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ABSTRACT

47 Tucanae is among the most studied and observed globular clusters, given its proximity. The aim of this work is to study
in detail the integrated spectrum of 47 Tucanae, as a template, in order to have a list of reliable lines that are validated for a
moderate spectral resolution case. The spectrum of 47 Tucanae is reproduced by computing synthetic spectra, taking into account
individual element abundances. The results are compared with other methods. We reproduce the integrated spectrum in the range
4500-9000 A and derive abundances from individual lines of Na, Mg, Al, Si, Ca, Ti, Ba, and Eu. We report a list of lines that
are suitable for abundance derivation. Adopting these abundances, we are able to fit the well-known triplets of MgI and Call.
Finally, the effect of multiple stellar populations through enhanced Na abundances are tested. Element abundances derived are
compatible with previous literature abundances, from different methods. The method applied here to build integrated synthetic
spectra can be used to derive abundances from observed integrated spectra of distant and faint clusters, that are usually observed

at low or moderate spectral resolution.
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1 INTRODUCTION

47 Tucanae (hereafter 47 Tuc) is among the closest globular clusters
in the Galaxy at dy ~ 4.5kpc, together with M4 (NGC 6121) at
2.2 kpc, and NGC 6397 at 2.3 kpc. Its apparent magnitude of My =
3.95 makes it the second brightest cluster in the sky, only behind
w Centauri (NGC 5139) (Harris 1996, edition 2010). For these
reasons this cluster has been extensively studied since the early
work by Shapley (1918). It is an interesting cluster because its
location, kinematics, and metallicity were interpreted in different
terms along the years. For example, it was classified by Armandroff
(1989) as a disc cluster. Bica, Ortolani & Barbuy (2016) included
47 Tuc in a list of clusters intruders to the bulge, characterized by
[Fe/H] > —1.0 and d, > 4.5 kpc. Barbuy, Chiappini & Gerhard
(2018b) and Ortolani et al. (1995) have considered 47 Tuc as an inner
halo cluster. More recently, Pérez-Villegas et al. (2020) computed
its orbits based on proper motions from the Gaia collaboration
(2018a). They computed minimum and maximum distances to the
Galactic Centre of 7.2 and 9.4 kpc, a height relative to the Galactic
plane of 4.5kpc, and an eccentricity of 0.13, for a bar rotation
speed of 40kms~!kpc~!, and concluded that this is an inner halo
cluster.

47 Tuc is located at «(J2000)00"24™055359, §(J2000) =
—72°04'53'20, | = 30589, b = —44289, with distances in the
literature ranging from 4.5 £ 0.45 (Harris 1996, edition of 2010;
Bica et al. 2006; Baumgardt et al. 2019), to 5.10 kpc from the Gaia
Collaboration (2018b) with the distance based on the inverse of its
parallax (1/plx; see Pérez-Villegas et al. 2020). A reddening of E(B
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—V)=0.03 (Brogaard et al. 2017), and an absolute magnitude My =
—9.42 (Vandenberg et al. 2013) are assigned to 47 Tuc.

Spectroscopic analyses of individual stars of 47 Tuc are available
since the late 1970s (e.g. Dickens, Bell & Gustafsson 1979; Norris &
Cottrell 1979; Pilachowski, Canterna & Wallerstein 1980). High-
resolution spectroscopy (HRS) of individual red giant branch (RGB)
stars with 8 m class telescopes was carried by several groups (Alves-
Brito et al. 2005; Koch & McWilliam 2008; Carretta et al. 2009;
Cordero et al. 2014; Thygesen et al. 2014), resulting in metallicities
in the range —0.79 < [Fe/H] < —0.66.

Integrated spectra of globular clusters are particularly useful as a
basis for the study of composite spectra of galaxies, as first carried out
by Bica, Alloin & Schmidt (1990), and Burstein et al. (1984), who
indicated that studying the stellar populations of globular clusters
is a crucial step for understanding better the stellar populations in
galaxies, since clusters are a less complex structure. This remains
valid even though there is now ample evidence that GCs contain
multiple populations of stars (e.g. Milone et al. 2017). Only recently,
higher resolution integrated spectra were observed in order to be
analysed with the same quality as earlier for individual stars. Such
studies have been carried out both by deriving chemical abundances
using equivalent widths (hereafter EWs; McWilliam & Bernstein
2008; Colucci, Bernstein & McWilliam 2017) or full spectral fitting
(Larsen, Brodie & Strader 2017; Conroy et al. 2018), besides other
methods (Graves & Schiavon 2008; Usher et al. 2019). A compilation
on chemical abundances of globular clusters was presented by
Roediger et al. (2014).

The aim of this work is to derive abundances through integrated
synthetic spectra compared with the recently released integrated
spectra of 47 Tuc obtained with the integral field unit Wide-
Field spectrograph (WiFes) on the Australian National University
2.3 m telescope and presented by Usher et al. (2017), contained in
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Table 1. Literature metallicities and abundances. The data are divided by objects and resolution of the spectra used in the analysis, where they are divided by
high resolution (HRS), integrated, and medium resolution (MRS) spectra. The last value in the last box is from Roediger et al. (2014), that made a compilation
of the results from studies prior of this publication on this topic.

Cluster [Fe/H] [O/Fe] [Na/Fe] [Al/Fe] [Mg/Fe] [Si/Fe] [Ca/Fe] [Ti/Fe] [Ba/Fe] [Eu/Fe] Reference Method
Red giant branch individual stars
NGC 104 —0.76 0.60 0.20 0.45 0.45 0.40 0.34 0.36 - - 1 HRS
NGC 104 —0.66 0.35 0.03 0.13 0.24 0.24 0.00 0.21 0.31 - 2 HRS
NGC 104 —0.79 0.21 0.34 0.38 - 0.28 0.28 0.34 - 0.44 3 HRS
NGC 104 —0.78 0.30 0.21 0.21 0.44 0.32 0.24 0.33 0.25 0.32 4 HRS
NGC 104 —0.77 0.25 0.53 0.52 0.52 0.40 - - - - 5 HRS
NGC 104 —0.72 - - - - - - - - - 6 HRS
NGC 104 —0.72 - - - - 0.23 - - - - 7 HRS
Asymptotic giant branch individual stars
NGC 104 —0.60 - 0.65 - - - - - - 0.14 8 HRS
NGC 104 —0.83 (Fe1) - - - - - - - - - 9 HRS
NGC 104 -0.94 (Fe1) - - - - - - - - - 10 HRS
Integrated spectra
NGC 104 —0.65 - 0.24 0.33 0.29 0.43 0.18 0.27 0.32 0.37 11 ISEW
NGC 104 —0.75 - 0.45 0.53 0.22 0.37 0.31 0.41 0.02 0.04 12 ISEW
NGC 104 —0.86 - 0.42 - 0.44 - 0.41 0.37 0.16 - 13 ISFF
NGC 104 —0.80 - - - 0.28 - 0.08 - - - 14 ISLick
NGC 104 —0.84 - - - 0.42 0.27 0.23 0.40 - - 15 ISFF
Compilation
NGC 104 —0.72 0.24 0.35 - 0.41 0.31 0.17 0.28 - - 16 compilation

References: 1 — Koch & McWilliam (2008) with data from Magellan Inamori Kyocera Echelle high-resolution spectrograph on the Magellan 6.5m Clay
Telescope ; 2 — Alves-Brito et al. (2005) from UVES at VLT-ESO; 3 —Cordero et al. (2014) with data from Hydra multifiber spectrograph at Blanco 4 m telescope
and FLAMES at VLT-ESO; 4 — Thygesen et al. (2014) from UVES at VLT-ESO; 5 — Carretta et al. (2009) mainly from UVES at VLT-ESO; 6 — Pancino et al.
(2017) with data from Gaia-ESO survey, obtained with UVES and GIRAFFE at VLT; 7 — Horta et al. (2020) from near-infrared APOGEE data (Majewski,
Schiavon & Frinchaboy 2017); 8 — Wylie et al. (2006) from AGBs observed with the UCLES echelle spectrograph at the Anglo-Australian telescope; 9 and 10 —
Lapenna et al. (2014), from AGBs observed with FEROS at MPG/ESO; 11 — Colucci et al. (2017) from Du Pont telescope at Las Campanas; 12 — McWilliam &
Bernstein (2008) from Du Pont telescope at Las Campanas; 13 — Larsen et al. (2017) with data from UVES at VLT-ESO; 14 — Graves & Schiavon (2008) with
data from Schiavon et al. (2005), which used the R—C spectrograph at Blanco telescope in Cerro Tololo observatory; 15 — Conroy et al. (2018) with the same
data from Schiavon et al. (2005); 16 — The compilation made by Roediger et al. (2014).

Table 2. Comparison with the abundances calculated in Colucci et al. (2017) for 47 Tuc. It is important to highlight
that our adopted metallicity is [Fe/H] = —0.78, while in that work it was [Fe/H] = —0.65.

species )‘(A) A(X)OCr)lucci A(X)Colucci [X/Fe]Colucci [X/Fe]thiswork

Nai 5682.633 6.44 5.86 +0.07 +0.10

Nal 5688.200 6.34 5.96 +0.27 +0.60

Nal 6154.230 6.24 5.86 +0.27 +0.35

Mg1 5528.405 7.52 7.22 +0.35 +0.38

All 6698.673 6.46 6.07 +0.26 +0.24

Si1 5948.55 7.61 7.23 +0.27 +0.42

SiI 7415.96 7.56 7.62 +0.71 +0.32

SiI 7423.51 7.60 7.43 +0.48 +0.12

Cal 6102.723 6.45 5.83 +0.03 +0.24

Cal 6166.440 6.36 5.83 +0.12 +0.24

Cal 6439.080 6.02 5.63 +0.26 +0.02

Cal 6455.605 6.29 5.73 +0.09 +0.15

Ti1 5866.449 5.04 4.57 +0.18 +0.10

Ti1 6556.077 541 4.77 +0.01 +0.32

Tin 5336.077 5.15 4.77 +0.27 +0.37

Tin 5381.021 5.21 4.67 +0.11 +0.37

Eull 6645.064 0.42 0.14 +0.37 +0.32
the WiFeS Atlas of Galactic Globular Cluster Spectra (WAGGS) In Section 2, the method of building synthetic spectra is briefly
survey. described. In Section 3, the element abundances available in the

The analysis is carried out as described in Moura et al. (2019). literature are compiled. In Section 4, the different methods of

Basic parameters for 47 Tuc stem from literature ages from colour— analysis of integrated spectra applied to 47 Tuc are discussed. In
magnitude diagrams (CMDs) and abundances both from individual Section 5, the results are presented and in Section 6, a summary is
stars and integrated spectra. given.
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Figure 1. Observed and the best-fitting synthetic spectra for the Mg lines at 5528.405 A (left-hand panel) and 8806.756 A (right-hand panel).
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Figure 2. Observed and best-fitting synthetic spectra for the Mg1 and Ca 1 (lower panels) strong lines. The Mg triplet lines at 5167.32, 5172.68, and 5183 A
are shown in the upper panel, and in the bottom panels, we show the CaT triplet lines at 8498.18, 8542.089, and 8662.14 A.

2 BUILDING SYNTHETIC INTEGRATED
SPECTRA

In this work, we use the code SYNSSP, that combines the PFANT code
for spectrum synthesis of individual stars (Barbuy, Trevisan & de
Almeida 2018a), with a stellar evolutionary model for a given age,
metallicity, and helium abundance. A first version of SYNSSP was
employed in La Barbera et al. (2013), where the aim was to test the
effect of individual variations of Ca, Na, and Ti abundances on the
indices studied CaH&K, NaD, Na8190, TiO;, TiO,. An updated

MNRAS 498, 5834-5854 (2020)

version, described in detail, is given in Moura et al. (2019). A
brief description of SYNSSP can be summarized as follows: SYNSSP
builds the spectrum of a Single Stellar Population (SSP) with the
following input data: (a) [Fe/H], [«/Fe], and age of the SSP; (b)
number of stars considered along the isochrone, from the main
sequence (MS), subgiant branch (SGB), and RGB. The standard
procedure considers 12 MS and SGB stars and 9 RGB stars; (c)
solar abundances of all elements and abundance ratios relative to
solar; (d) wavelength interval to be generated and spectral resolution
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Figure 3. Observed and best-fitting synthetic spectra for the AlT lines at 6696.185 and 6696.788 A (left-hand panel) and 6698.673 A (right-hand panel).
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(or FWHM) desired. The standard value is FWHM = 1.0 A that
fits well the Usher et al. (2017) spectra, having a resolution of R
~ 6800.

C. Renno et al.
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We use Dartmouth isochrones (Dotter et al. 2008), with [«/Fe]
= +0.4 and [Fe/H] = —0.8. From the evolutionary tracks, 21 log g
— T pairs along the isochrone are identified, from the tip of the
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RGB (T.y =3000K and logg = —0.1) down to the main-sequence
locus (Teir = 3400K and logg = 5.2). For each logg — T, pair,
we generate synthetic stellar spectra with the PFANT code described
in Barbuy et al. (2018a), and references therein. Given a stellar
model atmosphere and lists of atomic and molecular lines, the
code computes a synthetic spectrum assuming local thermodynamic
equilibrium (LTE). We use the MARCS 1D LTE atmospheric
models (Gustafsson et al. 2008). For logg > 3, the atmospheric
model geometry is plane-parallel and mass independent; for log g <
3 (giants with non-negligible photospheric depths), the models are
calculated for a spherical geometry of 1 Mg stars. A microturbulent
velocity of 2 km s~! is adopted for all spectra. Finally, the SSP spectra
are created by combining all the synthetic spectra, which are divided
in selected bins, each of them with its specfic weight, following the
expression

Z:’:Ts S*,i()")fcorr.iNi
o M; '
where npiys 1s the number of bins along the isochrone and S, ;(4) is

the spectrum of the star in the centre of the bin, in units of Lg/A.
The number of stars, N;, and the total stellar mass, M; (given in

Fssp(A) =

1

units of Mg), of each bin are obtained by integrating the initial
mass function (IMF) from M, ; to M, ; (the mass limits of the
bin)

M,y i
N; = d(m)dm,
My
M, i
M; = m ®(m)dm. 2)
M i

Finally, the correction factor feor i accounts for the variation of
stellar luminosities within the bin and is given by feor, i = Liotar, i/Lis
where

MMJ
Ligari = / L(m) ®(m)dm,

My

My

Li=L [ omman, 3
My

i.e. the ratio between the luminosity of the bin and the luminosity

of the bin assuming that L(m) =constant= L, ; (the luminosity

of the star for which we computed the spectrum S, ;).The units of

the final SSP spectrum in equation (1) are Lo/(Mg A). We adopt
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Figure 8. Observed and best-fitting synthetic spectra for the TiI lines.

a mass interval from M; = 0.15Mg to M, = 1.0l Mg, and a
Salpeter IMF (Salpeter 1955). Finally, the input observed spectrum
is normalized through a polynomial fitting to match the continuum
of the computed spectrum.

3 LITERATURE ABUNDANCES IN 47 TUCANAE

Among the first studies regarding chemical abundances in globular
clusters were the ones made by Pilachowski et al. (1980), that
identified chemical enhancement in the CN and CO bands in two
clusters including 47 Tuc, using HRS and photometry; Dickens
et al. (1979) found an overabundance of N in red giants observed
in 47 Tuc based on low-resolution spectra; Norris & Cottrell (1979)
also studied the nitrogen anomaly in 47 Tuc by observing two
red giants with spectra at a resolution around 1 A. More recently,
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after the development of the 8—10 m telescopes, HRS made possible
more detailed and precise determinations of chemical abundances of
individual stars in globular clusters, that can be used as tracers of the
chemical abundances of the clusters themselves. Different types of
stars have been observed, such as RGB stars (Koch & McWilliam
2008; Alves-Brito et al. 2005; Thygesen et al. 2014; Cordero et al.
2014; Carretta et al. 2009), subgiants and dwarfs (Carretta et al.
2004), and AGBs (Wylie et al. 2006; Lapenna et al. 2014). From
analyses of high-resolution spectra of RGBs, metallicities in the
range —0.66 < [Fe/H] < —0.79 are found, giving a mean value of
[Fe/H] ~ —0.75.

In Table 1, the literature abundances in 47 Tucanae are reported,
together with the method employed. The studies comprise HRS of
individual RGB and AGB stars and analysis of integrated spectra
with the methods of: measurement of Lick indices (ISLick), mea-
surement of EWs (ISEW), full spectrum fitting (ISFF), or fit of
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Figure 9. Observed and synthetic spectra for the 5853.675, 6141.713, and 6496.9 A for Ba i lines and Eu 11 6645.064 A line.

individual lines (ISfit) (the latter being our adopted method), or
compilations.

4 PREVIOUS METHODS APPLIED TO 47 TUC

Different methods and different wavelength ranges have been applied
to interpret integrated spectra of 47 Tuc.

Graves & Schiavon (2008) employed the EZ_AGES code based on
Schiavon (2007) models, combined with Padova isochrones, in two
modes, one with solar-scaled abundances (Girardi et al. 2000) and the
other with a-enhancement [«/Fe] = 0.42 (Salasnich et al. 2000). In-
put abundances of [Mg/Fe], [C/Fe], [N/Fe], [O/Fe], [Ca/Fe], [Na/Fe],
[Si/Fe], [Cr/Fe], and [Ti/Fe] are included independently, in order to
model Lick indices measurements for different ages and values of
[Fe/H] and compare these with measured integrated spectra. The lines
employed to derive ages and [Fe/H] are the ones that are strongly
affected by the variations of these two parameters, whereas insensi-
tive to variations on element abundances. The code includes ages in
the range of 0.1 < ¢ <15.8 Gyr, metallicities within —1.3 < [Fe/H]
< +0.2 for the solar-scaled isochrone and —0.8 < [Fe/H] < +0.3
for the a-enhanced ones. The Lick indices studied were Hé, (wide
definitions for A stars), H g (narrow definition for F stars and later),

Hya, H yr, HB, CN;, CN,, Ca4227, G4300, Fe4383, C24668,
Fe5015, Mgy, Mgb, Fe5270, and Fe5335. These indices are as defined
in Worthey et al. (1994) and Worthey & Ottaviani (1997). The indices
calculated can be compared with measured indices from observed
spectra to then determine the best-fitting mean age and [Fe/H] for
the stellar population, for a given set of model abundance ratios.

McWilliam & Bernstein (2008) employed a different approach,
adopting empirical CMDs and EWs in the construction of the
synthetic spectra. Their technique was based in dividing the CMD in
multiple regions with different types of stars and calculating synthetic
EWSs for each line, for each CMD bin. The final EWs are obtained
from a weighted combination of the bin fluxes. The abundances were
calculated by iteratively fitting synthetic flux-weighted EWs to the
observed spectra, until it matches the observed integrated light (IL)
spectra. For measuring the EWs in the IL spectra, the GETJOB code
(McWilliam et al. 1995) was used. Finally, in order to obtain the best
fits, their new package ILABUNDS was employed, which includes «-
enhanced model atmosphere grids from Kurucz (Castelli & Kurucz
2004) and the MOOG code (Sneden 1973) for spectrum synthesis.
Their linelist includes lines of the elements Na, Mg, Al, Si, Ca, Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Y, Zr, Ba, La, Nd, and Eu in the
wavelength range 50007570 A.
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Figure 10. Observed and [Na/Fe] = 0.00, 0.30 and best-fitting synthetic spectra for the Nal lines.

Colucci et al. (2017) analysis of 47 Tuc employed the same
techniques previously used in McWilliam & Bernstein (2008), with a
change of stellar evolution models. For the calculation of integrated
EWs, in the different CMD bins, the BaSTI isochrones from the
Teramo group (Pietrinferni et al. 2004, 2006; Cordier et al. 2007),
and a Kroupa IMF (Kroupa 2002, IMF) were adopted. Some lines
used by them are also studied here, therefore a comparison between
their abundances and the present ones is given in Table 2.

Larsen et al. (2017) employs full spectrum fitting to high reso-
lution integrated spectra (R ~ 40000) for derivation of elemental
abundances in 47 Tuc. The abundances were extracted from the
best fitting of multiple lines simultaneously, i.e. the fitting of the
synthetic to the observed spectra is carried out by iteratively fitting
the abundances until the best overall fit for all lines is reached. Both
theoretical isochrones and empirical CMDs were adopted, in both
cases divided in bins of stars. The observed CMDs are photometric
data from ACS/HST (Sarajedini et al. 2007; Anderson et al. 2008).
The theoretical Dartmouth «-enhanced isochrones were employed
only for the least luminous bins. In their analysis, they found that
using stars based on theoretical isochrones give very similar results
to those based on resolved CMDs. A Salpeter IMF and MARCS
model atmospheres with the TURBOSPECTRUM code (Alvarez & Plez
1998; Plez 2012) were adopted.

Conroy et al. (2018) also apply full spectral fitting techniques
for measurement of abundances in 47 Tuc and 40 other clusters.
Their approach includes the Dartmouth isochrones, Kroupa IMF,
and the libraries of spectra MILES (Sanchez-Blazquez et al. 2006)
and Extended IRTF empirical spectra (Prugniel, Vauglin & Koleva
2011; Sharma, Prugniel & Singh 2016), complemented with a library
of M dwarfs (Mann et al. 2015). A polynomial spectral interpolator
assigns each point from the isochrone to a suitable stellar spectrum
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from the libraries. Because such libraries are restricted in variations
of abundances due to relying on empirical star spectra, response
functions were developed to address this problem. Their SSPs are
compared with the empirical spectra from Schiavon et al. (2005) and
abundances of Mg, Si, Ca, and Ti were computed.

5 RESULTS AND DISCUSSION

After carrying out calculations for the overall spectrum with the
metallicities and abundances from the first seven references given in
Table 1, we chose the results by Thygesen et al. (2014) as best fitting
and therefore adopted a metallicity [Fe/H] = —0.78 and [«/Fe] =
+0.4 as fixed input data. These values are close to most of the other
derivations from optical high-resolution data, with [Fe/H] = —0.76
from Koch & McWilliam (2008), [Fe/H] = —0.79 from Cordero et al.
(2014), [Fe/H] = —0.77 from Carretta et al. (2009) — see Table 1.

As for the [a/Fe] values, it is interesting to note that, according to
Milone et al. (2017) in 47 Tuc, only about ~20 per cent of stars belong
to a first stellar generation (1G), whereas the ~80 per cent of stars
from a second generation (2G) might show low oxygen abundances.
However, it is not clear if most of 2G stars would have low oxygen
abundances and all derivations in Table 1 indicate high oxygen
abundances, therefore we find reasonable to keep a high [«/Fe] value.
A confirmation that this is the correct choice, is the mean abundance
of the Mg of [Mg/Fe] = 0.45, derived in this work from the integrated
spectrum. We recall that O and Mg are the bona fide alpha-elements
produced during hydrostatic burning in the interior of stars, whereas
Si, Ca, and Ti are mostly produced during explosive burning in
supernovae events (e.g. McWilliam 2016; Barbuy et al. 2018b).

For the isochrone, an age of 11 Gyr was adopted, as a mean
value from ages assigned to 47 Tuc reported in Table 3. There is
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Table 3. Literature ages (Gyr) for 47 Tuc.
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Age (Gyr) Method Reference

11to~13 Spectroscopy Schiavon et al. (2002)

11.3 Main-sequence fitting Gratton, Bragaglia & Carretta (2003)
11.5 Main-sequence fitting Dotter et al. (2009)

11.25 Eclipsing binary star (V69) Thompson et al. (2010)

9.7 White dwarf cooling sequence Hansen et al. (2013)

11.75 Main-sequence fitting VandenBerg et al. (2013)

12 Main-sequence fitting VandenBerg et al. (2014)

13 Main-sequence fitting Denissenkov et al. (2017)

11.8 MSF and V69 analysis Brogaard et al. (2017)

Table 5. Abundances derived for Mg, Al, Si, Ca, Ti, Ba and Eu.

[Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe]

[Ti/Fe] (Ti1) [Ti/Fe] (Tim) [Ba/Fe] [Eu/Fe]

0.45 £0.01 0.24 £0.01 0.30 £0.07 0.24 £0.07

0.30 £0.03 0.35+£0.02 0.33 £0.02 0.32

little change in the resulting integrated synthetic spectra, from 11 to
13 Gyr, given that the RGB stars dominate the flux and changes in
the turn-off point with age have little effect on the overall flux. This
is shown in Moura et al. (2019), where fig. 14 shows the comparison
of spectra between 11 and 13 Gyr for NGC 6522.

The abundances were derived similarly to methods employed with
high-resolution spectra, i.e. by fitting the continuum of the synthetic
to the observed spectrum locally and varying the abundance to find
the best match to the line in question. The fits to the lines and
corresponding adopted abundances in each case are shown in Figs
1-10 and comments on the results for the lines of each element are
given below.

Table 5 lists the species, wavelength (A), excitation potential X ex
(eV), oscillator strength log gf, van der Waals interaction constant
Cs, and abundances line-by-line. The damping constants are derived
following Anstee & O’Mara (1995), Barklem & O’Mara (1997) and
Barklem, O’Mara & Ross (1998). The interaction constant Cgq relates
to the damping constant through the formula ys/Ng = 1703/ Cé/ ’,
where v is the velocity and Ny is the density of hydrogen atoms. For
the strong triplet lines of MgI and Cal, the Cq values correspond to
fits to wings of these lines in the solar and Arcturus spectra — see
Moura et al. (2019).

The fit to the overall WAGGS spectrum of 47 Tuc in the wavelength
range considered here is shown in Figs A1-A8 in the Appendix.

5.1 Mg Lines

Mg1 5528.405 and 8806.756 A lines fitted in Fig. 1 indicate
[Mg/Fe] = +0.45. The Mg triplet lines at 5167-5183 A are well
fitted with this abundance, as can be seen in Fig. 2, where the
oscillator strengths are from Pehlivan Rhodin et al. (2017) and the
wings were fitted as described in Moura et al. (2019). The bottom of
strong lines such as the Mg 1 triplet lines cannot be computed in LTE,
because they form in NLTE regimen, and in chromospheric layers,
that are not included in photospheric models.

5.2 Al Lines

We fitted the Al1 6696.185, 6696.788, 6698.673 A lines, as shown
in Fig. 3, and the best fit is obtained with [Al/Fe] = 4-0.24.

5.3 Si Lines

The best-fitting synthetic spectra for SiI lines are shown in Fig. 4.
The four lines indicate a mean value of [Si/Fe] = +0.30 4+ 0.07.

5.4 Ca Lines

The Cal lines at 6102.723, 6122.217, 6166.44, 6169.044, 6439.08,
6455.605, and 6717.687 A are shown in Fig. 5. The lines at 6161.295
and 6162.167 A are shown in Fig. 6. A mean value of [Ca/Fe] =
+0.24 £ 0.07 is obtained. This result is in very good agreement with
the derived Ca abundance of [Ca/Fe] = 40.20 by Usher et al. (2019).

The CaT triplet lines are computed with [Ca/Fe] = 40.24, as
shown in Fig. 2. Again, similarly to the case of the Mg triplet, the
bottom of these strong lines cannot be reproduced in LTE.

5.5 Ti Lines

The measurement of the titanium abundances was done in two
separate groups of lines, being one based on the Till lines and the
other on TiI lines. The plots are shown in Figs 7 and 8, respectively.
The Til lines give [Ti/Fe] = +0.35 4= 0.02 and the neutral species
give [Ti/Fe] = 0.30 & 0.03, showing a good agreement among the
different ionization stages. This is important because it is essentially
a measure of the suitability of the effective temperatures adopted.

5.6 Ba and Eu Lines

The best-fits to the Ball 6496.9 A and Eull 6645.064 A lines are
shown in Fig. 9. Hyperfine structure is taken into account as described
in Moura et al. (2019).

5.7 Multiple stellar populations

The early work on CN-weak and CN-strong stars in globular clusters
(e.g. Osborn 1971) and also see Section 3, was not interpreted as
due to Multiple Stellar Populations (MPs), which took place in the
years 2000s only. MPs have been clearly identified from photometry
by Lee, Joo & Sohn (1999) and Bedin et al. (2004), and from
spectroscopy through Na—O, Mg—Al anticorrelations, together with
enhancements of N and deficiency in O, that were systematically
found in globular clusters (see reviews by Gratton et al. 2004;
Gratton, Carretta & Bragaglia 2012). Piotto et al. (2015) and Milone
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Figure 11. [X/Fe] versus Z for present results and previous literature results.

et al. (2017) have clearly demonstrated that essentially all globular
clusters show a first (1G) and a second generation (2G). For 47 Tuc,
Milone et al. (2017) found a ratio of first generation to total number
of stars of Ni/Ntor = 0.175. Helium abundances are expected to be
somewhat enhanced in 2G stars (Lagioia et al. 2018; Milone et al.
2018), but for the helium small enhancements measured, there is
essentially no impact on the building of integrated spectra (see for
example Fig. 2 by Souza et al. 2020).

We here try to identify the effect of MPs in integrated spectra
by measuring the Na abundance. Na is a major indicator of MPs,
with second generation stars showing strong Na abundances, as
clearly demonstrated in Carretta et al. (2009, 2019). In the integrated
spectra, the presence of MPs would be seen in an overall enhanced Na
abundance. In order to check this possibility, in Fig. 10, the synthetic
spectra are computed for [Na/Fe] = 0.0, + 0.3 and the best-fitting
abundances are reported in Table 4 line-by-line. Na18194.79 A line
shows an Na deficiency, lines Na1 5682.63, 6160.75 and 8183.25 A
show a moderate enhancement and only lines Nal 5688.20 and
6154.23 A indicate a strong enhancement. From this, we conclude
that the Na abundance is not a clear indicator of MPs for 47 Tuc with
the present integrated spectra data. A higher resolution integrated
spectrum would be needed to obtain a more precise measurement.

5.8 Associated errors

The resulting mean abundances derived for Mg, Al, Si, Ca, Ti, Ba,
and Eu are summarized in Table 5. The errors were estimated as
the standard error of the mean, i.e. [X/Fel.,o, = o1x/re)/+v/Nx — 1,
where o [x/r is the standard deviation of the abundances derived
from different spectral lines and Nx in the number of lines used.
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Since the Eu abundance was estimated from a single Eul line, no
uncertainty is quoted for this element in Table 5.

The choice of age within the literature ages, has very little effect on
the resulting spectra and consequently also on the abundance ratios
as shown in Moura et al. (2019). The choice of metallicity within
the values form the literature and of [alpha/Fe] = +0.4 also has
little impact on the abundance ratios, given that the possible small
differences in the models are cancelled out.

The variance in abundance from the different lines is due to noise
in the observed spectra, blends, uncertainties on oscillator strengths,
and/or on damping constants in the case of strong lines and fit to
the continuum. Such variations are found as well in the analysis of
individual stars at high spectral resolution, as can be seen e.g. in
Alves-Brito et al. (2005), Thygesen et al. (2014), and other analyses
of 47 Tuc (Table 1).

5.9 Comparison with literature

Fig. 11 compares the present abundance results with literature
abundances reported in Table 2, showing that the abundances
derived show good agreement with the previous literature. Si and
Ti abundances show the smallest spread among authors. Ca shows
a small spread among most literature results. Alves-Brito et al.
(2005) results, based on high-resolution spectra gives the lowest
abundances of Na, Al, Si, Ca, and Ti, increasing the spread for
these elements. Na instead shows the largest spread, which can be
explained by a multiple stellar population effect, combined with
spread among the studied lines, as shown in Fig. 10.
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Table 4. List of lines inspected in the integrated spectra and resulting abundances.

Abundances from integrated spectra of 47 Tucanae

Species MA) Xex (eV) log gf Cs [X/Fely7muc
Natl 5682.633 2.10 —0.71 0.338E—29 +0.10
Nart 5688.205 2.11 —0.45 0.538E—29 +0.60
Nat 6154.230 2.10 —1.56 0.900E—31 +0.35
Nart 6160.753 2.10 —1.26 0.300E—30 +0.15
Narl 8183.256 2.10 —0.47 0.350E—30 +0.15
Narl 8194.790 2.10 +0.24 0.350E—30 —-0.15
Mg1 5167.321 2.70 —0.854 0.300E—29 +0.45
Mg1 5172.684 2.70 —0.363 0.300E—29 +0.45
Mg1 5183.604 2.70 —0.168 0.300E—29 +0.45
Mg1 5528.405 4.34 —0.547 0.163E—29 +0.46
Mg1 8806.756 4.34 —0.144 0.123E-30 +0.44
All 6696.185 4.02 —1.58 0.300E—31 +0.24
Al1 6696.204 4.02 —1.58 0.300E—31 +0.24
Al 6696.788 4.02 —1.42 0.300E—31 +0.24
Al1 6698.673 3.14 —1.65 0.300E—31 +0.24
Sit 5948.545 5.08 —1.23 0.219E—29 +0.42
Sit 7405.772 5.61 —0.66 0.182E—29 +0.32
Sit 7415.948 5.61 —0.73 0.182E—29 +0.32
Sit 7423.496 5.62 —0.58 0.184E—29 +0.12
Carl 6102.723 1.88 —-0.79 0.200E—29 +0.24
Cal 6122.217 1.89 —0.20 0.800E—29 +0.29
Carl 6161.295 2.51 —1.02 0.598E—30 +0.36
Cal 6162.167 1.89 —0.09 0.454E-30 +0.36
Carl 6166.440 2.52 —0.90 0.595E-30 +0.24
Cal 6169.044 2.52 —0.54 0.595E-30 +0.24
Carl 6169.564 2.52 —0.27 0.598E—30 +0.24
Carl 6439.080 2.52 +0.30 0.512E-31 +0.02
Carl 6455.605 2.52 —1.35 0.509E-31 +0.15
Cal 6717.687 2.71 —0.61 0.619E—30 +0.29
Carl 8498.023 1.69 —1.312 0.900E—32 +0.24
Cal 8542.091 1.70 —0.362 0.800E—32 +0.24
Cal 8662.141 1.69 —0.623 0.800E—32 +0.24
Tit 5866.449 1.07 —0.84 0.216E-31 +0.10
Ti1 5922.108 1.05 —1.46 0.346E—31 +0.33
Til 5941.750 1.05 —1.53 0.346E—31 +0.44
Ti1 5965.825 1.88 —0.42 0.214E-31 +0.34
Ti1 5978.539 1.87 —0.53 0.214E-31 +0.33
Ti1 6126.214 1.07 —1.43 0.206E—31 +0.32
Til 6261.106 1.43 —0.48 0.468E—31 +0.33
Ti1 6266.010 1.75 —2.98 0.300E—31 +0.33
Tit 6556.077 1.46 —1.07 0.274E-31 +0.32
Ti1 6743.127 0.90 —1.73 0.289E—31 +0.20
Tin 5154.068 1.57 —1.75 0.200E—29 +0.32
Tin 5336.771 1.58 —1.70 0.900E—32 +0.37
Tin 5381.021 1.57 —2.08 0.890E—32 +0.37
Tin 5418.751 1.58 —2.13 0.300E—30 +0.32
Ban 5853.675 0.60 —1.10 0.300E—31 +0.36
Ban 6141.713 0.70 —0.08 0.300E—31 +0.32
Ba1 6496.90 0.60 —0.32 0.300E—31 +0.32
Eun 6645.064 1.38 +0.12 0.120E-31 +0.32

6 SUMMARY

47 Tuc is a reference moderately metal-rich globular cluster and
has been extensively studied and used as template for other fainter
objects. Our aim is to show that the integrated spectra of globular
clusters is a useful tool to derive element abundances. In this work,
we show that the SYNSSP package suitably reproduces the WAGGS
observed integrated spectra of 47 Tuc and in particular that the
prominent lines of Na, Mg, Si, Ca, Ti, Ba, and Eu can be used to derive
abundances. Together with the results obtained in Mouraet al. (2019),
this work indicates that the employed techniques are a step towards

using IL together with synthetic spectra for the analysis of more com-
plex and distant objects, such as globular clusters in external galaxies.

The abundances calculated for 47 Tuc show good agreement with
the previous literature, including results from HRS of individual
stars. Ti abundances are the best matched from all methods. Na
instead shows the largest spread and this is probably due to the
multiple stellar population effects, combined with spread among the
studied lines (Section 5.7). The wings of strong lines are well-fitted,
based on the abundances derived from the weaker lines, which can
be useful for a future more precise calibration of well-known indices
such as Mg, and CaT lines.
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APPENDIX A: FULL SYNTHETIC SPECTRUM
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Figure A2. Comparison between synthetic and observed spectra, in the range 5100-5700 A.
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Figure A3. Comparison between synthetic and observed spectra, in the range 5700-6300 A.
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Figure A4. Comparison between synthetic and observed spectra, in the range 6300-6900 A.
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Figure A6. Comparison between synthetic and observed spectra, in the range 7500-8100 A.
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