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ABSTRACT

Aims. We investigate the Na abundance distribution of asymptotic giant branch (AGB) stars in Galactic globular clusters (GCs) and
its possible dependence on GC global properties, especially age and metallicity.

Methods. We analyze high-resolution spectra of a large sample of AGB and red giant branch (RGB) stars in the Galactic GCs
NGC 104, NGC 6121, and NGC 6809 obtained with FLAMESRAFFE at ESQVLT, and determine their Na abundances. This is the

rst time that the AGB stars in NGC 6809 are targeted. Moreover, to investigate the dependence of AGB Na abundance dispersion on
GC parameters, we compare the AGB [NRdistributions of a total of nine GCs, with ve determined by ourselves with homogeneous
method and four from literature, covering a wide range of GC parameters.

Results. NGC 104 and NGC 6809 have comparable AGB and RGB Na abundance distributions revealed bysthesK while

NGC 6121 shows a lack of very Na-rich AGB stars. By analyzing all nine GCs, we nd that the Na abundances and multiple popula-
tions of AGB stars form complex picture. In some GCs, AGB stars have similar Na abundant@ssandnd-population fractions as

their RGB counterparts, while some GCs do not have Na-rich second-population AGB stars, and various cases exist between the two
extremes. In addition, the tted relations between fractions of the AGB second population and GC global parameters show that the
AGB second-population fraction slightly anticorrelates with GC central concentration, while no robust dependency can be con rmed
with other GC parameters.

Conclusions. Current data roughly support the prediction of the fast-rotating massive star (FRMS) scenario. However, considering
the weak observational and theoretical trends where scatter and exceptions exist, the fraction of second-population AGB stars can be
a ected by more than one or two factors, and may even be a result of stochasticity.

Key words. stars: abundances — globular clusters: general — globular clusters: individual: NGC 104 —
globular clusters: individual: NGC 6121 — globular clusters: individual: NGC 6809

1. Introduction This multiplicity has been identi ed based on the appear-
Galactic globular clusters (GCs) have been the subject of a v aE_gﬁé)é r(n,\;] g;mgfﬁlgs]gﬂ?ﬁ?gﬁiﬁr}gree S)t r(raeg(ljogizgf.gr.’anmc?:n(;%B)
ety of stellar evolution studies; rst, because for a long time they. 4 b 4ri70ntal branch (HB)) of GC color-magnitude diagrams
were thought to consist of a single stellar population (i.e., coeygyp. e.g., Piotto et al. 2012; Milone et al. 2012b; Piotto et al.
and sharlr_lg the same initial chemical properties) thus maki 915',Milon,e et al. 2015a,b; N,ardiello et al. 2015b)’that were as-
them the ideal stellar laboratory, and second, because of W ie to the variations in He and light element (e.g., C, N
more recently discovered intriguing complexity of being mhabé d O) abundances in their initial chemical compositidn (’seé

ited by multiple stellar populat_ions, a feature that has turned @Y., Milone et al. 2012b; Chantereau et al. 2015, and references
to be common to most Galactic globular clusters. theréin) ’ '

? Based on observations made with ESO telescopes at the La Silla

Paranal Observatory under programme 1D 093.D-0818(A). With the advent of multi-object spectrographs mounted

?? Full Tables 3, 5, and 7 are only available at the CDS via on 8 10m-class telescopes, detailed chemical abundance
anonymous ftp tedsarc.u-strasbg.fr ~ (130.79.128.5 ) or via anal_yses haye also uncovered speci ¢ featuresale.mental
http://cdsarc.u-strasbg.fr/iviz-bin/qcat?J/A+A/607/A135 (anti-)correlations  between the light element pairs §,
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O Na, Mg Al (e.g., Carretta 2016, for a recent review). These25M ; Maeder & Meynet 2006; Prantzos & Charbonnel
are commonly interpreted as a signature of the existence oR806; Decressin etal. 2007a,b; Krause etal. 2013), massive
least two stellar populations: a rst-population (1P) of GC stadGB stars (with initial masses of 6 11M ; Ventura et al.
displaying Na and O abundances consistent with that of hal®01; D'Ercole etal. 2010; Ventura & D'Antona 2011,
eld stars of similar metallicity; and a second-population (2PYenturaetal. 2013) and supermassive stars10fM ;
of GC stars characterized by Na overabundances and O de ci@enissenkov & Hartwick 2014; Denissenkov et al. 2015). Other
cies. Although the ONa pair is probably the most documenteghossible polluters have also been explored, like massive stars
one in terms of data, a similar picture is also derived from tlie close binaries (1020M ; de Mink et al. 2009; Izzard et al.
other pairs, Mg Al (e.g., Carretta et al. 2014; Carretta 2014) an@013), FRMS paired with AGB stars (Sills & Glebbeek 2010)
C N (e.g., Carretta et al. 2005; Pancino et al. 2010). or with high-mass interactive binaries (Bastianetal. 2013;
A wealth of observational data has been collected and &assisi & Salaris 2014). So far, none of the proposed scenarios
alyzed for a respectable number of Galactic GCs akedint have been able to reconcile all aspects of the formation and
evolutionary phases, for example, from MS and SGB to RG®olution of GCs with the spectroscopic and photometric
and HB (see Wang et al. 2016, hereafter Paper |, for a m@@nplexity exhibited by these systems, nor with the new
detailed summary). However, asymptotic giant branch (AGBpnstraints coming from extragalactic young massive clusters
stars have rarely been targeted in a systematic way until véiat have masses similar to the initial mass postulated for GCs
recently, due to their paucity in GCs (a result of their short lifewithin the self-enrichment framework (e.g., Bastian et al. 2015;
time) and ine cient RGBAGB separation criteria. Recently,Renzini et al. 2015; Krause et al. 2016; Charbonnel 2016).
several studies have focused on GC AGB stars, mainly stim- One key feature to pay attention to is how the various sce-
ulated by the claim by Campbell et al. (2013, hereafter Clghrios di er from one another. The origin and amount of He
that no Na-rich 2P AGB stars exists in NGC 6752. This strilenrichment predicted for 2P stars is one such example, which
ing nding was challenged by Lapenna et al. (2016) who réras important consequences on the way the various sequences
observed the 20 AGB stars of the C13 sample at higher reg$-the CMDs can be populated (e.g., D'Antona et al. 2010;
lution with ESO-VLT/UVES, and found that both 1P and 2RChantereau et al. 2015, 2016). Interestingly enough, therdi
stars populate the AGB of NGC 6752, with only stars witbnt theoretical predictions for the coupling between He and Na
extreme Na enhancement missing. The presence of 2P Agfyichments in the initial composition of 2P stars are expected to
stars in this GC is also supported by Gruyters et al. (2017) whp erentially a ect the extent of the Na dispersion today among
claimed a photometric split on the AGB sequence using StroRGB and AGB stars in individual GCs, in proportions that de-
grem photometry. Other GC AGB stars have also been scpénd on their age and metallicity (Charbonnel & Chantereau
tinized. Johnson et al. (2015) studied 35 AGB stars in 47 T@Q16). In the original FRMS framework, 2P low-mass stars are
(NGC 104) and found that the AGB and RGB samples of 47 Tygedicted to be born with large and correlated spreads in both He
have nearly identical [N&e] dispersions, with only a small frac-and Na abundances (Decressin et al. 2007a). Since the lifetime
tion (. 20%) of Na-rich stars that may fail to ascend the AGBand the fate of stars strongly depend on their initial He content,
Garcia-Hernandez et al. (2015) showed that 2P AGB stars exi§ FRMS scenario predicts that, above a certain threshold, or
in metal-poor GCs with a study of Mg and Al abundances iguto , of initial He and Na abundance, 2P stars do miss the AGB
44 AGB stars from four metal-poor GCs (M 13, M5, M3 angso-called AGB-manqué) and evolve directly towards the white
M2). In Paper I, we looked at NGC 2808 and also found thaivarf stage after central He burning (Charbonnel et al. 2013;
its AGB and RGB stars share similar Na abundance dispersioghantereau et al. 2015). This provides in principle a nice expla-
Moreover, we found more Na-rich 2P stars in the AGB sampftation for the lack of Na-rich AGB stars observed in NGC 6752
than in the RGB one. The multiple populations in AGB stars iy C13. Charbonnel & Chantereau (2016) have also shown that
NGC 2808 was also con rmed by Marino et al. (2017) who cawithin the original FRMS scenario, the maximum Na content
ried out a study combining spectroscopy and photometry. Theypected on the AGB is a (weak) function of both the metallic-
also looked at NGC 6121 (M 4) and found it hosts two main pojty and the age of GCs. Namely, at a given metallicity, younger
ulations in agreement with the nding by Lardo et al. (2017) thajlusters are expected to host AGB stars exhibiting a larger Na
AGB stars show broadened distribution in close analogy wisipread than older clusters, and at a given age, higher Na disper-
their RGB counterparts in th@yg® V diagram. We note, how- sion along the AGB is predicted in metal-poor GCs than in the
ever, that their conclusion on NGC 6121 contradicts the resultmttal-rich ones. Additionally, mass loss along the RGB has been
MacLean et al. (2016) who found that the AGB is populated lhown to strongly impact the evolution of low-mass stars on the
Na-poor and O-rich stars (from the analysis of 15 AGB and 1B, and therefore to modify the theoretical Na cut on the AGB
RGB stars). NGC 6266 (M62) was also found to have only 1Bharbonnel & Chantereau 2016; see also Cassisi et al. 2014):
AGB stars by Lapenna et al. (2015), but their conclusion may fi&e higher the mass loss, the stronger the trends with age and
a ected by the small number statistics of their sample (6 AGRBetallicity. However, the situation might be much more com-
and 13 RGB stars). plex, as revealed by the derivation of the helium variations be-
It is now largely accepted that GCs experienced setfween 1P and 2P stars in several GCs by multiwavelength pho-
enrichment during their early evolution, and that 2P stars formesinetry of multiple sequences, which turn out to be much lower
out of the Na-rich, O-poor ashes of high-temperature-burnitigan predicted by both the original FRMS and AGB scenario
hydrogen ejected by more massive 1P stars and diluted winderson et al. 2009; di Criscienzo et al. 2010; Pasquini et al.
interstellar gas (e.g., Prantzos & Charbonnel 2006; PrantZgsl1l; Milone et al. 2012a,b, 2013, 2015b; Piotto et al. 2013;
et al. 2007). However, the nature of the polluters remains higharino et al. 2014; Larsen et al. 2015; Nardiello et al. 2015a,b).
debated, as well as the mode and timeline of the formation of Rfs therefore fundamental to test model predictions with obser-
stars. Among the most commonly-invoked scenarios, one ndations of AGB and RGB stars in GCs spanning a large range in
fast-rotating massive stars (FRMS, with initial masses abosge and metal content. This is necessary to probe the degree of
stochasticity lying behind the broad variety of chemical patterns
1 Cum=(U B) (B I). observed in GCs (e.g., Bastian et al. 2015).
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Considering the current limited sample of GC AGB stars 11T

with accurately determined Na (and O) abundances, we carried NGC 104 0.0r
out a systematic observational campaign of four GCs (NGC 104, o °n
NGC 2808, NGC 6121 and NGC 6809). We have already pre- 1 ,"" ] 0.5¢ .‘I'
sented our rst results of NGC 2808 in Paper I. Here, we re- o .
port and discuss our results of the other three GCs, investigating 1.00 e
whether the presence of Na-rich stars on AGB is dependent on > > s
metallicity andor other GC parameters. 13¢ - 12 f@g‘
The paper is organized as follows. In Sects. 2 and 3, we de- ° 15 ﬁ
scribe the observations and detail the analysis of the data for our o ° ﬁe
sample of GCs. In Sect. 4, we present the re-analysis of C13 14| % & ] 2.0 jE
data for NGC 6752 and we show other four GCs from the litera-
ture. In Sect. 5, we compare the behavior of Na along the AGB 2500
and the RGB for the full GC sample (ours plus literature); we 152025303540 3.70 3.65 3.60 3.55
discuss also the possible correlations between the corresponding (B-) log(Ter)
fractions of 1P and 2P stars and the GC global properties, and ;5 0.0r
compare with the theoretical predictions of the original FRMS NGC 6121
scenario. A summary and concluding remarks close the paper in - 05l - |
Sect. 6. 11} & Tl »
° [
. 1.0/ ° .
2. Observation and data reduction 12} ) 1 o {’g‘
. . . > or‘ép S 1.5- oo
As already mentioned in Paper |, we selected our targets in g° mB ' o 3
NGC 104, NGC 6121, and NGC 6809 from the Johnson-Morgan 13} o£ ] o°.,5§5=
photometric database which is part of the project described in 2.0p %ogg’
Stetson (2000, 2005) and covers a magnitude range of about 3
three magnitudes for each GC. To distinguish AGB from RGB 14 ] 2.5
stars, we used several CMDs with drent combinations of P ‘ ‘ ]
color indices and magnitudes. We found that in the CMDs of, 2025303954045 375 370 305 360 3.5¢
for example, ¢ 1) U, (U 1) Il,and ® ) V, (B-) 09(Ter
AGB and RGB stars can be separatedceently, similarly to 0.0
Garcia-Hernandez et al. (2015). Figure 1 shows the location of ;i NGC 6809
the member stars inthe CMDs @8 ( |) V. . 0sl .
All our spectra were obtained with the high-resolution r ' o
multi-object spectrograph FLAMES, mounted on HESOI- 12} 2 ] 8
UT2 (Pasquini et al. 2003), taking advantage of GIRAFFE (HR c;i'ﬁ o O o
13, HR 15, and HR 19) for the majority of our sample stars > = °f
and used the UVES bres (Red 580) for the brightest objects 13} 17 18
of each cluster. Table 1 summarizes the most relevant details of £ o
our observational campaign. Data reduction followed standard | ° 1 °§°
procedures and was carried out as described in Paper |. The nal 2.01
co-added spectra have signal-to-noise ratighl)$anging be-
tween 50 and 400 for the GIRAFFE spectra and 50 and 230 for 15 25

the UVES spectra, depending on the magnitude of the star. Wwe ~ 1.0 1.5 2.0 25 3.0 35 3.75 3.70 3.65 3.60
identi ed non-cluster-member stars based on the derived stellar ®&h 109(Ter)
radial velocities :_;m@_ removed them from further analysis. Trﬁg. 1. Photometric CMDsléft) and logg log T distributions fight)
number of stars (initially observed and later con rmed as clustgfthe cluster member stars. Red circles and blue squares represent AGB
members) are listed in Table 2 for each of the three GCs, togethgdl RGB stars, respectively, while the GIRAFFE and UVES samples
with their derived mean barycentric radial velocities, whereasn be distinguished by open and lled symbols, respectively. The same
Table 3 lists the most relevant information of only the membeymbols are used throughout the paper.
stars, that is, their evolutionary phases (ABBB), the instru-
ment used for collecting the spectrum (GIRAFBEES), and
their coordinates, photometry and barycentric radial velocities.
The foreground reddenings and distance moduli adopted for
. the three GCs are listed in Table 4. We note that for the dis-
3. Stellar parameters and abundance analysis tance modulus of NGC 104, Bono et al. (2008) took an average
of our sample stars of the values derived from the tip of the red giant branch and the
RR Lyrae methods. For NGC 6809, by combining information
from photometry ¥ magnitude and V) and period data of
Optical B;V, and|l magnitudes are available for all our stard3 RR Lyrae stars (Olech et al. 1999), we computed the absolute
from the photometric database mentioned in Sect. 2. By crodsstance modulus using the dual band metal-dependent Period-
matching the coordinates of our targets with the 2MASS cataldgesenheit (PWZ) relation recently derived by Marconi et al.
(Skrutskie et al. 2006) we have also compiled the correspondi2§15), which is almost metallicity independent in B and V. For
J, H, andK infrared magnitudes. NGC 104 and NGC 6809, we adopted the Cardelli et al. (1989)

3.1. Effective temperature and surface gravity
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Table 1. Summary of the observations.

Instrument Setup R -range Exp. time (s) Exp. time (s) Exp. time (s)
(nm) NGC 104 (47 Tuc) NGC 6121 (M4) NGC 6809 (M 55)
GIRAFFE HR13 22500 612.0640.5 2 1200 1 2700 2 3600
HR15 19300 660.7696.5 2 1200 1 1800 2 2770
HR19 14000 774.5833.5 2 2700 2 2700 2 2770

UVES bre Red580 47000 480680 2 3600+4 1200 3 2700+1 1800 2 3600+4 2770

Table 2. Number of stars (observed and con rmed cluster members) and derived barycentric radial velocities.

GC Observed stars AGB star RGB star RV RV RVHarris
members  members  (km%d (kms?') (kms?)

NGC 104 94 16 4 20+ 4 173 9.9 —18.0
NGC 6121 95 1% 2 63+5 70.4 3.3 70.7

NGC 6809 110 23 1(1) 74+10(6) 173.6 3.7 174.7
NGC 2808 100 36-3 38+ 2 104.6 8.0 101.6

Notes.Numbers provided in 3th and 4th columns are given in the format of stars observed with “GIRABWES”, with the number of stars in
common speci ed between parentheses. Our data on NGC 2808 from Paper | are also reported to help in the comparison.

relationg, as in Paper |. NGC 6121, instead, is more peculiaould reach Te 260K and logg 0:12 dex if the re-

because it is located in the Galactic plane behind the Sco-Quirted di erential reddening is taken into account at face value,

cloud complex, and a non-standard reddening law should be apsigni cant di erence from T, 50K and logg

plied (Hendricks etal. 2012, and references therein). For thi8:03 dex derived by accounting for only the intrinsic error on

GC, we thus adopted the recent reddening law and distance ntbé-reddening. However, a range of drential reddening values

ulus reported by Hendricks et al. (2012) who used a combinatibas been proposed for this cluster, for example, frd&®5 mag

of broadband near-infrared and optical Johnson-Cousins pbg- Cudworth & Rees (1990) and0:10 mag by Monelli et al.

tometry to study the dust properties in the line of sight to th{2013), Lardo et al. (2017) up td0:25 mag by Mucciarelli et al.

cluster. (2011). Considering the complexity and uncertainties in the red-
As in Paper |, we derived the stellar ective temperatures dening of NGC 6121, we empirically took the median and de-

(Te ) using the Ramirez & Meléndez (2005) photometric calfided to consider Te 150K and logg 0:08 dex as

brations for giants and adopting ve de-reddened color indicggpresentative of our analytical uncertainties.

thatis, 8 V)o, (V. 1)o, (V o, (V H)o,and ¥ K)o.

The variations among these temperature scales are smaller than o ) .

or comparable to the error of the mean temperature of the ve?- Metallicity and microturbulent velocity

scales. So we took the mean value of the temperatures deri o . .
from the ve color indices as our nal . The surface gravities Kf&alllcny ([Fe/H]) and microturbulence, were determined as

logg were derived from rst principles, that is, by usingective in Paper |, where a detailed description of our methodology is

temperatures, bolometric corrections (taken from Alonso et R ovided. In short, metallicities were derived by measuring the

1999) and stellar masses. For the latter, test runs with our SFeq_un_/al_ent widths (E\.NS) of b oth FF_eand Fdi unblended lines,

lar evolution code showed that stellar masses on the RGB h&galricting our selection to lines with EWs between 20 mAand
a slight dependence on the metallicity and age of the clustf0 mA. For the computation of the abundances, we used 1D
while these dierences become negligible on the AGB. Therd-TE spherical MARCS model atmospheres (Gustafsson et al.
fore, we assumedh = 0:61M for the AGB stars in all three 2008), the LTE stellar line analysis programme MOOG (Sneden
clusters, whereas we dérentiated the values for the RGB stard973, 2014 version) and we assumed a solar iron abundance of
With Meregnceios = 0:91M |, Mereencesizr = 0:87M  and log (Fe) = 7:50 (Asplund et al. 2009). Because of their known

Mreencossos = 0:81M . The right panels of Fig. 1 show theinter-dependencies, all stellar parametefs ( logg, [Fe/H],
logTe logg distributions of the member stars. t) were derived iteratively and following standard procedures.

It is worth mentioning that all three GCs ser from some Since sta}ndard LTE analyses of iFI'E_nes tend to underestimate
di erential reddening. In the case of NGC 104 and NGC 688 true iron abundance, we applied non-LTE (NLTE) correc-
the di erential reddenings are small and comparable in ma"S to all our LTE Fé values (Lind et al. 2012, and references
nitude to the errors on the derived reddenings (cf. Table!erein).
and references therein). If they are taken into account as Our nalstellar parameters are summarized in Table 5, while
one extra source of uncertainty, the typical errors on thdiable 6 lists the mean metallicities of the AGB and RGB samples
nal e ective temperatures and gravities become of the dp-the three GCs. For convenience, we have added to this table
der of 70K (NGC 104), 80K (NGC 6809), and 0:06 (for also the values derived in Paper | for NGC 2808. We note that
both clusters), respectively. The case of NGC 6121 is howewir RGB results agree well with those derived by Carretta et al.
more complex because of its much largereatiential reddening (2009) within the associated errors (cf. two rightmost columns of
( 0:20 mag, Hendricks et al. 2012). The errorsTan and logg  Table 6). A more detailed comparison with the literature forms

part of Sect. 4.

2 A(B) = 4145E(B V); A(V) = 3.1E(B V); Al) = 1:485E(B V); Finally, as our overall metallicity of each GC, we chose
A(J) = 0:874E(B V); A(H) = 0:589E(B V); A(K) = 0:353E(B V). to use the average value of [FE]nite and [FdI/H], that is,
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Table 3.Basic information of our cluster member stars: evolutionary phase, instrument used for observation, coordinates, photometry and barycentric radial velocity.

Y. Wang etal.: S%dium abundances of AGB and RGB stars in Galactic globular clusters. II.

RV (kms 1)

€ Hamass €H Kamass e
0.024 9.699 9.573

10.414

Jamass
0.0035

B

Dec (J2000)
7205 17.00

Instrument  RA (J2000)
00 22 54.05

Evol. Ph.

Star IB

NGC

-15.25

0.025

0.025

0.0034  12.579

13.802

AGB

104

11.355

0.0023

GIRAFFE

AGB58283

72.04

00010 11732 0.0011 10.093 0.0033  8.851 0029 8038 0034 7.832 0023

'13.170

162316.75 —26 34 28.00

AGB30561  AGB  GIRAFFE

6121

11359 0026  171.88

0.026

11.455

70,0028 13757 00009 12714  0.0015 11.965 0023

AGB246868  AGB  GIRAFFE  193938.65 -304832.90 14.582

6809

Notes.The complete table is available at the CDS; we show here the rst line of data for each of the three GCs as‘@ gh&léStar ID” reports the original ID from the photometric catalog,

which we added the sux AGB/RGB to help in the identi cation of the evolutionary phase of the object.

Table 4. Foreground reddenings, dirential reddenings and distance
moduli of sample GCs.

GC E(B V) EB V) (m M)y
NGC 104 0.0 0.028 13.4F
NGC6121  0.3% 0.20C 11.28
NGC6809  0.1% 0.027 13.61

References. @ Bonoetal. (2008); ® Hendricks etal. (2012);
© Richter et al. (1999)9 Bonatto et al. (2013).

[FeHlngc104 = 0:82dex, [FéH]nceeir = 1:14dex, and
[Fe/H]nccesoo=  1:86 dex.

3.3. Sodium abundance

Our stellar Na abundances were derived via spectrum synthesis
of the Na doublet at 6154160 A, using MOOG and MARCS
spherical model atmospheres interpolated to match our derived
stellar parameters. A solar sodium abundance of (bg) =

6:24 (Asplund et al. 2009) was adopted throughout the analysis.
As already done for NGC 2808 (cf. Paper ) we took the average
of the abundances derived from both doublet lines as our nal Na
abundance. Similarly to iron, Na abundances determined from
neutral lines (as in our case) are als@ated by the NLTE eect

and were therefore corrected accordingly.

We list the Na abundances derived for the individual stars
in Table 7, along with the NLTE-corrected values based on
the grids computed by Lind et al. (2011). Table 8 is similar to
Table 6, now summarizing the average Na abundances of our
three GCs. For convenience, it also reports the results from our
previous analysis on NGC 2808.

We note that in the two most metal-rich GCs in our sam-
ple, the Na doublet was saturated or approaching saturation in
27 stars of NGC 104 and 4 stars of NGC 6121, respectively.
These stars were dropped from any further discussion.

3.4. Error analysis

We estimated the uncertainties in our derived abundances, fol-
lowing the procedures described in Paper | and considering er-
rors of both random and systematic nature.

As random measurement uncertainty, we considerepd\l,
where is the line-to-line dispersion and is the number of
lines measured. A correction according to a t-distribution was
applied to the Na and Aeabundances considering the limited
number of lines present in our spectra (cf. Paper | for more
details).

For the systematic uncertainty, we selected a total of six stars
per GC: Four stars observed with GIRAFFEone coalhot in
each AGBRGB sample; and two stars observed with UVES-
bre  one cool AGB and one cool RGB, as this sub-sample
includes only cool stars. With these 18 stars, we tested the ef-
fect of varying stellar parameters and EWs (or other key param-
eters of the analysis) by their associated errors on the derived
abundances.

Typical total uncertainties, combining both random and sys-
tematic sources of error, are summarized in Table 9 for the GI-
RAFFE and UVES samples of each GC.
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Table 5. Stellar parameters of our sample stars.

NGC Star ID Evol. Ph. T¢ Te 2 logg t [Fel/H].re rms_lines [Feél/H] rms_lines [Fe/H]nre
(K) (K) (kms 1) (dex) (dex) (dex) (dex) (dex)
104 AGB58283  AGB 4201 393 123  1.60 —0.85 0.12 ~0.89 0.15 ~0.82
6121 AGB30561 AGB 4433 253 128 175 129 010  -126  0.02 1124
6809 AGB246868 AGB 4964 257 1.86  1.16 22.00 015  -1.89 001 101

Notes. The complete table is available at the CDS; we show here the rst line of data for each GC as &®juideg. is the scatter of the
temperatures derived from the ve colors we considered.

Table 6.1ron abundances of AGB and RGB samples of GCs.

GClsample [Fe/H]ire [Fel/H]nre rms([Fel/Hlnre) [Fell/H]  rms([Fell/H]) [Fel/H]re (Carretta) [Fel/H] (Carretta)

(dex) (dex) (dex) (dex) (dex) (dex) (dex)

NGC 104

AGB sample -0.82 -0.79 0.07 -0.91 0.13

RGB sample -0.77 -0.75 0.08 -0.82 0.15 —0.743047 —-0.769 0.081
NGC6121

AGB sample -1.21 -1.15 0.08 -1.22 0.09

RGB sample -1.15 -1.11 0.08 -1.15 0.06 —1.200043 -1.197 0.082
NGC 6809

AGB sample —-2.03 -1.93 0.07 -1.91 0.04

RGB sample -1.92 -1.85 0.06 -1.84 0.06 -1.967041 -1.933 0.093
NGC 2808

AGB sample -1.19 -1.14 0.09 -1.14 0.10

RGB sample -1.12 -1.08 0.07 -1.09 0.07 —-1.100059 -1.160 0.089

Notes.For convenience, the last rows of the table refer to our results on NGC 2808 from Paper |. The right-most two columns list the metallicitie
derived from RGB stars by Carretta et al. (2009) for NGC 104, NGC 6121, and NGC 6809, with the associated errors being the total star-to-st
errors in their Table A.3, while the data for NGC 2808 are from Carretta et al. (2006).

Table 7.Na abundances of our sample stars.

NGC Star ID Evol. Ph. [Nﬂ‘l] LTE [Na/H]NLTE [Na/FeI]NLTE

(dex) (dex) (dex)
104 AGB58283  AGB ~0.10 —0.21 0.61
6121 AGB30561  AGB 20.79 ~0.85 0.39

6809 AGB246868 AGB ~1.45 ~153 '0.38

Notes.The complete table is available at the CDS; we show here the rst line of data for each GC as a guide.

3.5. Stars observed with both GIRAFFE and UVES- bre 3.6. Observed Na abundance distribution along the RGB

o and AGB
In the case of NGC 6809, we were able to optimize our -

bre con gurations by swapping targets between bre type€ur nal Na abundance distributions are shown in Fig. 2 as a
We thus observed seven objects (one AGB and six RGHBinction of e ective temperature for AGB and RGB stars in
with both GIRAFFE-Medusa and UVES- bre, which allowedNGC 104, NGC 6121, and NGC 6809. Here, we present them
us to test whether or not any zero-point abundanceerdi in the form of NLTE [N&H] and [NaFe] (where Fe now only
ence exists between the two d@rent sets of spectra. Werefers to Fe) ratios, as listed in Table 7. However, as pointed
found the following average derences (UVES-bre minus out by Campbell etal. (2017), the [Fel] can be aected by
GIRAFFE): [Fel/Hlnore = +0:02 0:04dex, [Fell/H]= theTe scale, which further in uences the degree ofIFEell

0:03 0:07dex, [Na/H]note = 0:01  0:05dex, and discrepancy that has been found especially in AGB stars by sev-

[Na/Feljyite = 0:03 0:06 dex. These results show that, deeral works (lvans et al. 2001; Lapenna et al. 2014, 2015, 2016;
spite a lower resolution and smaller spectral coverage, the rviucciarelli et al. 2015) and also by us (see also Sect. 4.1). Any
jority of our spectra (indeed observed with GIRAFFE) matchncertainty in the determination of the iron abundance will af-
very well the results obtained from the analysis of the UVESect the accuracy of the [M&e] ratios, while [N&H] is very ro-

bre counterparts. We highlight that in the following Sectionshust, as also detailed by Campbell et al. (2017) who show that
although it does not make any signi cant dirence, we have parameter variations between studies (caused by usiregetit
considered the UVES- bre results for these seven stars. methods, tools, input data, etc.) have littlecet on the derived
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Table 8. Mean Na abundances of AGB and RGB samples in our three new GCs.

GC [NaH] .t NLTE [Na/H]nte  Na+)  [N@/Fellnte Narei]  IQR[Na=H]
(dex) (dex) (dex) (dex) (dex) (dex) (dex)
NGC 104
AGB sample -0.42 -0.07 -0.49 0.19 0.30 0.20 0.285
RGB sample -0.30 -0.09 -0.39 0.17 0.36 0.19 0.330
NGC6121
AGB sample -0.90 -0.07 -0.97 0.17 0.19 0.16 0.300
RGB sample -0.75 -0.08 -0.82 0.20 0.29 0.19 0.250
NGC 6809
AGB sample -1.60 -0.07 -1.66 0.13 0.27 0.15 0.220
RGB sample -1.56 -0.07 -1.62 0.17 0.23 0.16 0.250
NGC 2808
AGB sample -1.00 —-0.06 -1.06 0.13 0.09 0.16 0.160
RGB sample -0.98 -0.06 -1.04 0.21 0.05 0.20 0.390

Notes. NLTE is the NLTE correction of the Na abundancerepresents the dispersion (standard deviation) of the corresponding Na abundance.
IQRNa= Is the inter-quartile range of [Md]n.re. For convenience, the last section of the table reports our results on NGC 2808 from Paper .

Table 9. Total uncertainties of derived Fe and Na abundances. of our result minus theirs) of78 60K inTe , 0:07 0:22in
logg, 0:25 0:17kms?tin {,and 0:12 0:10dex in [FéH].

[Fg'/H] [Fed"/H] [NZ/H] [Na/dFel] We assign these derences mainly to the derent methods em-
(dex) (dex) (dex) (dex) ployed to derive the stellar parametdis and logg (photom-

NGC 104 ; ; .
. ) i i etry in the present study, spectroscopy in Johnson et al. 2015;
Gﬁ\fgggasmgle 88; 812 013 013 and Cordero et al. 2014). However, the negligibleegence in
NGC 612? : - [Na/H] (0:02 0:12 dex; after having checked that their conclu-

. i i i sions for [NdFe] hold also for the [N&d] ratio) con rms the
GIRAFFE sample  0:13 0:14 0:16 0:11 . st
UVES sample 0:09 018 016 010 agreement found in the Na abundance distribution.

NGC 6809

GIRAFFE sample  0:11 0:07 0:13 0:12
UVES sample 0:09 005  0:13 010  3.6.2.NGC6121

We ndthatin NGC 6121 (19 AGB, 63 RGB), the AGB stars oc-
cupy the bottom two-thirds of the [Md] distribution of the RGB
[Na/H]. This was also our conclusion from Paper I, which legnes. There is an actual dirence of 0.26 dex between the max-
us to base our discussion of the Na distribution in the RGB anflum [Na/H] values of the AGB and RGB samples, indicating a
AGB samples on the [NBI] abundance indicator only. lack of very Na-rich AGB stars in this cluster. Tie = 0:408
For each individual cluster we perform a two-samplandp-value=0.011 from the K-S test con rms that the two pop-
Kolmogorov-Smirnov (K-S) test to estimate the similarity of thelations do not share the same Na distribution.
[Na/H] distributions in the AGB and RGB samples. All num- . .
bers and conclusions discussed below are roughly con rmed fy, OUr results for this GC agree with those of MaclL.ean et al.
the dispersions () and the interquartile range (IQR) values o 16) who stud|¢d a Sa”?P'e of 106.RGB and 15 AGB stars in
PG - 21. In their analysis, they derived a dience of 0.4 dex
the distributions reported in Table 8. For each cluster, we al cﬁ'c 61 i : yMIé ?’ f their AGB and RGB
provide a critical summary of how our derived Na abundancsgr\r’]\’;gg (cgmrgg)r((len(;%?o[ur V]a\llljieungOOZG di‘;')r( we h:\r/]e more Na-
compare to other abundance studies of similar data quality. rich AGB stars than MacLean et al. 2016). Although the au-
thors do not provide the coordinates of their sample stars, we
3.6.1. NGC 104 were able to nd 29 RGB stars in common, by investigating the
overlap existing between their sample and Marino et al. (2008)
NGC 104 (40 AGB, 27 RGB) is the GC in which the AGB ancnd applying our cross-matching criterion with an angular dis-
RGB samples are the closest in terms of Na abundance distiihce 0:3°° The mean dierences in the derived stellar param-

butions, with the AGB stars spanning an even slightly largeters and Na abundance for this RGB subsample were found
range of Na abundances. The K-S test, viltte 0:294 andp-  to be (in the sense of our result minus their42 78K

value= 0.101 derived, indicates that the AGB and RGB samplgs T, , 0:05 0:13 in logg, 0:04 0:23kms!in
share the same [MH] distribution at 95% signi cance level. 0:01 0:09dex in [FéH], and Q04 0:12 dex in [NaH]. Ex-
Our result for this cluster is in very good agreement witbept for the oset inT, , we consider this to be a very good
Johnson et al. (2015) who found nearly identical g disper- agreement. Besides, our derived abundances also agree quite
sion in their AGB sample (35 stars) to that in the RGB samwell with the results of Marino et al. (2017) who studied 17 AGB
ple (113 stars) analyzed by Cordero et al. (2014), following tlstars in this cluster. By comparing 14 common starsetgnces
same methodology of Johnson et al. (2015). We carried out a dé- 0:01 0:05dex in [FéH] and Q00  0:07 dex in [NadH] e
tailed check for 12 AGB and 13 RGB stars in common wittvere found between the two studies (our result minus theirs),
our sample (identi ed by coordinates cross-matching with amhile the di erences inTe , logg, and ; were, respectively,
gular distance<0:3%9 and found mean dierences (in the sense 69 54K, 0:09 0:17,and 0:22 0:11kms?.
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the two distributions to be derent, withD =
value=0.498.

This is the rst time that AGB stars are targeted and ana-
lyzed for their Na abundances in this cluster. We have however
27 RGB stars in common with the Carretta et al. (2009) sam-
ple, for which we found mean derences of 52 27K in T, ,

0.01 0.01inlogg, 0:16 0:3&§Ikmsl in ¢,0:01 0:05dex
in [Fel/H], 0:10 0:08dex in [FdI/H], and Q00 0:19dex in
[Na/H]. Within the errors, our results are consistent with those
derived by Carretta et al. (2009).

0:190 andp-

3.6.4. NGC 2808

For completeness, we recall here the main results of Paper I. the
Na abundances of the 33 AGB and 40 RGB stars we analyzed
in NGC 2808 can be considered to follow the same distribution
(K-S test givedD = 0:268 andp-value=0.137) although a dif-
ference of 0.21 dex was found between the maximunyHijla
values of the AGB and RGB samples, with the AGB maximum
value being lower.

4. Other clusters
4.1. Re-analysis of C13 data for NGC 6752

To enlarge the number of clusters studied self-consistently,
we decided to reanalyze the publicly available data of C13
following our analytical methods. We adopted the reddening
E(B V) = 0:04mag and visual distance modulus (
M)y = 1324 mag from Gratton et al. (2003), and assumed stel-
lar masses offags = 0:61M andmgrgg = 0:83M , following
the theoretical predictions of stellar evolution models (assuming
an age of 12.5 Gyr, Chantereau et al. 2015). Using the methods
described in Sects. 3.1 and 3.2, we derived the stellar parameters
and the metallicities for a total of 44 individual stars (20 AGB
and 24 RGB stars). Overall, we nd a good agreement with the
C13 result on the eective temperature with a mean @rence
of T = 24 51K (ours minus C13), while the mean dif-
ferences on the gravity and microturbulent velocity alegg =

0:14 007and (= 030 0:225kms?, respectively. We
derive the following LTE Fe abundances: [Ae]ace = 1:85
0:02dex ( = 0:06dex), [Fdl/H]agg = 1.65 0:06dex( =
0:04 dex), [Fa/H]reg = 1:66 0:02dex ( = 0:07 dex), and
[Feii/Hlgee = 155 0:06dex ( = 0:05dex), and nd for
the AGB stars a very good agreement with Lapenna et al. (2016),
who re-observed the 20 AGB stars of C13 at higher resolu-
tion with ESO-VLT/UVES ([Fel/H]ace = 1:80 0:01dex and

Fig. 2. Abundance distributions of our complete (AGERGB) sample [Feii/H]as = 1:58 0:01dex). After applying NLTE correc-

inNGC 104, NGC 6121, and NGC 680@f, middle, and bottojnLeft:

tions to the Fé abundances (Bergemann et al. 2012; Lind et al.

[Na/H]nre  Te ; right: [Na/Feilyre  Te . Symbols are the same as2012), we derived the average values of iFnite.ace =

in Fig. 1. The error bars correspond to our estimates for the GIRAFFH.:76

sample.

3.6.3. NGC 6809

In NGC 6809 (23 AGB, 77 RGB), we nd that the Na abun-

0:04dex and [Fé/H]nTeree = 1:60  0:04 dex
which bring the Fé Fell values for the RGB stars into agree-
ment (within the errors) and almost halves thel Feeii dif-
ference for the AGB stars. Compared to the value assumed by
C13 for all their sample stars ([H4] = 1.54 dex), our derived
metallicities are slightly lower and point to a 0.1 dex éience
between AGB and RGB stars.

Considering the weakness of the 6150 A Na lines in a

dances of the RGB sample spread more evenly while the A@Bn-negligible number of spectra of the C13 sample, we fol-
stars tend to be more concentrated. Theedénce between the|owed their choice and derived the Na abundances from the EWs
maximum [NaH] values reached by each sample amounts ¢ the Na doublet at 56825688 A3. We apply the same NLTE

0.12dex (the AGB sample reaching lower values). Theedi

ence is only half of the one observed in NGC 6121, and the The choice of the Na doublet has only a negligible impact on the de-

two-sided K-S test does not provide any strong evidence fired abundances 0.027 dex, =0.073 dexpluer
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corrections (Lind et al. 2011) to the derived Na abundances aszé 0.2 E’c,”:%? oo o 5@‘%

for the other GCs and nd a mean dirence (ours minus C13) = “n”8°° °og o P

of 0:16 0:.06dex in [NaH] and of 0:.03 0:13dex in 0.0 0 o Foge ?9055

[Na/Fe]. We compare the derived Na abundances from the two ) o Ogn s 9 og,

studies in Fig. 3. The dierences in [N&] appear to be system- ) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

atic (likely due to the combination of derent stellar parameters 4000 45005000 4000 4500 5000 4000 4500 5000

and adopted solar abundances), while theat on [NdFe] is Terr (K) Terr (K) Terr (K)

in uenced mainly by the adopted Fe abundance (overall cluster o _
metallicity in the case of C13, individual stellar metallicities iffig- 4. Na abundance (NLTE) distributions of the sample of C13 in
our case; see also Lapenna et al. 2016). The remainisgts NGC 6752. Thaeft-column panelshow our re-analysis resultajddle-

are likelv to come from the NLTE correction apolied to the N50Iumn panelshow the Na abundance distribution from C13, and the
bund y C13 d the Gratt t al. 1999 ppl right-column panelshow the Na abundance of the AGB sample de-
abundance (C13 used the Gratton et al. , values). rived by Lapenna et al. (2016) together with the RGB stars from our

. h I |  thi sis (lef | Ee-analysis. For convenience of comparison, the data from C13 and
Figure 4 shows all results of this re-analysis (left column)anenng et al. (2016) are shifted systematically to our scale with a con-

with a direct comparison to the values published by C13 (Migrant which is equal to the mean @rence between their results and
dle column). For AGB stars, our [Md] distribution agrees quite ours, while the dispersions derived in each study are kept. Red circles
well with that of C13, while this is not the case for [FF&]. Test- and blue squares represent AGB and RGB stars, respectively.
ing the assumption on the metallicities made by the two analy-
ses shows that we can fully reproduce C13 results as soon as we
use an overall metallicity value for the cluster. Both our fla 4.2. Literature data for four additional GCs
and [NdFel] distributions derived for the AGB sample agree .
well with those derived by Lapenna et al. (2016) from highel0 the literature, one nds four other GCs whose AGB
resolution spectral data, as shown in the right column of FigSirs have been targeted for their Na abundances through
(labeled as L16; the RGB stars are from our re-analysis and Hy@derate- and high-resolution spectroscopic —observations:
shown only to aid the comparison), which supports our abuSC 5904 (lvansetal. 2001; Laietal. 2011), NGC5986
dance indicator and nd that there is a signi cant lack of Na-ricg012), and NGC 6266 (Lapenna et al. 2015). The Na abundance
AGB stars in the sample of NGC 6752 (2P AGB stars account f@gtterns obgerved in these clusters are shown in Fig. 6, where
15%, cf. Sect. 5). However, Lapenna et al. (2016) claimed tHh€ data points have already been adjusted to be on the same
both 1P and 2P stars populate the AGB of NGC 6752 wih% solar abundance and NLTE-correction scales as our own data
of AGB stars belonging to 2P based on théR€}-[NaFe] dis- Set; for NGC 5904 the abundance data from Lai et al. (20;1)
tribution. Only stars with extreme Na enhancements are claimfé@/e been uni ed to the system of lvans et al. (2001) according
to be missing in their AGB sample. We note, however, that tHi@ the common star between the two studies, while for the
conclusion was derived based on [Re] ratios. The F& Feii common star we adopt the data derived by Ivans et al.
discrepancy (especially their dirent behaviors in AGB and NGC6205(M 13; [F&H] = 1.57, Johnson & Pilachowski
RGB stars) may aect the relative Na abundance distribution8012) seems to be relatively devoid of Na-normal AGB stars,
between AGB and RGB stars (e.g., Fig. 4, left column) so thaith a di erence of 0.4dex between the [Md] minimum
the [NaFe] indicator carries a larger uncertainty compared to tivglues in the RGB and the AGB samples. But, as suggested
[Na/H] (Sect. 3.6). Furthermore, we note that our derived fraby Garcia-Hernandez et al. (2015), due to thedlilty of dis-
tion of 2P-AGB stars (15%) is lower than the one predictedinguishing AGB from RGB stars at the bright end of the gi-
by Cassisi et al. (2014,50%) based on simulations of the horant branch, some misclassi cation might have occurred, which
izontal branch. While the speci ¢ fraction numbers of dient could slightly favor the RGB sample. Notwithstanding, the pres-
stellar populations depend on the adopted separation criteria @eee of a large fraction of Na-rich AGB stars in NGC 6205 is
also Sect. 5.3), the sampling could alsceat the results. Al- Clear.
though we believe that this GC deserves further scrutiny, for the NGC 5986 ([Fe/H] = 1.54, Johnson etal. 2017) shows
sake of a coherent discussion, we use our derived abundanceoaparable [N&]] spreads in AGB and RGB star samples with
tios in the following sections. the maximum [N#&H] value of AGB stars being 0.14 dex lower
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Table 10.Na abundance spread, critical value of the Na abundance distinguishing 1P and 2P stars, and the corresponding fraction of Na-rich
starsf,p (together with the associated errors based on Beta distribution) in the RGB and AGB samples.

NGC6809 NGC6121 NGC2808 NGC104 NGC67pNGC6205 NGC5986 NGC5904 NGC6266
M55 M4 47 Tuc M13 M5 M 62
[Na/H] cri -1.70 -0.97 -1.05 -0.50 —-1.65 -1.50 -1.46 -1.35 -1.05
[Na/H]acB 0.48 0.53 0.54 0.70 0.36 0.62 0.61 0.51 0.30
fapace 65 11 53 11 55 9 40 8 15 11 87 13 57 18 67 13 0 23
[Na/H]res 0.70 0.75 0.75 0.57 0.91 112 0.76 0.68 1.08
faprGB 66 6 76 6 52 8 67 10 75 11 76 5 72 12 69 9 62 14
[FelH] -1.86 -1.14 -1.11 -0.82 -1.60 -1.57 -1.54 -1.22 -1.05
Age 13.00 11.50 11.00 11.75 12.50 12.00 12.25 11.50 11.60
0.25 0.38 0.38 0.25 0.25 0.38 0.75 0.25 0.60
My —7.57 -7.19 -9.39 -9.42 —7.73 —8.55 -8.44 -8.81 -9.18
mass 0.269 0.195 1.420 1.500 0.317 0.775 0.599 0.857 1.220
HBR 0.87 —0.06 —0.49 —0.99 1.00 0.97 0.97 0.31 0.32
Ih 4.46 2.34 2.12 3.65 2.72 3.34 3.18 4.60 2.47
r 25.10 20.79 43.42 56.10 64.39 56.40 31.83 61.96 18.00
ellipticity 0.02 0.00 0.12 0.09 0.04 0.11 0.06 0.14 0.01
c.c. 0.93 1.65 1.56 2.07 2.50 1.53 1.23 1.73 171
v 4.0 4.0 13.4 11.0 4.9 7.1 5.5 14.3

Notes.The ve GCs on the left side of the vertical line are the GCs analyzed (or re-analyzed) by ourselves homogeneously, antHiraie [Fe

the values derived by us, while the four GCs on the right are collected from the literature (see the text). The other global GC properties are fro
the literature. The GC ages (Gyr) are adopted from VandenBerg et al. (2013), except NGC 6266 whose age is from Roediger et al. \2014); the
(mag), ellipticities, c.c., and, (kms 1) are from Harris (1996, 2010 version); the massek® M ) are adopted from Boyles et al. (2011); the
HBR, r, (pc), andr; (pc) are from Mackey & van den Bergh (2005).

than that of RGB stars. The sample of AGB stars is, howevand of the Na spreadgNa/H] for the RGB and AGB subsam-
rather limited. ples in each GC; we have also collected in the table important
NGC 5904(M5; [Fe/H] = 1.22, Ivans et al. 2001; Lai et al.cluster characteristics that are relevant for the discussion.
2011) shows a paucity of very Na-rich AGB stars compared to
RGB stars, with a dierence of 0.25 dex between the maximum o
[Na/H] value of the AGB and RGB samples. 5.2. Na abundance distributions among the RGB and AGB
NGC 6266 (M62; [Fe/H] = 1.05, Lapennaetal. 2015)  Samples

makes itself distinct by showing no Na-rich AGB star in thq_\/e gather all the [N&]n.7e data for the nine GCs as a func-
small sample analyzed by Lapenna etal. (2015). However,ijfn of stellar e ective temperature (Figs. 5 and 6) and in the
our opinion, no rm conclusion can be drawn because the AGBrm of continuous histograms (Figs. 7 and 8, where every star is
phase may not be siciently sampled. represented by a Gaussian pro le with a weight of one and stan-
dard deviation equalling the uncertainty on the measurement) for
] ] RGB and AGB samples. In all cases, the Na dispersion observed
5. Discussion for the full sample of GCs for RGB and AGB stars does not depend on theative tem-
with Na abundance determination on the AGB perature (Figs. 5 and 6) or the brightness of the stars (not shown
here). This means that there is no in situ evolutiora that
modi es the Na abundance inside the GC evolved stars we ob-
For the reasons previously described, we use théH{Nare data  Serve today. _ o
to discuss the dierences and similarities in terms of Na abun- A quick look at these gures shows that in the majority of
dances in the nine GCs for which both the RGB and AGB hatfée GCs under scrutiny (eight out of nine, the only exception
been studied. The abundance determination is self-consis#ing NGC 104), the Na spread is smaller among AGB stars
for ve GCs (NGC 6809, NGC 6121, NGC 2808, NGC 104, anthan among RGB stars (see the actual dispersion numbers in
NGC 6752; this paper and Paper 1). For the four other G@able 10). More speci cally, the maximum [Md] values de-
(NGC 6205, NGC 5986, NGC 5904, and NGC 6266), we use tHwed for the AGB stars are lower than .the ones derived for
data from the original papers that we modi ed to have consisteie RGB stars. In three out of these eight GCs (NGC 6809,
Na reference solar abundance and NLTE corrections (Sect. 4}¥¢C 6205, and NGC5986), the maximum values for Na on
We use the same de nition as in Paper | to distinguish N#§2¢ RGB and the AGB are however marginally consistent
normal and Na-rich stars (often called 1P and 2P stars in §R0Sidering the errors. Three clusters (NGC 2808, NGC 5904,
literature; see e.g., Prantzos & Charbonnel 2006; Carretta efpC 6121) clearly lack the most Na-rich AGB star. Finally, the
2009), the latter ones being de ned as those having/Hijia last two clusters (NGC 6752 and NGC 62ptand out by show-
higher than [N&H] e = [Na/H]min + 0.3 dex, where [N&d]min is N9 (almost) no Na-rich AGB stars (i.e., with [IH4] higher than
the minimum Na value derived for the RGBGB sample in a [N&/H]ci) in the samples analyzed so far.
given cluster and 0.3 dex is about one third of the/fapread.
Table 10 gathers the values of [, of the fraction of Na- 4 Larger uncertanity may exist for this cluster considering the paucity
rich RGB and AGB 2P starsf{pres and fopacs respectively), of stars that have been studied so far (Lapenna et al. 2015).

5.1. Comparison criteria
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Fig. 5. [Na/H] versusT, of the AGB and RGB stars (red and blue symbols, respectively) in NGC 6809, NGC 6121, NGC 2808, and NGC 104
from the present analysis and Paper I. The horizontal black dashed lines mark the critie§l N separating roughly the Na-poor 1P and
Na-rich 2P stars according to Carretta et al. (2009) criteria. The clusters are presented by increé&sjrigpfRéeft to right.
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Fig. 6. Same as Fig. 5 but for NGC 6752, NGC 6205, NGC 5986, NGC 5904, and NGC 6266. The values for NGC 6752 are from our re-analysis
C13 data, the others are from the literature (see the text) but the adopted solar abundance and the NLTE correction for Na have been homogen
to those we used for our own GCs.

The continuous histograms of the [Rg (Figs. 7 and 8) 5.3. Fractions of 1P and 2P stars
indicate that the Na abundance distributions of the RGB and

AGB stars cannot be described by one type of pro le (single- he number ratio between 1P and 2P stars has been ex-

double-_peak) and con rm that they vary from cluster to clustetlénsi\,(ﬂy used to constrain the models that aim at ex-
According to the current data, both AGB and RGB samples gfyining the chemical properties of the stellar populations

NGC 104 and NGC 6205 are bimodal; those of NGC6121 afd GCs (e.g., Prantzos & Charbonnel 2006; Carretta et al.
NGC 6809 are unimodal; for NGC 2808 and NGC 6752, thein10: Decressin etal. 2010; Schaerer & Charbonnel 2011;
RGB and AGB samples appear to be bimodal and unimodeharbonnel et al. 2014; Larsenetal. 2014; Bastian & Lardo
respectively; NGC 6266 has a unimodal AGB sample and ttin15: Khalaj & Baumgardt 2015). As a general concept, 1P and
modal RGB sample; NGC 5904 shows bimodal distribution Bip refer respectively to GC stars that present chemical abun-
AGB sample but a broadened pro le in RGB sample which indyances similar or dierent to those of eld stars of similar metal-
cates that three closely located peaks may exist; while NGC 538Gy, This can be seen in Fig. 9 where we compare the Na data
shows trimodal distributions in both AGB and RGB samplefor RGB and AGB stars that we use in the discussion (includ-
Separations can clearly be found between the main peak§f our determinations and data from the literature) with the
AGB and RGB samples of NGC 6121, NGC 6752, NGC 6263 data in Galactic eld stars gathered and homogenized by
and NGC 5986, with the ones of AGB always having lowetarretta (2013). Using the same de nition of [#8; as in Pa-
[Na/H] values than RGB, and the main peaks in NGC 6752 sgfer | (see Sect. 5.1), we calculate the fraction of 2P stigs (
arate the most. both on the RGB and AGB in each individual GC (Table 10).
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Fig. 8. Same as Fig. 7 but for literature data.

distinction criteria. For example, our conclusion that NGC 6121
hosts 2P AGB stars seems at rst sight to contradict the
claim by MacLean et al. (2016) that there is no 2P AGB star
in this cluster. However, MacLean etal. (2016) derived the
Fig. 7. Continuous histograms of [Ne] of the AGB (red) and RGB population separation point (PSP) for their NGC 6121 sample

; y —([INa/O]= 0.16dex) by identifying a minimum in the [N@]
55;‘;6(@1%[25I[epsa:?zjtehceregié?o%t\évs tr;at\)/gtt%rr;?lyzed in a self con5|ste( |tstribution between the two subpopulations in the RGB sam-

ple of Marino et al. (2008), and they found that the abundance
distribution was consistent with all the AGB stars being of 1P,
, i while 45% of the RGB stars belong to 2P. However, if the crite-
Our results agree with the nding of Carretta et al. (2009) thafyy py Carretta et al. (2009) to distinguish 1P and 2P stars (i.e.,
the 2P RGB component is present in all clusters, with a fra[;u\](,j‘“:e]Cri = [Na/Fejnn + 0:3dex) is applied, one nds 6 out
tion between 50% and 75%. For the AGB, we con rm pre-of 15 AGB stars and 65 out of 106 RGB stars belonging to 2P,
vious abundance studies that revealed a complex picture, WilRich accounts for 40% and 61% of their AGB and RGB sam-
some clusters being almost devoid of 2P AGB stars (NGC 67%4s respectively. Although it is still slightly derent from the
NGC 6266), some having similar 2P fractions on the AGB t0 Gpctions found for our own sample (53% AGB and 76% RGB
the RGB (NGC 2808, NGC 5904, and NGC 6809), and all thg,rs pelonging to 2P), it is possible to identify some 2P AGB
possible intermediate cases between these two extreme belgyxs from the Na abundance distributions of both samples (ours
iors. Overall, the fraction of 2P AGB stars varies betwe®¥ 54 MacLean et al. 2016) when the same 2P separation cri-
and 87% (these extreme values corresponding to NGC 6266 a6, is adopted. Moreover, from the 2] [Na/Fe] distribu-
NGC 6205, respectively). tion of the AGB stars studied by Marino et al. (2017) we can
Obviously, the actual numbers one obtains for the framfer that the Na-rictO-poor stars account for 47%, which is
tions of 1P and 2P stars in a given GC depend on the adoptéase to our 2P AGB fraction of 53%. The photometric studies
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Fig. 9. [Na/H] (NLTE) as a function of [FAH] for RGB (left) and AGB {ight) stars in the nine GCs discussed in this paper (our analysis
for NGC 104, NGC 2808, NGC 6121, NGC 6809, and NGC 6752; literature data for NGC 5904, NGC 5986, NGC 6205, and NGC 6266) and ir
Galactic eld stars from Carretta (2013, gray points).

of Marino et al. (2017) and Lardo et al. (2017) also support tida and He enrichment in the initial mixture of the low-mass stars
claim that NGC 6121 hosts multiple populations on AGB. Thuse observe today, as predicted in the original FRMS scenario
we believe that this cluster should have more than one stellBecressin et al. 2007b). They showed that in this framework, 2P
population along its AGB. stars born with an initial He abundance above a cualue (and
consequently with an initial Na abundance above a cutdue)

are predicted to miss the AGB and evolve directly towards the
white dwarf stage after central He burning, because of the impact
of helium on stellar evolution. Charbonnel & Chantereau (2016)
showed that when one assumes the same initialHd¢acorrela-

tion for all GCs within the FRMS framework as well as standard
mass-loss rates on the RGB, the maximum Na content expected
r 2P stars on the AGB is a function of both the metallicity and
age of GCs. At a given [Ad], younger clusters are expected

5.4. Dependencies of the AGB population fraction
and theoretical considerations

5.4.1. Dependencies of the AGB population fraction
on the GC parameters

We investigate possible dependencies between the fraction ot{

AGB stars fpacs) We derived and the GC global parameters, 1 st AGB stars exhibitin

. ? G . - g a larger Na spread than older clus-
I'Séed in Table 1%;\’6 conk;suljer [F.Fﬂd’ agaBalgsc;]luf?/I. rr;}agné-_ ters; and, at a given age, higher Na dispersion along the AGB is
tude My), mass, HB morphology index (HBR), half-light radius, o jicted in metal-poor GCs than in the metal-rich ones. This is
(rn), tidal radius (), ellipticity, central concentration (c.c.), andyapicted in Fig. 11 where we show the model predictions for the

central velocity dispersion {). Figure 10 shows the data point§ais hetween the Na spread on the AGB and that on the RGB as
and the linear ts derived by least square tting with the errorg function of GC age and for derent metallicities
taken into account. The Pearson correlation ccients for each '

set of data points are also listed as a reference. When we conAMong the nine currently available GCs, we have two
sider only the ve GCs that we have analyzed in a consistefft'S of GCs with similar metallicities, that is, NGC 2808 .and
manner (black points and solid lines), we obtain weak posm%ﬁﬁ;ezfg’Cﬁgiell\lcﬁcpji?giv:;g rﬂj\(\?iggellazréé:mh tg%ég%“r:’ely
correlations betweefypacs and half-light radius; and anticorre- ! MM

lations with GC age (weak), tidal radius, and central concent@d 2P-AGB fraction. NGC 5986, NGC 6205, and NGC 6752
tion. When taking all nine clusters together into account (dash?ﬂ(ethcgr?glz:ﬁg@ r;gsﬁlggf"ees Car%isS“r%fc])trlg (?\Irgnrtic?g(;% %gB
lines), weak positive relations exist betweé&pacs and half- X y

light radius and ellipticity; and negative relations are shown bgiars. Besides, NGC 5904, NGC 6121, and NGC 6266 have al-
tweenf,pacs and [FéH] (weak), central concentration, and cenmost the same age but sllghtly dirent metallicities, with the
tral velocity dispersion (weak). If the two extreme GCs showirlgOSt metal-poor one showing the largest number of 2P AGB
almost no 2P AGB stars (NGC 6752 and NGC 6266) are disrd@'S- In other words, we have ve GCs that lie in the do-
garded (dash-dotted lineshpacs correlates positively with GC Main where the AGB stars are expected to present large Na
age, HBR, and half-light radius (weak); while the dependenci@gundance dispersions within the FRM_S framework. These are
on [FgH], My, mass, central concentration, and central veloflSC 104 and NGC 2808 that are relatively young and metal-
ity dispersion are negative. Overall, only the anticorrelation bR, NGC 6205 and NGC 5986 that have medium age and metal-

tween fpacs and central concentration agrees among the ts gpity, and NGC 6809 which is old and metal-poor. On the other

all three subsamples. Except for central concentration, the incgand, according to the FRMS prediction and based on their

sistent results of the three sets of ts indicate that there is no faetallicities and ages, NGC 5904, NGC 6121, NGC 6752, and

~e NGC 6266 are expected to have their AGB stars showing smaller
bust dependency f on any other global GC properties.
P Y feace y ¢ prop Na abundance dispersions compared to their RGB counterparts.

Thus, and to the very rst order, the observations of these sub-
5.4.2. Theoretical considerations groups of GCs are consistent with the trends with age and metal-
licity predicted by the FRMS scenario.
Charbonnel et al. (2013) proposed that the lack of sodium-rich However, there are several important issues that might blur
AGB stars in NGC 6752 could be due to a correlation betwe#ire general trends one tries to identify (see also the discussion in
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Fig. 11.Ratio of the [N#Fe] spreads on the AGB and RGB as a func-
tion of GC age. Predictions of Charbonnel & Chantereau (2016) for the
original FRMS scenario are shown for dirent values of metallicity
(colors) and for two values of theparameter adopted for Reimers mass
loss along the RGB (0.5 and 0.65, solid and dotted lines respectively).
The values derived in the present analysis are shown for the nine GCs
(blue, red, and black stars, with the colors of the symbols indicating the
theoretical track that has the closest/ffrom that of each individual
GC).

by Charbonnel & Chantereau (2016) to compute the mass-loss
rate on the RGB. The trends with age and metallicity become
stronger when higher mass-loss rates are considered. Addition-
ally, the comparison between the predictions and the observed
data for the nine GCs plotted in Fig. 11 supports variations of
the RGB mass-loss eciency from one GC to another within the
range derived for by McDonald & Zijlstra (2015, median and
maximum values of 0.477 and 0.65 respectively) to explain the
variations of the horizontal branch morphology for 56 Galactic
GCs.

Second, both the observed and theoretical trends with age
and metallicity are very weak (and we showed that in the obser-
vational case they depend on the considered subsamples), and
and the selected GC global parameters. The data points were all __tt(_ars_and exceptions existin the data as can be seen in Fig. 10.
rived using the criteria de ned in Sect. 5.1. Filled and open circle5iS indicates to some extent that the fraction of 2P AGB stars
are used, respectively, for the ve GCs we analyzed self-consisteniiyNot simply a ected by one single paramefactor. Mass loss
(NGC 6809, NGC 2808, NGC 6121, NGC 104, and NGC 6752) and fisr Certainly an important player as discussed above.
those we took from the literature (NGC 6205, NGC 5986, NGC 5904, Third, although the ages we use here are taken from a sin-
and NGC 6266). The associated error bars are computed from Beta gig-source (except for NGC 6266), they were not derived for the
tribution. The lines are the linear ts derived by least square tting (Wi”EFe/H] values reported in the present paper, which might also in-

the errors taken into account); the solid and dashed lines are tted fr FBduce some confusion in the derivation of the trends with age
our own ve GCs and all the nine GCs, respectively, while the das hd metallicity

dotted ones represent the ts disregarding the two most scattered pomnts _. o . .

of NGC 6266 and NGC 6752. The Pearson correlation asents con- _Finally, the initial Na He correlation and its dependency
sidering the ve (R5), nine (R9), and seven (R7) data points, respd¥ith cluster properties is an important parameter to predict the
tively, are listed at thiottom of each panéexcept for the verpottom  theoretical value of the maximum Na expected on the AGB for

right panel which reports the ve (R5), eight (R8), and six (R6) dat& given GC. Unfortunately, this correlation is not constrained
points, as no , data is available for NGC 5986). yet, which forced Charbonnel & Chantereau (2016) to assume
a similar relation over the metallicity range they investigated.
To date, the only GCs for which non-negligible He enrichment
Charbonnel & Chantereau 2016). First, Charbonnel et al. (201&re estimated using both photometry and spectroscopic mea-
and Charbonnel & Chantereau (2016) showed that the masivements are NGC 2808 (Milone et al. 2015b) and NGC 6266
mum Na abundance expected on the AGB for a given a@dilone 2015). However, their Na distributions on the AGB are
and metallicity strongly depends on the mass-loss rate adoptadically di erent and more similar to other GCs (NGC 6121
on the RGB (see also Cassisietal. 2014), especially for thed NGC 6752, respectively) for which very modest He varia-
oldest GCs and the most metal-rich ones. This is clear frdians have been estimated (Villanova et al. 2012, for NGC 6121;
Fig. 11 where we show the predictions for the ratio of thililone et al. 2013, for NGC 6752; and Nardiello et al. 2015a,
Na spreads on the AGB and RGB for two values (0.5 aridr both GCs). Therefore, the theoretical interpretation of the
0.65) of the parameter adopted in Reimers prescription usedta is not straightforward, bearing also in mind that the

Fig. 10. Relations between the fraction of 2P AGB stafspfcs)
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above-mentioned comparisons depend on the chosen abundaontem two thirds of the Na distribution of the RGB stars, with
data set (cf. abundance discrepencies betweeerelnt studies a di erence of 0.26, 0.25, and 0.21 dex respectively between the
mentioned earlier on). maximum [NaH] value of the AGB and RGB samples, indicat-
Overall, and as already pointed out in a more general contéxg a de cit of very Na-rich AGB stars in these clusters. In the
by Bastian et al. (2015), the broad variety of chemical patteroase of NGC 5986, instead, the AGB and RGB samples show
certainly reveals a high degree of stochasticity that is challengiogmparable spreads in [W4 with the maximum Na abundance
our understanding of the formation and evolution of GCs and of AGB stars being 0.14 dex lower than their RGB counterparts,
their stellar populations. but the AGB sample is still rather limited, thus weakening any
drawn conclusion. In NGC 6809 the Na abundance of the RGB
sample spreads more evenly while the AGB stars tend to be more
6. Summary concentrated, and a 0.12 dex lower [Nhyax present in the AGB
After the claim by C13 that no Na-rich AGB stars were presef@imple compared to that of the RGB one. Finally, NGC 6205
in NGC 6752, several studies were recently devoted to the def@ems to have very few 1P AGB stars, and the maximum Na val-
mination of the Na content of AGB stars in GCs. In this workues for its RGB and AGB components are marginally consistent
we present the rst analysis for NGC 6809, together with tha¥ithin the observational errors.
of a large stellar sample in NGC 104 and NGC 6121, and a re- Linear ts between the fraction of Na-rich 2P AGB stars and
analysis of NGC 6752. This is complementary to our previotise GC parameters reveal that the AGB 2P fraction slightly an-
study of NGC 2808 (Paper |). For these ve GCs, we use tigorrelates with GC central concentration, with no conclusive
photometric method to derive ective temperature and surfacéesults on possible trends with other GC parameters since they
gravity of the sample stars. Equivalent widths of unblended iré¢pend on the considered subsamples. By checking the AGB
lines are measured to determine g and the Na abundancespopulations of pairsubgroups of GCs and the trend of AGB Na
are derived via spectrum synthesis, assuming local thermoépundance distributions of the nine GCs, we nd that the cur-
namic equilibrium (LTE). Non-LTE corrections are then applietent data roughly support the theoretical prediction of the orig-
to both Fd and Na abundances, following the prescriptiorisal FRMS scenario according to which the initial Na and He
by Lind et al. (2011), Bergemann et al. (2012), and Lind et @élbundances were correlated in the original mixture of the GC
(2012). We provide a large set of stellar parameters and Na &t@rs we observe today. However and as underlined in the discus-
Fe abundances derived self-consistently for the sample of Z#an, this cannot be considered as a strong conclusion. Indeed,
RGB stars and 145 AGB stars in ve GCs. We compare our réhe predictions for the evolution of the stellar models along the
sults with those of the literature, and we include in our discuAGB strongly depend on the mass loss on the RGB, and the ini-
sion the only four other GCs (NGC 5904, NGC 5986, NGC 6208al Na He correlation and its possible dependency with cluster
and NGC 6266) for which Na has been studied along the AGBoperties is not suciently constrained yet. The fact that both
The total sample of nine clusters covers a large range dHJFethe observed and the theoretical trends with age, metallicity, and
( 1.86to 0.82), age (11 to 13 Gyr), and global properties.  other global GC properties are mostly very weak, and that scatter
We chose to use the [Nd]n.e data to avoid the in uence and exceptions exist indicate that the fraction of 2P AGB stars is
of the Fel-Fell discrepancy that has drent behaviors in RGB a ected by more than one or two factors and is probably subject
and AGB stars, thus hampering the analysis. In addition, we de-stochasticity.
ne as Na-rich stars, or 2P stars, the ObjeCtS that have éH]\laAcknowledgementg(.w. acknowledges the support from the European South-
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