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ABSTRACT

Context. In 2020 the European Space Agency selected Ariel as the next mission to join the space fleet of observatories to study
planets outside our Solar System. Ariel will be devoted to the characterisation of 1000 planetary atmospheres in order to understand
what exoplanets are made of, how they form, and how they evolve. To achieve the last two goals all planets need to be studied within
the context of their own host stars, which in turn must be analysed with the same technique, in a uniform way.
Aims. We present the spectro-photometric method we developed to infer the atmospheric parameters of the known host stars in the
Tier 1 of the Ariel Reference Sample.
Methods. Our method is based on an iterative approach that combines spectral analysis, the determination of the surface gravity from
Gaia data, and the determination of stellar masses from isochrone fitting. We validated our approach with the analysis of a control
sample, composed of members of three open clusters with well-known ages and metallicities.
Results. We measured effective temperature Teff , surface gravity log g, and the metallicity [Fe/H] of 187 F-G-K stars within the Ariel
Reference Sample. We presented the general properties of the sample, including their kinematics, which allows us to classify them into
thin- and thick-disc populations.
Conclusions. A homogeneous determination of the parameters of the host stars is fundamental in the study of the stars themselves
and their planetary systems. Our analysis systematically improves agreement with theoretical models and decreases uncertainties in the
mass estimate (from 0.21 ± 0.30 to 0.10 ± 0.02 M�), providing useful data for the Ariel consortium and the astronomical community
at large.

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

1. Introduction

In 2029 the ESA Ariel space mission (Tinetti et al. 2018) will join
the James Webb Space Telescope in L2 with the goal of shed-
ding light on the formation and evolution of exoplanets through
the observation of a large sample of atmospheres. To maximise
? Tables A.1 and A.2 are only available at the CDS via anonymous ftp

to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/663/A161

the mission’s scientific return, the Ariel Consortium has devel-
oped a three-tiered observing approach that builds from a large
population study (Tier 1) to the increasingly more detailed char-
acterisation of selected high-interest objects (Tier 3) by taking
full advantage of the mission’s unique characteristics (Tinetti
et al. 2021).

Tier 1, known as the Reconnaissance Survey, corresponds to
the complete list of ∼1000 exoplanets that Ariel will observe
in the range 0.5–7.8 µm by means of photometry in the
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visible bands and low-resolution spectroscopy beyond 1.1 µm.
The atmospheric characterisation of the complete sample will
allow us to know the fraction of planets that are covered by
clouds and the fraction of small planets that still retain H/He
(Turrini et al. 2018; Tinetti et al. 2018; Edwards et al. 2019).
Furthermore, it will enable us to constrain and/or remove degen-
eracies in the interpretation of the mass-radius diagram, and to
classify the planetary population by building colour-colour and
colour-magnitude diagrams. Even so, the observational method-
ology of Ariel is based on differential spectroscopy that mea-
sures planetary signals of 10–50 ppm relative to the star, which
entails the scientific importance of precisely characterising all
the host stars’ properties beforehand. It is likewise essential to
establish a robust and bias-free stellar reference frame on which
to build our knowledge of exo-atmospheres and planetary forma-
tion processes (Turrini et al. 2022). This translates into using the
same uniform methodology for the analysis of all Tier 1 stars
and into making sure that the full set of parameters for each star
is self-consistent (Danielski et al. 2022). Generally, the inconsis-
tency of stellar parameters found in the literature has not been a
fertile ground for robust statistical studies, which instead proved
successful when homogeneous parameters were adopted (e.g.
Hartman 2010; Adibekyan et al. 2015, 2021a; Biazzo et al. 2022).

To make a meaningful selection of the definitive Tier 1
targets, to bolster the possibility of finding hidden trends and
correlations between stellar and planetary properties when data
will flow in, and hence to optimise the science return of the mis-
sion, the Stellar Characterisation Working Group of the Ariel
Consortium has committed to homogeneously characterising all
stellar hosts included in the Ariel Reference Sample, namely the
list of potential targets to be observed by Ariel after its launch
(Zingales et al. 2018). The Reference Sample employed for this
study is presented in Edwards et al. (2019) and it includes a total
of 487 known planet hosts, plus a list of foreseen targets built up
through the Ariel radiometric model with predicted Transiting
Exoplanet Survey Satellite (TESS, Ricker et al. 2014) discover-
ies, for a total of ∼1000 potential targets with spectral types F, G,
K, and M (typically brighter than K = 11 mag). The planets in the
sample span different sizes from Jupiter- to Earth-like planets,
equilibrium temperatures from 500 to 2500 K, and bulk densities
from 0.10 to 10.0 g cm−3. Alongside the ongoing new planetary
discoveries, the Reference Sample can be reviewed to include
more optimal targets for Ariel science in order to fill Tier 1 of
the ∼1000 targets. A very recent update of the Reference Sample
is presented in Edwards & Tinetti (2022) with the addition of a
number of already confirmed TESS planets.

In this paper we expand on the study by Brucalassi et al.
(2022; hereafter B21), and present the conclusive description
and validation of our new iterative spectro-photometric method
that we will be using to determine the effective temperature
Teff , surface gravity log g, and metallicity [Fe/H] of 187 F-
G-K stars in the Ariel Reference Sample. Our work relies
on both newly obtained and publicly available high-resolution,
high signal-to-noise ratio (S/N) data that we obtained through
an ongoing ground-based monitoring campaign in both hemi-
spheres. Our results will be included in an incremental way,
along with new spectroscopic data gathered over the years, into
a much needed homogeneous and self-coherent catalogue span-
ning many host-star parameters (i.e. atmospheric parameters,
elemental abundances, activity indicators, ages, masses, radii)
that will be made publicly available1.

1 The catalogue is currently available under request at scwgariel@
gmail.com

The paper is structured as follows. We present in Sect. 2
the sample of high-resolution spectroscopic data used for our
analysis. We describe in Sect. 3 the method we developed, and
in Sect. 4 the details on the stellar mass determination. In Sect. 5
we apply the method to three stellar clusters as validation. We
present our results in Sect. 6, which we go on to discuss in Sect. 7
in terms of their relation with the features of their planetary
companions. We conclude in Sect. 8.

2. The samples

In the present paper we focus on Ariel F-G-K stars on the main
sequence. Future works will be devoted to analysing other sets of
stars, for example those with temperatures higher than F spectral-
type and fast rotators (Paper II) and M dwarfs (Paper III).

In what follows, we discuss two samples of stars whose spec-
tra are present in the public telescope archives, and three samples
with new observations that we obtained in the past two years
with the Very Large Telescope (VLT), the Telescopio Nazionale
Galileo (TNG), and the Large Binocular Telescope (LBT). For
the targets observable from the southern hemisphere, we used
the spectrograph Ultraviolet and Visual Echelle Spectrograph
(UVES) at VLT (Dekker et al. 2000) for its combination of large
mirror aperture and high spectral resolution. For the northern tar-
gets we used the High Accuracy Radial velocity Planet Searcher
in the norther hemisphere (HARPS-N) at TNG (Cosentino et al.
2012) for the brightest targets (V < 12.5), complementing it
with the Potsdam Echelle Polarimetric and Spectroscopic Instru-
ment (PEPSI) at LBT (Strassmeier et al. 2003) for the fainter
targets.

2.1. The archival sample of Brucalassi et al. (2022)

The sample presented in B21 was produced by cross-matching
the Ariel Reference Sample with the spectra available in the 2020
version of the Stars With ExoplanETs Catalogue (SWEET-Cat)2,
and by selecting all targets in common with parameter sources
called flag = 1, which are the stars analysed homogeneously
(see Santos et al. 2013; Sousa et al. 2021). The aim of B21
was to re-determine the stellar parameters of the Ariel–SWEET-
Cat cross-matched sub-sample using two different methods, Fast
Automatic MOOG Analysis (FAMA; Magrini et al. 2013), based
on the equivalent width, and Fast Analysis of Spectra Made
Automatically (FASMA; Tsantaki et al. 2018), based on spec-
tral synthesis, and to compare them with the original results
of SWEET-Cat. The comparison of the three different meth-
ods identified some regions in the parameter space where the
spectral analysis produced less reliable results, especially for the
determination of surface gravity. These regions are the upper
and lower main sequence. In B21, who suggested the use of
spectro-photometric gravity to improve the determination of stel-
lar parameters, a first test was proposed comparing the stellar
parameters (Teff from the spectral analysis and the surface grav-
ity obtained from Gaia DR2 photometry and parallaxes) with a
set of PARSEC isochrones (Bressan et al. 2012). This first test
already showed a considerable improvement over the parameters
derived spectroscopically only, which suggested the method we
describe in detail in the present paper.

We include in the present work the sample of 126 stars pre-
sented in B21. These are F-G-K stars with magnitudes in the
range 5 < V(mag) < 16 and with high-resolution spectra with
S/N between ∼50 and ∼800. Details of the archival spectra for

2 http://sweetcat.iastro.pt/
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this sample can be found in B21. Here we reanalyse them in a
consistent way together with the other samples.

2.2. The HARPS archival sample

This sample was produced by cross-matching the Ariel Ref-
erence Sample with the spectra available in the HARPS-ESO
Archive. The spectra have a very high spectral resolution
(R = 115 000) and they cover a wide wavelength range (380.0–
690.0 nm). The initial sample was composed of 52 stars. After
combining all the individual exposures for a given star, in some
cases the S/N was not good enough to derive parameters and
in other cases the spectral type was not within the range we
consider here. The sample of stars for which we do not deliver
parameters includes some late K or M-dwarf stars (GJ 1132,
GJ 3470, GJ 9827, Wolf-503), some hot or rotating stars (HATS-
24, HATS-41, HATS-64, HATS-65, WASP-80, HD 106315,
WASP-121, NGTS-2), some suspected red giant stars (K2-3, K2-
39, K2-132, K2-266, KELT-11), and a solar-type star (K2-287).
For two other stars the spectroscopic metallicity was out of the
isochrone grid, and thus their mass and the final parameters
could not be derived (HATS-603 and HD 89345). We present
parameters here for a final sample of 33 stars. Three of them
are in common with new observations, although these spectra
have a lower S/N. We kept these three stars for a consistency
check.

2.3. The UVES sample

We had two successful proposals (105.20P2.001 and
106.21QS.001, both with Principal Investigator (PI) C. Daniel-
ski) submitted to UVES at VLT; despite the pandemic delaying
the observations, we were able to collect data for 23 stars.
We used UVES with the following set-up: Image Slicer 1
(R = 60 000), central wavelength in the blue 390 nm, and in
the red 580 nm. Our goal was to reach S/N > 120 at 600 nm,
combining different exposures in order to minimise the effect of
cosmic rays.

The spectra were reduced with the standard UVES pipeline
and then combined in order to have two spectra (one for each full
wavelength range) per target. For some of the Period 106 (P106,
1 October 2020–31 March 2021) spectra the standard reduction
was unsatisfactory due to a combination of low signal and a pos-
sible overcorrection of the sky that resulted in the presence of a
large number of spikes. We reduced these spectra again optimis-
ing the options of the pipeline, and we were then able to recover
them. We present the parameters for a sample of 20 stars. Three
stars were excluded from the present work since two of them
are late-K or M dwarfs (K2-21 and HATS-22) and one is a hot
rotating star (HATS-41).

2.4. The TNG sample

The high resolution (R = 115 000) of HARPS-N is well suited
for our study. However, the smaller collecting area compared to
the VLT (3.6 m vs. 8 m) limited us to the brightest stars in our
sample. We successfully completed two proposals with HARPS-
N (AOT41_TAC25 – PI: S. Benatti, and AOT42_TAC20 – PI
M. Rainer), and we collected data for nine stars. As we did for
the UVES data, we split the observations into shorter exposures
to reduce the impact of the cosmic rays. The spectra were fully

3 For HATS-60 we provide stellar parameters from newly acquired
UVES spectra.

reduced by the HARPS-N DRS (Cosentino et al. 2014), and then
we combined them in order to obtain a single high-S/N spectrum
for each star. Here we present stellar parameters for seven stars,
excluding the two fast rotating stars (HAT-P-57 and KELT-1).

2.5. The LBT sample

For the fainter northern targets we submitted a proposal to PEPSI
at LBT4 (2021_2022_25 – PI M;. Rainer), selecting the lowest
resolution mode (300 µm fiber, R = 50 000). For each star we
cycled on the cross-dispersers set-up combination CD1+CD4,
CD2+CD5, CD3+CD6 in order to cover the whole available
wavelength range (393–914 nm).

The observations are still ongoing, but we have already col-
lected spectra for six stars. The spectra were reduced with the
SDS4PEPSI package (Strassmeier et al. 2018) by the PEPSI
team. This resulted in a single, combined full-wavelength range
spectrum for each star. Here we present stellar parameters for
four stars, excluding a fast rotating star (Kepler-1517) and a late
K dwarf (K2-77).

3. The method

Starting about two decades ago, the importance of a homoge-
neous determination of the parameters of planetary host stars
began to be recognised (see e.g. Fischer & Valenti 2005).
However, spectroscopic analysis can lead to some degeneracy
between temperature and gravity, especially when the results are
compared with the expected parameters from theoretical stellar
models. Several attempts have been made to use external con-
straints (e.g. Valenti et al. 2009; Torres et al. 2012; Mortier et al.
2013) or to improve the linelist by including a large number of
Fe II lines (e.g. Brewer et al. 2015) to better constrain the sur-
face gravity. The advent of the Gaia mission (Gaia Collaboration
2018), which has provided distances and luminosities of billions
of stars, allowed us to provide further constraints on the deter-
mination of the surface gravity than has occurred in the past.
In this framework we developed an iterative spectro-photometric
method to determine the stellar parameters; it is based on the
use of high-S/N and high-resolution spectra together with photo-
metric and astrometric data from Gaia and from ground-based
surveys, such as 2MASS (Skrutskie et al. 2006). Our spec-
tral analysis is based on the use of absorption line equivalent
widths (EWs). We normalised the spectra with a global poly-
nomial fit and measured the EWs with DAOSPEC (Stetson &
Pancino 2008) through the wrapper DOOP (Cantat-Gaudin et al.
2014). We used the line list developed for the Gaia-ESO survey
(Gilmore et al. 2012; Randich et al. 2013) and presented in Heiter
et al. (2021). We adopted the radiative transfer code MOOG
(Sneden 1973), automatised with the wrapper FAMA (Magrini
et al. 2013), to compute stellar parameters. We used a wide grid
of MARCS model atmospheres (Gustafsson et al. 2008) in both
the spherical (for log g < 3.5) and plane-parallel (log g ≥ 3.5)
configurations.

To obtain the stellar parameters (effective temperature Teff ,
surface gravity log g, metallicity [Fe/H], and microturbulent
velocity ξ), we derived the iron abundances from the absorp-
tion lines of Fe I and Fe II lines: A(Fe I) and A(Fe II)5. We used
the iron abundances to establish the excitation equilibrium, from
which we can infer the effective temperature Teff ; the ionisation

4 https://pepsi.aip.de
5 A(X)=12+log10(N(X)/N(H)), where N(X)/N(H) is the abundance by
number with respect to H of the element X.
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Fig. 1. Kiel diagram of the whole sample. On the left the results from Run 0, in the central panel from Run 1, and on the right the final set of
results, with Teff from spectral analysis and log g from the photometry, as described in Sect. 3. In the three panels we show two grids of PARSEC
isochrones (Bressan et al. 2012), with ages from 0.1 to 14 Gyr, with steps of 0.05 Gyr, at solar metallicity (in grey, Z = 0.013), and at super-solar
metallicity (Z = 0.06, in purple).

balance to derive the surface gravity log g; and the equilibrium
between A(Fe I) and the reduced equivalent width log(EW/λ) to
derive the microturbulent velocity ξ (see e.g. Mucciarelli 2011).
The stellar parameters obtained in this way are thus the initial
values of our process.

To derive our final set of stellar parameters, we followed the
steps (Runs), from Run 0 (R.0) to Run 2 (R.2):

R.0. We started with a pure spectral analysis, deriving the
first set of stellar parameters (Teff0, log g0, [Fe/H]0, ξ0) of our
sample stars from the excitation equilibrium, ionisation balance,
and minimisation of the slope between A(Fe I) and log(EW/λ).

R.1. Using Gaia EDR3 and 2MASS, we derived the bolo-
metric absolute magnitudes, Mbol, of our stars. With the inferred
first set of stellar parameters (Teff0, log g0, [Fe/H]0, ξ0), we
derived, through isochrone fitting, their mass M. From Mbol, M,
and Teff we estimated the photometric gravity log gphot as

log gphot = log(M/M�) + 0.4 · Mbol + 4 · log(Teff) − 12.505, (1)

where M/M� is the stellar mass (in solar mass units) computed
with the stellar parameters from the previous run, Mbol is the
bolometric magnitude (see Sect. 4 for calculation of the bolomet-
ric magnitude and of the stellar mass), Teff is the spectroscopic
temperature, and 12.505 is a normalisation factor to the solar
surface gravity. We repeated the spectral analysis, keeping the
log g fixed to the log gphot value, and obtained a new set of stellar
parameters (Teff1, log gphot1, [Fe/H]1, ξ1). For some stars (29),
the microturbulence thus obtained reaches its lowest minimum
allowed in our minimisation procedure (i.e. 0.1 km s−1). For this
sub-sample we repeated the spectral analysis fixing both the sur-
face gravity and the microturbulence at its theoretical value, as
from the relation obtained for the Gaia-ESO survey for dwarf
stars that we extrapolated in a few cases beyond the limits of Teff

in which it was derived6.
6 For dwarf stars (Teff ≥ 5200 K and log g ≥ 3.5): ξ = 1.10 +
6.04 × 10−4 (Teff–5787) + 1.45 × 10−7 (Teff–5787)2–3.33 10−1 (log g-
4.14) + 9.77 × 10−2(log g − 4.14)2 + 6.94 × 10−2 ([Fe/H]+0.33) + 3.12 ×
10−2 ([Fe/H]+0.33)2.

R.2. With the stellar parameters (Teff1, log gphot1, [Fe/H]1,
ξ1) of Run 1, we recomputed the photometric gravity. We
repeated the spectral analysis, keeping the log g fixed to log gphot,
obtaining the final set of stellar parameters (Tefffinal, log gphotfinal,
[Fe/H]final, ξfinal).

The catalogue with the results of the analysis is presented
in Table A.1 in which [Fe/H] is normalized with the solar value
A(FeI) = 7.45. In Fig. 1, we show the results of Run 0, Run 1,
and the final Run in the Kiel diagram for the newly observed
targets and for the archival spectra. From the figure it is immedi-
ately apparent that the quality of spectro-photometric parameters
has greatly improved. The scatter is reduced and the agreement
improves between the two grids of isochrones used for com-
parison (with ages from 0.1 to 14 Gyr in steps of 0.05 Gyr, at
solar metallicity and at super-solar metallicity). This is particu-
larly true in the area of the diagram with the lowest temperature,
where the results of spectral analysis alone failed to reproduce
the high gravity of the coolest stars. For cooler stars, however,
we have a sample of stars for which the gravities are lower than
those expected from the PARSEC isochrones.

In Fig. 2, we show the difference between the spectroscopic
and spectro-photometric gravities (∆ log g) as a function of the
three stellar parameters. As anticipated, the differences and scat-
ter increase for the cooler and hotter stars in the sample, while
the trends as a function of log g is less noticeable. There is
also a slight trend of increasing ∆ log g with metallicity: grav-
ities obtained from spectroscopy are slightly overestimated at
high metallicity and underestimated at low [Fe/H] with respect
to the spectro-photometric ones. Similar results were obtained
by Mortier et al. (2013). They considered a sample of F-G-K
stars and computed their surface gravities with several meth-
ods independent of spectroscopy, namely photometric transit
light curves, asteroseismology, and empirical correction. They
observed increasing differences between spectroscopic gravity
and those derived with other method with temperature. They
attributed this difference to the adopted line list, which was cal-
ibrated with solar-like stars, and which might have affected the
determination of the stellar parameters of stars hotter than the
Sun (see e.g. Sousa et al. 2011). Their sample is limited to stars
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Fig. 2. ∆(log g) between spectroscopic and spectro-photometric gravi-
ties as a function of Teff , log g, and [Fe/H] in the samples analysed in
the present work. The shaded areas indicate the average difference and
its standard deviation (−0.08 ± 0.16).

hotter than about 5000 K, thus they did not observe the opposite
effect seen in the coolest K stars. For cooler stars, analysed in
our sample, the presence of several absorption molecular bands
might affect our ability to use [Fe II] lines to constrain the surface
gravity.

The mean ∆(log g) is close to zero, ∆(log g) = −0.08 ± 0.16,
but the scatter is 0.16, indicating that there are cases in which the
spectroscopic gravity is clearly underestimated (cool stars and/or
metal-poor stars) and others in which it is overestimated (warm
and/or metal-rich stars).

4. Determination of stellar masses

Knowledge of the properties of a planetary system is closely
related to the knowledge of the parameters of its host star. The
radius and mass of a planet can be derived by combining Doppler
spectroscopy and transit photometry, but both the radius and
mass of the star need to be known in advance. Moreover, the
uncertainties on stellar radius and mass directly affect the uncer-
tainties on the radius and mass of exoplanets (see Serenelli et al.
2021, for a review on the determination of stellar masses). For
the reasons stated above, it is important to perform a homo-
geneous determination of stellar masses, hence leading to a
homogeneous set of planet properties, and ultimately providing
the necessary scope for a comprehensive study of their structure
and composition.

We computed stellar masses by means of a simple χ2

isochrone fitting procedure operating on the Hertzsprung–
Russell (HR) diagram, by considering only the priors [Fe/H] and

Fig. 3. Literature stellar masses (from the NASA Exoplanet Archive,
or inferred values, see Chen & Kipping 2017, when the mass was not
available) as a function of the masses derived in the present work. The
circles are colour-coded by the stellar surface gravity. The black line is
the bisector; the red-dashed lines are located at ±0.1 M� and the blue-
dashed at ±0.2 M�.

Teff from our spectral analysis, and the luminosity from pho-
tometry. The underlying grid of stellar evolutionary isochrones
is taken from version 2.1 of the PAdova and TRieste Stellar
Evolution Code (PARSEC7; Bressan et al. 2012). Stellar masses
are iteratively re-determined at each step of the analysis using
the values of [Fe/H] and Teff derived in each run; we note that
log g is also used as input, albeit implicitly, when calculating the
bolometric correction (see below for details).

The input luminosity was computed by converting the bolo-
metric magnitude, here derived based on the Ks magnitude from
2MASS (Skrutskie et al. 2006), through

log L = −0.4 · (Ks + BCKs −
(−5 + 5 · log(1/p)

) − Mbol,� − AKs

)
,

(2)

where BCKs is the bolometric correction, p is the parallax in
mas, Mbol,� is the bolometric magnitude of the Sun (4.8), and
AKs is the absorption in the Ks band. The parallax is from
Gaia EDR3 and its reciprocal was used as a distance proxy. The
bolometric correction and absorption were calculated using the
online tool YBC8 (PARSEC Bolometric Correction; Chen et al.
2019), which interpolates a series of pre-computed bolometric
correction tables in Teff , [Fe/H], log g, and E(B−V) using a com-
bination of ATLAS9 (Castelli & Kurucz 2003) and Phoenix
(Allard et al. 2012) spectral libraries. While Teff , [Fe/H], and
log g were taken from the analysis in this work, and the red-
dening E(B−V) was estimated using STILISM9 (STructuring by
Inversion the Local InterStellar Medium; Capitanio et al. 2017).

In Fig. 3 we show the literature stellar masses as a function of
the masses derived in the present work. The largest differences
are for the highest masses (and lowest gravities). In addition,
there is a noticeable improvement in the uncertainties, which
are much lower under the current determination. The average
error in the literature mass determination is 0.21 ± 0.30, while
7 http://stev.oapd.inaf.it/cgi-bin/cmd
8 http://stev.oapd.inaf.it/YBC/index.html
9 https://stilism.obspm.fr/
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Fig. 4. Relative difference between the literature stellar masses (from
the NASA catalogue, or inferred values, see Chen & Kipping 2017,
when the mass was not available) and the masses derived in the present
work, as a function of the present work masses. The circles are colour-
coded by the stellar surface gravity. The black continuous line indicates
zero difference; the red line indicates a difference within 10% and the
blue line within 20%.

our homogeneous mass determinations provide a mean error of
0.10 ± 0.02. In Fig. 4 we show the modulus of the relative dif-
ferences (in percentage) versus the masses derived in the present
work. For several stars with M > 1 M�, the relative differences
are larger than 40%. These differences justify the need for a
homogeneous analysis (both in terms of the spectral analysis
and mass measurement, including the grid of isochrones and the
selected photometry) of all the stars in the Ariel Reference Sam-
ple, as well as the homogeneous revaluation of the mass of their
planetary companions.

Accuracy and stellar mass precision directly reflect on the
determination of the planetary mass, a parameter that plays an
essential role in understanding planetary interiors, the phys-
ical processes operating in their atmospheres, and planetary
formation and evolutionary histories. In particular, prior knowl-
edge of the planetary mass is important for yielding robust
atmospheric properties in cloudy and secondary atmosphere exo-
planets (Batalha et al. 2019; Changeat et al. 2020). Through
transit spectroscopy the main degeneracies in retrieving the plan-
etary mass are caused by the presence of clouds and the mean
molecular weight (Changeat et al. 2020). For instance, in sec-
ondary atmospheres of unknown composition the main chemical
component ratio shows a direct degeneracy with the planetary
mass (Changeat et al. 2020). While planetary mass constraints of
less than 50% should allow a successful retrieval analysis, a pre-
cision of 20% is recommended for an in-depth characterisation
of the atmosphere (Tinetti et al. 2021).

5. Validation and quality checks

We selected a sample of main-sequence stars, members of three
open clusters that have high-resolution UVES spectra from the
Gaia-ESO archival database (available from the ESO webpage).
Clusters offer the great advantage of a better determination of
their ages and distances through the isochrone fitting of their
sequence. For this reason they can be used as a sort of bench-
mark against which we can validate our method. The choice of

Fig. 5. Kiel diagrams of main-sequence member stars in NGC 2516
(archival spectra from the Gaia-ESO survey). In red the PARSEC
isochrone corresponding to the age and metallicity of NGC 2516,
[Fe/H] = −0.04 ± 0.04 from Randich et al. (2022). Left panel: Stellar
parameters derived from pure spectroscopic analysis. Right panel:
Stellar parameters from the spectro-photometric method.

clusters is not very broad because in the Gaia-ESO sample the
targets observed with UVES in clusters with ages >150 Myr are
usually giant stars, and main-sequence stars have been observed
only in the case of the closest clusters. The three selected clusters
are NGC 2516, NGC 3532, and NGC 6633, with ages rang-
ing from 240 Myr to 690 Myr, and metallicity close to solar
(Bragaglia et al. 2022; Randich et al. 2022). We evaluated the
membership probability on the basis of the radial velocity from
Gaia-ESO and of the parallax and proper motions from Gaia
EDR3 (see Romano et al. 2021; Jackson et al. 2022). We anal-
ysed the spectra of the cluster stars in a way similar to the Ariel
target stars, without considering their membership to a given
cluster as a priori information. We initially derived the stellar
parameters purely spectroscopically, and then applied our itera-
tive method to obtain the spectro-photometric parameters. The
results are shown in Figs. 5–7, where we present the stellar
parameters from the spectral analysis and those derived with the
spectro-photometric iterative method. The comparison with the
isochrone at the age and metallicity of the clusters highlights the
improvements, shown by a decrease in scatter, a reduction in the
uncertainties on gravity, and better agreement with theoretical
predictions. While the effect is most evident for the hottest stars
in the validation sample, we do not have stars cooler than 5000 K
to demonstrate the improvement seen in the coolest Ariel targets,
for which, however, the comparison with isochrones shows the
improved agreement in the Ariel sample (see Fig. 1).

We also did a sanity check on our temperature scale com-
paring the spectroscopic and spectro-photometric results with
those obtained with the infrared flux method (IRFM), which
is an almost model-independent photometric technique used to
determine the Teff of stars in a wide range of spectral types and
metallicities (see e.g. Casagrande et al. 2010, 2021). We com-
puted the IRFM temperatures using the intrinsic colour (GBP −
GRP)0 = (GBP −GRP) − E(GBP −GRP) from Gaia DR2, and con-
verting it in Teff using the relation provided by Casagrande et al.
(2021), in which we used our values of [Fe/H] and log g. To do so
we obtained the reddening AV from STILISM, and we calculated
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Fig. 6. Kiel diagrams of main-sequence member stars in NGC 3532,
[Fe/H] = −0.03 ± 0.08 from Randich et al. (2022). Symbols and colours
as in Fig. 5.

Fig. 7. Kiel diagrams of main-sequence member stars in NGC 6633,
[Fe/H] = −0.03 ± 0.04 from Randich et al. (2022). Symbols and colours
as in Fig. 5.

the colour excess E(GBP − GRP) with the DR2 extinction coef-
ficient AV/E(GBP − GRP) by Wang & Chen (2019). The overall
agreement is good with offsets of about −30 K with the temper-
atures of Casagrande et al. (2021), and only 5% of the sample
with differences larger than ±300 K. The worst comparison is
obtained for stars with the highest reddening. The comparison
between spectroscopic and IRFM temperatures shows one of the
advantages of the former, namely that their determination is not
affected by our knowledge of the extinction. Finally, there are no
substantial changes when comparing the IRFM temperatures and
those of the first run (R.0) to the last one (R.2).

6. Results

In what follows we characterise our sample of Ariel Reference
targets according to the properties of the planet host stars.

Fig. 8. Histograms of the properties of the target sample: stellar mass,
T eff , log g, and [Fe/H].

6.1. Distribution of stellar parameters

Target selection mainly foresees observations of main-sequence
stars from M to F spectral types (see e.g. Tinetti et al. 2018, 2021;
Edwards et al. 2019), enabling a range of combinations between
star and planet parameters. Further selection is based on the char-
acteristics of the planetary system. Here we focus on the stellar
parameters and kinematic properties of the host stars, while we
refer to the paper by Delgado Mena et al. (in prep.) for their
chemical characterisation.

In Fig. 8, histograms of mass and stellar parameter dis-
tributions are presented. The peak of the mass distribution is
between 1 and 1.3 M�. The current sample is dominated by main-
sequence stars with temperatures between 5500 and 6500 K
and surface gravities between 4 and 4.4 (i.e. G stars). For the
metallicity we have a clear peak at super-solar metallicity, with
[Fe/H] ∼ 0.2 dex.

In Fig. 9 we show the distribution of distances (in parsec),
as derived inverting the Gaia EDR3 parallaxes. The sample is
located in the solar neighbourhood, at typical distances between
200 and 400 pc, although with a tail of stars at greater dis-
tances, up to about 1400 pc. The farthest stars are among the
hottest (and thus brightest) stars in the sample. We also show in
Fig. 10 the location of the sample stars, projected on the Galactic
plane. Most of them are placed in the Local spiral arm. The most
extinct stars are not actually the most distant ones, but those in
the regions closest to the arm where gas and dust dominate.

6.2. Orbits and kinematic properties

The connection between the structure and evolution of the
Galaxy and the ability to form and maintain planets is not yet
fully understood. However, we expect that the dynamical history
of stars, including stellar age and kinematics, impact the distri-
bution and the architecture of planets in our Galaxy (see e.g.
Michel et al. 2020; Bashi & Zucker 2019, 2022; Bashi et al.
2020; Adibekyan et al. 2021b). In the era of Gaia, which is
providing distances and motions of billions of stars, including
planet host stars, we should take advantage of this information to
relate the planetary system characteristics not only to the stellar
composition, but also to its belonging to the different Galactic
populations (see e.g. Carrillo et al. 2020, for the analysis of the
TESS catalogue).
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Fig. 9. Distances of the sample stars: upper panel: histograms of the
distance of the target sample from Gaia EDR3; bottom panel: Teff vs.
distance (the size of the circles is proportional to AK).

Fig. 10. Map of the sample stars, projected on the Galactic plane
(colour- and size-coded by AK). The region is 2.0 kpc × 2.0 kpc
from the map of the Galaxy produced NASA/JPL-Caltech/R. Hurt
(SSC/Caltech). The plot was produced with the python package MW-
PLOT10.

Using radial velocities and proper motions from Gaia EDR3,
we computed orbital parameters of our sample stars with the
GALPY package (Bovy 2015). We assumed the model MWPO-
TENTIAL2014 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). The orbital properties of our
sample stars are presented in Table A.2. In Fig. 11, we show the
location of our targets in the Toomre diagram (

√
(U2 + W2), the

quadratic addition of the U and W velocity components, as a
function of the rotational component, V). In first approximation,
stars with vpec =

√
(U2 + V2 + W2) < 50 km s−1 belong to the

10 https://pypi.org/project/mw-plot/0.3.0/

Fig. 11. Toomre diagram of our sample stars. Continuous circles indi-
cate constant peculiar space velocities, vpec =

√
(U2 + V2 + W2), at

50 (red), 70 (blue), and 200 (green) km s−1, as in Bensby et al.
(2003). Target sample stars are colour- and size-coded by the eccen-
tricity of their orbit. Stars within 50 km s−1 can be considered with
high probability to belong to the thin disc, while stars with 70 km s−1 <
vpec < 200 km s−1 are with high-probability thick disc stars. Stars with
vpec between 50 and 70 km s−1 can belong to both discs.

thin disc, while stars with 70 km s−1 < vpec < 200 km s−1 are part
of the thick disc. Most of our sample stars are, as expected, part
of the thin-disc population, while few of them belong to the thick
disc (see Bashi & Zucker 2022, for a larger sample of planet host
stars). The figure also shows the eccentricity of the orbit. Stars
in the thin disc, and with lower peculiar velocities, are charac-
terised by circular orbits with eccentricity close to zero. Stars
with higher peculiar velocities in many cases have eccentrici-
ties >0.2 (i.e. more elliptical orbits) and may be subject to stellar
migration. It is interesting that the target sample, although lim-
ited to the solar neighbourhood, includes a variety of different
populations, such as thin and thick disc. This allows us to anal-
yse planetary systems born under different conditions from each
other (see Carrillo et al. 2020; Bashi & Zucker 2022) and evolved
in different stellar environments. Furthermore, it will allow us to
study the effects on both their planetary architectures and the
composition of their planets (Turrini et al. 2022).

Another way to show the variety of environments in which
the stars that now populate the solar neighbourhood formed is by
comparing their current galactocentric position with the average
position of their orbits (calculated as the average of apogalactic
and perigalactic radii). In Fig. 12, we show the orbital radial vari-
ation (∆(Rmean-RGC)) versus galactocentric distance (RGC) of our
sample stars. Most of them actually have circular orbits and vari-
ations of less than 1 kpc, but there are some stars that have larger
variations and that probably originated in the outer or inner part
of the Galactic disc. In this case we only consider one of the
two effects of stellar migration: the one which causes orbits to
lose their circularity, an effect now known as ‘blurring’ (see
e.g. Feltzing et al. 2020). The imprint of the diffusive process,
‘churning’, is usually lost when studying the orbital properties
of a star, since it moves a star from one circular orbit to another
circular one (Sellwood & Binney 2002). So, in principle, we can-
not exclude that all stars with circular orbits were born at the very
RGC where we observe them now.
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Fig. 12. Orbital radial variation (∆(Rmean-RGC)) versus galactocentric
distance (RGC) of our sample stars. Target sample stars are colour- and
size-coded by the eccentricity of their orbit. The red line marks a null
difference between the Rmean of the orbit and the current RGC, while
the green lines indicate a positive difference of 1 kpc (stars that likely
migrated from the outer disc have ∆ > 1 kpc) and a negative difference of
−1 kpc (stars that likely migrated from the inner disc have ∆ < −1 kpc).

7. Relations with the characteristics of the planet

Using the newly derived set of stellar parameters, we inves-
tigated the correlations between the properties of the stars in
our sample and their planetary systems. We used the informa-
tion on the planetary systems included in the Ariel Reference
sample used for this study (see Edwards et al. 2019 for details
on how the list was built up from the NASA exoplanet cata-
logue11). For stars with more than one planet (a total of ∼3%
multiplanet systems), we included information on all their plan-
ets. In the following figures the properties of planets, namely
their masses and radii, were obtained from the literature, and
thus are not homogeneous. Their re-determination is currently
beyond the scope of this paper, but it will be one of the issues
that Ariel WGs will address in future works. On the contrary, for
stellar properties we use our homogeneous values. We note that
the homogeneous determination of the stellar radii for this sam-
ple of stars will be presented in an upcoming study by the Stellar
Characterisation Working Group. As in the planetary mass case,
the planetary radius value hinges on the precise and accurate
measurement of the stellar radius, which needs to be estimated
in a coherent way with the rest of the stellar properties. When
homogeneous stellar masses and radii are known it will be pos-
sible to determine the absolute planetary masses and radii, and
from these their precise planetary bulk composition. The lat-
ter, together with the atmospheric composition and atmospheric
thermal structure measured by Ariel, will allow us to understand
the actual distribution of heavy elements in giant planets and
the link between ice-to-rock ratios and formation mechanisms
for both giant and intermediate-mass planets. We refer to Helled
et al. (2022, and references therein) for a thorough discussion on
planetary interior studies of different classes of exoplanets with
Ariel.

In Figs. 13 and 14 we present the radius and the mass of
the planets, respectively, plotted as a function of the stellar

11 https://exoplanetarchive.ipac.caltech.edu

Fig. 13. Planet radius as a function of stellar mass. Shown in blue are
the super-solar metallicities ([Fe/H] > +0.2), in red the solar metallic-
ities (−0.1 < [Fe/H] ≤ +0.2), and in green the sub-solar metallicities
([Fe/H] ≤ −0.1). The curves are the linear fits to the three datasets,
colour-coded in the same way. The horizontal lines are the median val-
ues in each binned interval. The sub-Jovian planets have been excluded
from the plot (see text). The three vertical lines show the approximate
separations between the three spectral classes.

Fig. 14. Planet mass as a function of stellar mass. Shown in blue are
the super-solar metallicities ([Fe/H] > +0.2), in red the solar metallic-
ities (−0.1 < [Fe/H] ≤ +0.2), and in green the sub-solar metallicities
([Fe/H] ≤ −0.1). The curves are the linear fits to the three datasets,
colour-coded in the same way. The horizontal lines are the median val-
ues in each binned interval. The sub-Jovian planets have been excluded
from the plot (see text). The three vertical lines show the approximate
separations between the three spectral classes.

mass. Both planetary quantities show a global dependence on
the stellar mass, resulting in more massive and larger plan-
ets around more massive stars. The planetary radius shows a
more marked dependence on the stellar mass than the planetary
mass.

Recent investigations have shown that planets are very diver-
sified objects and they do not follow a single mass-radius
relation. It was first suggested that small-mass planets orbiting
stars with M < 1 M� exhibit a relationship between the mass of
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the star and the radius of the planet, with larger planets around
more massive stars (see also Neil & Rogers 2020; Kawashima
& Min 2021; Tautvaišienė et al. 2022). Pascucci et al. (2018),
focusing on GKM stars, showed that the radius of the planets
depends on the mass of the stellar host. Very recently, Lozovsky
et al. (2021) confirmed the tendency, and explored the reasons for
which more massive stars host larger planets. While the hypoth-
esis based on thermal inflation and on the effect of planet mass
on the radius are less favourable, Lozovsky et al. (2021) con-
cluded that planets around more massive stars tend to be richer in
gas, and are therefore larger. Specifically, they suggested that the
difference in planetary radii among planets that orbit stars with
different masses might be caused by different H-He mass frac-
tions: planets around hotter and more massive stars are richer in
such light elements than planets around cooler and less massive
stars.

This has important implication for the mechanisms of core
growth, indicating that it is more efficient both in higher mass
discs (Mordasini et al. 2012; Venturini et al. 2020) and around
higher mass stars (Kennedy & Kenyon 2008). The higher effi-
ciency allows them to accrete a substantial gaseous envelope
before the gas disc dissipates. The results shown in Figs. 13
and 14 confirm the finding of Lozovsky et al. (2021), extend-
ing them at higher stellar effective temperatures. For F stars,
Pascucci et al. (2018) expected that the presence of other effects,
such as atmospheric loss by photoevaporation, might affect the
properties of their planetary systems. However, in our sample the
planets around F stars still follow the same relation of the planets
orbiting less massive stars.

To investigate the dependence on the stellar metallicity,
in Figs. 13 and 14 we divided the sample into three metal-
licity bins: a super-solar bin ([Fe/H] > +0.2), a solar bin
(−0.1 < [Fe/H] ≤ +0.2), and a sub-solar bin ([Fe/H] ≤ −0.1).
We focused on Jovian planets (RP > 0.6 RJup and, equivalently,
MP > 0.2 MJup) as the statistics for smaller giant planets is
too limited and the nature of these planets in our population
is uncertain (i.e. small gas giants or large Neptune-like plan-
ets). The linear fits to the data show a variation of the slope
between the planetary mass, the radius, and the stellar mass.
In Fig. 13, where these trends are more marked, the slope is
flatter in the super-solar regime (0.70 ± 0.15); it increases with
decreasing metallicity, becoming 0.75 ± 0.11 in the solar bin,
and 1.07 ± 0.31 at lower metallicity. Figure 13 shows that, in the
size range of Jovian to super-Jovian planets, for any fixed stellar
mass the planets formed around stars with super-solar metallic-
ity possess smaller radii than their counterparts around stars with
sub-solar metallicity. A natural explanation to this trend could be
that the larger amounts of heavy elements that can be accreted by
the giant planets during their formation and migration around
higher metallicity stars (Thorngren et al. 2016; Shibata et al.
2020; Turrini et al. 2022, 2021) translates into higher densities
and more compact radii (see e.g. Suárez Mascareño et al. 2021
for the illustrative case of V1298 Tau) than those of similar plan-
ets formed in lower metallicity environments. The latter come to
be richer in the light elements H and He, and hence have larger
radii.

As mentioned above, Fig. 14 shows a similar yet less pro-
nounced trend, also for the planetary masses around stars with
different metallicity. Planets around less metallic stars appear to
reach, on average, higher masses than their counterparts around
stars with solar and super-solar metallicity. Similar results have
been obtained by Maldonado et al. (2019) for FGKM stars at
different evolutionary stage. In reality, we can see that giant
planets around stars with solar and super-solar metallicity span

the same range of masses as giant planets around stars with
sub-solar metallicity, yet they are characterised by a larger
population (relative to our sample) of sub-Jovian planets.

A tentative explanation for this could be that the giant plan-
ets observed around stars with sub-solar metallicity are planets
that formed early in the life of their circumstellar discs. Recent
works have indeed demonstrated that the mass accretion process
seems to last longer and have higher rates in low-metallicity envi-
ronments when compared with nearby solar metallicity regions
(De Marchi et al. 2017; Biazzo et al. 2019, and references
therein). The resulting higher disc mass accretion rates could
then allow planetary cores to form, notwithstanding the lower
abundance of solids (Johansen et al. 2019), and could support the
runaway gas accretion phase with a larger gas supply (Johansen
et al. 2019; Tanaka et al. 2020). The higher abundance of solids
in the discs surrounding stars with solar and super-solar metal-
licity could make it possible for giant planets to form their cores
over longer timescales despite the decreasing disc mass accre-
tion rates (Johansen et al. 2019), which would result, however,
in a reduced gas supply (hence planetary mass) during their run-
away gas accretion process (Johansen et al. 2019; Tanaka et al.
2020).

Finally, it is worth noting that while the same explanation
could in principle be invoked to explain the trend of decreas-
ing planetary radii for increasing stellar metallicity values, the
comparison between Figs. 13 and 14 suggests that both the core
formation timescale and the planetary density play a role in
shaping the observed trends. Specifically, if we focus on plan-
ets around stars of 1.2 M�, we can see that the average planetary
mass increases by about 50% when going from super-solar to
sub-solar metallicity values. The corresponding growth in the
average radius, however, results in volumes about twice as large,
meaning that the giant planets around stars with sub-solar metal-
licity should be less dense than their counterparts around more
metallic stars.

8. Summary and conclusions

We presented the spectro-photometric method developed by the
Ariel mission Working Group for Stellar Characterisation of
planet-hosting stars included in the Ariel reference sample. This
method uses Gaia data and high-resolution, high S/N spectra to
obtain stellar parameters. We validated our method, analysing
member stars of three open clusters having the same spectral
types as the Ariel targets.

We presented here the atmospheric parameters for a sam-
ple of 187 F-G-K targets in the form of a catalogue that will be
updated and provided to the Ariel Consortium and the whole sci-
entific community on a regular basis. With the first catalogue we
analysed the global properties of the sample, including the dis-
tribution of the stellar parameters, their distances and orbits. We
identified a larger population belonging to the thin disc, and a
few stars likely belonging to the thick disc. Our homogeneous
determination of the stellar masses highlighted a discrepancy
with the stellar mass values reported in the literature. We found
that 15% of our sample have differences between 20 and 40%,
and 5% have differences higher than 40%. Furthermore, our
method refined the stellar mass precision from 30% (average
of the literature values) to an average of 2%. Our work high-
lights the need for a homogeneous revaluation of the planetary
mass as well, justified by the need of a statistical approach to
the study of exoplanets atmospheres to constrain planetary for-
mation and evolution processes. Using the literature results for
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the characteristics of the planetary systems, in particular their
radius and mass, we explored the correlations between the stel-
lar and planetary properties. We found an interesting correlation
between the mass of the star 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.
Giant planets orbiting sub-solar metallicity stars are probably
planets that formed early in the life of their circumstellar discs.
Due to the smaller amounts of heavy elements they accreted,
compared to their more metal-rich counterparts, they present a
lower density and hence a larger radius. Overall we find that
both core formation timescale and planetary density play a role
in shaping the observed correlations. However, these considera-
tions are pending confirmation of a homogeneous planetary radii
and mass distribution determination.
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Appendix A: Additional material

In Table A.1, we provide the catalogue, in which we give the star
ID, the stellar mass (M), and its upper (MU) and lower (ML)
limit, the effective temperature (Teff), surface gravity (log g),
metallicity ([Fe/H]), microturbulent velocity (ξ), and their uncer-
tainties. For [Fe/H] we provide both the uncertainties due to
the scatter of the abundances derived from different Fe I lines
(e[Fe/H]l), and due to the errors on the parameters (e[Fe/H]p).
Finally, we provide a flag for the microturbulent velocity: 0
means 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].
In the last column, S, we give the provenance of the spectrum
from which the parameters were obtained.

In Table A.2 we provide the orbital properties of our sample
of stars (with the exception of Qatar 8): the three components
of the velocities (U, V, W), the galactocentric radius (RGC), the
apogalactic and perigalactic radii (Rapo and Rperi), the eccen-
tricity (e), the maximum height above the plane (Zmax), and the
distance (computed inverting the Gaia DR3 parallax).
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