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Abstract. Once understood to be simple stellar populations, massive Galactic Globular Clusters are now known to present start-to-star
chemical variations not expected by the current theoretical predictions. In this work, we have calculated stellar spectra to study the
integrated properties of GCs, considering three iron metallicities and two generation of stars — a primordial one following the pattern
of galactic halo stars and a second one with anti-correlated CNONa abundances. We have expanded the metallicity and wavelength
coverage of the work by Coelho et al. (2011) and we confirmed that the multiple population phenomena affects the Balmer lines and
quantified, for the first time, the effect on the Lick indices in different metallicity regimes.

Resumo. Uma vez compreendidos como populações estelares simples, os aglomerados globulares massivos da Galáxia são agora
conhecidos por apresentar variações químicas entre suas estrelas, não esperadas pelas previsões teóricas atuais. Neste trabalho,
calculamos espectros estelares para estudar as propriedades integradas de GCs, considerando três metalicidades e duas gerações de
estrelas - uma primordial, seguindo o padrão de estrelas do halo Galáctico, e a segunda com abundâncias CNONa anticorrelacionadas.
Nós expandimos a cobertura em metalicidade e comprimento de onda do trabalho de Coelho et al. (2011) e confirmamos os efeitos
do fenômeno das múltiplas populações nas linhas de Balmer e, pela primeira vez, os verificamos também nos índices de Lick em
diferentes regimes de metalicidade.

Keywords. (Galaxy:) globular clusters: general – Stars: abundances – Stars: atmospheres

1. Introduction

Globular Clusters (GCs) are invaluable to advance our knowl-
edge of both galactic and extragalactic astronomy. Once under-
stood to be simple stellar populations, now evidences show that
nearly all massive Galactic GCs harbour multiple populations
(MPs) of stars. Yet the stellar populations models to date often
study these systems on the basis of simple stellar populations.

Coelho (2011, 2012, here after CPS) is the first work to
explore the effects of the chemical anticorrelations on the in-
tegrated spectrum, as a consequence of the MP in Galactic GCs.
In that work, two SSPs were calculated considering the GC
NGC 0104 as reference: the first population characterized by a
“standard” α-enhanced metal mixture [α/Fe] ∼ 0.4, as observed
in field Halo stars; and the second one characterized by an an-
ticorrelated CN-ONa abundance pattern, superimposed on the
first generation. The integrated synthetic spectra of the two mix-
tures are shown in Figure 1. They have found that the Lick in-
dices Ca4227, G4300, CN1, CN2 and NaD are sensitive to the
CNONa chemical variations, while Balmer lines, Fe line and the
MgFe are not. However, when a helium enhancement is con-
sidered, the second generation of stars have their Balmer line
indices (Hβ, HδF and HγF) affected via a change in the turn-off
temperature.

This work presents the results obtained in the Masters re-
search extending the results by CPS to a wider wavelength cover-
age and metallicity. Section 2 provides the codes and main chem-
ical ingredients used in the stellar model calculations; Section
3 presents the stellar spectra grid and how the integrated spec-
tra was calculated; and the results and conclusions are given in
Section 4.

Figure 1. Integrated synthetic spectra with the standard α-enhanced
metal mixture (blue) and with an anticorrelated CN-ONa abundance
pattern (red), in the region sensitive to the CN molecule. In gray, a ob-
served spectrum of NGC 0104 is given. Credits: Coelho (2012).

2. Codes and Ingredients

Before calculating the spectral grid to represent the stars of any
given GC populations, we calibrated our spectral synthesis. This
calibration involved selecting the appropriate molecular line list
from Kurucz database 1 2 and the production of a new atomic line
list based on three authors from the literature (Branco 2020).

Atmosphere models and synthetic spectra were calculated,
respectively, with ATLAS12 and SYNTHE (Kurucz 2005). We as-
sumed the solar abundances from Asplund (2009) as our refer-
ence chemical pattern, from which the CNONa abundances and
fraction of helium was modified regarding the MP chemical pat-
terns.

1 http://kurucz.harvard.edu/linelists/linesmol/
2 http://kurucz.harvard.edu/molecules/

http://kurucz.harvard.edu/linelists/linesmol/
http://kurucz.harvard.edu/molecules/
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Table 1. Variations on the Lick indices sensitive to the chemical
pattern changes for [Fe/H]= -0.7, by CPS and this work.

Lick Index ∆ICPS ∆IB20

CN1 0.084 0.100
CN2 0.087 0.103

Ca4227 -0.651 -0.769
G4300 -0.572 -0.584
NaD 1.346 1.033

Our grid comprises six simple stellar populations, covering
three metallicities each with two sub-populations, representative
of the first and the second generation of stars. As in CPS, all first
generation models was calculated with a standard α−enhanced
chemical pattern, while the second ones took into account the
CNONa chemical variations and the enhanced fraction of helium
Y. As for the metallicities, we considered one as the same as in
CPS ([Fe/H]= -0.768, regarding NGC 0104), one more metallic
(-0.47, regarding NGC 5927) and one less metallic (-1.579, re-
garding NGC 1904). Hence, the main ingredients are summarize
below:

– First generation: α−enhanced mixture ([α/Fe] = 0.4,
characteristic of the Galactic halo stars3), with the solar
pattern as from (Asplund 2009) scaled to each of the three
metallicity and Y = 0.256;

– Second generation: same as the first with a CNONa anticor-
related pattern superimposed,
∆ (C,N,O,Na) = ∆ (−0.30,+1.20,−0.45,+0.60) dex,
with Y = 0.300.

3. The grid of stellar spectra

To compute the integrated stellar population models based on
the stellar grid we have used the same approach as in Martins
(2019). In that work, the Kiel diagrams of several GCs were ob-
tained based on colour-magnitude diagrams from the literature.
Details of the procedure can be found in Branco (2020, hereafter
“B20”).

From top to bottom, Figure 2 presents our computed stellar
population spectra for metallicities [Fe/H] = -1.569, -0.768 and
-0.47, respectively. In each panel, the top plot shows integrated
spectra of the first and second generations and the bottom plot is
the ratio between the first and the second generation. The effect
of the chemical variations is evident in the bottom plot. Table 1
compares values obtained in this work and those from CPS for
[Fe/H]= -0.7 of the Lick indices sensitive to the MP effects.

4. Results and Conclusions

In Figure 3 we present our main results. The first and second
rows show Lick indices sensitive to the CNONa chemical varia-
tions as a funciton of Fe5406. The third and fourth rows present
the effects on the Balmer lines. This results show for the first
time the influence of the MPs on those Lick indices in different
metallicity regimes.

Hence, we have confirmed the results by CPS that the Lick
indices Ca4227, G4300, CN1, CN2 and NaD are sensitive to the
CNONa chemical variations. We also have expanded the metal-
licity coverage of that study in B20, finding that the effects may
be metallicity related, except for G4300 and Hβ. Now, as a result

3 The alpha−elements considered are: O, Ne, Mg, Si, S, Ca e Ti.

Figure 2. Three rows of two panels each with the integrated spectra
(top) of the first (purple) and second (orange) generation of stars and
the ration between the two generations (bottom). Each row corresponds
to a different metallicity, [Fe/H]= -1.569, -0.768 and -0.47, from top to
bottom, respectively.

from the Masters project, we are working on improving the cali-
bration process for the spectral synthesis with a more up-to-date,
and telluric corrected, solar spectrum and extending the analysis
to more Lick indices definitions. With improved stellar popula-
tion models based on new grids, we expect to be able to study
the multiple populations in the integrated light of extragalactic
GCs.
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Figure 3. Index–index plots with the predictions of our integrated stellar population models. Top two rows show the Lick indices
sensitive to the CNONa abundances. Bottom two rows show the Balmer line spectral indices. Filled and open squares represent the
first and second generation, respectively. The spectral index Fe5406 traces the metallicities of the models so that [Fe/H]= -1.569,
-0.768 and -0.47 are colored in blue, green and red, respectively. The purple and orange dashed lines are plotted to guide the eyes
and the colors are the same as defined in Figure 2.
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