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A B S T R A C T 

The complex star cluster M 22 (NGC 6656) provides a unique opportunity for studying the slow neutron capture ( s -)process 
nucleosynthesis at low metallicity due to its two stellar groups with distinct iron-peak and neutron capture element abundances. 
Previous studies attribute these abundance differences to pollution from 3 − 6 M � asymptotic giant branch (AGB) stars which 

produce significant quantities of the neutron-rich Mg isotopes 25 Mg and 

26 Mg. We report the first-ever measurements of Mg 

isotopic abundance ratios at [Fe / H] ∼ −2 in a globular cluster-like system using very high-resolution and signal-to-noise 
spectra (R = 110 000, S/N = 300 per pixel at 514 nm) from the VLT/UVES spectrograph for six stars; three in each s -process 
group. Despite the presence of star-to-star variations in 

24 Mg, 25 Mg, and 

26 Mg, we find no correlation with heavy element 
abundances, implying that the nucleosynthetic source of s -process enrichment must not influence Mg isotope ratios. Instead, a 
key result of this work is that we identify correlations between 

26 Mg/ 24 Mg and some light elements. Using a custom suite of 
AGB nucleosynthesis yields tailored to the metallicity of M 22, we find that low mass ( ∼ 1 −3 M �) AGB stars are capable of 
reproducing the observed s -process abundances of M 22 and that the absence of any difference in Mg isotope ratios between 

the two s -process groups precludes AGBs with masses abo v e ∼ 3 M �. This places tighter constraints on possible formation 

scenarios and suggests an age difference of at least ∼ 280 −480 Myr between the two populations which is independent of 
isochrone fitting. 

Key words: techniques: spectroscopic – stars: abundances – stars: Population II – globular clusters: general – globular clusters: 
individual: NGC 6656. 
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 I N T RO D U C T I O N  

alactic globular clusters (GCs) are among the oldest objects for
hich reliable ages can be obtained (e.g. Salaris & Weiss 2002 ;
andenBerg et al. 2002 ; Mar ́ın-Franch et al. 2009 ; VandenBerg
t al. 2013 ; VandenBerg, Denissenkov & Catelan 2016 ) and thus
rovide a remarkable opportunity to study stellar nucleosynthesis,
tar formation, and galactic assembly in the early Univ erse. F or
any decades, GCs have served as ideal laboratories for testing the

redictions of stellar evolution theory, as they represent the closest
pproximation to simple stellar populations, i.e. single age, helium
bundance, metallicity, and initial mass function (Renzini & Buzzoni
986 ). Ho we ver, this v ast o v ersimplification ne glects the inescapable
eality that GCs are composed of multiple stellar populations (recent
 E-mail: madeleine.mckenzie@anu.edu.au 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
e vie ws on this topic include Gratton, Carretta & Bragaglia 2012 ;
astian & Lardo 2018 ; Gratton et al. 2019 ; Milone & Marino 2022 ).
hemical abundance measurements and high-precision photometry
f GCs have revealed several intriguing results that continue to
hallenge our knowledge of stellar nucleosynthesis. 

Most clusters (known as Type I GCs; Milone et al. 2017 ) exhibit
wo main populations and are, to first order, homogeneous in
lements heavier than iron. Each population is characterized by star-
o-star abundance variations in light elements, most notably O and Na
but also He, Li, C, N, F, Mg, and/or Al) which have been detected in
very well-studied cluster (e.g. Kraft 1994 ; Carretta et al. 2009a , b ;
iotto et al. 2015 ; Milone et al. 2017 ; M ́esz ́aros et al. 2020 ). In
ddition to these light element abundance variations, approximately
7 per cent of clusters exhibit a dispersion in iron peak elements and
ometimes even in slow ( s -) and rapid ( r -) neutron capture process
lements (Type II GCs; Milone et al. 2017 ; Milone & Marino 2022 ).
Fe/H] abundances can range from as little as 0.1 dex (e.g. Marino
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t al. 2021 ; Monty et al. 2023 ) to almost 2 dex (e.g. Johnson &
ilachowski 2010 ; Johnson et al. 2020 ; Nitschai et al. 2023 ). These
bjects must have experienced a complex star formation history 
nd have been hypothesized to be possible dwarf galaxy remnants 
Da Costa 2016 ). The main examples of this phenomenon include 
 Centauri (Norris & Da Costa 1995 ) and M 54 (Carretta et al.
010 ). Although, a large portion of this population has no obvious
warf progenitor (e.g. NGC 5286; Marino et al. 2015 , Terzan 5;
erraro et al. 2009 ; McKenzie & Bekki 2018 , and M 2; Yong et al.
014 ) suggesting that there must be multiple formation channels for
reating chemically anomalous clusters. 

One Type II cluster with evidence of heavy element abundance 
ariations is M 22 (Peterson 1980 ; Pilachowski et al. 1982 ; Brown,
allerstein & Oke 1990 ; Lehnert, Bell & Cohen 1991 ; Brown &
allerstein 1992 ; Da Costa et al. 2009 ; Lee et al. 2009 ; Marino

t al. 2009 , 2011 ; Roederer, Marino & Sneden 2011 ; Alves-Brito
t al. 2012 ; Joo & Lee 2013 ; Gratton et al. 2014 ; Lim et al. 2015 ;
ee 2016 ). In our previous work on this cluster (McKenzie et al.
022 , hereafter Paper I), high precision abundance measurements 
ith uncertainties as low as ∼ 0 . 01 dex allowed us to unambiguously
emonstrate the presence of abundance spreads in α, iron peak, and 
lso s -process elements. These data confirmed that every element 
eavier than silicon exhibits a star-to-star abundance variation that 
an be used to divide the stars into two groups. 

Based on the observed range in Paper I, iron abundance variations 
ithin the cluster must be ≥ 0 . 24 dex, while differences in the s -
rocess element Yttrium were as large as 0 . 65 dex. Additionally,
or every pair of elements, there are abundance correlations of high 
tatistical significance. This striking bimodality between s -process 
lements gave rise to the nomenclature of s -process rich and s -
rocess poor stars, which are equi v alent to the iron-rich and iron-poor
opulations. Using photometric techniques, Lee ( 2020 ) determined 
hat the s -process/iron-poor population slightly dominates the cluster, 
onstituting 63 per cent of the population. Furthermore, Milone et al. 
 2017 ) found consistent results using Hubble Space Telescope data, 
ith 40 . 3 ± 2 . 1 per cent of the population belonging to the s -process

ich population 
The source of these anomalous abundances is currently unknown. 

n paper I, we describe three main scenarios; (i) M 22 could be a
uclear remnant of an accreted galaxy (e.g. Da Costa et al. 2009 ).
ii) Two globular clusters could have merged in a dwarf host, thus
enerating the bimodal pattern seen for some elements (e.g. Lee 
020 ). (iii) M 22 may have been born from clumpy substructure
uring the Milky Way’s infancy, thus this cluster may be one of
he original building blocks of our Galaxy. Ho we ver, none of these
cenarios can provide a comprehensive picture of M 22’s formation. 
ence, further constraints are necessary to identify and preclude 
ossible mechanisms that were instrumental in generating such 
nomalous abundances. 

Almost a decade ago, two independent teams (Shingles et al. 2014 ;
traniero, Cristallo & Piersanti 2014 ) examined M 22 and reached 

he same conclusion: the s -process abundance differences between 
he two stellar groups can be attributed to pollution from asymptotic 
iant branch (AGB) stars with masses in the range 3 −6M �. AGB
jecta is commonly suggested as the source of CNO enhancement in 
ype I GCs (i.e. the AGB scenario; e.g. Cottrell & Da Costa 1981 ;
’Ercole et al. 2008 ; D’Antona et al. 2016 ; D’Ercole, D’Antona &
esperini 2016 ). In addition, AGB stars may also be the source
f s -process element enhancement. Near the metallicity of M 22, 
GB models in this mass range are predicted to produce significant 
uantities of the heavy magnesium isotopes (e.g. Karakas 2010 ; 
entura et al. 2018 ). Mg has three stable isotopes, 24 Mg, 25 Mg,
nd 26 Mg, which have a terrestrial benchmark ratio of 24 Mg: 25 Mg:
6 Mg = 78.99 : 10.00 : 11.01 (De Bi ̀evre & Barnes 1985 ). The
tellar yields from AGB stars, and the Mg isotopes in particular, are
ependent upon the choice of input physics (e.g. Ventura, Carini &
’Antona 2011 ). Models suggest that while the Mg isotope ratios
redicted do not al w ays vary monotonically with mass, generally
he amounts of 25 Mg and 26 Mg in the ejecta increase with increasing
tellar mass (Karakas & Lattanzio 2003 ; Ventura et al. 2009 ; Doherty
t al. 2014 ; Fishlock et al. 2014 ). 

The goal of this study is to measure the isotopic ratios of Mg in
he two s -process groups in M 22 to place independent constraints
pon nucleosynthesis in AGB stars at low metallicity. This will (i)
est the hypothesis that 3 −6M � AGB stars are responsible for the
 -process abundance differences and (ii) place a more precise limit
pon the mass range of the AGB stars. While the metallicity spread
n M 22 requires a contribution from supernovae, our study focuses
n the crucial role of AGBs and represents an essential step towards
 complete understanding of the chemical evolution of this stellar 
ystem, and perhaps other similar objects. Mg isotopic ratios have 
ielded fascinating results in other clusters such as NGC 6752 (Yong
t al. 2003a ), ω Centauri (Da Costa, Norris & Yong 2013 ), 47 Tucane
Thygesen et al. 2016 ), M13 and M71 (Shetrone 1996 ; Yong, Aoki &
ambert 2006 ; Mel ́endez & Cohen 2009 ) as well as open clusters

Yong et al. 2004 ) and dwarf halo stars (Yong, Lambert & Ivans
003b ; Mel ́endez & Cohen 2007 ; Carlos et al. 2018 ). Stars within
 22 are more metal-poor than any globular cluster for which Mg

sotope ratios have been previously measured, therefore these data 
ill provide important new observational insights into light element 

bundance variations at the isotopic level at low metallicity. 
This work calculates Mg isotope ratios between the two s -process

roups to isolate the mass of the AGB stars responsible for this
ifference. We then use these results to infer an age difference
etween the populations which is independent of isochrone fitting but 
s dependent on the choice of AGB model adopted for the analysis. 

In Section 2 , we discuss our sample of stars and our approach
or calculating isotopic abundances, in Section 3 we illustrate the 
elationship between s -process enhancement and Mg isotopes, and 
iscuss these results in Section 4 . Our conclusions are presented in
ection 5 . 

 OBSERVATI ONS  A N D  ANALYSI S  

.1 Target selection and observations 

tellar parameters were derived using a line-by-line differential 
nalysis (see e.g. Nissen & Gustafsson 2018 , for an o v erview of
his approach). P aper I pro vides a comprehensiv e discussion of our
arget stars, and we briefly describe them here for completeness. 
ur program stars were sourced from Marino et al. ( 2011 ) and each

tar was visually examined to identify those with detectable MgH 

olecular lines. These lines were visible for six stars sitting at the
ip of the red giant branch (RGB), three in each s -process group.

easuring Mg isotopic abundances requires both high resolution and 
ignal-to-noise ratio (S/N) spectra, thus these stars were reobserved 
ith UVES (Dekker et al. 2000 ) on the ESO VLT UT2 telescope. The
bservations were taken using image slicer #3 and the 0 . ′′ 3 slit. The
pectra for each star have a resolution of R = 110 000 and S/N ≥ 300
er pixel near the MgH 5140 Å lines. We used the 580 nm setting
hich pro vided wav elength co v erage from approximately 4800 to
800 Å with a small gap near 5800 Å due to the space between
he two CCDs in the UVES camera. No detected neighbours were
MNRAS 527, 7940–7955 (2024) 
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M

Table 1. Stellar parameters and a subset of differential chemical abundances from Paper I. These stellar parameters and chemical abundances are determined 
with respect to our reference star NGC6752-mg9. Our differential notation � 

X is analogous to square bracket notation [X/H], but with respect to NGC6752-mg9. 
We also include whether a star is a member of the s -process rich group. We refer the reader to Paper I for the quantification and description of the errors. 

ID T eff (K) log g (cm s −2 ) [Fe/H] s -process rich? � 

FeI � 

SiI � 

CaI � 

YII � 

LaII � 

NdII � 

EuII 

C 3912 0.105 −1.696 � −0.033 0 .118 0 .044 0 .251 0 .092 0 .294 −0.100 
III-3 4041 0.250 −1.778 � −0.106 0 .077 − 0 .121 0 .257 0 .060 0 .137 −0.080 
III-14 4038 0.120 −1.87 × −0.183 − 0 .145 − 0 .262 − 0 .326 − 0 .347 − 0 .131 −0.150 
III-15 4136 0.450 −1.825 � −0.147 − 0 .144 − 0 .190 − 0 .232 − 0 .255 − 0 .116 −0.070 
III-52 4100 0.510 −1.707 × −0.049 0 .037 0 .042 0 .211 0 .150 0 .195 −0.080 
IV-102 4043 0.100 −1.973 × −0.268 − 0 .223 − 0 .343 − 0 .420 − 0 .505 − 0 .308 −0.300 
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Table 2. Locations of the MgH line regions used in this work to derive Mg 
isotope ratios. ‘Standard line’ refers to MgH lines that are most commonly 
used in the literature and were introduced in McWilliam & Lambert ( 1988 ). 
Citations refer to specific studies that have previously used this line, and ‘New 

line’ denotes lines that have been used only in this work. Wavelengths are all 
given in Å. 

R λ 24 MgH Identification Comments 

1 5134.6 0–0Q 1 (23) & 0–0R 2 (11) Standard line 
2 5138.7 0–0Q 1 (22) & 1–1Q 2 (14) Standard line 
3 5140.2 0–0R 1 (10) & 1–1R 2 (14) Standard line 
4 5134.2 0–0Q 2 (23) Mel ́endez & Cohen ( 2009 ) 
5 5135.1 0–0R 1 (11) Thygesen et al. ( 2016 ) 
6 5136.1 1–1Q 2 (15) & 1–1R 2 (5) New line 
7 5136.4 1–1Q 1 (15) New line 
8 5138.4 0–0Q 2 (22) New line 
9 5141.0 1–1R 1 (4) & 1–1Q 2 (13) New line 
10 5133.2 1–1Q 2 (16) New line 
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resent within the entrance aperture (1.5 × 2.0 arcsec) of the image
licer which minimizes contamination. Exposure times for each star
anged from 1.5 to 2.1 h. The spectra were reduced using the ESO
ipeline and initial values for the radial velocities were estimated
sing IRAF. 

.2 Stellar parameters and chemical abundances 

 aper I pro vides a comprehensiv e description of our differential
bundance analysis and abundance dispersions between the two s -
rocess populations. We also discuss our determination of stellar
arameters and compare them to pre vious v alues in the literature. In
his work, O, Na, Mg, Al, Si, and Ca abundances from Marino et al.
 2011 ) are used in conjunction with our differential abundances cal-
ulated in Paper I. Table 1 provides the stellar parameters and a subset
f our differential abundances. We only list elements that were well
easured by several lines and represent different nucleosynthetic

hannels. The errors in these abundances are included and discussed
t length in Paper I. We also use the stellar spectra of Arcturus and
GC6752-mg9 from Yong et al. ( 2003a ) to validate our method

or determining Mg isotopes. For our Arcturus model atmosphere,
e use the stellar parameters; T eff = 4300 K, log g = 1 . 5 cm s −2 ,

Fe / H] = −0 . 5 and ξ = 2 km s −1 . For NGC6752-mg9 (Yong et al.
013 ), we use the parameters; T eff = 4288 K, log g = 0 . 91 cm s −2 ,
Fe / H] = −1 . 66, ξ = 1.72 km s −1 . 

.3 MgH line selection and line list 

raditionally, three molecular MgH features are used for the deri v a-
ion of magnesium isotopes which we label as R1, R2, and R3. 1 (see
able 2 and Fig. 1 ). The lines appear asymmetric due to the trailing
ed wing as a result of the neutron-rich isotopologues of 25 MgH
nd 26 MgH. Each of these Mg features suffers from blends with
oth atomic lines and molecular lines of C 2 , CN, and CH. Ho we ver,
cWilliam & Lambert ( 1988 ) determined that these three features

re the least impacted by blends compared to other MgH transitions
n the vicinity. 

To determine the Mg isotopic ratios, we use the line list created
n Gay & Lambert ( 2000 ) by calculating the wavelength shift of
olecular isotopologues. The ef fecti veness of this line list has been

emonstrated in several previous studies (e.g. Yong et al. 2003a ;
a Costa et al. 2013 ), ho we ver, we note that this line list has been

uned to fit the dwarf star Gmb 1830 analysed in Gay & Lambert
 2000 ). As the stars in our study are all on the tip of the red giant
ranch, we test this line list (which we call the ‘G&L’ line list)
NRAS 527, 7940–7955 (2024) 

 We note that R is short for ‘region’ and should not be confused with the R 

ranch when dealing with rovibrational spectra. 2
gainst an additional new line list from the program LINEMAKE 2 

Placco et al. 2021 ) (our ‘linemake’ line list). We select the option to
nclude hydride molecules, CN, and C 2 for this new list. The MgH
ransitions from this list originate from Hinkle et al. ( 2013 ), and
ave been previously used in studies such as Thygesen et al. ( 2016 ).
e apply the MOOG (Sneden 1973 ) routine weedout to remo v e

ery weak lines from this line list. A model atmosphere based on
he Arcurus stellar parameters was used and we set the minimum
ine/continuum opacity to be 0.01. This reduces the number of lines
n the original line list from linemake from 8617 to 2051 lines o v er
he region from 5100 to 5150 Å. When generating our line list, we
ested the option to include another molecule found in this region,
iO. Ho we v er, all TiO lines were too weak and were remo v ed by

his weedout step. When cropped to the same wav elength re gion
from 5130 to 5142 Å), this new linemake line list contains twice the
umber of lines in the G&L line list. 
As well as these three conv entional MgH re gions, we e xplore

dditional lines that would hopefully provide a larger sample size
f MgH regions and thus Mg isotopic fractions. As our stars have
ower Fe abundances compared to stars used in previous studies,
he influence of blended features will be reduced, yielding a larger
ample of MgH features to measure. Furthermore, our linemake line
ist spans a larger wavelength range, potentially including even more
ines that can be used to build a more statistically significant sample
f measurements within each of our stars. These additional lines are
 https:// github.com/ vmplacco/ linemake 

https://github.com/vmplacco/linemake
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Figure 1. The MgH line region between 5133 to 5142 Å for star C with each region highlighted in blue. R1, R2, and R3 (the three regions used in previous 
studies) are given in the inset plots. The location of the 24 Mg, 25 Mg, and 26 Mg isotopes from the G&L line list are shown in the inset plots in dark (24), medium 

(25) and light (26) green, respectively. Prominent lines in the spectra have been labelled in grey. We do not see the C 2 line feature in our spectra at 5135.5 Å as 
discussed in McWilliam & Lambert ( 1988 ). 

Table 3. Parameters used by RATIO in the MCMC fitting routine. U ( a,b ) 
represents a uniform prior between values a and b . N ( μ, σ ) represents a 
Gaussian prior with mean μ and standard deviation σ . 

Parameters Abbreviation Priors Units 

log ε (Mg) Mg U ( −1,1) –
Macroturbulent broadening S U (0,10) km s −1 

25 Mg/ 24 Mg 25 
24 (or 25/24) U (0,2) –

26 Mg/ 24 Mg 26 
24 (or 26/24) U (0,2) –

Continuum correction C N (0,0.2) –
Radial velocity correction Rv N (0,0.5) km s −1 
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.4 RATIO 

o calculate the isotopic ratios, we developed, tested, and applied our 
wn wrapper for MOOG (Sneden et al. 1997 ) which we call RATIO 

3 

Rapid, AuTomatic Isotope Optimization). We use the MOOG17SCAT 4 

mplementation of MOOGSILENT from Alex Ji which includes a 
roper treatment of scattering from Sobeck et al ( 2011 ) 5 . We also
se the MOOG wrapper pyMOOGi (Adamow 2017 ) to estimate 
nitial values for testing purposes and visualization. We used one- 
imensional plane-parallel local thermodynamic equilibrium (LTE) 
odel atmospheres from the grid of Castelli & Kurucz ( 2003 ). The

ix parameters which we optimize to include the total amount of Mg
log ε(Mg)), broadening from macroturbulence (which we call the 
roadening, or S, for simplicity), the isotopic ratios 25 Mg/ 24 Mg and 
6 Mg/ 24 Mg, the placement of the continuum and the radial velocity 
orrection (see Table 3 ). As we are using spectra with R = 110 , 000 at
140 Å, we model the instrumental profile using a Gaussian function 
here the FWHM = 5140/110 000 = 0.047 Å. We also include a
acroturbulence parameter which for our giant stars is around ∼7–
 km s −1 . 
 https:// github.com/ madeleine-mckenzie/ RAtIO 

 https:// github.com/ alexji/ moog17scat
 We use this implementation of MOOG o v er more recent versions as this is 
he only version which successfully installed and ran on both a laptop and the 

t Stromlo A V ATAR compute clusters. 

f  
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.4.1 Implementation 

revious studies determining isotopic ratios either fit the line 
rofile by eye or implemented a grid-based search o v er the total
g abundance, 25 Mg/ 24 Mg and 26 Mg/ 24 Mg based on some initial

uess. We impro v e upon these previous approaches and present
 xtensiv e testing of a range of approaches and methodologies in
ppendix A . The method adopted for this study utilizes the PYTHON

ackage EMCEE (F oreman-Macke y et al. 2013 ) which implements the
oodman & Weare’s Affine Invariant Markov Chain Monte Carlo 

MCMC) Ensemble sampler. The model generates the synthetic 
pectra from MOOGSILENT and our log-likelihood function is based 
n the reduced χ2 value. We summarize our parameters and the 
riors we use for each in Table 3 . The total Mg value, broadening
nd isotopic ratios all use uniform priors whereas the continuum 

nd radial velocity correction use Gaussian priors as we assume we
ave successfully pre-processed the spectra to be approximately the 
ptimum value. 
We use 600 w alk ers for 1800 steps to generate our posterior

istribution. We then use the PYTHON package CHAINCONSUMER 

Hinton 2016 ) to analyse the output from EMCEE and generate
ummary statistics from marginalized posterior distributions. We 
onfirm that our chains pass the Gelman Rubin diagnostic criteria. In
any cases, we find that the resulting distributions are not Gaussian

nd thus we use a maximum posterior point rather than the mean
alue for our parameters. We use the ‘Max Shortest’ statistic (i.e.
ee panel two of fig. 6 from Andrae 2010 ) for our 68.3 per cent
onfidence intervals as this gave consistent results in the case of
imodal distributions. This method consistently gives good fits to 
he spectra (based on a ‘by eye’ approach); ho we ver, in some cases,
t has a tendency to underestimate the depth of the line which we
uspect is due to NLTE effects (e.g. Mashonkina, Korn & Przybilla
007 ). The computational time and accuracy of the fits to the isotopic
eatures make EMCEE the preferred choice in comparison to the other
ethods discussed in Appendix A for fitting Mg isotope ratios. 
Some of our MgH fitting regions contain blends with other 

lements, the most common being Fe I and C 2 . The linemake line list
ncludes updated laboratory values from Ram et al. ( 2014 ); ho we ver,
one of our stars showed significant C 2 absorption at 5135.6 Å. To
nsure that these blends do not have a significant contribution to
ur isotopic ratios, we test to see if including the total Fe and C
MNRAS 527, 7940–7955 (2024) 
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Table 4. The isotopic ratios from synthetic spectra generated by MOOG and analysed using our isotopic analysis code RATIO . The top four rows are the results 
using the G&L line list and the bottom four rows are using our linemake line list which uses updated MgH transitions (see Section 2.3 ). Both line lists yield very 
similar results. The ‘weighted mean’ and ‘Posteriors’ columns refer to different analysis techniques. Both again give similar results, ho we ver, the ‘Posteriors’ 
approach gives larger (and more realistic) errors. ‘# of lines’ refers to the number of lines that were used to obtain each ratio. 

True values Weighted mean # of lines Posteriors # of lines 

G & L 

Synth C 1 68 : 20 : 12 67 ( ±0.4): 21 ( ±0.2): 12 ( ±0.2) 8 67 ( ±3.7): 21 ( ±2.6): 12 ( ±1.1) 6 
Synth C 2 80 : 10 : 10 79 ( ±0.4): 11 ( ±0.2): 10 ( ±0.2) 8 79 ( ±3.5): 11 ( ±2.6): 10 ( ±0.9) 8 
Synth C 3 94 : 2 : 4 95 ( ±1.4): 2 ( ±0.6): 3 ( ±0.8) 7 94 ( ±3.3): 3 ( ±2.4): 3 ( ±1.0) 8 
Synth IV-102 71 : 20 : 9 70 ( ±1.1): 23 ( ±0.2): 7 ( ±0.9) 8 70 ( ±7.5): 22 ( ±4.8): 8( ±2.7) 8 

linemake 

Synth C 1 68 : 20 : 12 66 ( ±0.6): 22 ( ±0.4): 12 ( ±0.2) 10 66 ( ±3.3): 22 ( ±2.2): 12 ( ±1.0) 10 
Synth C 2 80 : 10 : 10 79 ( ±0.6): 11 ( ±0.4): 10( ±0.2) 10 79 ( ±3.2): 11 ( ±2.4): 10 ( ±0.9) 10 
Synth C 3 94 : 2 : 4 95 ( ±1.0): 2 ( ±0.6): 3 ( ±0.4) 10 93 ( ±2.8): 4 ( ±2.0): 3 ( ±1.0) 10 
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bundances as additional parameters to the EMCEE fitting routine
hanges the isotopic ratio. The resulting posterior distributions for
oth parameters are predominantly uniform and do not significantly
hange the final isotopic abundances within their error margins.
herefore, Mg is the only element that we include in our fitting

outine. 
Stars with lower T eff or log g generally have larger macroturbulence

Carney et al. 2008 ), making RGB tip stars some of the most
hallenging to analyse for their isotopic ratios. Previous studies
ave noted the difficulty in analysing this type of star (compared
o dwarf stars; e.g. Yong et al. 2004 ) and the degeneracies of this
roblem, but the extent of quantifying the isotopic errors has been
ased on the 1 σ confidence limit as defined in Bevington & Robinson
 1992 ); �χ2 = χ2 − χ2 

min = 1 while holding all other parameters
onstant. Ho we ver, through testing our previous methods discussed
n Appendix A , it was clear that the 1 σ confidence limit was an
nderestimate of the true distribution of the system. For example, in
ong et al. ( 2003a ), they state that ‘the formal statistical errors are
warfed by the systematic uncertainties. We conserv ati vely estimate
rrors in 24 Mg: 25 Mg: 26 Mg = (100–b - c):b:c as b ± 5 and c

5’. Using MCMC, we can, for the first time, place realistic
rrors on not only the isotopic ratios but all other optimized 
arameters. 

.4.2 Methodology 

o assess the performance of the MCMC implementation of RATIO ,
e compare our results to a set of synthetic spectra generated
y MOOG with similar absorption features to our target stars, the
tellar benchmark star Arcturus and our reference star from Paper
; NGC6751-mg9. In contrast to previous methods for calculating
sotopic ratios, we have access to more than triple the number of
reviously used lines. Therefore, we have the luxury of including
nly well-fitted lines for our final ratio. Additionally, our Bayesian
pproach means that, for the first time, we have access to the posterior
istributions for all our parameters. 
We choose to accept or reject the synthetic model of a line based

n a set of criteria. First, the best model returned by the maximum
osterior point must be a good fit to the data (as judged by eye).
econdly, the posterior distribution for all parameters must resemble
 Gaussian function with a single optimum value. Finally, we remo v e
ny isotopic ratios that are clear outliers compared to the rest of the
egions due to unknown blends. We a v oid using the final isotopic ratio
s a reference for whether we keep or remo v e a line to help alleviate
NRAS 527, 7940–7955 (2024) 
ny unconscious biases (for example, trying to find consistent results
etween regions). 

.4.3 Synthetic spectra 

n Table 4 , we introduce two methods for finding the o v erall ratios
n each of our stars; our ‘weighted mean’ and ‘posteriors’ methods.
revious approaches in the literature weight the mean value of the

sotopes based on the χ2 
min + 1 error and do not report any formal

ncertainties onto the final isotopic ratio. For our ‘weighted mean’
ethod, we use a similar approach to the literature of averaging

he best value from each region, but instead of weighting by the
2 
min + 1 error, we use our 68.3 per cent confidence interval (i.e.

sotopic measurements with a large confidence interval will have
ess of an effect on the final isotopic ratio compared to lines with
maller confidence intervals). We give the final error on our ratios
o be the standard error of the mean. For our ‘posteriors’ method,
e take the product of the kernel density estimates of the sampled
osteriors normalized by the area. For the error, we use the maximum
osterior point of the resulting distribution as our final ratio, and the
arger of the distance between the median, and the 16 th and 84 th 

ercentiles. We take the larger of the two values to better represent
he systematics involved in our measurements. 

To quantify the differences and select a preferred approach for
eporting the errors, we generate a set of spectra using the model
tmosphere based on our most metal-rich star, C (at [Fe / H] = −1 . 7),
nd our most metal-poor star, IV-102 (at [Fe / H] = − 2 . 0). Despite
 being our most metal-rich star, we remind the reader that there
as only been one more metal-poor globular cluster (or metal com-
lex/nuclear star cluster) star that has ever been successfully analysed
ith isotopic analysis ( ω Cen ROA 94 with [Fe / H] = −1 . 78). IV-
02 represents the most difficult case for isotopic analysis of an RGB
tar documented in the literature. 

Each synthetic spectrum was generated using the two different line
ists and sampled to mimic the resolution of our M 22 targets. We
hen analyse these spectra using the methods described abo v e to test
ow well RATIO can reco v er the original isotopic ratio used to create
he data. The isotope ratios used to generate Synth C 1 were based
n one of the most 24 Mg poor stars in the literature from Yong et al.
 2004 ). Synth C 2 was based on the isotopic ratio of Arcturus (see
elow), and Synth C 3 represents an almost purely 24 Mg star. Synth
V-102 is our most challenging case with a MgH line depth of only 0.1
elative to the continuum, making it very difficult to disentangle the
elati ve ef fects of the total Mg, broadening, and isotopic ratio. Each
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Figure 2. A corner plot made using the python package CORNER for the synthetic spectra ‘Synth C 1’ (see Table 4 ) with an isotopic ratio 68:20:12 analysed 
using the linemake line list. The true values used to generate the synthetic spectra for each of the parameters are shown in green and the dashed lines are the 
16th, 50th, and 84th percentiles. As described in Table 3 , Mg represents the total Mg abundance, S refers to the macroturbulent broadening, the two Mg isotope 
ratios 25 Mg/ 24 Mg and 26 Mg/ 24 Mg are simplified to 25 

24 and 26 
24 , C represents the correction to the continuum, and Rv is the radial velocity correction. 
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ynthesized star is analysed with the same line list they were made
ith, so theoretically should be able to perfectly reproduce the values 

hey were created with. Deviations from the true value represent the 
ystematic uncertainty associated with our analysis. We present the 
eighted average mean of the measured lines in Table 4 and find that

he final isotopic ratio across all synthetic spectra differs by at most
 per cent for the Synth C spectra. In the more challenging case of
ynth IV-102, RATIO still performs remarkably well with a difference 
f at most 3 per cent, ho we ver, the dif ficulty of these measurements is
eflected by the larger errors, especially for the case of the Posteriors
ethod. 
Fig. 2 gives the corner plot made using the PYTHON package 

ORNER (F oreman-Macke y 2016 ) for Synth C 1 using the linemake
ine list. The code almost perfectly reco v ers the original values used
o synthesise the spectra of Mg = 0.3, S = 7.52, 25/24 = 0.29, 26/24
 0.18, C = 0, Rv = 0. This CORNER plot illustrates the degeneracies

etween the parameters, with every parameter correlating with each 
ther, and the challenge of measuring isotopic ratios via asymmetries 
f intrinsically weak spectral lines. 

.4.4 Arcturus 

he synthesized spectra represent the easiest isotopic analysis test 
ase. Running RATIO on real spectra that contain both known and
nknown blends adds additional layers of complexity. Arcturus 
MNRAS 527, 7940–7955 (2024) 
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pectra from the NOAO Arcturus Spectral Atlas (Hinkle et al. 2000 )
ave been measured by Hinkle et al. ( 2013 ) to have an isotopic ratio
f 80: 10: 10 with probable uncertainties of ∼±2 in the minor isotope
ercentages. Thygesen et al. ( 2016 ) also give two estimates of 82.0:
.8: 8.2 and 83.6: 9.2: 7.2. For the G&L line list using lines R1,
, 4, 5, and 8, we reco v er a final ratio of 83( ± 5.0): 9( ± 4.4): 8( ±
.6) for the weighted mean method, and 81( ± 2.6): 10( ± 1.9): 9( ±
.8) for the posterior method. For the linemake line list and only
xcluding lines R2 and R7, the weighted mean method gave 83( ±
.7): 7( ± 1.8): 10( ± 1.9) and the posterior method gave 82( ± 2.2):
( ± 1.4): 10( ± 0.8). The differences in errors between measurement
pproaches arise as a result of the weighted mean method being more
ensitive to outlier results. 

.4.5 NGC6752-mg9 

inally, we analyse the spectra of NGC6751-mg9, our reference star
n Paper 1, which was measured by Yong et al. ( 2003a ) to have an
sotopic ratio of 72: 17: 10. For our analysis, the G&L line list using
he weighted mean method is identical to that used by Yong et al.
 2003a ), differing only by the method used to identify the optimum
atio and the lines used. We obtain the ratio of 74( ± 3.0): 12( ± 2.7):
4( ± 0.4) using the lines which passed our diagnostic criteria; R1,
, and 8. We find similar results using the posterior method; 72( ±
.3): 13( ± 4.6): 15( ± 2.6). Using the linemake line list, we find
arger discrepancies between the previously published result, with
he weighted mean method returning a value of 79( ± 5.7): 7( ± 3.1):
4( ± 2.6) and the posteriors method giving 76( ± 8.1): 10( ± 5.0):
4( ± 3.1). Given the quoted errors these values agree with previous
esults in the literature. 

.5 AGB models 

he thermally pulsing phase of low and intermediate-mass stars is
 rich source of stellar nucleosynthesis (re vie ws include Iben &
enzini 1983 ; Meyer 1994 ; Busso, Gallino & Wasserburg 1999 ;
arakas & Lattanzio 2014 ). Elements heavier than iron can be

ynthesized via the s -process in the He-burning shell and mixed
o the surface via repeated third dredge-up e vents. Observ ations and
odels suggest that low-mass stars ( M ≈ 1–3M �) are the dominant

ource of s -process elements such as Y, Ba, La, and Pb in galaxies but
heir long lifetimes preclude their contribution to GCs, which likely
ormed on time-scales considerably shorter than the ∼Gyr time-scale
equired for even a 2 M � AGB low-metallicity star. Intermediate-
ass stars o v er about 3 M � are also predicted to synthesize s -process

lements on shorter time-scales, where a 3.5 M � star with [Fe/H] ≈
2.2 will evolve to become a white dwarf in under 200 Myr (e.g.
arakas 2010 ). 
Ho we ver, with increasing stellar mass, the amount of s -process

nrichment at the surface of AGB models is predicted to decrease,
wing to an increasingly massive envelope, leading to large amounts
f dilution, and also a much smaller He-intershell region (e.g.
traniero et al. 2014 ; Karakas & Lugaro 2016 ). Furthermore, there

s discussion in the literature about the amount of third dredge-up
xperienced by the most massive AGB stars (including super-AGB
tars) with some models predicting little to none (Karakas 2010 ;
entura et al. 2011 ; Straniero et al. 2014 ; Marigo 2022 ). Little to no
ixing equates to no production of heavy elements. 
Intermediate-mass AGB stars also experience hot bottom burning

HBB), which is when the base of the conv ectiv e env elope becomes
ot enough to sustain proton-capture nucleosynthesis. The peak
NRAS 527, 7940–7955 (2024) 
emperature at the base of the envelope increases with increasing
ass, up to 100 million K (100 MK) or higher in AGB stars near the

arbon-burning threshold (Ventura et al. 2011 ; Doherty et al. 2014 ).
GB models near the minimum mass threshold for HBB, which

s mass dependent but around 3 . 5 M � for [Fe / H] = − 1 . 8, likely
xperience enough third dredge-up to make s -process elements.
o we ver, the most massi ve AGB stars with extreme HBB are not

heorized to be efficient producers of heavy elements. 
The neutron-rich Mg isotopes, 25 Mg and 26 Mg, can be produced

uring conv ectiv e He-shell burning in intermediate-mass AGB stars
y α capture onto 22 Ne in almost equal abundances by the reactions
2 Ne ( α, n) 25 Mg and 22 Ne ( α, γ ) 26 Mg . Both reactions are highly
ependent on temperature during thermal pulses, requiring T >

00 MK, which is only found in the most massive AGB models.
imilar to s -process elements, third dredge-up is required to mix

he 25 Mg and 26 Mg to the surface. Ho we ver, the Mg isotopes can
lso be altered in the envelopes of intermediate-mass AGB stars by
BB, if temperatures are high enough for acti v ation of the Mg-Al

eactions (see discussions in Karakas & Lattanzio 2003 ; Ventura et al.
011 ; Ventura et al. 2018 ). Here, the dominant isotope 24 Mg can be
estroyed to produce the neutron-rich isotopes, 25 Mg and 26 Mg, along
ith Al (e.g. Karakas & Lattanzio 2003 ; Prantzos, Charbonnel &

liadis 2007 ; Karakas 2010 ; Ventura et al. 2011 , 2018 ). 
The AGB models we use here span an initial mass range from

 . 9 −6 . 5 M � and have an initial Z = 2.2 × 10 −4 ([Fe/H] = −1.82).
he input physics used in the calculations and the methodology is

he same as described in Karakas et al. ( 2018 ), with the exception
hat we calculated a scaled-solar and an α-enhanced set of models
or each mass. The α-enhanced models include radiative and low-
emperature opacity tables that match the initial composition, chosen
o reflect the composition of Galactic halo dwarf stars, with [ α/ Fe] ≈
 . 30 (abundances taken from Reggiani et al. 2017 ). The models
o not include mixing by rotation nor any non-standard mixing 
rocesses. 
For models below about 3 M � we adopted the mass-loss rate

rom Vassiliadis & Wood ( 1993 ), which is a good match for carbon
tars. For models above about 3 M �, we adopted Bloecker ( 1995 )
ass-loss, with ηB = 0.02. At the transition mass, we calculated
odels with both mass-loss prescriptions. The production of s -

rocess elements in low-mass AGB stars requires a 13 C pocket, in
rder for the 13 C( α, n) 16 O reaction to be efficiently activated (Gallino
t al. 1998 ). In our models, we include a partially mixed zone (PMZ)
here protons are ingested into the top of the He-intershell region

fter thermal pulses. This is done in models up to 4 M �, with the
ass of the PMZ decreasing as a function of increasing mass (see

escription in Karakas & Lugaro 2016 ). We used 

(i) M ≤ 2.5: PMZ = 2 ×10 −3 M �, 
(ii) M > 4.0: no PMZ; neutrons entirely from 

22 Ne ( α, n) 25 Mg
eaction, 

(iii) 3.0 < M < 4.0: a transition region where we used a smaller
ocket of PMZ = 1 × 10 −4 M �, 
(iv) 2.5 < M < 3.0: a region where we used PMZ = 1 × 10 −3 M �.

Note that, the mass extent of the resultant 13 C pocket is smaller than
he size of the mass region over which we mix in protons (the PMZ),
here a 14 N-rich region forms closest to the top of the He-shell and

nhibits s -process element production (owing to 14 N being an efficient
eutron poison). Also, the mass regimes are shifted somewhat with
espect to solar metallicity, because metal-poor models have larger
-exhausted cores at a given stellar mass. 
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Table 5. The isotopic ratios for our target stars using the linemake line list and using the posterior method to calculate the final ratios. 

id 25 Mg/ 24 Mg 26 Mg/ 24 Mg Final ratios # of lines Included 

C 0.18 ( ±0.041) 0.196 ( ±0.019) 73 ( ±3.2): 13 ( ±2.4): 14 ( ±0.8) 6 1, 2, 3, 4, 7, 8 
III-3 0.11 ( ±0.079) 0.077 ( ±0.042) 84 ( ±7.5): 9 ( ±5): 7 ( ±2.8) 4 1, 5, 7, 8 
III-14 0.125 ( ±0.075) 0.041 ( ±0.031) 86 ( ±6.9): 11 ( ±4.9): 3 ( ±2.0) 5 1, 3, 4, 5, 7 
III-15 0.058 ( ±0.075) 0.195 ( ±0.048) 80 ( ±6.7): 5 ( ±4.7): 15 ( ±2.7) 4 1, 2, 4, 8 
III-52 0.155 ( ±0.053) 0.045 ( ±0.02) 83 ( ±5.3): 13 ( ±3.8): 4 ( ±1.5) 5 1, 3, 4, 5, 7 
IV-102 0.079 ( ±0.085) 0.021 ( ±0.035) 91 ( ±8.1): 7 ( ±5.7): 2 ( ±2.4) 4 1, 4, 5, 8 

Figure 3. The marginalized posterior distributions used to calculate the final 
ratios for the star IV-102. Each distribution represents one run of RATIO for 
one line in the star. This is analogous to the 26 

24 as a function of 25 
24 in Fig. 2 . 

The shaded regions represent the 68 and 95 per cent confidence intervals. 
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 RESULTS  

.1 Isotopic analysis 

he isotopic abundances listed in Table 5 and accompanying fig- 
res all use the linemake line list and the posteriors method for deter-
ining the final ratio. In Fig. 3 , we plot the marginalized posteriors

or 25 Mg/ 24 Mg and 26 Mg/ 24 Mg for the star IV-102, using lines in R1,
, 5, and 8 (see Table 5 ). This highlights that the posteriors method
etermines the optimum isotopic ratio across multiple regions. The 
istributions from each MgH line are roughly in agreement. The 
arrower range of 26 Mg/ 24 Mg compared to 25 Mg/ 24 Mg demonstrates 
hat 26 Mg/ 24 Mg is far better constrained than 25 Mg/ 24 Mg and results
n smaller 26 Mg errors. 

In Table 5 , we present our final isotopic ratios as calculated by the
isted regions. Due to unknown blends and uncertainties in our line 
ist, we reject regions R6, 9 and 10 for all our target stars as even the
est-fitting model is still a poor representation of the data. Ho we ver,
his new approach of employing between 4 and 6 lines for each of
ur metal-poor stars marks a substantial advancement o v er previous 
tudies and represents a crucial step towards precisely determining 
sotopic ratios. 

The strength of the MgH line directly enhances our ability to 
ccurately determine each isotope’s contribution. R1 is the strongest 
nd least blended MgH region and has been recognized in previous 
orks as being the best representation of the total Mg isotopic ratio.
isually, the best-fitting model in each of our stars is in excellent
greement with our data. Fig. 4 plots the spectra for each target
tar around R1 and the corresponding model determined by RATIO . 
he isotopic ratio for R1 is given in the bottom left-hand corner
f each panel. Although not exact, these values are all very similar
o the final ratio given in Table 5 . The line to the left, R4, is also
ell fit by the solution to R1. Ho we ver, it is understood in the

iterature that the line to the right, R5, does not match the depth of the
bserv ations gi ven the best-fitting parameters to R1 (e.g. Yong et al.
003a ; Da Costa et al. 2013 ). The stars C and III-15, originating from
he s -process rich and poor populations respectiv ely, hav e a notable
nhancement in 26 Mg as illustrated by the black arrow and the final
sotopic ratio in the bottom left corner in each panel. The reason for
hese anomalous ratios becomes clear in Fig. 5 , which gives the Na-
 anticorrelation based on abundances from Marino et al. ( 2011 ). C

nd III-15 both belong to the Na-enhanced and O-poor populations, 
eading to the conclusion that Mg isotopic ratios correlate with light
lement abundances, rather than their s -process abundances. 

This conclusion is further supported by Fig. 6 , which plots isotopic
atios against the light elements O, Na, and Al from Marino et al.
 2011 ). We use the same colour scheme as Paper 1, with s -process
ich and poor stars in red and blue, respectively, and increasing
ron abundance corresponding to an increase in the lightness of the
olour. 24 Mg positively correlates with O and negatively correlates 
ith Na and Al. 25 Mg shows no correlations with any of the light

lements, but 26 Mg shows the opposite behaviour to 24 Mg; ne gativ ely
orrelating with O and positively correlating with Na and Al. Out
f the four methods for calculating the final isotopic ratio, the
inemake line list with the posteriors method plotted here gives the
trongest correlations to the light element abundances based on the 
 

2 coefficient. We do not observe significant correlations between 
he other light elements provided by Marino et al. ( 2011 ; Si, Ca, and

g), which we plot in Fig. B1 in the appendix. We plan to explore
he origins of the relationships between these elements and different 

g isotopes in future works. 26 Mg is constrained by the placement
f the continuum and has a smaller dependence on the total Mg or
he broadening (e.g. see the corner plot in Fig. 2 ) leading to smaller
rrors. It also has the strongest correlations with these light elements
nd thus must play an important role in nucleosynthesis. 

Using our high-precision differential abundances from Paper 1, we 
xplore the relationship between iron peak and s -process elements. 
i, Fe, and Ni are chosen to represent the iron peak family as they
re well measured o v er a large number of lines, have small errors
 ∼ 0 . 02 dex ), and are produced at different ratios depending on
heir source. Fig. 7 shows consistent trends: 24 Mg decreases, 26 Mg 
ncreases with iron peak abundance, and there are no significant 
rends in 25 Mg. Ho we ver, there are no strong trends within each
f the s -process groups. The most Fe-rich star in each s -process
roup shows the highest 26 Mg. Assuming that iron peak element 
bundance ne gativ ely correlates with age (i.e. the more iron-rich stars
re younger), 26 Mg production (but not 25 Mg) is a time-dependent 
henomenon. 
Finally, the s -process elements in Fig. 8 , Y, La, and Nd, exhibit a

imilar pattern to the iron-peak elements. On average, the s -process
MNRAS 527, 7940–7955 (2024) 
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Figure 4. Fits for the 5134.6 Å region, R1, for our target stars using the linemake line list. The s -process rich stars are to the left with red labels and the 
s -process poor stars are to the right with blue labels. The stars decrease in metallicity from top to bottom for each s -process group. The light blue rectangle is 
the section of spectra that we use for fitting the line. The shaded purple fit to the spectra is the 68 per cent confidence interval of the best fit as determined by 
RATIO . The s -process abundance does not influence the relative isotopic ratios, ho we ver, the stars in the top panels, C and III-15, are Na rich and O poor which 
results in an enhancement in 26 Mg, as visible in the spectra, illustrated by the black arrow. This is especially obvious when compared to the dashed grey line 
using the best-fitting parameters but with a ratio of 99.8:0.1:0.1 (i.e. a purely 24 Mg model). The ratios in the bottom left correspond to 24 Mg: 25 Mg: 26 Mg as 
determined for this line. 

Figure 5. The Na-O anticorrelation using abundances from Marino et al. 
( 2011 ) with the stars in this study coloured by their 26 Mg/ 24 Mg isotopic 
ratios. s -process rich stars have pentagon markers whereas the s -process poor 
stars have plus markers. One of the key results from our study is that our Mg 
isotopic ratios correlate with the light element abundances rather than with 
the neutron capture elements. 
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Figure 6. Mg isotope ratios as a function of the light elements O, Na, and 
Al using Marino et al. ( 2011 ) abundances. A line of best fit (taking isotopic 
errors into account) is plotted for 24 Mg and 26 Mg. 
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oor population is more enhanced in 24 Mg, and depleted in 25 Mg and
6 Mg compared to the s -process rich population. We continue to see
he pattern of 26 Mg increasing with increasing s -process production
ithin each population. There is no discernible difference in the

sotopic ratios between the 1 st -peak s -process element Y, compared to
he 2 nd peak elements La and Nd. Furthermore, there is no significant
rend for each of the s-process populations. 
NRAS 527, 7940–7955 (2024) 
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Figure 7. Mg isotope ratios as a function of iron peak elements Ti, Fe and 
Ni based on the differential abundances from Paper 1. 

Figure 8. Mg isotope ratios as a function of s -process elements Y, La, and Nd 
based on the differential abundances from Paper 1. We see similar abundance 
patterns to Fig. 7 ; ho we v er, as e xpected, there is a greater separation between 
the two s -process groups. 
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Figure 9. Isotopic ratios for 25 Mg/ 24 Mg and 26 Mg/ 24 Mg. The red (to the 
right) and blue (to the left) vertical dotted lines represent the weighted average 
value for the s -process rich and poor isotope ratios respectively. We do not 
include the Na-enhanced, O-depleted stars III-15 and C in our weighted 
av erage to e xclude ef fects from light element abundance v ariations. The s - 
process rich population is slightly more enhanced in both 25 Mg and 26 Mg 
compared to the s -process poor population. 
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In Fig. 9 , we plot the isotopic ratios for 25 Mg/ 24 Mg and
6 Mg/ 24 Mg with their associated errors. The stars III-15 and 
 clearly stand out in 26 Mg/ 24 Mg. To calculate the average 
ifference between the populations, we remo v e these stars as
here must be additional nucleosynthetic processes influencing 
heir isotopic ratio. We find that the s -process rich popula- 
ion has more 25 Mg and 26 Mg compared to the s -process poor
opulation; with ( 25 Mg / 24 Mg ) rich − ( 25 Mg / 24 Mg ) poor = 0 . 033 and
 

26 Mg / 24 Mg ) rich − ( 26 Mg / 24 Mg ) poor = 0 . 024. These differences are
n the same order of magnitude as our errors therefore we assume that
 -process production has a minimal impact on the resulting isotopic 
atios (although a larger sample is needed to confirm this). 
.2 Constraining the mass range of AGB stars 

his subsection explores whether a certain mass range of AGB stars
an replicate both s -process abundance differences and M 22’s Mg
sotope ratios. We suggest AGBs as the primary source of the s -
rocess and neutron-rich Mg isotopes, ho we ver, we briefly discuss
lternative scenarios in the following sections. 

We compare our results to custom AGB models at the metallicity
f M 22; [Fe / H] = −1 . 8. Fig. 10 plots the percentage of AGB
jecta required to reproduce the difference in s -process elements 
 

Y , � 

La , and � 

Nd , respectively (i.e. see Fig. 8 ). On the x -axis, we
iv e the de gree of dilution of AGB ejecta with pristine material (i.e.
as with the same abundances as the s -process poor population)
s a percentage. A value of 0 represents the abundance equivalent
o the s -process poor population while a value of 100 represents
he value corresponding to pure AGB ejecta. The top panels in
ach figure give the enhancement in Y, La, and Nd as a function
f dilution for the AGB masses of 1, 2, 2.5, 3, 3.5, and 4 M �.
he 1, 2, 2.5, and 3 M � mass models use the Vassiliadis & Wood
 1993 ) mass-loss rate, whereas the 3.5 and 4 M � models use the
loecker ( 1995 ) rate. The grey dotted horizontal line denotes the
easured s -process enhancement between the two populations based 

n the differential abundances in Paper 1. The shaded grey region
epresents the minimum and maximum difference based on the 
ange of the s -process abundance measurements. For clarity, we 
xplicitly write out the y -axis label as � 

X 
s −rich − � 

X 
s −poor for our three

epresentative s -process elements given in the left hand corner of the
op panels. The middle and bottom panels illustrate the production 
f 25 Mg/ 24 Mg and 26 Mg/ 24 Mg between the s -process populations 
espectively. 

The grey dotted horizontal lines illustrate the observed differences 
n the isotopic ratio between the two s -process populations as
emonstrated by Fig. 9 . Again, the shaded grey regions represent
he minimum and maximum range in our measurements. Verti- 
al dashed lines are plotted at the level of dilution required to
eproduce the s -process difference and the corresponding shaded 
egion of the same colour represents the possible values that can
MNRAS 527, 7940–7955 (2024) 



7950 M. McKenzie et al. 

M

Figure 10. The production of s -process elements � 

Y , � 

La and � 

Nd (top panels), 25 Mg/ 24 Mg (middle panels) and 26 Mg/ 24 Mg (bottom panels) as a function of 
the percentage of AGB ejecta. The a verage ab undance in the wind of 1 M �, 2 M �, 3 M �, 3.5 M �, 4 M � AGB models are plotted in each panel. The dashed grey 
line represents the average difference between the s -process rich and poor populations for each quantity. The shaded grey region is the minimum and maximum 

range in s -process abundances given our target stars. Only low mass ( ≤3.5 M �) AGB models are capable of manufacturing enough La to reproduce the observed 
differences in M 22’s stellar populations. The vertical lines correspond to the required dilution at which each AGB model produces the difference in the two 
s -process abundance groups. The shaded vertical lines of the same colour are the upper and lower limits. This can then be used to predict the approximate 
isotopic abundance in the wind expected for both 25 Mg/ 24 Mg and 26 Mg/ 24 Mg. 
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atisfy our observations. For La and Nd, AGB models abo v e
.5 M � can not reproduce the observed s -process abundance 
ifferences. 
For each AGB model, we take the amount of dilution which

eproduces observations to calculate the expected isotopic ratio.
or instance, a 3 M � model producing ∼0.45 dex of La alters

5 Mg / 24 Mg and 26 Mg / 24 Mg by ∼ 0.15, and ∼ 0.16, respectively.
o we ver, Fig. 9 demonstrates that a difference between s -process
opulations of ∼0.15 should be detectable given our errors. The
sotopic ratios given the difference in s -process abundances are
hown in Fig. 11 . Each row represents the expected isotopic
nrichment from each s -process element, and the different AGB
ass models are given as ro ws. Ro ws are coloured by their pre-

icted isotopic yields with blue and orange colours correspond-
ng to higher 25 Mg / 24 Mg and 26 Mg / 24 Mg yields, respectively.
a and Nd give very similar isotope predictions which are ex-
ected as they are both 2 nd peak s -process elements. One of the
ain conclusions of this paper is that both these elements fa v our
odels between ∼ 1 −3 M �, with the best match occurring at
2 . 75 M �. 
NRAS 527, 7940–7955 (2024) 

l  
 DI SCUSSI ON  

.1 Correlations with light elements 

arino et al. ( 2011 ) demonstrated that M 22 stars have a similar Na-
 anticorrelation and Na-Al correlations to the general population
f ‘normal’ GCs (e.g. Carretta et al. 2009c ) and that the Na-
 anticorrelation is present in each s -group. This is reflected in
ur sample, with C and III-3 both belonging to the Na-enhanced
opulations. Employing the same technique used to determine the
GB mass range responsible for the two s -process populations but

nstead using Na, we can investigate the mass range of AGB stars that
nriched this Na-enhanced population. Unlike the s element groups
here there is a more distinct cut-off between the populations, it

s harder to define a threshold at which Na abundances become
enhanced’. Ho we ver, if we assume a ∼ 0 . 4 dex increase in Na
etween C and III-3 and the other measured stars, AGB stars with a
asses between 3 . 5 –4 . 5 M � has the potential to fulfil the observed

sotopic distribution. These stars have a total stellar lifetime of
100 –200 Myr . Ho we ver, we caution that these measurements have

imited diagnostic power as they are based on our small sample
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Figure 11. The predicted changes in 25 Mg/ 24 Mg (left, blue) and 26 Mg/ 24 Mg 
(right, orange) given the enrichment required to match s -process population 
differences. Columns represent s -process elements Y, La, and Nd, and rows 
denote AGB model masses in M �. Colour intensity indicates the 25 Mg and 
26 Mg enhancement level, with lighter colours marking larger differences 
between s -process poor and rich populations. Super and subscript values 
provide upper and lower limits based on s -process abundances. Empty entries 
signal models that can’t generate enough s -process material to reproduce our 
observations. For comparison, the average difference in 25 Mg/ 24 Mg is 0.033 
and has a range of up to 0.076.With average differences of 0.033 (up to 0.076) 
and 0.024 (maximum 0.057) for 25 Mg/ 24 Mg and 26 Mg/ 24 Mg respectively, 
2.75 M � AGB stars best reproduce our isotopic observations. 
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ize and a somewhat arbitrary Na dif ference. Ho we ver, there is the
otential to extend this to multiple elements using a larger sample 
ize of stars in future works. 

This is the first study to provide a comprehensive comparison 
etween isotopic ratios and chemical abundances for a wide range of
lements. The measured correlations suggest that the nucleosynthetic 
rocesses responsible for processing Mg isotopes must also act on 
O/Fe] and [Na/Fe] and [Al/Fe] (Fig. 6 ), but not on [Mg/Fe], [Si/Fe],
nd [Ca/Fe] (Fig. B1 ). Future works aim to expand on the number
f clusters with high-quality abundance and isotopic measurements 
o investigate whether this is a universal feature amongst GCs and
ther complex star clusters. 

.2 A comparison to previous literature results 

13 (Shetrone 1996 ; Yong et al. 2006 ), NGC6752 (Yong et al.
003a ), M71 (Mel ́endez et al. 2009 ; Yong et al. 2006 ), M4 (Da
osta et al. 2013 ), ω Centauri (Da Costa et al. 2013 ), and 47
ucanae (Thygesen et al. 2016 ) are the only clusters with Mg

sotopic measurements. Mg isotopes are most often compared with 
l abundances, and it is clear that as Al abundance increases, 24 Mg
ecreases, 26 Mg increases and there is no significant change in 25 Mg.
herefore, our results are consistent with the literature results for Al.
The APOGEE surv e y is one study that has demonstrated that

he Mg-Al anticorrelation is metallicity dependent (M ́esz ́aros et al.
020 ). NGC6752 has a similar [Fe/H] to M 22 (i.e. ∼−1.66; Yong
t al. 2013 ), making it an ideal reference cluster for this work. To
ompare, we use the isotopic values from Yong et al. ( 2003a ) and
ifferential abundances from Yong et al. ( 2013 ) (which were analysed 
sing the same reference star as Paper 1; NGC6752-mg9). Na is the
nly light element with differential abundances that we see trends 
ith isotopic ratio. Both s -process populations in M 22 share an
 v erlapping 26 Mg-Na correlation and 24 Mg-Na anticorrelation with 
GC6752. In NGC6752, ho we ver, Na-rich stars reach much higher

6 Mg values than any of the M 22 stars. This could suggest that
ore massive AGB stars (in comparison to the AGB mass range

iven for M 22) were responsible for generating the isotopic trends
n NGC6752, as this would allow for the production of the heavier
sotopes, while not influencing the s -process abundance. A plot with
he comparison between the isotopic ratios in M 22 and NGC6752
s included in Appendix B . Similarly to M 22, there are no trends in
i or La. 
In the study by Thygesen et al. ( 2016 ) on the cluster 47 Tuc

hich used 3D hydrodynamic models to derive their isotope ratios, 
hey found that there was a significant enhancement in the ratio of
6 Mg/ 24 Mg, but 25 Mg/ 24 Mg essentially remained unchanged. 

In their theoretical study of 3D line formation, Thygesen et al.
 2017 ) found only negligible effects on the isotopic ratios, smaller
han 1 per cent, for a red giant model with [Fe / H] = −2 and
ith temperature similar to those of our stars. We therefore do not

nvestigate 3D NLTE effects further at this time. 

.3 Alternati v e explanations 

entura et al. ( 2018 ) provides an extensi ve re vie w of Mg isotope ra-
ios and their significance in understanding the enrichment processes 
ithin GCs. The authors discuss that Mg is one of the key elements

raced by stars within GCs as it provides invaluable insights into the
haracteristics of the polluting source responsible for the formation 
f 2G stars. As Mg is unaffected by mixing episodes during both
he RGB and progenitor AGB phases, its abundance reflects the 
onditions the processed gas was exposed to. Therefore, this allows 
or the determination of the degree and extent of nucleosynthesis. 

Supermassive stars (SM; e.g. Gieles et al. 2018 ) and the hot
ottom burning envelopes of AGBs are the only stellar p-burning 
nvironment reaching high enough temperatures to process 24 Mg 
Prantzos et al. 2007 ). AGB stars have been used by both Shingles
t al. ( 2014 ) and Straniero et al. ( 2014 ) to explain the s -process
nhancement in M 22, but the massive stars with rotation model
Hirschi 2007 ) used in Shingles et al. ( 2014 ) could not reproduce
he s -process enhancement within the cluster. Ho we v er, the y note
hat there are still large uncertainties in s -process yields in these
MNRAS 527, 7940–7955 (2024) 
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odels and that other sets of yields may change their conclusions. To
omplicate matters further, Denissenkov et al. ( 2015 ) argued against
t due to the large expected 25 Mg content predicted by Ventura et al.
 2011 ) and championed the SM star model. 

The winds of fast-rotating massive stars (FRMS; Decressin,
harbonnel & Meynet 2007 ) have also been proposed as a solution to

he multiple stellar populations problem in GCs. FRMS can generate
 large amount of s -process products at low metallicity, where
he dominant neutron source is 22 Ne ( α, n) 25 Mg in the conv ectiv e
e-burning core and in the subsequent conv ectiv e C-burning shell

Pignatari et al. 2008 ; Frischknecht, Hirschi & Thielemann 2012 ;
rischknecht et al. 2016 ). Ho we ver, Ventura et al. ( 2018 ) argue

hat only AGB and v ery massiv e stars can reproduce the Mg-Al
nticorrelation. Scenarios that invoke binary star interactions (e.g. de
ink et al. 2009 , Bekki 2023 ) are cited as a potential solution for the
ultiple stellar population problem in conventional GCs, but do not

onsider any potential s -process element abundance differences. 
One caveat of these scenarios is that they mostly refer to Type I

Cs, rather than the metal-complex Type II clusters. The existence
f a [Fe/H] spread in M 22 demands that some fraction of ejecta
sed to make the s -process rich population was also enriched by
Ne. Ho we ver, as SNe are not major contributors to the s -process or
eavy Mg isotopes, we save this discussion for a more comprehensive
hemical evolution analysis in the future. 

.4 Implications for s -process elements 

ur AGB mass range is marginally lower than the results from
hingles et al. ( 2014 ), who employed chemical evolution modelling

o determine a lower limit on AGB masses of 2.75–3 . 25 M �,
orresponding to a minimum enrichment time-scale of 240–360 Myr .
traniero et al. ( 2014 ) suggest an even higher limit on the AGB
ass; 4 ± 0 . 5 M �. By using isochrone fitting of observations of

he sub-giant branch of M 22, Marino et al. ( 2012 ) found that the
ge difference between the two s -process populations is no more than

300 Myr . Additionally, employing Yonsei–Yale isochrones, Joo &
ee ( 2013 ) disco v ered that the age difference is 300 Myr ± 400 Myr .
The total stellar lifetime for our best-fitting AGB model, ∼

 . 75 M �, is ∼ 3 . 5 Myr . This age represents the lower limit on the
ge difference as it does not account for the gas cooling time-scale
or both the AGB ejecta and the pristine gas diluting this ejecta.
till, this difference is already larger than predictions from isochrone
tting. A larger AGB mass would better agree with the enrichment

ime-scale set by isochrone fitting. Ho we ver, ∼ 3 M � with a stellar
ifetime of ∼ 280 Myr predicts a difference in Mg 25 / Mg 24 and

g 26 / Mg 24 of ∼0.15 and ∼0.17 respectively averaged across the
 -process elements. These values are roughly a factor of 5 larger
han the measured differences and would be detectable given our
rrors. Future chemical evolution models should incorporate a more
omprehensive approach to determining the optimum AGB mass,
ncorporating not only Mg isotopes but other light elements such as
, N, and O to better constrain these measurements. 
A significant amount of dilution is required for each model. For

xample, the contribution from AGB ejecta to reproduce the s -
rocess abundance enhancement for our 2 . 75 M � model is roughly
 per cent. The accretion of pristine gas has been a mechanism
uggested in GC formation scenarios (D’Ercole et al. 2016 ) and
as been theoretically demonstrated to be a viable mechanism for
reating additional stellar populations (McKenzie & Bekki 2021 ;
acchin, Calura & Vesperini 2021 ). Additionally, gas accretion can
elp to solve a variation of the ‘mass budget problem’ (Renzini
008 ; Renzini et al. 2015 ) present in this cluster of how the s -process
NRAS 527, 7940–7955 (2024) 
oor population can generate enough mass to form the s -process rich
opulation (where Milone et al. 2017 and Lee 2020 estimate that
he mass ratio between the s -process poor to rich populations to be

60:40). 
Uncertainties stemming from constraining AGB mass using iso-

opic analysis are difficult to assess. While we have made significant
fforts to minimize errors from the s -process element abundance
easurements, errors in the isotopic measurements (e.g. errors orig-

nating the model atmospheres, line lists and 1D radiative transfer)
nd AGB modelling (e.g. due to numerical treatments of convection,
ass-loss, and reaction rates and low-temperature opacities) possess

onsiderable systematic uncertainties. Ho we ver, we are still able to
onstrain previous measurements of AGB mass ranges to the low-
ass end. 
Follow-up studies will investigate the yields from different AGB
odels and test whether different scenarios, such as the FRMS

cenario, can reproduce these observations. 

 C O N C L U S I O N S  

he formation of M 22 is still an unsolved mystery, ho we ver, chemi-
al abundance analysis on the isotopic le vel of fers a ne w unexplored
erspective on the problem. Given the considerable variations in
he yields of high- and low-mass AGB stars, we leverage these
ifferences to determine the specific AGB mass range that served
s progenitors for the s -process rich population. Furthermore, this
llows us to estimate an age difference between the two populations
n a way that is independent of isochrone fitting. Low-mass AGB stars
anufacture a significant quantity of s -process elements compared

o their high-mass counterparts while having a minimal impact on
he production of heavy Mg isotopes. This study suggests that AGB
tars with a mass ranging from ∼1–3 M � best reproduce both the
 -process and isotopic abundances. 

This work introduces a new approach to calculating Mg isotope
atios, measuring more than three times the number of lines tradi-
ionally used, leveraging MCMC methods to identify the optimal fit
or the lines, and subsequently combining these lines based on their
robability distributions to determine the o v erall Mg isotope ratio of
he star. This innov ati ve approach not only delivers realistic uncer-
ainties for the first time but also enables the isotopic measurement
f the most metal-poor RGB star ever discussed in the literature. 
Interestingly, we identify correlations between the Mg isotopic

atios and the lighter elements O, Na, and Al, but not with Mg,
i, or Ca. Correlations in Al are consistent with previous studies
f GCs, ho we ver, other light elements are not commonly discussed.
here appear to be weaker correlations between each of the s -process
roups for both the iron peak and s -process elements, ho we ver, there
s no distinguishable difference between the two stellar populations.

To explore potential sources for these abundance variations, we use
ustom-made AGB models at the metallicity of M 22. Our findings
uggest that only low-mass AGB models ( ∼ 2 . 75 M �) are capable
f reproducing both the observed s -process enhancement while not
nfluencing the isotopic ratio. This places significant constraints on
revious estimates of the AGB mass ranges for the cluster and implies
 more considerable age difference between the two populations
han first thought. This no v el approach represents an important
dvancement in our understanding of the formation of anomalous
tar clusters on the isotopic level. Furthermore, the potential of Mg
sotopic ratios warrants further exploration in different areas of stellar
strophysics, serving as a promising tool to expand our understanding
f stellar nucleosynthesis. 
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PPENDI X  A :  M E T H O D S  F O R  C A L C U L ATI N G  

H E  ISOTOPIC  RATI O  

or this work, we test a variety of algorithms to determine the
ost accurate method of analysis which also produces realistic

rrors. Initial versions of RATIO used a simple hill-climbing algorithm
hich minimized the reduced χ2 value based on some initial value
etermined using PYMOOGI . Initial guesses were based on the closest
t to the blue wing (i.e. the side not influenced by isotopic splitting)
f each line individually. Variations of the code tested the impact
f holding one or multiple of these variables constant (e.g. fixing
he radial velocity and/or continuum). Ho we ver, we found that the
nal isotopic ratio was dependent on the initial value provided to

he program and did not yield consistent results with different initial
uesses. This hinted at a de generac y between the total Mg value and
he broadening from macroturbulence. 

Subsequent versions utilized the PYTHON module
cipy.optimize.minimize , testing several built-in
inimization techniques including ‘Nelder-Mead’, ‘BFGS’

nd ‘Newton-CG’. When optimizing all six parameters, the code
ither did not return a satisfactory fit to the spectra (as judged by
ye) or failed to converge entirely. To reduce the dimensionality of
he problem, we tried fixing the broadening value based on the Ti I
145.5 and Ni I 5115.4 Å lines as first suggested in McWilliam &
ambert ( 1988 ). For our sample stars, the Ti I is blended with a
eighbouring Fe I line, making it unsuitable to use independently to
etermine the blending. Running scipy.optimize.minimize
n the Ni I line while varying the total Ni and the broadening after
xing the continuum and radial velocity by eye-produced well-fitting
ynthetic spectra. Ho we ver, when calculating the isotopic ratio with
he Ni I broadening value, the MgH lines were too narrow to produce
n accurate fit of the line (i.e. the Ni I o v erestimated the broadening).

Additional attempts to fit these lines were to fit regions R1, R2,
nd R3 simultaneously. Our intention for this was twofold, (1) the
ncreased number of data points may help the code to converge and (2)
o find one isotopic ratio that satisfied all regions. As noted in previous
tudies, kno wn and unkno wn blends within the line list result in no
sotopic ratio being able to describe all three lines. Therefore, we
onclude this is not a feasible method for determining the global
sotopic ratio within our stars. 

Given the degeneracies between the parameters, a brute-force
pproach to fitting the isotopes would result in the most accurate
nd unbiased fits to each line. To test this, we synthesized a grid
f models for each of the three MgH lines, varying the total Mg
bundance, broadening, 24 Mg, 25 Mg, and 25 Mg. Each line is then
ompared against upwards of 200 000 MOOG models with the stellar
arameters of T eff = 4070 K, log g = 0.4 cm s −2 and [Fe/H] = −1.8.
s in previous methods, the accuracy of the fit is based on a reduced
2 estimation. The top 10 per cent of these models are then re-run,
ut now shifting the observed spectra over an additional grid with
ifferent radial velocity and continuum values. The synthetic spectra
roduced by this method were by far the best match to the observed
pectra compared to the previous methods. Unfortunately, this grid
as created based on one model atmosphere and line list. Although
ong et al. ( 2003a ) illustrated that changing the model atmosphere
oes not result in a significant change in the final isotopic ratios,
esting illustrated that when using a different model atmosphere to
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Figure B2. Mg isotope ratios as a function of the light elements Na, Si and 
La using differential abundances from P aper 1. In gre y squares, we plot the 
isotopic ratios from Yong et al. ( 2003a ) and differential abundances from 

Yong et al. ( 2013 ) for the Galactic GC NGC6752. For Na, we see similar 
correlations in 26 Mg and anticorrelations in 24 Mg. For Si and La there are no 
discernable trends in either cluster. 
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PPENDIX  B:  A D D I T I O NA L  L I G H T  ELEMENT  

BU N DA N C E S  

arino et al. ( 2011 ) provide Mg, Si, and Ca abundances for our
arget stars. Ho we ver, we do not see any significant trends in the
sotopic ratios for these elements. We include Fig. B1 here for
ompleteness as the (lack of) trends in these elements may pro v e
seful for constraining nucleosynthetic models. 
To compare with the literature results from Yong et al. ( 2003a )

nd Yong et al. ( 2013 ), we plot the isotopic ratios and differential
bundances found for NGC6752 alongside M 22 in Fig. B2 . 

igure B1. Mg isotope ratios as a function of the light elements Mg, Si, and
a using abundances from Marino et al. ( 2011 ). We do not find any significant

rends in any of these elements. 
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