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ABSTRACT

Context. The next mission dedicated to the study of planetary atmospheres is the Ariel space mission, planned for launch in 2029,
which will observe a variety of planetary systems belonging to different classes around stars with spectral types from M to A. To
optimise the scientific outcome of the mission, such stars need to be homogeneously characterised beforehand.
Aims. In this work, we focus on a methodology based on spectral synthesis for the characterisation of FGK-type stars from the Ariel
Tier 1 mission candidate sample (MCS) that exhibit fast rotation. In addition, we analyse 108 slow-rotating FGK-type stars, with either
new observations or archival spectra available, consistently as in our previous work using the equivalent width (EW) analysis.
Methods. To ensure consistency between our methods, we re-analysed a sample of FGK-type stars with the spectral synthesis method
and compared it to our previous work. The results of our analysis show excellent agreement with the previous set of derived parameters.
Results. We provide homogeneous effective temperature, surface gravity, metallicity, projected rotational velocity, and stellar mass
for a sample of 36 fast rotators with the spectral synthesis technique, and we include 108 FGK-type dwarfs with the EW analysis.
An additional 25 stars were analysed with the spectral synthesis method because their EW analysis did not converge on the final
parameters. We computed their orbital parameters establishing whether they belong to the Galactic thin or thick discs. With the current
set of stellar parameters, we almost double the analysed hosts in the Ariel MCS to 353 stars in total.
Conclusions. Using our homogeneous set of stellar parameters, we studied the correlations between stellar and planetary properties
for the Ariel MCS analysed so far. We confirmed a close relationship between stellar mass (up to 1.8 M⊙) and giant planet radius, with
more inflated planets at lower metallicity. We confirm that giant planets are more frequent around more metal-rich stars that belong to
the thin disc, while lower-mass planets are also found in more metal-poor environments, and are more frequent than giant planets in
the thick disc as also seen in other works in the literature.

Key words. methods: data analysis – techniques: spectroscopic – catalogs – stars: atmospheres – stars: fundamental parameters –
planetary systems

1. Introduction
In 2020, the European Space Agency (ESA) adopted the Ariel
medium class space mission as a large programme fully ded-
icated to the chemical characterisation of the atmospheres of
planets beyond the Solar System. After its scheduled launch in
⋆ Corresponding author; maria.tsantaki@inaf.it

2029, Ariel will survey a thousand exoplanets, spanning a variety
of properties, to perform a broad study of exoplanetary atmo-
spheres (Tinetti et al. 2018). The ultimate goal of the mission is to
understand the physical processes behind both planetary forma-
tion and atmospheric evolution for the different classes of planets
(Turrini et al. 2022; Tinetti et al. 2022). More specifically, Ariel
will reveal chemical fingerprints of gases and condensates in the
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planetary atmospheres, including their thermal structure and ele-
mental composition, enabling the investigation of all corners of
the exoplanet population, from temperate terrestrial to ultra-hot
Jupiters. Meeting such an objective requires performing a popu-
lation study with a homogeneous approach, to allow for a direct
comparison between all planetary systems that will be observed.
In particular, for correctly interpreting the atmospheric data that
Ariel willretrieve, each host star in the sample must be charac-
terised with high precision in a uniform way (Danielski et al.
2022). A sample of uniform and self-consistent stellar parame-
ters (e.g. stellar atmospheric and orbital parameters, as well as
chemical composition, mass, age, and stellar activity) will estab-
lish a robust reference frame that will enable us to perform com-
parative planetary studies for the thousand planets, and hence to
shed light on their formation and evolution on a global scale.

The precise and accurate characterisation of planet-host
stars (PHS) is therefore crucial for the success of the science
goals of the Ariel mission. In this context, a methodology has
been compiled to analyse the FGK-type stars in Magrini et al.
(2022, hereafter M22). The spectral analysis in M22 is based
on the measurements of equivalent widths (EWs) of iron neu-
tral and ionised lines in spectra obtained in high resolution
and with high signal-to-noise ratio (S/N). The method in M22
uses additional constraints from photometric and astrometric
data obtained from 2MASS (Skrutskie et al. 2006) and Gaia
DR3 (Gaia Collaboration 2023) to determine the surface grav-
ity, which is set fixed to its spectro-photometric value which is
usually defined in the literature as trigonometric surface gravity
(e.g. Mortier et al. 2013; Tsantaki et al. 2013).

This method has been successfully applied to FGK-type tar-
gets that are restricted to low projected rotational velocities (v
sin i). An intrinsic limitation of this method is, indeed, stel-
lar rotation. High rotational velocities cause spectral lines to be
broadened and shallower, and thus blended, which in turn makes
their EWs extremely difficult to be measured. The limiting v sin i
value of this method depends on the spectral type and usually we
can measure reliable EWs for stars with v sin i empirically set up
to 10–15 km s−1 (e.g. Tsantaki et al. 2014). For main sequence
stars, we expect the hotter stars (starting from early F-type) to
rotate faster due to their more extended radiative zones in their
outermost layers compared to their cooler counterparts where
convection dominates (e.g. Barnes 2003).

Spectral synthesis has been proven an excellent alternative
method to derive stellar parameters (namely effective temper-
ature, Teff , surface gravity, log g, and iron metallicity, [Fe/H])
of stars with significant rotation with various methodologies
available in the literature (e.g. Blanco-Cuaresma et al. 2014;
Piskunov & Valenti 2017; Tsantaki et al. 2018; Tabernero et al.
2022). The principle of the spectral synthesis technique relies
on matching a model spectrum synthesised for a set of stel-
lar parameters and for a specific wavelength region with an
observed spectrum. The best-fit parameters are obtained after a
minimisation process.

In the present paper, we focus on describing a specific
methodology based on the spectral synthesis technique to derive
stellar parameters for the fast rotators (up to a Teff∼7300 K and
v sin i∼70 km s−1 in this sample). We used the sample of M22
to verify our spectral synthesis methodology and to guarantee
uniformity with the previous work. We then applied the spec-
tral synthesis technique to fast rotating stars with planets aimed
to be observed by the Ariel space mission and for which we
have high-resolution spectra either from archival data or from
our new observations. Finally, we analysed additional new and
archival data for slow rotating FGK-type stars as a continuation

of the work of M22 with the aim at increasing the number of
stars with planets to be observed by the Ariel mission. Future
works will be devoted to the analysis of stars of different spectral
types, such as M dwarfs (Maldonado et al., in prep.) and very hot
stars with spectral type ≥A (Ramler et al., in prep.). The results
of the present work significantly increase the parameter space
of characterised PHS, in particular including for the first time
early F stars which lay at the more massive end. Finally, with the
results of the present work, the number of stars with planets to
be observed by the Ariel mission with homogeneous parameters
has increased by more than ∼48% in size allowing correlations
between stellar and planetary properties to be better studied.

This paper is organised as follows. In Sect. 2, we present the
sample of high-resolution spectroscopic data used for our anal-
ysis. In Sect. 3, we describe the spectroscopic methods we used
for the analysis, presenting a validation on the homogeneity with
our past work. In Sect. 4, we present the results of the spectro-
scopic analysis and kinematic properties of the new samples. In
Sect. 5, we discuss the relationships between the PHS and the
properties of their planetary companions. We provide a summary
and conclusions of this work in Sect. 6.

2. The data sample

The stars presented in this work are part of the Ariel mission
candidate sample (MCS), as of 2024, which contains exo-
planets suitable for Ariel observations (Edwards et al. 2019;
Edwards & Tinetti 2022). However, the Ariel MCS will con-
tinue to be dynamic as new exoplanets are discovered and the
optimal observing strategy of the mission is defined. The final
target list will contain up to 1000 exoplanets in both single and
multiple systems and will be endorsed by the Ariel Science
Team and reviewed under the ESA Advisory Structure before
launch. The Ariel “Stellar Characterisation” working group is
responsible for characterising all PHS in the Ariel MCS with
the precision and accuracy needed to fulfil the goals of the
mission. To achieve this, we have employed an ongoing ground-
based monitoring campaign in both hemispheres using facilities
with high-resolution spectrographs for more than six years. In
addition, public archives are routinely searched for available
high-resolution and high S/N data.

The first set of data were analysed in M22 while the spectra
analysed in the present work are gathered either from archival
databases or from new observations obtained by our team focus-
ing only on FGK-type stars. We also acquired new observations
for stars whose archival spectra were not available or, if they
were, their quality was not sufficient for spectral characterisa-
tion at the requested precision level. The spectroscopic analysis
of this work and the following ones to cover all PHS of the Ariel
MCS will be included in an incremental way into a much needed
homogeneous and self-coherent catalogue to provide a variety
of stellar parameters (such as atmospheric parameters, elemental
abundances, activity indicators, ages, masses, radii) that are pub-
licly available at the CDS and https://sites.google.com/
inaf.it/arielstellarcatalogue.

2.1. New observations

We include observations from three successful observing runs
at the European Southern Observatory (ESO) facilities with the
Ultraviolet and Visual Echelle Spectrograph (UVES) at the Very
Large Telescope (VLT, Dekker et al. 2000). The spectra were
obtained with a resolving power R≈60 000, covering a spectral
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range that includes the blue (326–454 nm) and the red (476–
684 nm) wavelength regions with a goal of S/N higher than 120
at 600 nm. We obtained new UVES spectra for 24 stars.

The data set is increased with spectra obtained by the High
Accuracy Radial velocity Planet Searcher in the northern hemi-
sphere (HARPS-N) at the Telescopio Nazionale Galileo (TNG,
Cosentino et al. 2012). The largest part of the observations have
already been analysed in M22 while in the present work, we
include new spectra for four stars: KELT-1, TOI-1601, TOI-1333,
and TOI-628. The resolving power of HARPS-N is R≈115 000
and the wavelength region covered is 380–690 nm.

New spectra of four Ariel PHS were also collected using the
high-resolution spectrograph (HRS) mounted on the Southern
African Large Telescope (SALT) situated at the South African
Astronomical Observatory at Sutherland (South Africa). The
HRS covers a wavelength range of 370–890 nm with a resolv-
ing power R≈65 000 (Bramall et al. 2012). The SALT/HRS has
the advantage of including the region of the oxygen triplet at
777.7 nm and in this context two stars (WASP-79 and WASP-
94A) were re-observed from this facility even though their
archival spectra were analysed in M22.

Finally, spectra of two stars (Kepler-1517 and HAT-P-65)
were obtained with the Potsdam Echelle Polarimetric and Spec-
troscopic Instrument (PEPSI) at the 8.4 m Large Binocular Tele-
scope (LBT, Strassmeier et al. 2003). The PEPSI observations
were performed for the fainter northern targets with a resolving
power R≈50 000 and covering the spectral region 383–912 nm.

All spectra were reduced by the standard pipelines available
for each instrument (Ballester et al. 2000; Cosentino et al. 2014;
Crawford et al. 2010; Strassmeier et al. 2018, respectively) and
their multiple exposures were co-added together to increase the
S/N after they were adjusted for radial velocity (RV) shifts. In
total, we have 32 newly collected spectra.

2.2. Archival data

We cross-matched the PHS in the Ariel MCS with the
public spectral archive of various high-resolution spectro-
graphs. We include in our sample 137 additional FGK-type
stars with high enough S/N to satisfy the requirements for
precise parameter and chemical abundance determinations.
Most of the archival spectra have S/N higher than 100 and
come from the ESO and TNG archives, mainly from UVES
and HARPS (N and S) spectrographs. Fewer spectra were
also obtained from VLT/ESPRESSO, 2.2 m of ESO/FEROS,
CFHT/ESPADONS, 1.93 m of OHP/SOPHIE, NOT/FIES,
LBT/PEPSI, and TBL/NARVAL (see M22 for more details). The
final list of stars analysed in this work is presented in Table A.1.

3. Methodology of the spectral analysis

The methodology adopted to provide stellar parameters for the
FGK-type PHS in the Ariel MCS is presented in detail in M22
and briefly summarised in Sect. 3.1. This method has been suc-
cessfully applied to characterise 187 FGK-type stars with low
rotation (v sin i≲ 10–15 km s−1). In the present work, we apply
the same analysis to an additional 108 FGK-type stars which
were added to increase the number of stars homogeneously char-
acterised in the Ariel MCS. However, as we mentioned before,
due to line blending, the EW analysis cannot be applied to stars
with high rotation or very broad lines, which affects mostly hot
stars. For this reason, we were not able to measure correctly
the EWs for 61 stars and used the spectral synthesis technique
instead which is summarised in Sect. 3.2.

Since homogeneity for stellar parameters of the PHS in the
Ariel MCS is a key aspect, we focus on ensuring that both meth-
ods are on the same scale. In order to guarantee homogeneity
of our results obtained with the two different methods, we re-
analysed the sample of M22 with the spectral synthesis technique
proving that parameters derived with the two methods are con-
sistent. In this Section, we summarise both methodologies and
provide a comparison of their results to validate the agreement
between the two methods.

3.1. The EW analysis of M22

The spectral analysis in M22 is based on the measurements of
EWs of iron neutral and ionised lines. In the spectral analy-
sis with EWs, ionisation balance and excitation equilibrium are
imposed on the iron abundances to obtain Teff and log g. The
microturbulent velocity (ξ) is instead obtained from the non-
dependence of the iron abundance A(Fe I)1 to the reduced EWs
(defined as the EW divided by the wavelength of the line). The
final iron metallicity is obtained from the average abundances
of the neutral iron lines. However, the method in M22 also uses
additional constraints from 2MASS photometry and Gaia DR3
(Gaia Collaboration 2023) photometric and astrometric data to
determine the surface gravity. The adopted method is thus iter-
ative, starting from parameters that are initially obtained from
purely spectral analysis. Using this first set of parameters, the
stellar mass is determined by isochrone fitting and subsequently
the surface gravity is derived (see Sect. 3.2). By fixing the
log g to its trigonometric value, the spectral analysis is repeated,
obtaining a new set of stellar parameters and masses. The pro-
cedure is repeated for two runs. The selection of trigonometric
gravity over the spectroscopic was justified and discussed in
Brucalassi et al. (2022) by presenting several methods of spectral
analysis and comparing among them.

The adopted line list was developed for the Gaia-ESO survey
(GES, Gilmore et al. 2022; Randich et al. 2022) and presented in
Heiter et al. (2021). The radiative transfer code used for the anal-
ysis was MOOG2 (Sneden 1973) which is automatised with the
wrapper FAMA (Magrini et al. 2013) to compute stellar parame-
ters and chemical abundances. The MARCS model atmospheres
(Gustafsson et al. 2008) are used in both the spherical (giant
stars) and plane-parallel (dwarf stars) geometries. Although the
M22 method is fast and precise for FGK-type stars, it begins
to fail when stellar rotation renders EWs useless, such as for v
sin i≳ 15 km s−1. We note that the sample of M22 contains some
cases with v sin i≳ 15 km s−1. We re-analysed them in Sect. 4 to
inspect any discrepancies.

3.2. Spectral synthesis with fixed surface gravity

Our goal is to follow as close as possible to the methodol-
ogy described above, using the spectral synthesis technique
instead of the EW method. For the spectral analysis, we used
the FASMA3 software (Tsantaki et al. 2018, 2020), which is
based on MOOG (version 2019) and is the same radiative trans-
fer code as in M22. FASMA creates synthetic spectra on-the-fly
to deliver the best-fit parameters after a non-linear least-squares
fit (Levenberg-Marquardt algorithm). The line list adopted in
this work is based on the one compiled in Tsantaki et al. (2018)
which is mostly comprised of iron lines but we used the atomic

1 A(Fe I)=12+log N(Fe I)
N(H) , where N(Fe I) and N(H) are the number of

atoms for the Fe I and H respectively.
2 https://www.as.utexas.edu/~chris/moog.html
3 https://github.com/MariaTsantaki/FASMA-synthesis
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line data, namely the oscillator strengths, for the lines in com-
mon from the line list of the Gaia-ESO survey (Heiter et al.
2021) which was also used in M22. For the rest of the lines, we
kept the atomic data of the original line list which were either
from the VALD database (Ryabchikova et al. 2015) or calibrated
from observed spectra (see Tsantaki et al. (2018) for details).
The damping parameters are based on the ABO theory (Barklem
et al. 2000) when available, or in any other case, we used the
Unsold approximation (Unsold 1955). We used the standard solar
abundances from Asplund et al. (2009) internally adopted by
MOOG, except for iron, for which we adopted A(Fe) = 7.45 dex
as in M22. The uncertainties on the stellar parameters are derived
from the covariance matrix constructed by the non-linear least-
squares fit. The methodology to compute the stellar parameters
is a three-step process closely following M22.

We summarise the steps of our iterative method below in the
three runs:
R.0 A spectral analysis is deployed to derive the first set of

stellar parameters (Teff ,0, log g0, [Fe/H]0, v sin i0) of our
sample stars. We also obtain the small scale (ξ) and large
scale (macroturbulence, vmac) velocities in the stellar atmo-
spheres respectively, after a refinement in the minimisation
process to follow empirical correlations (for ξ we used the
relation of Tsantaki et al. (2013) and for vmac Doyle et al.
(2014) for the cooler stars or Valenti & Fischer (2005)
for the hotter stars). The obtained ξ and vmac are thus not
derived but calculated via relations as a function of Teff and
log g. In particular, fixing the macroturbulence according to
the empirical relations helps us to disentangle vmac from
v sin i as they have similar convolution profiles especially
for slowly rotating stars.

R.1 In this step, we obtain log gfrom spectroscopic, astrometric,
and photometric data as in M22. The trigonometric gravity
(log gtrig) is based on the following expression:

log
gtrig

g⊙
= log

M⋆/M⊙
(R⋆/R⊙)2

= log
M⋆
M⊙
+ 4 log

Teff ⋆

Teff⊙
− log

L⋆
L⊙
. (1)

We derived the stellar mass (M⋆) and radius (R⋆) using
Gaia DR3 parallaxes and photometry (including Johnson
B and V synthetic band), 2MASS photometry, and the
first set of spectroscopic parameters from R.0 (Teff ,0 and
[Fe/H]0) through the isochrone fitting from the PARAM
tool4 (Rodrigues et al. 2017, Bossini et al. in prep.) and
including the stellar models from Moedas et al. (2022). We
repeated the spectral analysis with the log gtrig fixed, and
obtained a new set of stellar parameters (Teff ,1, log gtrig,
[Fe/H]1, v sin i1, ξ1, vmac1).

R.2 Once the stellar parameters are obtained, we perform
another iteration to re-compute the trigonometric gravity
with the updated Teff ,1 and [Fe/H]1 values, which lead to
new estimates of stellar masses and radii. We repeated
the spectral analysis, keeping the new log g (log gtrig,final)
fixed and obtain the final set of stellar parameters (Teff ,final,
log gtrig,final, [Fe/H]final, v sin ifinal, ξfinal, vmac,final).

The convergence speed of the code depends on the proximity of
the star’s parameters to the initial input values at the start of the
optimisation process. For this dataset, the initial values are set
to solar. On average, each star requires approximately four min-
utes per run to converge. The differences in the stellar parameters
4 http://stev.oapd.inaf.it/cgi-bin/param

Fig. 1. Comparisons of the parameters derived with spectral synthesis
in the different runs. The panels show the differences between Run 0,
Run 1, and Run 2 for Teff (upper panel), log g (central panel) and
[Fe/H] (lower panel). The median differences and the MAD of the last
runs are indicated in orange and the black lines represent the zero differ-
ence. The orange points show the average error bars of the differences
in the y-axes.

between the three different runs are illustrated in Fig. 1 described
by their median and Median Absolute Deviation (MAD). The
MAD of the differences between the final two runs (Run 1 –
Run 2) is lower than the average errors for all parameters in the
three panels, and thus, we consider that it is sufficient to stop at
the second run. Surface gravity is usually underestimated in the
pure spectroscopic analysis and in particular for the K-type stars
in this sample (blue points in the middle panel of Fig. 1). This
affects the determinations of Teff but does not have a big impact
on [Fe/H]. The difficulty to determine log g from purely spectro-
scopic methods in particular for cool stars, is demonstrated for
both methods based on the EW and spectral synthesis in previ-
ous studies (Torres et al. 2012; Tsantaki et al. 2019). However,
the approach adopted in this work appears to effectively resolve
this issue.

In Fig. A.1, we show some example cases of six stars, which
were analysed with the spectral synthesis technique having a
variety of rotational velocities. This plot showcases visually how
spectral lines become blended, shallower and close to the con-
tinuum as the v sin i increases. The measurement of the EW
becomes more difficult and the spectral synthesis is necessary
for the analysis of this type of stars.

3.3. Consistency between the two spectroscopic methods

In this Section, we present our consistency checks between the
two analysis methods described above. We re-computed the
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Fig. 2. Results of our parameters from spectral synthesis in comparison
with those of M22. The panels show the differences (this work–M22) in
Teff (upper panel), log gtrig (central panel) and [Fe/H] (lower panel) as
a function of the respectively parameters derived in M22. The orange
points in all panels indicate stars with differences higher than 3σ. The
shaded areas correspond to the 1σ of the differences from the median.
The dashed lines show the median differences for each parameter while
the solid lines are zero.

stellar parameters of the 187 stars in M22 using the methodol-
ogy described in Sect. 3.2. The comparison between our final
results and those of M22 is shown in Fig. 2. In the three pan-
els of Fig. 2, we present the differences (∆) between Teff , log g,
and [Fe/H], respectively derived in the present work and those in
M22, as a function of the M22 parameters. The median differ-
ence in Teff is 41 K while its MAD is 73 K. There are four stars
that show higher than 3σ differences in Teff (HAT-P-14, HAT-P-
41, HD 209458, and WASP-94A) which are mostly located at the
hotter end of the Teff distribution (Teff>6000 K) and correspond
to the orange points in Fig. 2. In particular, HAT-P-41 shows high
v sin i to be analysed with the EW method (22.1 km s−1) and for
WASP-94A we used a higher quality SALT spectrum in terms
of S/N. The agreement of the log g is excellent, with a median
of 0.00 dex, and MAD=0.03 dex. We recall that in both meth-
ods the surface gravity is fixed using astrometry, photometry and
the results of the spectroscopic analysis. Finally, the comparison
between the two determinations in [Fe/H] shows a good agree-
ment, with a median of –0.04 dex and MAD=0.05 dex. Only two
stars show large discrepancies, above 3σ, in metallicity (HAT-
P-14 and HAT-P-20) with the former being quite hot and the
latter appears 0.34 dex more metallic in our analysis. For this
star, the average [Fe/H] obtained from a compilation of high-
resolution studies in the literature (Soubiran et al. 2022, and
references therein) 0.21 dex which is in-between the value of the

spectral synthesis and M22 and slightly closer to the M22 value
(0.10 dex).

In Fig. A.2, we investigate possible trends that may affect our
parameters with spectral synthesis as a function of Teff , log g, and
[Fe/H]. There is an overestimation in Teff for the 10 most metal-
poor stars in our sample (<–0.25 dex). The metal-poor stars show
an offset of 145 K and it is not easy to examine which of the two
methods performs better at this parameter space. On the other
hand, the metal-poor stars of our sample have excellent agree-
ment in surface gravity and in metallicity (0.05 dex 0.01 dex,
respectively). We do not notice other significant dependencies
for the rest of the parameters.

3.4. Comparison with external samples

We use open clusters as an external reference sample to val-
idate our spectral synthesis method, particularly for stars that
lie outside the parameter space of M22, such as hotter, fast-
rotating stars. Open clusters have, as a first approach, chemical
homogeneity and thus their metallicities can be well defined.
Additionally, their ages can be constrained via isochrone fitting,
allowing us to assess how well our results correspond to the
respective isochrones. We select 22 main-sequence stars in 10
open clusters from the Gaia-ESO survey (Randich et al. 2022,
hereafter GES), observed with UVES (R∼47 000) in the spec-
tral range 480–680 nm. We used the membership probability
(P) based on the RV from the GES (Jackson et al. 2022), along
with parallaxes and proper motions from Gaia DR3, ensuring
that only stars with P>0.9 were included. The selected stars have
rotational velocities have higher than 10 km s−1, allowing for a
comparison with our stars located outside the limits of M22.

For this purpose, we analysed the GES spectra with the same
methodology as in Sect. 3.2, following our iterative approach
to obtain the trigonometric log g. We obtain stellar evolution-
ary isochrones from the PAdova and TRieste Stellar Evolution
Code (PARSEC version 2.1; Bressan et al. 2012) using the clus-
ters’ metallicities and ages from the GES (Jackson et al. 2022;
Randich et al. 2022). The results of our analysis are shown
in the Kiel diagram in Fig. 3 where we present our stellar
parameters and the GES results for the 22 cluster members.
The stars fall very close to the isochrones of the clusters, high-
lighting the agreement with the theoretical predictions. Apart
from the star in NGC2244, our stellar parameters are closer
to the isochrones compared to the GES parameters. Overall,
the median difference in Teff is –16 K (MAD=82 K) and for
log g is –0.07 dex (MAD=0.12 dex). Furthermore, we compare
our metallicity determinations with the iron metallicities of each
cluster provided by GES in Randich et al. (2022). We find a very
good agreement with a difference of –0.04 dex (MAD=0.07 dex).

3.5. The effect of different instrument resolution

A key objective of this work is to ensure homogeneity of the
stellar parameters across the Ariel MCS. In the previous sec-
tions, we have shown the agreement of the two spectral analysis
methods and the validation with open clusters. However, apart
from the methods themselves, other factors could introduce
inhomogeneities in the data, such as the use of different spec-
trographs. Ideally, the use of the same instrument with the same
configuration should be adopted to maintain uniformity in the
spectroscopic analysis. In practise, this is not feasible as our tar-
gets are spread in different hemispheres and to minimize the
effects of resolution, we focus only on high-resolution spectro-
graphs in the optical. Most of the spectra (∼60%) in the Ariel
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Fig. 3. Kiel diagrams for a sample of stars in clusters observed by the GES. The parameters derived from our methodology are colour coded
to v sin i and the GES parameters are represented by red open circles. The gray lines are the PARSEC isochrones calculated with the ages and
metallicities derived by the GES (Jackson et al. 2022; Randich et al. 2022).

MCS so far come from HARPS-like spectrographs with resolu-
tion ∼115 000 while the lowest resolution in our sample comes
from FEROS (R∼48 000) for 12% of our PHS.

To investigate any discrepancies in our parameters coming
from different instrument resolutions, we convolve the HARPS
spectra of the M22 sample for 102 stars to the resolution of
FEROS and re-derive the stellar parameters with spectral syn-
thesis technique (Run 0 from Sect. 3.2). The comparison of
the stellar parameters from the HARPS spectra with the con-
volved spectra (both results from Run 0), in Fig. A.3, shows
excellent agreement: ∆Teff=–7 K (MAD=11 K), ∆log g=0.01 dex
(MAD=0.01 dex), and ∆[Fe/H]=0.01 dex (MAD=0.02 dex). We
can deduce that the effect of using different high-resolution spec-
trographs is quite small for the derivation of stellar parameters
(see also Blanco-Cuaresma et al. 2014; Sousa et al. 2021).

4. Results of the spectroscopic analysis

We present the results of our spectral analysis which consists of
the new sample to be incremented to the sample of M22. We
select stars among: (i) the spectra considered in M22 but which
could not be analysed with the EW method (including some cool
slow rotators), (ii) archival spectra for stars in the Ariel MCS;
(iii) new observations (see Sect. 2). The new sample of this work
consists of 169 FGK-type stars of which 108 are slow rotating
FGK-type stars which are analysed with the EW method and
61 stars are analysed with spectral synthesis, most of the latter
are F-type stars and two of them are pre-main sequence stars
(see Sect. 4.4). The consistency checks on our spectral analysis
methods shown in the previous Section ensure that there are no

significant trends or offsets between the two analysis methods.
We can therefore consider the results of both methods quite con-
sistent with each other. This is crucial for the preparation for the
Ariel mission, which aims to obtain homogeneous parameters
for a wide range of stellar parameters. The Ariel MCS includes
spectral types beyond the range where our methodologies for
FGK-type stars are applicable. To address this, the Ariel “Stel-
lar Characterisation” working group includes teams dedicated to
the analysis of the M-type and A-type stars to be described in
future works (Maldonado et al., in prep.; Ramler et al. in prep.;
Danielski et al., in prep.). Although the analysis methods differ
for these stars, we plan to use comparison samples with overlap-
ping stars at the cooler (late K) and hotter (early F) temperature
ranges to ensure consistency.

4.1. Stellar parameters

In the Kiel diagram of Fig. 4, we show the log g vs Teffof
the new samples of slow and fast rotating stars analysed in the
present work and together with the sample of M22, the final
sample amounts to 353 stars which represents all stars in the
Ariel MCS analysed homogeneously so far. For the stars with
newly obtained spectra from our observing campaigns, we pro-
vide for the first time stellar parameters in high resolution in
this work. The overall sample comprehensively maps the main
sequence up to Teff∼7300 K, with the exception of the M-type
and A-type stars for which we will devote dedicated analyses in
future works. In particular, the new sample of fast rotators maps
the region of the highest temperatures, and hence highest stellar
masses, allowing us to extend our study of correlations between
the properties of host stars and their planetary systems. We have
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Fig. 4. Kiel diagram of our stellar sample. The stars analysed with the
spectral synthesis are plotted in orange. The fast rotators of our sample
are plotted with open orange symbols and the sample of M22 is plotted
in green. The two grids represent the PARSEC isochrones with ages
from 0.1 to 14 Ga, with steps of 0.05 Ga, at solar metallicity (Z = 0.013,
in purple) and at super-solar metallicity (Z = 0.06, in red).

some stars at the main sequence turn off, thus presenting the
advantage of a better determination of their age (Bossini et al., in
prep.). There is an excellent overlap for most stars in our sample
with the grid of stellar evolutionary isochrones taken from PAR-
SEC at solar and super-solar metallicity which is representative
of the average metallicity of our sample.

In Fig. 5, we present the histograms of the distributions of
the stellar parameters (M⋆, Teff , log g, and [Fe/H]) for our sam-
ples, together with those of the M22 sample. As already noted in
Fig. 4, the new sample includes more massive stars, reaching up
to about 1.8 M⊙. In contrast, the sample of FGK-type stars of this
work has a peak in mass around 0.9 M⊙, slightly lower than the
peak of the M22 sample around 1.1 M⊙. Extending the sample to
higher stellar masses is important because finding planets around
these stars via RV surveys is quite difficult. Hotter stars due to
their rapid rotation, greatly limit the radial velocity precision and
inhibit the detection of orbiting planets (e.g. Galland et al. 2005).
The characterisation of these systems will help us understand
the observed correlations between stellar mass and planet occur-
rence and/or planet properties at the high mass end. The range
in temperature of the two samples extends from about 4500 K
up to 7000 K, while log gspans from about 2.89 dex to 4.67 dex,
since some sub-giant stars are included in the new version of the
Ariel MCS. Finally, the new sample of FGK-type stars allows us
to increase the number of stars at the low metallicity tail and the
metallicity ranges between −0.55 <[Fe/H]< +0.49 dex.

4.2. Projected rotational velocity

We calculated the v sin i for the whole Ariel stellar sample
(including M22), from the fitting of synthetic lines of specific
spectral regions convolved to a rotation profile to the observed
spectra as described in Gray (2008) and the results are in
Table B.1. The vmac is set fixed from the empirical relations of
Sect. 3.2. In Fig. 6, we show the relation between v sin i and
the stellar mass, colour-coded by the effective temperature. As
expected, the lower the mass, the lower the rotational velocity. In
fact, the thicker radiative zone in the atmospheres of the hotter F-
type stars, the higher the rotation compared to the cooler K-type

dwarfs. On top of the relationship between mass and rotational
velocity, stellar rotation has emerged as a promising indicator of
age where at a given mass, an older star rotates more slowly than
a younger one (e.g. Lanzafame & Spada 2015). This can explain
the presence of some low-mass stars with high projected rotation
velocity, which are young (e.g. V1298 Tau and HIP 67522).

We note that the low limit for the v sin i determinations with
FASMA is set to zero which is a non-physical value and is related
to the degeneracy between vmac and v sin i for slow rotators. In
this case, an overestimation of vmac could lead to an underestima-
tion of v sin i. Moreover, the resolution of the instrument plays a
role in the precise determination of such very low velocities.

4.3. Kinematic properties

The Ariel targets in our sample are located in the solar neigh-
bourhood, as shown in Fig. 75 in which our samples are projected
on (left panel) and in front (right panel) the Galactic plane. From
Fig. 7, we can discern that Ariel targets are mainly located near
the Local spiral arm, and that they are at low altitudes on the
Galactic plane.

Stars belonging to the solar neighbourhood can be further
grouped in distinct stellar populations, characterised by differ-
ent kinematic and chemical properties: the thin and thick discs
and halo. In this work, we use kinematic criteria to classify
the stars of our samples in the above populations. In fact, the
velocity components in Galactic coordinates (U, V, W) and
the orbital parameters allow the stars to be separated into the
main Galactic constituents. We computed the velocity compo-
nents and the orbital parameters with the GALPY package (Bovy
2015)6, using as input the Gaia DR3 data (positions, parallaxes,
radial velocities, and proper motions). We assumed, as in M22,
the model MWPOTENTIAL2014 for the gravitational potential
of the Milky Way. The local standard of rest (LSR) velocity was
set to VLSR=220 km s−1 (Bovy et al. 2012), and we assumed (U,
V, W)⊙ = (11.1, 12.24, 7.25) km s−1 for the velocity of the Sun
relative to the LSR (Schönrich et al. 2010).

In Fig. 8, we show the distribution of our targets in
the Toomre diagram, separating them at a first approxi-
mation between thin and thick disc stars using the same
kinematic criteria as in M22. Most of our sample stars
belong to the thin disc (|Vtot|7 < 50 km s−1), a small sam-
ple is in the transition region between thin and thick disc
(50 km s−1 < |Vtot| < 70 km s−1) and there are few stars part
of the thick disc (70 km s−1 < |Vtot| < 200 km s−1). There are
no stars that belong to the halo (|Vtot|> 200 km s−1). The orbital
properties of our sample are presented in Table C.1.

4.4. Special cases

In our sample, we have two low-mass, pre-main sequence stars
(HIP 67522 and V1298Tau). These are very young systems with
high rotational velocities. The host star HIP 67522 is an early
G-type member of the Sco-Cen association. V1298 Tau, on the
other hand, is a young K-type star belonging to the Group 29
stellar association (David et al. 2019). Both stars do not show
emission in their spectra even though their strong surface mag-
netic fields can affect their line profiles and therefore, their stellar

5 The images were generated by the python package, mw-plot: https:
//milkyway-plot.readthedocs.io/en/stable/index.html
6 https://www.galpy.org/
7 The total velocity is defined as: Vtot=(U2+V2+W2)1/2.
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Fig. 5. Histograms of the distributions of the stellar parameters (Mass, Teff , log g, [Fe/H]) for the FGK-type derived in this work (orange) and our
previous work in M22 (green). The distributions of fast rotators of the present sample are shown with orange oblique stripes.

Fig. 6. Stellar mass as a function of v sin i in logarithmic scales. The
stellar sample presented in this work is represented with squares while
circles indicate the M22 sample. The symbols are colour-coded by the
effective temperature.

parameters. Our spectral analysis is consistent with literature val-
ues, indicating that the spectral lines we used are not greatly

affected by these phenomena (Finociety et al. 2023; Turrini et al.
2023).

The fastest rotators in our sample are KELT-7 and KOI-
12, both exhibiting rotational velocities of 70.5 km s−1. The
robustness of FASMA’s spectral analysis has been tested for
v sin i values around 50 km s−1. After a visual inspection
on the fits of the synthetic spectra with the observations,
we confirm the validity of the parameters. Furthermore,
we compare our parameters (KELT-7: Teff=6685±90 K,
log g=4.20±0.02 dex, [Fe/H]=0.13±0.05 dex and KOI-12:
Teff=6800±135 K, log g=4.23±0.04 dex, [Fe/H]=–0.10±0.07)
with literature values obtained from high-resolution analyses.
Specifically, we find good agreement within uncertainties
when comparing our parameters with those from Bieryla et al.
(2015) for KELT-7 (Teff=6789+50

−49 K, log g=4.149±0.019 dex,
[Fe/H]=0.139+0.075

−0.018 dex) and from Bourrier et al. (2015) for
KOI-12 (Teff=6820±120 K, log g=4.25±0.15 dex, [Fe/H]=
0.09±0.015 dex). Given this consistency, we include these stars
in our analysis.

We could not provide mass determination for HAT-P-13
because the convergence of the mass was not achieved from
the isochrone fitting and thus, we present only the spectroscopic
parameters for this star in Table A.1. Moreover, we provide
an update on two stars on the parameters of M22 which were
re-observed with SALT providing higher quality spectra (WASP-
94A and WASP-79). Finally, from the comparison of the spectral
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Fig. 7. Galactic positions (left panel: face on and right panel: edge on) of the Ariel MCS analysed in this work for the two sub-samples: this work
(orange points) and M22 (green points). The face on background image of the Galaxy is taken from NASA/JPL-Caltech (R. Hurt SSC/Caltech)
and the face off from ESA/Gaia/DPAC.

Fig. 8. Separation of our sample in the Galactic disc based on their
kinematics. Stars within the blue circle belong to the thin disc, stars
within the red annulus are transitioning between thin and thick, and stars
within the purple belong to the thick disc. Symbols are colour-coded as
described in Fig. 7.

synthesis results with the parameters of M22, HAT-P-14 appears
as an outlier in both Teffand [Fe/H]. As discussed in Sect. 3,
the literature values are in better agreement with the parameters
from spectral synthesis which indicate that the values in M22
were inaccurate. We update also the parameters for HAT-P-14 in
Table A.1 as well.

5. Relationships between stellar and planetary
properties

The Ariel MCS so far contains fully homogeneous stellar param-
eters for 353 stars combining this work and M228. After a cross

8 As mentioned in Sect. 4.4, we obtained new spectra for two stars
which were already analysed in M22 and updated the parameters for
one star in M22.

match with the NASA Exoplanet Archive9, we find 446 planets
orbiting our hosts. Currently, 368 of these planets are in the Ariel
MCS. In this Section, we study the connection between stellar
and planetary properties, more specifically the impact of stellar
mass and stellar [Fe/H] on planetary mass (MP), radius (RP),
orbital properties, and planet multiplicity for planetary systems.
While multiplicity was retrieved from the NASA Exoplanet
Archive, the planetary radius and mass were retrieved from the
Ariel MCS. We refer to Edwards et al. (2019); Edwards & Tinetti
(2022) for more details on how the list was compiled from the
NASA exoplanet catalogue. Finally, we note that the planetary
properties used here, being a collection from the literature, are
not determined in a uniform way. The parameter space of the
planetary properties is shown in Fig. D.1.

5.1. The effect of stellar metallicity on exoplanet populations

From the first discoveries of exoplanets, the positive correla-
tion of giant planet frequency with stellar iron metallicity has
been established (see review by Adibekyan 2019). To investi-
gate the effect of stellar metallicity on planet populations, we
divide our sample into stars that host high- and low-mass plan-
ets as in M22. We note that there is no unambiguously accepted
low-mass limit to distinguish high-mass planets from low-mass
ones. Different values are proposed in the literature and usually
range between 0.09–0.3 MJ (e.g. Howard et al. 2012; Hatzes &
Rauer 2015). In the present work, we use the value 0.2 MJ to
separate the two groups, which represents well the planet-mass
gap (Ida & Lin 2004) in the left panel of Fig. 11 (see next
Section) and, moreover, it is close to the average of the liter-
ature values. In Fig. 9, we show the distribution of the stellar
metallicity of the hosts for the two sub-samples. In case of mul-
tiple systems, we consider only the most massive planet. The
average metallicities of the two different groups are very differ-
ent: –0.06±0.03 dex for the stars hosting only low-mass planets
and 0.10± 0.01 dex for the hosts with at least one high-mass
planet. The two-sample Kolmogorov–Smirnov (KS) test shows
that there is a tiny probability that the two sub-samples have

9 https://exoplanetarchive.ipac.caltech.edu
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Fig. 9. Metallicity distributions of PHS with low-mass (blue) and
high-mass planets (orange). The vertical lines represent their median
metallicity values.

the same underlying metallicity distribution (KS statistic = 0.283
with p-value = 3.5×10−4). This result comes as a confirmation to
the extensive observational and theoretical works in the litera-
ture to support that giant planets orbit more metallic stars than
lower mass planets. The average metallicity value in the solar
neighbourhood for FGK-type single dwarfs is –0.115± 0.003 dex
(e.g. Osborn & Bayliss 2020), which is in agreement with the
metallicity of our hosts with exclusively low-mass planets. This
suggests that they do not exhibit a strong preference for iron
metallicity, at least for systems in the solar vicinity.

The stars in the solar neighbourhood are part of the Galactic
disc which is separated into two main components: the thin and
thick discs, characterised by stellar populations with different
ages and chemical composition, reflecting different star forma-
tion histories (e.g. Bensby et al. 2005; Adibekyan et al. 2012c).
In principle, the varying formation conditions of host stars in
different populations may have also contributed to differences in
their planetary systems. In Sect. 4.3, we showed the distribution
of our sample across the two discs, with a large prevalence of
stars in the thin disc, and a lower number of stars in the thick
disc. The mean metallicity of the thin disc stars in our sample is
0.09± 0.01 dex and of the 29 thick disc stars is –0.02± 0.05 dex.
This reflects the Galactic chemical evolution with the PHS in
the thick disc being less metallic than the hosts in the thin disc.
However, both values are significantly different from the aver-
age values of field stars as reported in Adibekyan et al. (2012c)
with –0.06 dex and –0.60 dex, respectively. This difference likely
reflects the tendency for stars with higher metallicities to host
planets, while stars with low metallicities show a lack of planets.
Observationally, only a few planets have been confirmed orbiting
stars with [Fe/H]< –0.60 dex in the literature.

Given that the two components of the disc have distinct
metallicities – with the thick disc being more iron-poor and α-
enhanced – we expect their planets to also reflect these chemical
differences in their properties. In Fig. 10, we investigate the dif-
ferences of planetary systems in terms of their masses in the thin
and thick discs, even though our sample is statistically incom-
plete. Lower-mass planets in our sample are found orbiting thick
disc stars which are more iron-poor while high-mass planets
are more abundant in the younger more metal-rich thin disc.
We performed a two-sample KS test based on the cumulative

Fig. 10. Upper panel: distribution of planetary masses separated into the
three stellar populations: thin, thick disc and thin/thick transitioning.
Bottom panel: cumulative distribution function of the three planetary
mass populations. The dashed grey line shows the limit of 0.2 MJ to
separate between high and low mass planets.

distributions of Fig. 10 which suggests significantly different
planet mass distributions for the thin and thick disc samples
with KS statistics of 0.311 and p-value = 2.0×10−3. While the
thin disc and the thin/thick disc transition region in our sample
are dominated by high-mass planets (74% and 75%, respec-
tively), the thick disc low-mass planets comprise less than half
of them (47%). Our results show that in our sample more mas-
sive planets are formed predominantly around stars with solar or
super-solar [Fe/H] and are mainly located in the thin disc. Gen-
erally, thin-disc stars are younger than thick-disc stars, and due
to the relationship between age and metallicity (e.g. Sahlholdt
et al. 2022), those richest in metals should also be the youngest.
Therefore, there could also be a relationship between the pres-
ence of giant planets and stellar age: they might be likely found
orbiting younger stars (e.g. Swastik et al. 2022).

Recent works have used simulations of planet formation in
the thin and thick disc confirming variations on planet popu-
lations in different regions of the Galactic disc (Nielsen et al.
2023; Boettner et al. 2024). In particular, giant planets are most
common around thin disc stars since these stars have an overall
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Fig. 11. Left panel: planet radius as a function of stellar mass. The orange points indicate planets in multiple systems and the blue points are single
planet systems. The dashed lines separates the smaller planets at 0.6 RJfrom giant planets. Right panel: planetary mass (in logarithmic scale) as
function of stellar mass. The dashed grey lines separates the low-mass planets at 0.2 MJ from giant planets. The black lines represent the linear fits
with their Pearson Correlation Coefficients between planetary mass and radius with stellar mass for giant planets (solid black line) and low-mass
planets (dashed black line).

higher budget of solid particles. Giant planets are very rare (less
than 1%) around thick disc stars. Low-mass planets, on the other
hand, are expected to be found in all parts of the Galaxy because
their formation depends less on stellar metallicity. In addition,
the same studies show that the average age of the planet pop-
ulation around Sun-like stars in the thin disc is older than the
thick disc and correlates with planetary mass with higher planet
masses being younger which agrees with our findings. However,
based on observations alone, it is challenging to disentangle the
effects of different star formation histories from biases intro-
duced by detection methods when examining the relationship
between planetary and stellar properties. Moreover, in order to
define occurrence rates in the Galactic disc, there is a need for
volume-limited samples which is not our case. Nevertheless, the
preference of low-mass planets in the thick disc is a consequence
of the iron metallicity correlation with the planet presence and is
also evident in this work.

Observational works have shown that there are differences
in the rate of planet formation between thin and thick disc stars
(e.g. Haywood 2009; Adibekyan et al. 2012b; Bashi & Zucker
2022). For instance, Bashi & Zucker (2022) found that thick-disc
stars have a lower occurrence rate of close-in super-Earths com-
pared to metal-rich thin-disc stars, suggesting that the masses of
planets could be different between the different stellar popula-
tions based on the HARPS GTO planet search programme. But
in a low-iron regime, small-sized planets are mostly enhanced
by α metals and belong to the Galactic thick disc Adibekyan
et al. (2012a). Recently, Biazzo et al. (2022) also confirmed that
stars hosting low-mass planets tend to belong to a thicker disc
using a smaller but well-characterised sample under the GAPS
programme at the TNG. The above works used both chemical
and kinematic data to separate the Galactic components. A sep-
aration based also on chemistry (namely based on their [α/Fe]
abundances) is more reliable, because chemistry is a more sta-
ble stellar property throughout the life of a star than the spatial
positions and kinematics. Along with the CNO determinations
already presented in da Silva et al. (2024), in our future work,
we will provide abundances for other α-elements as well for the
Ariel MCS (Delgado-Mena, in prep.) and a more reliable picture
on the planet distributions in the Galactic disc. However, even

with kinematics alone, we have shown here that Galactic chem-
ical evolution, along with stellar properties such as mass and
metallicity, can play a significant role in shaping the resulting
planetary population.

5.2. Relationship between stellar mass and planetary mass
and radius

In Fig. 11, we show in the left panel the relationship between
the planetary radius and the stellar mass, while in the right
panel the relationship between the planetary mass (in logarith-
mic scale) and the stellar mass. In the figure, we highlight the
single-planet systems and the ones having more than one planet.
In both panels, the horizontal dashed grey lines separate the mas-
sive and larger planets from the low-mass and smaller ones with
0.6 RJ and 0.2 MJ set as limiting values, respectively. We investi-
gate the correlations between the stellar mass and the properties
of the planet with linear fits. We used their Pearson correlation
coefficients (PCC) as a diagnostic for the significance of the rela-
tionships. To compute the linear fits, we do not separate planets
in those belonging to single or multiple systems.

The correlation is stronger between the RP and stel-
lar mass for the larger-sized planets (PCC=0.52 with p-
value=3.7×10−22) than for the smaller-sized ones (PCC=0.35
with p-value=1.5×10−4). Lozovsky et al. (2021) suggested that
this correlation, at least for the smaller-sized planets might be the
result of different planetary composition and/or structure of the
planets surrounding different stellar types. Indeed, the authors
found a clear trend where planets around more massive stars have
higher H-He mass fractions which impact the planetary radii.
Their sample was comprised of GK-type stars but we also con-
firmed this correlation exceeding to FGK-types both in M22 and
in this work with the extended sample. We note, however, that
we do not have small-sized planets for M⋆>1.3 M⊙ hence, this
correlation applies until late F types.

The masses of low-mass planets show moderate correla-
tion with stellar mass while for high-mass planets it is weaker
(PCC=0.42 and PCC=0.25, respectively with their p-values
equal to 2.8×10−6 and 1.7×10−5). The correlation of RP with
stellar mass seems to be more evident for both large and small
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Fig. 12. Left panel: planet mass distribution of the Ariel MCS analysed in this work divided into planets belonging in single (blue) and multiple
(orange) systems. The vertical horizontal line separates the high and low-mass planets at the limit value of 0.2 MJ . Right panel: stellar mass
distribution of the Ariel MCS analysed in this work divided into planets belonging in single (blue) and multiple (orange) systems.

sized planets and while MP is moderate only for low-mass
planets and weak for high-mass planets. Theoretical works of
synthetic planet populations around low-mass stars (0.1–1.0 M⊙)
confirm that planetary masses increase with the host stellar
masses (Burn et al. 2021). However, the planetary mass does not
linearly scale with the stellar mass despite the linear scaling of
the gas and solid disc mass but possibly scales as a power law
(Alibert et al. 2011) which could be the reason for the low PCC
for MP.

Another interesting aspect in Fig. 11 is the absence of low-
mass and small planets around stars with masses higher than
1.3–1.5 M⊙. This could also be partially attributed to an observa-
tional bias, as it is more challenging to detect small-sized planets
around hotter and brighter stars. Their transits are shallower,
making them harder to identify around hotter stars than around
cooler ones. Also, the RV detection method has its limitations
on the discovery of low-mass planets on the more massive stars
because of their fast rotation. In fact, according to planet pop-
ulation synthesis models, the occurrence rates in Super-Earth,
Neptunian, and giant planets increase with increasing stellar
mass (e.g. Boettner et al. 2024).

5.3. Relationship between stellar mass and planet multiplicity

Figure 11 also provides information on the relationship with
the multiplicity of the planetary system and the mass of the
host star. In terms of multiplicity, we find 151 exoplanets, 119
of which have planetary mass determinations, belonging to a
total of 55 different multiple-planet systems. The majority of
multi-planet systems in our sample are populated by low-mass
planets, comprising 76% (42/55 systems). Systems with at least
one high-mass planet amount to 42% (23/55 systems) in the sam-
ple (see left panel of Fig. 12), while the remaining 58% (32/55)
consist solely of low-mass planets. In contrast, 89% of single
systems (263/295) host a high-mass planet which is also close-in
(semi major axis of the orbit <1 au). Most low-mass planets in
our sample belong to multiple systems orbiting lower-mass stars
(see right panel of Fig. 12). Since most of the low-mass plan-
ets orbit low-mass stars and low-mass planets are usually located
in multiple systems, we can deduce that in our sample planet
multiplicity decreases with increasing stellar mass or spectral
type (see also Yang et al. 2020). The tendency for close-in giant

planets to be less common around low-mass stars (Johnson et al.
2010; Mulders et al. 2015) and the tendency for small planets
to be more common around cooler stars (Howard et al. 2012)
have been investigated in surveys dedicated to planet detection
with both the transit and RV methods and could explain the
bi-modality of the histograms in the left panel of Fig. 12.

Detection biases in both RV and transit surveys generally
make it more challenging to detect lower-mass and smaller plan-
ets. As a result, a number of single-planet systems is expected
to be misclassified because of undetected companions. The pop-
ulation of single systems in our sample is composed mostly of
close-in giants. Theoretical works on planetary population syn-
thesis models show that the expected multiplicity for massive
close-in planets is 1 (one planet per system, Emsenhuber et al.
2021). On the other hand, Zhu (2022) developed a method to
recover the intrinsic multiplicity distribution of planets from
observational surveys and also found the average intrinsic mul-
tiplicity (the average number of planets per planetary system)
of such planets to be almost consistent with unity (1.08 ± 0.07).
Other observational studies confirm as well that planet multiplic-
ity tends to decrease for systems that host more massive planets
(Latham et al. 2011). Hot Jupiters in particular rarely have nearby
companions (Steffen et al. 2012), though about half are accom-
panied by more distant, high-mass planets (Knutson et al. 2014).
The above works indicate that the number of undetected smaller
planets in this sample comprised of close-in giants should be
small. However, a comprehensive understanding of planet mul-
tiplicity requires comparing single and multiple systems while
accounting for stellar parameters (e.g. Teff , [Fe/H], and M⋆) and
the probability of planet detection.

This demography characterising our sample is probably
related to different evolutionary paths of the systems hosting
only low-mass planets and the systems enclosing giant planets
too. The history of planetary systems is, indeed, shaped by their
“primordial evolution”, which accounts for the dynamical inter-
actions when young planets are still embedded in their native
circumstellar disc, and their “secular evolution”, which refers to
the phases of the system after the disc has dissipated. During
their formation and primordial evolution, planets undergo orbital
migration due to disc-planet interactions, which in multi-planet
systems can lead to their convergent migration and resonant
capture on stable or temporary stable configurations (see the
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reviews by Winn & Fabrycky 2015; Zhu & Dong 2021 and
references therein). After the disc dispersal, the secular evo-
lution of multi-planet systems is governed by the gravitational
interactions among the planets. In those systems where the
initial architectures are unstable such interactions can trigger
phases of dynamical instability and planet-planet scattering (e.g.
Chambers 2001; Laskar & Petit 2017). These instabilities
appear to be frequent among the known multi-planet systems
(Laskar & Petit 2017; Gajdoš & Vaňko 2023) and are believed to
be the cause of the observed paucity of resonant systems among
exoplanets (Winn & Fabrycky 2015; Zhu & Dong 2021).

In multi-planet systems hosting giant planets these dynami-
cal processes will lead to more destructive outcomes which will
more often result in the loss of planetary bodies and dimin-
ished multiplicities (Zinzi & Turrini 2017; Turrini et al. 2020;
Burn et al. 2021; Schlecker et al. 2021). Specifically, migrating
giant planets destabilise or accrete all smaller planetary bod-
ies they encounter in their pathway (e.g. Shibata et al. 2020;
Turrini et al. 2022), leaving dynamically excited planetesimal
discs where collisions are responsible for transforming planetes-
imals back to dust (Bernabò et al. 2022; Turrini et al. 2023).
Systems hosting giant planets that do not undergo such destruc-
tive processes will still be characterised by stronger gravitational
perturbations than their lower mass counterparts. These mas-
sive systems will have higher chances of experiencing dynamical
instabilities, removal of planets across their secular evolution
(Burn et al. 2021; Schlecker et al. 2021), and/or the scattering
of planets on high inclined orbits causing them to not transit to
our eye (Laskar & Petit 2017).

As a result, planetary systems hosting giant planets are more
likely to become or appear as single-planet systems over the
course of their life, in agreement with what shown by our sample
(Fig. 11 and left panel of Fig. 12). Conversely, systems hosting
only lower-mass planets will be characterised by less violent and
destructive formation and evolution histories, leading more often
to higher observable multiplicities. So, going back to the results
shown in Figs. 11 and 12, we can conclude that the relationship
between the mass of the star and the mass/radius of the planet
favours giant planets around massive stars, as discussed above.
In such cases, the dynamical evolution of the planetary system
favours the formation of a single planet system, as shown by the
data and expected by the models of planet interactions (see, e.g.
Winn & Fabrycky 2015). For low-mass stars, in whose planetary
systems a single giant does not dominate, multiplicity is instead
generally maintained.

5.4. The role of metallicity on planetary radius as a function
of stellar mass

As in M22, we investigate the role of metallicity in the rela-
tionship between planetary radius and stellar mass by extending
the sample to larger stellar masses. We perform our anal-
ysis on the single-planet systems hosting only giant planets
(MP ≥ 0.2 MJ and RP ≥ 0.6 RJ) which show the strongest correla-
tion in the left panel of Fig. 11. Following the same prescription
as in M22, we divide the sample into three metallicity bins
that represent sub-solar (N=17), solar (N=111), and super-solar
values (N=132) to include the effect of stellar metallicity. In
Fig. D.2, we plot RP as a function of stellar mass for a total of
260 stars/systems with a single known giant planet. We observe
a similar trend between RP and M⋆ and [Fe/H] as reported in
M22 (their Fig. 13), indicating that, at a given M⋆, giant planets
around low-metallicity stars are more inflated than those orbit-
ing around higher metallicity stars. However, statistical analysis

Fig. 13. Planet radius of giant planets in the sample as a function of
stellar mass derived in this work divided into two metallicity bins. The
planets in metal-rich hosts ([Fe/H]≥ 0.0 dex) are shown in blue and the
metal poor ([Fe/H]<0.0 dex) in green. The linear fits to the two datasets
are colour-coded in the same way.

using F-tests (based on the comparison of residual variances)
does not reveal significant differences between all three linear
fits, implying that these trends should only be interpreted quali-
tatively. Nevertheless, when dividing the metallicity range into
two equally sized bins ([Fe/H]≥ 0.0 dex and [Fe/H]< 0.0 dex)
shown in Fig. 13 we find statistically significant differences (p-
value = 0.01), confirming the relation between RP, M⋆, and
[Fe/H], where at a given M⋆, giant planets around low metal-
licity stars are more inflated than those orbiting around higher
metallicity stars. We show that the correlation is still valid for
our expanded sample of stars and for stars more massive than
1.5 M⊙ as well, which was the upper mass limit in M22. With this
work, 11 additional stars with masses greater than 1.5 M⊙ have
been added to our sample, increasing their total to 14 stars. With
our new analysis, we can extend its validity to higher masses
up to about 1.8 M⊙ while we could not find an equivalent clear
relationship for MP (see Fig. D.4). A possible explanation given
in M22 is that, after removing the effect of stellar mass, the
giant planets around more metallic stars are able to accrete larger
amounts of heavy elements as they form to be denser and, there-
fore, with smaller radii. Similar results were also obtained from
Biazzo et al. (2022) where the authors analysed uniformly a sam-
ple of transiting PHS and studied, among others, the relations
between planetary mass, radius, density, and [Fe/H].

We also study the subset of systems with a stable evolu-
tion which is described by the eccentricity (e) of the planetary
orbit that is with e < 0.1, that plausibly preserved the signatures
of the primordial architecture (see next Section). For this sub-
set of 232 planets with low eccentricity (e < 0.1) the slopes of
the regression lines quantitatively change, yet the global relation
remains qualitatively unaltered and the data spread is reduced
(see Fig. D.3). From these particular relationships we see that
secular evolution of planetary systems can alter the system
architectures, but such alteration does not erase the primordial
correlations with the host star properties. At zero order, even
when we ignore the evolution of the system, correlations are still
visible. It must be stressed, though, that for a robust quantita-
tive study one needs to use homogeneous planetary parameters
where the values are accurately estimated. In conclusion, these
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Fig. 14. Planetary mass versus semi-major axis and the eccentricity of the planetary orbit. The left panel includes the single planet systems while
the right the multi-planetary systems. The colour of the points in both panels corresponds to the planetary eccentricity as defined in the legends.
In the right panel, the colour of the edges of the points represents the planets within the same system and the points with no different colour at the
edges corresponds to planets which are the only companions in their system that made it into the Ariel MSC. The dashed line marks the adopted
mass limit to define a giant planet (see text for more details).

results indicate that some relationships between planetary and
stellar properties can be studied even in the presence of altered
evolved architecture. Other relationships, for instance the study
of planetary occurrence rates and multiplicities, require either to
use systems with the unaltered architectures, or systems which
had minimal dynamical alterations.

5.5. Setting the ab initio planetary architecture with planetary
eccentricity

The dynamical evolution of the planetary systems can be inves-
tigated by studying the eccentricities of planets that impact the
original architectures of the planetary systems. In Fig. 14, we
show our planetary sample divided into single-planetary and
multi-planetary systems in the parameter space of planetary
mass versus semi-major axis. Marked eccentricities (e.g. e >
0.1) are the signpost of violent dynamical events such as insta-
bilities or planet-planet scattering involving planetary bodies of
comparable masses (e.g. Chambers 2001; Zinzi & Turrini 2017;
Laskar & Petit 2017; Turrini et al. 2020). In the single-planetary
sample 11% of planets have e > 0.1, and among these 82% are
giant planets. On the other hand, in the multi-planetary ones,
28% of planets have e > 0.1, of which 53% are giants. The fact
that the majority of planets on eccentric orbits in single-planet
systems are giant planets suggests that their systems originally
hosted additional giant planets. This is supported by the fact that
all giant planets on eccentric orbits in our sample that belong to
multi-planet systems have other giant planets as planetary com-
panions. Conversely, giant planets in multi-planet systems where
the other bodies are low-mass planets are all on circular orbits
(e = 0).

Multi-planet systems containing low-mass planets on eccen-
tric orbits can host both low-mass and giant planets as planetary
companions. This suggests that single-planet systems hosting
low-mass planets on eccentric orbits either contain undiscovered
planets, or originally possessed additional low-mass planets (as
the surviving planet could not have caused the loss of a more
massive one). This discussion highlights how the multiplicity
and architecture of their observed systems can differ from

the original native set-up. Consequently, the dynamical evolu-
tion needs to be taken into account when examining possible
correlations with the host star properties as in Sect. 5.4.

6. Summary and conclusions

In this work, we present a methodology to determine atmo-
spheric parameters for fast rotating, mostly F-type stars which
are part of the target list of the Ariel space mission. This method
is based on the spectral synthesis technique and to ensure con-
sistency with our previous work which uses the EW method, we
re-analysed a sample of FGK-type stars from M22 by follow-
ing as closely as possible the same prescriptions, such as model
atmospheres, radiative transfer code and atomic line data. More-
over, we kept the surface gravity fixed to trigonometric values.
The comparison of the two methods shows excellent agreement
in all stellar parameters. We then analysed a sample of 36 rotat-
ing stars and additional 25 ones which did not converge with the
EW method, using the spectral synthesis technique. Finally, we
added 108 FGK stars analysed with the EWs method of M22
as a continuation of our first catalogue. With the present work,
we almost doubled the sample of PHS with homogeneous stellar
atmospheric parameters and stellar masses that will be observed
by the Ariel satellite.

We added the 169 stars of this work to the 187 stars from M22
and analysed the global properties of the full sample, including
the distribution of the stellar parameters, their kinematics and
orbits. We identified a larger population belonging to the thin
disc, and a few stars likely belonging to the thick disc. We also
explore the star-planet relationship and find the following:

– Our sample reflects the findings that high-mass planets orbit
more metal-rich stars which belong to the thin disc. The
lower-mass planets can be found also in more metal-poor
environments and are more likely to be hosted around thick
disc stars;

– There is a moderate correlation between planetary mass and
stellar mass and a stronger one between planetary radius and
stellar mass in particular for the high-mass planets;
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– Low-mass planets which are more often found around low-
mass stars also belong in multiple planetary systems;

– We confirm the correlation between the stellar mass and the
radius of the planet, with larger planets orbiting around more
massive stars and larger planets around more metal-poor
stars at a given stellar mass, found in M22 and expanding
here to higher stellar masses;

– Multiplicity and architecture of planetary systems as inferred
from their eccentricities can differ from the original native
set-up and the dynamical evolution needs to be taken into
account when examining possible correlations with the prop-
erties of PHS.

The Galactic environment, although often overlooked, plays a
very important role in shaping the planetary system. Our study
shows the importance of a homogeneous analysis in revealing
the subtle relationships between stellar and planetary properties.
We show that both stellar mass and metallicity affect the forma-
tion of high and low-mass planets. We provided observational
data to investigate the impact of the chemical evolution of the
Milky Way on the current planet populations. Future observa-
tions and detection of planets in very different environments,
such as open and globular clusters, or even dwarf galaxies in the
local group (Magrini et al. 2023), may expand our knowledge of
the processes of formation and evolution of planetary systems,
correlating them with stellar and galactic properties.

Data availability

The stellar parameters derived in this work (Table A.1),
the projected rotational velocities (Table B.1), and the
orbital properties of our sample (Table C.1) are avail-
able in electronic form 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/697/A102.
Additionally, the data is part of the Ariel Stellar Catalogue
https://sites.google.com/inaf.it/arielstellarcata
logue which also includes other properties of the host stars,
such as their chemistry, level of activity, and age.
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Appendix A: Stellar parameters

In the Table A.1 available at CDS, we provide the stellar sample
presented by their coordinates (right ascension and declina-
tion), name, effective temperature (Teff), surface gravity (log g),
metallicity ([Fe/H]), microturbulent velocity (ξ), macroturbulent
velocity (vmac), projected rotational velocity (v sin i), stellar mass
(M⋆) with their uncertainties. We provide a flag for the micro-
turbulent velocity: 0 indicates that ξ is derived from spectral
analysis, and 1 that it is assumed from the relation between ξ and
Teff , log g, and [Fe/H]. The last column, Spectra, shows where
the spectra were taken.

Fig. A.1: Six different spectra of stars analysed with the spectra syn-
thesis technique for a segment of the wavelength region. The v sin i is
indicated in the plot. The horizontal dashed lines represent the iron lines
in this region.

Fig. A.2: Results of the spectral synthesis analysis in comparison with
those of M22. The panels show the differences (this work–M22) in Teff ,
log g, and [Fe/H] respectively, as a function of the parameters derived
in M22.
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Fig. A.3: Comparison of stellar parameters between a sample of the
HARPS spectra with spectra convolved to the resolution of 48 000 from
a purely spectroscopic analysis (Run 0). The panels show the differences
(HARPS–Convolved) in Teff (upper panel), log gtrig (central panel) and
[Fe/H] (lower panel) as a function of the respectively parameters. The
shaded areas correspond to the 1σ of the differences from the median.
The dashed lines show the median differences for each parameter while
the solid lines are zero.

Appendix B: Projected rotational velocities for the
Ariel planet hosts

In the Table B.1 (available at the CDS), we provide the projected
rotational velocity (v sin i) and their uncertainties for the stars in
this work and M22.

Appendix C: Orbital properties

In the online Table C.1, we provide U, V, W velocities, galacto-
centric distance, and orbital eccentricity.

Appendix D: Planetary properties

Fig. D.1: Masses and radii of planets orbiting the 353 stars in the Ariel
MCS taken from Edwards et al. (2019); Edwards & Tinetti (2022) which
are based on the NASA exoplanet catalogue. The different mass cate-
gories for the planets are indicated with the dashed grey lines and are
taken from Emsenhuber et al. (2021).

Fig. D.2: Planet radius of giant planets in the sample as a function of
stellar mass derived in this work using the metallicity bins of M22. The
super-solar metallicities ([Fe/H]≥ 0.1 dex) are shown in blue, the solar
metallicities (–0.2< [Fe/H]< 0.1 dex) in red, and the sub-solar metallic-
ities ([Fe/H]≤–0.2 dex) in green. The linear fits to the three datasets are
colour-coded in the same way.

Fig. D.3: Planetary radius as a function of homogeneous stellar mass
for the single-planet systems hosting a giant same as in Fig. 13 but only
for systems with eccentricity e < 0.1. The planets in metal-rich hosts
([Fe/H]≥ 0.0 dex) are shown in blue and the metal poor ([Fe/H]< 0.0
dex) in green. The linear fits to the two datasets are colour-coded in the
same way.

Fig. D.4: Planetary mass as a function of homogeneous stellar mass
for the single-planet systems hosting a giant. The planets in metal-rich
hosts ([Fe/H]≥ 0.0 dex) are shown in blue and the metal poor ([Fe/H]<
0.0 dex) in green. The linear fits to the two datasets are colour-coded in
the same way.
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