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Abstract

The completeness of stellar spectral libraries across all evolutionary phases, parameter space
and chemical abundances, is essential to build more sophisticated stellar population synthe-
sis models to decode information from galaxy spectra.
On the one hand, due to distinct nucleosynthesis channels, the comparison between magne-
sium and calcium can provide relevant information to understand the evolution of asymp-
totic giant branch (AGB) stars, the IMF (the relative production of Mg versus Ca in core-
collapse supernovae varies with the mass of the progenitor), or the SFH (Star Formation
History). On the other hand, determining carbon abundances helps assess the contribution
of AGB stars to the total infrared luminosity, with significant implications for estimating
the stellar masses and ages of high-redshift galaxies.
In this context, we use the X-shooter Spectral Library (XSL) as a benchmark to train ad-
vanced stellar population models, incorporating both alpha and carbon-enhancements. The
XSL, with a moderately high resolution (R ∼ 10000) and a large wavelength coverage (300-
2480 nm), represents a huge improvement over previous empirical stellar spectral libraries.
For this purpose, we employed the automated abundance estimation procedure GAUGUIN
to derive precise and accurate magnesium and calcium abundances from a diverse sam-
ple of stars well distributed across the Hertzsprung-Russell (HR) diagram. Additionally,
preliminary results indicate promising carbon abundance estimates.
In conclusion, the provided XSL abundance catalogue ([1]) is suitable for improving the
modelling of evolutionary stellar population models with empirical α-enhancements, and its
implementation will allow us to study small galaxies with nearly solar-scaled abundances in
the sub-solar, as well as metal-poor metallicity regimes and massive galaxies with enhanced
[α/Fe] in the high-metallicity regime, with an unprecedented precision. This will signifi-
cantly contribute to the quality of research of external galaxies’ abundances, with special
focus on current and next-generation of field spectrographs such as MEGARA, WEAVE,
4MOST, or TARSIS.

1 Introduction

Empirical stellar spectral libraries are key for the development of stellar population synthesis
models to unveil the unresolved stellar populations from galactic spectra [2].

The X-shooter Spectral Library1 (XSL [3]) is an empirical stellar spectral library that
comprises 830 spectra for 683 stars, observed at a moderate-resolution (R ∼ 10000), covering
the whole Kiel diagram homogeneously with a wide range of chemical compositions. Three
spectral ranges are observed: UVB (ultraviolet-blue; 300-556 nm), VIS (visible; 533-1020 nm),
and NIR (near-infrared; 994-2480 nm), making the XSL a reference stellar library in the
optical and NIR.

Complementary high-precision chemical abundances are essential to infer the properties
and enrichment processes involved in the galaxy formation and evolution: star formation rate

1http://xsl.astro.unistra.fr

http://xsl.astro.unistra.fr
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(SFR), initial mass function (IMF), production of elements (yields) by stars with different
masses and metallicities, or the gas evolution (migration, dilution, outflows).

The main objective of this work is to provide reliable [α/Fe] (public catalogue published
in [1]) and carbon abundances for one of the most complete empirical stellar libraries in the
literature. In this work, we present a detailed spectroscopic analysis of the Mg, Ca and C
abundance estimation for a large variety of 616 parametrised stars [4]: 2900 < Teff < 38000 K,
0 < log(g) < 5.7 cm s−2, and -2.5 < [Fe/H] < +1.0 dex.

2 Methodology

After a careful visualisation, we derived and analysed the chemical abundances from individ-
ual spectral lines in the optical and NIR range via the optimised spectrum synthesis algorithm
GAUGUIN, mainly developed in the framework of the Gaia/RVS analysis pipeline [5].

The abundance analysis was performed using three magnesium spectral lines in the optical
range, three near-infrared calcium lines, and three clean CH bands for the carbon abundance
estimates, as indicated in Table 1. For the selection of our analysed lines, we firstly referred to
the work of [6], who performed an extensive spectroscopic analysis of nine different magnesium
lines in the optical range. We also followed the work of [5], who analysed the same Ca II IR
triplet for Gaia DR3. The clean CH bands were based on [7]. We ensured that chemical
abundances could be properly measured from any stellar type and at low-medium spectral
resolution (neither weak nor blended atomic lines).

Table 1: Magnesium, calcium, and carbon lines/regions selected in the analysis.

Mg I (Å):

5167.3 5172.7 5183.6

Ca II (Å):

8498.02 8542.09 8662.14

CH bands (Å):

4279.2-4281.6 4301.5-4303.4 4307.1-4308.8

3 X-shooter catalogue of chemical abundances

3.1 [Mg/Fe] & [Ca/Fe] (Santos-Peral et al. 2023)

In [1] we published the magnesium and calcium abundances, with their associated internal
uncertainty (around ∼ 0.02 dex, always smaller than 0.1 dex), for 192 and 217 stars, re-
spectively. The complete abundance catalogue is available in electronic form (Vizier DOI:
10.26093/cds/vizier.36720166). In the following figures, we summarise the X-shooter stellar
sub-sample of 174 stars from which we provide reliable [Mg/Fe] and [Ca/Fe] abundances.

https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/672/A166#/browse


4 Abundance catalogue from the X-shooter Spectral Library

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

[Fe/H] (dex)

−0.2

0.0

0.2

0.4

0.6

[M
g

/
F

e
]

(d
e
x
)

[Mg/Fe] abundances

71 stars with [α/Fe]Empirical

103 stars with [α/Fe]GaiaDR3

−2.5 −2.0 −1.5 −1.0 −0.5 0.0 0.5

[Fe/H] (dex)

−0.2

0.0

0.2

0.4

0.6

[C
a

/
F

e
]

(d
e
x
)

[Ca/Fe] abundances

−0.2 −0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

[Ca/Fe] (dex)

−0.2

−0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

[M
g

/
F

e
]

(d
e
x
)

µ = 0.043 dex

σ = 0.057 dex

median= 0.034 dex

σMAD= 0.042 dex

[Mg/Fe] vs. [Ca/Fe] derived abundances

Figure 1: Comparison of the derived stellar abundance ratios from the final X-shooter stellar
sample with reliable [Mg/Fe] and [Ca/Fe] abundances. Left and middle panels: [Mg/Fe] and
[Ca/Fe] as a function of [Fe/H], respectively. Right panel : direct comparison [Mg/Fe] vs.
[Ca/Fe].

Figure 1 illustrates each element abundance ratios [X/Fe] relatively to the stellar metal-
licity [Fe/H] (left and middle panels), and their direct comparison (right panel). As can
be seen, both abundance ratios reproduce a plateau in the metal-poor regime ([Fe/H] ≤ -
1.0 dex) followed by a decrease even at supersolar metallicities ([Fe/H] > 0.0 dex) due to the
contribution from Type Ia SNe. This behaviour is typical for α-element evolution and is in
perfect agreement with the predictions of Galactic chemical evolution models (e.g. [8]). In
addition, we measured relatively higher magnesium abundances in comparison with calcium
values (with a systematic difference at ∼ 0.034 dex, see right panel), which is more easily
noticeable for metal-poor stars ([Fe/H] ≤ -1.0 dex) where the [Mg/Fe] abundance shows a
larger dispersion. This behaviour has been previously reported in the literature from both
observational and theoretical points of view, which could be explained by a possible mass or
metallicity dependence in the Ca yields of core-collapse supernovae Type II SNe (e.g. [9], [10]).

Figure 2 shows the covered parameters in the Kiel diagram by the XSL stellar subsample
with measurements in both elements. We successfully obtained chemical abundances for a
wide range of stellar types, including dwarfs and giants, well distributed in effective tempera-
ture (4000 < Teff < 6500 K) and metallicity (-2.5 < [Fe/H] < +0.4 dex). The completeness of
the provided catalogue in the atmospheric parameter and chemical space is ideal for improv-
ing the development of evolutionary stellar population synthesis models in the near future
for the analysis of external galaxies abundances.

3.2 [C/Fe]

Preliminarily, we have also characterised the carbon abundances in the XSL sample, using the
CH bands listed in Table 1, based on predictions from the stellar atmosphere models computed
by [11]. We were able to measure reliable [C/Fe] estimates, showing a good spectral fit and
compatible derived carbon abundances from each analysed spectral region of the same star.

Figure 3 illustrates the measured stellar [C/Fe] abundance with respect to their metallicity
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Figure 2: Kiel diagrams of the final X-shooter stellar sample with reliable [Mg/Fe] and
[Ca/Fe] abundance measurements. Left panel : stars chemically characterised with [Mg/Fe]
and [Ca/Fe] abundances (blue crosses) over the whole analysed X-shooter sample in this work
(grey crosses). Middle and right panels: stars with [Mg/Fe] and [Ca/Fe] estimates, colour-
coded by the element abundance respectively.
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Figure 3: Left panel : Stellar [C/Fe] abundances as a function of [Fe/H]. Middle panel : stars
distributed in the Kiel diagram with a [C/Fe] abundance estimate (blue crosses) over the
whole analysed X-shooter sample (grey crosses). Right panel : same as middle panel, colour-
coded by the carbon abundance.

(left panel), and the covered region in the Kiel diagram (middle and right panel). We do not
observe any trend with stellar parameters (Teff , logg, [Fe/H]). As shown in Fig. 3, the [C/Fe]
abundances describe a dispersed (σ[C/Fe] ∼ 0.2 dex) flat trend around [C/Fe] ∼ 0.0 dex all
along the covered metallicity range (-2.5 < [Fe/H] < +1.0 dex). The only remarkable feature
is the observed convex curve at low [C/Fe] abundances around [Fe/H] ∼ -0.5 dex, which
seems to be present in some previous observational studies in the literature (e.g. APOGEE
DR16 [12]).

As discussed in Sect. 3.1, we measured carbon abundances for different stellar types,
well distributed in the parameter space, ideal for training and include carbon-enhancements
in stellar population models. This could be employed to study the discrepancies between
the observed and predicted CO bands. For instance, the CO-strong environment-dependent
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features observed in massive ETGs remains as one of the biggest challenges for understanding
their stellar content and implications on their formation within varying galaxy cluster types
(e.g. [13]).
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