2 mag smaller than that of the Zero Age Main

diagram using absolute magnitudes and colours from HIPPARC&§uUence at the same- y colour, in equally spaced bins in
(Perryman et al. 1997) [Fe/H]. Generally, populations of each bin were kept similar,

but the two most metal-poor bins ([FeAd]-0.6) have popula-

tions about half those of the others, due to the magnitude limit
by the selection biases in the Carney et al. sample. Furtig@the survey. However, the 85 stars for which O abundances are
strong supports to the present conclusion that the thick diglailable are nearly uniformly distributed with [Fe/H], since we
is a homogeneous, chemically old population is given by tigve these data for 42% of the stars with [FefH}0.6, and for
results by Fuhrmann (1998, 1999), and Nissen & Schustego of the stars more metal-poor than this limityAtest con-
(1997): these authors found that thick disk stars have I@ins that the distribution of stars having [Fe/O] values cannot
[Fe/O] and [Fe/Mg] ratios (equal or even lower than thosge distinguished from a uniform distribution in [Fe/H]; any-
found for halo stars of similar metallicity), with very smallway, we repeated the following analysis using both a uniform
intrinsic scatter. distribution, and distributions obtained by summing a random

. There was a sudden decrease in star formation during ggissian distributed term (representing observational errors) to

transition between the thick and thin disk phases, Whl(fhe observed [Fe/H]'s. The results are very similar.

are then clearly distinct at least from the chemical point of \we first tested the hypothesis that the [Fe/O] values are dis-
view. The phase of low star formation must have lasted @fbuted uniformly, as expected if a linear dependence of [Fe/O]
least 1 Gyr in order to allow for the explosion of the bullpn [Fe/H] holds. We found that this hypothesis can be rejected
of type la SNe; however, the hiatus was not longer thaf a high level of confidence, using both¢-test and a serie

3 Gyr, else there would be obvious break in the [Fe/O] arl Monte Carlo simulations. Each Monte Carlo simulation in-
[Fe/Mg] vs age diagrams. We remark that the age differengided 10,000 extractions of 85 [Fe/H] values (using both early
between the thick disk and the oldest thin disk stars couligdscribed approaches); individual [Fe/O]'s were the sum of the
have been overestimated in fi. 5d Bhd 6d, since these aggges deduced from these [Fe/H]'s using the [Fe/O]-[Fe/H]
were derived assuming solar ratios of O and Mg to Fe. Agaiaw, and of a random gaussian distributed term representing the
results from Fuhrmann (1998, 1999) and Nissen & Schustgiread due to observational errors and to the intrinsic star-to-star
(1997) well support this picture. variations. The simulations were repeated for three values of the

. Both the [Fe/O] and [Fe/Mg] ratios for thin disk stars instandard deviation for this term: 0.05, 0.07, and 0.10 dex; the

crease with time: in fact there is a significative correlatiojtermediate value was deduced from our error analysis, and it
of these ratios with stellar ages; the linear regression lipeequal to the standard deviation from the mean value for thick
are: disk stars; the last one is consistent with the residuals around the
best fit relation for thin disk stars. Most of the deviation from
[Fe/O] = —(0.19 £ 0.06) log? + (0.12 £ 0.11), () 4 uniform distribution in [Fe/O] is due to the excess of stars
based on 68 stars for O, and: with [Fe/Ol< —0.3 (corresponding to the thick disk popula-
tion), and to the lack of stars with0.3 <[Fe/O]< —0.15 (the
[Fe/Mg] = —(0.085 + 0.026) logt — (0.024 + 0.075), (4) expected location of the gap). It can be noticed that a quadratic
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Fig. 8. Cumulative distribution function of [O/Fe] ratios amongst starBig. 9. The same as Fig. 7, but for Mg rather than for O. Note again
in the Edvardsson et al. sample. Note the possible presence of a gapeapossible presence of a gap at [Fe/Mg}0.25
[Fe/O}~ —0.25

dependence of [Fe/O] on [Fe/H] gives a better fit to obsenresent dynamics has to be introduced into chemical evolu-

tional data. We then repeated the Monte Carlo simulations Wﬂgn models parametrically, increasing even more the number

a similar [Fe/O]-[Fe/H] law. We found that the probability thaf ‘;Lee pleramfters' 't’?t_order t"tﬁXp"“e a”‘iwgd ranges forbsom?
the very low number of stars in a bin of 0.1 dex centered 3( € relevant quantiies, we then computed a large number o

[Fe/O]=0.22 is due to chance is about 0.024 for a uniforrﬁmgle'Zone models (with infall O.f original unprocessed mate-
distribution with [Fe/H], and 0.013 for a distribution function”al) appropriate for Fhe solar neighborhood; the code we used
£ improved version of that of MF. The main advantage of

equal to the frequency distribution (the exact values depend' . oo
d d y ( P %approach is the reduction in the number of free-parameters,

the assumed observational errors; the above mentioned vag‘.ﬁq h Its of . ricl | v to h
refer to the less significant cases obtained assuming that pre pugh results ot our comparisons strictly apply only to ho-
ogeneous collapse models, and not e.g. to accretion scenarios.

[Fe/Q] values have errors of 0.10 dex). A good significan . ) . . R
e will see in the next section that even with these limitations,

(chance probability 0.05) is achieved for 0.1 dex bins cen- )
tered over the range0.22 <[O/Fe]< —0.25: this suggests that results of our comparisons are enough to suggest that the best
' scenario required to explain the star formation history in the

the gap is broader than 0.1 dex. : . o
We conclude that present available data support the hypo?%lgragcer'ggggrhmd should include both dissipational collapse

esis that there is a gap in the distribution of [Fe/O] as expec Wh ina th dicti ¢ dels with ob
from a sudden decrease in star formation during the transitiont_ en compar.:jng de prgd|c lons o (;ur mot elstW| . ol ffr'
from the thick to thin disk phases; however we think this te¥fitions, We considered a wide range of constraints, inciuding

should be repeated using a larger and properly selected sa Iggent abundgnces in the interstellar_me_dium,currentgas den-
P g g properly ity, star formation and SN rates, the distribution of abundances

among G-dwarfs, the run of [Fe/H] with age, IMF, etc. (Mat-
5. Comparison with models of galactic chemical evolution teucci 1991), and retained only those models which give an

The overall run of [Fe/CEwith [Fe/H] is certainly related to the overall match to 6.1” of them. We f|,nd ‘h"?‘t n t_he best cases, rms
delayed Fe synthesis: however, the interplay between star f\g}l_ues of the residuals of [Fe/Q]'s for individual stars around

mation rate, progenitor lifetime, and infall can only be clear y:es representing our models are0. 10 dex for halo and thick

out by detailed modelling of galactic chemical evolution. Un-= St’rl: sttc;ars, antdu 0'?8 dex forth|rr]1 d'Skati;S’ Itn %)O(Ij ag_reelmte_znt
fortunately, various aspects of star formation and evolution aygn observationalerrors, as shown by Vionte Larlo simuiations
ere both errors in [Fe/O] and [O/H] were taken into account

still not well understood, so that these models have several iy

arameters. Furthermore, a fully appropriate comparison 6%'1""” simullations Wgrg also used to reject thosg model§ pro-
P Y approp P Pd”g poor fits). Predictions about the [Fe/O] ratios provided

tween abundances in metal-poor stars and models of gaIaE{  th del lotted in E1a. 3b and d
evolution should require models which include consistent a SOme ofthese Models are plotted In £1g. 5b and ¢, overpose
Eq the same observational points shown in[Hig. 3a.

detailed treatment of both chemistry and dynamics. Howev ) -
y y Onthe whole, we found that only models having two distinct

this is still beyond current computational capabilities, and |ar;[fall episodes, the first connected to the halo (and thick disk),

% In this section we will only use Fe and O abundances; howevéfd the second to the thin disk, fit observational data (see also
results obtained by considering Mg abundances would be very simil@hiappini et al. 1997 for similar models); while models with




R.G. Gratton et al.: Abundances of light elements in metal-poor stars. IV 679

a single infall episode do not give a good match even whsity in the solar neighbourhood (Rana & Basu 1991; Kujiken
star formation law was changed with time, due to either largeGilmore 1989), as expected in a self-regulating mechanism.
accumulation of gas during the phase corresponding to the raigigh the above mentioned infall rates, a star formation rate with
of the [Fe/O] ratio, or lack of gas at present (depending on tli@eshold produces a hiatus in star formation at the end of the
rate of decay). Decay of the halo infall rate should be fast iralo and thick disk phase; in our models, star formation in this
order to reproduce the almost flat run of [Fe/O] with [O/H] irearly phase lasts for 1.5-2.5 Gyr (inversely depending on the
the halo and thick disk: the—folding time is shorter than or adopted threshold density), and for given yields the final [O/H]
equal to the adopted time delay for type la SNe,+d.5 Gyr. value depends on the ratio between the halo infall and the thresh-
The halo infall should have contributed no more than 20-30% old density, because the early chemical evolution is essentially
the present density in the solar neighborhood (and the fractionhiat of a closed box (Phillips et al. 1990). In these models, type
stars should be about half that). The decay of the thin disk infedl SNe begin to contribute to nucleosynthesis during the last
should be rather slowX 4 Gyr, which implies a present infall phases of halo and thick disk evolution, raising the [Fe/O] ratio;
rate> 1 Mg pc2Gyr—!), else there would be not enough gathis contribution continues during the hiatus, which must be at
at present, the present interstellar medium should be too mégalst as long as time delay of SN Ia (0.5 Gyr), in order to
rich, the observed roughly linear run of [Fe/O] with [O/H] inraise the [Fe/O] by at least 0.13 dex, that we estimate as the
the thin disk would not be reproduced, and there would be mwer limit given by observations. However, the upper limit for
excess of moderately metal-poor stars ([Fe/H}-0.5). This hiatus duration cannot be determined from the [Fe/O] run due
value for the present infall rate is larger than the upper limib a saturation effect.
deduced from observations-(0.7 M pc 2Gyr—!: Mirabel Part of the gas might be lost at the thick-thin disk transi-
1989). This inconsistency might be removed by either assumitign (due e.g. to a galactic wind induced by SN explosions: Silk
that star formation law changes with time (the efficiency should®85); if this occurs, this metal-rich gas will be replaced by more
then be larger in the halo than in the thin disk), or that the initiatetal-poor infalling gas, and the starting value of [O/H] in the
mass function (IMF) is flatter at large masses (slepe3) than thin disk is lower than the maximum achieved during the thick
that adopted in most of our models (Scalo 1986) (note thatdisk evolution. Models where up to 75% of the gas is lost at this
order to avoid O overproduction with this flatter IMF, an uppegpoch fit data quite well, but they predict the existence of some
limit of 40 +~ 50 M, has to be adopted for type Il SNe). Bothvery O-poor, Fe-rich thin disk stars, which are not presentin the
these alternatives do not contradict basic constraints. observed sampl& We think that the overposition of the thick
Models where both infall episodes start at high values at thad thin disk sequences over some range in [O/H] can be better
beginning and then decay (Hig. 3b), as well as models whexglained by noting that stars currently in the solar neighbor-
the disk infall is delayed with respect to the halo one (Hig. 3d)pod likely formed over a range of galactocentric distances (see
fits data quite well. It should be noticed that in the first clasgan®is & Matteucci 1993), where the halo surface density and
of models the star formation must be arbitrarily lowered at thbe largest [O/H] values achieved during the halo and thick disk
thick-thin disk transition (that should occwr 1 Gyr after be- evolution were different. Note that this is also the explanation
ginning), and there is no hiatus: the raise of the [Fe/O] ratio falvoured by other authors (e.g. Edvardsson et al. 1993).
constant [O/H] is due to Fe production by the large number of
type la SNe from the halo-thick disk, while in the meantime
only small amounts of O are produced, due to the decrea$edDissipational collapse and accretion

star formation rate, which barely compensate for the dilutiQiyhat our data tell us about scenarios of Galaxy formation? The
_by mete_1|-poor infalling ma_lterial (the [O/H] ratio _starts increasyst rate of star formation for the halo and thick digk {0° yr)

ing again when most gas is consumed and the infall rate decRygonsistent with a smooth dissipational collapse (Eggen et
down to small values). The less appealing aspect of this clags1962: Larson 1974). However, in this case the transition
of models is the large fraction of metal-poor stars, that only ¢y the thick to thin disk phases should be continuous: some
be reconciled with the small number of metal-poor G-dwarfg,5ing mechanism causing the observed sudden decrease in
observed in the solar neighborhood by assuming that the sc§lg formation during this transition is missing and should then
height is a strong function of metallicity. On the other side, the, iniroduced. Possible candidates are a high SN rate (Silk 1985;
second class of models naturally y|elq to.a hiatus if a threshcggrman & Suchkov 1991), and merging of smaller galaxies with
(surface) gas density for star formation is adopted (Kennicyir gwn; these mechanisms might also be acting simultaneously.
1989). A threshqld gas den5|t_y might be expeCt?d if the pro- oy tests with models with a single infall episode (but vari-
cesses involved in star formation are self-regulating, and fobgje star formation rate) suggest that a simple heating as that
low enough surface gas density the feedback mechanisms Hjgjced by SNe cannot reproduce the whole spectrum of obser-
regulate the star formation rate break down (Gallagher & Huntggiions. Also, the discontinuity in specific angular momentum
1984; Elmegreen 1992; Burkertetal. 1992). Observationally, BBryeen halo and thick disk suggests that there is not a smooth

H . 21 2 _ . —2 . . .
approximate value f-210°" atoms cm® = 5+10 Mo PC™"  ransition between these two populations (Wyse & Gilmore
has been proposed for this threshold from observation of irreg-

ular and HI-rich spiral galaxies (Skillman 1986; van der Hulsts A few stars with such a chemical composition are indeed known,
etal. 1987); this threshold value is close to the current gas dgQitthey have extreme halo kinematics (King 1997; Carney et al. 1997)
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1992). On the other side, merging with gas poor satellite(s) hdkie total mass) which are accreted later, as proposed by Norris
ing a mass larger than a few hundredths the disk mass may H{&884). In this scenario, a significant fraction of the halo is due
(and destroys) any pre-existing stellar thin disk (Quinn et @b accretion of fragments, explaining its low specific angular
1993; Walker et al. 1996) and create a thick disk, although thimomentum (Wyse & Gilmore 1992). Our contributions to this
result is not obtained in all simulations (see e.g. Huang & Cadeheme is the consideration that the similar [Fe/O] ratios for
berg 1997), so that it seems to depend on the initial conditiatinick disk and halo stars can best be understood if timescales
as well as on the properties of the satellite: merging of satébr both contraction and accretion arel Gyr (although some
lites on prograde orbits more likely produce thick disks, whilater accretion of low-mass fragments is possible), and the sug-
those on retrograde orbits mainly produce disk tilts (Velazqugestion that this scheme might naturally produce a discontinuity
& White 1999). The mass range is fixed by the amount of kinetietween the thick and thin disk phases.
energy to be injected into the disk: merging with a companion Up to now, the proposed scenario refers to the Milky Way.
of comparable mass would have transformed the Milky Wayowever, it can be easily extended to other galaxies. A strong
into an elliptical, while merging with a very small satellite hasupport to a scenario of spiral formation including both dissi-
only minor effects. If the disk or the satellite contained gas (@stional collapse and accretion is given by the observation that
indicated by chemical evolution models), merging was likelgpirals without significant bulges do not have thick disks (van
accompanied by a burst in star formation; a possible supporter Kruit & Searle 1981a, 1981b; Morrison et al. 1994, 1997,
favour of such a burst is the presence of a numerous populatiery et al. 1999; Matthews et al. 1999). Then (i) the presence of
of globular clusters likely connected to the thick disk, distinghick disks and bulges is not an obvious outcome of galactic for-
from the population connected to the halo (Zinn 1985). Perhapstion, but rather depend on some mechanism (e.g. accretion)
this burst exhausted the existing gas, contributing to the prestatt may or may not be active; and (i) their origins are likely
thick disk or it may have been concentrated in the bulge nexlated (although likely not on an evolutionary sequence, due to
gions, far from the solar neighbourhood (as suggested by sotfme very different specific angular momentum). This last asser-
simulations: Mihos & Hernquist 1994), or finally the high SNion agrees with the low [Fe/Mg] ratios for stars in the bulge of
rate might have caused a galactic wind (Berman & Suchkour own Galaxy (McWilliam & Rich 1994), which suggest that
1991). Anyway, the present thin disk should have formed latidre difference between the ages of the bulk of stars in the bulge,
by a secondary process (Ostriker & Thuan 1975); modelstndlo and thick disk is< 1 Gyr. The presence in the galactic
disk evolution (Kennicutt 1989; Burkert et al. 1992) then indibulge of stars much more metal-rich than the thick disk stars in
cate that some time would be required before the critical denditye solar neighborhood might be understood by assuming either
was reached and star formation started again. Thick disk stdrat these stars formed from metal-enriched material in the burst
are then likely older than the oldest stars with thin-disk kinérduced by the same merging episode(s) causing the formation
matics and a discontinuity would be expected between the thagkthe thick disk (Mihos & Hernquist 1994); or simply by a
and thin disk phases. This agrees with our [Hig. 5d, which alpre-existing radial metallicity gradient in the early disk, which
indicates that a similar large merging could not have occurredpredicted by dissipational collapse models (Larson 1974) and
during the last 10 Gyrs, although observations of the Sagittahould not be cancelled by later merging episode(s) (Quinn et
ius dwarf galaxy (Ibata et al. 1994), presently merging with tred. 1993).
Milky Way, indicate that minor episodes are still occurring. The  Within the mixed scenario, significant thick disks and bulges
n-body simulations (Quinn et al. 1993) indicate that if relativelgre related to accretion of satellites. Currently available statis-
large merging occurred, the present thick disk would be coties (Zaritsky et al. 1993) indicate that there is about one satel-
posed of both stars belonging to the merged satellite(s) andite with Mz < —15 per primary, though we notice that the
the original disk; the last one should dominate due to its largdiilky Way has a much larger number of faint companions and
mass. the statistics is based on regions where galaxy density is lower
A pure accretion scenario readily explains the lack of afhan in the Local Group; furthermore, there is an excess of close
preciable kinematic and chemical gradients in the outer haatellites (separation 50 kpc) near the minor axis of primaries
(Carney 1993), but it fails to explain the gradients observed (Holmberg 1969; Zaritsky etal. 1997), and it has been suggested
the inner regions. In a smooth dissipational collapse scenatlmt the present population of satellites to the Milky Way rep-
like that of Eggen et al., the proposed merging episode appeasents only a small fraction of the original population (see e.g.
as amad hochypothesis. However, more realistic simulations dlypin et al. 1999). The excess of close satellite near the minor
galaxy formation by dissipational collapse which include dawkxis may be explained by assuming that close satellites on low
matter, gas dynamics, star formation and SN feedback (Katelination prograde orbits have smaller chance to survive, due
1992) suggest that many stars form in the cores of dark mati@dynamical friction; it has been suggested that thessing
clumps that form during the collapse: even within this schensatellites have merged into the primary (Zaritsky & Gonzalez
then a long-living thin disk could likely form only after the1999); their perturbation may have created the thick disk, and
end of an early chaotic phase. The emerging favoured scendhieir gas may have fueled the bulge. Given the small number of
considers then the inhomogeneous dissipational collapse ofsheellites for each primary galaxy, a strong stochastic variation
protogalaxy with formation of a few secondary fragments (hafrom galaxy to galaxy is expected. The present scenario is then
ing of the order of several hundredths or even a few tenthsaafherent to a picture where the entire Hubble sequence from Sc
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to ellipticals might be reproduced by assuming an increasikgrucz R.L., 1995, CD-ROM 13
importance of accretion, which should be correlated with thérson R.B., 1974, MNRAS 166, 585

density of galaxies in the local environment (see e.g. Schwei}&fson R.B., 1976, MNRAS 176, 31
2000). Lynden-Bell D., 1967, MNRAS 136, 101

Malaney R.A., Fowler W.A., 1989, MNRAS 237, 67

. Matteucci F., 1991, In: Lambert D. (ed.) Frontiers of Stellar Evolution.
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