arxXiv:1103.5863v1 [astro-ph.SR] 30 Mar 2011

Astronomy & Astrophysicsnanuscript no. GCColv9 astroph © ESO 2011
March 31, 2011

Photometric signatures of multiple stellar populations in Galactic
globular clusters

L. Sbordoné?, M. Salari$!, A. Weis¢, and S. Cassisi

! Max-Planck-Institut fir Astrophysik, Karl-SchwarzskchiStr. 1, 85748 Garching, Federal Republic of Germany

2 GEPI, Observatoire de Paris, CNRS, Université Paris Did@ace Jules Janssen, 92190 Meudon, France

3 Astrophysics Research Institute, Liverpool John Mooreiw&sity, Twelve Quays House, Egerton Wharf, Birkenhedd4C 1LD,
UK

4 INAF - Osservatorio Astronomico di Collurania, Via M. Maggil-64100 Teramo, Italy
Received; accepted
ABSTRACT

We have calculated synthetic spectra for typical chemiemhent mixtures (i.e., a standargenhanced distribution, and distributions
displaying CN and ONa anticorrelations) found in the vasisubpopulations harboured by individual Galactic globcliasters. From
the spectra we have determined bolometric correctionsetetdmdard Johnson-Cousins and Stromgren filters, anty/fpradicted
colours. These bolometric corrections and colour-tramsédions, coupled to our theoretical isochrones with thgr@priate chemical
composition, have provided us with a complete and selfisterst set of theoretical predictions for theet of abundance variations
on the observed cluster colour-magnitude diagrams. CN@dance variationsfect mainly wavelengths shorter thad00 nm,
due to the arise of molecular absorption bands in cooler gphmeres. As a consequence, colour and magnitude changesgs

in the blue filters, independently of using broad or interrated bandpasses. Colour-magnitude diagrams involuinygand UB
filters (and their various possible colour combinationg)taus the ones best suited to infer photometrically thegmas of multiple
stellar generations in individual clusters. They are paléirly sensitive to variations in the N abundance, withléitgest variations
affecting the Red Giant Branch (RGB) and lower Main Sequence) (B8l diagrams are expected to display multiple sequences
only if the different populations are characterized by variations of thl-80 sum angbr helium abundance, that lead to changes
in luminosity and &ective temperature, but leave the flux distribution abov@ @ practically unfiected. A variation of just the
helium abundance, up to the level we investigate hefects exclusively the interior structure of stars, and igdéar irrelevant for
the atmospheric structure and the resulting flux distrdsutin the whole wavelength range spanned by our analysis.

Key words. stars: abundances —Hertzsprung-Russell and C-M diagrawaslution — globular clusters: general

1. Introduction clusters, revealed that the ‘primordial’ population is geaily

. . . the less numerous one, comprising typically 30% of all clus-
It is now W'dely accepted th_at Galf.iCt'C g_lobular Cluster©&p ter members. In contrast, 50—70% belong to the ‘intermediat
host multiple stellar populations, displaying thigeets of clus- 5 jjation’, defined as showing an overabundance offfleof
ter internal chem|ca_l evolution. The majority o_f GCs appedhore than & (o being the typical star-to-star error in [[&]-
to have two approximately coeval subpopulatlons, or rath%‘retermination for each cluster; see Carretta et al. [2008yeab
two generations of stars. The recognition of this fact camgs nean abundance observed in field stars with the same iron
with the increasing observational evidence for what watedal . iant In some clusters. e g. M13 and NGC 2808, the anoma-
star-to-star abundance variations or abunda_nce anesial lies reach extreme values, in which case the remaining atars
which manifest themselves as variations of nitrogen, 0RYGe, nted as an ‘extreme population’, and — at least in the afise
agd sdodlum, a[‘.?h'.n sohme ckl)uster? of rgatgnesmm andfalumln C 2808 (see the following discussion) — they could be repre
abundances. Lithium has been found 1o vary In a 1ew ca tative of a third generation of stars, distinct from thimpr-
(NGC 6752, NGC 6397, and 47 Tucanae, Pasquinilet al.| 20 2l and the intermediate ones
Bonifacio et all 2007, Lind et al. 2009; Shen etlal. 2010)j-ant o o )
correlating with sodium, and hints exist that elements @vye Such element variations in clusters have been known since a
as sulfur might be fiected (in 47 Tuc,[ Sbordone et al. 2009)féW decades (e.g., in M3 and M13, Cofien 1978), mainly due

These abundance variations are found in stars of all eeluti {0 SPectroscopic analyses of cluster members, the number of
ary stages. An extensive discussion of these anticorelgti Which has steadily increased, in particular due to the abil
their interpretation as two generations of cluster stams, the 1Y Of high-resolution multi-object spectrographs. Netefess,
connection with structural cluster parameters can be fanndthe actual fraction of cluster stars investigated is séitywsmall.
Carretta et &/ (2010b), where also a comprehensive listigio Additional evidence that GCs host multiple populations eam

nal papers is quoted (see also the review by Grattor et aff)20d"™m high-quality photometric data for thousands of cluste
It is remarkable that the investigation by Carretta et 21(), stars|_ Anderson (1998) discovered that the broad main seque

which included over 1200 red giants in 19 carefully selectd®y!S) of the (untypical) clustep Cen may actually be composed
of two separate sequences. Lee et al. (1999) identified suoeh s

Send offprint requests to: L. Shordone (e-mail: Isbordone@mpa-populations in the cluster red giant branch (RGB) and pdinte
garching.mpg.de) out analogies with NGC 2808 and M22 CMDs which were to be
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confirmed almost a decade later. Bedin etial. (2004) andWello  For these reasons it is interesting to investigate the pho-
up work demonstrated that the two sequences haffereint tometric properties of cluster isochrones as they depend on
metallicities, with the bluer one surprisingly hosting tim@re abundance variations. They can be used to separate subpopul
metal-rich population ([F&H] = —1.26 as compared te1.57 of tions for further spectroscopic investigations, to vekfyown

the bulk of the cluster population). The only explanationrfd or suspected chemical compositions, or to assess the frac-
so far (Norris 2004; Piotto et al. 2005) is that the bluer szape tion of first and second generation stars in a cluster. They
has a higher helium mass fracti¥n~ 0.38, compared to a nor- may also help in understanding the origin of multiple MS,
mal value of 0.25. A weakly populated third main-sequenreg;, r subgiant- and red giant branches within one cluster. Sadtal.

der than the two others, was found by Villanova et lal. (20072006) and Pietrinferni et al. (2009) calculated stellacks and

and definitely confirmed on the basis of an accurate WFC3 phisechrones for chemical compositions showing the CN- and
tometry by Bellini et al.[(2010)w Cen is also known for host- ONa-anticorrelations, as well as for enhanced helium mésu

ing at least four subgiant (Lee et al. 2005; Sollima et al.2200They demonstrated that in the Johnson-Cousins filters V and
Villanova et all 2007; Bellini et al. 2010) and red giant lehes | only an extreme helium enhancement leads to a significant
(see_Johnson etlal. 2009, for a recent compilation), whifterdi colour change as compared to a standard Pop. Il mixture. They
not only in metal content, but probably also in age. Whilesthe also predicted slight changes in the RGB bump position, and a
empirical findings, the cluster mass, and the undisputatgls-p separation of first and second generation stars along thie hor
ence of a spread in iron content, definitely pu€en in a special zontal branch. Cassisi etlal. (2008) used these isochrores t
position among GCs, the photometric evidence for sevetal syplain the splitting of the subgiant branch (SGB) in NGC 1851 a
populationsis clear, and has led to similar investigatiomgher a consequence of enhancedG+O abundances. Ventura ef al.
massive clusters. (2009) further investigated this question, constraining to-

As it turned out, multiple cluster sequences in the CMDs atel C+N+O abundance and the maximum helium content com-
indeed present in several other clusters. So far, they hege bpatible with the MS width. From the observational side, whil
detected in NGC 2808 (three main-sequences; D’Antond etong et al. (2009) claim a variation in this sum by a factor pf 4
2005;| Piotto et al._2007), NGC 1851 (double SGB and RG¥llanova et al.|(2010) dispute any evidence for this. Needlto
Milone et al. [2008;| Han et al._2009), M4, NGC 3201 anday that for the AGB-pollution scenario it is of great im@orte
NGC 1261 (two red giant branch populations; Marino &t alvhether the sum of the CNO-elements in the second generation
2008;| Kravtsov et al. 2010a,b), as well as in NGC 6752 arsars is constant or has increased due to He-burning pmduct
47 Tuc (clear spread of the MS, also RGB spread in NGC
6752; Anderson et &al. 2009; Milone etlal. 2010b; KravtsoM.et a
2011). In a number of cases (e.g. NGC 1261, NGC 3201,

NGC 6752, see Kravisov et/al. 2010b.a, 2011), evidencesexist p icochrone computations mentioned so far treated the
th_at the two populations also _haveTe_}rent radial distributions, actual chemical composition consistently in the stellae-in
with the redder RGB population being more centrally concen-

. . ' rior models. In particular, appropriate Rosseland meawitipa
trated. Aside from the aforementioned NGC 1851, Piotto 8200 ‘ . ) . ¢ >
Marino et al. [(2009) and Milone etlal. (2010a) announced p were used. Dotter et al. (2007) investigated in detail tHkiin

limi s : : : 'Shce of individual element abundances. This limits a stéct-
iminary findings of multiple subgiant branches in seven enor

rison of isochrones to the theoretical Hertzsprung-&liss
clusters, among them M22, M54, 47 Tuc, NGC 6388. The : o
object do not display dramatic Fe abundance spread as the é%gram (HRD). However, for the precise prediction of cefou

found inw Cen, although M22 seems to display an abundangg
spread of about 0.2 dex, correlating with the abundance o
process elements (Da Costa et al. 2009; Marinolet al. 2008).

question therefore is, what the cause for the photomettic Spdiagrams (CMDs) involving ‘biue’ photometric bands (sueh a

. " .
ting could be? A second question concerns the fact that tite Spbhe standard U Johnson band) and abundance anticorrelation

ting angor broadening of main-sequences, subgiant branchw%"e these photometric peculiarities disappear whengusin

and red giant branches, is not present in all photometriarspl :
. . - ’ sual bands like V and | (see among others the case of M4,
a circumstantial evidence that rules out the presence afje laM%rino et al[2008).

age diference between the subpopulations as the cause forir
splitting.

The internal chemical evolution of the clusters that led to
the diferent abundances in the two stellar generations, has af-
fected only lighter elements up to Al, and can be linked diyec ~ This work presents the first determinations of bolometric
to high temperature proton-capture nucleosynthesis.drwlo corrections and colours for widely used blue to near inftare
scenarios that potentially could explain the chemical progs, standard filters, from synthetic spectra with chemical cositp
this implies an increased helium content in the materiainfrotions typical of both first and second generation stars fannd
which the second generation is formed. These currently disCs. Although we are postponing a detailed comparison with
cussed options are winds from massive stars or mass loss freimserved clusters, our results already allow a basic casgrar
intermediate mass stars during the thermally pulsing Adgtitp  with observations and specific predictions. The structdith®
Giant Branch phase (AGB - see, e.g., Renzini 2008, and refper is as follows: The next two sections (2 and 3) present th
erences therein). The increase in helium could range betweeethodology of our analysis, and a description of the thezaie
being marginal up to the postulated value for the blue MS model atmosphere and synthetic spectrum calculationseces
w Cen and the bluest MS in NGC 2808, and could be as hightagly. Application of these spectral calculations to isoanes
Y = 0.38 (Piotto et al. 2007). Therefore both the spectroscopiepresentative of first and second generation stars foliows
and the photometric evidence for multiple cluster popalai Sect. 4, before a summary and discussion of the resultssclose
are intimately linked to the same mechanism. the paper.

0 stellar atmospheres and spectra with consistent chémi
f mposition are needed. This is of particularimportancabse
.Itﬁere is a clear evidence for the existence of a correlaten b
tween splittings of evolutionary sequences in colour miagie
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2. Methodology

T T T
We have considered a reference isochrone from the BaSTI | 12 Gyr [Fe/H]=—16 o 7
databagk (Pietrinferni et al 2006), with the following charac- i Y ' 4 7]
teristics: an age of 12 Gyr, helium mass fractién= 0.246 L
and metal mass fractiah = 0.001, that results in an iron abun- s
dance of [FgH]=-1.62 for thea-enhanced metal mixture of the -
BaSTI models (¢/Fe]~0.4). Such an isochrone is representa- =20~
tive for the first generation population in a typical GalacsC.
A second generation of GC stars is represented by coeval (i.e}
12 Gyr old) isochrones calculated for the same/lfffe-1.62, ~ |
Y = 0.246, but with two diferent choices for a metal distribu- & 1.0 -
tion, in which the elements C, N, O, and Na follow observed~ i
(anti-)correlations. We have also included an additioaakcfor
a mixture with CNONa anticorrelations and, additionally,ia- L
creased initial He abundance6f= 0.400 (see Fid.11). 0.0 |-
The three metal mixtures (mass fraction of metals nor- -
malized to unity) are listed in Tabld 1. Theenhanced mix-
ture employed in the BaSTI database (Pietrinferni 2t al 6200 i
which corresponds to typical first generation subpoputatio S o
Galactic GCs, is labelled as 'reference’. The first mixtuep-r 3 80 375 370 3 65 3 60
resentative of second generation stars is labelled 'CNQNal log(T,,)
and displays — compared to the referemcenhanced mixture

—enhancements of N and Na by 1.8 dex and 0.8 dex by masgy. 1. Theoretical isochrones from the MS to the tip of the RGB
respectively, together with depletions of C and O by, resper the four diferent chemical compositions discussed in this pa-
tively, 0.6 dex and 0.8 dex. This is the same metal distribger. The solid line corresponds to both the reference firsege
tion already used in the calculations|by Salaris et al. (@08 ation population and the second generation population thith
Pietrinferni et al. (2009) An alternative Composi’[ion fmcond CNONa2 metal mixture (both Wit = 0246), as they are vir-
generation stars is labelled 'CNONa2’; it is the same as thgally identical. The black dots along this isochrone dertbe
CNONal mixture but for the enhancement of N that in this cag@ints for which we have calculated model atmosphere and syn
is equal to 1.44 dex by mass. The importarfetience between thetic spectra. The dashed line corresponds to the secomd-ge
CNONal and CNONaz2 'second generation’ mixtures is that ition population with the CNONal metal mixturé & 0.246),

the first case, at fixed Fe abundance, thdNGO mass fraction while the dash-dotted line is for the same population, buafo

is enhanced by a factor of 2 compared to the reference comp@sitial He mass fraction o = 0.40. See the text for more de-
tion, whereas the CNONa2 mixture has the same CNO contegs).

(in both number and mass fractions) as the reference composi

tion, within 0.5%. This also implies (given that the-8+0O sum
constitutes most of the total metal content) thatYoe 0.246
as in the reference first generation composition, the totthim
mass fractiorz of isochrones for the CNONal mixture has to b
larger than the reference composition by a factor 1.84, deior

accompanied by a decrease in hydrogen abundance, therefore
would dfect [FgH]. So far, there is only one highly signifi-
Bant empirical evidence showing the existence @edénces in

- . Fe/H] between distinct subpopulations within a GC, e.g, the
to have [F¢H]=—1.62. Both CNONal and CNONa2 m'XtureSE:ase of NGC 2808 (Bragaglia et al. 2010). This has been inter-

are representative of extreme values of the CNONa am'mrrepreted as due to significant changes of the initial heliummabu

tions observed in Galactic GCs (Carretta et al. 2005, 2010b) dance between the various subpopulations, already distuss
particular, spectroscopic measurements of th&d€O sum in in the introduction. It is also important to notice that akho

![?odriws?;?sl ng;;gdvéﬁﬁ:ﬁag;ggezf'zn ,]g;:rg?tg Z??l?ngo%?;e_rall chemical abundance studies so far were based on scaled
( < solar composition model atmospheres, at most including

which is the typical error bar in these estimates. enhancement. If a population displays a large enough depart

In case of the CNONa2 mixture, the metal distribution hag, ", o"scaled solar composition, a failure to account e t
been constructed specifically to keep the s@Zméthe reference true chemical pattern in the model atmosphere could paténti

composition, whery = 0.246. As for the CNONal metal mix- : ; . :
ture, we have also considered the case of an enhanced he@&ﬁm;hgfsd:\éﬁgr[za]’ possibly masking dferences in [FH]

mass fractiorY = 0.400. Also in this case we imposed the con- .
At any rate, even for our choice of an extreme He enhance-

dition of having [F¢H]=-1.62 as in the reference compositionl,nent by varyingy keepingZ fixed one would obtain a varia-
which implies a metallicityZ larger by a factor 1.46. The final tion of [FeH] of about 0.1 dex. We have verified from tae

mixtures are given in Tablg 2. enhanced_Castelli & Kurucz (2004) models, that such a small

Strictly speaking, our choice of keeping [F§=-1.62 for gy : .
the CNONal mixture with enhanced helium is not in agreemet\(ﬁ”at'(.)n of [FgH] affects the bolometric corrections to the pho-
ometric filters discussed in this work at the level of at most

with scenarios that could explain the chemical signatufeisen 0.01-0.02 mag, and only at blue wavelengths
i .Inth Is F Il iro- = ! ) '
second generation stars. In these models Fe and all othrer iro The HRD from the MS to the tip of the RGB of the

peak elements are noffacted, and indeed the absolute iron-

abundance should be kept constant, so that an increase Ofsochrones consid(_ared in our analysis is tho".V” in(Hig. latec
of the CNONa2 mixture, the corresponding isochrone is prac-

1 The BaSTI database is available atically identical to the reference-enhanced one, therefore we
http:/www.oa-teramo.inaf.it/BASTI| have used this latter isochrone to represent also a secand ge



http:/www.oa-teramo.inaf.it/BASTI

4 Shordone et al.: Multiple stellar populations in globudarsters

Table 1.Mass and number fractions (normalized to unity) for theghmeetal mixtures considered. Full chemical mixtures inicigd
all elements from H to Ni are listed in Talile 2 that appear&@ndnline version of the paper.

Reference CNONa1l CNONa2
Number frac. Mass frac. Number frac. Mass frac Number frac. asdfrac.
C 0.108211 0.076451 0.013020 0.010454 0.027200 0.019200
N 0.028462 0.023450 0.860012 0.805283 0.707661 0.642054
(0] 0.714945 0.672836 0.054256 0.058031 0.113300 0.106800
Ne 0.071502 0.084869 0.034240 0.046189 0.071502 0.084869
Na 0.000652 0.000882 0.001970 0.003028 0.004110 0.005565
Mg  0.029125 0.041639 0.013947 0.022661 0.029125 0.041639
Al 0.000900 0.001428 0.000431 0.000777 0.000900 0.001428
Si 0.021591 0.035669 0.010339 0.019412 0.021591 0.035669
P 0.000086 0.000157 0.000041 0.000085 0.000086 0.000157
S 0.010575 0.019942 0.005064 0.010853 0.010575 0.019942
Cl 0.000096 0.000201 0.000046 0.000109 0.000096 0.000201
Ar 0.001010 0.002373 0.000484 0.001292 0.001010 0.002373
K 0.000040 0.000092 0.000019 0.000050 0.000040 0.000092
Ca 0.002210 0.005209 0.001058 0.002836 0.002210 0.005209
Ti 0.000137 0.000387 0.000066 0.000210 0.000137 0.000387
Cr 0.000145 0.000443 0.000069 0.000241 0.000145 0.000443
Mn  0.000075 0.000242 0.000036 0.000132 0.000075 0.000242
Fe 0.009642 0.031675 0.004617 0.017238 0.009642 0.031675
Ni 0.000595 0.002056 0.000285 0.001118 0.000595 0.002056

Table 2. Abundances for selected elements in the four chemical mastused for the atmosphere computations. The full table is
made available in the online version.

REFERENCEY=0.246 CNONaly=0.246 CNONaly=0.400 CNONa2r=0.246
N El.  Mass frac. [ER Mass frac. [EN [EI]—[EI]Pef Mass frac. [EN [EN-[Ellef  Mass frac. [EN [EN-[Ellref
1 H 7.5300e-01  12.000 7.5217e-01  12.000 0.0000 5.9854e-02.00Q 0.0000 7.5300e-01  12.000 0.0000
2 He 2.4600e-01 10.915 2.4600e-01 10.916 0.0005 4.0000e-01.226 0.3108 2.4600e-01 10.915 0.0000
6 C 7.6386e-05 6.930 1.9172e-05 6.330 -0.5999 1.5256e-05 3306. -0.5999 1.9184e-05 6.330 -0.6001
7 N 2.3430e-05 6.350 1.4768e-03 8.150 1.8000 1.1752e-03 508.1 1.8000 6.4150e-04 7.787 1.4374
8 O 6.7226e-04 7.750 1.0642e-04 6.950 -0.8000 8.4687e-05 9506. -0.8000 1.0671e-04 6.951 -0.7993
11 Na 8.8125e-07 4.710 5.5531e-06 5.510 0.7999 4.4189e-06.5105 0.7999 5.5602e-06 5.510 0.8000
12 Mg 4.1603e-05 6.360 4.1558e-05 6.360 0.0000 3.3070e-05.3606 0.0000 4.1603e-05 6.360 0.0000
13 Al 1.4268e-06 4.850 1.4249e-06 4.850 -0.0001 1.1339e-06.850 -0.0001 1.4268e-06 4.850 0.0000
14 Si 3.5638e-05 6.230 3.5600e-05 6.230 0.0000 2.8329e-05.2306 0.0000 3.5638e-05 6.230 0.0000
20 Ca 5.2045e-06 5.240 5.2009e-06 5.240 0.0002 4.1387e-062405 0.0002 5.2045e-06 5.240 0.0000
22 Ti 3.8667e-07 4.034 3.8512e-07 4.033 -0.0013 3.0646e-04.033 -0.0013 3.8667e-07 4.034 0.0000
26 Fe 3.1648e-05 5.880 3.1613e-05 5.880 0.0000 2.5156e-058805 0.0000 3.1648e-05 5.880 0.0000
28 Ni 2.0542e-06 4.671 2.0503e-06 4.670 -0.0003 1.6315e-04.670 -0.0003 2.0542e-06 4.671 0.0000
Z 9.9937e-04 1.8343e-03 1.4597e-03 9.9937e-04

a[El]=log N(El) — logN(H) + 12
b [El] for this mixture minus [EI] for the reference mixture.

eration population born with the CNONa2 mixture. As we have Along the reference isochrone we have selected 8 key points
tested with specific calculations — using the same inputipbys(marked as black dots in Figl 1) that cover almost the fulgean
as in[Salaris et all (2006) — as long as theN3-O sum is un- of Teg and luminosities. For each of these points we have cal-
changed (in the CNONa2 mixture it is within 0.5% of the refereulated appropriate model atmospheres and syntheticragect
ence metal distribution), an isochrone calculated usingetain each of the four metal mixtufide mass fraction pairs described
mixture with typical GC CNONa anticorrelations is equal to &efore. The parameters of the model atmosphere calcutaien
standardr-enhanced isochrone with the same/Hie which in  reported in Tablg]3. The calculations denoted as ‘main sath
case of the CNONa2 mixture corresponds to having the salmeen employed to produce the theoretical CMDs for first and
Z. For the two CNONal mixtures with initial He abundances afecond generation stars displayed in Séct. 4, while the dais
Y = 0.248 andy = 0.400 we used isochrones also taken from theulations have been used to determine fiiect of the choice of
BaSTI database (Pietrinferni et al. 2009), to represenepil- microturbulence on the results.
lations with extreme values of the CNONa anticorrelationd a  The next step of our analysis has been to produce obser-
a large He enhancement. The CNON#1; 0.246 isochrone is vational CMDs in several photometric bands, starting fromen t
essentially identical to the reference one but for the TOsatd  isochrones displayed in Figl 1. We have considered the dokns
giant branch (SGB) regions, as discussed in Salaris et@6)2 Cousins UBVI and the Stromgremvby photometric systems,
and| Pietrinferni et al. (2009). The TO is fainter and reddad that cover the full wavelength range spanned by our speatid,
the SGB is fainter compared to the reference isochrone. Whadiow us to study the féect of the dfferent metal mixtures on
helium is enhanced, as is well known, the MS, TO and — toketh broad- and intermediate-band filters.
lesser degree — the RGB become hotter. For this purpose we have first produced CMDs in se-
lected filter combinations for all isochrones, by employthg
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Castelli & Kurucz (2004) bolometric correction tables, the dicted lines normally used for pre-tabulated opacitieswdation
referencer-enhanced composition (see élso Cassisilet al. 200@iurucz| 2005b), for the purpose of this spectral synthesis w
From our own synthetic spectra calculations, for each of8theto derive intermediate-to-broad band colouk.the computed
key points we have then calculated the B@atiences ABC) models and synthetic spectra will be made available online to
between the reference metal mixture and each of the other mtbe communityd.
tures representing second generation stars. This enablés u
study the &ect of the abundance correlations on the bolometr'gl Producing the full chemical mi
corrections at fixed¢¢ and surface gravity. We have then ap= roducing the full chemical mixtures
plied these correctionsBC — by interpolation inTey between The first step of our calculations was to provide the full cheah
our key points — to the isochrones with the chemical composhixtures for the atmospheres. The three chemical compasiti
tions of second generation stars. of Table[1 were derived from the stellar interior calculagp

One important issue to notice is that thBC values deter- and included only those elements relevant for that purpose i
mined for the chosen key points are strictly speaking notiappthe form of mass fractions of metals normalized to unity. We
cable to the two isochrones for the CNONal mixture in[Bignl. Will henceforth use the term ‘interior’ when speaking abihis
case of a CNONal metal mixture avid0.246, along the turnfd  restricted set of elements.
and SGB regions, a given value By corresponds to a fierent While it is possible to consider only a subset of elements for
surface gravity (because of affdirent luminosity and slighlty the stellar interior modeling without adversely influergitne
different evolving mass) than the reference (and the CNONaggults, abundances for all remaining metals should bediec
isochrones. However, as we have tested with some sample @@akynthetic spectrum calculations. The fractions of eletsién
culations, these flierences in gravities, that amount to 0.08 dephe interior mixture should then be converted into absaisten-
at most, do not iect appreciably the values aBC at a fixed dances, including appropriate values for H and He, and tee-mi
Tefr. ing elements added. This process is essentially arbitsarge

Second, all along the CNONal isochrone witk: 0.40, the there is no single way to fill in the missing metal abundances.
surface gravity dters by~0.2-0.4 dex — at fixeder — from our  We proceeded as follows:
key points, because offiierent evolving mass and luminosities.
We have verified with some sample calculations, that changes
in surface gravity of this orderfiect the correctionABC by at
most~0.01 mag, and only for the and U filters. Furthermore,
the TO region of this He-enhanced isochrone is hotter than ou
hottest key point. We have therefore applied a linear erteap
tion (by at most 150 K) to our grid oABC values to cover the
relevant temperature range. We have verified that we have not
introduced any appreciable systematic error, by compatliag
extrapolated\BC values with values obtained from appropriate
spectra calculated for the TO point of tNe= 0.40, CNONal
isochrone.

Finally, we point out that a similar linear extrapolation of ~
ABC (by at most 100 K) has been applied to cover the4&s10-
0.15 dex in bolometric luminosity, close to the RGB tip, a re-
gion that is only very sparsely populated in the CMDs of tgpic
Galactic GCs. To summarize, we are sure that the applicafion
our ABC values to the CNONal mixture isochrones is not intro-
ducing any significant error, which wouldfact our conclusions.

The interior metal mixture, as listed in Talile 1, was con-
verted to a full metal mixture by filling in all the elements
except H and He. To do so, we took as reference the chem-
ical mixture of ane-enhanced, [Fél]=-1.5 model from the
Castelli & Kurucz (2004) grifl The total mass fraction of
the elements considered for the interiors amounts to 0.986
in this mixture. Thus, their abundances in the interior mix-
tures of Tablé1l were scaled by this factor, and the reman-
ing 1.4% distributed over the missing elements according to
their abundance fractions in the Castelli mixture. This has
produced the three full metal mixtures of Table 2.

The helium mass fractio was set to the two possible val-
ues,Y = 0.246 orY = 0.400. To produce a full set of abun-
dances we then only needed to set a ratio between the H mass
fraction X and the cumulative mass fraction of metads,
This was done bgnforcing [Fe/H]=-1.62. We came to such
choice since observational evidence is that stars frdfardi

ent populations in GCs usually share the samgHFésee
also the discussion in Sect. 2). The final full mixtures used
for the atmospheres are listed in Table 2.

3. Atmosphere models and synthetic fluxes.

The synthetic spectra for the selected key points have beef The model atmospheres

derived from self-consistent model atmospheres and syathexT| AS 12 has been employed to produce sets of model atmo-
spectra computed with the ATLAS 12 and SYNTHE (Kurucgpheres from lower MS to bright RGB stars — the parameters are
200513, Castell 20()5 Sbordone 2005 Sbhordonelet al. ZOQ )ed in Tab|d:B — for each of the four chemical Compositions
codes, respectively. ATLAS 12 employs opacity samplingsto egiven in Tablé .

timate the line opacity in the atmosphere, allowing the com- Figure[2 compares the temperature stratification in models
putation of model atmospheres for arbitrary chemical compemploying the reference and CNONaf. & 0.246) mixtures.
sitions. For each considered chemical mixture and each sgfown are temperature (left panel) and the corresponding re
of atmospheric parameterSe{, logg, Vium) an ATLAS 12 ative diferences (right panel) against Rosseland optical depth
plane-parallel, LTE model atmosphere was computed, andofthree models corresponding to a cool MS, a TO and an upper
SYNTHE spectral synthesis was performed between 300 mB star. Significant dierences arise only in the outermost lay-
and 1000 nm. The spectral synthesis accounts for the fulifseters and only in cool models. As we will show below, thesedi

atomic and molecular lines included in the Sbordone (205) aences arise from the genera”y lower molecular absorpn'd)he'
Sbordone et all (2007) Linux ATLAS p#rtas well as the pre-

3 For this preprint, we have not yet set up a download systeratwhi
2 Wedid not include TiO lines in the calculations, after verifying thatwill be made available for the final publication. In the meaua, anyone
no significant TiO bands formed in some representative capesn interested might contact us directly.
that they would have made the calculations remarkably beavi 4 Available online ahttp://wwwuser.oat.ts.astro.it/castelli/gri
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Fig. 2. The left panel displays the temperature structures for a Mg,and a RGB atmosphere as used in the present work. The
black continuous line represents the model computed withdference chemical mixture, the red dashed line the oneasg the
CNONal mixture. In both case¥,= 0.246. The right panel shows the percentage temperatfiezatice between the twoftlrent
chemical compositions.

Table 3. Parameters of the model atmospheres. Calculations 39 ' ' ' '
with the 'main set’ of parameters have been employed to pro- a8 T,,=4476 K, log g=1.20 // 3
duce theoretical CMDs for first and second generation stars. '
Calculations with the 'test’ parameter sets have been used-t 3
K K [ 3
timate the &ect of microturbulence. 5
Test logg  Vumw Mixtures
K cm/s> kmys 3
main set
4100 0.50 2.0 all =
4476 1.20 2.0 all ]
4892 2.06 2.0 all ]
5312 321 20 all \
5854 3.78 2.0 all £ A B
6490 422 20 all s 6 Y 3
6131 450 2.0 all - Y
4621 477 20 all 4 N E
Viurb test 2 \\ ]
4476 1.20 0.5 ref. ¥0.246, CNONa2 ¥0.4 S N e ]
4476 1.20 1.0  ref. ¥0.246, CNONa2 ¥0.4 05— B e =
4476 1.20 15 ref. ¥0.246, CNONa2 ¥0.4 -6 -4 -2 0 2
6490 4.22 0.5 ref. ¥0.246, CNONa2 ¥0.4 109(7 os)
6490 4.22 1.0 ref. ¥0.246, CNONa2 ¥0.4
6490 4.22 1.5  ref. ¥0.246, CNONa2 ¥0.4 Fig. 3. The upper panel compares the temperature stratification
4621 4.77 0.5  ref. ¥0.246, CNONa2 ¥0.4 forthe fourTeg = 4476 K, logg=1.2 giant models. The solid line
4621 477 1.0  ref. ¥0.246, CNONa2 ¥0.4 denotes the reference mixture, the dashed line the CNONa mix
4621 477 15  ref ¥0.246, CNONa2 ¥0.4 ture with Y = 0.246, the dot-dashed line the CNONal mixture

with Y = 0.4, and the dash-dot-dot line the CNONa2 mixture.
) In the lower panel the percentage temperatufiedince for the
reference mixture compared to the other models, whitdcts |ast three mixtures with respect to the reference one isquipt

mostly the outer layers of the cooler atmospheres. The@#sin colour and line type are coded as in the upper panel.
differences arise in the cool giants and are still apprecialtkein

coolest dwarf models, but become negligible in the warnasst

close to the TO or along the SGB. In thgy = 4476 K giant, deviations from the case of the reference mixture. The tesul

differences range from about 50 Kmss=107% to about 250 K  are representative of the general result for all modelsnEarge

at 710ss=107%, which is the highest value encountered amongsériations in the He abundance have a quite mirfi@og on the

the models explored in this work. atmosphere structure (as is evident from the extremelylaimi
Figure[3 displays the temperature stratification of the RG&8ructures in the CNONaY = 0.246 andY = 0.4 cases). It

models shown in Fid.]2 for all our four mixtures, as well asithemight be worth reminding that this does not mean that the he-
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Fig. 4. The flux distribution for the RGB model witheg = 4476 K and logy=1.2 for the reference mixture (black) and the CNONal
mixture (red), both with the standard helium contenYcef 0.246. We have superimposed the transmission curves for tiresda-
Cousins U, B, V, and I filters (thin, black lines; left to rigland for the Strogrenvby filtes (grey-shaded regions). The synthetic
spectra are broadened by convolution with a gaussian of FWHNIO ks for readability purposes, and in order to roughly
match the resolution of the Castelli & Kurlicz (2004) ATLAS8sed fluxes. A number of molecular bands which vary sigmifiga
between the two mixtures are labeled by the name of the quneng molecule.

lium content will not dfect the colours of second generatiomolecules. Conversely, the G-band, a CH feature falling ihé
stars, since varying the He content has an importdieceon B filter, appears stronger in the reference mixture, sineeGh
the stellar interiors (Fid.]1). It merely indicates that tidium abundance is higher. The increased opacity in the blue part o
content does notftect these cool atmospheres, and thus the riéte spectrum for the CNONal mixture leads to the increase of
lationship between stellar parameters and colours. Ragsim  the continuum flux redwards of about 450 nm, which explains
the CNONal to the CNONa2 mixture has a slightly more nthe overall higher flux observed in the CNONal spectrum be-
ticeable &ect, but we want to stress that thdfdience never tween 450 and 690 nm, and further in the red in the intervals
exceeds 25 K. along the strong CN absorption bands.

As far as the model atmospheres are concerned, one can thusn the spectrum of the TO atmospherBf = 6490 K,
conclude that the explored chemical mixtures do not have-a megg=4.22, Fig.[5) the much higher temperature prevents the
jor effect on the atmospheric structure, except in the outerm@simation of CN and CH alike, thus removing the most promi-
layers, where — at any rate — LTE models such as the ones efnt causes for increased blue opacity in the CNONal case, as
ployed here are less physically sound. well as most of the influence of the G-band. Only the very gjron

NH band around 340 nm is still visible. The much more similar
. spectra for the two mixtures in the TO atmosphere are reflecte
3.3. The synthetic spectra in the extremely similar atmospheric structures displaygthe

We display in Figs45, arid 6 the synthetic fluxes computed f§'0 TO models in Fig. 2.

the same three sets of parameters as iriFig. 2, as reprégeafat ~ The cool MS star Ter = 4621 K, logg=4.77, Fig.[6) dis-

the dfects of changing chemical composition. More specificallplays features similar to the RGB one, but shows also a much
we display the case of the reference (black) and CNONal (r&donger OH absorption at the blue edge of the U filter range in
mixtures, both withY = 0.246. Synthetic spectra were com+the reference case, due to the higher O abundance: the sathe ba
puted with very fine sampling\1/A = 300000) but are shown is visible, but much less prominent, also in the MS and RGB
here after convolution with a FWHML700 ks Gaussian, for stars. The Na D doublet becomes strongly wing-dominated in
readibility purposes, and in order to roughly match thelggm  this spectrum and thus appears much stronger in the CNONal
of [Castelli & Kuruc? (2004) fluxes. In each plot we label somgpectrum, where the Na abundance has been increased te repro
prominent absorption features (mostly molecular bandshse duce the observed Na-O anticorrelation. Red CN bands have an
strength changes significantly among chemical mixtures. almost negligible #ect in this star. The strong absorption feature

Figure[ compares the synthetic spectra dta= 4476 K, around 415nm is the MgH A-X band.
logg=1.2 giant. The CNONal mixture shows much stronger NH In Fig.[4 we finally show how the blue-visible part of the
and CN absorption bands in the U, B, and | filters. This is espectrum changes among all the four mixtures considered, in
sentially due to the much higher N abundance of the CNON#ie same RGB stellar model as described above. Teats are
mixture, despite the fact that the C abundance is lower. ifhis immediately apparent: first, the CNONa2 mixture — sharirgg th
dicates that the N abundance acts as bottleneck in forming GameZ as the reference one, as well as a lower N enhancement —



8 Sbordone et al.: Multiple stellar populations in globudhrsters

1.6x10"

1.4x10"

=z
T

1.2x10"

1.0x10"

Flux [erg s' em® nm™]

8.0x10°

6.0x10°

1T
[
i

400 500 600 700 800 900
wavelength (nm)

Fig. 5. As in Fig.[4 but now for the TO model witfies = 6490 K and logy=4.22.
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Fig. 6. As in Fig.[4 but now for the TO model withies = 4621 K and logy=4.47. Here, the Na D doublet is also labeled

shows less prominent NH and CN bands than the CNONal mexpected, leads to a behavior which is intermediate betwaen

ture, as well as a continuum which resembles more the one of teference and CNON#A cases.

reference mixture. Second, the change in the He abundance be

tween the two CNONal mixture has only a tinffeet on the flux ; ;

distribution. It has here to be considered that our choicsoof 4. Bolometric cprrecthns and

serving [F¢H] among mixtures leads to lawer Fe abundance colour-magnitude-diagrams

(andZz, for that matter) in the CNONal mixture with= 0.400 As discussed in Sectiofl 2, we have calculated the BC dif-

with respect to the one withi = 0.246, thus mitigating the main ferencesABC for each of the key points, in the UBVI, and

effect of increasing He, i.e. an increase in molecular weight. uvby photometric filters. We followed the method presented in
Our synthetic fluxes have been compared with MARCS syisirardi et al. (2002) using passband definitions from_Béssel

thetic fluxes |(Gustafsson et/al. 2008), obtaining equialen (1990) and Stromgren (1956). The results for tHéedent chem-

sults for the reference composition. MARCS “CN-cycled” #isx ical compositions are displayed in Figi$[(8-10. Figure 8 show

are produced with CNO abundances that depart from the staBC for the CNONa2 mixture as a function of IggAs ex-

dard mixture less than the ones we considered here, which pasted from the comparisons of the previous section, thedJ an
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u filters are the mostféected by the dferent metal mixtures. =
The BC for the reference mixture is systematically higheaby 2%
amount that depends on the evolutionary phase. In both Wand
bandsABC decreases moving from the low main MS towards thes 01
TO (where itis practically negligible) then increases agdong 5
the RGB, reaching a local maximum aroufg = 4476 Kand S
logg=1.2, before decreasing slowly towards the tip of the RGB.
Here, the largest values aBC are of the order of 0.2 mag in
and 0.1 mag in U. Theffect on the other filters is much smaller:
the largest values &BC are attained along the bright RGB and ~ 0.3
are of the order of 0.02-0.04 mag. Figlue 9 displays the sam§
comparison for the case of the CNONal mixture, the mixture2 0-2
with enhanced €EN+0O. The behaviour oABC is qualitatively
identical to the previous case, but the maximum valuesRE
are increased. They are equah0.30-0.35 mag i, ~0.2 mag
inU, ~0.1 mag invand~0.04 mag in the remaining filters. The R : :
final comparison among BCs is displayed in [Eig. 10, that shows | .., BB | iBGBTO: MS
the diferences between the CNONal mixture with= 0.246, 0.0 1.0 2.0 3.0 4.0 5.
and the same metal mixture with a much hightet 0.40. The log(g)
values ofABC are reduced compared to the case of varying the
metal mixture ABC is essentially zero in all filters from the lowFig. 9. As in Fig.[8 but for the CNONal mixture.
MS to the lower RGB, then becomes more and more negative
while climbing the RGB. A higher helium abundance appears to
increase the value of BC at loWy; and low gravities. The largest
differences are obtained for the U amdands, but are of the or- tional 'test’ calculations listed in Tablé€ 3. Microturbulee af-
der of only 0.05 mag at most. These variations are small with ffects line absorption by reducing line saturation: the rigicg
spect to the fect of the metal mixture in U ang but much more is that saturated lines absorb more flux when microturb@ésnc
comparable for the other filters. Overall, the results of[Efjare higher, while unsaturated lines do not change. Since typi¢a
broadly consistent with the conclusions/by Girardi etladQ®), croturbulence values vary with the stellar evolutionarpages,
who studied the ffect of enhanced He (for a scaled solar metaine might need to take it into account in estimatingC. In
mixture) on the BCs for the UBVRIJHK filters. practice, we find that suclffect is negligible: changing the value
Finally, we have also investigated whether the valuesBE  of V. from 2 knys to 0.5 knjis changes the values ABC by
are dfected by the choice of microturbulence, using the addit most 0.01 mag.

0.2

>
@]
o

(r

>
o <

>
<
O

0.1 °

o

° :
7777777 1777t71 o W 27

A

ABC(ref-C

0.0

o bt



10 Shordone et al.: Multiple stellar populations in globuisters

0.15 " Ty 7 - T
- e B 1 1 . -2.0 |- -
0.10 | &V ‘ 1 - - +
L o4l : L 1
> C ; I 1
20.05 |- : —
o L 0.0 -+
a2 C : ] L +
00 ——fF—x——3——— s 6—8-eg— I Il
- [ ] : i
C ® o : ] r T
-0.05 |- o ] 2.0 -
o R | | }} < - +
0.15 - o u 1 L 1
[ @ Vv ] o +
0.10F & P : ] 4.0 - reference 1
. L ay ] L CNONal I
> L L CNONal e 4
20.05 - : - (Y=0.40)
) L 3 F 1
g C ] 6.0 CNONaZ2 [
0.00 - 77T7?77“777Uk6*8—0_9;-, - +
C a ° O : b L 1
L o) :
Co v | }FGLEx N I B lsGLEchl}il 1M$ 1] 8O0E, | v v N T L e TR
0.0 1.0 2.0 3.0 4.0 5.0 0.5 1.0 1.5 0.5 1.0 1.5
log(g) (B-V) (V-1)

Fig.10. As in Fig. [8, but for ABC calculated between theFig.11. Left: The My-(B-V) CMD for the same isochrones as

CNONa1l mixture withY = 0.246, and the same metal mixturen Fig.[d. Diferent line-styles correspond tofidirent element

with Y = 0.400. mixtures as labelledright: As on the left, but for thévly-(V-1)
CMD.

Following the method outlined in Se€l. 2 we have then per-
formed the first fully consistent theoretical study of thiteet isochrones are identical. This is entirely due to tffea of the
of the CNONa abundance anticorrelations on the MS-TO-RGBetal mixture on the BCs.
CMDs of Galactic GCs. In particulawe are now in the position ~ The largest dferences among the various isochrones appear
to account for the CNONa pattern both in interior models aradong the RGB, where the mixture with anticorrelations esus
bolometric corrections. redder (U-B) and (U-V) colours, at fixedMy. For example, at
Figured Il t¢ 15 display several CMDs in Johnson-Cousiivh,=2.0 the RGBs representative of second generation stars are
as well as in Stromgren filters, for the isochrones of Higsiten redder by up to~0.2 mag in (U-B) and~0.3 mag in (U-V),
that the CNONa pattern we considered for the second gearratiepending on the metal mixture considered. We will compare
stars is characterised by extreme values for the antiatioval this result with observational evidence in the discussetisn.
observed in Galactic GCs, the range of colours spanned by ourlt is also important to notice that an increase¥adip to 0.40
isochrones should give a rough idea — considering also fieat + a very extreme He-enhancement — shifts the isochrones-of se
extension of the abundance anticorrelations varies frarstef ond generation objects, which tend to be redder than the ref-
to cluster (e.g. Carretta etlal. 2010b) — of the maximum aoloarence isochrone due to the CNONa-variations, bluewards an
spread to be expected in the CMD of a generic Galactic GC. thus closer again to the reference isochrone. This isfiatte
The commonly used BVI diagrams are shown in Eig. 11. Th# the stellar interior models only, and may potentially epeo-
behaviour of the isochrones in these CMDs mirrors closedy tlluce a bluer MS — depending on whether the anticorrelati@ns a
HRD of Fig.[1, the reason being that in these filters the BCs amecompanied by a4N+O enhancementor whether the 8+O
hardly afected by the change in the metal mixture and initial Heum stays unchanged — especially in the U-{ydiagrams. The
content. As long as the sum ofi@®l+0 is constant, second gen-effect can best be seen by comparing the dot-dashed and dotted
eration stars are expected to overlap with first generatigeots.  line in Fig.[12.
In case of enhancedi®+0O, only the TO and SGB regions are  As for the Stromgren filters, thily-(u — y) and My-(v - y)
affected, whereas MS and RGB remain unchanged. An incre&@Ds are displayed in Fi§l.13. The CMD witkr £ y) colours
of Y shifts the MS (and to a lesser degree the RGB) towards blgtrow a behaviour very similar to the case of the V-(B plane,
colours because of hott&gg; in the evolutionary models. except for the RGB. When the initiaf is kept constant, the
The situation is — not unexpectedly —ffdirent when con- bright RGB for the G-N+O enhanced mixture (dash-dotted line)
sidering the UBV CMDs displayed in Fig. 112, given that U i$s separated from the reference isochrone (solid)Myat —2.0
the filter most &ected by the change of the metal mixture duthe diference in ¥ - y) is ~0.2 mag — whereas the mixture
to the emergence of strong molecular absorption in the atmwith anticorrelations at constant®l+O (long-dashed) does not
sphere. In both diagrams the four isochrones are well segghramodify the colour of the RGB. This fierence in the behaviour
along the various branches. Overall, ourisochrone reptatee  of the RGB { — y) colour for the two diferent mixtures with
of second generation stars with enhanceeN&O is the red- CNONa anticorrelations is due essentially to thiestent BCs,
dest (dash-dotted line). Notice how second generatioa btan rather than to the underlying isochrones.
from a metal mixture with constant#N+0O (long-dashed line) Finally, the My-(u — y) CMD is similar qualitatively to the
follow a distinct sequence from the first generation popoilat case of the U-(JB) diagram, with all diferent sequences well
(solid line), in spite of the fact that the HRDs of the undanty separated in the CMD when the initial He is kept constant.
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Fig.12. As in Fig.[11 but for theMy-(U-B) and My-(U-V)  Fig. 14.As in Fig.[11 but for them;-(u - y) CMD.
CMDs.

of second generation stars idfdrent from the reference RGB,

I B LI o o B T a clear &ect of the diference in BCs.

=2 Z- Finally, we consider the behaviour of the indgxc,—(b-y),
wherec; = (U-V) — (v—Db)is found empirically to be sensitive to
the N abundance (see, elg., Yong €t al. 2008).c} redex repre-
1 sents welky, but removes much of the temperature sensitivity of
. this index. As a result, empirical ¥ diagrams of Galactic GCs
1 display an almost vertical RGB at luminosities lower thaa th
| RGB bumpi(Yong et al. 2008). Figurell5 shows how this empir-
_ ical behaviour is reproduced by the theoretical isochrombe
theoretical RGBs of the isochrones with our four selecteshth
ical compositions are approximately vertical below the pum
minosity, and are very well separatedjcolour. Allisochrones
representative of second generation stars have regdetours,
and the isochrone with the largest N abundance (at fikedhe
, dot-dashed isochrone for the CNONal mixture) is the redaest
. agreement with empirical results (Lind et al. 2010; Yonglet a
1 2008). Notice how in this diagram an increaseYotends to
move the RGBs of isochrones with CNONa anticorrelations fur
ther away from the reference isochrone (dotted line), despée
20 30 4.0 10 15 20 25 fact that the CNONal ¥0.4 mixture has a lower N abundance

(u-y) (v=y) than the CNONal ¥0.246 mixture.

Fig. 13.As in Fig. for theM,-(v— My-(u— MDs. . .
ig. 13.As in Fig.[11 but for theMy-(v—y) andMy-(u-y) CMDs 5 Discussion

Using ATLAS 12 model atmospheres and SYNTHE spectrosyn-
theses we calculated synthetic spectra for typical mistoend
Figure[14 displays them-(u — y) diagram, where the mea-in the various subpopulations of globular clusters. Froettte-
suredmy = (v—b) — (b - y) in RGB stars is often used as an eseretical spectra we have determined bolometric correstfon
timator of the cluster metallicity (see, elg., Calamidal#2@07, standard Johnson-Cousins and Stromgren filters, andyfiorad}
and references therein). Our comparison shows that themres dicted colours.
of CNONa anticorrelations produces a spread in the locatfion  As a result of this work, we now have in hand complete and
GC stars in this diagram. Focusing our attention on RGB stasslf-consistent theoretical predictions of tHeeet of abundance
only (the right part of the curves), the fourfidirent isochrones variations on observed CMDs, as they are found or discussed
in Fig.[14 display quite dierent RGBs, which intersect at{y) for the diferent globular cluster stellar generations. Globally, el-
around 2.6-2.8 mag. It is very interesting to notice thanewe ement abundance variationfect mainly the part of the spec-
case of a constant«IN+O sum, [F¢H], Y and total metallicity tra short of about 400 nm due to changes in molecular bands.
Z (the CNONaz2 case; long-dashed line), the RGB represeatatiherefore, colour changes are largest in the blue filterdtagid
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Fig. 15.As in Fig.[11 but for theMy-(cy) CMD.

detection is easiest in the blue, independent of using Iarzdi
or narrow filters. Enhanced helium abundancefieaing only
the interior structure of stars, leading to changes in lasity
and dfective temperature, but is irrelevant for the atmospherﬂ)

structure at fixed log g antiy;, even forY as high as @00.

In this study, we did not investigate what thieet of CNO
and He abundance would be in cluster wittifetient [F¢H].
While we don’t expect the general behavior to change, thequ%
titative result is bound to be sensitive to the overall metaltent

of the cluster.

Using the combination of the previously compute
isochrones and the new bolometric corrections for thiedint dia
GC subpopulations, we summarize here tieats on the var-
ious possible colours in both Johnson-Cousins and Strt"nmg;n

filter systems:

1. BVI-diagrams

— a splittindl of sequences along the MS up to the TO, an
to a lesser degree of the RGB can only be achieve
within the element variations discussed in this paper
by varying the helium content. The CNONa anticorre-
lations influence neither the stellar models nor the spe
trum suficiently when the @N+O-abundance is un-
changed (mixture CNONa2 - Fig.]11);

— on the other hand, a variation of the-R+0O-abundance
(mixture CNONal) leads to a split of the SGB; this i

entirely an &ect of the stellar models.

2. UBV- anduy-diagrams anticorrelations in CNONa abun-
dances as well a¥-differences may lead to multiple se
quences from the MS to the RGB, where thEeet tends
to be larger, and may reach 0.2—0.3 mag. This multiplicity
independent of the sum of«M+0O (Fig.[12; left panel). The |
individual element variations are decisive. Helium enfleanc
ment, however, works in the opposite direction than CNO

anticorrelations (Fid._13; left panel).
3. vy-diagrams

5 In real globular clusters the splitting may in fact appeaa apread,

depending on the nature of the element abundance variations

— as in the case of thBVI-colours, a splitting of the MS
up to the TO can be achieved only by a variatiorYjn

— similarly, after the TO, a split of the SGB is the result of
a change in €EN+O;

— additionally, a split along the RGB may result both from
helium and from GN+O variations; this is dferent
from theBVI-case (Figl_1I3; right panel).

4. muy-diagrams:

— CNONa anticorrelations lead to splits along the MS;

— along the SG and RGB the same anticorrelations, but also
helium variations lead to colourftkirences;

— the sign of the colour change isfidirent for the lower
and upper part of the RGB (Fig.114).

5. ¢y V-diagrams: here, all parts of a CMD show the influence of
both element anticorrelations and of helium variations, an
strong separation can be seen (Eigd. 15).

Our calculations also enable us to briefly address the issue
raised by the photometric observations by Lee =t al. (2009,
find broad distributions of thkek index — defined akk=(Ca-b)-
(b -y) —in RGB sequences of several Galactic GCs; they deter-
mined a broadening of the order 0.2 mag inhk at fixedV
magnitude and attribute this to a spread in calcium aburejanc
given that thehk index is sensitive to the ionized calcium H
and K lines. On the other hand, direct spectroscopic measure
ments of calcium abundance by Carretta etlal. (2010a) do not
find any significant spread in individual clusters. We hawtae
with our spectra whether the CNONa abundance anticorrela-
tions dfect thehk index at our chosen RGB key points. For this
%rpose we have calculatedidrences in théak index among
our adopted chemical compositions employing the apprtgpria
profile from theCa filter taken from the Asiago photometric
database (Fiorucci & Munéri 2003). We find dfieet of at most
nly ~0.04 mag in théak colour at fixedMy, second generation
stars being systematically bluer. Therefore, CNONa antita-

(t:jons cannot fully explaimk-variations of 0.2 mag.

In comparison with observations we find that ouy M cy-
gram closely follows empirical results by Yong et al. @&p
and[Lind et al. [(2010), which adds support to our theoretical
odels. We thereby also confirm that this index is well suited
to investigate photometrically variations of nitrogen attance
along the lower RGB.

Also the U-(U-B) CMD of Fig.[12 interestingly agrees with

dhe results by Marino et al. (2008) about M4 RGB stars. These

authors have found that in the U-B) CMD, objects with high
Na — represented by our isochrones for the two compositions
ith CNONa anticorrelations — are distributed to the rectafs
with low Na — represented by our isochrone with the reference
chemical composition.

A further interesting case is given by NGC 6752. In Sect. 1

{\//le already mentioned that Milone et al. (2010b) report aldout

S splitting in visual HST filters, and an RGB split in a UB-
CMD. The SGB appears to be single in the visual. Yong et al.

(2008) found a variation in nitrogen abundance of up to 164 d

correlating with thec; index. Recently, Kravtsov etial. (2011)
aimed a splitting of the SGB in the U vs. B-1 diagram, and a
roadening of the RGB in the U vs. U-B plane. The single SGB
in B-I is indicative of a constant €N+0O, the MS splitting of

Nae-enhancement in the second generation stars, and thé-broa

ening of the RGB in blue filters agrees with both. In conclasio
if these findings are confirmed, they would indicate a subpopu
lation of CNONaz2 type, but with enhanced helium.

Finally, we comment on the case of NGC 1851 that has been
observed in dierent bands. Thg-(v-y), y-(b-y), and m;-(u-y)
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CMDs by|Calamida et al. (2007) show a spread, if not a bikurucz, R. L. 2005a, Memorie della Societa Astronomicadte Supplementi,

modality, along the RGB. The Hsmpsoev\r(mpsoew— n]:814w)

8,14

diagram byl Milone et al.[(2008), approximately equivalent tKurucz, R. L. 2005h, Memorie della Societa Astronomicadte Supplementi,
our My vs. V-I CMD, displa_ys a double SGB, but no ot_her splitT_ee”J” Kang, Y., Lee, J., & Lee, Y. 2009, Nature, 462, 480

ting. In the UBVI observations of Han etlal. (2009), finally n Lee, v, Joo, S., Han, S., et al. 2005, ApJ, 621, L57

RGB split is observed in the Wvs. V-I CMD, while it is quite Lee, Y.-W., Joo, J.-M., Sohn, Y.-J., et al. 1999, Nature,, 85

evident in the My vs. (U-1) one (see Han etlal. 2009, Fig. 1).

has to be noted that Han et al. (2009) could not detect any s&

|tind, K., Charbonnel, C., Decressin, T., et al. 2010, ArXiprénts

, K., Primas, F., Charbonnel, C., Grundahl, F., & AsgluM. 2009, A&A,
03, 545

splitinthe My vs. V-1 CMD, probably due to the lower quality of marino, A. F., Milone, A. P., Piotto, G., et al. 2009, A&A, 505099
their ground-based photometry compared to the HST-based ofarino, A. F, Villanova, S., Piotto, G., et al. 2008, A&A, 89625
in Milone et al. (2008). On the basis of our results, only a setfilone, A. P., Bedin, L. R., Piotto, G., et al. 2008, ApJ, 6281

ond generation population with enhancedN&-O and ‘normal’
He can satisfy all these constraints. In fact, a second géoar

Milone, A. P., Piotto, G., Bedin, L. R., et al. 2010a, ArXiypents
Milone, A. P., Piotto, G., King, I. R., et al. 2010b, ApJ, 709,83
Norris, J. E. 2004, ApJ, 612, L25

with constant GN-+O will not produce a spread along the RGBrasquini, L., Bonifacio, P., Molaro, P., et al. 2005, A&A 14&649
in thevy CMD, and a He enhancement would reveal itself alorRjetrinferni, A., Cassisi, S., Salaris, M., & Castelli, B0B, ApJ, 642, 797
the MS of themegosw-(Mesosw — Meg1aw) CMD. Also the syn- Pietrinferni, A., Cassisi, S., Salaris, M., Percival, S.Fé&rguson, J. W. 2009,

thetic HB simulations by Salaris etlal. (2008) seem to exelad

He variation among the cluster subpopulations.

ApJ, 697, 275
Piotto, G. 2008, in IAU Symposium, Vol. 246, IAU Symposiurd, &. Vesperini,
M. Giersz, & A. Sills, 141-150

In summary, we are now able to investigate in detail clustepwitto, G., Bedin, L. R., Anderson, J., et al. 2007, ApJ, 8GR
with known or suspected abundance variations and sevdral skiotto, G., Villanova, S., Bedin, L. R., et al. 2005, ApJ, 6217

populations, using information from their CMDs, on the l3ai
fully self-consistent interior and atmosphere models. Assa
application, in a following paper we will analyze in detdilet
cluster NGC 1851 with more specific calculations.
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Table 4. Abundances for all the elements in the considered mixtures.
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REFERENCEY=0.246

CNONaly=0.246

CNONaly=0.400

CNONa2r=0.246

N EL Mass frac. [ER Mass frac. [EN [EI]—[EI]Pef Mass frac. [EN [Ell-[Elfef  Mass frac. [EN [EN-[Ellef
1 H 7.5300e-01  12.000 7.5217e-01  12.000 0.0000 5.9854e-02.00Q 0.0000 7.5300e-01 12.000 0.0000
2 He 2.4600e-01 10.915 2.4600e-01 10.916 0.0005 4.0000e-01.226 0.3108 2.4600e-01 10.915 0.0000
3 Li 1.8376e-12 -0.451 3.3729%e-12 -0.186 0.2642 2.6840e-1.186 0.2642 1.8376e-12 -0.451 0.0000
4 Be 4.7607e-12 -0.151 8.7380e-12 0.114 0.2642 6.9534e-12.1140 0.2642 4.7607e-12 -0.151 0.0000
5 B 8.0668e-11 0.999 1.4806e-10 1.264 0.2642 1.1782e-10 641.2 0.2642 8.0668e-11 0.999 0.0000
6 C 7.6386e-05 6.930 1.9172e-05 6.330 -0.5999 1.5256e-05 3306. -0.5999 1.9184e-05 6.330 -0.6001
7 N 2.3430e-05 6.350 1.4768e-03 8.150 1.8000 1.1752e-03 508.1 1.8000 6.4150e-04 7.787 1.4374
8 O 6.7226e-04 7.750 1.0642e-04 6.950 -0.8000 8.4687e-05 9506. -0.8000 1.0671e-04 6.951 -0.7993
9 F 1.4506e-08 3.009 2.6626e-08 3.274 0.2642 2.1188e-08 743.20.2642 1.4506e-08 3.009 0.0000
10 Ne 8.4796e-05 6.750 8.4706e-05 6.750 0.0000 6.7405e-05.7506 0.0000 8.4796e-05 6.750 0.0000
11 Na 8.8125e-07 4.710 5.5531e-06 5.510 0.7999 4.4189e-065105 0.7999 5.5602e-06 5.510 0.8000
12 Mg 4.1603e-05 6.360 4.1558e-05 6.360 0.0000 3.3070e-05.3606 0.0000 4.1603e-05 6.360 0.0000
13 Al 1.4268e-06 4.850 1.4249e-06 4.850 -0.0001 1.1339e-061.850 -0.0001 1.4268e-06 4.850 0.0000
14 Si 3.5638e-05 6.230 3.5600e-05 6.230 0.0000 2.8329e-05.2306 0.0000 3.5638e-05 6.230 0.0000
15 P 1.5687e-07 3.831 1.5588e-07 3.829 -0.0023 1.2404e-07.8293 -0.0023 1.5687e-07 3.831 0.0000
16 S 1.9925e-05 5.920 1.9903e-05 5.920 0.0000 1.5838e-059205. 0.0000 1.9925e-05 5.920 0.0000
17 Cl 2.0083e-07 3.880 1.9990e-07 3.878 -0.0015 1.5907e-08.878 -0.0015 2.0083e-07 3.880 0.0000
18 Ar 2.3710e-06 4.900 2.3694e-06 4.900 0.0002 1.8855e-06.9004 0.0002 2.3710e-06 4.900 0.0000
19 K 9.1921e-08 3.498 9.1695e-08 3.497 -0.0006 7.2967e-08.4973 -0.0006 9.1921e-08 3.498 0.0000
20 Ca 5.2045e-06 5.240 5.2009e-06 5.240 0.0002 4.1387e-062405 0.0002 5.2045e-06 5.240 0.0000
21 Sc 1.3984e-09 1.619 2.5667e-09 1.884 0.2642 2.0425e-09884 1 0.2642 1.3984e-09 1.619 0.0000
22 Ti 3.8667e-07 4.034 3.8512e-07 4.033 -0.0013 3.0646e-04.033 -0.0013 3.8667e-07 4.034 0.0000
23V 1.0713e-08 2.449 1.9663e-08 2.714 0.2642 1.5647e-08 7142. 0.2642 1.0713e-08 2.449 0.0000
24 Cr 4.4262e-07 4.057 4.4197e-07 4.057 -0.0002 3.5170e-04.057 -0.0002 4.4262e-07 4.057 0.0000
25 Mn 2.4179e-07 3.770 2.4208e-07 3.771 0.0010 1.9263e-07.7713 0.0010 2.4179e-07 3.770 0.0000
26 Fe 3.1648e-05 5.880 3.1613e-05 5.880 0.0000 2.5156e-058805 0.0000 3.1648e-05 5.880 0.0000
27 Co 1.0309e-07 3.369 1.8921e-07 3.634 0.2642 1.5057e-07.6343 0.2642 1.0309e-07 3.369 0.0000
28 Ni 2.0542e-06 4.671 2.0503e-06 4.670 -0.0003 1.6315e-08.670 -0.0003 2.0542e-06 4.671 0.0000
29 Cu 2.1673e-08 2.659 3.9781e-08 2.924 0.2642 3.1656e-08.9242 0.2642 2.1673e-08 2.659 0.0000
30 Zn 5.4737e-08 3.049 1.0047e-07 3.314 0.2642 7.9948e-08.3143 0.2642 5.4737e-08 3.049 0.0000
31 Ga 1.1123e-09 1.329 2.0416e-09 1.594 0.2642 1.6246e-09594 1 0.2642 1.1123e-09 1.329 0.0000
32 Ge 3.9266e-09 1.859 7.2071e-09 2.124 0.2642 5.7351e-09124 2 0.2642 3.9266e-09 1.859 0.0000
33 As 3.6935e-10 0.819 6.7794e-10 1.084 0.2642 5.3948e-10.0841 0.2642 3.6935e-10 0.819 0.0000
34 Se 4.2682e-09 1.859 7.8341e-09 2.124 0.2642 6.2341e-09124 2 0.2642 4.2682e-09 1.859 0.0000
35 Br 7.1681e-10 1.079 1.3157e-09 1.344 0.2642 1.0470e-09.3441 0.2642 7.1681e-10 1.079 0.0000
36 Kr 3.5981e-09 1.759 6.6042e-09 2.024 0.2642 5.2553e-09.0242 0.2642 3.5981e-09 1.759 0.0000
37 Rb 7.1555e-10 1.049 1.3134e-09 1.314 0.2642 1.0451e-09.3141 0.2642 7.1555e-10 1.049 0.0000
38 Sr 1.7197e-09 1.419 3.1564e-09 1.684 0.2642 2.5117e-09.6841 0.2642 1.7197e-09 1.419 0.0000
39 Y 3.2491e-10 0.689 5.9637e-10 0.954 0.2642 4.7456e-10 9540. 0.2642 3.2491e-10 0.689 0.0000
40 Zr 7.6374e-10 1.049 1.4018e-09 1.314 0.2642 1.1155e-09.3141 0.2642 7.6374e-10 1.049 0.0000
41 Nb 5.1390e-11 -0.131 9.4326e-11 0.134 0.2642 7.5060e-10.134 0.2642 5.1390e-11 -0.131 0.0000
42 Mo 1.6785e-10 0.369 3.0809e-10 0.634 0.2642 2.4516e-10.6340 0.2642 1.6785e-10 0.369 0.0000
43 Tc 2.2598e-20 -9.511 4.1477e-20 -9.246 0.2642 3.3006e-29.246 0.2642 2.2598e-20 -9.511 0.0000
44  Ru 1.4705e-10 0.289 2.6990e-10 0.554 0.2642 2.1478e-105540 0.2642 1.4705e-10 0.289 0.0000
45 Rh 2.8528e-11 -0.431 5.2363e-11 -0.166 0.2642 4.1668e-10.166 0.2642 2.8528e-11 -0.431 0.0000
46 Pd 1.0961e-10 0.139 2.0119e-10 0.404 0.2642 1.6010e-104040 0.2642 1.0961e-10 0.139 0.0000
47  Ag 1.9757e-11 -0.611 3.6264e-11 -0.346 0.2642 2.8837e-1-0.346 0.2642 1.9757e-11 -0.611 0.0000
48 Cd 1.3920e-10 0.219 2.5550e-10 0.484 0.2642 2.0332e-10.4840 0.2642 1.3920e-10 0.219 0.0000
49 In 1.1037e-10 0.109 2.0258e-10 0.374 0.2642 1.6120e-10.3740 0.2642 1.1037e-10 0.109 0.0000
50 Sn 2.4965e-10 0.449 4.5822e-10 0.714 0.2642 3.6463e-10714 0 0.2642 2.4965e-10 0.449 0.0000
51 Sb 2.5606e-11 -0.551 4.6999¢e-11 -0.286 0.2642 3.74D00e-10.286 0.2642 2.5606e-11 -0.551 0.0000
52 Te 4.6632e-10 0.689 8.5592e-10 0.954 0.2642 6.8111e-10.9540 0.2642 4.6632e-10 0.689 0.0000
53 | 8.6360e-11 -0.041 1.5851e-10 0.224 0.2642 1.2614e-10.2240 0.2642 8.6360e-11 -0.041 0.0000
54 Xe 4.0839%¢e-10 0.619 7.4959e-10 0.884 0.2642 5.9649e-10.8840 0.2642 4.0839¢e-10 0.619 0.0000
55 Cs 3.7703e-11 -0.421 6.9203e-11 -0.156 0.2642 5.5069e-10.156 0.2642 3.7703e-11 -0.421 0.0000
56 Ba 3.8958e-10 0.579 7.1506e-10 0.844 0.2642 5.6901e-10.8440 0.2642 3.8958e-10 0.579 0.0000
57 La 4.3207e-11 -0.381 7.9306e-11 -0.116 0.2642 6.3108e-10.116 0.2642 4.3207e-11 -0.381 0.0000
58 Ce 1.1203e-10 0.029 2.0562e-10 0.294 0.2642 1.6363e-10294 0 0.2642 1.1203e-10 0.029 0.0000
59 Pr 1.5197e-11 -0.841 2.7895e-11 -0.576 0.2642 2.2197e-10.576 0.2642 1.5197e-11 -0.841 0.0000
60 Nd 9.5924e-11 -0.051 1.7607e-10 0.214 0.2642 1.4011e-10.214 0.2642 9.5924e-11 -0.051 0.0000
61 Pm 3.3435e-20 -9.511 6.1369e-20 -9.246 0.2642 4.8835e-29.246 0.2642 3.3435e-20 -9.511 0.0000
62 Sm 3.2357e-11 -0.541 5.9391e-11 -0.276 0.2642 4.7260e-10.276 0.2642 3.2357e-11 -0.541 0.0000
63 Eu 1.0341e-11 -1.041 1.8981e-11 -0.776 0.2642 1.5104e-10.776 0.2642 1.0341e-11 -1.041 0.0000
64 Gd 4.3594e-11 -0.431 8.0016e-11 -0.166 0.2642 6.3673e-10.166 0.2642 4.3594e-11 -0.431 0.0000
65 Tb 7.4822e-12 -1.201 1.3733e-11 -0.936 0.2642 1.0928e-10.936 0.2642 7.4822e-12 -1.201 0.0000
66 Dy 4.7173e-11 -0.411 8.6584e-11 -0.146 0.2642 6.8900e-1-0.146 0.2642 4.7173e-11 -0.411 0.0000
67 Ho 6.3116e-12 -1.291 1.1585e-11 -1.026 0.2642 9.2186e-11.026 0.2642 6.3116e-12 -1.291 0.0000
68 Er 2.9938e-11 -0.621 5.4951e-11 -0.356 0.2642 4.3727e-10.356 0.2642 2.9938e-11 -0.621 0.0000
69 Tm 3.5527e-12 -1.551 6.5208e-12 -1.286 0.2642 5.1890e-11.286 0.2642 3.5527e-12 -1.551 0.0000
70 Yb 4.3754e-11 -0.471 8.0309%e-11 -0.206 0.2642 6.39Q7e-1-0.206 0.2642 4.3754e-11 -0.471 0.0000
71  Lu 4.2247e-12 -1.491 7.7543e-12 -1.226 0.2642 6.17@5e-1-1.226 0.2642 4.2247e-12 -1.491 0.0000
72 Hf 2.8474e-11 -0.671 5.2264e-11 -0.406 0.2642 4.1589e-1-0.406 0.2642 2.8474e-11 -0.671 0.0000
73 Ta 2.8209e-12 -1.681 5.1777e-12 -1.416 0.2642 4.12D02e-11.416 0.2642 2.8209e-12 -1.681 0.0000
74 W 4.9805e-11 -0.441 9.1416e-11 -0.176 0.2642 7.2745e-10.176 0.2642 4.9805e-11 -0.441 0.0000
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75 Re 7.4616e-12  -1.271 1.3696e-11  -1.006 0.2642 1.0898e-11.006 0.2642 7.4616e-12  -1.271 0.0000
76 Os 1.1275e-10  -0.101 2.0695e-10 0.164 0.2642 1.6468e-10.164 0.2642 1.1275e-10  -0.101 0.0000
77 Ir 9.0496e-11  -0.201 1.6610e-10 0.064 0.2642 1.3218e-10.064 0.2642 9.0496e-11  -0.201 0.0000
78 Pt 2.5886e-10 0.249 4.7512e-10 0.514 0.2642 3.7808e-10.5140 0.2642 2.5886e-10 0.249 0.0000
79 Au  4.2387e-11  -0.541 7.7800e-11  -0.276 0.2642 6.19Q9e-1-0.276 0.2642 4.2387e-11  -0.541 0.0000
80 Hg 5.6904e-11  -0.421 1.0445e-10  -0.156 0.2642 8.3114e-10.156 0.2642 5.6904e-11  -0.421 0.0000
81 TI 3.4141e-11  -0.651 6.2666e-11  -0.386 0.2642 4.98a7e-1-0.386 0.2642 3.4141e-11  -0.651 0.0000
82 Pb 3.8835e-10 0.399 7.1281e-10 0.664 0.2642 5.6722e-10664 0 0.2642 3.8835e-10 0.399 0.0000
83 Bi 2.253%-11 -0.841 4.1370e-11  -0.576 0.2642 3.2921e-1-0.576 0.2642 2.2539%-11  -0.841 0.0000
84 Po 4.8193e-20 -9.511 8.8457e-20  -9.246 0.2642 7.0390e-29.246 0.2642 4.8193e-20  -9.511 0.0000
85 At 4.8423e-20  -9.511 8.8880e-20  -9.246 0.2642 7.07P7e-2-9.246 0.2642 4.8423e-20  -9.511 0.0000
86 Rn 5.1191e-20 -9.511 9.3959%e-20  -9.246 0.2642 7.4768e-29.246 0.2642 5.1191e-20 -9.511 0.0000
87 Fr 5.1421e-20  -9.511 9.4382e-20  -9.246 0.2642 7.5105e-29.246 0.2642 5.1421e-20  -9.511 0.0000
88 Ra 5.2113e-20  -9.511 9.5652e-20  -9.246 0.2642 7.6105e-29.246 0.2642 5.2113e-20  -9.511 0.0000
89 Ac 5.2343e-20 -9.511 9.6075e-20  -9.246 0.2642 7.6482e-29.246 0.2642 5.2343e-20  -9.511 0.0000
90 Th 6.0034e-12  -1.461 1.1019e-11  -1.196 0.2642 8.7685e-11.196 0.2642 6.0034e-12  -1.461 0.0000
91 Pa 5.3274e-20  -9.511 9.7783e-20  -9.246 0.2642 7.7802e-29.246 0.2642 5.3274e-20  -9.511 0.0000
92 U 1.5829e-12  -2.051 2.9055e-12  -1.786 0.2642 2.3120e-12.786 0.2642 1.5829e-12  -2.051 0.0000
93 Np 5.4649e-20 -9.511 1.0031e-19  -9.246 0.2642 7.98R0e-29.246 0.2642 5.4649e-20  -9.511 0.0000
94 Pu 5.6263e-20  -9.511 1.0327e-19  -9.246 0.2642 8.2108e-29.246 0.2642 5.6263e-20  -9.511 0.0000
95 Am 5.6033e-20 -9.511 1.0285e-19  -9.246 0.2642 8.1801e-29.246 0.2642 5.6033e-20 -9.511 0.0000
96 Cm 5.6955e-20 -9.511 1.0454e-19  -9.246 0.2642 8.3188e-29.246 0.2642 5.6955e-20  -9.511 0.0000
97 Bk 5.6955e-20  -9.511 1.0454e-19  -9.246 0.2642 8.3188e-29.246 0.2642 5.6955e-20  -9.511 0.0000
98 Cf 5.7878e-20  -9.511 1.0623e-19  -9.246 0.2642 8.4585e-29.246 0.2642 5.7878e-20  -9.511 0.0000
99 Es 5.8108e-20  -9.511 1.0666e-19  -9.246 0.2642 8.4802e-29.246 0.2642 5.8108e-20  -9.511 0.0000
Z 9.9937e-04 1.8343e-03 1.4597e-03 9.9937e-04

a[El]=log N(El) - logN(H) + 12

b [El] for this mixture minus [EI] for the reference mixture.
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