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ABSTRACT

Context. Long-lived stars in globular clusters exhibit chemical ydérities with respect to their halo counterparts. In joaittr,
sodium-enriched stars are identified as belonging to a sestellar population born from cluster material contangdaby the
hydrogen-burning ashes of a first stellar population. The&sence and numbers infféirent locations of the colour-magnitude
diagram provide important constraints on the self-enriehitscenarios. In particular, the ratio of Na-poor to N&-istars on the
asymptotic giant branch (AGB) has recently been found tg siongly from cluster to cluster (NGC 6752, 47 Tuc, and NGB08),
while it is relatively constant on the red giant branch (RGB)

Aims. We investigate the impact of both age and metallicity on tie®tetical sodium spread along the AGB within the framevafrk
the fast rotating massive star (FRMS) scenario for glohbtlizster self-enrichment.

Methods. We computed evolution models of low-mass stars for foffedent metallicities ([F#]=-2.2, -1.75, -1.15, -0.5) assuming
the initial helium-sodium abundance correlation for setpopulation stars derived from the FRMS models and usings russ
prescriptions on the RGB with two realistic values of theefparameter in the Reimers formula.

Results. Based on this grid of models we derive the theoretical @iiiicitial mass for a star born with a given helium, sodiumd an
metal content that determines whether that star will climbat the AGB. This allows us to predict the maximum sodiumteah
expected on the AGB for globular clusters as a function ohlibeir metallicity and age. We find that (1) at a given metl}j
younger clusters are expected to host AGB stars exhibitilagger sodium spread than older clusters and (2) at a giventagher
sodium dispersion along the AGB is predicted in the most ktar globular clusters than in the metal-rich ones. We atanfirm
the strong impact of the mass loss rate in the earlier eaviythases on the Na cut on the AGB: the higher the mass losstrtmger
the trends with age and metallicity.

Conclusions. The theoretical trends we obtain provide, in principle, Egant qualitative explanation to theffgirent sodium spreads
that are observed along the AGB in the Galactic globulartelssof diferent ages and [Ad] values. Although it is real, the slope
with both age and metallicity is relatively flat, althougtsieepens when accounting for mass loss variations. Therefdditional
parameters may play a role in inducing cluster to clustaatians, that are dlicult to disentangle from existing data.

Key words. globular clusters: general - stars: evolution - stars: abundances - stars: low-mass

1. Introduction ten referred to as first population (or first generation, afee
1P) GC stars. On the other hand, GC stars that exhitirdi

The discovery of large sodium (Na) abundance variationm fr&nt degrees of Na, N, and Al enrichment anticorrelated with O

(T star to star both at the main sequence (MS) tffirand on the €, and Mg depletion (so-called second population, 2P, arséc

red giant branch (RGB) within Galactic globular clustersC(G 9eneration stars) must have formed from original gas pediut

e.g. [Cottrell & Da Costa 1981; Gratton et al. 2001) has revi? various degrees by hydrogen-burning ashes ejected bg mor
lutionized the classical paradigm that describes thestemgs Massive, short-lived, 1P GC stars (.9. Prantzos et al)2007

as large aggregates of coeval stars formed out of homogeneou The frontier between theseftiéirent chemical populations
material. The ubiquitous presence of the Na-O anticoiiceiat @nd their generational connections within individual G@sfar
in Galactic and extragalactic GCs (e podrom being clear. Several GC self-enrichment scenariosare

Mucciarelli et al[2009: Lind et al. 2011 Larsen [ 2014) peting to explain the observations. Each of them invokesipe
gether with the C-N and the Mg-Al anticorrelations (see th@ollutersfl that imply very diferent conditions and timelines
review byl Gratton et al. 2012, and references therein), rare for the formation of GC stars with the observed chemical pecu
terpreted as a result of self-enrichment of these systemsgiu 1 g rotating massive stars (FRMS, masses above 25 M
their early evolution. On the one hand, GC stars with chenfirantzos & Charbonnel 2006: Decressin éfal. 2007a.b: KKraual.

cal properties similar to those of Galactic field stars aceifint [2013), asymptotic giant branch stars (AGB, masses- 06.5 Mg;
to have formed from original proto-cluster material, anel ef- [Ventura et all 2001, 2013; D’Ercole et al. 2010), massivetyirstars
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liarities. While the formation of the two populations is aegted for [Fe/H]=-1.75 (close to the value of one of the best studied
by ~ 50 - 100 Myr in the case of the AGB polluter scenario (e.§5C, NGC 6752). With these models we explored the implica-
ID’Ercole et al! 2010), a limited delay lower than3.5 to 8 Myr  tions of an extreme helium spread on the main stellar prigsert
is expected in the FRMS polluter scenario (e.q. Krauselet @dvolution paths, lifetimes, chemical nature of the whivead
2013). Additionally, diferent assumptions can be made for themnants, and mass and helium content of stargfieréint areas
stellar initial mass function (IMF) of the fierent populations. of the Hertzsprung-Russel diagram, HRD)[In_.Charbonnéllet a
In most cases, “classical" IMF slopes (e.g., Salpeter ouldeo (2013, hereafter C13), we used this grid of stellar models to
IMF) are considered for the 1P polluters. This has extrenme canterpret the apparent lack of Na-rich AGB stars in NGC 6752,
sequences on the determination of the clusters’ IMF, adrthis which was considered a serious problem for stellar evaitie-
plies the loss of most of 1P stars 5% ) towards the Galac- ory when it was discovered (Campbell etial. 2013). We showed
tic halo in order to explain the observed number ratio of lown particular that the He-Na correlation needed to explam t
mass stars along the O-Na distribution (the so-called mads bAGB data in this GC corresponds to the one predicted by the

get problem, see e.g Noitis 2004; Prantzos & Charbonnel;206®MS scenario, but that it is at odds with the le lack of carrel
\Carretta et al. 2010; 011). Howeviion predicted in the AGB pollution scenario.

Charbonnel et all (2014) propose one variation of the FRMS sc - Here we complete the study of C13. We investigate in par-
nario where only massive stars form from pure original protgcular the impact of both metallicity and age on the spread i
cluster material, and all low-mass GC stars form from a mixja expected along the AGB for He-enriched stars, when assum-
ture between H-processed stellar ejecta and proto-cluséer ing the initial He-Na correlation resulting from the FRMS deb
terial in variable proportions accountm? for both the alied  and Reimers mass loss prescription (with twietient values of
Li-Na anti-correlation (e. 09) and the tydiper- - the parameter) for low-mass evolved stars. 0§ 2 we present
centage of low-sodium stars that are usually classified &B the input physics of the low-mass stellar models we have com-
EN 30%; |Prantzos & Charbonnel 2006; Carretta et al. 2009f\ted for the present purpose, which cover the range ifHFe

( 3). This strongly alleviates the mass budgetis petween -2.2 and -0.5. 1§ 3 we describe how helium and metal-
in better agreement with constraints provided by young ivessjicity affect the passage on the AGB for a star of given mass (we

star clusters (Bastian et/al. 2014; Hollyh 013uke focus on the example of a 0.75Mnodel).
et al., submitted) and star counts in the halo of dwarf gaaxi We use our grid of models in[8 4 to derive the critical initial

(Larsen et al. 2014). _ _mass for a star born with a given initial helium mass fractiod

Despite their dferences, all the self-enrichment scenariqge/H] to climb or not the AGB. This allows us to draw a theo-
predict that the 2P GC stars that are enriched in sodium Weggica| AGB/ no-AGB limit as a function of initial stellar mass
born with higher helium content than 1P stars, as helium isq helium content for four values of [F8 (-2,2,-1.75, -1.15,
J;ir;ren(;?jalbny ng?géltcggécrt]r}z)dsrggsig %Uerg'sragémgr‘]'; ?gf ab?eex ﬁgﬁwd -0.5). We then derive the theoretical sodium spreadotege

ong the AGB as a function of GC metallicity and age (between

zontal branch (HB) stars in the GC NGC 2808 (Marino ét & an?j 13.4 Gyr, which covers the age ran;ye of Gglat(:tic GCs).
2014). The implication of initial helium enhancement on th@ye giscuss open issues, and compare the theoretical poadict
HB morphology has been extensively discussed in the litegat 1o opservations in Bl5.
(e.g..D’Antona et dl. 2010; Chantereau etial. 2015, and +efer
ences therein). Helium variations are also invoked to empla
(at least partly) the peculiar photometric patterns (mpidtise-
guences andr spreads at the turficandor along the subgiant 2. Stellar evolution models. Assumptions
and giant branches) in the colour-magnitude diagram (CMD) o
several GC4 (Milone et Al. 2012; Mari . Pi t 2.1. Basic input physics
2012; Monelli et all 2013). However, the degree of He enrich-

ment with respect to that of Na strongly varies from one piién /& compute evolution models of low-mass stars with the code
polluter to the othé STAREVOL assuming the same input physics as in Paper | and

9]13. We refer to these papers for references and detailseon th

In this series of papers we investigate the impact of heliu : N ) e
enrichment associated with the other abundance pecidgnit equation of state, opacities, .nuclear reaction rates, anhgn
L%ngth parameter for convection.

Na, O, Mg, Al, C, and N on the properties of low-mass GC sta i .
all along their evolution, and the implications on GC CMD. In Mass loss is accounted for by following @975)
Paper | we presented a large grid of stellar evolution maiels Prescription up to the end of central He-burning with thpa-

low-mass stars (initial masses between 0.3 and Lpwith an rameter equal to 0.5 (i.e., close to the median value of 0.477

initial helium mass fraction between 0.248 and 0.8 comput[%%sgm f%r fG”C R_GBﬂs]tars according [to McD ngi:,) Zijlstra
, and following the Vassiliadis & Wood (1993) preserip

(masses between 10 and 20 M; [de Mink et al[2009), or supermas-t_io_n in the more advanced phases. For the two extreme metal-
sive stars (masses10* M, [Denissenkov & Hartwick 2014). licities of_the present grld ([F7el] = -2.2 and -0.5) we investi-

2 |In the AGB scenario, all 2P stars spanning a large range inrbla gate the impact of a higherparameter (0.65, maximum value
expected to have very similar He (maximun®.36 - 0.38 in mass frac- inferred by McDonald & Zijlstra 2015) in the Reimers formula
tion). This is due to the fact that He enrichment of the empelof for the stellar models that are close to the AGEBo-AGB limit
intermediate-mass stars results from the second dredge-the early- (§[2.4).

AGB, which IIS mdepenldent of thel massl of t2hec lﬁ;;gngrg%elmtfo?é(e We do not include atomic ffusion, rotation, or overshooting
¢in the computations. Models are built for four values of/ffe

the TP-AGB where hot bottom burning mighfect the abundances o . "
Na. On the other hand in the FRMS scenario the Na and He ergithm(-2-2, -1.75, -1.15, and -0.5). The chemical compositiorase

are correlated as they both result from hydrogen-burninghermain  sume for the 1P and 2P models is described below. The mass
sequence (sée Chantereau éf al. 2015, hereafter Paperéfarehces range and the step in mass of the models of the grid are given in
therein). §[41.
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2.2. Chemical composition of first population stars pulses (TP) after the end of the early-AGB, which is a more
conservative definition. Since the lifetime of the TP-AGB is
much shorter than the total duration of the AGB sequence (i.e
rpitween the end of central He-burning and the end of the last
e.g. Forestini & Charbonnel 1997; Herwig 2005; Karakas
12005; Marigo et all. 2013), we are aware that this second-crite
2004). The slopa\Y / AZ is derived from the solfrand pri- dﬁn might be too strict from the point of view of the star ctsin

mordial helium abundances and is equal to 1.62. We inclu low-luminosity AGB stars. However, we introduce it ircer
a-enhancement depending on [Ag following [Carretta etdl. 1, ayoid contamination by RGB stars in star counts on the uppe
(2010). For the other elements we adopt a solar-scaled com

sition using Grevesse & Noels (1993) to be consistent wih t
chemical composition of the FRMS models[of Decressin et al.

). The corresponding values for 4/He], and Y, are 3. Impact of initial helium and metal content on a
given in Tabld1L. 0.75 M star

The initial helium mass fraction ¥, of 1P GC stars at a given
metallicity is obtained with the relationyy = Yo + (AY / AZ) x
Z, where Z is the heavy element mass fraction. The primord
helium mass fraction  chosen is equal to 0. 247@?0?_@

The influence of the initial composition of a star on its evolu

[FeH] z [ae/Fe]  Yini (1P) tion and fate is described at length in the literature. IndPap
05 79%10° +0.2 0.255 I, we quantified for the first time how very high initial helium
3 content (Y, between 0.4 and 0.8) modifies both the stellar life-
-1.15 21x10° +0.3 0.249 time and the evolution path within the HRD for a specific value
175 54x10% +03 0.248 of [Fe/H] equal_to -1.75. Her_e we note the main points and the
4 dependency with [F&l]. For illustration purposes, we present
22 21x107 +0.35 0.248 theoretical predictions for the 0.75Jwase for which we com-

puted the four considered metallicity models with threfedent
, . _initial helium mass fractions: ¥ (1P), and Yy (IPHAYin ,
Table 1. Heavy element mass fraction 4;enrichment, and helium Av, “peing chosen equal to 0.152 and 0.552 for the sake of ho-
mass fraction of the fI!’St population stars for thé&eatient values of mogeneity. The definitions of theférent evolution phases are
[Fe/H] of the present grid of stellar models the same as in Paper | (see their § 4), except for the additiona
and more conservative limit we adopt heré (8 2.4) for the AGB

phase.
2.3. Chemical composition of second population stars B R R R S o i
- M;; =075 M,

For the initial chemical composition of 2P stars we adopte | S e T eI
relation between He and Na abundances predicted by the FRN o A HB - [Fe/H] = -0.5
models of Decressin etlal. (2007b) accounting for dilutite = , ;- E
abundances of C, N, O, Mg, and Al are scaled accordingly. W E 3
refer to Paper | and C13 for details (see e.g. Fig.1in C13 ar< ¥ E
in Paper I). For each value of [f¢], we compute models of 2P § 4= 3
stars with ¥, equal to 0.26,0.27,0.3,0.33,0.37,0.4,0.425,an’® | 3
0.45. This last value corresponds to a Na enrichmgNe/Fe] 38 7F E
of 0.84 dex with respect to 1P stars. In Paper |, 2P models we  7.0= 3
computed with Y, as high as 0.8. However, when the initial He £ E
mass fraction is higher than 0.5, stars that reach the AGBgha = : 3
have lifetimes that are shorter than the age of the youngaats 6.0l

tic GCs. Therefore such models are not relevant for the m&po Ay
of the present study and are not presented here, excepte‘or th
specific and illustrative case of the 0.7% Mhodels discussed inrjg 1. puration of the diferent evolution phases up to the end of
83 central helium burning for the 0.75 Jmodels as a function of initial
helium enrichment for the four fierent values of [F&l] (see colours
L . and symbols in inset; MS main sequence; SGB subgiant branch;
2.4. A definition of the AGB / no-AGB limit RGB = red giant branch; HB- horizontal branch). The abscis&¥,;

. . . P is the diference between the initial helium mass fraction of a given
In this paper we consider two ftierent criteria for a star to be model and that of 1P stars at the considered metallicity

counted as an AGB. We first take the same AGB criterion as
in C13, i.e. we count both thermally pulsing AGB (TP-AGB)
stars and those stars that make an excursion on the early-AGB

without necessarily undergoing thermal pulses (TP) before- 3.1. Stellar lifetime
ing towards the planetary nebulae phase. As a second ariteri

3 For the solar value we use the helium mass fraction obtaigezb {0 the 1P case. This modifies the evolution path in the HRD;
ibrating a 1 My, Z, standard model in both luminosity and radius at thBelium-rich stars of a given initial mass evolve at a higttee

age of 4.57 Gyr, using tHe_Grevesse & Nbéls (1993) mixtureamii  tive temperature and luminosity than their helium-nornualre-
present computations. terparts. Thesefiects are reinforced when [ decreases, as

Article number, page 3 610



0.7

this further decreases stellar opacity. Consequentlygtination

of the MS, the subgiant branch (SGB), and the RGB are shor
ened when higher ¥ and lower [F¢H] are considered. Thisis  °7q1
quantified for the 0.75Mmodels in Figl L where we plot the du-
ration of the diferent evolution phases as a function of initial He 063
enrichment for the considered [ values. For the age range —
covered by Galactic GCs (typically betweer9 and 13 Gyr), = o0
the only 0.75M stars that are still active are those with rela-=

o

[e1)

= NI A I R B B B |

tively low helium enrichment, while all the others have abfg oss .
finished their lives and remain only in the form of white dvearf - .
(see below). 0.50C o
- g M;,; = 0.75 M,
3.2. Central helium burning 0.4 gt e
AY,

3.2.1. To ignite (or not) central helium burning and the nature

of the white dwarf remnants . .
Fig. 2. Total stellar mass and mass of the helium core (squares and

The domain in initial stellar mass and helium mass fractigtiicles respectively) of the 0.75d/models at the arrival on the ZAHB

where stars ignite central helium burning is discussed jpePaas & function o\Y, and for the diferent metallicities (colour-coded,

for [Fer] qual 0 -1.75 (see their Fig-16): The highay 2221560 Forlie hest P vles (115 and 0., e 17 mocels

iiLtJr:r? Izva’girtitgﬁaﬁ”t;cal |n|t_|al stel_lartrr]nass_ f_or a Statr ’I[IO ipire appear on the plot. Full and open symbols correspond regpkycto
S . yforagiven Yoi € minimum Steliar Mass yne models that do or do not reach the TP-AGB phase (and un@erg

to ignite helium decreases with metallicity. Therefor@mting |east two thermal pulses) after central helium burning

[Fe/H] induces a shift in the (M; ¥; ) limit for a star to finish its

life as an He or CO white dwarf (WD).

For the 0.75 M case, the 1P models (i.&\Y, =0) com- . .
puted with the highest [FE] values (-0.5 and -1.15) aCtua”ydependenc_y with metallicity of th_esﬁects on Fhe mass of the
end their lives as helium WDs, whereas those computed witfar and of its core on the ZAHB is illustrated in Fig. 2.
the lowest metallicities ignite helium in their core at tliy of Finally, the duration of the central helium burning phase de
the RGB ([F¢H] =-2.2), or while crossing the HRD from thecreases with metallicity, and it varies by63 % over the inves-
RGB tip towards high #ective temperature (hot-flasher, [F¢ tigated range il\Y y; for the 0.75 M, case (Figl1L).
= -1.75). For the two other values afY, assumed here, all
the 0.75 M, models reach the conditions to burn helium what-
ever the [FH] value and therefore finish their lives as CO WD8.3. To become or not an AGB
(Fig.[).

For a given initial stellar mass, central helium ignition ocAt the end of central helium burning, a minimum envelope mass
curs at lower luminosity on the RGB when,Yincreases, as ais required for a star to climb the AGB and to undergo thermal
result of lower degeneracy and higher temperature of tharel pulses (TP). Additionally, the number of TPs depends on the
core. Additionally, the total stellar mass at the time oftcaihe- mass of the stellar layers located above the helium-busstieg
lium ignition is higher when higher ¥, values are considered, agHeBS). For the 0.75 Mmodels the relevant information can be
shown in Fig[2 for the 0.75 Mmodels. This results from moreretrieved from Figi.B where we plot (at the end of centralurali
modest amount of mass lost by the stellar wind on the RGBJrning) the mass of the CO core, the mass of therBEBS
due to shorter RGB lifetime and lower luminosity reachedat tregion, and the total remaining mass of the star as a funofion
RGB tip when Y, increases. Again' all thesdfects are rein- helium enrichment for the fferent values of [E’H] In addition,
forced when [FgH] is lower. we use diferent symbols depending on whether or not a given

model becomes an AGB (filled and open symbols, respectively)
o ] according to the more conservative definition (i.e., attléae
3.2.2. Modes of helium ignition and properties on the thermal pulses). All of these quantities increase withéasing
horizontal branch helium enrichment and decreasing metallicity. Consedyéna

The mode of helium ignition for a given initial stellar mags-d M2ass of the layers above the HeBS decreases for very high Y

pends on the combination between, Yand [FgH] that both (&Pove 0.4) and lower [FH].

affect the degree of degeneracy of the helium core. On the As a consequence of this behaviour, all the moderately
one hand, for the highest helium enrichment considered héedium-enriched 0.75 Mmodels AY i, =0.152) climb the TP-
(AYini = 0.552) all the 0.75 M models ignite helium in non- AGB except for the most metal-rich one (F§ = -0.5) that
degenerate conditions independently of the metallicityage has an envelope above the HeBS that is too small (in mass) be-
sume. In this regime, the stars arrive on the zero age hdekortause its longer RGB lifetime enables more mass loss from the
branch (ZAHB) with both higher total mass and core mass (amihd. However, all the most helium-rich 0.75JMnodels AY ip;

as a consequence with highdfeetive temperature) wheniy =0.552) become AGB-manqué (or undergo only one TP) inde-
increases. On the other hand, when the initial helium cantgrendently of [FgH]. In this case all the models develop much
is lower AY i = 0 and 0.152) the 0.75 Mmodels that ignite more massive CO cores than in the helium-normal case; there-
helium undergo the helium flash at the RGB tip (or while crosare, they leave the HB with a very narrow stellar envelo th
ing the HRD); they arrive on the ZAHB with a loweffective cannot be swollen by the energy released by the contraction o
temperature when ¥ increases, due to their higher total masthe core and nuclear shell burning after central He-burniings

and lower ratio between the core and the envelop masses. @bwially prevents the stars from climbing the TP-AGB.
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o5 m 4. Sodium spread on the AGB - Theoretical trends

with age and metallicity for the current model
assumptions

0.

S
=<

-0
o
.o
B

0.

o

As discussed in B3 (see also Paper | and C13), helium-emkiche

stars have shorter lifetimes for a given initial stellar m#gan

75 .o M. helium-norm_al stars; this adds to the_impact of initial rﬂmnay

15 40 M(”““O"(‘;\’;I‘J on the duration of the élierent evolution phases. Additionally,

(CO)core o] e .

5 above a cut-fi value of the initial helium abundance that also

depends on metallicity, stars do not climb the AGB and evolve

directly to the WD sequence at the end of central helium Imgrni

Importantly in the framework of the FRMS scenario for GC

ol L L self-enrichment a helium-sodium correlation is predidtethe

! 02 2y 03 oe initial composition of 2P stars (82.3). As a consequence, a

cut-of value is also expected for the sodium abundance of GC

AGB stars, as already discussed in C13 for the specific case of

Fig. 3. Total stellar mass, mass of the (H2O) core, and mass of theNGC 6752, and as quantified below as a function of age and
CO core (squares, circles, and diamonds respectivelypant of HB  atal content.

for the 0.75 M, models at the dierent metallicities (colour-coded) as
a function ofAY, . Full and open symbols correspond respectively to

the models that do or do not reach the TP-AGB phase (and um@eérg4.1. Critical (Yini; Mini; [Fe/H]) combination for a star to
least two thermal pulses) after central helium burning become an AGB

,
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In order to pinpoint the critical initial mass at which a moi#és
to climb the AGB for each (;; [Fe/H]) combination, we first
computed a grid of 2P models with the assumptions presented
in §[2; the initial masses varied between 0.6 and 0.954h a
mass step of 0.05 M We then computed additional models with
a refined mass step of 0.01Mround the AGB no-AGB limit.
The critical mass at which a star becomes an AGB is then ob-
tained by interpolating between the closest models thadrec
AGB or not (according to both AGB criteria). In addition, fibve
two extreme [FEH] values we also derive the AGBno-AGB
S5 1 limit using different values for thg parameter in the Reimers
175 prescription on the RGB.
+ [Fe/H] = -1.15] This leads to the AGB no-AGB limit curves shown in
IO Figs[B andb for the dierent metallicities; the dashed areas cor-
e-WD H . .
* COWD I respond to the typical error bar of 0.005,Mhat is due to the
oas Lt L a1l = 96 Mass step of the grid of models. The black curve is for the case
AYy where we consider as AGB stars those that undergo at least two
thermal pulses, and the green curve is for the C13 case where
Fig. 4. Mass of the white dwarf remnant for the 0.7% Mhodels as a stars ma_ke an excursion on the early-AGB without neceysaril
function of AYy; for the diferent metallicities (colour-coded). Crossesindergoing TP later on (shown only for [fF§ = -2.2 and -0.5).
and stars correspond respectively to helium and CO whitefdwa Both the black and green cases are for models computed with a
value of the parameter equal to 0.5 in the Reimers prescrip-
tion for mass loss on the RGB. Finally, the blue curve and blue
shaded area in the [A4] = -2.2 and -0.5 plots correspond to the
AGB limit (C13 criterion) whem, is taken equal to 0.65. Clearly,
3.4. Remnants variations of the mass loss parameter lead to an importat sh
of the AGB/ no-AGB limit, as expected; however the definition
of the AGB (TPs or not) has only a very modest impact.
The nature (He or CO) and the mass of the white dwarfs at the The intersection of the AGB no-AGB curves with the
end of the evolution of the fierent 0.75 M models are pre- isochrones plotted in Figisl 5 aiil 6 provides the maximum;(Y
sented in Figll. As already discussed il §3.2.1, He WD dvkni) one might expect for an AGB star at a given age for each
obtained only for the canonical helium abundance and for talue of [Fg¢H]. For the three lowest metallicities considered
most metal-rich initial composition. Even so, these two mod[Fe/H] = -1.15, -1.75, and -2.2), the cuffds found at higher
els have stellar lifetimes that are longer than the Hublpheti Yini value for both younger ages at a given [Agand lower
(Fig.[). Therefore no He WDs with 0.75 JVprogenitors are metallicities at a given age. The [ = -0.5 curves does not
expected to be present today in GCs. However and as discugetidw the general trend; indeed in this case and for the mass
in Paper | (see their Fig.16), He WDs are expected to form sange considered, the cuffalepends more on the initial stellar
much shorter lifetimes for slightly higher initial mass ane- mass than on the initial helium content.
lium content. Finaly, we note that the theoretical remnaassn
strongly increases with both increasing initial helium t=om
and decreasing metallicity, as a result of modified stelar e
lution as described above (see Y. 4).
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Fig. 5. A[Na/Fe}, (colour-coded) as a function of initial stellar mass antiahhelium mass fraction for the highest [F8 values considered in
this study. Grey horizontal lines denote constant valuddaoénrichment\[Na/Fel,;. The black, green, and blue full lines separate the stats tha
climb the AGB (to the right of the lines) from those that do (left), with the shaded areas corresponding to error ba@s0ifs M, related to the
mass step of the model grid. The black limit correspondseanbst stringent definition of the AGB (a star undergoes at lwe thermal pulses),
while the green and blue curves are for the C13 definition ®fAGB (i.e., early-AGB only is included). The black and greases on the one
hand and the blue case on the other hand are obtained assawahge of; of 0.5 and 0.65, respectively, in the Reimers mass loss jpéso.

The black dashed lines are isochrones representing theattiesend of the helium-burning (in Gyr). The white areaegponds to the domain
where stellar models have an age higher than 13.8 Gyr at thefehe helium-burning phase or do not enter that phase
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4.2. Theoretical sodium spread on the AGB as a function of ~ decreases by 0.03 dex for [fF§ = -2.2 and by 0.1 dex for [F7El]
metallicity and age, and limitations due to mass loss = -0.5 wheny increases from 0.5 to 0.65. However, at 13.4 Gyr
uncertainties the cut-df value decreases by 0.36 dex for the lowest considered

The intersection of the AGB no-AGB curves with the metallicity for the same variation in. For the highest metal-

. ; o licity this cut-off value drops even more quickly with increasing
isochrones ar)d the 'S@EN.a/Fe}”i curves in Figlh andl6 allow e whem=0.65, making the highest mass loss parameter un-
us to also derive the maximum Na content expected on the Aqgga |

. X listic for metal-rich and old GCs, given that above 12 @yr
as a function of GC age, for the four [ values considered. more AGB stars are expected. This agrees well with the cenclu

In these figures the colour code corresponds to the sodium Ens o : 5), who derive a median \&lu

richment of the 2P models with respect to the sodium aburlag§ 5 477,0.070 fory from a sample of 56 well-studied Galactic

of 1P stars of similar metallicity. ' ; ; e
From this, we obtain the maximum helium and sodium eGCS, and find only a wealk gradient with metallicity although

richment of the 2P models that are expected to lie on the Aé]%ndom spread exists among clusters at any metallicity.
(namelyA Yi, (AGB) andA[Na/Fe}ni(AGB)) for GCs of diter-

ent ages and metallicities. This information is plottedig. . 4.3. Uncertainties on the dependency of the initial He-Na

The combination of ects on stellar evolution due to helium correlation with metallicity

and metallicity described above together with the coriatebe-

tween helium and sodium initial enrichment we adopt follogvi
the FRMS scenario (82.3) lead to the following results:

Inthe FRMS scenario, 2P stars are expected to form in the imme

diate vicinity of 1P massive polluters. Therefore, theimgm-

sition must bear the chemical signatures of their parent6db

— At a given metallicity, younger clusters are expected ta hoand its local ISM environment. In the present study we assume
AGB stars exhibiting a larger helium and sodium spread théftat the He-Na correlation in the initial abundance of 2Pssta
older clusters. identical at all metallicities. More precisely, we use theia-

— At a given age, higher helium and sodium dispersion alo@ignce prescriptions derived from the H—burnin% ashes o6€the

the AGB is predicted in the more metal-poor GCs than in tie&d 120 M, FRMS models at [F#i]=-1.75 of l
metal-rich ones. (20074) taking into account dilution with pristine gas sdcas-

— Both correlations hold for the two values gfused in the produce the Li-Na anticorrelation observed in NGC 6752. How
Reimers prescription for mass loss. ThNa/Fe},i(AGB)- ever, the internal temperature of massive stars is modiffeghw
age slope is actually steeper for higher mass loss rated, arfietallicity changes, whichfiects the temperature of the CNO
increases with increasing metallicity. cycle and of the NeNa and MgAl chains. As a consequence,

one might expect slightly éierent correlations between He and
More quantitatively, fom=0.5 and according to Fi§l 7, theNa within the nucleosynthetic yields of 1P polluters dffelient
maximum and minimum sodium spreads expected among AGfetallicities. Also, more massive polluters might play krio
stars A[Na/Fe}n(AGB)), are 0.82 dex at 9 Gyr for [ifd] = -  the self-enrichment of more metal-poor GCs, which might als
2.2,and 0.62 at 13.4 Gyr for [Ae] = -1.15, respectively. Since s|ightly affect the extent of the He-Na correlation for 2P stars.
the maximum initial sodium enrichment predicted by the FRM$hese @ects will have to be quantified in the future when FRMS
scenario isA[Na/Fejn = 0.86 (this is also the maximum the-models are available for the full metallicity range of Gailc
oretical dispersion on the RGB), we would therefore expectaECs.
difference of sodium dispersion between the RGB and AGB be- Here it is important to emphasize that despite these quanti-
tween 0.04 dex and 0.25 dex. Since the typical error bar for Ngive uncertainties, the fact that sodium and helium abnoods
abundance determination on the AGB is of the order of 0.14 dgye correlated for 2P stars is a strong prediction of the FR&4S
according to_Campbell et al. (2013), the AGB-RGBFelience nario. Instead, in the AGB scenario the helium enrichmefof
could be detectable only for the old Galactic GCs of intermedstars is limited (maximum ¥; of ~ 0.36/Doherty et al. 2014 as
ate metallicity. Otherwise, the observed [Re] dispersion on g result of second dredge-up in intermediate-mass stai)t i
the AGB would be similar to that found on the RGB, as in NG@ot directly correlated with the sodium enrichment. In trase,
104 [Johnson et al. 2015) and NGC 2808 (Wang et al., in prepherefore, the Na abundance distribution is expected tdee t
as discussed in[§ 5. same on the RGB and AGB whatever the age and the metallicity
As shown in Figs .16, arld 7, the cufF6imit in initial he-  of the cluster. This is at odds with the observations in NGE67
lium and sodium abundance and on the stellar mass at whigBe below).
a star climbs the AGB is very sensitive to the mass loss rate
adopted along the RGB. This was discussed at length in C13 . . . .
for the case of NGC 6782 With the present grid of models we>- COMparison with observations and conclusions

are able to quantify the impact of mass loss rate variatidrenw The trends with age and metallicity described above arechase
[Fe/H] changes, and find that it actually carries the most impagn well-understood stellar physics and are robust quiitigt

tant uncertainty when it predicts Na spread on the AGB at@rgiviowever, a number of limitations have to be kept in mind when
age and metallicity. Indeed, a change from 0.5t0 0.63finas- it comes to quantitatively comparing model predictionshwit
tically decreases the Na cuffoalues, especially when age ingphservations. As shown in detail, quantitative resultstfer
creases. For the youngest GCs, this change of prescripties) dya abundance distribution on the AGB strongly depend on the
not have a dramatic impact. At 9 Gyr, the sodium cfitvalue adopted mass loss rate. Uncertainties on the initial He-dda ¢

4 |[Campbell et dl[(2013) proposed fitting the sodium distidnualong r.el.atloz mﬁy a(ljsif% V"’Hy tfrom ?IUSter to Clu?tert.and with ”.‘eta'
the AGB in NGC 6752 by assuming an increased mass loss rate k}e'fgy nother Cully to performing quantitative comparison
factor of 20 on the HB for all 2P stars. This proposal, whichuldae- P€tween models and observations comes from the fact that the

quire mass loss rates of the orderdM, yr-* (i.e., significantly higher ages quoted in the literature for GCs are derived witfedent
than current observational and empirical constraints)eeasfully and  Stellar models to those computed for the present study. eFher
critically discussed by Cassisi ef al. (2D14). fore, in Fig.[T we refrain from plotting the sodium spreadttha
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Fig. 7. Maximum spreads in helium and sodium (nama&V;, (AGB) and A[Na/Fe}»i(AGB)) predicted on the AGB for the four metallicities
as a function of the age at the end of the helium-burning ph@ke shaded areas are obtained for a valug ©f0.65 (shown only for the two
extreme [F¢H] values), while the other coloured areas arerfer 0.5 for the four [FgH] values considered (see inset)

has only been derived for a limited number of of GCs so fan massive star clusters — Formation, evolution, dynanifopact on galactic

However, we can note the following qualitative agreemeitih wievolution" (PI C.C.). We thank the International Space Sa@elnstitute (ISSI,
the trends we obtain Bern, CH) for welcoming the activities of ISSI Team 271 “Migssstar clusters

o i i . across the Hubble Time” (2013 - 2016, team leader C.C.). \Akktlthe anony-
_ Model predlCth_nS by C13 thalnEd using FRMS prescripous referee for the useful comments that helped us imphevpresentation of
tions for the chemical composition of GC 2P stars were fourdr results.

to agree well (within theoretical and observational errevih

the lack of Na-rich stars discovered by Campbell étlal. (3013

in the specific case of NGC 6752. This cluster is relative

metal-poor ([FéH]=-1.54, Campbell et al. 201.3). It is also rela_h(eferences

tively old, as estimates of its age vary betweeh2.5+0.25 Gyr Bastian, N., Hollyhead, K., & Cabrera-Ziri, I. 2014, MNRA&45, 378

; mpbell, S. W., D'Orazi, V., Yong, D., et al. 2013, Natur884198
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