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Abstract. The purpose of this work is to resume investigation of Gaabtn disk dating using nucleocosmochronology with
Th/Eu stellar abundance ratios, a theme absent from the literaince 1990. [Tfu] abundance ratios for a sample of 20 disk
dwarfgsubgiants of F5 to G8 spectral type with.8 < [Fe/H] < +0.3, determined in the first paper of this series, were adopted
for this analysis. We developed a Galactic chemical evatuthodel that includes thefect of refuse, which are composed of
stellar remnants (white dwarfs, neutron stars and blackd)adnd low-mass stellar formation residues (terresttateis,
comets, etc.), contributing to a better fit to observatiawaistraints. Two Galactic disk ages were estimated, by eomp
literature data on T#u production and solar abundance ratios to the modg&i¥BGyr), and by comparing [TEU] vs. [F¢H]
curves from the model to our stellar abundance ratio dat2 {8.9) Gyr), yielding the final, average value.88: 1.8) Gyr.
This is the first Galactic disk age determined vigHinnucleocosmochronology, and corroborates the mosttradete dwarf
ages determined via cooling sequence calculations, whitibate a low ageq 10 Gyr) for the disk.
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1. Introduction tive nuclides. These are compared with the abundancesiof the
daughter nuclides, or of other nuclides that are created by

Curr_ent estlmat_es of the age of the Galactic thln_JdlaI@ he same or a similar nucleosynthetic process. Depending on
obtained by dating the oldest open clusters or white dwarjg, 5t jife of the chosen nuclide, férent timescales can

Ages of open cllusters are determineq by fitti.ng isochron%% probed. The Tlu chronometer, first proposed by Pagel
and ages of white dwarfs are.determmed using coollmg i'iQSS)), is adequate to assess the age of the Galactic disk, si
quences. Isochrone and cooling sequence calculations 2@y, jg 5 radioactive nuclide with a 14.05 Gyr half-life (i.e.,
q|U|re dede% knov;ledge IOf stellar EVOIU]E'O?]’ are Ivery CON%s the order of magnitude of the age being assessed). Eu is a
piex, and depend on a large numbuer ot physica parame@éﬁsfactory element for comparison, because it is pradiate
known at diferent levels of uncertainty. Many important aSq,0st exclusively (97%, according fo_Burris etlal. 000) by th

pects of stellar evolution, like the influence of rotatiome A same nucleosynthetic process that produces all Th, the rapi
not well known, and may have a strong influence on ﬂ}?eutron-capture process (I-process)

outcome of isochrone calculations. Furthermore, whiterflwa

cooling sequences also depend on calculations of degenera]t h logical dati f | |
matter physics. Nucleocosmochronology is a dating meth lgocosmochronological dating of an ultra-metal-poor @M

that makes use of only a few results of main sequence steff#" (he literature has been virtually dominated by thése o

evolution models, therefore allowing a quasi-independerit Jects [Tru_ran el E”'_ 20!)2’ and refere_nceg_the_rem). Theoreas
fication of the afore mentioned techniques. for such interest lies in the strong simplifications that &an

&Eplied to the dating of UMP stars, which does not require the
: . . : f Galactic chemical evolution (GCE) models. Dating of
hysical objects and events by using abundances of radm%%‘-a ° :
phy ) y g isk stars, on the other hand, does require the use of GCE mod-
Send offprint requests to: E.F. del Peloso els, and is thus a very intricate process. Owing to the com-
L All references to th&alactic disk must be regarded, in this work, plexity of the analysis, da Silva etlal. (1990) is the only kvor
as references to thhin disk, unless otherwise specified. ever published for disk stars, presenting preliminaryltesar

Sincel Sneden etlal. (1996) carried out the firstELhnu-
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only four objects. This work aims at resuming investigatidn (van den Bergh 1962; Schm|dt 1963) untiD.03Tg, whereTg

Galactic disk dating using [TEu] abundance ratios. is the Galactic disk age. After this initial phase, we asstime
In the first paper of this series_(del Peloso etial. 2008)0del of Claytoni(1985), with a mass infall rate

Paper ), [THEU] abundance ratios were determined for a sam-

ple of 20 disk dwarfsubgiants of F5 to G8 spectral type withe _ wg K ) (1)

-0.8 < [Fe/H] < +0.3. In what follows, we employ a GCE u+ Uo

model developed by us to determine two Galactic disk esti- . . .
P y wherew is a constant that represents tligogency of interstel-

mates: one by comparing fH#u production and solar abun- s . :
: ) . lar gas conversion into starg,is the mass of interstellar gas,
dance ratios from the literature with the model, and one b . . . . . . . .
e wt is a dimensionless time-like variabl&, is an arbitrary

comparing the stellar abundance data determined by us YBatameter, and is a small positive integer. We define a time-
[Th/Eu] vs. [F¢H] curves obtained from the model. b ' P ger.

like variableu;, which corresponds to the transition between
simple and Clayton models.
2. Nucleocosmochronological analysis We adopted the delayed production approximation devel-

ed by Pagel (1939), which takes into account the delay in
S_tars_ th".ﬂ compose our s_ample have been fo_rmed_ all along B(?duction of elements that are synthesized mainly in stars
disk lifetime. Th present in them was syntheglged N a NUMLEhy evolution, like Fe, which is predominantly generated i
of stellar generations, the younger stars receiving doutions Type la supernovae (with a typical timescale of 1 Gyr). Is thi
from a greater number of them; consequently, matter synthe-

ved b h tion has d d fecbnt s of proximation, it is assumed that the elements whose produc
sized by €ach generation has decayed IMEknt amounts of 4, , ;¢ delayed start being ejected at a timafter the start of
time. On that account, a GCE model is indispensable fora c

Y&llar formation. The abundanée of element is comprised
rect interpretation of the evolution of the [/EHu] abundance ge P

. . . o of two components: a prompt componehi and a delayed
ratios, from which we derive the Galactic disk age. componentA, so thatA, = Au + A, Some elements, like

Th, are generated exclusively by prompt processes, and con-

2.1. Galactic chemical evolution model sequently have a null delayed componefst (= 0). Others,
) o like Fe, are formed by both kinds of processes, and thus have
2.1.1. Basic description non-null prompt and delayed components.

We have developed a GCE model based on_The original PT95 model was modified as follows. In

Pagel & Tautvaisiehel (1995, PT95) with the inclusion dRocha-Pinto et all (19B4), itis assumed that residues espo

the efect of refuse, following an ameliorated version of tha considerable amount of H and He, retaining metals and dilut

formulation of [Rocha-Pinto etlall (1994). The inclusion dfd the interstellar medium (ISM). This dilutiorffect is equiv-

the dfects of refuse, which are composed of stellar remna@€nt, mathematically, to a second source of metal-poatljnf

(white dwarfs, neutron stars, and black holes) and low-ma4bich is important for GDCE model5 (Chiappini etlal. 1997).

stellar formation residues (terrestrial planets, comets, — [n our calculations, the parameterepresents the dilution of

hereafter referred to as simpigsidues), contribute to a better the ISM due to residue evaporation, and is defined as

fit of the Fe abundance evolution model to the metallicity Jovi lanet and residue f i ‘

distribution of the G dwarfs in the solar neighbourhood. = (Jovian p an-e and residue orma .|on rate) (2)
The model of PT95 is composed of multiple phases. (Stellar formation rate} (stellar ejection rat)

According to Beers & Sommer-Larsen (1995), about 30% Qfyere the stellar formation includes the formation of brown

the stars with [FeH] < ~1.5 within 1 kpc of the Galactic plane 4 a¢ts and the ejection accounts for the returned fraction (
belong to the disk, which shows a considerable intersetton the ISM) due to stellar death.

tween the disk and halo metallicity distributions. Sevetaker
works reveal this intersection (PT95, and references itmere
Moreover| Wyse & Gilmoate (1992) argue that the angular m
mentum distribution function of the halo stars makes it high
improbable that the gas removed from the halo during ittastel
formation phase was ever captured b_y Fhe disk, b_Ut moreyl_|k ised to 042 T by fitting observational constraints. The final
by the bulge. Hence, disk and halo initiated their form&t'or&tructure of our model is made up of five phases:
disconnected from each other, both from the primordialpane
riched gas, and thus the disk can be modelled independently,, - uy: simple model,

from the halo. Our model is not rigorouslyGalactic chemi- 5 ;, < y < wA: Clayton model with instantaneous recycling,
cal evolution model, but rather a Galactiek chemical evolu- 3 ,A < u < u; +wA: Clayton model with delayed production

tion (GDCE) model. Accordingly, we assume a simple model ¢qnripution from stars born during the simple model phase,

2 n this paper we employ the following customary spectrogzop 4- U1 + wA < U < Uz Clayton model with delayed production
notations: absolute abundance ¥§§) = log,,(Na/Ny) + 120, and contribution from stars born after the start of infall,
abundance ratio [B] = 10g;o(Na/Ns)star — 109;0(Na/Ng)o, Where 5. u > up: ISM dilution due to &ect of refuse.

Na andNg are the abundances of elements A and B, respectively, in
atoms cm?®. A schema depicting these phases is presented ifdFig. 1.

We assumed that residue formation, and hence fieeste
of refuse, becomesflicient when metallicity becomes high
%’nough to allow the coagulation of planetesimals fffe~
—0.30). The time-like variablei,, which corresponds to this

oment, was set initially at,/w = 0.40 Tg, but was later re-
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As | A ! Ay and for Eu; this value is consistent with the average ewvatuti
Uy WA ule Uy timescales of progenitors of Type la supernovae (whichlae t

ﬁ | main astrophysical sites of Fe production) and asymptadiatg
Ai2t: ‘ Ai2c’ | Ai2r

branch stars (which are the sites of s-process Eu prodijction

Fig. 1. Structure of the adopted GDCE model (not to scale). Note that delayed production of Eu is properly accounted for
is the abundance of elemanthe indices 1 and 2 represent thé] this Work, but that its ffects are nonetheless Sma”, since Eu
prompt and delayed contributions, respectively. The ieslg;  is majorly (97%, according to_Burris etlal. 2000) synthedize
¢, ¢, andr are relative to the simple moded)( Clayton model by the r-process.

with delayed production contribution from stars born dgrin_We adopted the initial mass function (IMF) bf Kroupa

the simple model phase)(and after the start of infali(), and (2001, Eq. 6), which covers non-stellar masses (brown dyarf
ISM dilution due to &ect of refuser). down to 0010 m,. We extended this lower segment down to

0.001m,, keeping the same slope, and included a new segment

corresponding to the residues that evaporate, with a sjope

Eu evolution is modeled by the same formulation used fQfhich is a free model parameter. The complete IMF was de-
Fe. Th requires specific formulation due to its radioactige df,e( as follows:

cay. Another important phenomenon, besides radioactive de
cay, must be taken into consideration when modeling Th evo- 03 :
lution: selective destruction by photonuclear reactionshie Bm for 0.001 <m/m,; < 0.080;

stellar interior(Malaney et &l. 1989). During H burning e o(m) = & m72-7, for 0.080 < m/m, < 0.500; (7)

CN cycle, 7.29 MeV and 7.55 MeYy photons are emitted. a4m_2-3, for 0.500 <m/m, < 1.000;

These photons have energies below the photonuclear thresh- asm =7, for 1.000 < m/m, < 62000

old of most elements existing in stellar interiors, inchgliFe |t is worth noting that the IMF for the residues relates to
and Eu. However, Th has a threshold-of6 MeV, which al- the mass of residues prior to evaporation. If the IMF from
lows the destruction of up te 40% of its initial content in a |Miller & Scald (1979) had been used, the slope of the residues
stellar core. When the star evolves to become a red giant, fhgss range would have to be steeper to compensate for the de-
first dredge-up takes Th-depleted matter from the stelkgr increase at low mass range, maintaining normalisation. Tte su
rior to the photosphere. Matter ejected at the end of stelar  den change of slope between residue and brown dwarf ranges
lution has a reduction in Th abundance-ofl0%-20%. This would be harder to explain than the slower, more continuous
phenomenon is properly considered.in Arany-Prado & Macigicrease that can be achieved when using Kroupa’s IMF. The
(1998, APM98), following Malaney et al. (1989). The generalame would occur if we adopted the IMF from Salgeter (1955).

am , for0.000 <m/m, < 0.001;

equation for the abundanégis The parameters andu were evaluated for éfierent val-
d(gA) ues ofk and for each Galactic disk age, so thatTat we
TR (J1+ J2)0A = P, (3) haveu = present-day gas fraction0.11 andg = mass of gas
~ (0.73initial disk mass), as considered by PT95. For a given
where set of values of the parametdtsw, u,, and Tg, we fitted the
1 foru < up metallicity distribution of G dwarfs obtained from the mabtte
Ji= { 14T, foru > up, (4)  the observational distribution bf Rocha-Pinto & Malclel 9€9.
' -7 The fitting was accomplished by changing the paramgter
0 for stable elements and, consequently, the parameférsince the Jovian planet
b={7 o (5) . . o 0.010
2+ A, forr-process radionuclides, and residue formation rate is given lfy md(m) dm (cf.
Equation§® anfl7). For a given value of paramétgraram-
i g(u), for u < wA, or for etersay, ap, az, a4, andas (Equatior¥) were obtained by en-
P19(u)
P — prompt-enrichment 6 forcing IMF continuity and normalisation. The best valués o
' elementsand 6) j (2.562-2.605) are similar to the IMF slopes for the ranges of
pig(u) + phg(u— wA),  foru > wA. stellar masses that would form planets7(r 0.5 < m/m, <

1.0 and 23 for L0 < m/m, < 62.0), which implies that equal
A; is the decay constant ang is the destruction term (APM98, masses form stars and residues — see T@ble 2. In this table,
Eqg. 9) of element; p} andp, are the net yields of element f, = p,;/A, andf, = p,/A..
as defined by Eq. 8 of APM98 (as well as by Egs. 6 and 7 Good fits were found fok = 2 andk = 3; we adopted
of PT95); the indices 1 and 2 refer to the prompt and delayrd= 2, because this value provides a better fit to the four
contributions, respectively. Galactic disk ages simultaneously. This lends support ¢o th
hypothesis that thefiect of refuse can substitute for the dilu-
tion caused by infall at later stages of Galactic evolutgince
PT95 manage to obtain good fits only with= 3. The final
metallicity distributions of G dwarfs obtained from the nedd
Calculations were carried out for four Galactic disk age®,6 are compared to Rocha-Pinto & Mactiel (1996) in [Eg. 2.
12, and 15 Gyr. Parametei was kept at the value assumed For the modeling of Eu and Th evolutions, the relevant
by PT95 (0.14). The dela)x was fixed at 1.1 Gyr both for Fe parameters are their respectife and f,. For Eu, the to-

2.1.2. Observational constraints and adopted
constants
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i ' ' ' Table 1. Summarised descriptions of the main GDCE model
o20r N aennPinto & Maciel 1996 parameters.
015 GDCEFT%d%iWITt:: _Gzéyr Parameter  Short description
T r=0251;T, = 9Gyr k Small positive integer used to parametrize the mass
—————— r=0217;T =12 Gyr .
r=0.199; T, = 15 Gyr infall rate F.
§ 010 A Time after the start of stellar formation, after which
< delayed-production elements start being ejected.
w Efficiency of interstellar gas conversion into stars.
0.05 Uo Arbitrary parameter in the mass infall reffe
U Time of transition between simple and Clayton
model, multiplied byw.
0.00 - U, Time when residue formation becomdBaent,
10 05 0.0 05 multiplied by w.
[Fe/H] Urg Age of the Galactic disk, multiplied by.

]
Fig.2. Metallicity distribution of G dwarfs in the solar r
neighbourhood, wherdN/N is the normalised number of fire
stars. The thick curve is the observational distribution of
Rocha-Pinto & Maciel (1996). The thin curves were calcuate fore
using our GDCE model for the fourfiierent Galactic disk ages

shown in the legend. f
1Eu

f2 Eu
f1 Th

tal value fiota e,y Which takes prompt and delayed production X

ftolal Eu

IMF slope corresponding to residues that evaporate.
Dilution of ISM due to residue evaporation.

Fe yield divided by Fe solar abundance today
(prompt contribution).

Fe yield divided by Fe solar abundance today
(delayed contribution).

Eu yield divided by Eu solar abundance today.
Prompt contribution offiga e

Delayed contribution ofiota gu-

Thyield divided by Th solar abundance today.
Relation betweerf; t, and fiotal eu.

into consideration, was determined by fitting the [lEa] vs.

[Fe/H] curve obtained from the calculations to our stellar daffeble 2. Adopted GDCE model parameters. For a short de-

(Table 14 of Paper ). We assumed that prompt production sifription of the entries, see Talille 1; details can be fourtidein

Eu is accomplished by the r-process, while delayed productitext.
is carried out by the s-process (with relative contributiorf7

and 0.03, respectively, according to Burris et al. 200@)ieg b ‘ 56 96 To 6 e
to f]_ Eu — 0.97 ftota|Eu and f2 Eu — 0.03 ftota| Eu Th |S Synthe' arakme er yr y; yr yr
sized exclusively by the r-process and its production was co

. ; . A (Gyr) 11
sidered proportional to the production of Elairy = x fiotalEu 0.746 0488 0362 0.285
andf,t, = 0. The parametey used was the one that provided 2040 1500 1.250 1.110

the best simultaneous fit of the [/H, [Th/Fe], and [THEU] U
vs. [FgH] curves, obtained by the model, to our stellar data. u,
Table[d provides summarised descriptions of the main GDCE  ur,
model parameters, and the final values adopted are listed in j

Table[2, as a function of Galactic disk age. r
fl Fe
f2 Fe
2.2. The age of the Galactic disk frotal Eu
fl Eu

We have estimated the age of the Galactic disk in tvikedant foru
ways: using our GDCE model along with literature production  f; 1,
ratio data, and with our own stellar abundance data. X

— 0140 —
1.880 1.845 1.824 1.796
4476 4.392 4.344 4.275
2605 2586 2571 2.562
0.301 0.251 0.217 0.199
- 0.240 —M
—— 0467 —
0.630 0.670 0.710 0.750
0.611 0.650 0.689 0.728
0.019 0.020 0.021 0.022
0.740 0.905 1.186 1.425
1175 1.350 1.670 1.900

Observationstr, = w Tg; fiey = 0.97 figtaew

2.2.1. Tg from literature data

Inspection of Tabl&l2 shows that parametes not constant,
but dependent on the Galactic disk age. Therefore, the age ca
be estimated by constructingavs. T¢ diagram, fitting a curve

foeu = 0.03 fioraiew frmh = X frotalEw

From the meteoritic determinations originally presented

to the diagram to determine a relation between the two paralny-ILodders [(2003) we have legTh), = +0.06 + 0.04 and
eters, and then using literature determinationg.d?arameter loge(Eu), = +0.49+0.04, which leads to (THeu), = +0.372+

x can be calculated from literature determinations of solar B.069. These abundances were not taken directly from Lddders
and Th abundances and/Hu production ratio through the re-(2003), but rather from_Asplund etlal. (2005), who corrected
lation y = (p™/p®Y)/(Th/Eu),, where (THEU), is the solar their zero-point in order to make them compatible with their
abundance ratio today. Si photospheric value. It is much morefatiult to estimate the
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production ratiop™/ pFY. Some of the works from the literatureto better investigate if this extension is indeed valid ot. no
that estimate the ages of UMP stars througfElhnucleocos- Since these elements are produced mainly (more than 80%) by
mochronology use the solar /JEu abundance ratio, correctedhe a-decay of elements with atomic mass 2094 < 255, it

for the Th decay since the formation of the Sun, as an estimateuld be very unlikely that solar Pb and Bi abundances would
of the production ratio. This approach would lead to a godze compatible with those from UMP stars if universality was
estimate only if all solar Th were produced in a single (or aiot valid for elements with A 209.

most a few) nucleosynthesis episodes just prior to the ferma The supposition that universality can be extended to the ac-
tion of the Solar System. This hypothesis is known to be falsgides is still a matter of strong polemic in the literatuhe
and stellar ages estimated with production ratios obtaihisd particular, the analyses of the halo UMP giant CS 31 082-001
way yield lower limits only. For this reason, it is preferaltd  carried out by Cayrel et bl (2001) and Hill ef 41 (2002) pdev
use theoretical estimates. dataagainst it. This star presents a solar abundance pattern for
Theoretical production ratios are derived from models elements of the second peak, but its third peak does not match
r-process nucleosynthesis, and subject to many uncéesintthe Sun. While Os and Ir seem to be overabundant relative to
mainly because the astrophysical site of production by thise solar r-process fraction, Pb appears to be deficient. ®mo
process is not well known yet, and because it is not possiiignificant discrepancy is that the star has an abundarice rat
to obtain laboratory data on many very-neutron-rich elesiemh/Eu = +0.603, which is much larger than the solar value
which are very far from thg-stability valley. A procedure fre- corrected for Th decay (JBu), = +0.434; UMP stars are ex-
quently employed to reduce these uncertainties is to @instrpected to present JTHu abundance ratios considerably lower
the model results to solar abundances. Heavy elements ¢han the solar corrected value, due to their higher age higis
rently present in the Sun have been synthesized by both théue indicates that the star could have been formed with-an i
r-process and s-process (with the exception of U and Th, prerent actinide superabundance relative to the elemeitie of
duced exclusively by the r-process). R-process nuclebsgig second peak, which means that universality would not hald fo
models are then forced to reproduce just the fraction ofthe §h. CS 31 082-001 is the only star hitherto studied that prsse
lar abundances that was produced by the r-process. This demportant discrepancies for elements with-55, whereas evi-
straint is valid only if all stars produce r-process elersént dence favorable for the validity of universality for theseraic
solar proportions. The abundances of heavy elements in UMfasses is becoming increasingly numerous. It is not clear if
stars could also be used to constrain the r-process nucleosys 31 082-001 is merely chemically peculiar or if its diserep
thesis models, but their high uncertainty makes it prefertto  ancies could be present in other yet unobserved stars; ldithe
use the solar abundances. ter is true, it may not be possible to extend universalityhio t
Many works from the literature| (Sneden et al. _199@&ctinides. If Eu and Th are produced inffdrent astrophysical
1998, 12000a\b; | Westin etlall__2000:__Burris et &l.__2008jtes, the TfEu production ratio may have Sared variations
Johnson & Boltel 2001] Cowan etigl. 1999, 2002, amorgtyring the evolution of the Galaxy, provoked by changesén th
others) corroborate the so-callediversality of the r-process  relative frequencies of their respective progenitors.
abundances. According to this hypothesis, r-process nucle- In this paper, we assume that universatiay be extended
osynthesis would occur at only one astrophysical site afigl Th, considering that indications to the contrary are very
would always produce elements in solar proportions. Theggarse. But even if constraining the nucleosynthesis nsadel
works support the universality hypothesis by the succéssfslar abundances reduces the uncertainties, they nelesghe
comparison of heavy element abundances in UMP stars (régmain very high, because the calculations can be based-on di
resenting the product of nucleosynthesis from few preagdiferent far-from-stability mass models and other theoattap-
stars) with r-process fraction of solar abundances (reptésy positions (e.g., neutron densities). Cowan étlal. (1998919
the cumulative production during several Gyr of GalactigndlSchatz et All (2002) derive values between 0.47 and 0.55.
evolution). This comparison is carried out for the second agve adopted the center of the intervpl!"/pFY = 0.51 + 0.04,
third r-process peaks only (56 Z < 72 and 73< Z < 82, arriving aty = 137124 In Fig.[d theTs vs. y diagram
respectively} To enable the use of r-process nucleosynthesisnstructed for our GDCE model is presented. A linear fit to
models which are constrained to solar abundances in the data was used to estimate a Galactic disk agécof=
calculation of THEu production ratios, Th must also beg 7+32 Gyr. Taking into account the linear fit scatter £ 0.5),
included in the universality. It is usuallgssumed that, if the we arrive at a final valudg = 8.7°5% Gyr. The high uncer-
universality is valid for second and third peaks, it can bainty of this result reflects the fliiculties of estimating the
extended to the actinides. Determination of more precise PH/Eu production and solar abundance ratios, as well as the
and Bi abundances in the Sun and UMP stars would allow lésy sensitivity of the Galactic disk age to paramegter

3 Some of the works cited above show that there is no agreement
for elements of the first r-process peak<5). This hints at the exis- 2-2-2- Tg from our stellar data
tence of two diferent sites of r-process nucleosynthesis: one that pro-
duces low mass elements (first peak), and one that produglesrtaiss L1 /EU] vs. [FeH] curves were constructed from our GDCE
elements (second and third peaks, and actinides). Themwersality model for each Galactic disk age. These curves, along with ou
of low mass elements does not represent a problem fErhucleo- Stellar abundance ratio data, can be seen in[fig. 4. Note that
cosmochronology, since both Eu and Th have atomic number§Z the curves draw further apart at high metallicities. This ha



6 E.F. del Peloso et al.: The age of the Galactic thin disk ffdviiEu nucleocosmochronology. Il

16 ' ' ' ' ' ' ' ' ' . 04 T T T T T T T T T T T T
R [ | GDCE models with k = 2:
= 03} |- r=0301;T,= 6Gyr i
14 . | | —r=025%T.= 96y
Linear fit: = T r=0217,T,=12 Gyr
T, (Gyr) =-7.6169 + 11.88968 * - 0.2 r=0.199; T = 15 Gyr -
12 R =0.994 o 4 -
5=0.500 i
1; E 01 i
o 10F 1 = ——
=2 l Eool 1 1 o) o
gL i ﬁ\:’—ﬁ """" -
01} -
6 R | - I
02+ -
4 . L L L L .03 R I R I R I R I R I R I R
1.0 1.2 1.4 16 1.8 20 1.0 0.8 06 0.4 0.2 0.0 0.2 0.4
% [Fe/H]

Fig. 3. Tg vs.y diagram for our GDCE model. The dotted CUNVgig, 4. [Th/Eu] vs. [FgH] diagram for all sample stars. Curves

is a linear fit. The solid lines display the value adopted ftben ere calculated using our GDCE model for the fouffetient
literature for they parameter (B71'335) and its respective Gajactic disk ages shown in the legend.

disk age (87733 Gyr).

very important consequence for the analysis: contrary ¢o th 0161 T

intuitive notion that the most metal-poor stars are the rimst
portant, it is the most metal-rich ones which better disarate 0.14
between dierent ages. In order to determine the age that best
fits our data, we calculated a quadratic deviation between o@

data points and each curve, according to the equation 0-12

19
Total deviation= » {[Th/Eu] — f([Fe/H])}?, 8
i=1

Total devi

0.10

where the index represents théeth star, andf ([Fe/H];) is a 0.08 | .
4™ order polynomial fit to the GDCE curve. We were not able . . . . . . . . . .

to use all 21 sample stars to calculate the deviations becaus 6 8 10 12 14 16
the two most metal-rich objects (HD 128 620 and HD 160691) T, (Gyn)

fall out of the interval where the curves are defined; thattig w
the total deviations were calculated by summing 19 indisldu

Fig. 5. Determination of Galactic disk age that best fits our stel-
stellar deviations, and not 21. lar [Th/Eu] abundance ratio data. Points are the total deviations

Once a deviation was determined for each curve, we traé% ween each curve and th_e stellar data pre_sented DFg-4,c
a deviation vsTg diagram, and fitted a"? order polynomial cu at_ed ‘?‘CCOfd'”g t(.) qu.Jat'Eh 8. The curve |§%1(_2der_p_oly-
to it (Fig.[). The Galactic disk age that best fits our stell mial fit The vertical line ”.‘ark.s the polynomial minimum,
[Th/Eu] abundance ratio data was obtained by minimising tﬁgrrespondlng to best Galactic disk age= 8.2 Gyr.
fitted polynomial:Tg = 8.2 Gyr.

We estimated the Galactic disk age uncertainty related to
the abundance ratio uncertainties by Monte Carlo simuiatid< 0.2%) were removed, since they make no physical sense.
We developed a code that adds Gaussian random errors toTthe distribution has a clear increase in noise as the age in-
stellar [ThHEu] and [F¢H] abundance ratios, where the width otreases (after the mode). This happens because the disinibu
the Gaussians are the uncertainties adopted for the réspeatias constructed bgounting the number of ages between two
abundance ratio. After this, the code calculates the neal totalues. Thus, as the age increases, the number of counts de-
deviations between the GDCE curves and the modified steltaeases, and statistical fluctuation increases. Becautgspf
data, fits a 24 order polynomial to the [deviatiofig] data, and we truncated the distribution at 125 Gyr, where the courdg dr
calculates the polynomial minimum, obtaining a new ages Itbelow 100 (corresponding to a 10% statistical uncertainty)
possible to choose the number of simulations, each time wilime other issue, besides the noise, forced us to truncate the
new abundance ratios, added téfelient Gaussian errors. Thedistribution at a point where the counts are still statitycsig-
ages obtained are saved in a file for further analysis. nificant. A continuous probability distribution must faiyanp-

We carried out 75 million simulations. The Galactic diskotically to zero. But this cannot occur with our distrilarni as
age distribution obtained is presented in Hijj. 6, where agesas constructed bgounting, and counts have no fractional
were counted in 0.5 Gyr bins. The few negative ages obtainelues between 0 and 1. Hence, the result of the calculations
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Fig. 6. Galactic disk age distribution obtained through a Mon
Carlo simulation of the [THeu] and [F¢H] abundance ratio
uncertainties. Simulation results have been counted IG5
bins, and N is the total count per bin. The vertical line mailes

age at which the distribution was cut (125 Gyr), correspogdi ) o
to a count fall below 100 (i.e., 10% uncertainty). to the stellar [THEuU] and [F¢H] abundance ratio uncertainties
alone, and does not take into consideration the unceraiofi

the GDCE model itself, which are veryficult to estimate.

performed to derive an age uncertainty would be incorrecthe uncertainty related to the model could very well be the
we took into consideration the complete distribution. main source of age uncertainty.

A good estimate for our age uncertainty is the width of the
distribution. There is more than one way to estimate thighwid
The most widely used is theriance, determined through the

1iglg. 7. Integrands of Equatiori$ 9 ahdl 10, used to calculate the
variance and the mean absolute deviation (MAbD) of the age
distribution, respectively.

2.2.3. Adopted Galactic thin disk age

equation The adopted Galactic disk age was calculated by combining
125 the two estimates obtained with literature data and with our

o? =f ——(Te - Te)*dTa, (9) stellar abundance ratios. These values were combined using
o Nota the maximum likelihood method, assuming that each one fol-

whereN is the total number of simulations within the intelows a Gaussian probability distribution, which resultsain
gration limits andT ¢ is the average age. The integration limitgveighted average using the reciprocal of the square urnerta
should have beerc and+co, but since the distribution wasties as weights. The final, adopted Galactic disk age is
truncated at 0 and 125, we carried out the integration aecord _

ingly. In Fig.[d the integrand of Equati@h 9 is presented, iand FINAL T = (8.3 1.8) Gyr.

can be seen that its right wing falls very slowly. Even if we ex

tended the upper integration limit #e, it is possible that con- 3. Conclusions

vergence could not be achiev_ed.Even if we managed to aChiﬁ"ﬁ/Eu] vs. [FgH] curves have been constructed for four
convergence, the value_ obtained vyou_ld b_e very large, and Y actic disk ages (6, 9, 12, and 15 Gyr) from a GDCE model
representative of the width of the distribution. developed by us. These curves were compared to the stellar

A more robust estimator of the ‘(’:V'dth is theean absolute  ap,ngance ratio data obtained in Paper | in order to determin
deviation (MAbD, see Press etal. 1992): the Galactic disk age. The age that best fits our data was ob-

125 N tained by minimising the total quadratic deviation betwéen
MAbD = f
0

[Tc — TeldTe. (10) stellar data and the theoretical curves. A Monte Carlo sanul
tion was carried out to estimate the age uncertainty related
As can be seen in Fifl 7, the integrand of Equalfidn 10 falls hee abundance ratio uncertainties. The value obtainedwas
zero much faster than that of Equatidn 9. Therefore, the in{8.2+1.9) Gyr. The age was also estimated using literature data
gration converges, and the error introduced by truncatieg talong with our GDCE model, yieldin§s = 8.7*3% Gyr.
distribution can be neglected. Carrying out a numeric irdeg  Our two age estimates were combined using the maximum
tion, we arrive at MAbD= 1.9 Gyr. The procedure was re-likelihood method, resulting in FINAO g = (8.3 + 1.8) Gyr.
peated several times, withftBrent bin sizes, and we verifiedThis result is the first Galactic disk age determined vigETh
that the MADbD is not dependent on the bin size. nucleocosmochronology, and is compatible with the most re-
The final value obtained using our stellar datéds= (8.2+ cent white dwarf ages determined via cooling sequence cal-
1.9) Gyr. It must be noted that the cited uncertainty is relatedlations, which indicate a low age (10 Gyr) for the disk

total
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(Oswalt et all 1995; Bergeron ef al. 1997; | eggett &t al. [1998layton, D. D. 1985, in Nucleosynthesis : Challenges and New
Knox et al1 1999; Hansen etlal. 2002). Developments. Edited by W. David Arnett and James W.

Determination of the Galactic disk age via JEu] nucle- ~ Truran. (Chicago: University of Chicago Press), 65
ocosmochronology was found to be very sensitive to obser&@wan, J. J., McWilliam, A., Sneden, C., & Burris, D. L. 1997,
tional uncertainties. The GDCE model is very insensitivine ~ ApJ, 480, 246
choice of disk age, and the curves derived from the model &6wan, J. J., Pféier, B., Kratz, K.-L., et al. 1999, ApJ, 521,
very close when compared to the abundance uncertaintiess. Th 194
leads to an age uncertainty as high as 1.9 Gyr relative to fRewan, J. J., Sneden, C., Burles, S., et al. 2002, ApJ, 572, 86
abundance ratio uncertainties alone, not taking into auihe  da Silva, L., de La Reza, R., & de Magalhaes, S. D. 1990,
uncertainties intrinsic to the GDCE model itself, whichaeey ~ in Proceedings of the Fifth IAP Workshop, Astrophysical
difficult to evaluate. The analysis performed with production Ages and Dating Methods. Editors: E. Vangioni-Flam, M.
ratios and solar abundances taken from the literature piese Casse, J. Audouze, J. Tran Thanh Van. Publisher: Editions
an even higher uncertainty. However, considering that we-ma Frontieres., Gif sur Yvette, 419
aged to reduce the Eu and Th abundance scatters significafi®} Peloso, E. F. 2003, PhD thesis, Observatorio Nacio-
when compared to the best data currently available in the lit "2/MCT, Rio de Janeiro, Brazil
erature, we believe that additional improvements may tthise del Peloso, E. F., da Silva, L., & Porto de Mello,
precision of the analysis even further. Among the possible e G. F. 2005, A&A, accepted for publication, available at
hancements, we can cite the observation of higher resalutio httpy/arxiv.orgabgastro-pf0411698 (Paper I)
higher 9N ratio spectra (preferentially with large sized teleHansen, B. M. S., Brewer, J., Fahlman, G. G., et al. 2002, ApJ,
scopes), determination of higher precision atomic pararset 574, L155
(e.g., central wavelengths of absorption lines), and idleat Hill, V., Plez, B., Cayrel, R., et al. 2002, A&A, 387, 560
tion of yet unknown line blends, like those that forced us t#hnson, J. A. & Bolte, M. 2001, ApJ, 554, 888
include artificial Fe lines in the spectral syntheses. It pdr Knox, R. A., Hawkins, M. R. S., & Hambly, N. C. 1999,
the data scatter is real, and not observational, it will mopbs- ~ MNRAS, 306, 736
sible to reduce it indefinitely. This may be true if the/Eb  Kroupa, P. 2001, MNRAS, 322, 231
production ratio is not constant throughout the Galactmev Leggett, S. K., Ruiz, M. T., & Bergeron, P. 1998, ApJ, 497, 294
tion, as abundance analyses of r-process elements in C231 ¢@dders, K. 2003, ApJ, 591, 1220
001 seem to indicate. Future advancements in r-process-nuMalaney, R. A., Mathews, G. J., & Dearborn, D. S. P. 1989,
osynthesis models may help solve the issues of universaiity ~ ApJ, 345, 169

constancy of the production ratio, especially when thessife Miller, G. E. & Scalo, J. M. 1979, ApJS, 41, 513
production by this process are finally identified. Oswalt, T. D., Smith, J. A., Wood, M. A., & Hintzen, P. 1995,
Nature, 382, 692
Pagel, B. E. J. 1989, in Evolutionary Phenomena in Galaxies.
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