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The massive First Stars (the first ones to contribute to teenatal enrichment of the Universe due
to their short lifetimes) are long dead, and even thoughrisfto directly observe them in high-
redshift galaxies are underway, a step forward in this fielthave to wait for JWST and ELT.
The only way to currently validate the picture arising frolhe tmost modern hydro-dynamical
simulations of the formation of First Stars is to search f@iitimprints left on the oldest stars in
our Galaxy. Which imprints are we looking for? In the last yweanr group has found that many
chemical anomalies observed in very metal-poor halo ssarsvell in the oldest bulge globular
cluster, suggest the first stellar generations to have lzstndtators. After giving a brief overview
of the aforementioned results, we highlight the impact st fatating metal-poor massive stars
on the chemical enrichment of heavy-elements such as Sranth&ed, in fast rotating massive
stars the s-process production is boosted. We will show, égmns of an inhomogeneous chemical
evolution model, based on stochastic approach to the stamatton, that this fact offers a new
twist in the interpretation of the abundance patterns aattexcobserved in very metal-poor halo
stars.
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1. Introduction

Elements with Z>30 are labelled neutron capture elements: they are manly formed through
neutron captures, and not through fusion, this process beyond4ri26) being endothermic.
The neutron capture process is also split in rapid process (r-pjomeskw process (s-process)
depending whether the timescale for neutron captyie faster or slower compared to radioactive
beta decayrg, according to initial definition by [1]. The neutron fluxes so differerggest very
distinct sites of production for these elements and theoretical calculativasbafirmed this idea.
The s-process takes place in the low intermediate mass stars where a tinstah neutrons
can be provided during the asymptotic giant branch phase; in this cassitéhef production
can be modelled, and the isotopes involved are experimentally measurahléedealculations
are possible, even though the uncertainties, in particular in the stellar modelgive rise to
important variations in the resulting yields. The site for r-process is still udelate but all the
hypotheses lead to the common requirement of an environment in which ektreigie neutron
densities are generated. The general complexity of the systems, coufhleédeninaccessibility of
the nuclear data of the isotopes involved, leads to few computations with refialdle up to now;
only recently SNII models has started to explode, so nucleosynthesis iosfltavided, with the
exception of the work, on O-Mg-Ne core supernovae (SN) by [2].

Even though the r-process is not clearly understood, all the possipt#hgses point to mas-
sive stars and this gives rise to a different timescale of enrichment famtivgorocesses: few
million years for the r-process (typical lifetime for a massive star), congp@arenore than half Gyr
for the bulk of production of s-process elements. It is also expectedthaicess are produced
in massive stars, but this has often been neglected due to the overa# spaount ( in practice
negligible at very metal-poor regime) predicted by theoretical works @effor this reason, it
has been common to associate the neutron capture elements in the extremelyoore(&MP)
stars of the halo with r-process production, as pointed out already.in [4]

For the first time in the work by [5], the possible importance of s-procesgyation in mas-
sive stars was shown in a parametrized way. More recently, [6] usedla £volution code with
an extended nuclear reaction chain to confirm that fast rotating metakfarsican generate heavy
elements through s-process; this production of s-process elements inerstass provides a pos-
sible explanation of the high abundance of Sr and Y, measured in metastaosiof the Bulge, as
highlighted by [7]; moreover, the concept of metal-poor fast rotating iveasgars (spinstars) has
already proved to play a crucial role in the formation of CNO elements atlgerynetallicity [8].

Homogenous chemical evolution models have recently shown the importaspasfars for
the early chemical enrichment of the Galaxy [9,10]. However, in the chseutron capture ele-
ments the situation is more complex due to the presence of a huge spread iseghedtabundance
ratios of the EMP stars, recently confirmed by the results of [11]. An espian for these inho-
mogeneities relies on the stochastic formation of massive stars [12]. In &marsg, the spread is
generated by the enrichment of different species if they are prodwyceifferent ranges of masses,
providing a finite length of the mixing zone. This has been shown for heaugron capture el-
ements vs iron in the inhomogeneous chemical evolution model by [12]; the @apneach has
been used also for CNO (see [13]) to investigate the implications of the infemmeogs modeling
in the observed spread (in particular of the ratio N/O) in EMP stars.
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It follows that also for the spread between the light and the heavy necdimnre elements we
should investigate this model and so in this paper we use this scenario toeatieympact of the
new results for s-process in massive stars boosted by fast rotation [6]

2. Observational data

We adopt observational ratios from literature; the data for the neutnotureaelements are
those collected by [14}, taking into account only the stars belonging to the Galactic halo. Among
the halo stars collected, we decide to differentiate the normal stars frorarth@cenriched metal-
poor (CEMP) stars. We follow the definition given by [15], so CEMP sfaesent a [C/Fe}0.9
(for the details of the categories adopted among CEMP stars see [15]).

3. Thechemical evolution models

The chemical evolution model is the same as adopted in [13], based on thmedgboeous
model developed by [12]. We consider that the halo consists of manyendept regions, each
with the same typical volume, and each region does not interact with the .otherslecided to
have a typical volume with a radius of roughly 90 pc and the number of assvohemes is 109
The dimension of the volume is large enough to allow us to neglect the interaatimrgy different
volumes, at least as a first approximation. In fact, for typical ISM dessiiesupernova remnant
becomes indistinguishable from the ISM — i.e., merges with the ISM — befoohirgp~ 50pc
[16], less than the size of our region. We do not use larger volumesibeage would lose the
stochasticity we are looking for; in fact, as we tested for increasing voluthesnodel tends to
be homogeneous. In each region, we follow the chemical evolution equattbparameters as the
homogeneous model by [10]. Yields for Fe are the same as [17]. The rnades into account
the production by s-process from low-intermediate mass stars and SNdareant, as in [18].
However, the bulk of the contribution of SNIa and AGB stars is seen mostiyegf-e/H]~ —1.5,
so the impact on our results is only marginal.

3.1 Stellar yieldsfor heavy elements
3.1.1 Empirical yieldsfor ther-process

As mentioned in the Introduction, the site of production of r-process elenesiif a matter
of debate. In particular, most of the neutron reactions involving r-p®eements are out of reach
of nuclear physics experiment. In such a situation, we can use obsesalatiata to guide the
theoretical models for this process.

Given the above, we adopt here the following approach (see alsp fie8hely: we compute
a homogeneous chemical evolution model where the yields of Ba are chuodeias to reproduce
the mean trend of [Ba/Fe] versus [Fe/H] (see Fig. 1). The latter are whaill hereempirical
yields. Theempiricalyields are obtained as the simplest array able to reproduce the obsesved th

Lhttp://cdsarc.u-strasbg.fr/cgi-bin/qcat?J/AN/331/474
2We tested a larger number of volumes and find that our results conaftegearound 100 volumes although in-
creasing considerably the computational time
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Figure 1. Top: [Ba/Fe] vs [Fe/H] abundances ratios of the stars gathered4ly black open circle are
normal stars, red open circle for CEMP-s stars (open tremglithout Eu value) magenta open circle for
CEMP-rs, yellow filled circle for CEMP-no and blue x marker tbe CEMP-r star. The error bars repre-
sent the mean and the standard deviations for the normalaandances calculated over different bins in
[Fe/H]. The bins are calculated in such a way each bin conlt@rsame number of data. The results of the
homogenous model with the assumed “empirical” yields foiBshown by the solid lineBottom: Yields
used for the ratios of [Ba/Fe] and [Sr/Fe], as a function efdtellar mass and the metallicities. Tdge, and
fs-model come from unpublished results by Frischknecht (2011, PleBigl; for details see Sect 3.1.2.
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trend of increasing [Ba/Fe] with metallicity, but also present one importameoty namely, the
need for two different sites of production (see Fig. 1):

e a strong production in a narrow mass range 841Q@hat we callstandardr-process site;

e an extended contribution coming from stars with larger masses (from 103@te), whose
contribution is lower by~ 2 dex than that of thetandardr-process, and which we name here
asextended-process site.

Finally, to find the corresponding r-process vyield for Sr, we simply scateBa according to the
solar system r-process contribution, as determined by [19].

Interestingly the stellar mass range f&iandardr-process is close to the one predicted by
theoretical models of O-Ne-Mg core SN (with initial masses toward the loweéioéthe massive
stars). Notice, however that the recent models [2] do not succeeddugng heavy neutron
capture elements such as Ba. On the other hand, similarly to the findings]pfd1& able to
reproduce the trend of the stars with [Ba/lre}-0.7 at metallicities lower than [Fe/H} —3, an
r-process production in more massive stars is needed in the absenoeathar process able to
produce such an element at very-low metallicities. As we will see, this coutiifieeent once the
contribution ofspinstarss taken into account.

3.1.2 Thecontribution of spinstars

To illustrate the impact o$pinstarsto the chemical enrichment of Sr and Ba in the earliest
phases of the Universe, we now focus on three sets of inhomogedeeunscal evolution models,
computed with the following set of stellar yields (see Fig. 1):

e r-model: assume only thempirical yieldsfor the r-processsfandard+ extendejl(see Sect
3.1.1);

e as-model: assume only thetandardr-process yields, plus the s-process yields coming from
rotating stellar models;

e fsmodel: similar to the model above, but with s-process yields coming from fast rgtatin
stellar (spinstars) models.

The nucleosynthesis adopted in #i'emodel for the s-process comes from unpublished results
by Frischknecht (2011, PhD thesis). In this set of yields, the s-psdfoe massive stars is computed
for an initial rotation velocity ofn; /Verii =0.4°2 and for a standard choice for the reactté®(a, y);
they are composed of a grid of 4 stellar masses (15, 20, 25 avid 4é&nd 3 metallicities (solar
metallicity,10°2, 10-°); in Fig. 1 we show the yields for the 2 lowest metallicity cases. We do not
extrapolate the production toward stars more massive thih, 4@lthough it is realistic to have
a production also in this range), but we extendedzhe 10~° grid down to Z=0. In addition to
the s-process in massive stars, we take into account our empiricategsrenrichment but coming
only from thestandardr-process site. In this way we are decoupling the sites of productiondor th

3The critical velocity is reached when the gravitational acceleration is exestigterbalanced by the centrifugal
force
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two processes. Interestingly, this figure suggests that the role of thentbed r-process” site can
be played by the s-processgginstars

It is worth to point out that the yields we have used for #semodel are very conservative
among the models computed by [6] forM5. A more extreme case of s-process production is
what we used in thés-model. This case is achievable if one considers the s-process yields for
massive stars computed for a rotation ratevigf/verit=0.5 and for a reaction rat’éO(a,y) one
tenth of the standard choice. We do not have a fully computed grid for fheseneters, but we
have scaled the previous yields guided by the results obtained with thesaqtars for a 29,
of Z = 10° by [6] (cfr. in their paper Table 2), and applying the same factor to all thesesmat
Z =107°, as shown in Fig. 1. Again, for this-mode!, in addition to the s-process spinstars
we take into account the contribution by our empirisi@ndardr-process.

4. Results

Our main results are summarized in Fig.2. We start by analyzing the results ohibdel
(upper panel), which assumes only the contribution from massive stapsimvgmpiricalr-process
yields. The spread obtained by this model matches the dispersion of [Rafifedr, left panel),
confirming that the hypothesis of a contribution by two distinct sites seems tagbedione to
explain the data. In the particular case of this model, the two-sites of prodatdllustrated by a
standardr-process which takes place in the lower mass range of the massivasthesextended
r-process taking place in more massive stars. The first one is assumeadrtoch more efficient
(larger quantities of ejected material) than the second.

A good match of the observed [Sr/Fe] is also obtained by the same modedjadiypat very
metal-poor metallicities. As the Sr yields adopted here are obtained just bythsi8g/Sr ratio
matching the observed solar system r-process [19], this ratio is simpliacwmgth metallicity (as
shown in the upper, right panel). This suggests that the some other @hyisicess, taking place
in the same mass range of what we have cadddnded-process might be contributing to produce
part of the Sr and Ba in the very early Universe (as the scatter is laeg@ebn metallicities-2.5
and—3.5). In other words, the-model is useful to highlight the issue we are trying to solve in the
present work.

Lets now turn to the results obtained with cas-model (see Fig 2, second row), and see
the impact of the s-process production of Ba and Sr by rotating massige stathis case we
added a rather conservative s-process production &eimstars and turned off the contribution
of what we have calledxtended-process. The results for [Ba/Fe] and [Sr/Fe] are not completely
satisfactory as the model cannot reproduce the low [Ba/Fe] ratiosvaos@rextremely metal-poor
stars with [Fe/Hk —3 (left and middle panels of the second row). This happens becausattigés r
conservative model predicts not enough amounts of Sr, and particu&Bg (this can be seen in
Fig. 1 by comparing the stellar yields of tegtended-process — dotted line — with the yields of
theas-model atZ = 10~° — dashed line).

Despite the shortcomings described above, the interesting result of thid rasidies in the
[Sr/Ba] plot (second row, right panel), where it is clear that this nescg@ss produces an over-
abundance and creates a spread in [Sr/Ba] at [Fe/H]3. From this one can conclude that the
s-process produced in rotating massive stars seems to act in the dreetibn. Nevertheless,
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Figure 2: On the left [Ba/Fe], on the center [Sr/Fe], on the right [3Bvs [Fe/H]. Upper, center and
lower panels forr-, as- andfss-model respectively. The density plot is the distribution of siateld long
living stars for the model. Superimposed, we show the abwretaratios of the stars gathered by [14]. The
symbols adopted are the same as Fig. 1 (top panel).

these results are affected by the ratio of the yields of Sr and Ba predigtéusbspecific stellar
evolution model (similar to model B1 of [6]). These prescriptions prodScial>2, whereas the
EMP stars show at maximum [Sr/Ba]..5.

Finally for thefss-model (Fig 2, bottom panels), where we adopted less conservative stellar
models predicting even larger s-process enrichment (essentially duege®rvia/veir and a lower
170(a, y) reaction rate similar to the model B4 of [6] — see Section 3.1), the theoretagictions
and observations show an striking agreement. This model not only reqmedell the [Ba/Fe]
and [Sr/Fe] scatter (left and middle bottom panels), but can also acfmthe observed [Sr/Ba]
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spread (right bottom panel), at the right metallicity interval. This shows thhtaless conservative
production of s-process in fast rotating massive stars (as is the casefgntiodel), this process
could play the same role as oextended-process in the-model. In addition, it shows that a
standardr-process (taking place in the lower mass range of the massive stans) &npéay with a

weight that increases as the metallicity increases (still in the very metal-puge)ia
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Figure 3: [Sr/Ba] vs [Ba/H], the density plot is the distribution ofuilated long living stars fofis-model,
Superimposed, we show the abundances ratios of the sthiergadtby [14]. The symbols adopted are the
same as Fig. 1.

In Fig. 3, we show the same results presented in the lower right plot of Ridgj2sbhg [Ba/H]
on the x-axis. Indeed [Fe/H] on the x-axis is the most common way to présese figures but
using instead the [Ba/H] we avoid the assumption regarding the iron yiel@spdiht is that these
yields are naturally bounded to the still not completely understood SNII siglanechanism. Our
model reproduces also in this case the peculiar behavior seen in EMPhstaiedy, a high ratio of
[Sr/Ba] at low [Ba/H], and the correct amount of scatter, proving thagsumption on iron yields
is not influencing our results.

5. Discussions and conclusions

We have developed an inhomogeneous chemical evolution model for thevitalthe aim
of explaining the observed scatter (or lack of) in the abundance ratiksyothemical elements
in very metal-poor stars. The models presented here serve as a tdsttbestady the different
nucleosynthetic prescriptions proposed by different stellar evolutiomgg. The goal is to identify
key abundance ratios, as well as the most promising stellar yields, to be thé&smemed in
cosmological simulations (a project that we are already pursuing).
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We first show that one can predict the observed spread of [Ba/B¢¥$ati-e] in EMP stars with
an inhomogeneous chemical evolution model taking into account the stodleastation of stars
of different masses in the early phase of the Galactic halo. The latter assnnvwhen coupled
with a production of neutron capture elements coming from: a) a relativedy bai efficient, site
of production (here illustrated by a contribution of stars in the 8-10 dlass range), and b) a
second site of production, which is less efficient producing lower amadimisutron capture (here
illustrate with a contribution from stars in the 10-40.Nhass range). More importantly, we show
that despite the good agreement with the observed spread of [Ba/FEGréRd], an extra process
is needed to explain the observed [Sr/Ba] scatter.

The presence of r-process rich stars, with a common strong r-prsiggegure, is an obser-
vational constraint for the first site of production: if this site producesngtrenhancement in a
relatively rare events, then we can provide a solution for these stare. viteshow that keeping
fixed this first site of production, but adding the contribution to the neutaptuze elements by fast
rotating massive stars (now considered as second site of productien)t th possible to create a
scatter in the ratio of [Sr/Ba], as observed.

In particular, if we consider stellar models for fast rotating massive stsuraddel) that are
less conservative in their assumptions, we are then able, for the first time& knowledge, to
reproduce simultaneous tha/Fe], [Sr/Fe], [Ba/Fe] and [Sr/Ba] trends and scatter observed in
halo stars with an inhomogeneous chemical evolution model. Although thegitiopahat the
scatter in the observed spread between heavy and light neutron cefgorents in EMP stars
could be due to the contribution gpinstarshad been made before ([7]), here we show for the
first time quantitative estimates that seem to confirm this hypothesis. Notice ttias ielegant
solution, we are able to explain the results with just two different sites ofyataxh for Sr and Ba,
without requiring more complicated scenarios.

Our results also show that to reconcile the model to the observations weaneaegrocess
site of production decoupled from the one of s-process. We assumethieanost straightforward
solution, which is to consider two different mass ranges for the two psesebut other solutions
providing a large amount of r-process production in only a fractionginbu15%) of the massive
stars would be equally valid, as in the case of magnetorotationally drivemrswme, described by
Thielemann in his contribution.

Acknowledgments

We thank Urs Frischknecht, Raphael Hirschi and George Meynéetdeing provided the
nucleosyntesis yields in advance of publication.

References

[1] E. M. Burbidge, G. R. Burbidge, W. A. Fowler and F. Hoyf&ynthesis of the Elements in Stars, Rev.
Mod. Phys,. 29, 547 (1957).

[2] S.Wanajo, H. T. Janka, and B. Mullét]ectron-capture Supernovae as The Origin of Elements
Beyond lron,ApJ726, L15 (2011).



Galactic chemical evolution Gabriele Cescultti

[3] C. M. Raiteri, R. Gallino and M. Buss&-processing in massive stars as a function of metallicity a
interpretation of observational trends, ABB7, 263 (1992).

[4] J. W. TruranA new interpretation of the heavy element abundances inlfdefient stars, A&A97,
391 (1981).

[5] M. Pignatari, R. Gallino, G. Meynet et allhe s-Process in Massive Stars at Low Metallicity: The
Effect of Primary**N from Fast Rotating Stars, AfB7, L95 (2008).

[6] U. Frischknecht, R. Hirschi and F.-K. Thielemampn-standard s-process in low metallicity massive
rotating stars, A&A 538, L2 (2012).

[7] C. Chiappini, U. Frischknecht, G. Meynet et dimprints of fast-rotating massive stars in the Galactic
Bulge, Nature472, 454 (2011).

[8] G .Meynet, S. Ekstrom and A. Maed@the early star generations: the dominant effect of rotation
the CNO yields, A&A447,623 (2006).

[9] C. Chiappini R. Hirschi, G. Meynet et alA strong case for fast stellar rotation at very low
metallicities, A&A 449, L27 (2006).

[10] C. Chiappini, S. Ekstrém, G. Meynet et &k new imprint of fast rotators: l1o0W2C/13C ratios in
extremely metal-poor halo stars, A&A79, L9 (2008).

[11] P. Francois, E. Depagne, V. Hill et akirst stars. VIII. Enrichment of the neutron-capture elertsein
the early Galaxy, A&A476, 935 (2007).

[12] G. CescuttiAn inhomogeneous model for the Galactic halo: a possibléaegtion for the spread
observed in s- and r-process elements, A &&1, 691 (2008).

[13] G. Cescutti and C. Chiappinihe effects of stellar winds of fast-rotating massive stathe earliest
phases of the chemical enrichment of the Galaxy, A&, A102 (2010).

[14] A. Frebel,Stellar archaeology: Exploring the Universe with metabpstars, Astronomische
Nachrichten 331, 474 (2010).

[15] T. Masseron, J. A. Johnson, B. Plez et Alholistic approach to carbon-enhanced metal-poor stars,
A &A, 509, A93 (2010).

[16] K. Thornton, M. Gaudlitz, H.-T. Janka and M. SteinmdEnergy Input and Mass Redistribution by
Supernovae in the Interstellar Medium, Ap00, 95 (1998).

[17] P. Frangois, F. Matteucci, R. Cayrel et dlhe evolution of the Milky Way from its earliest phases:
Constraints on stellar nucleosynthesis, A &R1, 613 (2004).

[18] G. Cescuitti, P. Francois, F. Matteucci, R. Cayrel andSigite, The chemical evolution of barium and
europium in the Milky Way, A &A448, 557 (2006).

[19] C. Sneden, J. J. Cowan and R. GalliNeutron-Capture Elements in the Early Galaxy, ARA&
241 (2008).

Questions

Chiaki KobayashiCan you explain the details of your inhomogeneous models because thg, resu
in particular x-axis, highly depend on these?
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Gabriele CescuttiWe set the parameters of our chemical evolution model to be able to regrodu
the MDF observed in the halo. The fact that the model is formed by saweledendent volumes
in which the stars are chosen stochastically (cumulatively following the assivte), does not
change the overall trend and the average over the different volumg ie@moducing the MDF
(see Fig.2). Moreover, if we use in x axis the [Ba/H] relaxing the issue irafiseamption of the
iron yields, we are still reproducing the observational data.

Chiaki KobayashiCan you also explain the distribution of [C/Fe] and [N/Fe] as well?

Gabriele CescuttiUsing the same chemical evolution model, we have shown in Cescutti & Chi-
appini 2010, that the spinstars predictions for CNO are able to repedtiedC/Fe] and [N/Fe].

Brad Gibson What is your predicted distribution of even-to-odd Ba isotopes in the halo® H
does it compare to what (little) we know about such ratios (eg. Mashoekialc2003)?

Gabriele Cescutti For the stars showing a high [Sr/Ba] ratio at [FetH}-2 we expect to find
a isotopic fraction typical of the s-process, being their abundancekiged by s-process from
spinstars, according to the presented model. The comparison with the cédulishonkina et al.
(2003) is not straightforward, since they measured isotopic ratios frg sfehigher metallicity.
Nevertheless, our model predicts in that metallicity range a mixture of r- @ndcess, which is in
agreement with the results by Mashonkina et al. (2003).

11



