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ABSTRACT

Context. One of the ultimate goals of the ESA Ariel space mission is to shed light on the formation pathways and evolution of planetary
systems in the Solar neighbourhood. Stellar elemental abundances are the cipher key to decode planetary compositional signatures.
This makes it imperative to perform a large chemical survey not only of the planets, but their host stars as well.
Aims. This work is aimed at providing homogeneous chemical abundances for C, N, and O among a sample of 181 stars belonging to
Tier 1 of the Ariel mission candidate sample.
Methods. We applied the spectral synthesis and equivalent width methods to a variety of atomic and molecular indicators (C I lines at
5052 and 5380.3 Å, [O I] forbidden line at 6300.3 Å, C2 bands at 5128 and 5165 Å, and CN band at 4215 Å) using high-resolution and
high signal-to-noise spectra collected with a range of spectrographs.
Results. We determined carbon abundances for 180 stars, nitrogen abundances for 105 stars, and oxygen abundances for 89 stars. We
analysed the results in the light of the Galactic chemical evolution and in terms of the planetary companion properties. We find that our
sample essentially follows standard trends with respect to the metallicity values expected for the [C/Fe], [N/Fe], and [O/Fe] abundance
ratios. The proportion between carbon and oxygen abundances (both yields of primary production) is consistent with a constant ratio
as [O/H] increases. Meanwhile, the abundance of nitrogen tends to increase with the increasing of the oxygen abundance, supporting
the theoretical assumption of a secondary production of nitrogen. The [C/N], [C/O], and [N/O] abundance ratios are also correlated
with [Fe/H], which might introduce biases in the interpretation of the planetary compositions and formation histories when host stars
of different metallicities are compared. Finally, we provide relations that can be used to qualitatively estimate whether the atmospheric
composition of planets is enriched (or otherwise) with respect to the host stars.

Key words. planets and satellites: composition – stars: abundances – planetary systems – Galaxy: disk – Galaxy: evolution –
solar neighborhood

⋆ Full Table 1 is available at the CDS via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/688/A193
⋆⋆ Based on data from public telescope archives and from observations collected at the European Southern Observatory (ESO) under programmes

105.20P2.001 and 106.21QS.001, at the Large Binocular Telescope (LBT) Observatory under programmes 2021_2022_25 and IT-2022-024, with
the Italian Telescopio Nazionale Galileo (TNG) under programmes AOT41_TAC25 and AOT42_TAC20, and with the Southern African Large
Telescope (SALT) under programme 2023-1-SCI-005.
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1. Introduction
In recent years, the developments seen in the field of exoplanet
have set the framework for a joint analysis of the star and its
planets as a whole. Mostly, it has been understood that for reach-
ing a precise characterisation of the planet, we need a precise
characterisation of the host star (Thorngren et al. 2016; Bitsch
& Battistini 2020; Adibekyan et al. 2021; Barros et al. 2023;
Hawthorn et al. 2023; Psaridi et al. 2024). In addition, the dis-
course around this topic has been extended as more and more
of the discovered systems are found to host multiple planets
(Cabrera et al. 2014; Campante et al. 2015; Gillon et al. 2017;
Leleu et al. 2021; Luque et al. 2023). In this situation, the star
arises as the common denominator to the formation and evolu-
tion of the planetary bodies within the same system. Understand-
ing the origins of planets thus becomes an interplay between
delineating the host star features (its fundamental parameters and
its chemical traits), planetary features (the atmospheric and bulk
compositions, radius and mass), and, finally, the circumstellar
discs and interstellar medium features from which these systems
were born. The temporal dimension to the problem is eventually
given by the age of the system, namely, the age of the star.

To date, the Solar neighbourhood has been found to host
more than 5600 exoplanets (NASA exoplanet archive1) for a
total of 4179 single or multiple stars. Throughout the years,
various teams have dedicated significant time to characterise
the host stars of each system case by case. However, it is only
more recently that such analyses were scaled up and a popu-
lation approach was applied to a larger sample of stars. The
goal (within the field) has been to identify possible correla-
tions among homogeneously determined stellar parameters (e.g.
SWEET-Cat2: Santos et al. 2013; Sousa et al. 2021, GIARPS:
Baratella et al. 2020; Biazzo et al. 2022, Ariel: Danielski et al.
2022; Brucalassi et al. 2022; Magrini et al. 2022, CARMENES:
Passegger et al. 2018, 2019; Marfil et al. 2020, 2021; Tabernero
et al. 2019, 2022, ExoFOP3), and exoplanet parameters. The
larger and more diverse is the sample analysed, the better the
chances of identifying relevant trends that would allow us to shed
light on the original location of the planetary embryo in the pro-
toplanetary disc, as well as the primordial formation pathways.
It has been established that as soon as the protostellar cloud
collapses, the protoplanetary disc cools down and the snowline
of the various volatile species (e.g. H2O, CO2, CO, CH4, N2)
move towards the central star, causing the chemical composi-
tion of both solids and gas to evolve as a function of time and
their location in the disc (Eistrup et al. 2016, 2018; Booth &
Ilee 2019; Madhusudhan 2019). While in the inner part of the
snowline the various species contribute to the gas composition,
beyond the snowline, they contribute to the solids composition.
Thus, assuming that the planet migrates inside the disc dur-
ing its formation, the net planetary composition is provided in
first approximation (i.e. without accounting for chemical evo-
lution of the disc) by the cumulative accretion history over the
migration trail across both gas and solids. As a consequence,
the present-day atmospheric chemical composition of exoplanets
can be used to retrieve key information on the planet’s birth-
place and on the time the planet migrated to its present orbit
(Cridland et al. 2019, 2020; Schneider & Bitsch 2021a,b; Turrini
et al. 2021; Pacetti et al. 2022; Khorshid et al. 2022).

In the light of the facts presented above, one of the main
focus of the last decade of the exoplanet community has been the

1 https://exoplanetarchive.ipac.caltech.edu
2 http://sweetcat.iastro.pt/
3 https://www.ipac.caltech.edu/project/exofop

determination of the carbon-to-oxygen ratio (C/O4, e.g. Moses
et al. 2013b,a; Notsu et al. 2020), used as a formation location
proxy of giant planets (see Öberg et al. 2011; Madhusudhan et al.
2016; Madhusudhan 2019 and references therein). When a super-
solar C/O ratio is detected, the planet is theorised to have formed
in a low-metallicity environment and hence to have accreted
most of C and O in gas state. On the other hand, when a sub-solar
C/O ratio is found, the planet is expected to have formed in a
high metallicity environment where C and O were dominated by
the accretion of solids. However, recent theoretical developments
showed that the C/O ratio alone provides limited information
with regard to the formation region, and that the inclusion of
both carbon-to-nitrogen (C/N, Turrini et al. 2021; Pacetti et al.
2022) and nitrogen-to-oxygen (N/O, e.g. Piso et al. 2016; Turrini
et al. 2021; Ohno & Fortney 2023) ratios enable breaking the
degeneracy in the information provided by C/O (Turrini et al.
2021; Fonte et al. 2023).

An important aspect about the various planetary elemen-
tal ratios, however, is the fact that they cannot be directly used
for comparison purposes between objects in different planetary
systems, due to the variety of scale range they present. Conse-
quently, when performing population studies and/or comparison
planetology, it is extremely important to normalise these ratios
to the elemental abundance ratios of their own star (Turrini et al.
2021). Normalised elemental ratios open up the possibility to
directly compare the formation and migration histories of giant
planets that reside in different planetary systems, always in the
event that stellar abundances are homogeneously derived among
the stellar sample (Turrini et al. 2022; Kolecki & Wang 2022).
Furthermore, Turrini et al. (2021) showed that when the abun-
dance pattern of the stellar normalised ratios X1/X2∗5 is C/N∗ >
C/O∗ > N/O∗, then giant planets are solid-dominated and have
high metallicity; with the opposite pattern N/O∗ > C/O∗ > C/N∗,
planets are gas-dominated and have low metallicity. The first data
application of normalised ratios has been presented by Biazzo
et al. (2022) for a sample of ∼30 transiting planets whose stellar
abundances have been homogeneously determined. As a result of
their analysis the authors identified planets that were originally
formed outside the CO2 snowline, others between the CO2 and
CH4 snowlines, and others between the N2 and CO2 snowlines.
We refer to Biazzo et al. (2022) for more details.

Before proceeding, it is important to point out that, while
analogous relations between normalised ratios are yet to be
defined for the secondary or mixed atmospheres of solid plan-
ets, the knowledge of the stellar abundances is of paramount
importance to probe their interior state by means of their density
(see e.g. Bond et al. 2010; Thiabaud et al. 2014; Adibekyan et al.
2021) and properly constrain their migration history and forma-
tion region (Bitsch & Battistini 2020; Adibekyan et al. 2021).
Specifically, Bitsch & Battistini (2020) argued that the variations
in the abundance of oxygen among stars of different metallicity
can shift the disc region characterised by peak pebble accretion
efficiency from the snowline of H2O to the outer one of CO.
Such a change would impact the budget of volatile elements in
the forming solid planets and, consequently, affect their mass-
radius relations. This would mean that the stellar composition is
a key parameter to account for reliable population studies.

4 X1/X2 ≡ 10log ϵ(X1)/10log ϵ(X2), where log ϵ(X1) and log ϵ(X2) are
absolute abundances. It should not be confused with the solar-
normalised ratio [X1/X2] ≡ log ϵ(X1/X2)star − log ϵ(X1/X2)Sun.
5 X1/X2∗ ≡ (X1/X2)planet/(X1/X2)star follows the syntax by Turrini
et al. (2021) and refers to the planetary elemental ratio over the stellar
elemental ratio.
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To summarise, the ingredients needed to start solving the
puzzle of planet formation on a large scale are the following:
a statistical broad sample of planetary systems, a homogeneous
determination of the age of the system, and homogeneous ele-
mental abundances of C, N, and O for all stars and planets.
Homogeneous refractory elements are needed too; for instance,
for sulphur, which has been shown to be mainly incorporated in
refractory solids in planetary formation processes (Palme et al.
2014; Kama et al. 2019; Keyte et al. 2024), and its sulphur-to-
nitrogen normalised ratio. We refer to Delgado Mena (in prep.)
for a thorough discussion on the subject of refractories.

The large-scale approach will soon be employed by the ESA
Ariel space mission (Tinetti et al. 2018, 2021), which is a mission
fully dedicated to the study of exoplanets, whose launch is sched-
uled for L2 is foreseen for 2029. Ariel will have the sensitivity to
study the atmospheres of diverse range of worlds, from Earth-
mass planets to brown dwarfs (Zingales et al. 2018; Edwards
et al. 2019; Tinetti et al. 2021), with the goal to determine the
chemical composition of their atmospheres (e.g. Changeat et al.
2022; Wang et al. 2023) and use this information to eventu-
ally constrain their formation and evolution. Tier 1 planets orbit
stars with effective temperatures ranging between 2500 K and
7500 K, and with spectral range coverage from M-dwarfs to
A type stars, approximately. To meet Ariel scientific goals, all
host stars need to be precisely characterised in a uniform way
throughout the whole spectral and evolutionary range. This is an
endeavour that has been undertaken by the ‘stellar characterisa-
tion’ working group of the Ariel consortium since the mission
has been adopted by ESA in 2020 (Danielski et al. 2022). The
first release of the Ariel stellar catalogue of homogeneous atmo-
spheric parameters and kinematics for 187 FGK dwarf stars has
been issued by Magrini et al. (2022). These data have been
then used as input to determine homogeneous ages, masses, and
radii (Bossini, in prep.) and homogeneous abundances of refrac-
tory elements (Delgado Mena, in prep.) for a sample based on
the same 187 stars. Similarly, the determination of fundamental
parameters for the hot stars and fast rotators within Tier 1 is being
tackled (Tsantaki, in prep.; Ramler, in prep.), as well as those for
the cool M-dwarfs end of Tier 1 (Danielski, in prep.), with the
latter endeavour achieved in collaboration with the CARMENES
consortium.

Carbon, nitrogen, and oxygen are among the most abun-
dant elements in our Solar System, the Milky Way (Hou et al.
2000; Asplund et al. 2021), and the Universe (e.g. Maiolino
& Mannucci 2019), playing a key role in the several chain of
reactions that occur in stellar nucleosynthesis processes. Special
attention has been given to these elements also in the context
of exoplanetary systems when comparing their abundances with
stars for which no planet has been detected. The well known
correlation between the stellar iron abundance and the presence
of giant planets (see e.g. Santos et al. 2004; Fischer & Valenti
2005, and references therein) was afterwards extended to other
heavy elements (e.g. Adibekyan et al. 2012; da Silva et al. 2015).
Besides, a correlation between the stellar metallicity and the
presence of low-mass planets was also identified (e.g. Wang &
Fischer 2015). Several studies tried to verify whether such cor-
relations are also valid for light elements, especially C, N, and
O, but the results are quite variable. The utilisation of different
abundance indicators (atomic or molecular), the 1D local ther-
modynamic equilibrium (LTE) versus 3D non-LTE assumptions,
along with the inhomogeneity of the different datasets are among
the main reasons for these discrepancies.

To date, various chemical surveys have been dedicated
to overcome these problems, especially with respect to the

homogeneity of the sample. Adibekyan et al. (2012) measured
12 refractory elements for 135 planet-host stars within a larger
sample of HARPS-GTO 1111 FGK dwarfs stars. da Silva et al.
(2015) performed a homogeneous abundance determination of
C, N, and O along with 11 refractory elements for a sample of
309 stars in the solar neighbourhood, with and without detected
planets, including 140 dwarfs, 29 subgiants, and 140 giants.
Delgado Mena et al. (2017, 2021) measured neutron-capture and
C abundances within the HARPS-GTO sample for 136 and 152
planet-host stars, respectively. This sample has been also used
to determine abundances of oxygen (Bertran de Lis et al. 2015),
nitrogen (Suárez-Andrés et al. 2016), and carbon (Suárez-Andrés
et al. 2017). The abundances of sulphur for the same sam-
ple were presented in Costa Silva et al. (2020). More recently,
Tautvaišienė et al. (2022) measured 24 chemical species for 25
host stars within a total sample of 848 stars in the northern hemi-
sphere. Polanski et al. (2022) measured 15 elements (among
which C, N, and O) for a JWST sample of 25 exoplanet host
stars using a data driven machine learning tool.

In this manuscript, we focus on the determination of carbon,
nitrogen, and oxygen for a subset of stars from Magrini et al.
(2022) belonging to the Ariel mission reference sample. This
work presents the largest homogeneous chemical C, N, and O
compilation of exoplanet stellar hosts currently available and for
which we can provide stellar C/O, N/O, and C/N elemental ratios
to be used in the study of planetary formation of the relative plan-
etary companions. We note that the X1/X2 notation is normally
used when referring to the abundance ratios of planetary atmo-
spheres whereas the [X1/X2] notation, which is normalised to
the Sun, is normally used for stars. Here, we derive the stellar
[X1/X2] abundance ratios, we investigate the possible correla-
tions with other parameters and we discuss both the [X1/X2] and
X1/X2 ratios in the context of stellar and planetary composition.

This paper in structure as follows. In Sect. 2, we present the
sample of stars. In Sect. 3, we describe how we perform the
analysis of their spectra to obtain the abundances. In Sect. 4,
we discuss our main results regarding the [X/Fe], [X1/X2],
and X1/X2 abundance ratios and their relation with other stel-
lar and planetary parameters. Finally, a brief summary, some
conclusions, and our final remarks are presented in Sect. 5.

2. Observations and sample properties

The stars analysed in the current work is a subset of the
187 FGK planet-host dwarf stars studied by Magrini et al.
(2022). These authors provide a homogeneous catalogue con-
taining stellar atmospheric parameters (metallicity [Fe/H], effec-
tive temperature, Teff , surface gravity log g, and microturbulent
velocity ξ) derived using high-resolution and high signal-to-
noise ratio (S/N) spectra collected with several instruments:
3.6 m of ESO/HARPS, TNG/HARPS-N, VLT/UVES, 2.2 m of
ESO/FEROS, 1.93 m of OHP/SOPHIE, NOT/FIES, LBT/PEPSI,
Keck/HIRES, and TBL/NARVAL spectrographs (for more
details about these observations we refer to the aforementioned
paper and references therein). Our final sample contains 181 stars
for which we were able to derive reliable abundances for at least
one of the three elements under investigation. For 6 out of the
187 stars in the original sample, none of the C, N, and O abun-
dance indicators could be used. The reasons include overly weak
spectral lines in hot stars, overly broad line profile in fast rotators,
low S/N spectra, and out-of-coverage wavelength. We note that
the overall sample by Magrini et al. (2022) is a subset of planet-
hosting stars belonging to the Ariel mission candidate sample,
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which currently accounts for a total of ∼1000 potential planets
whose host stars have spectral types ranging from A to M, with
the majority being dwarfs (Zingales et al. 2018; Edwards et al.
2019; Edwards & Tinetti 2022). The selection by Magrini et al.
(2022) was purely done on the data availability basis; more stel-
lar parameters will be released in future works (e.g. Tsantaki, in
prep.).

Some of the abundance indicators we adopted to derive the
C, N, and O abundances (see the next section) normally requires
a very high S/N (∼200). Unfortunately, this could not be achieved
for all the sample stars using the spectra already available.
Therefore, additional spectra with S/N higher than the previous
observations were recently collected for a selection of stars. The
star Kepler-5 already had two PEPSI spectra collected in 2021
and an additional spectrum was collected in 2023 with the same
spectrograph. One new PEPSI spectrum was also collected last
year for WASP-90, which had been previously observed with
the VLT-UVES instrument. Finally, new spectra of HATS-33,
KELT-10, WASP-7, WASP-15, WASP-32, WASP-72, WASP-74,
WASP-79, WASP-90, WASP-94A, WASP-100, WASP-120, and
WASP-126 were collected using the high-resolution spectro-
graph (HRS) mounted on the Southern African Large Telescope
(SALT) situated at the South African Astronomical Observa-
tory (SAAO) at Sutherland (South Africa). The SALT HRS
cover a wavelength range of about 370–890 nm with a spec-
tral resolution of ∼65,000. The spectra were reduced using the
SALT science pipeline6 (Crawford et al. 2010), then normalised
and corrected for Doppler velocity shifts using the iSpec tool
(Blanco-Cuaresma et al. 2014; Blanco-Cuaresma 2019).

Regarding the utilisation of different spectrographs and the
claim of abundance homogeneity, we note that at least ten of the
stars in our sample were observed with more than one instru-
ment, allowing us to estimate the difference in the abundances
derived from different spectra of the same star. For about 30 pairs
of spectra (considering several abundance indicators), we esti-
mated a mean abundance difference of −0.02 ± 0.06 dex, which
is much smaller than the typical uncertainties derived for the C,
N, and O abundances (see next section).

3. Abundance determination

3.1. Carbon abundances

The carbon abundances were derived using two methods, one
based on the spectral synthesis of atomic and molecular features,
and another one based on equivalent width (EW) measurements
of atomic line profiles. These two approaches allow us to iden-
tify possible systematic problems when deriving the abundances,
for instance, due to line blending (which makes it difficult to
measure weak lines) or LTE departures (which might cause a
dependence of the derived abundances on the effective temper-
ature). The spectral synthesis method was applied to molecular
lines of the electronic-vibrational band heads of the C2 Swan
System at 5128 and 5165 Å, and to the C I atomic line centred
at 5380.3 Å. The equivalent width method was used for two C I

atomic lines, centred at 5052.2 and 5380.3 Å. Other C2 features
are also available in the spectra of FGK dwarf stars, such as the
bands of the Swan System at 5135.6 and 5635.2 Å. However,
from our experience, the abundances derived from these features
are more affected by the presence of atomic lines, resulting in a
larger scatter.

6 http://pysalt.salt.ac.za/

The synthetic spectra were computed under the assumption
of LTE and molecular equilibrium using pyMOOGi7, a Python
wrapper of the MOOG radiative transfer code (Sneden 1973,
version 2019), and then fitted to the observed spectra. MOOG
requires as inputs the model atmosphere of each star (which
includes a list molecules used for molecular equilibrium cal-
culations), a line list of atomic and molecular transitions, and
a combination of spectral line broadening parameters. In order
to minimise the impact that strong spectral features may have
on the spectral synthesis computation, and also to properly
match synthetic and observed data, the collected spectra were
carefully normalised based on continuum windows identified
just before and just after the spectral regions used to measure
the abundances. Moreover, the opacity contribution of strong
atomic lines, with respect to weaker features, are independently
taken into account by MOOG, providing a more appropriate
representation of the wings of strong line profiles.

We interpolated on a grid of MARCS model atmospheres
(Gustafsson et al. 2008) using the stellar atmospheric parameters
derived by Magrini et al. (2022), namely [Fe/H], Teff , log g, and
ξ, and including the elemental abundances of each star, whenever
available, derived by Delgado Mena (in prep.). When unavail-
able, we used the standard solar abundances from Asplund
et al. (2009) internally adopted by MOOG, except for iron, for
which we adopted log ϵ⊙(Fe) = 7.47, a logarithm scale in which
log ϵ⊙(H) = 12. We note that, for the molecular equilibrium cal-
culations (see e.g. Tsuji 1973; Lardo et al. 2012, for a discussion
about the chemical equilibrium in stellar atmospheres), we tried
to include in the model atmospheres the [O/Fe] values that we
derived, but it increased the scatter of the [C/Fe] values. There-
fore, in the current work, we preferred to adopt the solar oxygen
value when deriving the carbon abundances. The atomic line
data were taken from the Vienna Atomic Line Database (VALD,
Piskunov et al. 1995; Ryabchikova et al. 1997; Kupka et al. 1999,
2000) whereas the molecular transitions are from Kurucz (1992),
which adopts a dissociation energy D0 = 6.156 eV for the C2
transitions. Additional molecular features of MgH that may con-
tribute to the synthetic spectrum in the studied regions were also
included. The oscillator strengths of both atomic and molec-
ular transitions were revised and changed wherever needed in
order to match an observed solar spectrum. For this, we used a
high-resolution and high S/N spectrum of Vesta collected with
HARPS; for the molecular features, we applied a global correc-
tion to the oscillator strengths, multiplying them by a constant
factor. We note that single lines of both molecular and atomic
transitions were slightly adjusted in some specific wavelengths.
The spectral line broadening is a convolution of the following
parameters: the instrumental broadening, which depends on the
spectral resolution, R, according to the relation, λ/R; the stel-
lar limb darkening, which we calculated from an interpolation of
Teff and log g on the Table 1 of Diaz-Cordoves et al. (1995); the
stellar projected equatorial rotational velocity (v sin i); and stellar
velocity fields known as macroturbulence (vmac). Disentangling
the latter two parameters is not an easy task. Therefore, in the
parameter file passed as input to MOOG, we preferred to include
a combined contribution of both v sin i and vmac by defining a new
parameter that we named as Vbroad. We estimated Vbroad by keep-
ing fixed the instrumental broadening and the limb darkening
and then fitting the profile of isolated and relatively strong (not
saturated) atomic lines close to the spectral regions of interest.

Figure 1 shows a few examples of spectral synthesis applied
to the HARPS spectrum of the star K2-24 for three of the carbon

7 https://github.com/madamow/pymoogi
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Fig. 1. Spectral synthesis examples. The panels show the C2 molecular band regions at 5128 Å (left) and 5165 Å (middle), and the C I atomic line
at 5380.3 Å (right) for the HARPS spectrum of K2-24 (S/N ∼ 50 at 5000 Å, Teff = 5768 K, [Fe/H] = 0.41). The blue dots represent the observed
spectrum, and the coloured lines are the synthetic spectra fitted to the data for models with different C abundances, separated by 0.1 dex. The
bottom panels show the differences between observed and computed spectra. The shaded regions indicate wavelengths not used in the fit.

indicators investigated in the current work. For more details on
the spectral synthesis method applied to atomic and molecular
features, and on the input parameters used, we refer to da Silva
et al. (2012, 2015, and references therein).

We estimated the uncertainties in the C abundances for each
star in our sample by performing the spectral synthesis using
modified versions of the model atmospheres. These are models
perturbed by one standard deviation, namely, by the errors esti-
mated for the atmospheric parameters and for Vbroad (a value of
1 km s−1 was adopted). We used the perturbed models one at a
time and then calculated the total uncertainty as the quadratic
sum of the single contributions.

The abundances of carbon from EWs were derived under
LTE following the procedure by Delgado Mena et al. (2021).
The EWs of the two atomic C I lines were measured with ARES8

(Sousa et al. 2015) and then used as input together with the pre-
viously used MARCS model atmospheres in the MOOG code.
When large discrepancies were found between the two lines, a
visual inspection (and eventually measurement) was done with
the splot task of the Image Reduction and Analysis Facility
(IRAF 9). All the [X/Fe] abundance ratios were obtained by
doing a differential analysis with respect to the HARPS Vesta
spectrum aforementioned.

Figure 2 shows the [C/Fe] abundance ratios as a function of
the stellar metallicity for each of the aforementioned indicators.
As explained in Appendix A, the EW method usually overesti-
mates the abundances derived from C I atomic lines in cool stars
(see e.g. Delgado Mena et al. 2021; Biazzo et al. 2022). This is
seen in our data plotted in Fig. A.1 for the line at 5052.2 Å in
stars cooler than 5000 K, and for the line at 5380.3 Å in stars
cooler than 5200 K. We do not see the same behaviour for the
line at 5380.3 Å if we apply the spectral synthesis method, which
is more suited to deal with spectral line profiles in cool stars (see
also Fig. A.2, which shows the differences in abundance derived
from this line using the two methods). Therefore, the two lower
panels of Fig. 2 do not include such stars.

8 The latest version, ARES v2, can be downloaded at https://
github.com/sousasag/ARES
9 The IRAF package is distributed by the National Optical Astronomy
Observatories (NOAO), USA.

Even within the range of effective temperature that we adopt,
we see in the upper panels of Fig. A.1 that there is a significant
correlation of [C/Fe] with Teff for some of the carbon indica-
tors. The trends are more pronounced for the two atomic lines,
which are in general more susceptible to LTE departures in com-
parison with molecular features. However, a few studies in the
literature (Asplund et al. 2005; Amarsi et al. 2019) compared the
abundances derived in both non-LTE and LTE conditions and
the differences are quite small for the atomic lines adopted in the
current work. According to the 3D non-LTE calculations per-
formed by Amarsi et al. (2019), the corrections to be applied
to 1D LTE calculations mostly affects low-metallicity F dwarfs.
For most of the stars in our sample, such corrections remains
within 0.05 dex, achieving 0.08 dex for only a few cases. Apply-
ing these corrections to our sample do not remove neither reduce
the trends with the effective temperature. Therefore, the carbon
abundances that we provide do not include any correction due to
3D non-LTE effects. The question concerning the origin of the
observed trends still remains. In order to avoid misleading con-
clusions that we may draw from the current data, we decided to
correct the [C/Fe] abundance ratios from the linear regressions
shown in Fig. A.1. This means that the data plotted in Fig. 2 and
in the other figures shown in this paper (unless explicitly stated)
are all corrected from these trends. For comparison, the upper
panels of Fig. A.3 shows a different version of Fig. 2, before
removing the dependence of [C/Fe] on the effective tempera-
ture. Cool and hot stars are clearly split into two sub-samples,
specially for the atomic lines, causing a larger scatter.

A particularity of the different indicators plotted in Fig. 2 is
that, on the one hand, the carbon abundances provided by the two
atomic lines are clearly correlated with metallicity in the range of
metal-poor stars, as expected from Galactic chemical evolution
models (see discussion in the next section). On the other hand,
this trend is not clearly seen for the abundances provided by the
two molecular bands, in part due to the larger scatter. The most
metal-poor star in our sample is definitely C overabundant and
supports a negative slope. However, a higher number of stars
in this range of metallicity is required to allow a better under-
standing of how these C2 molecular lines behave with decreasing
metallicity.

The mean C abundances were calculated as follows: we used
three indicators (5128, 5165, and 5380.3 Å from the spectral
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Fig. 2. [C/Fe] abundance ratios as a function
of the stellar metallicity. The panels show
the carbon abundances derived from the
spectral synthesis (circles) of two molecu-
lar bands (5128 and 5165 Å) and one atomic
line (5380.3 Å) and from the equivalent
widths (squares) of two atomic lines (5052.2
and 5380.3 Å). Stars cooler than 5000 K
for 5052.2 Å (EW) and than 5200 K for
5380.3 Å (EW) are not plotted (see the
discussion in Appendix A).

synthesis method) for stars cooler than 5000 K, and four indi-
cators (5128, 5165, and 5380.3 Å from spectral synthesis, and
5052.2 Å from the equivalent widths method) for stars hotter
than 5000 K. For the 5380.3 Å indicator, we see in Fig. A.2 that
the abundances provided by the two methods agree quite well
for stars hotter than 5200 K. Moreover, we see in Fig. 2 that
the [C/Fe] ratios have a smaller scatter when applying spectral
synthesis. For all these reasons, we preferred to adopt only the
results from the spectral synthesis for this indicator.

We computed the final C abundances as mean values
weighted by the uncertainties on the abundances from single
indicators. Table 1 lists the [C/Fe] abundance ratios, single and
mean values, derived for each sample star together with the
corresponding uncertainties. These are the values corrected, as
described in the previous paragraphs, from the trends with the
effective temperature.

3.2. Nitrogen abundances

The nitrogen abundances were also derived using pyMOOGi. We
applied the spectral synthesis method to molecular lines of the
electronic-vibrational band head of the CN blue system centred
at 4215 Å. As in the case of the carbon abundances, the model

atmospheres include the elemental abundances derived for each
star, in particular, the C abundances obtained as described in the
previous section. This spectral region also contains molecular
features of CH and, therefore, they were taken into account when
computing the synthetic spectrum. The oscillator strengths for
atomic lines (from VALD) and molecular features (from Kurucz
1992) were also revised to match the solar spectrum, and small
changes were applied to the Vbroad parameter if needed. The dis-
sociation energy adopted for the CN transitions is D0 = 7.63 eV
(Reddy et al. 2003).

Similarly to [C/Fe], the [N/Fe] abundance ratios also show a
dependence on the effective temperature, as seen in the middle
panel of Fig. A.1. Ecuvillon et al. (2004) found similar trends for
their samples of stars with and without detected planets. Their
results were afterwards improved by Suárez-Andrés et al. (2016),
by using a larger sample with higher quality spectra. Although
the slope that they found was not very steep, remaining within
2σ, they found a systematic underabundance of nitrogen for cool
stars (Teff < 5000 K). Possible explanations for the correlation
with Teff are: (i) wrong definition of the continuum due to the
presence of too many spectral features in metal-rich or in cool
stars); (ii) the CN profile of hot stars is quite weak and diffi-
cult to fit (difficult to perform accurate measurements); (iii) the
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Fig. 3. Same as in Fig. 1 but showing the
spectral synthesis of the CN molecular band
at 4215 Å (left panel) and of the O atomic
line at 6300.3 Å (right panel). The black
solid line on the top of the right panel
represents the spectrum of telluric lines.

Table 1. Excerpt from the list of C, N, and O abundances for our sample of 181 stars.

ID
Vbroad

[km s−1]
[C/Fe]
λ5128

[C/Fe]
λ5165

[C/Fe]
λ5380

[C/Fe]
λ5052EW

[C/Fe]
λ5380EW

[C/Fe] [N/Fe]
λ4215

[O/Fe]
λ6300

CoRoT-10 3.1 0.09 ± 0.03 0.01 ± 0.04 ... ... ... 0.06 ± 0.02 0.09 ± 0.12 ...
CoRoT-2 9.8 −0.05 ± 0.07 −0.07 ± 0.09 −0.13 ± 0.15 −0.08 ± 0.12 −0.10 ± 0.14 −0.07 ± 0.05 ... 0.11 ± 0.12
... ... ... ... ... ... ... ... ... ...
XO-4 11.6 0.11 ± 0.12 0.11 ± 0.18 0.07 ± 0.13 0.03 ± 0.12 0.08 ± 0.14 0.08 ± 0.07 ... ...
XO-5 3.5 0.09 ± 0.05 0.08 ± 0.06 0.11 ± 0.12 0.10 ± 0.12 0.17 ± 0.14 0.09 ± 0.04 0.04 ± 0.12 0.07 ± 0.11

Notes. The first two columns give the target name and the average value of the composite of velocity fields (e.g. rotation and macroturbulent
velocity) computed from single estimates. In the columns from 3 to 8, we list the carbon abundance ratios derived from each indicator plus the
weighted mean and corresponding standard error, computed as explained in Sect. 3.1. The last two columns show the N and O abundance ratios.
The complete table is available at the CDS.

wavelength region measured is blended with several atomic lines
of other elements, requiring accurate atomic parameters for a
large number of transitions; and (iv) or 1D LTE departures, as
discussed in Amarsi et al. (2020, 2021) and Ryabchikova et al.
(2022). A non-negligible 3D–1D abundance difference has been
found for CN molecules in the Sun, but a complete list of correc-
tions that can be applied to different stellar types is still missing
in the literature. Therefore, as done for carbon, we correct the
[N/Fe] abundance ratios from the linear regression plotted in
Fig. A.1.

The uncertainties in the N abundances, if computed in the
same way as we did for the individual C indicators (i.e. using
modified versions of the model atmospheres and then combin-
ing single contributions), provided overestimated values, much
larger than the observed dispersion. Therefore, for this element,
we preferred to adopt a fixed value of 0.12 dex, which is the stan-
dard deviation of the [N/Fe] measurements after removing the
dependence on Teff .

Figure 3 (left panel) shows an example of spectral synthe-
sis around the CN band head for the same spectrum plotted in
Fig. 1 (star K2-24). The [N/Fe] abundance ratios, corrected from
the trends with the effective temperature, and the corresponding
uncertainties are listed in Table 1.

3.3. Oxygen abundances

The oxygen lines usually adopted to derive its abundance are
very often weak. Therefore, very high S/N spectra are required
to obtain reliable abundances for this element. In the current
work, we applied the spectral synthesis method to the [O I] for-
bidden line at 6300.3 Å, which has a profile relatively weak for
equivalent width measurements but strong enough for spectral
synthesis. We note that the profile of this line might be affected
by the presence of neighbouring atomic or molecular transitions.
In the following paragraphs, we comment on the contribution,

for instance, of some CN molecular features, of one Ni I atomic
line at 6300.336 Å (Lambert 1978; Allende Prieto et al. 2001),
and of several telluric lines.

As for carbon and nitrogen, we adopted atomic and molecu-
lar data from VALD and Kurucz (1992), respectively. The CN
features are relatively weak compared with the oxygen line.
Therefore, they do not significantly affect the derived O abun-
dances. The influence of the Ni I line is taken into account by
including the abundance of nickel derived by Delgado Mena
(in prep.) to the model atmospheres used as input. We used the
spectrum of telluric lines by Wallace et al. (2011) to match our
spectra. It was degraded to the resolution of each spectrum and
corrected in wavelength according to the radial velocity mea-
sured. However, we did not apply any correction from the telluric
lines. We just plotted them over the spectrum of each star, aim-
ing at checking whether or not the oxygen line is affected by any
of them, as shown in the right panel Fig. 3. If the oxygen and
a telluric line are blended (which is not the case in the example
shown in this figure), then the derived abundance is not used.

Some of the spectra in our sample show contamination by
non-thermal airglow emission lines originating in the Earth’s
atmosphere (see e.g. Noll et al. 2012). One of these features is
the [O I] 6300 emission line, which is close to the oxygen line
we are measuring and which may contaminate the stellar oxy-
gen line depending on the radial velocity of the star. Since the
intensity of this airglow line depends on the solar activity and
the observing time, more than one spectrum of some stars was
collected, trying to overcome the problem whenever possible.

Regarding possible departures from 1D LTE assumptions,
non-LTE corrections should be negligible for the oxygen line at
6300.3 Å, whereas 3D effects are not negligible; they are small,
however, mostly affecting high-metallicity F dwarfs (Asplund
et al. 2004; Amarsi et al. 2019; Caffau et al. 2008). Therefore,
also considering that we see no significant trend with the effec-
tive temperature in the bottom panel of Fig. A.1, the [O/Fe]
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Fig. 4. Mean [C/Fe] abundance ratios as
a function of the stellar metallicity. Our
results for planet-hosting stars are compared
with the abundances from Delgado Mena
et al. (2021, DM21) for stars in the Galac-
tic thin disc with no planet detected. The
highlighted stars are discussed in the text.

Fig. 5. [N/Fe] abundance ratios as a function
of the stellar metallicity. Same details as in
Fig. 4 but comparing our results with those
from Suárez-Andrés et al. (2016, SA16) for
stars with and without detected planets.

Fig. 6. [O/Fe] abundance ratios as a func-
tion of the stellar metallicity. Same details
as in Fig. 4, but comparing our abundance
results from the oxygen line at 6300.3 Å with
those by Bertran de Lis et al. (2015) updated
by Delgado Mena et al. (2021) and derived
using the same line.

abundance ratios that we derive have not been corrected from
this trend.

As previously done for carbon, the uncertainties in the O
abundances were derived using the modified versions of the
model atmospheres (computed for different values of atmo-
spheric parameters and Vbroad) and then calculating the quadratic
sum of the single contributions. The derived [O/Fe] abundance
ratios and the corresponding uncertainties are listed in Table 1.

4. Results and discussion
4.1. Our sample within the Galactic chemical evolution

context

4.1.1. [X/Fe] as a function of [Fe/H]

Figure 4 shows the mean [C/Fe] abundance ratios, calculated as
explained in Sect. 3.1. For comparison, here we also plot the

carbon abundances derived by Delgado Mena et al. (2021) for
stars situated in the Galactic thin disc and for which no planet
has been detected so far. According to chemical evolution mod-
els developed for the Milky Way (see e.g. Chiappini et al. 2003;
Akerman et al. 2004), at the beginning of the Galactic enrich-
ment history (i.e. at low metallicities), carbon is synthesised by
massive stars. On the other hand, iron is predominantly produced
by type Ia supernovae (SNe Ia) on longer timescales. At solar
metallicities, stars having low or intermediate masses start con-
tributing to the production of carbon, which causes a flattening
of [C/Fe] as a function of [Fe/H]. Apart from some dispersion,
we see that most of the stars in our sample follow this corre-
lation with metallicity expected for stars belonging to the thin
disc. We note that a population membership analysis was already
performed by Magrini et al. (2022) for the current sample. A few
particular cases are discussed in Appendix B. Concerning the
observed dispersion, it might also be related to differences in
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the age of the systems according to the theoretical predictions
discussed in Romano (2022, and references therein).

Regarding the [C/Fe] versus [Fe/H] plot, several studies in
the literature have suggested an opposite trend in the range of
super-solar metallicity stars compared to what we see in the
metal-poor domain, in the sense that the C abundances seems
to increase with increasing metallicity (da Silva et al. 2015;
Suárez-Andrés et al. 2017). This positive slope was not con-
firmed by Delgado Mena et al. (2021) and it is not seen in the
current work, at least not for the whole sample. Suárez-Andrés
et al. (2017) found different slopes for different planetary masses,
which seems to be the case for our results as well, regardless of
the small number of lower-mass planet hosts in our sample of
metal-rich stars.

The [N/Fe] abundance ratio is normally observed to increase
with metallicity in the metal-rich regime (Ecuvillon et al. 2004;
da Silva et al. 2015; Suárez-Andrés et al. 2016; Magrini et al.
2018), where the so-called secondary production of nitrogen,
based on pre-existing C and O in the star, starts dominating the
primary production, whereby nitrogen is synthesised from the
material produced in the star itself (see e.g. Liang et al. 2006;
Vincenzo et al. 2016, and references therein). This is also the
behaviour that we see in our data (shown in Fig. 5), despite the
larger scatter compared with literature data. Assuming that the
dependence of the N abundances on the effective temperature
(see Figs. A.3 and A.1) was properly removed (as explained in
Sect. 3.2), the distribution of points in this figure is worth some
discussion.

An interesting behaviour seen in our data is that the decreas-
ing trend in [N/Fe] with decreasing [Fe/H] seems to continue
also for stars with sub-solar metallicity, which is not present in
the results reported by Suárez-Andrés et al. (2016). However,
these authors did adopt the NH molecules to derive the nitro-
gen abundances, which could explain the disagreement. We see
a similar trend in Ecuvillon et al. (2004, also using the NH lines),
albeit in the limit of 2σ, as well as in da Silva et al. (2015, using
CN molecular bands), but the number of sub-solar metallicity
stars is small. This trend is more clearly seen in Magrini et al.
(2018, using the CN bands), at least for stars belonging to the
thin-disc population, and in Takeda (2023, using the NH lines)
for his sample of solar analogues.

Another peculiarity of our results for nitrogen is an apparent
offset, in the range of low metallicities, between the abundances
derived for gas-giant and lower-mass (M < 0.2 MJup) planet
hosts. We see in Fig. 5 that nearly half of the stars contribut-
ing to the trend for [Fe/H] < 0 (see the corresponding linear
regressions) are orbited by a gas-giant planet and have [N/Fe]
abundances systematically higher than stars hosting lower-mass
planets. Nevertheless, although the difference seems systematic,
a higher number of stars is required to support this outcome.

Figure 6 shows the [O/Fe] abundance ratios and how they
decrease with increasing metallicity. On the one hand, the trend
in the range of low metallicities is more clearly seen in the data
by Bertran de Lis et al. (2015) or by Delgado Mena et al. (2021)
given the small number of metal-poor stars in our sample for
which we were able to derive the oxygen abundance. On the
other hand, despite the large scatter, a clear negative slope is
seen the range of higher metallicities. The overall trend is in
line with the predictions from chemical evolution models (see
e.g. Chiappini et al. 2003; Spitoni et al. 2015; Romano 2022,
and references therein) and with several other results found in
the literature, for instance, for stars with and without detected
planets (e.g. Ecuvillon et al. 2006; da Silva et al. 2015), for solar
analogues compared with FGK dwarf stars (Takeda 2023), as

well as for the stellar abundance compilation of the Hypatia cat-
alogue (Hinkel et al. 2014); the latter includes the results (albeit
not homogeneous) of more than three thousand stars from almost
one hundred studies. Again, as for the [C/Fe] ratios, the [O/Fe]
abundance dispersion might be related to different ages of our
stars (see Romano 2022, and references therein).

4.1.2. [X1/X2] as a function of [O/H]

The usual way to follow the evolution of abundance ratios deter-
mined from stellar spectra is to use the Fe abundance as a
reference. We do this because Fe is the element most easily
measured in the spectra of FGK-type stars. A few examples are
shown in Figs. 4–6. However, from the point of view of chemical
evolution, it is more appropriate to refer to an element of primary
nature, such as oxygen, instead of iron, which is produced with
a time delay due to the evolution of the lower-mass component
in the precursor of SNe Ia. Still, regarding the chemical evolu-
tion, on the one hand, we expect the ratio between two primary
elements to remain constant as a function of time; here, this is
represented by the abundance of the primary element. This ratio
will only be driven by the ratio of the stellar yields of the two
elements. On the other hand, the ratio of a secondary element to
a primary element should increase with time, namely, with the
abundance of the primary element (see Pagel 1997).

In Fig. 7, we plot [C/O] and [N/O] versus [O/H]. All
abundances are corrected for the trends with the effective tem-
perature. We consider O as a primary element, and we investigate
the behaviour of C and N. The linear regression of [C/O]
versus [O/H] (on 89 stars) provides a slightly negative slope
−0.12 ± 0.06, which is, within errors, consistent with a con-
stant ratio of [C/O]. The intercept is 0.05 ± 0.01, consistent with
the solar value of [C/O]. In the sampled metallicity range, the
two elements appear to have a dominant primary production and
their ratio remains constant. The linear regression of [N/O] ver-
sus [O/H] (computed with 60 stars) instead exhibits a positive
slope 0.22 ± 0.11, consistent with a secondary production of N
(see e.g. Romano 2022), whose abundances increase with [O/H].
The intercept of the fit is 0.00 ± 0.02. Thus, since the slope is
positive, we have positive [N/O] at super-solar [O/H], usually
larger than the solar value. From the point of view of the forma-
tion of planets and their atmospheres, at high metallicity we are
provided with more N than O, while [C/O] is less affected and
remains more or less constant.

4.2. Relations with planetary properties

We explored possible correlations between the stellar elemen-
tal ratios [C/O], [C/N], and [N/O] and their planetary mass and
radius, retrieved from the NASA Exoplanet Archive. For this part
of the analysis, we only selected the sample of stars for which all
three elemental abundances, together with the planetary prop-
erties (radius and mass), were determined, corresponding to a
total of 58 systems. Before removing the dependence on Teff (see
Sect. 3), we found correlation between [C/N] and both planetary
radius (p-value = 0.01) and planetary mass (p-value = 0.008),
as well as correlation between [N/O] and the planetary radius
(p-value = 0.041). However, after correcting the data for the Teff
dependence, no significant correlations are present (p-value >
0.05) among any elemental ratio and the planetary radii and
masses. We refer to Fig. C.3, which shows the elemental ratios
not normalised to the solar values.
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Fig. 7. Abundance ratios as a function of
[O/H] colour coded according to the stel-
lar metallicity. The panels show the [X1/X2]
ratios calculated correcting the abundances
from the trends with the stellar effective
temperature (see discussion in the text). The
black dashed lines indicate the solar values.

4.3. Details on the assumption of stellar properties when
inferring the planetary composition

We present in Figs. 8 and 9 the 4D and 3D relations, respectively,
between the homogeneously derived [C/O], [C/N], [N/O] ratios
and both stellar mass and metallicity (both from Magrini et al.
2022). We note that for the purpose and clarity of the upcoming
discussion, the elemental ratios have been normalised to the solar
abundances from Asplund et al. (2009) (see Appendix C). While
there is no evident correlation with the first parameter, a clear
trend appear with [Fe/H] (see also Figs. C.1 and C.2). Moving on
to sub-solar metallicities, both [C/O] and [N/O] decrease, while
the stellar [C/N] increases. The trend is vice-versa, going towards
super-solar metallicities, where the majority of our sample lies,
both [N/O] and [C/O] increase, while [C/N] decreases. The 3D
trends can be better visualised in Fig. 9. The largest spread of
values is given by [N/O], which covers a range of ∼0.654 dex,
followed by [C/N] (0.586 dex) and, finally, by [C/O] (0.58 dex).

We assessed possible correlations between the stellar ratios
and Teff , [Fe/H], and M∗ by applying a linear regression. We
tested various linear combinations with either [Fe/H], Teff , or M∗
alone, and a combination of all them. In all cases, while [Fe/H]
was always a significant variable, neither Teff or M∗ appeared to
be of any weight in the fit. For such, and following Occam’s razor
principle, we applied a linear fit only as a function of [Fe/H].
We report in Table 2 the coefficients of the linear regression
applied to the stellar [C/O], [C/N], and [N/O] ratios as a func-
tion of the stellar metallicity [Fe/H]. These relations are valid for
FGK dwarf stars with planetary companions.

The observed trends among the abundance ratios of C, O, and
N and the stellar metallicity (Fig. 8) have an important impact
on the science of exoplanets. Generally, when studying the plan-
etary composition, the stellar composition is used as a reference
for the chemistry of the disc, namely, the planet-forming envi-
ronment. Often, it is assumed that the stellar host has solar

Table 2. Coefficients of the linear regressions of abundance ratios as a
function of [Fe/H] fitted to the data in Fig. 9.

[X1/X2] a b p-value Nstars

[C/O] 0.012 0.175 2.636 ×10−3 88
[C/N] 0.076 −0.43 <2 ×10−16 105
[N/O] −0.068 0.578 4.071 ×10−9 60

Notes. Columns show the coefficients of [X1/X2] = a + b·[Fe/H],
the corresponding p-values, and number of stars used for each linear
regression. This number varies depending on whether it was possible to
determine both X1 and X2 elements in the ratio.

metallicity and composition, all stellar elemental abundances
being scaled accordingly. These assumed stellar abundances are
then used to determine whether the exoplanet is enriched or not
in the observed elements. As a result, the planetary metallicity or
a given elemental abundance can be estimated as 10× solar when
the relevant value in the actual host star is 3× solar, meaning
that the real planetary enrichment is actually 3.3×. This inac-
curate approach may be responsible for introducing biases in
the interpretation of the planetary compositions and formation
histories.

Specifically, the assumption of a solar composition of the
host star biases the interpretation of the planetary elemental
ratios and the information they carry on the planet formation
process. As an illustrative example, we can conceive of a giant
planet that is observed to have [C/O] = 0.2, meaning that it fea-
tures C/O≈ 0.9 if we adopt the solar C/O⊙ = 0.55 as our reference
(Asplund et al. 2009). The observed planetary value would sug-
gest the accretion of C and O from the gas in the disc (being
C/O > C/O⊙), with a limited contribution from the accretion of
planetesimals (see Madhusudhan 2019, and references therein).
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Fig. 8. Relation among the three stellar elemental ratios, corrected from the trends with the effective temperature and normalised to the solar values,
for the sample of 60 stars with all three C, N, and O determined (see also Table 2). Markers are colour-coded based on the stellar mass (left) and
[Fe/H] (right). The black cross represents the Sun.

Fig. 9. Stellar [C/O] (left) and [N/O] (right)
as function of the stellar [Fe/H] for the sam-
ple of 60 stars with all three C, N and O
determined. Markers are colour-coded with
[N/O] and [C/N] values, respectively. All
elemental ratios are normalised to the solar
values. The black cross represents the Sun.
Dashed line mark the linear regression line.
The Y-axis scale was kept the same in both
plots for comparison purposes.

However, if the planet orbits one of the stars with [C/O] ∼0.2 in
our sample (see Fig. 9, left), the observed planetary C/O value
could very well be stellar (i.e. C/O∗ ≈ 1), which would imply
instead that the main source of C and O is the accretion of plan-
etesimals (Turrini et al. 2021). The unverified adoption of the
solar reference therefore leads to wrong inferences on the forma-
tion process of the planet. Another example focused on the C/O
value is linked to the possibility of identifying giant planets that
formed in discs that underwent global heating events due to stel-
lar flares. Astrochemical models (Eistrup et al. 2016; Pacetti et al.
2022) indicate that giant planets formed in such environments
could be characterised by a normalised C/O∗ < 1 (i.e. substellar)
when the main source of their C and O is the accretion of disc
gas. A giant planet with C/O = 0.55 orbiting a supersolar metal-
licity star with C/O = 0.7 ([C/O] = 0.1) would have C/O∗ < 1,
namely, substellar, suggesting that its native disc underwent such
global thermal events. We refer readers to Biazzo et al. (2022);
Guilluy et al. (2022); Carleo et al. (2022) for observational
applications of these considerations.

A more subtle bias is linked to the different correlations
between the stellar C/N, C/O, and N/O ratios and the stellar
metallicity. The relative deviations of these ratios in planetary

atmospheres with respect to their respective stellar values have
been shown to increase with the distance of their native region
from the host star (Turrini et al. 2021; Pacetti et al. 2022), mean-
ing that the farther the planets start their formation process, the
more their C/N∗, C/O∗, and N/O∗ ratios are expected to devi-
ate from 1, marking the stellar value in the normalised scale.
Since the stellar C/N systematically decreases with respect to
the solar one for increasing stellar metallicities (Fig. 9, right),
while N/O and C/O systematically increase (Fig. 9, left), the
adoption of solar values means that we systematically underes-
timate (overestimate) the planetary C/N (N/O and C/O) values
for stars of supersolar metallicity, the opposite being true for
stars of subsolar metallicity. This leads to incorrect constraints
on the formation region of the giant planets from their deviations
from the stellar values, for instance, causing giant planets around
supersolar metallicity stars to appear to have formed closer to
their host stars than they actually have (see e.g. Figs. 7 and 8 in
Turrini et al. 2021 or Figs. 4–7 in Pacetti et al. 2022).

Finally, as the C/O ratio increases with [Fe/H] (as seen in
Fig. 9 with [C/O]) while the [O/Fe] decreases for increasing
[Fe/H] (see Fig. 6), adopting the solar abundances leads to an
incorrect interpretation of the atmospheric chemistry of giant
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planets, particularly at equilibrium temperatures below 1100 K.
In the atmospheres of these planets O also binds with Si, Fe, and
Mg to form oxides, as their bonds are chemically favoured. This
leads to decreased abundances of H2O and the overestimation of
the planetary C/O ratio when the O sequestration by oxides is not
quantified and corrected for (Fonte et al. 2023); hence, the ele-
ment is measured using only the observed CO, H2O, and CH4.
As the magnitude of this effect depends on the relative abun-
dance of Fe, Mg, and Si with respect to O, using the solar values
instead of the real stellar ones can lead to the wrong estima-
tion of the correction factor and, consequently, the planetary C/O
value; this would once again introduce biases in the interpreta-
tion of the formation history of the planets. When we take into
account this effect, along with the changes in the stellar C/O with
the stellar metallicity, it can immediately be seen that the tem-
perature at which CO and H2O have equal abundances, which
marks the transition between CH4-dominated to CO-dominated
atmospheres (e.g. Madhusudhan et al. 2016), will be different
in the atmospheres of giant planets with the same equilibrium
temperature orbiting stars with different composition (e.g. differ-
ent [O/Fe]). The adoption of solar values as references can then
bias our understanding of the atmospheric chemical environ-
ment of planetary atmospheres. Thus, illustrating these examples
while referencing the real stellar abundances is critical for the
interpretation of the atmospheric composition of exoplanets.

As a result, we strongly recommend to characterise at least
the stellar metallicity, which is a parameter that can be more
easily determined than stellar abundances. We then use the rela-
tions in Table 2 to infer the host star elemental ratios for a proper
interpretation of the planetary composition.

One more consideration that ought to be made is related to
the history of a planetary system and its migration across the
Galaxy. As reported by the kinematics of the star measured by
Magrini et al. (2022), the sample of stars we have analysed came
from different regions of the Milky Way, for instance, from either
the inner disc, the outer disc, or the thin-disc-versus-thick disc.
It is known that the chemical properties of the stars depend on
the galactic environment they originated within, and such aspect
is also true for their planet(s). A planet formed in a region of
overdensity will present different characteristics from a planet
formed within an isolated region. To best interpret the planetary
atmospheric data, it is pivotal to trace the migration history of
their host stars. In Fig. B.1 (bottom panel), we show our stel-
lar sample as a function of the stars’ [C/Fe] and metallicity,
highlighting the role of galactic migration: stars with orbits hav-
ing a higher eccentricity might come from the inner or outer
regions compared to their current position. Some of these stars
are located at the extremes of the metallicity distribution of our
sample. It is precisely because of the effect of stellar migra-
tion that we can thereby extend our sample in metallicity and in
abundance ratios. Thus, this enables us to investigate the relation
between host star and planetary system in chemically different
environments.

5. Summary and conclusions

In this work, we have presented a homogeneous determination of
the abundances of the volatile elements C, N, and O for a sample
of 181 stars belonging to the Ariel mission candidate sample,
based on the homogeneously derived stellar parameters ([Fe/H],
Teff , log g, ξ, and M∗) presented in Magrini et al. (2022) and for
which we were able to obtain reliable abundances. By using the
same grid of model atmospheres and the same radiative transfer
code, we applied the spectral synthesis method to atomic lines

(the C I line at 5380.3 Å, and the [O I] forbidden line at 6300.3 Å)
and molecular features (the C2 bands at 5128 and 5165 Å, and the
CN band at 4215 Å), as well as the equivalent width method to
the C I atomic lines at 5052.2 and 5380.3 Å.

To avoid drawing misleading conclusions regarding the
chemical enrichment of the Milky Way or the relations between
stellar abundances and planetary parameters, we corrected the
[C/Fe] and [N/Fe] abundance ratios from the trends with the
effective temperature. The same procedure was not applied to
the [O/Fe] ratios considering the absence of a significant trend.
We checked for possible departures from 1D LTE but we found
that even if they are taken into account, they do not reduce the
observed trends.

The final [C/Fe] abundance ratios were calculated as a mean
of several indicators, after removing the dependence on Teff .
The derived mean C abundances were then used to derive the
N abundances from the CN indicator. The influence of the Ni I
atomic line at 6300.336 Å was taken into account when deriving
the O abundances. Moreover, the presence of telluric or airglow
emission lines was also considered and hence contaminated lines
were not included in our analysis. The main results of the current
study are listed below.
1. Most of the stars in our sample follow the Galactic chemical

evolution (global) trends expected for the [C/Fe], [N/Fe], and
[O/Fe] abundance ratios as a function of [Fe/H]. A possible
increasing trend of [C/Fe] with increasing [Fe/H], at least for
stars hosting planets with M < 0.2 MJup, would confirm pre-
vious findings available in the literature; however, this should
be further investigated using a larger sample of stars. For car-
bon, there are some chemically particular cases, which are
discussed in Appendix B. The expected decreasing of [N/Fe]
with decreasing [Fe/H] seems to continue also for stars with
sub-solar metallicity. Moreover, there is an apparent offset
of the [N/Fe] ratios between gas-giant and lower-mass planet
hosts. However, a higher number of metal-poor stars are
required to confirm these findings;

2. The [C/O] abundances as a function of [O/H] show, within
errors, a constant ratio, with a slope of −0.12 ± 0.06 that
is in line with chemical evolution predictions for the ratio
between two primary elements. The [N/O] ratios as a func-
tion of [O/H] have instead a positive slope of 0.22 ± 0.11,
which is consistent with a secondary production of N.
Regarding the formation of planets and their atmospheres,
both these results indicate that, as we move to higher metal-
licities, we are provided with more N than O, whereas the
relative amount of C and O tends to remain constant;

3. With respect the science of planetary systems, we show
that the [C/N], [C/O], and [N/O] ratios are correlated with
[Fe/H]. The observed trends among the abundance ratios
of C, O, and N and the stellar metallicity prove once and
for all, that the commonly adopted approach of using the
solar abundances as reference for modelling and interpret-
ing the atmospheric composition of giant planets around
host stars of different metallicity is incorrect. Furthermore, it
introduces biases in the interpretation of the planetary com-
positions and formation histories. In the absence of stellar
abundances, we provide relations as function of [Fe/H] that
can be used to infer reference values to qualitatively estimate
whether the atmospheric composition of planets is enriched
or not with respect to the host stars. Thus, we are able to pro-
vide a more physically-justified framework than the use of
solar abundances.

The current investigation presents the first results of a work
in progress. We plan to increase the number of abundance
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indicators and to apply a similar analysis to larger sample of stars
belonging to the Ariel Tier 1. At the time of writing this paper,
new spectra have been collected and new observing programmes
have been proposed aiming at improving the current results and
complementing the wavelength ranges not yet covered by the
spectra that have already been made available.

Finally, all the C, N, and O abundance ratios presented here
(Table 1) are available via both the CDS10 and the Ariel Stel-
lar Catalogue11. The latter also includes atmospheric parameters
([Fe/H], Teff , log g, and ξ), and kinematic properties for 187
planet-host FGK dwarf stars.
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Fig. A.1. Abundance ratios as a function of the effective temperature
colour coded according to the stellar metallicity. The white symbols
indicate two stars that most likely belong to the thick-disc population.
The black lines display linear regressions fitted to stars within a given
Teff range (delimited by the vertical dashed lines). The corresponding
equations are also shown.

Appendix A: Abundance dependence on Teff

The carbon abundances derived using the EW method applied
to cool stars are not always reliable for the two C I atomic lines
under investigation (see e.g. Delgado Mena et al. 2021; Biazzo
et al. 2022). The smaller the effective temperature, the weaker
these lines. Therefore, it is more difficult to measure their EWs.

Fig. A.2. Abundance differences between [C/Fe] derived from spectral
synthesis and from equivalent widths.

Our results clearly show the same effect for the line at 5052.2 Å
in stars with Teff ≲ 5000 K, and for the line at 5380.3 Å in stars
with Teff ≲ 5200 K, as seen in Fig. A.1. In the same figure, we
see that the abundances derived for the line at 5380.3 Å using
the spectral synthesis method do not show the same system-
atic overabundance. The difference between the two methods is
more clearly seen in Figure A.2, which shows a high agreement
for stars hotter than 5200 K and an increasing disagreement for
cooler stars.

Figure A.1 also shows that each of the indicators provide
abundance ratios that have some dependence on the effective
temperature. For carbon, the slope is negative for all the five
indicators, though within 2σ for 5128 and 5052.2 Å. A signif-
icant trend is seen for nitrogen as well, for which the [N/Fe]
ratios increase with increasing Teff . For oxygen, the slope has
no statistical significance. A consequence of these trends is that
the [X/Fe] abundance ratios as a function of [Fe/H] show differ-
ent distributions for cool and hot stars, as observed in Fig. A.3,
increasing the scatter of the stars in those diagrams. In addi-
tion, since the derived carbon abundances are used to derive the
nitrogen composition from CN molecules, any trend in [C/Fe]
is propagated to the [N/Fe] ratios. The presence of these trends,
therefore, has an impact on the conclusions that we may draw
concerning, for instance, the Galactic chemical evolution or the
relations between stellar abundances and planetary parameters.
These are the reasons why we prefer to correct the abundances
from the observed slopes, removing any dependence on the
effective temperature. As described in Sect. 3, this procedure was
applied to the carbon and nitrogen indicators, but not to oxygen
considering the absence of a significant trend.

Appendix B: C-enhanced and other particular
cases

We see in Fig. 4 that some stars in our sample are situated in
a particular position (slightly over or underabundant in carbon)
compared with the typical distribution of thin-disc members.
Here we highlight a few of theses cases and we comment on pos-
sible explanations for the atypical abundances. To help with the
discussion, Fig. B.1 shows the same stars with symbols colour-
coded according to some stellar parameters taken from Magrini
et al. (2022). In the top panel, the stars are colour-coded based on
their effective temperature. In the middle panel, the colour code
follows the so-called peculiar space velocity (vpec), calculated
using the U, V , and W space velocities. In the bottom panel, the
symbols are colour-coded according to the stellar orbital eccen-
tricity and have sizes proportional to the difference between the
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Fig. A.3. Abundance ratios as a function of the stellar metallicity colour
coded according to the effective temperature. The panels show the stars
in our sample as in Fig. 2 for carbon, Fig. 5 for nitrogen, and Fig. 6 for
oxygen but before correcting the abundances from the trends with Teff .

mean distance of each star in its Galactic orbit and its current
galactocentric distance.

The star Wolf 503 ([Fe/H] = −0.58 ± 0.17 and [C/Fe] = 0.21
± 0.04), the most metal-poor in our sample, is very probably a
member of thick disc according to the population membership
analysis performed by Magrini et al. (2022). The same classi-
fication is also valid for HAT-P-12 ([Fe/H] = −0.21 ± 0.18 and
[C/Fe] = 0.19 ± 0.03). Moreover, both these stars are situated

Fig. B.1. Mean [C/Fe] abundance ratios as a function of the stel-
lar metallicity. Same as in Fig. 4 but showing our stars colour-coded
according to their effective temperature (top panel), peculiar space
velocity (middle panel), and orbital eccentricity (bottom panel) from
Magrini et al. (2022). In the bottom panel, the symbol sizes are propor-
tional to the difference between the mean distance of the stars in their
Galactic orbit (Rmean) and their current galactocentric distance (RGC).

among thick-disc members according to the classification per-
formed by Delgado Mena et al. (2021) using an independent
approach (chemical instead of dynamical) to distinguish the dif-
ferent populations. Last but not least, these two stars have a large
orbital eccentricity and might have migrated from a different
region of the Milky Way. Close to HAT-P-12 we see the star
KELT-4A ([Fe/H] = −0.18 ± 0.12 and [C/Fe] = 0.13 ± 0.10).
It seems to be C-richer than the average of surrounding stars,
but the uncertainty is relatively large, which might be due to its
relatively high effective temperature (Teff = 6316 K) that makes
the spectral features weaker (specially the molecular bands) and
more difficult to measure. Though this star is probably a member
of the thin disc, it is also situated close to the distribution of the
α-enhanced stars discussed in Delgado Mena et al. (2021), for
which an overabundance of carbon is derived.

Another group of stars with [Fe/H] and [C/Fe] values that
place them among the α-enhanced stars shown in Delgado Mena
et al. (2021) are the following: HATS-24, KELT-18, HATS-45,
WASP-100, and Kepler-5. Though they most likely belong to
the thin disc population, they are all C-enhanced compared with
other stars in our sample in the same metallicity range. On the
other hand, they are relatively hot (Teff > 6200 K), which may
also be affecting our abundance measurements. A particular case
of hot star is WASP-79, the hottest in our sample (Teff = 6906 K).
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This quite high value for the effective temperature may explain
the large error bar and its peculiar position in Figure 4. It is also
the star for which we obtain the smallest value for the carbon
abundance ([C/Fe] = −0.24 ± 0.13). Another explanation for this
relatively low abundance value could be the age of the system.
WASP-79 is situated in a position that agrees with the evolution-
ary stage of young stars according to the theoretical predictions
shown in Romano (2022).

The star KELT-6 ([Fe/H] = −0.36 ± 0.10 and [C/Fe] = 0.25 ±
0.06) has a high probability of belonging to the thin disc accord-
ing to the classifications described above. In spite of that, it is
situated significantly above the main distribution typical of thin-
disc members in this range of metallicity. An explanation for this
peculiarity could be related to the presence of planets. This is
a system composed by two Jupiter-like planets (Damasso et al.
2015). According to the results from Delgado Mena et al. (2021),
planet-host stars in the metal-poor range ([Fe/H] ≲ −0.2) seem to
be overabundant in carbon compared to stars for which no planet
has been detected. In that paper, the authors remark that this
overabundance is typical of thick-disc stars. However, even for
a selection of stars in the thick-disc population, they also find a
difference in carbon abundances between single stars and planet
hosts, specially for stars hosting low-mass planets. Other three
stars in our sample are in a similar situation: HAT-P-24, HAT-
P-6, and WASP-78. They are all probably members of the thin
disc and host a Jupiter-like planet. The number of stars in this
range of metallicity (from ∼−0.3 to ∼−0.35) is small, but their
systematic overabundance in carbon (likely related to the pres-
ence of planets) supports the results obtained by Delgado Mena
et al. (2021).

Appendix C: X1/X2 elemental ratios

The absolute elemental ratios X1/X2, differently from the
[X1/X2] ratios normally used, which are defined with respect
to the Sun, are defined as:

X1/X2 = 10log ϵ(X1)/10log ϵ(X2), (C.1)

where log ϵ(X1) and log ϵ(X2) are absolute abundances. For the
Sun, by adopting the absolute abundances from Asplund et al.
(2009), we have C/O⊙ = 0.550, N/O⊙ = 0.138, C/N⊙ = 3.981.

Figures C.1, C.2, and C.3 show the relations of the C/O,
C/N, and N/O elemental ratios with some stellar ([Fe/H], Teff ,
mass) and planetary (mass, radius) parameters. We note that
these are only complementary figures that might be of interest
to the reader. Possible correlations among these parameters are
discussed in the main text regarding the [X1/X2] ratios.

The presence of some stars above the limit of C/O = 0.8 for
which a star is considered enriched in carbon shall be confirmed.
As discussed in Nissen (2013), high-metallicity stars may have
their oxygen abundances underestimated due to a wrong esti-
mation of the contribution that the Ni I line might give to the
formation of the [O I] line. To overcome this problem in future
works, we plan to include other oxygen indicators in our analy-
sis, such as the O I triplet at 7774 Å, which is one of the oxygen
abundance indicators quite often used in the literature.
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Fig. C.1. Abundance ratios as a function of the stellar metallicity colour coded according to the stellar effective temperature. The panels show the
X1/X2 elemental ratios calculated before (left) and after (right) correcting the abundances from the trends with Teff (see discussion in the text).
The black dashed lines indicate the solar values and the magenta solid line represents the lower limit of C/O = 0.8 for carbon-rich stars.
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Fig. C.2. Same as in Fig. C.1 but showing the X1/X2 ratios as a function of the stellar mass colour coded according to the stellar metallicity.
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Fig. C.3. X1/X2 elemental ratios as a function of the planetary mass (left panels) and planetary radius (right panels) colour coded according to the
stellar metallicity. The dependence on Teff of the C and N abundances were removed, as discussed in the text. The black dashed lines indicate the
solar values and the magenta solid line represents the lower limit of C/O = 0.8 for carbon-rich stars.
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