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Macul, Santiago, Chile
8The Milky Way Millennium Nucleus, Av. Vicuña Mackenna 4860, 782-0436 Macul, Santiago, Chile

Accepted 2016 March 10. Received 2016 March 7; in original form 2016 January 27

ABSTRACT
The globular cluster 47 Tuc exhibits a complex sub-giant branch (SGB) with a faint-SGB
comprising only about the 10 per cent of the cluster mass and a bright-SGB hosting at least
two distinct populations. We present a spectroscopic analysis of 62 SGB stars including
21 faint-SGB stars. We thus provide the first chemical analysis of the intriguing faint-SGB
population and compare its abundances with those of the dominant populations. We have
inferred abundances of Fe, representative light elements C, N, Na, and Al, α elements Mg and
Si for individual stars. Oxygen has been obtained by co-adding spectra of stars on different
sequences. In addition, we have analysed 12 stars along the two main RGBs of 47 Tuc.
Our principal results are (i) star-to-star variations in C/N/Na among RGB and bright-SGB
stars; (ii) substantial N and Na enhancements for the minor population corresponding to
the faint-SGB; (iii) no high enrichment in C+N+O for faint-SGB stars. Specifically, the
C+N+O of the faint-SGB is a factor of 1.1 higher than the bright-SGB, which, considering
random (±1.3) plus systematic errors (±0.3), means that their C+N+O is consistent within
observational uncertainties. However, a small C+N+O enrichment for the faint-SGB, similar
to what predicted on theoretical ground, cannot be excluded. The N and Na enrichment of the
faint-SGB qualitatively agrees with this population possibly being He-enhanced, as suggested
by theory. The iron abundance of the bright and faint-SGB is the same to a level of ∼0.10 dex,
and no other significant difference for the analysed elements has been detected.

Key words: techniques: photometric – techniques: spectroscopic – stars: Population II –
globular clusters: general – globular clusters: individual: NGC104 (47 Tucanae).

1 IN T RO D U C T I O N

The presence of multiple stellar populations in globular clusters
(GCs) has been widely demonstrated both photometrically and
spectroscopically (see Piotto et al. 2015 and references therein).
Hubble Space Telescope (HST) photometry has revealed that the
phenomenon of multiple sequences along the colour–magnitude di-
agrams (CMDs) is not exclusive to ω Centauri. Many chemical
abundance studies from different groups have shown the presence
of intrinsic variations in p-capture elements (e.g. Kraft 1994; Ivans

� E-mail: anna.marino@anu.edu.au

et al. 1999; Gratton et al. 2001; Marino et al. 2008). Evidence for C–
N, O–Na (and in some cases Mg–Al) anti-correlations among GC
stars suggest that the pollution from high-mass asymptotic giant
branch stars (AGB) and/or fast-rotating massive stars has occurred
in a self-pollution scenario (e.g. Ventura et al. 2001; Decressin
et al. 2007), or alternatively from early accretion discs in pre-main-
sequence binary systems (Bastian et al. 2013, see Renzini et al.
2015 for a critical discussion on the different scenarios).

A few GCs, so-called anomalous GCs, are known to have in-
trinsic metallicity variations (see table 10 in Marino et al. 2015,
and reference therein). On the photometric side, these GCs show
multiple sub-giant branches (SGBs). While the presence of multi-
ple main sequences (MSs) and red-giant branches (RGBs) in UV
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Chemical abundances in the multiple SGB of 47 Tucanae 611

Figure 1. mF336W versus mF336W − mF395N Hess diagram of 47 Tuc from UVIS/WFC3 photometry (left-hand panel). Right-hand panels is a zoom of the
CMD in the region where the two main populations of 47 Tuc, namely A and B, have been colored green and magenta, respectively.

bands, as well as in some cases extended horizontal branches (HBs),
are in general good indicators for variations in light elements (in-
cluding He for the HB; see Milone et al. 2014), multiple SGBs
are observed in many of the clusters with Fe variations indepen-
dently on the photometric band (e.g. Milone et al. 2008; Piotto
et al. 2012).

Many attempts have been made in the past years to connect the
CMD multiple sequences with the GC chemical variations in order
to understand how successive stellar generations could have formed
(e.g. Marino et al. 2008; Yong et al. 2008; Milone et al. 2012b).
While the RGB-chemistry connection has been assessed through
chemical abundances studies of bright RGB stars, the chemistry of
multiple MSs and SGBs remains more unexplored. Evolutionary
models suggest that the appearance of multiple MSs is consistent
with stellar populations of different He (e.g. Bedin et al. 2004;
Norris 2004; D’Antona et al. 2005). Given that the nucleosynthe-
sis processes responsible for producing the N/Na/Al enhanced and
C/O depleted stars in GCs are also expected to produce He, con-
necting multiple photometric sequences with varying levels of He
enrichment is a reasonable assumption.

Instead of what was predicted for the MS, He differences cannot
account for the size of the observed SGB splits in anomalous GCs
(Milone et al. 2008; Piotto et al. 2012), that could be explained either
by age variations among stellar populations and/or by differences
in the overall C+N+O (Cassisi et al. 2008). In support of the latter
scenario, variations in the total CNO were found among RGB stars
of NGC 1851 (Yong et al. 2009; Yong, Grundahl & Norris 2015),
M 22 (Marino et al. 2011), and ω Centauri (Marino et al. 2012b).
Spectroscopic studies have been conducted on SGB stars in M 22
and NGC 1851, showing that fainter SGB stars are more enriched
in Fe and s-elements than brighter ones, consistent with being also
C+N+O (Gratton et al. 2012; Marino et al. 2012a).

High-accuracy photometry from the HST has revealed a double
MS in NGC 104 (47 Tuc; Milone et al. 2012b). Multiple popula-
tions on the SGB were identified by Anderson et al. (2009) who
found at least two distinct branches: a brighter SGB with an in-
trinsic broadening in luminosity, and a fainter one populated by a
small fraction of stars. Theoretical models by Di Criscienzo et al.
(2010) can reproduce the lower luminosity of the less populous
SGB only by assuming either a C+N+O overall enhancement, or
an age difference of about 1 Gyr.

Early spectroscopic studies have shown that 47 Tuc is bimodal in
the distribution of the CN bands strengths (e.g. Norris & Freeman
1979; Cannon et al. 1998), but no evidence for a variation in the
total C+N+O were revealed. However, stars that are predicted to
be CNO enhanced constitute only 10 per cent of the SGB stars, and
none of them is included in previous studies on 47 Tuc subgiants
(e.g. Carretta et al. 2005). Furthermore, 47 Tuc is not among the
newly defined class of anomalous GCs, e.g. clusters with clear
internal variations in s-process elements and iron. Only one star has
been found to be enhanced in the s-process composition, but it is
interpreted as due to binarity (Cordero et al. 2015).

In this paper we explore the chemical composition of different
photometric sequences along the SGB and the RGB of 47 Tuc,
from the MS up to the low RGB, with more focus on the SGB sub-
populations. The paper is organized as follows: Section 2 presents
the photometric and spectroscopic data that we used; Section 3 ex-
plains how atmospheric parameters have been derived, and Section
4 the chemical abundances we were able to infer; our results are
presented and discussed in Sections 5 and 7; Section 8 is a summary
of the main results.

2 DATA

Recent studies, based on both ground-based and HST photometry
have shown that 47 Tuc hosts two main populations, that can be
identified in appropriate CMDs and colour–colour diagrams, traced
continuously along the MS, the SGB, the RGB and the HB (Milone
et al. 2012b). The two most prominent populations of 47 Tuc are
clearly visible in the mF336W versus mF336W − mF395N Hess dia-
gram plotted in the left-hand panel of Fig. 1. In the CMD shown
in the right-hand panel of Fig. 1 we have used the green and ma-
genta colours to represent MS, SGB, RGB, and HB stars of the
population-A and population-B stars identified by Milone et al.
(2012b), respectively. Spectroscopic and photometric studies have
shown that population-A is made of stars with primordial helium,
high oxygen and low sodium and includes ∼20 per cent of all
stars in the cluster core, while the four times larger population-B is
enhanced in He and Na and depleted in O (see Milone et al. 2012b).

A third population has been detected along the SGB-B only. It is
distributed at fainter magnitudes and includes only the ∼10 per cent
of the total number of cluster stars (Anderson et al. 2009; Piotto et al.
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Figure 2. V versus B − I CMD from ground-based photometry (from Stet-
son 2000; Bergbusch & Stetson 2009). The spectroscopic targets analysed
in this paper are indicated with red crosses.

2012). Its chemical composition is still unknown. In the following
subsections we will use both photometry and spectroscopy to char-
acterize the multiple stellar populations of 47 Tuc along the SGB
and the RGB, focusing on the minor SGB steller population detected
by Anderson et al. (2009) and Piotto et al. (2012).

2.1 The photometric data set

The photometric data set used in our study of 47 Tuc consists of HST
photometry for the innermost ∼3×3 arcmin and ground-based pho-
tometry for the outer cluster region. Specifically, we have used the
catalogues published by Milone et al. (2012b) that include photom-
etry in the F336W (30 s+1160 s images from GO 11729, PI. Holtz-
mann), F395N bands (90 s+2×1120 s images from GO 11729,
PI. Holtzmann) from the Ultraviolet and Visual Channel of the
Advanced Camera for Surveys 3 (UVIS/WFC3) and in the F435W
(9×105 s images from GO 9281, PI. Grindlay), F606W (3 s+4×50 s
images from GO 10775, PI. Sarajedini), and F814W (3 s+4×50 s
images from GO 10775, PI. Sarajedini) band from the Wide Field
Channel of the Advanced Camera for Surveys (WFC/ACS) on board
of HST. We refer to the paper by Milone and collaborators and ref-
erences therein for details on the data and the data reductions.

Moreover, we have used ground-based photometry in the U, B,
V, and I filters from the archive maintained by Peter Stetson. The
photometric catalogue has been obtained by Stetson (2000) from
856 CCD images, including 480 images taken with the Wide-Field
Imager of the ESO/MPI 2.2 m telescope, and 200 with the 1.5 m
telescope at Cerro Tololo Inter-American Observatory. The remain-
ing 176 images come from various other telescopes. All the images
were reduced using the method described by Stetson (2005) and are
calibrated on the Landolt (1992) photometric system. We refer to
the paper by Bergbusch & Stetson (2009) for further details on this
data set. The CMDs from HST and ground-based photometry are
plotted in Figs 1 and 2, respectively, where the spectroscopic targets
are marked with red crosses in Fig. 2.

Ground-based photometry has been used to select the targets, de-
rive the atmospheric parameters and to identify multiple populations
along the RGB and the SGB. HST photometry has been exploited
to illustrate the multiple populations of this cluster and to constrain
the age and the overall CNO abundance of the faint and the bright
SGB by comparing the CMD with appropriate isochrones.

2.2 The spectroscopic data set

Our spectroscopic data consist of FLAMES/GIRAFFE spectra
(Pasquini et al. 2002) observed under the program 089.D-0579(A)
(PI. Marino). The HR02, HR04 and HR19A GIRAFFE setups were
employed, which cover spectral ranges ∼3854–4049 Å, ∼4188–
4392 Å, and ∼7745–8335 Å, and have resolving powers R ≡ λ/�λ

∼19 600–20 350–13 900, respectively.
Our sample of stars, which is represented in Fig. 2, has been

accurately selected to sample the different SGBs and RGBs of 47
Tuc and is made up of 12 RGB stars, with 15.5 � V � 17.0 and
62 SGB stars with 17.0 � V � 17.5. All the targets were observed
with the same FLAMES plate in 3-13-17 different exposures of
46 min for HR02, HR04, and HR19A, respectively. The typical
S/N of the fully reduced and combined GIRAFFE spectra ranges
from ∼30 to ∼60 at 4300 Å (HR04), ∼50 to ∼130 at 8180 Å
(HR19A), depending on the brightness of the star. Given the lower
priority given to the HR02 setup, not all our requested exposures
were executed and we could not reach S/N higher than 10, and we
decided to not use this setup.

Data reduction involving bias-subtraction, flat-field correction,
wavelength-calibration, sky-subtraction, continuum normalization,
has been done by using the dedicated pipelines1 and IRAF standard
procedures. Telluric absorptions strongly affect the H19A setup,
in particular in the range 8100–8335Å. We have removed tellurics
by using the software MOLECFIT2 (Kausch et al. 2014; Smette et al.
2015). But, even with such procedure, we caution that residual tel-
luric feature contamination might be still of concern for the analysis
of the spectral lines in the contaminated spectral region.

Radial velocities (RVs) were derived separately from each setup
using the IRAF@FXCOR task, which cross-correlates the object
spectrum with a template. For the template we used a synthetic
spectrum obtained through MOOG (Sneden C. 1973, version 2014
February3). This spectrum was computed with a model stellar at-
mosphere interpolated from the Castelli & Kurucz (2004) grid,4

adopting parameters (Teff, log g, ξ t, [Fe/H]) = (5600 K, 3.8, 1.0 km
s−1, −0.72). Each spectrum was corrected to the rest-frame system,
and observed RVs were then corrected to the heliocentric system.
We do not find strong systematic differences among the average
RVs obtained from the three different setups, being the mean off-
sets RVHR19 − RVHR4 = +0.5 ± 0.1 km s−1 and RVHR19 − RVHR2

= −0.2 ± 0.9 km s−1. The final RVs listed in Table 1 were com-
puted from the weighted mean of the RVs from the HR4 and HR19
setups, neglecting the HR2 data which give higher internal uncer-
tainties. Deriving the RV also served as an independent check of
cluster membership. We find a mean RV of −16.73 ± 0.77 km
s−1, with rms = 6.66 km s−1, consistent with the literature results
(Alves-Brito et al. 2005; Koch & McWilliam 2008; Dobrovolskas

1 See http://girbld-rs.sourceforge.net
2 http://www.eso.org/sci/software/pipelines/skytools/molecfit
3 http://www.as.utexas.edu/~chris/moog.html
4 http://kurucz.harvard.edu/grids.html
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Table 1. Coordinates, basic photometric data and RVs for the stars in the
field of view of 47 Tucanae. The listed magnitudes are corrected for differ-
ential reddening.

ID RA (J2000) DEC (J2000) B V RV (km s−1)

N104e-51475 00:24:01.80 −71:59:58.2 17.915 17.267 −15.90
N104e-31450 00:24:00.23 −72:01:07.5 16.658 15.811 −27.28
N104e-4888 00:23:21.40 −72:00:21.8 16.913 16.094 −24.53
N104e-21122 00:23:36.22 −72:01:54.2 17.805 17.172 −28.20
N104e-11207 00:23:42.16 −72:01:20.1 17.851 17.122 −10.74
N104e-51104 00:23:34.59 −71:57:13.2 17.928 17.255 −19.24
N104e-4647 00:23:04.49 −71:57:34.1 16.869 16.042 −11.53
N104e-1610 00:23:01.41 −71:56:35.9 17.931 17.176 −13.65
N104e-1716 00:23:10.13 −71:59:45.7 17.869 17.134 −10.44
N104e-11887 00:24:30.21 −71:55:36.4 17.911 17.196 −24.72

. . . . . . . . . . . . . . . . . .

et al. 2014). Coordinates, basic BV photometry and RVs for the all
the analysed stars are listed in Table 1.

3 MO D E L AT M O S P H E R E S

The spectral range covered by the HR04+HR19A setups provides
a relatively low number of Fe lines to ensure an optimal deter-
mination of atmospheric parameters. Furthermore, at the relatively
high-metallicity of 47 Tuc ([Fe/H] = −0.72, Harris 1996, 2010), the
HR04 spectral range is crowded and most of the lines are blended.

We interpolated isochrones from Dotter et al. (2008), and used
a E(B − V) = 0.025, (m − M)V = 13.42, in agreement with val-
ues from Harris (1996, updated as in 2010), and age = 12.0 Gyr.
In the subsequent analysis we adopted photometry corrected for
differential reddening (see Milone et al. 2012a for details on the
procedure) plus a mean reddening of E(B − V) = 0.025 in all in-
stances. We find that the average reddening variation of stars in the
spectroscopic sample is E(B − V) = 0.003, with the minimum and
maximum values corresponding to E(B − V) = − 0.007 and E(B −
V) = +0.009, respectively.

Given the difficulties in the determination of the atmospheric pa-
rameters from spectral lines, we take advantage of our BV photome-
try (see Section 2.1). For the SGB stars, we derive effective temper-
atures (Teff) from the (B − V)–Teff relation provided in Casagrande
et al. (2010), which is suitable for dwarfs and sub-giants with sur-
face gravities (log g) higher than 3.5. Then, we compared these
Teff values with the ones obtained from the isochrone that best fits
our CMD. We obtained a mean difference among the two sets of
temperatures of Teffisochrone − Teff(B-V) = − 33 ± 3 K for sub-giants,
with rms < 30 K. This spread suggests that the internal uncertainties
associated with the photometric Teff values is likely small, so we
assume an error of 50 K.

For red giants JHK magnitudes from 2MASS are more accurate
than for subgiants, so that for the former stars we could apply the
IRFM directly, by using BVIJHK photometry (Casagrande et al.
2010, 2014) In this case, the mean difference with the Teff values
given by the best-fitting isochrone is Teffisochrone − Teff(IRFM) = −51
± 26 K, with rms of 82 K. Our Teff values were then corrected to
the best-fitting isochrone scale, which means we added to the IRFM
and (B − V) colour-based temperatures the offsets calculated for the
giants and sub-giants.

Surface gravities were obtained from the apparent V magnitudes,
corrected for differential reddening, the Teff from above, bolometric
corrections from Alonso, Arribas & Martı́nez-Roger (1999), and
an apparent distance modulus of (m − M)V = 13.42. We assume

masses taken from the best-fitting isochrone, which range from
0.81 to 0.88 M�. We notice that our adopted masses agree with the
empirical estimate of the mass of turn-off stars in 47 Tuc measured
from an eclipsing binary, which is 0.8762 M� for the primary and
0.8588 M� for the secondary (Thompson et al. 2010).

For microturbulent velocities (ξ t), we adopted the appropriate re-
lation used in the Gaia-ESO survey (GES, Gilmore et al. 2012),5 that
depends on Teff, log g and metallicity. Temperatures and gravities
were already set from above, while for the metallicity we assumed
[A/H] = −0.72 (Harris 1996, as updated in 2010). For both log g
and ξ t we assumed an internal error of 0.20.

4 C H E M I C A L A BU N DA N C E S A NA LY S I S

Chemical abundances were derived from a local thermodynamic
equilibrium (LTE) analysis by using the line analysis code MOOG

(Sneden 1973, version 2014 Feb). We also used the α-enhanced
model atmospheres of Castelli & Kurucz (2004) and the parame-
ters described in Section 3. Reference solar abundances are from
Asplund et al. (2009).

Elements involved in proton-capture reactions: Carbon was in-
ferred from spectral synthesis of the CH G band (A2� − X2�) heads
near 4312 and 4323 Å. Nitrogen was derived from synthesis of the
CN blue system (B2	 − X2	) bandhead at ∼4215 Å. The synthesis
linelists for the CH G band are from Masseron et al. (2014), while
for the blue CN band we used the Kurucz linelist.6 As an example
of the molecular band synthesis we show synthetic/observed spec-
tral matches of the CH and CN for the SGB star N104e-5623 in
Fig. 3. Superimposed on the observed spectra are best-fitting syn-
thetic models, synthetic models where C and N have been varied by
0.2 and 0.3, respectively, and models with no C and N.

We determined Na abundances from the doublet at ∼8190 Å,
Mg from the line at ∼8213 Å, and the features at ∼7931 and
8099 Å. Aluminum was inferred from the doublet at ∼7836 Å.
The Na abundances were corrected for NLTE effects adopting the
corrections from Lind et al. (2011). For oxygen we analysed the
triplet at ∼7770 Å.

Heavy iron-peak elements: Ni abundances have been inferred
from the line at ∼7798 Å detectable only in our RGB sample.

α elements: for the α elements we determined only abundances
of Si from a single line at ∼7944 Å. We note that silicon can also be
affected by p-capture, as well as Mg, which has been commented
with the other p-capture elements.

The chemical abundances we obtain are listed in Table 2,
along with the adopted atmospheric parameters. Internal uncer-
tainties in chemical abundances due to the adopted model at-
mospheres were estimated by varying the stellar parameters,
one at a time, by the amounts discussed in Section 3, namely
±50 K/±0.20 dex/±0.05 dex/±0.20 km s− 1. The impact on the
chemical abundances due to changes in the various stellar parame-
ters are listed in Table 3. The limited S/N of our spectra introduces
significative internal uncertainties to our chemical abundances. To
estimate these uncertainties in the spectral synthesis we computed
a set of 100 synthetic spectra for two stars representative of the

5 For clarity, we used: ξt = 0.94 + 2.2e − 5 × (Teff − 5500) − 0.5e −
7 × ((Teff − 5500)2) − 0.1 × (log g − 4.00) + 0.04 × ((log g − 4.00)2) −
0.37 × [Fe/H ] − 0.07 × [Fe/H]2 for giants (Teff < 5250 and log g < 3.5);
and ξt = 1.15 + 2e − 4 × (Teff − 5500) + 3.95e − 7 × (Teff − 5500)2 −
0.13 × (log g − 4.00) + 0.13 × (log g − 4.00)2 for MS and SGB stars
(Teff≥ 5250 and log g ≥ 3.5).
6 http://kurucz.harvard.edu/linelists.html
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Figure 3. Observed spectra for the SGB star N104e-5623 around the CH (left-hand panel) and CN (right-hand panel) molecular bands. For each band, we
represent the best-fitting synthesis (solid-bold red line), the synthesis with [C/Fe] and [N/Fe] varied by 0.20 dex and 0.30 dex for CH and CN (solid-light red
lines), respectively, and the synthesis with no C or N (aqua line). The spectral regions used to derive the chemical abundances have been shown with shaded
regions.

Table 2. Adopted atmospheric parameters and inferred chemical abundances of 47 Tucanae.

ID Teff log g ξ t [Fe/H] [C/Fe] [N/Fe] [Na/Fe]LTE [Na/Fe]NLTE [Mg/Fe] [Al/Fe] [Si/Fe] [Ni/Fe]

N104e-51475 5621 3.90 1.07 −0.72 −0.38 1.52 0.78 0.41 0.35 0.28 0.67 –
N104e-31450 5234 3.17 1.22 −0.58 −0.03 0.41 0.55 0.13 0.32 0.24 0.39 0.17
N104e-4888 5059 3.20 1.18 −0.78 −0.13 0.68 0.49 0.11 0.33 0.21 0.45 − 0.04
N104e-21122 5670 3.88 1.08 −0.65 −0.24 – 0.61 0.21 0.24 0.45 0.15 –
N104e-11207 5367 3.74 1.02 −0.70 −0.17 0.40 0.35 − 0.03 0.41 0.17 0.37 –
N104e-51104 5540 3.86 1.05 −0.71 −0.39 1.28 0.88 0.56 0.43 0.32 0.77 –
N104e-4647 5064 3.19 1.18 −0.72 −0.28 0.90 0.53 0.16 0.43 0.31 0.50 − 0.19
N104e-1610 5290 3.73 1.01 −0.71 −0.23 0.50 0.32 − 0.05 0.31 – 0.54 –
N104e-1716 5349 3.74 1.02 −0.72 −0.21 – 0.38 0.01 0.17 – 0.21 –
N104e-11887 5409 3.79 1.03 −0.56 −0.20 0.70 0.37 − 0.01 0.36 – 0.68 –

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3. Sensitivity of derived GIRAFFE abundances to the uncertainties in atmospheric parameters, the limilted S/N (σ fit) and the total error due to
these contributions (σ tot). Two entries correspond to different contributions for SGB/RGB stars.

�Teff �log g �ξ t �[A/H] σ fit σ total

±50 K ±0.20 ±0.20 km s− 1 0.10 dex

[C/Fe] ±0.04/±0.03 ∓0.01/±0.01 ±0.00 ∓0.02/±0.00 ±0.03/±0.01 0.05/0.03
[N/Fe] ±0.08/±0.04 ±0.01/∓0.05 ±0.00 ∓0.02/±0.00 ±0.25/±0.08 0.26/0.10
[Na/Fe] ±0.04 ∓0.06 ∓0.03/∓0.05 ±0.00 ±0.06/±0.03 0.10/0.09
[Mg/Fe] ±0.03 ∓0.03 ∓0.02 ±0.00 ±0.04/±0.02 0.06/0.04
[Al/Fe] ±0.00/±0.03 ∓0.01 ∓0.01 ∓0.01 ±0.05/±0.02 0.05/0.04
[Si/Fe] ±0.01 ∓0.01/±0.02 ∓0.03 ∓0.01 ±0.06/±0.04 0.07/0.06
[Fe/H] I ±0.05 ∓0.01/±0.01 ∓0.04/∓0.06 ±0.00 ±0.06/±0.02 0.09/0.08
[Ni/Fe] ±0.01 ±0.02 ∓0.07 ±0.00 ±0.06 0.10

sample (the SGB star N104e-51475 and the RGB star N104e-
31450). These set of synthetic spectra were calculated by using the
best-fitting inferred abundances, and were then degraded to the S/N
of the observed spectra. We then analysed the chemical abundances
of all these synthetic spectra in the same manner as the observed
spectra. The scatter in the abundance measurements that we obtain
from the 100 synthetic spectra corresponding to a given star, is a fair
estimate of the uncertainty introduced by the fitting procedure, due
to the S/N, the pixel size and the continuum estimate. These error
estimates are listed in Table 3 as σ fit, and, of course, are higher for
SGB stars than RGB stars and for elements whose abundance has
been inferred by one or two lines only. The last column of Table 3
lists the total internal errors in our chemical abundances, due to the
stellar parameters and the quality of data (σ tot). Other contributions
to the errors are due to effects of C and N, so the σ tot values are an
underestimation of the real error (see Section 4.1).

Systematic uncertainties are likely higher, and may be introduced
by various sources, such as: (i) systematics in atmospheric param-
eters; (ii) adopted atomic data; (iii) possible 3D effects in the case
of molecular bands; (iv) NLTE effects. Most of these effects are
likely to affect systematically the abundances of all the stars with
similar parameters. So, they are not expected to strongly impact on
our results based on star-to-star internal variations. Some of these
effects may affect stars at various evolutionary stages, e.g. SGB
and RGB stars, in a different manner. We will discuss these effects
below, when we judge them to possibly be relevant.

4.1 The effect of C and N

One of the most serious effects that might alter our results is the
presence of molecular bands in the HR19A GIRAFFE setup, which
is affected by CN features. The analysis of star-to-star internal

MNRAS 459, 610–623 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/459/1/610/2608891
by Aarhus University Library user
on 14 February 2018



Chemical abundances in the multiple SGB of 47 Tucanae 615

Figure 4. Observed spectra of the RGB stars N104e-4647 (upper panel) and
N104e-32271 (lower panel) around the Si line at ∼7944 Å. For both stars
two best-fitting synthesis models have been superimposed to the observed
spectra: one computed with the mean CN abundance of first-generation (I-G,
green) stars (as obtained from our analysis), and the other with the mean CN
abundance for the second-generation (II-G, magenta) stars. In both panels,
the synthesis that we used is represented with a solid line, the other with a
dashed line. The abundance of Si and Fe used in the synthesis is quoted in
each panel.

chemical variations would not be affected if the analysed stars have
the same CN abundances, as, in that case, all the abundances would
be only systematically shifted. However, in the case of a GC, the
different abundances of C and N can potentially affect the results in
a different way for the first and second population stars, that have
different C and N abundances.

To evaluate if and how CN molecular bands, present around
∼8000 Å, affect our results for abundances other than CN, we ran
the spectral synthesis of each analysed spectral feature by using
different C and N compositions. Specifically, we used the average
composition for stars in different locations of our observed C–N
anti-correlation, which will be discussed in Section 5. For the SGB
stars we chose two different sets of compositions for C and N
([C/Fe], [N/Fe]) = (−0.2, +0.6),(−0.4, +1.4), as well as for the
RGB ([C/Fe], [N/Fe]) = (−0.10, +0.27), (−0.22, +0.90), matching
the extreme values observed on the [C/Fe]–[N/Fe] plane.

We found that, while the Na and Fe results are almost unaffected
by the different C and N composition, the effect of molecular bands
is not negligible for other elements, the most affected feature being
the Si line at ∼7944 Å. In Fig. 4 we represent two observed spectra,
one for a C-poorer/N-richer RGB star (N104e-4647), and the other
for a C-richer/N-poorer RGB star (N104e-32271), around the Si
line. Two spectral synthesis have been superimposed to the observed
spectra, one with the average C and N abundances of N-poorer stars
(first generation, I-G), and the other with the average abundances for
N-richer stars (second-generation, II-G). It is clear that the spectral
features around the Si line are best reproduced by a I-G C and N
composition in the case of N104e-32271, and by a II-G composition
for N10e-4647. The best-fitting Si abundance is different depending
on the C and N assumed in the synthesis: for both stars we get a
different [Si/Fe], depending on what set of C and N abundances (I-G
or II-G) we assume. The difference between the Si abundances is
∼0.15 dex, depending on which C and N composition we assume.

Another unaccounted effect for the RGB stars is that, since the
most common C diatomic molecule is CO, the amount of C free to
form CH and CN is dependent on O abundance, which we are not
able to measure and has been fixed to a value of [O/Fe] = +0.30
for all the stars. In reality, stellar populations in GCs have different
O abundances. To test how our assumption of equal O affect our
results we have performed some spectral synthesis of CH and CN
bands for typical SGB and RGB stars by assuming a variation in
[O/Fe] of 0.5 dex, between [O/Fe] = −0.10 and [O/Fe] = +0.40,
which is what is typically observed in GCs. Our synthesis suggest
that this variation in [O/Fe] does not significantly affect the C and
N abundances in our SGB sample as the differences between the
synthetic spectra determined with [O/Fe] = −0.10 and [O/Fe] =
+0.40 are undetectable. On the other hand, differences in the C
abundances are larger in our sample of giants: specifically, the O-
poor model requires a [C/Fe] lower by ∼0.1 dex from the G band;
the N abundances are less affected (∼0.05 dex) as the combined
variations in C and O cancel out in the synthesis of the CN band.

In the spectral range represented in Fig. 4 falls a Fe line, which
we used. Noticeably, both the synthetic spectra have the same Fe
abundance, that means this line is not significantly affected by CN
variations (our tests suggest that, in general, all our used lines are
not significantly affected).

For SGB stars, CN variations have a smaller impact, being the
mean difference in [Si/Fe] abundance between the synthesis com-
puted by assuming a I-G or II-G composition of 0.05 dex. Our
abundance analysis accounts for CN variation only for RGB stars.
This means that our RGB sample, once we got guess information
on C and N abundances, we run the synthesis of the Si line a sec-
ond time by using the mean C and N abundances of the two RGB
populations.

The impact of CN molecules on other chemical species is smaller
than that on Si. Magnesium and aluminum are mildly affected at a
level of ∼0.05 dex. In conclusion, we can assume a 10th of dex as
a realistic total internal error on Mg and Al. For Si we consider a
total uncertainty of 0.15 dex, while for the other elements the σ tot

values listed in Table 3 are fair estimates of our internal errors.

5 T H E C H E M I C A L C O M P O S I T I O N A L O N G
T H E C M D

The mean metallicity obtained from our GIRAFFE sample of 47
Tucanae probable members, composed by 74 stars, is [Fe/H] =
−0.73±0.01 dex, with a dispersion σ = 0.09 dex. We do not observe
any significant difference in the Fe content between RGB and SGB
stars: the mean abundances for these two subsamples are [Fe/H]RGB

= −0.77 ± 0.02 (rms = 0.08) and [Fe/H]SGB = −0.72 ± 0.01 (rms
= 0.09), which are the same within 2σ .

We have inferred abundances for C, N, Na, Al, Si and Mg, all
involved in the H-burning at various temperatures, and Ni for the
RGB only. Our elemental abundance results are illustrated in Fig. 5,
where we plot separately results for RGB and SGB stars.

No large differences are present in the abundances of the SGB
and RGB stars. The most notable differences are observed in N
and marginally in C, which are lower and higher, respectively, on
the RGB. At a first glance, these offsets appear the opposite than
expected if processed material has reached the surface after the first
dredge-up at the base of the RGB. On the other hand, these effects
are predicted to be higher at lower metallicity, and negligible at
the metallicity of 47 Tuc. Indeed, our RGB stars are all ∼1.5 mag
in the V band below the RGB bump, and, except in very metal-
poor GCs the evidence of deep-mixing, CN-cycle on the RGB is
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Figure 5. Box and whisker plot of our SGB (black) and RGB (red) abun-
dances. For the non-Fe species, their [X/Fe] relative abundances are shown,
for Fe we plotted [Fe/H]. For a given element, the box represents the in-
terquartile range (middle 50 per cent of the data) and the median is indicated
by the horizontal line. The vertical tails extending from the boxes indicate
the total range of abundances determined for each element, excluding out-
liers. Outliers (those 1.5 times the interquartile range) are denoted by open
circles.

mainly observed above the bump (e.g. Denissenkov & VandenBerg
2003). We performed a differential abundance study of CH and NH
lines using classical 1D hydrostatic and 3D hydrodynamic model
stellar atmospheres from the STAGGER grid (Collet, Magic & Asplund
2011; Magic et al. 2013). We verified that 3D effects do not play an
important role in generating these differences. Furthermore, these
differences diminish after a proper analysis of stellar population is
done, as discussed in Section 7. In the following subsections we
will investigate the chemical composition of different photometric
sequences by combining results from spectroscopy and photometry.

5.1 Multiple stellar populations along the RGB

Multiple stellar populations can be easily distinguished from pho-
tometry of RGB stars, when CMDs made with U − B and B − I
colours are used (e.g. Marino et al. 2008). The reason is that the U −
B colour is very sensitive to the abundance of N and C, through the
CN and CH molecular bands, while B − I is sensitive to the helium
content. Indeed stars with the same luminosity but different helium
content have also different effective temperature. Recent studies
have demonstrated that appropriate combinations of the U, B, I (or
the similar HST filters) provide efficient tools to identify multiple
stellar populations in GCs. These include the U − B versus U− I
two-colour diagram and the B versus U − B + I diagram (Milone
et al. 2012b) and the B versus CU,B,I = U − 2B + I diagram intro-
duced by Milone et al. (2013) by using HST filters F336W, F438W
(or F410M) and F814W.

Fig. 6 shows V versus CU,B,I for stars in 47 Tuc obtained from
the photometric catalogue by Stetson (2000), where the two main
RGBs and HBs are clearly visible. We have used green and magenta
starred symbols to represent the seven RGB-A and the five RGB-B
stars studied in this paper.

As shown in the right-hand panels of Fig. 6, RGB-B stars are
enhanced in Na, N, and depleted in C with respect to population-A
stars. Note that, as discussed in Section 4.1, we have assumed the

Figure 6. Left-hand panel: V versus CU,B,I diagram from ground-based
photometry. Right-hand panels: Sodium and Nitrogen abundance relative to
iron as a function of [C/Fe]. RGB-A and RGB-B target stars ere represented
with green and magenta starred symbols, respectively.

same [O/Fe] for all the stars, which would mostly translate into
the RGB-B stars having lower [C/Fe] abundances by ∼0.1 dex.
Confirming previous results, when we consider the entire sample
of analysed RGB stars, C, N, and Na are (anti-)correlated, while no
significant variations in Mg have been detected, and the rms for Al
is only marginally higher than expected from observational errors.

5.2 Multiple stellar populations along the SGB

In Fig. 1 we have shown that population-A and population-B stars
can be observed photometrically along all the evolutionary stages,
the HB, RGB, SGB, and MS. In contrast, the stellar population
associated with the faint SGB has been never identified in any other
region of the CMD except for the SGB.

By analysing multiwavelength HST photometry of 47 Tuc, Piotto
et al. (2012) concluded that, at fixed colour, the magnitude sepa-
ration between the faint SGB and the bulk of SGB stars is almost
constant at all the analysed magnitudes. For this reason, to mini-
mize the magnitude error and highlight the faint SGB, in the middle
panel of Fig. 7 we show the average (U + B + V + I)/4 magnitude
as a function of the (U − V) colour. In order to explore the chemical
composition of different SGB branches, we have selected a sample
of stars whose position on the CMD can be more clearly associated
with the bright and faint SGB component in the (U + B + V +
I)/4-(U − V) diagram. In the lower panel of Fig. 7 we represent the
selected bright and faint SGB stars, with blue dots and red triangles,
respectively. Two SGB stars fall in the HST field, and their location
on the mF435W-(mF435W − mF814W) CMD is shown in the lower panel
of Fig. 7. These symbols are used consistently throughout the paper.

Note that in the selection of bright and faint SGBs in Fig. 7 we
have excluded stars with large values of the photometric r.m.s and
stars that are not well fitted by the PSF according to their values
of chi and sharp. Furthermore, we exclude the possibility that faint
SGB stars are blended bright SGBs, as a blend between a SGB star
and an MS, SGB, RGB or HB star will result in brighter magnitudes
than a single SGB star. The photometric error of the selected bright
SGB and faint SGB stars in the adopted (U + B + V + I)/4 are
on average 0.02 mag and never exceed 0.03 mag. Hence we can
safely exclude that most of faint SGB candidates are actually bright
SGB stars. Nevertheless, we cannot exclude some contamination in
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Figure 7. The CMDs plotted in lower panels are obtained from ground-
based (middle panel) and HST photometry (lower panel). The ground-based
photometry CMD shows the average of the U, B, V, I magnitudes as a
function of the (U − V) colour for SGB stars of 47 Tuc. The space-based
diagram shows the mF435W-(mF435W − mF814W) CMD. Blue dots and red
triangles mark the target stars that, on the basis of their position in the CMD,
have been classified as bright and faint SGB, respectively. The same colours
and symbols are used to represent the same stars in the upper panels where
we plot [N/Fe] versus [C/Fe] (left), [Na/Fe] versus [C/Fe] (middle), and
[Al/Fe] versus [Mg/Fe] (right).

the selected groups of faint and bright SGBs from the other SGB.
In order to address this point we have performed 1000 000 Monte
Carlo simulations by randomly adding to each star an error in the
(U − V) colour and in the (U + B + V + I)/4 pseudo-magnitude
equal to the observed one. We have found that the contamination
of bright SGB stars in the faint SGB sample is smaller than 2, 4,
and 5 in the 68.27, 95.45 and 99.73 per cent of the simulations,
respectively.

In Fig. 8 we represent the distribution of the inferred chemi-
cal abundances for the selected faint and bright SGB stars (red
and blue, respectively), with the RGB abundances for compari-
son (black). Overall, we note that C abundances are on average
lower for the faint-SGB, while the bright-SGB average value better
agrees with the RGB average abundances. The mean N abundance
is higher for faint-SGB stars than bright-SGB ones, while N for

Figure 8. Box and whisker plot of the bright (blue) and faint SGB (red)
abundances. The black box plot represents RGB stars. For the non-Fe
species, their [X/Fe] relative abundances are shown, for Fe we plotted
[Fe/H]. For a given element, the box represents the interquartile range (mid-
dle 50 per cent of the data) and the median is indicated by the horizontal
line. The vertical tails extending from the boxes indicate the total range of
abundances determined for each element, excluding outliers. Outliers (those
1.5 times the interquartile range) are denoted by open circles.

the bright-SGB is closer to the value observed on the RGB. This is
not surprising, as the progeny of the faint-SGB on the RGB should
only account for a tiny fraction of stars. However, although the sep-
aration in the two SGB populations weakens the difference in N
between the RGB and the bright-SGB stars, the mean abundance
of the bright SGB is still higher. This is likely due to biases in
our SGB sample with available N abundances. Indeed, due to the
weak CN band for SGB stars with low N we were unable to infer
abundances for the stars with the lowest N abundances. The pres-
ence of this bias is suggested by the mean of the C abundances
for the bright SGB stars with missing N abundances [C/Fe] = −
0.20 ± 0.03 (rms = 0.08), which is approximately the mean abun-
dance of the N poor SGB stars. We note that the rms in [C/Fe]
for these SGB stars with unavailable N abundance, 0.08 dex, is
relatively small (compared to the values listed in Table 4), further
suggesting that they belong to the same populations with similar N
abundances.

In the upper panels of Fig. 7, we show the bright- and faint-SGB
stars in the [N/Fe]–[C/Fe], [Na/Fe]–[C/Fe] and [Al/Fe]–[Mg/Fe]
planes. Bright-SGB stars span a large range in C, N, and Na, be-
ing this sequence consistent with internal N–C and Na–C anti-
correlations in light elements. We note that the estimated internal
error in N for SGB stars is quite large, and the observed internal dis-
persion in the bright-SGB stars only marginally larger. However, the
concomitant variation in C is an indication of C–N anti-correlation
among bright-SGB stars.

As represented in the lower panel of Fig. 7, the faint SGB and
bright SGB populations are distinct sequences, hence their loci
in the Teff–log g plane are expected to be different. According to
our results, at a given temperature, faint SGB stars have log g
higher by a few cents of dex (< 0.05 dex). At a given surface
gravity, the difference in Teff is around 50 K, with the faint SGB
being warmer. Based on the mean chemical abundance differences
listed in Table 4, only a systematic error of ∼300 K on the faint
SGB towards lower values can cancel the observed difference in
N. Our analysis indicates that a large systematic Teff error in the
direction required to removed the observed chemical differences to
be unlikely.
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Table 4. Mean chemical abundances for all the analysed SGB and RGB stars, for the subsamples of bright and faint SGBs and for the RGB stars.
Average values are listed together with their associated errors, rms and the number of stars used for the means.

Average rms # Average rms # Average rms # Average rms #
All stars Bright-SGB Faint-SGB RGB

[C/Fe] − 0.26±0.01 0.11 70 −0.23±0.01 0.09 40 −0.36±0.02 0.08 18 −0.17±0.03 0.09 12
[N/Fe] +0.88±0.06 0.41 54 +0.78±0.05 0.27 29 +1.31±0.08 0.28 15 +0.54±0.13 0.38 10
[Na/Fe] +0.16±0.02 0.17 74 +0.08±0.02 0.13 41 +0.34±0.03 0.12 21 +0.12±0.04 0.13 12
[Mg/Fe] +0.33±0.01 0.09 74 +0.31±0.02 0.10 41 +0.35±0.02 0.07 21 +0.33±0.02 0.07 12
[Al/Fe] +0.34±0.02 0.15 40 +0.28±0.03 0.12 15 +0.45±0.04 0.15 13 +0.28±0.03 0.10 12
[Si/Fe] +0.40±0.02 0.17 62 +0.35±0.03 0.16 32 +0.48±0.04 0.18 19 +0.38±0.02 0.08 11
[Fe/H] I −0.73±0.01 0.09 74 −0.73±0.01 0.09 41 −0.72±0.02 0.09 21 −0.77±0.02 0.08 12
[Ni/Fe] −0.05±0.04 0.13 11 – – – – – – −0.05±0.04 0.13 11

Figure 9. Histogram distributions of the sodium abundance derived by D14
for their sample of turn-off stars of 47 Tucanae (upper panel), and derived
in this paper for stars in the bright- (middle panel) and the faint-SGB (lower
panel). The black dashed line represents the mean value of [Na/Fe] from
D14, while the blue (middle panel) and the red (lower panel) solid lines are
the means obtained for the two SGB populations in this work.

Faint-SGB stars are more clustered around quite high values of N
and Na, and lower C abundances. We cannot exclude the possibility
of a few faint-SGB stars having higher C, and lower N and Na, as
suggested by Fig. 7, although we should keep in mind that they
can be due to photometric errors causing the contamination of the
two selected bright- and faint-SGB samples from stars belonging to
the other sequence. We do not observe any Al–Mg anti-correlation,
and no significant variations in Mg. On the other hand, our results
suggest that faint-SGB stars show higher Al abundances than stars
distributing on the bright-SGB (right-hand panel).

Dobrovolskas et al. (2014, hereafter D14) have used medium-
resolution GIRAFFE spectra to determine the sodium abundance
for a sample of 110 MS turn-off stars in 47 Tuc. In Fig. 9 we pro-
vide a comparison of our Na abundances for SGB stars and those
from turn-off stars provided by D14. The Na histograms for our
stars have been plotted separately for bright and faint-SGB stars.
The distribution for the bright-SGB spans a very similar range of
that found by D14, with a possible systematic of ∼0.10 dex between
our data and theirs. On the other hand, the faint-SGB distribution
is clearly shifted towards higher abundances, with the presence of
high Na values not reached in the D14 sample. This is mostly due
to the significantly lower fraction of stars corresponding to the pop-
ulation observed in the SGB as a fainter component, which causes

a lack/paucity of this population in blind spectroscopic surveys.
Furthermore, the D14 target selection of turn-off stars might suffer
from a ‘photometric bias’ towards brighter stars, while the faint
SGB turn-off stars lie at higher magnitudes. We note however that
the D14 Na abundance distribution overlaps with the lower half
of the faint SGB one, suggesting that a few faint SGB progenitors
might be present in their sample.

6 C O M PA R I S O N W I T H T H E L I T E R AT U R E

47 Tucanae is one of the most widely spectroscopically studied GC.
However, most of the studies rely on spectral features present in
the optical, so our abundances of many elements have been derived
from spectral features that are not commonly used. Though results
obtained from different lines are subject to systematic differences,
it is worth to perform a comparison with some literature work. For
the comparison with our results, here we chose some of the most
recent studies on 47 Tuc or those based on large sample of stars.

In Fig. 10 we compare our abundance distribution with those
obtained in previous work. Specifically for C and N we compare
with results obtained by Briley et al. (2004) based on a large sample
of stars mostly on the MS, and Carretta et al. (2005) based on 12 TO
and SGB stars. Carbon abundances, obtained in all the cases from
the CH G band, appear in reasonable agreement, though the Briley
et al. (2004) sample span a larger range with some stars having
lower abundances. Both Briley et al. and Carretta et al. inferred N
abundances from the CN UV system at ∼3880 Å. The N abundances
from Briley et al. span a larger range than ours, while the Carretta
et al. ones are on average lower by ∼0.6 dex.

In Section 7 we have compared the Na abundances, corrected for
NLTE, for the samples of bright plus faint SGB stars with those from
D14, and notice a possible systematic offset of ∼0.10 dex among
the two sets of data. In Fig. 10 we have also plotted the sample
of RGBs stars studied by Cordero et al. (2014), whose results are
based on the doublet λ6154–6160 Å. Our results lie in between the
Na abundances reported by D14 and Cordero et al. (2014).

It is worth noticing here, that in Fig. 10 we plot our entire sample,
which comprises SGBs, including many faint SGB, and RGBs. We
expect that our average abundances in those elements like N or Na
are higher than those obtained from other unbiased samples, given
the relative large number of faint SGB stars in our sample.

Our average Mg abundance is lower than that reported by Thyge-
sen et al. (2014), being their value [Mg/Fe] = +0.43 ± 0.01 (based
on 13 RGB stars), and our value [Mg/Fe] = +0.29 ± 0.01. Part
of this difference is probably due to NLTE effects. Indeed, Zhao &
Gehren (2000) reported higher NLTE corrections, by ∼0.15 dex for
a star with Teff/log g/[A/H] = 5780 K/3.50/− 1.0, for the λ8213 Å
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Figure 10. Box and whisker plot of our abundances for the complete sample (black), and from literature studies (grey). For the non-Fe species, their [X/Fe]
relative abundances are shown, for Fe we plotted [Fe/H]. For a given element, the box represents the interquartile range (middle 50 per cent of the data) and
the median is indicated by the horizontal line. The vertical tails extending from the boxes indicate the total range of abundances determined for each element,
excluding outliers. Outliers (those 1.5 times the interquartile range) are denoted by open circles.

Mg line with respect to the lines in the optical used in most of the
studies.

For Al and Si the higher resolution data used in Thygesen et al.
gives much smaller abundance ranges. However the larger range
that we get might be in part due to the bias of our sample towards
faint-SGB stars. Furthermore, for Si, our uncertainties are much
higher (∼0.15 dex) than in previous studies as discussed in Section
4.1. Iron abundances agree very well among the compared studies,
and finally our Ni abundances are in good agreement with Cordero
at al., and lower than in Thygesen et al.

7 TH E S G B A N D T H E TOTA L C N O

7.1 Oxygen abundances of the two SGBs

Measurements of individual oxygen abundances from the permitted
triplet at ∼7770 Å were not possible due to the weakness of these
lines and the limited S/N of our spectra. So, individual total C+N+O
abundances could not be inferred, given that we lack information
on the actual oxygen abundance of our stars.

It is possible, however, to get an estimate of the average O chemi-
cal content for the bright and faint SGBs. To this aim, we combined
the observed spectra for the stars whose positions on the CMD is
more certainly associated with the bright and faint SGB stars, as
represented in Fig. 7. The total number of selected stars in the two
sub-samples is 41 and 21, respectively for the bright and faint SGB.
Not all of these stars have spectra with sufficient quality to infer
individual C and N abundance, but we average all of them with the
same weight, so that we obtained two spectra with higher S/N.

Then, we generated MOOG synthetic spectra for each used star,
by assuming the appropriate atmospheric parameters of Section 3,
and constructed two mean synthetic spectra by averaging them: one
for the bright SGB and the other for the faint SGB. Synthetic spectra
pairs have been produced for a grid of oxygen abundances from −
0.4 to 0.8 dex, spaced by 0.1. Finally, we computed the spectral
synthesis for the observed mean bright and faint SGB spectra by

using the constructed grid of synthetic spectra, in the same manner
of what was done for the individual spectra (Section 4). For the
bright SGB we obtain 〈 [O/Fe]〉 = +0.54, and for the faint SGB 〈
[O/Fe]〉 = +0.25.

The O triplet is affected by strong NLTE effects. Three-
dimensional atmospheric effects impact with minor corrections of
a few hundredths of dex (e.g. D14). By considering combined 3D-
NLTE effects on the O triplet, in the regime of the atmospheric
parameters of our stars, the abundances of O decreases by ∼0.15
dex (inspect-stars.com; Amarsi et al. 2016). Hence, we obtain 〈
[O/Fe]〉3D−NLTE = +0.39 for the bright SGB, and 〈 [O/Fe]〉3D−NLTE

= +0.10, for the faint SGB.
The comparison between the [O/Fe] distribution obtained for

TO stars by D14 in 3D-NLTE and the mean values for the bright
and faint SGBs is shown in Fig. 11. Our O mean value for the
bright SGB is consistent with the mean [O/Fe] of the stars anal-
ysed by D14, which exhibit a O-Na anti-correlation. The average
O abundance of the faint SGB is much lower. Compared with the
distribution obtained by D14 the faint SGB stars have an O slightly
lower than the peak of the O-poor/Na-rich stars. The sample of TO
stars studied by D14 does not have any selection on the various
photometric sequences, so they mostly belong to the main popu-
lation corresponding to our bright SGB. Their data likely include
only a few stars corresponding to the minor faint SGB popula-
tion, possibly including the few stars with low [O/Fe] < 0. Ac-
cording to our results, this population should have the highest Na
abundances.

To validate our procedure used to infer mean O abundances,
we applied the same technique to C and N, and found 〈[C/Fe]〉 =
−0.26/〈[N/Fe]〉 = +0.61 and 〈[C/Fe]〉 = −0.38/〈[N/Fe]〉 = +1.20
for the bright and faint SGB, respectively. These values are remark-
ably similar to the mean C and N abundances derived from the
mean of the individual abundances obtained for the stars with avail-
able abundances: 〈[C/Fe]〉 = −0.23±0.01/〈[N/Fe]〉 = +0.79±0.05
for the bright SGB, and 〈[C/Fe]〉 = −0.36±0.02/〈[N/Fe]〉 =
+1.31±0.08 for the faint SGB.
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Figure 11. Distribution of [O/Fe] from D14. The dashed black line indicates
the mean oxygen abundance of this distribution. The blue and red lines are
placed on the mean [O/Fe] obtained from the bright and the faint SGB,
respectively.

We recall that the averaged spectrum was obtained by using all
the stars, even those with missing individual abundances. Specifi-
cally, out of 41 bright and 21 faint SGB stars, we have C individual
abundances for 40 bright and 18 faint SGBs, and N abundances
for only 29 bright SGBs and 15 faint SGBs. As the N individual
abundances are likely not available for the most N-poor bright SGB
stars, we expect that the average value for these stars, 〈[N/Fe]〉 =
+0.79±0.05, is over-estimated. Indeed the most relevant discrep-
ancy between the mean abundances from the individual spectra, and
the abundances from the averaged spectra, is for the N content of
the bright SGB. For this reason, we consider the abundances ob-
tained from the averaged spectra as the best estimate of the C and
N abundances of the two SGB populations.

7.2 C+N+O abundances

With the mean abundances of C, N, and O inferred from the averaged
spectra, we obtain logε(C + N + O) = 8.48 and logε(C + N + O)
= 8.54 for the bright SGB and faint SGB, respectively. To estimate

internal errors for these values, we can assume that the uncertainties
associated with the C and N is similar to the errors associated with
the average abundances obtained from the individual abundances,
e.g. errC,N =0.01, 0.08, and errC,N = 0.02, 0.05 for the bright and
faint SGB, respectively. As the N individual abundances are likely
not tracing all the entire N distribution for the bright SGB, as dis-
cussed above, we have increased the error for this population by
0.01, i.e. errN = 0.08+0.01. Oxygen inferred from the O triplet
is sensitive to temperature and surface gravity, and insensitive to
metallicity and microturbulence. However, if we consider the un-
certainty in the mean Teff for the averaged 41 bright and 21 faint
SGB stars, assuming that the error associated with each star is 50 K
in Teff and 0.20 dex in log g, we get very small errors in these
parameters. Taken together these errors affect the mean O abun-
dance by 0.02 dex. The dominant source of error in our O abun-
dances is the limited S/N, which introduces an uncertainty of ∼0.08
dex. The combined internal errors associated with each element,
plus the error associated with the solar abundances for C, N and O,
which is 0.05 dex (Asplund et al. 2009), result in internal uncertain-
ties in logε(C + N + O) of 0.07 and 0.08 dex for the bright and the
faint SGB, respectively. Hence, we get logε(C + N + O) = 8.48 ±
0.07 for the bright SGB and logε(C + N + O) = 8.54 ± 0.08 for
the faint SGB, which means they are consistent within 1σ .

In Fig. 12 we represent the C+N+O abundance for the bright
and faint SGBs as a function of different [C/Fe], [N/Fe], and [O/Fe]
values. In each panel, only the abundance of one element has been
varied, while the other two elements have been fixed to the abun-
dances obtained from the averaged spectra for the two SGBs. The
inferred values of C, N, O, and CNO have been highlighted. Consid-
ering internal errors, represented as shaded regions, the two SGBs
clearly have different C, N, and O. The CNO value of the faint SGB
is slightly higher than that of the bright SGB but our internal errors
do not allow us to put firm conclusion on this issue.

Systematic errors in C, N, and O are likely to affect the two
SGB populations in similar manner, but not the C+N+O. Fig. 12
illustrates that, at the chemical content of 47 Tuc, C abundances
do not impact significantly on the CNO total abundance. If a sys-
tematic of ∼0.20 dex affects our inferred C abundances, in the
range between − 0.6 and 0.0, the CNO content will change by no
more than ∼0.02 dex, and the effect is similar for the two SGBs.
Systematics in N and O, that have higher abundances, more sig-
nificantly affect the CNO abundance of 47 Tuc. A systematic in

Figure 12. Chemical abundance of the C+N+O for the bright (solid blue line) and faint SGB (solid red line). From the left to the right the abundance of C,
N, and O, have been varied by keeping the other two elements equal to the mean values for the two SGB populations. The dashed lines indicate the obtained
total CNO values, and the abundances of C, N, and O inferred from the averaged spectra. Shaded regions represent the estimated internal uncertainties to the
various abundances.
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N by 0.2 dex for the bright SGB (around [N/Fe] ∼ 0.6 dex) will
change the CNO by ∼0.03 dex, while the CNO of the faint SGB
(around [N/Fe] ∼ 1.2 dex) will be affected by ∼0.11 dex. Sys-
tematics in oxygen, of course, are more important for the bright
SGB, with a quite large effect of ∼0.15 dex for a variation in
[O/Fe] by ±0.2 dex, while the same variation changes the CNO
of the faint SGB by ∼0.06 dex. Taken into account possible sys-
tematics in C, N or O, the CNO values for the bright and faint
SGB will be: logε(C + N + O) = 8.48 ± 0.07(±0.02 ± 0.03 ±
0.15) and logε(C + N + O) = 8.54 ± 0.08(±0.02 ± 0.11 ± 0.06),
respectively. Hence, a positive systematic in N and a negative sys-
tematic in O would enhance the CNO difference between the two
SGBs, with the fainter being more enhanced in CNO by ∼0.15 dex.
In this case the difference in CNO would be at a level of 2σ . On
the other hand, a negative systematic in N or a positive systematic
in O would diminish the difference in CNO between the two SGB
populations. A systematic in O as large as 0.20 dex is unlikely, given
that O abundances for RGB from high-resolution spectroscopy and
different spectral features give similar values as our ones. We cannot
exclude however such large systematics can occur for nitrogen.

This discussion einlights the range that our CNO abundances
might span due to various errors This is more a qualitative discus-
sion, as we are not able to evaluate the exact systematics and their
signs. For instance, different systematics affecting the two SGB pop-
ulations might also occur, e.g. due to 3D-NLTE effects depending
on the abundance and/or to the some uncounted population-effect
which could affect our atmospheric parameters derived from pho-
tometry. Of course, we can also have combined systematics in C,
N, O abundances.

7.3 The split SGB

Based on our average C+N+O values, the faint SGB is enhanced by
a factor ∼ 1.1 with respect to the bright SGB, which is within 1σ .
Considering possible systematic errors, the maximum difference
we can obtain between the two SGBs is 0.15 dex in log(ε), which
means the faint SGB is enhanced in total C+N+O by a factor of
∼1.4 compared to the bright SGB.

Theoretical work considering the photometric split on the SGB
of 47 Tuc predicts that the two SGBs are populated by stars with
different C+N+O, with the faint SGB being enhanced by a factor
1.4 and diluted by 50 per cent with pristine material. At the relatively
high metallicity of 47 Tuc, the dependence of the SGB location on
helium becomes important for the models, and the shape of the faint
SGB is consistent with Y = 0.28 (Di Criscienzo et al. 2010).

Assuming the faint SGB is enhanced by a factor of 1.1 with re-
spect to the bright SGB, and that the material out of which the faint
SGB formed was diluted by the 50 per cent with pristine material, as
interpreted by Di Criscienzo et al., then, the pure material, prior to
any dilution, from which faint SGB stars would have been enhanced
in C+N+O by a factor of 1.3 with respect to the primordial abun-
dance of the bright SGB, consistent with the factor of 1.4 predicted
by Di Criscienzo et al. Considering our C+N+O average values,
and the maximum variation allowed within the systematic errors,
which is a factor of 1.4 difference between the two SGBs, the pure
material out of which the faint SGB stars formed would have been
enhanced in C+N+O by a larger factor, 1.8, then diluted by the
50 per cent with pristine matter.

Furthermore, the higher N and Na, and the lower C and O for
the faint SGBs stars is qualitatively consistent with these stars be-
ing enhanced in helium by some degree. The isochrones used in

Figure 13. mF435W versus mF435W − mF814W CMD from Milone et al.
(2012b) with overimposed the CNO-poor (blue line) and CNO-rich (red line)
isochrones corresponding to the same average CNO abundances derived for
bright- and faint-SGB stars. The inset shows a zoom of the CMD around the
SGB.

Di Criscienzo et al. are consistent with a faint SGB matter being
composed of 28 per cent He by mass.

Di Criscienzo et al. (2010) also suggested that the spread within
the brighter SGB is likely due to a spread in He mass fraction of
0.02 that can account at the same time for the HB luminosity spread,
which is larger than expected from photometric errors. Qualitatively,
the presence of internal variations in light elements among bright
SGB stars is consistent with this picture.

To further investigate the role of the CNO abundance on the
SGB morphology of 47 Tuc we have compared the observed CMD
with isochrones similar to those of Dotter et al. (2008). Specif-
ically, we have generated two sets of isochrones with [Fe/H] =
−0.73, [α/Fe] = 0.2 and with the same C+N+O average abun-
dances inferred for bright SGB and faint SGB stars. We assumed for
both isochrones a distance modulus (m − M)0 = 13.29, reddening
E(B − V) = 0.01, primordial helium and age of 13.0 Gyr that pro-
vide a good match between the isochrones and the CMD as shown in
Fig. 13. The fact that the magnitude and colour difference between
the bright and the faint SGB of 47 Tuc are well reproduced by two
coeval isochrones with the same CNO abundances inferred from
spectroscopy corroborates the conclusion that the CNO variation is
the main factor responsible for the SGB split. We recall here that
the two isochrones have been computed with the same Y, while the
faint SGB population is likely He-enhanced. To account for this
effect would mostly affect the MS and RGB, whose separation in
colour would be decreased.

8 C O N C L U S I O N S

We have presented a spectroscopic analysis of a sample of 74 stars
in the GC 47 Tuc, distributed from the SGB up to the base of the
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RGB. The stars are chosen to lie on both sides of the split SGB
in order to investigate their light-element chemical composition.
Following the CMD we found the following.

(i) SGB: the major SGB component, the bright SGB, is a normal
component, as observed in all Milky Way GCs, i.e. it is populated
by stars with different light elements, and has its own abundance
(anti-)correlations. The less-populous, faint SGB component, which
accounts for ∼10 per cent of stars in the CMD, is consistent with
being composed of stars with higher abundances in the elements
produced via hot H-burning, with N and Na abundances being on
average higher than the those observed in the bright SGB stars.
There is weak evidence for a small C+N+O enrichment of the faint
SGB. The C+N+O enrichment experienced by this anomalous SGB
component is, on average, a factor of ∼1.1 ± 1.3 ± 0.3 (random
plus systematics) over the bright SGB.

(ii) RGB: the two sequences identified by using the CU,B,I index
have different content in C, N and Na, and we confirm that the
RGB-A and -B are populated by relatively C-rich/N-poor/Na-rich
and C-poor/N-rich/Na-poor stars, respectively.

Our results qualitatively agree with theoretical predictions by Di
Criscienzo et al. (2010) who interpreted the faint SGB as populated
by stars enriched in He, with Y = 0.28, and slightly enriched in
C+N+O by a factor of 1.4 and diluted by 50 per cent with pristine
matter. We do not find any evidence for variations in Fe, as found
on the SGBs in M 22 and NGC 1851 (Marino et al. 2012a; Gratton
et al. 2012). Given our observational errors, we cannot exclude
small enrichments in Fe, by a few hundredths of dex. We note
however that 47 Tuc is a quite metal-rich GC, hence if its faint SGB
component has experienced the same enrichment as the faint SGBs
of M 22 and NGC 1851, more pristine Fe-enriched material would
have been required to observe the same variations observed in M 22
and NGC 1851.
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