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ABSTRACT

Context. Stellar evolution models predict that internal mixing slilocause some sodium overabundance at the surface of red gian
more massive thar 1.5-2.0M,. The surface aluminium abundance should not fiected. Nevertheless, observational results
disagree about the presence/andhe degree of Na and Al overabundances. In addition, @alettemical evolution models adopting
different stellar yields lead to veryftkrent predictions for the behavior of [Nr@e] and [AJFe] versus [FAH]. Overall, the observed
trends of these abundances with metallicity are not welagyced.

Aims. We readdress both issues, using new Na and Al abundancesoete within the Gaia-ESO Survey. Our aim is to obtain lvette
observational constraints on the behavior of these elesmesinig two samples: i) more than 600 dwarfs of the solar heidiood and

of open clusters and ii) low- and intermediate-mass cluraptgiin six open clusters.

Methods. Abundances were determined using high-resolution UVE8tspeT he individual Na abundances were corrected for non-
local thermodynamic equilibriumfiects. For the Al abundances, the order of magnitude of thecions was estimated for a few
representative cases. For giants, the abundance trerfdsteilar mass are compared to stellar evolution modelsdiarfs, the
abundance trends with metallicity and age are comparedtaile chemical evolution models.

Results. Abundances of Na in stars with mass bele@.0 M, and of Al in stars below3.0 M, seem to be uriected by internal
mixing processes. For more massive stars, the Na overabcmdacreases with stellar mass. This trend agrees wellpuitictions

of stellar evolutionary models. For Al, our only cluster vgiants more massive than 3.0,MNGC 6705, is Al enriched. However,
this might be related to the environment where the clusterfaaned. Chemical evolution models that well fit the obsdriida/Fe]

vs. [FgH] trend in solar neighborhood dwarfs cannot simultangoegplain the run of [AlFe] with [FgH], and vice versa. The
comparison with stellar ages is hampered by severe uncéetai Indeed, reliable age estimates are available for amialf of the
stars of the sample. We conclude that Al is underproducetidyiodels, except for stellar ages younger than about 7 Gaddition,
some significant source of late Na production seems to bangissthe models. Either current Na and Al yields afieeted by large
uncertainties, andr some important Galactic source(s) of these elementsshyget mot been taken into account.

Key words. Galaxy: abundances — Galaxy: evolution — Stars: abundan8éars: evolution — Stars: late-type

rXiv:1602.03289v2 [astro-ph.SR] 25 Feb 2016

1. Introduction high-temperature H-burning regions through the NeNa cycle
. . I { 1955; Denisenkov & Denisenkova 1990). In low- and
(O 'Sodium and aluminium are two odd-Z elements with single s termediate-mass stars, Na produced by the NeNa cycleaan p
. P . .
ble Isotopes ENa and *7Al, r_espectl\(ely) of importance for tentially be mixed to the stellar surface either during thist fi
studies of stellar and Galactic chemical evolution. In aaGal dredge-up or later during the asymptotic giant branch (AGB)
tic context, Na is mamly synthesized during hydrostatic- ca ase (see, e.d.. EIEid & Champagne 1995; Mowavi 1999;
bon burning in massive stars (Salpster 1952; Carneron 19?%&@0) Aluminium is mainly synthesized during carb
where its final abundance is also sensitive to the neutron 85d neon burning in massive stars (Arnett & Thieleriann 11985;
cess [(Woosley & Weaver 1995). Sodium is also produced fiiciemann & Amelt 1985). It can also be produced through th

* Based on observations made with the P@, at Paranal Ob- MgAI cycle in the internal convective regions of AGB starsiwi
servatory, under program 188.B-3002 (The Gaia-ESO Pulplgc8o- an initial mass above 5 My, which are undergoing hot bottom
scopic Survey), and on data obtained from the ESO Archigiraily  burning (Ventura et al. 201.3; Doherty etlal. 2014).
observed under programs 60.A-9143, 076.B-0263 and 08228-0
** Table 1 is only available in electronic form at the CDS viamno
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via:fitgisweb.u-
strasbg.ffcgi-biryqcat?JA+A/
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Abundances of Na and Al have been determined may be considered a pilot of a larger study to be conductee onc
local disk and halo stars in a number of works (e.gthe Gaia-ESO survey is completed and many more field stars
\Wallerstein 1962; Spite & Splie 1980; Petet$on 1981; Francand open cluster giants are observed. This paper is orghnize
[19864.b; [ Edvardsson efal._1993; McWilliam et al. _199%:s follows. In Sec{]2 we describe the Gaia-ESO data and their
IPilachowski et dl. 1996; Carretta etlal. 2000; Cayrel Et@042 analysis. In Seck]3 we present a comparison of the obseraed N
\Gehren et 8l 2004; Luck & Heiter 2006; Reddy €tlal. _2006nd Al abundances in stars of open clusters with stellaugionl
Mishenina et dl. 2008;_Adibekyan et al. 2012; Alexeeva et ahodels. In Seck]4 we discuss the comparison of the abunglance
[2014; Bensby et al. 20114). The observed trends with meitgllicwith Galactic chemical evolution models. Finally, Ségt.uns
are diferent for the two elements. For sodium, a mean trend wiarizes our findings.
increasing [N#e] for super-solar metallicities is of particular
interest. This is not seen for [Ae]. The [AJFe] ratio increases
with decreasing metallicity up to [Afe] ~ +0.4 at [F¢H] ~ 2 pata and analysis
—1.0, where it decreases again. The increase off&ldor low
metallicities is less pronounced. These trends are disduiss 2.1. Gaia-ESO spectra and analysis

Sect[4. . . o
Chemical evolution models still have problems reproducil?%edu_se Ga'?;jESO Slur\ﬂeyesrl]ﬂts aéa"é.‘b'e in 'tz second and
the observed behavior of the Na and Al abundances. Depeuvély)mt(ggi]: £ g&?:;ﬁ%ﬁé S?)f(ir(fgclt?p?(:zS?JrljvelyDtEi[g:scp
ing on the stellar yields adopted by the modeldfedent re- el . ) )
g y P y st ducted with FLAM_ES (Fiber Large Array Multi-Element Spec-

gions of the [N#-e] or [Al/Fe] vs. [F¢H] diagrams can be fit, -
but a complete explanation of the detailed trends is noesedi r09raphl Pasquini et al. 2002) at the European Southerarobs

(e.g./Romano et 4l. 2010; Nomoto et/al. 2013). The incraase/ptory’s (ESO) Very Large Telescope (VLT) in Paranal, Chile
[Na/Fe] for super-solar metallicities is a particular challenigor The Gaia-ESO targets havefdrent spectral types (from O
example, none of the models compute 201%pe to M type) and belong to Milky Way fields and to open clus-
with different stellar yields, was able to reproduce such behavits¥'s of diferent ages and metallicities. MediunR ¢ 20 000)

On the stellar evolutio?msigle, it is not clear to what extéet t ?Bri]rda(?:eg;r;:jeLSJ?/IlétISO?J{It:a\‘/liZ)I(()e?g)nzrﬁgggl %rfhce)ltl)éaé%ee(::t\:v(g]r;gi
first dredge-up(lbén 195 67) in low- and intermediatessn '
stars is agble to bring the product)s of the NeNa cycle to the stRekker et al. 2000) spectrographs, respectively. Here seeer
lar photosphere. Stellar evolution models predict thatimgxs ~Sults of the analysis of FGK-type stars observed with UVES (t
deep enough to change the Na abundance only in giants ab@dpted Giréie settings do not allow Na measurement). The re-
~ 1.5-2.0M, (see e.g., Charbonnel & Lagarde 2010), particguction of these data is descrlbec_ﬂis__ac_c_o_bt_al._dzom).
larly in those of intermediate-mass above4.0 M, (see e.g.,  Theanalysis details are described in Lanzafamelet al. 2015

' £1995: Denissenkov 2005). The Al surfaé@r stars observed in young open clustets100 Myr), and in
abundance is not expected to increase during the giant pleaseSmiljanic et al.|(2014), for stars observed in the solar hiedy-
cause no magnesium burning is activated in the centralmegfio hood and open clusters with age100 Myr. Here, we provide
H-burning of these stars (Weiss & Charbofinel 2004). only a short description of the procedure; a complete disons

Observationally, it is well known that evolved intermeeiat iS available in the publications mentioned above.
mass stars show some Na enhancement after the first dredgeThe spectrum analysis is carried out with multiple pipedine
up (Takeda & Takada-Hidal 1994; Andrievsky et al. 2002 he two main advantages of this strategy over a single pipeli
[Kovtyukh et al! 2005; Takeda etlal. 2013), although a small expproach are: 1) one single pipeline is not optimal to arealyz
cess of Na from Galactic chemical evolution cannot be fukly estars in all diferent regions of the parameter space. With mul-
cluded. tiple pipelines, we can combine their strengths in anatyzior

For low-mass stars (0.8 M/M, < 2.5), the situation €xample, metal-rich and metal-poor stars, dwarfs and gjiamt
is more confusing. Low-mass metal-poor field giants do nbptand cool stars; and 2) with multiple pipelines, we caegtis
show an indication of changes in their surface Na abundan@gée the degree to which thefigirent methods agree in each star
(Gratton et all_2000). However, approximately 65% of gian@f the sample, thus quantifying the uncertainties in a way it
in open clusters (stars with higher metallicity and a widdtot possible with the use of a single pipeline. Such a compari
range of masses) seem to have enhanced NgmaAd abun- son of multiple pipelines gives an estimate of the precisigh
dances (see e.d.. Jacobson efal. 2007; Smiliani¢ et all; 20@bich the results can be obtained.

[Pancino et al._2010; Carrera & Pan¢ino_20A.1; Smiljanic 2012; The results of each pipeline were validated using a series of
Yong et al.[ 2012, and references therein). Sodiunyanalu- calibrators (Pancino et al., in preparation), which inelupen
minium overabundances are sometimes detected in fieldsgieanid globular cluster stars and the Gaia benchmarks, a set of

also (see e.d., Mishenina etlal. 2006; Adibekyan &t al.|2015) well-studied bright stars with fundamental atmospheri@apee-

The level of the Na overabundances varies depending on tées (Blanco-Cuaresma etlal. 2014; Jofré et al. 2014; Heitef
study. A combination of dferent éfects seems to cause the ). For the bulk of our sample stars, analyzed as destrib

disagreements, from the neglect of nonlocal thermodynamitn ISmiljanic et al. [(2014), the final recommended values of at
equilibrium (non-LTE) corrections to the use offérent atomic mospheric parameters and abundances are weighted metlians o
data (see e.d., Jacobson et al. 2007; Sestitd[et al. 200Ba@ithi those from the validated methods. Weights are computed with
[2012;[Maclean et 4. 2015, and references therein). Therefgespect to the Gaia benchmarks in a procedure that ties eur re
it remains unclear whether there is agreement betweemrsteflults to a system of reference defined by atmospheric pagasnet
evolution models and observed Na and Al abundances. of these stars. In the Gaia-ESO catalog, each parametereis gi

In this work, we take advantage of the Gaia-ESO Survéggether with an estimate of the method-to-method dispersi
(Gilmore et all 201Z; Randich & Gilmdre 2013) to study the bénd the number of pipelines used for its computation.
havior of Na and Al abundances in dwarfs and giants in the can-
text of both stellar and Galactic chemical evolution. Thigrkv ! http://www.gaia-eso.eu
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Table 2. Properties of the open clusters for which abundances of Na&im giants are available.

Name Age [FEH] Mo RV # of
(Gyr) (dex) Ms) (kmst) giants
NGC 6705 0.316 +0.01+0.06 3.2 +34.5 22

NGC 4815 0.630 -0.02+0.04 25 -30.2 4
Berkeley 81  0.980 +0.25+0.08 2.2  +47.6 13
Trumpler20 1.660 +0.09+0.08 1.8 -40.5 40
NGC 2243 35 -044+005 12 4595 18
Berkeley 25 45 -0.27+0.02 1.15 +135.2 6

Notes.The mean cluster [[7H] values are given together with the standard deviatior dlbster RV is the mean of the giants that we consider to
be cluster members. Thus, it can be slightlffetient from the values adopted to establish membership thaliscussed in the text.

2.2. Sample description data set that, for some clusters, also included obsensbibad-
ditional stars.

In the iDR2+iDR3 catalog, atmospheric parameters and abun-

dances are available for 1542 FGK-type stars observed with

UVES in the setup with central wavelength 580 nm. To select o&+2-1. NGC 6705

sample, first we excluded stars observed in the fields of ¢aobur, ia-E ; ificati lvsis of this cl

clusters, as their Na and Al abundances mightfbecéed by ad- preesgnatllaa:j ish OQ asrﬁ:llealr_lgcea !v!edirrlllcstatillc.)ntzagf 43)/_5”\?\,2 atdcl)spf tﬁaﬁu\zt
d|t|ona_l processes that would introduce extra complemtp_wr age derived in that work using PARSEC isochrones, 0.316 Gyr,
analysis (see, e.g.. Gratton el al. 2012). Second, weatestthe ek is similar to other values in the literature, such as th
sample to stars withfeective temperaturdigs) above 4000 K. In 0.25 Gyr found by Beaver etlal. (2013). A total of 49 stars of
the Gai_a-ESO releases used_ here, the _results for cool_erasmr N.GC 6705 were observed. Some of tﬁem were AB-type fast
I?SS reliaple kl)ecaéjse ?; the_L)ncre_ased_:mp_ortanﬁe %f lm"gl rotating main-sequence stars and were thus not considered i
(for stars analyzed as described in Smiljanic et al. 2014 " jicession. Abundances of Na and Al were available for
releases are expected to have improvements in this resflect. 4 giants withTe; above 4000 K. We selected members adopt-
ing the mean radial velocity (RV) and dispersion determibgd

; ; ; Cahta al_(2014),i.e-34.1+ 1.5 km s?, and a three
are listed in Table 1. The sample included 957 dwarfs (tpg .. e o i

> 3.50 dex) and 346 giants (log < 3.50 dex). The sample OfS|g|ma criterium. We found 22 giants to be members.

solar neighborhood dwarfs (within 2 kpc of the Sun) includes
mostly thin and thick disk objects, and likely few or no haiars. 2.2.2. NGC 4815

We do not separate stars of the two disk components, as sugl_hha Gaia-ESO SCi ficati vsis of NGC 4815
comparison is not one of our goals. The chemicfibdénces be- ' N€ Gala-ESY Science verincation analysis or was
tween thin and thick disks have been studied with Gaia-ESO @resented in Friel et (. (2014). Using PARSEC isochrotes, t

raffe data by Recio-Blanco etlal. (2014), Mikolaitis et al. (2p14derived an age of 0.63 Gyr, which we adopt here. This agrees
and Kordopatis et al (20115). with the conclusion of_Carraro & Ortolani (1994) that NGC
4815 is about the age of the Hyades. A total of 14 stars were

The full sample included stars in 16 open clusters. No di§pgeryed in the field of the cluster. For 12 stars Wit > 4000

tinction was made between cluster and field dwarf stars R,r Na and Al abundances were available. We selected members

i Salactc chemica evoluion iseussion (SESt. 4 P lusing he same RV crerum oI il €14l (2014) ¢, iat
- ] —_ 1 H T
2243, NGC 4815, NGC 6705, Berkeley 25, Berkeley 81, ar@v =-29.4+ 4.0 km s* were considered to be members. Five

. . . ants satisfy this criterium, but we only used four of thend a
Trumpler 20 (Tablé]2). Observations with UVES in these oll o1 excluded star # 1795 as it is the most luminous and coo

and intermediate-age open clusters. are focused on Cl_umpg%'nt of the sample. These characteristics make the asaiysi
ants. The stars observed in the remaining clusters wereaatl-m this cool giant more challenging (see discussiormfet

sequence or pre-main-sequence stars. We adopted the malu)

age and turn- masses obtained using the PARSEC isochrones

(Bressan et al. 2012) from earlier Gaia-ESO papers for NGC

6705, NGC 4815, Berkeley 81, and Trumpler 20. For NGC 22£32.3. Berkeley 81

and Berkeley 25, we derived ages and tufhrmasses ourselves, , ) ) )
also using PARSEC isochrones for consist@nd@he metallici- 1he Gaia-ESO analysis of this cluster was presented in
ties and mean radial velocities in Taflle 2 are the averageeof Magrini etal. (2015). The cluster age and turfi-mass found
giants that we considered to be cluster members (see disousd! that analysis (Tablel 3) are in very good agreement witdho
below). These values might be slightlyigirent from the values found by Donati et al/(2014a), i.e., ag®.9 Gyr andViro = 2.1
published in earlier Gaia-ESO papers, which made use of Me- Gaia-ESO observations were obtained for 14 giants in the

science verification iDR1. Here we used iDR2 and iDR3, nelj¢!d of Berkeley 81 with UVES. All stars havEy; above 4000
data releases made after a full reanalysis of the whole B8ia- K and have available abundances of both Na and Al. These 14

stars have mean R¥ +47.5+ 0.70 km s!, with a total range

between+46.28 and+48.73 km s'.[Hayes & Friel (2014) per-
2 For the fitting, we made use of the following photometric data  formed a RV study of this cluster and found a mean-Rv¥48.1
data of Kaluzny et al[(1996) ar\V| data of Carraro_ et all_(2005), for + 2.0, which is in excellent agreement with the value founeher
NGC 2243 and Berkeley 25, respectively. These authors considered any star with RV within 5 kfro§ the
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Fig. 1. Precision of the Gaia-ESO Na (left panel) and Al (right paiablundances available in the iIDRPRS3 final catalog. The red dashed line
indicates the limit of 0.15 dex used to select the best-uabundances as described in Secil 2.3.

mean value to be member. All of our 14 giants satisfied this cthe dataset analyzed lin_Carraro €t al. 2007). Abundances wer
terium, however, the metallicity of one of thentféirs from the available for nine of them. Two of the stars have an RV that
mean by more thani8 We considered this star to be a nonmenis somewhat discrepant with respect to the others;=R146.5
ber and excluded it from the stellar evolution discussion. and 111.6 km 8 compared to a mean R¥ 135.1+ 0.8 km
s™1 (without the two). A third star seemed to have a somewhat
discrepant metallicity ([F#1] = —0.41) when compared to the
2.2.4. Trumpler 20 remaining stars (mean of0.23+ 0.06, computed without the
The science verification results of Trumpler 20 were pullish discrepantstar). This star also has the lowesgogthe sample,
in [Donati et al.[(2014b). We adopt the age that they derived Jaerefore mcrt_eased systematic errors in its parametemd:he
ing PARSEC isochrones, 1.66 Gyr, which is similar to the dge §*¢luded. While we prefer not to draw strong conclusionsiabo
1.5 Gyr obtained by Seleznev et al. (2010). At that time, d@y Membership here, and defer it to a forthcoming publication,
giants had been observed and analyzed. We presently haveQfs-discussion we considered that only the remaining simtgia
servations for 42 stars. A total of 41 stars hag above 4000 aré members of the cluster.
K and abundances of both Na and Al. We selected members us-
ing the RV criterium of Donati et all (2014b), i.e., starsmRV 5 3. Sefecting the best-quality abundances

within —40.4+ 3.7 km s were considered members. A total of ) ]
40 giants were retained. A total of up to six Na lines{ 4982.814, 5153.402, 5682.633,

5688.205, 6154.226, and 6160.747 A) and up to three Al lines
(1 5557.063, 6696.023, 6698.673 A) were used to compute the
2:2:5. NGC 2243 Gaia-ESO abundances. The atomic data were part of the mersio
NGC 2243 is one of the most metal-poor open clusters known4a0f the Gaia-ESQ line list, details of which will be publishe
Gaia-ESO analysis of this cluster has notbeen publishedlget ©€lsewhere (see a discussion in Heiter étal. 2015b).
cluster age and turnfomass that we derived here (Table 3) are The recommended Gaia-ESO abundances are given in the
in very good agreement with those found b agaglia & To!q9€ _formaﬁ. For each star, a weighted median of the multiple
). i.e., age 4.0 Gyr andVito = 1.2 M. We analyzed spec- PiPeline results, on aline-by-line basis, was computee. firral
tra of 29 diferent stars: 27 observed by Gaia-ESO and two obundance was then the median of all the line abundances. The
tained from the ESO archive. Atmospheric parameters were fadian absolute deviation is used as a measurement of the dis
rived for 26 of them. Based on the RVs, we considered 19 giapRSion and can be understood as the precision of the résedts
to be likely members (mean RY 59.5z 0.8 km™1). This value ‘Smiljanic etall 2014). In Fig.l1 we show the histograms o§ehe
is slightly lower than the mean RV of 61:00.8 km s found dispersions for the Na and Al abundances in our sample.
by[Francois et al[(2013) for 82 member stars observed with th  1here is an extended tail in the dispersion distributiohea
Giraffe spectrograph. We further excluded one star with a met#)d values above 0.40 dex for both Na and Al. The third quartil

licity higher than that of the others ([Ai4] = —0.17), leaving 18 of the dispersion distribution is 0.14 dex for Na a_nd Q.lZidgx .
members. Al. We thus decided to use only abundances with dispersion in

Na or Al < 0.15 dex to remove the more uncertain results.
In addition, because of how the recommended parame-

2.2.6. Berkeley 25 ters and abundances are obtained in Gaia-ESO, the number of
. . . ipelines on which the results are based is also importaet-
Ten giants in the field of Berkeley 25 were analyzed. The cl épn 7.6 of Smiljanic et &1[(2014), it is discussed r?ow thelac

ter age that we derived, 4.5 Gyr, is in reasonable agreermitnt w

the age of 5 Gyr obtained hy Carraro et al. (2007). Seven we¥aoge(X) = log [N(X)/N(H)] + 12, i.e., a logarithmic abundance by
observed by Gaia-ESO, and three taken from archival daim(frnumber on a scale where the number of hydrogen atomgis 10
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Table 3. Mean abundances of Na and Al (with standard deviation) irgthets of each open cluster, after the selection of the dpeslity values.

Cluster [NaFe] [NaFe] # giants with [AlFe] # giants with
(LTE) (non-LTE) good Na abun. (LTE) good Al abun.
NGC 6705 0.42-0.11 0.38:0.11 7 0.30: 0.04 18
NGC 4815 0.1A0.09 0.13+0.09 3 0.06+ 0.05 4
Berkeley 81 0.240.06 0.22+0.06 8 0.10+ 0.04 12
Trumpler20 0.09: 0.06 0.06+ 0.06 31 0.02: 0.03 38
NGC 2243  0.1G: 0.07 0.10+ 0.07 15 0.0% 0.05 17
Berkeley 25 0.05 0.04 1 0.050.01 4

o d'
L
5 T
A < o
g <
— O A o
o
o
-1 -0.5 0 0.5 -1 -05 0 0.5
[Fe/H] [Fe/H]

Fig. 2. Sodium and aluminium abundances as a function of metglfioitthe high-quality sample (Sectibn®.3). Dwarfs are sh@s blue circles
and giants as red squares. Some remaining systemgfgoetice between dwarfs and giants might be present, as skstimsSectiop 2]4.

racy of the recommended atmospheric parameters chandes @41 stars{ 75% of the original 1246 stars): 252 giants and 689
the use of results from flerent numbers of pipelines. Similardwarfs. These selected abundances are shown as a function of
arguments apply to the accuracy of the abundances. metallicity in Fig[2. Tabl&13 lists the mean abundances oahth

Results based on fewer pipelines have an increased pdterfflaand associated standard deviations, for the selectettgjin
to be more uncertain and thus increase the scatter of the/mlu €ach open cluster.
the sample. Robust recommended abundances are those based o
many determinations, as this guarantees that the distiibof )
pipeline results (@iected by random uncertainties) is well sam2-4- Systematic effects on the abundances
pled and outlier results are properly identified. In Smilgaet al. ) . )
(2012), it was shown that selecting recommended valuesibag@€ comparison of the abundances in dwarfs and giants, shown
on at least five pipelines would guarantee that the majofitye N Fig.[2, suggests the possibility of systematittefiences. Such
selected results was close to the best possible values. differences can appear, for example, because of unidentifeed lin

Here, we decided to use abundances based on determinaﬁg‘ﬁgds that are stronger in a certain type of star.
from at least four dferent pipelines. This was a compromise Weak to moderate trends are indeed present between the LTE
needed to avoid losing too many stars from the sample, whidte/Fe] and [AJFe] ratios with bothTes and logg. This leads to
have values coming from only fourftiérent pipelines. The ef- abundance dlierences between giants and dwarfs that are clearly
fect of stopping at four and not five pipelines will be an irese seen, for example, in stars belonging to M 67 (Elg. 3). In this
in the scatter of our abundances. We do not expect the chadtgster, we have a good coverage of the evolutionary tramk fr
to introduce any bias in the results. The abundances in Tablthe main sequence to the red giant branch (RGB). Even though
are given together with the abundance dispersion and nuoibethe giants of M 67 are located before the end of the first dredge
pipelines on which they are based. up, they show higher [N&e] and [AJFe] ratios in comparison

Of the 13 diferent pipelines available during the analysigVith the dwarfs. The [F#] ratio does not show such a trend.
up to eight provided abundances of Na and Al, although not fbRis supports that some Na and Aligrences between dwarfs
all stars. Internally to Gaia-ESO these eight pipelineskamavn  and giants are likely caused by systematic problems in tak an
as Bologna, CAUP, Concepcion, EPINARBO, LUMBA, ParisySIS.
Heidelberg, UCM, and Vilnius, and are described in Appendix Because of this, we prefer to be cautious and avoid any dis-
A of Smiljanic et al. (2014). cussion comparing the abundances of dwarfs to those ofsgiant

The restrictions above reduce the sample to 908 stars withe possibility of systematic flerences between dwarfs and gi-
Na abundances+«(71% of the original 1274 stars): 237 giantants is being investigated and, if present, will be cormr@zigmew
and 631 dwarfs. The sample with Al abundances is reducedGaia-ESO data releases.

Article number, page 5 ¢f16



A&A proofs:manuscript no. Smiljanic_etal_GES_NaAl_arxiv_v4

1 ™ ] ™ ]
° Fe/H] = 0.00 © ©
o ey Gyr o A 3
— ] '—,'_ ] ] °
x o c o — O
S o] e 3 ° é . .t ° °
o ] = 4 <
g, o] °Q °1 w %
< 1 2 ] ] °
. ™ ™
D D
o |
Ln . . . . . . . ] 1 ] | ] 1 ] |
6500 | 5500 4500 3500 45 4 35 3 45 4 35 3
Teit (K) log g (dex) log g (dex)

Fig. 3. Left panel: sample stars from M 67 in thEx-log g plane.Middle panel: [Na/Fe] ratio of each star in M 67 as a function of its surface
gravity. Right panel: [Al/Fe] ratio of each star in M 67 as a function of its surface dya8tars are color-coded according to the surface gravity:
red for giants with logg < 3.5, blue for turn-& and subgiant stars with 35log g < 4.0, and black for main-sequence stars with pg 4.0. A
typical error bar £ 0.14 dex for [ElemFe] and+ 0.05 dex for logg) is shown in the upper left part of the middle and right panels

Within the cluster giants only, there is no correlation bdrom the Gaia benchmark stars library (Blanco-Cuaresma et a
tween [AVH] and Ty or log g, either between [N&] and logg. [2014). The three spectra were analyzed once during iDR2 and
The metallicity seems to show a weak correlation With and again for iDR3. With these multiple analyses (Tdhle 4), weeve
log g for stars in Trumpler 20 only. A weak correlation betweeable to investigate the uncertainties on our solar referaban-
[Na/H] and T is also apparent in Trumpler 20, and suggestethnces.
by one star in NGC 6705 (but this could eventually be a non-
member outlier). In any case, these weak correlations dbiast
thbe stgllar eVO'l_J“O“ dis?ussion, in which we make use of&ye This comparison reveals a variation of up to 0.07 dex in
abundance ratios per cluster. . Fe/H], of up to 0.06 dex in log(Na), and of up to 0.03 dex in

Within the dwarfs, there is no trend of [F¢] with Ter, but I[og e(,]AI). Thpese diferences regéct t)he use oﬂ%rent pipelines
weak trends are suggested betweenff@nd log g, and be- 4 yefine the recommended parameters of the Sun in each Gaia-
tween [NgH] and [Al/H] and bothTer and log g (top row of £50 internal release, which is afiest similar to what was dis-
Flg.IZI)_. These weak trends are mostly imperceptible by &€ @ ssed in Sectidn 2.3. We remark that the Sun was analyzed as
there is a large scatter at each value of the atmospheriapargy,y other star in our sample. The Sun is used as one of the-bench
eters. For [AlFe] and [NgFe], no trend is apparent with 108 a1 stars, but no special weight is given to its analysit vet
However, moderate trends appear when looking at botfA&ja gpect 1o the other benchmarks. Thus, by itself the Sun ddes no
and [A/Fe] as a function of ot (bottom row of FigL#). define our system of parameters and abundances, but is one of

For Na, the only ffect of the stars witfTer < 5400 Kin the 1 gtars defining that system. Thé&eiences in the solar param-
[Na/Fe] vs. [F¢H] plot is to increase the scatter. No systematigiers and abundances as listed in Table 4 do not reflect change
bias is introduced. Nevertheless, we decided to excludesdl , 1 scales as much as they quantify uncertainties inbéren
stars from the discussion of the chemical evolution of NaLi&s o, method of defining the recommended results. Nevertseles
simple enoughtoinclude a temperature cutin the sampleﬂ..\l,:or a solar analysis can be used as a special reference when we nee
however, the trend of [AFe] with T¢g is not restrlc_ted to a given 4 jist abundances in the [Elemge] format. We prefer this ap-
temperature range. However, as can be seen in the bottom [y, h over adopting reference solar abundances froratlites
of Fig.[4, the rise of [AlFe] at low metallicities is not caused bye,mpijations, as our own solar analyses reflect better abior
the systematic trend witlgs. It seems again that this trend withings such as ’Iack of non-LTE corrections.
temperature onlyféects the scatter of the points, and does not
introduce further systematidfects in the interpretation of the

chemical evolution of Al. We therefore do not include adutitl _ _ _
restrictions in the sample of dwarfs with Al abundances. The important observation from Talile 4 is that most values

(parameters and abundances) agree with each other, wigim t
uncertainties. However, the variation in the solar abundaihas
2.5. The solar abundances an impact on the abundance ratios of the sample. Depending on

As solar reference abundances we used the results obtaimed fWhiCh solar analysis is used as reference, there can be a.maxi
the analysis of the FLAMESIVES solar spectrufhin Gaia- Mum change of up to 0.10 dex in [¥e] and up to 0.07 dex in
ESO iDR2, as presented(in Smiljanic et &L, (2014), and Iimed[AI/Fe]. This is an intrinsic uncertainty of the zero point of our
the first Iiné of TablEW ' abundance scale and is important when comparing the element
However Gaia-ESO also analyzed a solar NARB/spec- ratios to the predictions of the stellar evolution modelsyé\-

trum and the UVES (obtained in standalone mode) spectrlﬁlﬂ?less’ this has no influence ont_he relative comparisaveget
stars of the sample, as a zero point change woflithall stars

4 http://wwu.eso.org/observing/dfo/quality/GIRAFFE/pipelitel/ 8 $auErway. Moreover, we normalize the chemical evaruti

5 NARVAL is a spectropolarimeter on the 2m Telescope Bernaiat L model predictions to our adopted solar abundances, thrertsfe
(TBL) atop Pic du Midi [(Auriére 2003). comparison with the observations in this case is alsoffietted.
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Fig. 4. Trends between abundances and atmospheric parameteediiwanfs of the samplélpper |eft: no apparent trend between [F¢and T
(correlation cofficientp = 0.03, with p value= 0.49).Upper middle: weak trend between [Mid] and T (0 = —0.09, with p value= 0.03).Upper
right: weak trend between [AH] and T (0 = —0.17, with p value close to zerd)ower left: a moderate trengp(= —0.34, with p value close

to zero) between [N&e] andTe; appears for stars cooler than 5400 K (red dashed Irmyer middle: A moderate trend between [/de] and

Ter (0 = —0.37, with p value close to zero). In red circles, we show thesswith [F¢H] < —0.20 selected to understand whether the correlation
with T would dfect the chemical evolution discussidrower right: the trend between [AFe] and [F¢H] thought to appear from the Galactic
chemical evolution. We selected the stars witlyHje< —0.20 (left of the red dashed line) to test whether they are tes shainly &ected by the
correlation of [AJFe] with Teg.

Table 4. Results of multiple analyses of solar spectra in the Gai@-E8rvey for the iDR2 and iDR3 cycles.

Spectrograph Cycle  Te log g [Fe/H] & loge(Na) loge(Al)
(K) (dex) (dex) (kms?) (dex) (dex)
FLAMES/UVES IDR2 5826+40 4.50+0.05 -0.03+0.12 1.05+0.00 6.31+0.05 6.44+0.01
FLAMES/UVES IDR3 5797+85 4.45+0.11 0.03:0.03 0.70+0.25 6.27+0.07 6.43+0.09
NARVAL iDR2 5810+17 4.50+0.08 0.00+0.04 1.06+£0.08 6.29+0.02 6.46+0.01
NARVAL iDR3 5785+40 4.44+0.14 0.03:0.12 0.94:0.20 6.30+0.13 6.43:0.04
UVES standalone iDR2 57731 4.43+0.13 0.00£0.06 1.04+0.16 6.28:0.02 6.45+0.03
UVES standalone iDR3 577425 4.43+0.10 0.04:£0.04 0.95+0.17 6.33:0.07 6.44+0.05
Average — 579520 4.46+0.03 0.01+0.03 0.96+£0.14 6.30+0.02 6.44+0.01

Notes.The metallicities, [FAH], are given with respect to lagFe)= 7.45 from Grevesse etlal. (2007).

2.6. Non-LTE corrections The average corrections for all stars (giants and dwarés) ar
always negative and range froa®.06 down to-0.18 dex. For

. a few stars, the non-LTE correction was actually extragalat
The Na abur)dances were corrected for_non-L'ﬂiécﬂas YSING This was the case for stars wigh< 1.00 km s? (11gstars)|?rl1d
t_he grlds_ of L'nd. & a,l_. (2011). The corrections were derivad for two stars with [FgH] > +0.50 dex, as these values are also
Ilrge-ba/-lme b?S'S' Lr‘]S'rt‘g the qtmotsE)rherlcfptzra]rapeters E%d_\lae outside the original grid. For a few other stars (24), it was n
abundance of each star as mpuA Wo ot the fines used In Sydygiple to compute non-LTE corrections because their LRE N
ESO,14982.814 and 5153.402 A, were not part of the origingy;ndances had values outside [the Lind efal. (2011) grid. Fo

grid. Nevertheless, they were part of the model atom of tieakw ;- reference Sun, the non-LTE correction is-@%.08 dex and
and thus the corrections for them could be computed.
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the non-LTE abundance of Na is thus kffjla) = 6.23. In Table found by|Helfer & Wallerstein|(1964). With well constrained
1, we give the non-LTE [Née] ratio for those stars with goodatmospheric parameters (mostly independent of specippgico
quality abundances (as described in Ject. 2.3). and a critical selection of spectral Iinmmnd

We did not correct the Al abundances for non-LTiEeets. lNa/Fe! = +0.30 in non-LTE (also corrected using the grid of
Although non-LTE abundances of Al have been computed in [201M1). The adoptegff were the same as those used
literature (e.gl, Baumueller & Gehren 1997; Gehren kt @420 here, but accounting for fierences in the solar reference abun-
Andrievsky et all. 2008), no comprehensive grid of correwiis dances (but not in the stellar parameters scale), the Hysles
currently available for the metallicity range of our sample [Na/Fe]= +0.26 in the Gaia-ESO scale.

Instead, we estimated non-LTE corrections for Al from new To compare with the observations, we use the evolution-
preliminary computations performed by one of us (T. Norelamry models computed by La al. (2012)land Ventura et al
der). The calculations were carried out 05557 and 6696— ). The models of Ventur al. (2013) include only @mv
6698 A lines and for stellar parameters and abundancessepretion as a mixing mechanism and were computed for two metal-
tative of the giants in the open clusters, for the Sun andWor t licities, solar and [Fé@d] = —0.40. Thel Lagarde etlal. (2012)
additional sets of dwarf-like parameters. The non-LTE nhodenodels were computed for solar metallicity and/ffe= —0.54,
which will be described in an upcoming paper (Nordlander ehd for the cases with and without rotation-induced mixirue
al., in prep.), adopts realistic hydrogen collisional s@elyaev  model with rotation also includes thermohaline mixing, this

51991) as well as newer electron collisioatds. process does noffact Na or Al. The initial rotation velocity of

The average corrections for the giants seem to be apprakie modeled stars is 30% of the critical velocity at the zage-
mately—0.05 dex. We are not aware of other published non-LTiain sequence (see Lagarde et al. 2014). If the initialicotatf
corrections for Al in solar-metallicity giants, and thusnoat the observed stars wadidirent from that, theféect of rotation
compare with previous results. For the Sun and the two dwaiifsduced-mixing would also be fierent. Therefore, some scat-
the average corrections are small, abe0t01/-0.02 dex. This ter at a given mass can be expected, reflecting the scattee in t
agrees with the results of Baumueller & Gehren (1996), whitial rotation of stars of the same mass. However, we do not
found that abundances derived from the lines at 6696 and 66#&e models computed withftérent initial rotation values and
A agree in LTE and non-LTE to within 0.01 dex in the Sun. Theannot judge the expected magnitude of such scatter.
different corrections for dwarfs and giants are ndfisient to We do not renormalize the models to our adopted solar abun-
explain the diference in [AlFe] between the types of stars thaglances. We consider both the observed and modelg&¢jland
were discussed in SectibnP.4. [Al/Fe] values to be relative values with respect to the abun-
dances that the stars had during the main sequence. Wtile thi
is strictly true for the models, as the stars had initiallyaf’Re]
and [Al/Fe] = 0.0, for the observed giants the main-sequence
Ages and masses were computed for field dwarf stars follolNa abundances are unknown. For tiigets of this discussion,
ing the procedure described [in_Bergemann ktlal. (2014). This assume that the Sun is a good reference for the initial Na
is accomplished with the Bellaterra Stellar Parameter|iPipe abundances of the stars, which by definition implies/féh
(Serenelli et dl. 2013), which adopts a grid of stellar etiohary and [Al/Fe] = 0.0. An expanded discussion of dwarfs and gi-
tracks computed with the GARSTEC code (GARching STellants abundances in a few open clusters will be possible with n
Evolution Codéel, Weiss & Schiattl 2008). Amt dbaia-ESO observations, and will be the subject of a futupepa
(2014), we only use ages and masses obtained for stars with
log g > 3.5, as the models are degenerate outside this regi
and for which the fractional age error is 30%. The age ac-
curacy is of course limited by the accuracy of the atmosgheri

parameters used in its computation and by the accuracy of Kecan be seen in the left panel of Fig. 5, according to théastel
stellar models. The age values are available for 381 dwarfsgyolution models stars less massive that.5-2.0M, do not

our sample. We note the use offérent stellar models to com-change their Na surface abundance after the first dredgeeup.
pute the ages of open clusters and field stars, which likslylt® more massive stars, a change in the surface Na abundance is ex
in two different scales. However, these two sets of ages are pgtted. In the Lagarde efldl. (2012) models, the higher éiaust
discussed together. Moreover, the errors in age among tde figass, the stronger the overabundance (for both modelsawith
stars are likely larger than any systematic between thet®¥as ithout rotation). In thé Ventura etlal. (2013) models, émst,

2.7. Ages for field dwarfs

rgel Model comparison with the Gaia-ESO sodium
abundances

models. the expected Na enhancement is constant ab®/@ M.
Regarding the observations, our results indicate that even
3. Stellar evolution with open cluster stars when non-LTE &ects are taken into account, some giants in

) ] o . open clusters still display Na overabundances with resfzect
There is some discussion in the literature about overa®sa the Sun. The observations also suggest an increase in Na en-
of Na and Al in giants of open clusters and a possible CORancement as a function of stellar mass. However, with onéy o
nection with the first dredge-up (see, e.g.. Jacobson e08l;2 cluster beyond- 3.0 M,, we cannot state whether the Na over-
'Smiljani¢[201P, and references therein). In this sectiodr@ ahundance continues to increase or reaches a plateau.
visit this issue using the Gaia-ESO sample of open clustengi  Because of the zero point uncertainty in [Re], we cannot
described above. The vast majority of the giants observed &y:|ude a small Na overabundance below2 M. One cluster
Gaia-ESO are expected to be clump giants, and thus after c@fharticular, NGC 2243 with turnfdmass~ 1.2 M, displays a
pletion of the first dredge-up. _ mild overabundance, [NBe] = +0.10+ 0.07 (average and stan-

We complemented the Gaia-ESO results with the Na abun-
dance of clump giants in the Hyades open cluster determinedne product of the statistical weightof the lower energy level in-
by [Smiljani¢ ﬁ). The Na overabundance in the Hyades gblved in the transition with the transition oscillatoresigthf values of
ants (age of 625 Myr and turn-f mass~ 2.58 M) was first the Na lines
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Fig. 5.Mean cluster abundance, from giants only, after the selecti members and best-quality values. We estimate the tamerin the turn-&
masses to be less tharD.1 M.

dard deviation), although still in marginal agreement witile 3.2. Model comparison with the Gaia-ESO aluminium
models within the errors. This is the most metal-poor cluiste abundances

our sample, [F#] = —0.44. Nevertheless, the low-metallicity

models for this mass range behave the same as the solar metal-

licity models, i.e., no Na overabundance is expected.

.___The right panel of Figl]5 suggests that belowM3 the LTE
Th Fﬁr stars aLbovde 2 Mo we car? draw strongerdcor;]clusmns ndance of Al in giants is constant around/fAl] ~ +0.06.
e Na overabundances are real, are not erased when Non-lkin o 4y average non-LTE correction into account on therord

is taken into account, and they seem to increase with increg _ 595 gex (SectiofL216), we find that the stars beloM3
Ing stellar mass. The Zero point uncertainty does not chtnige are consistent with [AFe]= 0.00, i.e., no change in the surface
conclusion. As the Sun is a reference for all [Re] abundances, abundance of Al after the first dredge-up. Thus, the obsent

the values could move up or down in Fg. 5, but the oyerabuggree well with the predictions of stellar evolution moddlse
dances would not disappear completely and the trend Wlllhls'[esmall scatter in the observed abundances is consistenthéth

mass would remain. uncertainties. Even though there is some uncertainty izé¢ne
. . . point of our [Al/Fe] values (a maximum change of 0.07 dex), the
an g:] ZI?/csj:tsloLTs,i:;;errl?l(?reo\::zrﬁgﬁg(iﬁpeceez ivrvnoeurigitl)"riglly(;%g:g(]) Yck of trend with stellar mass is a good indicator that thgre
atmospheres. Collet et/al. (2007) and Dobrovolskas| stellar evolutionary ect in the Al abundances.
have compared Na abundances of giants derived using 1D and
3D model atmospheres, for a few representative cases. €or th
Na lines 6154 and 6160 A, with excitation potentia® eV, the The only cluster above Bl,, NGC 6705, seems to have an
corrections are smalk(+0.05 dex) and could be positive (i.e.enhanced Al abundance ([/8e] = +0.30 dex in LTE), which
the 3D corrected Na abundances could be slightly largerdhan would remain significant even after non-LTE correctionswHo
values based on a 1D analysis). ever, we remark that stars in NGC 6705 seem ta{smhanced
(as discussed [n Magrini etlal. 2014, 2015). While Al is notan
Thus, we consider the trend in Fig. 5 real and a strong indicglement, it does seem to behave as one, at least for meiadlici
tion that the sodium overabundances in these stars arecchysebetween solar and [Ad] ~ —1.0 (see Fid.]2). We cannot discard
internal evolutionary processes. In the future, new Ga&8®Bb- the possibility that the-enhancement of NGC 6705 is accompa-
servations of giants in young clusters (ag&00 Myr; e.g., NGC nied by a similar Al enhancement. In fact, we note that th& dis
3532, NGC 6067, and NGC 6633) will help to further populatiéeld stars analyzed by Bensby et al. (2014) that havgHFe
the high-mass end of Figgl 5. This will help to expand the aurre0.00 and [MgFe] > +0.1 are also enhanced in Al. Thus, the Al
discussion, and perhaps provide an opportunity to disoatei overabundance in NGC 6705 seems to be related to the environ-
between models with and without rotation at the high-mass ement where the cluster was formed. Indeed, Magrini et alL$20
We note that, as reported.in Tautvai&est al. [(201/5), the C and made the hypothesis that NGC 6705 was enriched by a type I
N abundances in clump giants of NGC 4815 and NGC 670fypernova in the mass range 15M8. The measurement of Al
and in both clump and evolved RGB stars in Trumpler 20 seaabundances in dwarfs of this cluster would help to clarigysht-
to agree better with models without rotation, although tleelm uation, but in our sample Al abundances are only availahie fo
els with rotation cannot be excluded because of their lange e giants. New Gaia-ESO observations of giants in young dlsste
bars. will also be useful in this context.
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Fig. 6. Mean [N&Fe], in non-LTE, only of giants for clusters in theFig. 7. Sodium abundances as a function of stellar mass for a sarhple o
compilation of MacLean et al. (2015). The red solid squar@ésorig- literature giants with seismic data.

inal [Nag/Fe] value of Collinder 261 in that compilation, while the red

open square is our revised value as discussed in the text.

addition, we do not know for certain the evolutionary status

of all these giants. Some might be before the end of the first
3.3. Na enhancement: Literature results dredge-up. Thus we refrain from over interpreting the scatt
and postpone a more detailed discussion for when a larger
sample of homogeneous Gaia-ESO results become available.
We now check whether literature Na abundances support our The abundances of Collinder 261 are originally from
conclusions above. For this, we take advantage of the camplEriel et al. (2003), [F#1] = -0.22 and [N&Fe] = +0.48+ 0.22
tion of Na abundances by MacLean et al. (2015). These auth@rsLTE); and Carretta et al. (2005), [ = —0.0%
conducted a homogenization of literature Na abundancessn o = +0.33+ 0.06 (in non-LTE, with corrections fro al.
cluster stars, changing the solar reference abundancemahd [1999). Correcting these values for the MacLean et al. (2015)
ing the non-LTE corrections of Lind etlal. (2011). solar scale, we obtain !Mae] = +0.55 and [N#e] = +0.26,

We extracted the Na abundances obtained only from the arigspectively. al. discussed théedénce between

ysis of giants from their Table 2. This included a total ofvele the two results listing as possible reasons, for example, th
open clusters, but we further excluded NGC 6791. For this-clihigher spectral resolution of their own data and their more r

3.3.1. Open clusters

ter, the compilation listed the Na abundances from Geislali e bust determination of microturbulence. We thus prefer topad
(2012). These authors claimed to observe a Na-O antictioela the Carretta et al. analysis as the reference Na abundance fo

similar to the anticorrelation common in globular clusté¥e do  Collinder 261.
notinclude these results to avoid introducing fietent physical The Na non-LTE correction of Gratton et al. (1999) for a
effect in the discussion. We also remark that the Na-O anticorgtar of Teg = 4000 K and logg = 1.5 dex is on the order of
lation in NGC 6791 was not confirmed by both Bragaglia ét a+0.20 ded. As discussed before, the average correction from
(2014) and Cunha etlal. (2015), and that Boesgaard ét al5f20the Lind et al.[(2011) grid, however, is on the order6£10 dex.

did not find any spread of oxygen abundances in tufrstars of Taking this diterence into account, the non-LTE Na abundance

the cluster. for Collinder 261 would instead be [IX&e] ~ 0.00.
Figure [6 shows the [NE&e] ratios extracted from  With this revised value, the Na abundance in Collinder 261
MacLean et al. [(2015) as a function of the turfi-anass turns out to be in excellent agreement with the model expecta

of the clusters. Ages and turrffanasses for the ten clusterdions for its turn-éf mass. These literature results support the
(i.e., Berkeley 39, Collinder 261, Hyades, IC 4651, M 6#rend of increasing Na overabundance with increasingastell
NGC 3114, NGC 6134, NGC 6475, NGC 7789, and Trumpl&nrass and, moreover, also suggest that there is no signifizant
20) were taken from a variety of references. These inclug@gerabundance for low-mass stars below 10 This supports
some values of turn{b masses that we adopted in this workhe idea that evolutionary mixing processes are the orifthe
(e.g., for the Hyades and Trumpler 20) and those quoteddhserved Na enhancements in giants witkx¥.0 M.

the original sources of the abundanc Eedral.

2000, 2005;_Friel et al. 2003; Carretta etlal. 2005; Schulall e . . -

5009: [Villanov. .0 2009 Mikolaiti I 2010, 20113-3-2- Giants with seismic masses
BBragaglia et al. 2012; Santrich et al. 2013; Carraro kt al420 |t is not straightforward to look for the [NEe] vs. stellar mass

Apart from one cluster, Collinder 261 at 1.06, and [N&Fe]=  trend in field giants because accurate masses and evolgtiona
+0.37, Fig[® shows a trend of [IXe] with stellar mass similar

to that seen in our own sample. The scatter seems to be largegnline table available at Vizier:
but we note that this is a compilation of literature results. http://vizier.cfa.harvard.edu/viz-bin/VizieR-3?-source=J/A%2bA
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stages are notoriouslyfticult to determine for field stars. This0.15 dex and results based on four or more pipelines; see Sec-
has started to change with the advent of asteroseismic sgiace tion[2.3; large empty circles at [Ad] > —1.0 dex); adding gi-
sions, such as CoRofl (Baglin etlal. 2006, Convection, Rutati ants and lower quality data (small empty circles at/Ffe>

and planetary Transits,) and Kepler (Boruckietlal. 2010). B-1.5 dex) increases the dispersion, as expected. The data for
studying the oscillation properties of giants it has bec@o®g the halo (turn€ and giant stars; small filled circles) are from
sible to estimate their masses, among other quantitiese(gee [Gehren et &l.. (2006), Andrievsky et &l. (2007, for Na onlyjl an
[Stello et all 2008; Kallinger et al. 2010; Mosser €t al. 2010) |Andrievsky et al.[(2008, for Al only); to minimize spuriou& e

Taking advantage of this, we extracted a sample of 16 giafests due to mass transfer from companions in binary systems
with LTE Na abundances from Morel etlal. (2014), which are dstellar evolution, we do not show the abundances of eithewkin
termined using a set of atmospheric parameters includiggylo carbon-rich stars or mixed giants (i.e., stars locatedr dfte
based on the ionization equilibrium. Seismic masses fosdinee  RGB bump; see Andrievsky etlal. 2007, and references therein
giants were adopted from Lagarde et al. (2015). The giavs hall the ratios are normalized to the reference solar abucégn
metallicities between [FEl] = —0.35 and+0.13. Twelve of these adopted in this work (see Section2.5). Furthermore, alliNma
giants have been observed by CoRoT, while the other four aances are corrected for non-LTHexts (see Sectidn 2.6).
bright well-studied giants with asteroseismic data addédrom Notwithstanding the use of updated stellar yields, the de-
elsewhere and used as reference stars by Morel et al.| (20®4).tailed runs of [N#e] and [AJFe] with [FgH] in the solar
computed non-LTE Na abundance corrections again using theinity remain largely unexplained. As expected (seeddtrc-
grids computed by Lind et al. (2011). tion), the contribution to Na and Al production from low- and

The [NgFe] ratios of these giants are shown as a functiantermediate-mass stars is negligible on a Galactic s@dle.
of stellar mass in Fig.]7. This data set corroborates ouripuev assumption that all stars above 2Q, Mxplode as hypernovae
conclusions. A similar trend between [N&] and stellar mass is (Models A and B) results in the lowest theoretical [A¢] ratios
seen here. Stars more massive than0-2.5M, have on aver- at the lowest metallicities, which is in reasonably goodeagr
age higher Na enhancementthan stars less massive thafiteatment with the observations, but also leads to extremely low
one outlier with higher [N&-e] than expected by the models i§Na/Fe] ratios that do not match Na observations for/Hje<
HD 50890. This star, however, has unusually large line benad —2.5. The model adopting the yields by Kobayashi é 006)
ing (Marel et al[2014) and, according to the more detaileal-anfor normal core-collapse supernovae (Model C) does a hjetier
ysis of|Baudin et &l.l (2012) using the same CoRoT data, coditat Na for [FgH] < —2.5, but severely overestimates the/fAd]
have a mass of up to M. The higher mass would improve theratios in the halo. Moreover, while it explains qualitativéhe
agreement with the models. decreasing trend of [AFe] with metallicity for [F¢H] > —-1.0,
it underproduces Al in the disk overall.

None of the models can explain the observed increase of
[Na/Fe] for [F&H] > 0, which could suggest that the models lack
The history of Na and Al enrichment on a Galactic scale is nsome site of Na production at later stages. The missing sourc
well understood yet. Chemical evolution models adoptirfg dishould be sfiiciently strong to reverse the decreasing trend of
ferent stellar yields can reproduce satisfactorily wedl #iverage [Na/Fe] versus [F#H] due to the delayed Fe production from
trend of either [N#Fe] vs. [F¢H] or [Al/Fe] vs. [F¢H] in the so- supernovae (SNe) la. For this late Na production, we carkthin
lar vicinity, but can never reproduce both simultaneousle( of two possible sites, i.e., SNe la and novae. The modelsshow
e.g.[Romano et al. 2010; Nomoto etlal. 2013, their figures here already account for some Na production from SNe la with

4. Galactic chemical evolution of Na and Al

and 10, respectively). Furthermore, the increase offfiwith  yields from|lwamoto et al| (1999), but the contribution iggne
metallicity observed for [F&1] > 0.00 is not explained by theligible. Novae might also act in the right direction, sintcey
models. restore the products of explosive H burning on relativelyglo

timescales (see, e.g., Romano et al. 1999; Romano & Mafteucc

. . [2003, and references therein). Indeed, novae have beemsbow

4.1. Trends with metallicity be able to contribute important amounts’f, 13C, 15N, 170,

In Fig.[8, we show the predictions of model 15 of Romano kt arNa, and*°Al (José & Hernarlz 1998, 2007), although the ac-
); labeled Model A here, compared to those of other i@l yields remain highly uncertain. It is worth remarkirigt

models, obtained by assuming up-to-date prescriptionﬂtag%l- (2015) detected Li expelled by a nova system (see

stellar nuc|eosynthesis: also Tajitsu et & 5) and found a total amount of Li eﬁm
. a single nova outburst that is significantly larger than esgx

— Model A adopts the yields by Karak 10) for low- angtom hydrodynamic nova models by José & Herdidnz (1998). In
intermediate-mass stars and the yield etipls context, it would be interesting to investigate whetmme

(2006) for massive stars; in particular, it assumes thatais  extra?3Na can be produced in these same events in amounts that
above 20 M explode as hypernovae, with energies mucRould reverse the decreasing trend of [Re| with time pre-
larger than normal supernovae; _ dicted by current chemical evolution models (see next sekti

- zl\i/lnoddiﬂteBrr:feEjr}gt:anTaes sztz';/rlgiile?r’og;ﬂretggni”\?\/lgr’skf[())l:bllci);v%a the other hand, the possibility exists that the explanaf
_ . increasing trend of [NBe] with time lies elsewhere. Indeed,
in Ventura et all.[(2013, 20144,b) and extend to super-sojgf /re] also shows a clear upturn at [Aé > O (Bensby et &l.

metallicities; o _ _
— Model C is the same as Model B, but all massive stars ) which is hardly attributable to nova nucleosynthesis

plode as core-collapse supernovae with energies on the orde
of 10°t ergs. 4.2. Trends with age

The model predictions are compared to measurementslmfig.[d, we show the plots of [M&e] (left panel) and [AFe]
Na and Al for dwarf stars in our sample (to avoid mixing efvs. age (right panel). Data are only available for a subs#tef
fects on abundances) with high-quality data (dispersidovibe solar neighborhood Gaia-ESO dwarf sample withfHe> —1.0.
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[Na/Fe]
[Al/Fe]

[Fe/H] [Fe/H]

Fig. 8. Runs of [NgFe] (left panel) and [Al/Fe] (right panel) with [Fe/H] predicted by chemical evolution models for the solar hbirhood
adopting diferent stellar ylelds (see text; legend on the lower righhepof the left panel). Data for low-metallicity stars (fdleircles) are from
|Gehren et &1 (2006 dl._(2b07, for Na onlyjyd@ndrievsky et gl.[(2008, for Al only). High-quality datarfour sample dwarfs
(selected as in Se€f_2.3) are shown as large empty circhélg thie small empty circles refer to the full sample, indhgdlower quality data and
giants. All measured Na abundances were corrected for m@netfects. Typical error bars ared.15 dex for [EIFe] and~0.10 dex for [F¢gH] in
this and all following plots. A typical error bae-(0.10 dex for [ElenfH] and + 0.14 dex for [ElemFe] is shown in the upper left of each panel.)

0.5 |

[Na/Fe]
[Al/Fe]

5 10 15
Age [Gyr]

Age [Gyr]
Fig. 9. Runs of [NgFe] (Ieft panel) and [Al/Fe] (right panel) against age. Ages are available only for a subsample of B&{@a-solar neighborhood
dwarfs with [F¢H] > —1.0. Models and error bars are the same as ir(FFig. 8

[Na/H]
[AIH]
[Fe/H]

Age [Gyr]

Age [Gyr] Age [Gyr]
Fig. 10. Comparison of the observed ratios [N& (left panel), [Al/H] (central panel) and [F¢H] (right panel) and the model predictions as a
8

function of age. Models and error bars are the same as ifFig.

Article number, page 12 6f16



Smiljanic et al.: Stellar and Galactic chemical evolutidiNa and Al

[Na/Fe]
[Al/Fe]

-0.5 Rg = 6 kpc, Model B -~
Rg =8 kpc, Model B —

Rg = 10 kpc, Model B

O &G =6 kpc, Model C -~
Rg =8kpc, Model C —

-1 Rg = 10 kpc, Model C

1 0 -1 0
[Fe/H] [Fe/H]

Fig. 11. Data for [NdFe] vs [F¢H] and [Al/Fe] vs [F¢H] (left andright panels, respectively) compared to the predictions of Models B andiC r
at Rs = 6, 8, and 10 kpc. Error bars are the same as infig. 8

The model predictions refer to the evolution of a thin-diskne  4.3. Trends with galactocentric distance
ponent (ages younger than 13.5 Gyr in [Elg. 9), plus a thisk-di , . . . .
and halo component (ages older than 13.5 Gyr). Since the-chdpiS Well known that stars in a galactic disk can undergo im-

ical evolution model assumes an age of the Universe of 13t7 rtant radial dlsplacements_and that these radial m(_)irums
ence the chemical properties of the stellar populatice® (

and the procedure outlined in Sdct]2.7 leads to age esSmat - - == .
old as~15 Gyr, we scaled the chemical evolution model resu ﬂwnri h Bé?:n 2002 Haywood 2008; Roskar etal. 2008;

to an age of the Universe of 15 Gyr. In principle, comparirg tf 2009; Minchev etlel. 2013; Kubryk et al.

observed and theoretical trends with age is quite instreiethd » among others). The migrating stars, in fact, comiognir

might help to indicate why the models fail to reproduce the fud_ifferent Ga'aC“? regions, bear the imprints oﬂfeiient evolu-
behavior of the abundances. tionary rates. This has been put forward as a likely explanat

for most of the observed spread in the age metallicity angrgl

; . [FeH] relations of solar neighborhood stars some 20 years

Figure[® shows that the observed trend of the/B¢q ra- vs. [ - : .

tio in thin-disk stars is basically flat with respect to age. tBe 29° [ﬂaﬁ%ms—&l—Ma%ﬂ'—de ar|1d refgrﬁgcehs thg:jem).f h
other hand, the models seem to predict (slightly) higheyfigp  OUr subsample of Gaia-ESO solar neighborhood dwarfs wit
values for older stars. It is worth stressing at this poisat tfe- reasonable age estimates conf|rm§ previous f'_”d'T‘gs' sg_owm
liable stellar ages could be derived only for half of the brigthat the dispersion in [F] values increases with increasing
nal Gaia-ESO sample (see Section 2.7); therefore, our view3d9e: The situation for the ratios involving Na and Al is lelesc
Na evolution could be biased in the abundance-versus-age &?f Figs[9 an@10). A de_ta|led d|scussu_)n of th_e amountégd s
gram. Indeed, we notice that only a minority of the starstiage Nificance of the spreads is beyond the aim of this paper. Hewev
[Na/Fe]>000 in the [N#:e] VS. [F¢H] plot (F|gB, left panel) In Flgm we compare the [Mﬁe] and [A}/Fe] ratios of G-ala-
is found in the [N#Fe] vs. age plot (FidZ19, left panel). If mostESO field dwarfs as functions qf [Fé] to t_he trends predicted
of the stars with [N&e}>0.00 were young in age, the disagred2?y Models B and C (namely, with and without hypernovae, re-

ment between the predicted and observed trends would wor fetively) at dferent Galactic rad_iiRG_ = 6, 8, and 10 kpc.
e models assume a star formatidficgency that varies with

and this would strongly point to a missing late Na source. Fradius afte o (2015, see their figure 1). Theetis

Al, in the solar neighborhood thin-disk stars there seenteta '~ - a .
weak trend of decreasing [Ae] for younger stars. As also seerp'ON I the_ abu_ndance ratios could be explamgd, at Iegﬂy,par
y the radial migration of stars that formed affelient radii and

in the trends with [F&H], the models seem to predict consistentl . 2 ; .
nded up in the solar vicinity. However, since we are using a

lower [Al/Fe] than what is observed. ) . . -
[Al/Fe] pure chemical evolution model that does not include a detail
To separate thefkects of the Na and Al evolution from thatireatment of the stellar motions, we cannot make any quantit

of Fe, we plot in FigID the trends of [, [Al /H], and [FeH] tive prediction abou_t_ the fractions of stars that are exgubtd be
as a function of age (left, middle, and right panels, respelg). born at diferent radii.

The models seem to predict an increasing trend foyHi{léhat
agrees with the observations but, again, we note that some
rich stars could be missing from the plot. Also, the increase
[Fe/H] predicted by the model is a bit steeper than the incread&e used new Na and Al abundances determined within the Gaia-
suggested by the observations. As for aluminium, thereéna tESO Survey, to readdress the behavior of these elementsainh wh
dency of models to underproduce this element during the eacbncerns both stellar and Galactic chemical evolution.tRer
disk evolution, while the predictions agree with the averal- stellar evolution discussion, we used a sample of giantsxin s
served trend of increasing [AM] for ages younger than 7 Gyropen clusters, ranging in age from 300 Myr to 4.5 Gyr. For the
(Fig.[10, central panel). The stellar yields for this elet@early chemical evolution discussion, we used a sample 600 solar
need to be revised as well. neighborhood dwarfs, complemented by halo stars from the li

Yasymmary
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erature. The Na abundances were corrected for non-IifE€ts, support from Belspo for contract PRODEX GAIA-DPAC. V.A. awkvledges
and no corrections were app“ed to the Al abundances. the support from the Fundagédo para a Ciéncia e a Tecnolo@id)(iR the form
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The average non-LTE Na abundances of the cluster glamg]wledges support by the grant from the Research Countitlufiania (MIP-
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which is in agreement with expectations of stellar evolutioport from the Swedish National Space Board (SNSB). Basedate products
models. Similar trends are seen in a selection of literalae from observations made with ESO Telescopes at the La SilanBhObserva-

abundances of open cluster giants and in field giants witk sepy under programme ID 188.8-3002. These data products baen processed
mic masses derivped thanks tg CoRoT light curv?as We consi fhe Cambridge Astronomy Survey Unit (CASU) at the nstitaf Astron-
g : , University of Cambridge, and by the FLAMRS/ES reduction team at
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origin of the surface Na enhancement seen in these giangs. Ne Gaia-ESO Survey Data Archive, prepared and hosted byitle Field As-
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. . . ... by the UK Science and Technology Facilities Council. Thigkvaas partly
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Al enhancement has origin in the environment where the @tust
was formed (see Magrini et/al. 2015).
The disagreement between Galactic chemical evolution
models and observations for Na and Al in the solar neighbdteferences
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