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ABSTRACT

The Radcliffe wave has only recently been recognised as a ≈3 kpc long coherent gas structure encompassing most of the star-forming
regions in the solar vicinity. Since its discovery, it has been mainly studied from the perspective of dynamics, but a detailed chemical
study is necessary to understand its nature and the composition of the natal clouds that gave rise to it. For this paper we used some
of the connected young open clusters (age ≲100 Myr) as tracers of the molecular clouds. We performed high-resolution spectroscopy
with GIARPS at the TNG of 53 stars that are bona fide members of seven clusters located at different positions along the Radcliffe
wave. We provide radial velocities and atmospheric parameters for all of them. For a subsample consisting of 41 FGK stars, we also
studied the chromospheric activity and the content of Li, from which we inferred the age of the parent clusters. These values agree
with the evolutionary ages reported in the literature. For these FGK stars, we determined the chemical abundances for 25 species.
Pleiades, ASCC 16, and NGC 7058 exhibit a solar metallicity while Melotte 20, ASCC 19, NGC 2232, and Roslund 6 show a slightly
subsolar value (≈−0.1 dex). On average, the clusters show a chemical composition compatible with that of the Sun, especially for
α- and Fe-peak elements. Neutron-capture elements, on the other hand, present a slight overabundance of about 0.2 dex, especially
barium. Finally, considering also ASCC 123, which was studied by our group in a previous research project, we inferred a correlation
between the chemical composition and the age or position of the clusters along the wave, demonstrating their physical connection
within an inhomogeneous mixing scenario.

Key words. stars: abundances – stars: activity – binaries: spectroscopic – stars: fundamental parameters –
open clusters and associations: general

1. Introduction

We are currently living in a golden age for galactic archaeol-
ogy. The ESA Gaia mission (Gaia Collaboration 2016, 2023),
in combination with other large photometric and spectroscopic
surveys, is revolutionising our knowledge of the Milky Way (for
a review, see e.g. Deason & Belokurov 2024). Never before have
we had at our disposal a set of astrometric, photometric, and
spectroscopic data of such high quality and for such a large
sample of hundreds of thousands of stars. Thanks to this huge
amount of information, we considerably improved our under-
standing of the history (see Antoja et al. 2018; Helmi et al. 2018)

⋆ Based on observations made with the Italian Telescopio Nazionale
Galileo (TNG) operated on the island of La Palma by the Fundación
Galileo Galilei of the INAF (Istituto Nazionale di Astrofisica) at the
Observatorio del Roque de los Muchachos.
⋆⋆ Corresponding author; javier.alonso@inaf.it

and components of the Galaxy. It is worth mentioning the dis-
covery of new open clusters (OCs) and new members of already
known clusters (e.g. Cantat-Gaudin et al. 2020; Castro-Ginard
et al. 2020, 2022; Hunt & Reffert 2023; Cavallo et al. 2024), as
well as the discovery of new associations and comoving groups
in the vicinity (1–3 kpc) of the Sun (e.g. Kounkel & Covey 2019;
Kounkel et al. 2020).

Recently, Alves et al. (2020) discovered a spatially coherent
filamentary structure of dense gas in the solar neighbourhood
when studying the 3D distribution of the local cloud complexes.
This discovery was possible thanks to the accurate astrometry
provided by Gaia, which allowed us to significantly improve the
3D mapping of the Galactic interstellar dust (Green et al. 2019;
Lallement et al. 2019) and determine the distances to the local
molecular clouds with great precision (Zucker et al. 2020). This
structure, the so-called Radcliffe wave (RW), is a narrow (aspect
ratio 1:20) and 2.7-kpc long band with a wave-like shape that,
at its closest part, is 300 pc from the Sun (Alves et al. 2020).
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Its origin can be due to a disc instability (Fleck 2020) or to a
perturbation generated by the passage of a satellite (Li & Chen
2022; Thulasidharan et al. 2022).

Many of the most important star-forming regions (SFRs) in
the solar vicinity, such as Canis Major, Monoceros R2, Orion,
Taurus, Perseus, Cepheus, North America nebula, and Cygnus,
are aligned in the XY Galactic plane along the RW, which could
be associated with the Orion spiral arm (Swiggum et al. 2022).
It should be noted that four of these complexes (Orion, Taurus,
Perseus, and Cepheus) have classically been part of the Gould
Belt (Gould 1874; Palouš & Ehlerová 2017). It was assumed to be
a Sun-centred ring-shaped structure with a size of about 500 pc
involving the nearest molecular clouds and OB associations as
well as a sparse population of X-ray point-like sources associ-
ated with young stellar objects (YSOs) (e.g. Guillout et al. 1998).
However, in light of Gaia’s very precise astrometry, our view of
the Gould Belt has changed, becoming in fact just the apparent
projection on the sky of two larger physical structures: the RW
and the ‘split’ (Alves et al. 2020; Swiggum et al. 2022). The lat-
ter is also a linear arrangement of cloud complexes 1 kpc long
and contains, among others, the Ophiucus SFR, the only one of
the five large Gould clouds not associated with the RW.

Since its discovery, the kinematics of the RW has been stud-
ied to investigate the possible existence of an oscillation pattern.
Different RW tracers such as YSOs, OB stars, young OCs, or
even masers and radio sources were used, which, however, did
not lead to conclusive results (Donada & Figueras 2021; Bobylev
et al. 2022; Li & Chen 2022; Thulasidharan et al. 2022; Tu et al.
2022; Alfaro et al. 2022; Bobylev & Bajkova 2024). Finally,
Konietzka et al. (2024), by making use of line-of-sight velocity
measurements of 12CO and 3D velocities of young OCs, demon-
strated that the RW is not only sinusoidal in shape but actually
oscillates across the Galactic plane and moves radially outwards
from the Galactic centre. It implies that all the SFRs composing
the RW share a common history. In fact, it is possible that the
star cluster whose supernovae originated the Local Bubble was
also part of the RW in the past (Zucker et al. 2022).

In this context, the RW and its individual components consti-
tute an unparalleled laboratory for the study of star formation in
the solar neighbourhood. Indeed, metal mixing in giant molecu-
lar clouds is key to understanding the star formation history and
the chemical evolution of the Galaxy. Traditionally, the nearby
molecular clouds were assumed to be well mixed. However,
De Cia et al. (2021) observed nearby hot, young stars and found
differences of a factor of ten in metallicity, which was ascribed to
inhomogeneous metal mixing in the natal cloud(s), on a scale of
a few parsecs to tens of parsecs at most. Whether inhomogeneous
mixing is a general feature should be ascertained by looking at
molecular clouds systems, such as those defining the RW. In this
respect, Fu et al. (2022) claimed the possible detection of metal-
licty variations along the wave in a work based on low-resolution
LAMOST spectra of OC stars.

To date, the RW has always been studied from a kinematical
perspective. This work represents the first attempt to characterise
its chemical pattern. The use of high-resolution spectroscopy to
derive precise chemical abundances of some young OCs asso-
ciated with the wave can shed light on the gas mixing and star
formation processes inside the structure. Given the young age of
the wave, we expect that stellar evolution and migration across
the Galactic disc have not significantly affected the clusters yet
and, thus, their chemical composition should be representative
of the composition of the local gas. The analysis of elements
belonging to all main nucleosynthesis channels allows us to
establish the chemical coherence of OCs belonging to the RW,

and to estimate local enrichment effects due to, for instance,
recent explosions of supernovae. We might expect that star for-
mation had propagated in nearby clusters and that the formation
of stars in one subgroup might trigger or affect star formation in
the other subgroups (e.g. Armillotta et al. 2018).

The paper is structured as follows. In Sect. 2, we present our
observations and the criteria used to select our targets. The spec-
tral analysis that we followed is described in Sect. 3 along with
the stellar parameters and chemical abundances we obtained.
The chromospheric activity and the lithium content are evalu-
ated in Sect. 4. Then, we compare our results with the literature
and place them in the Galactic context in Sect. 5, while the dis-
cussion and interpretation of our findings relative to the RW are
presented in Sect. 6. Finally, in Sect. 7 we summarise our results
and present our conclusions.

2. Observations and data reduction

To study the RW, instead of relying on field stars (for which
the age is always difficult to measure with a sufficient preci-
sion) or on molecular gas (due to the uncertainties in determining
its chemical and kinematical properties), it is convenient to use
young OCs as tracers. For those, one can obtain a robust age
determination and precise kinematics and element abundances.
Many candidate clusters have been proposed to be associated
with the wave (e.g. Donada & Figueras 2021; Fu et al. 2022). As
stars in a cluster share essentially the same age, initial metallic-
ity and chemical composition, observations of a few members is
sufficient to characterise the cluster, as already shown in some
papers based on data of the Stellar Populations Astrophysics
(SPA) large program conducted at the TNG. In those papers, we
have chemically characterised a sample of dwarfs and giants in
nearby OCs using high-resolution spectra (e.g. Frasca et al. 2019;
Casali et al. 2020; D’Orazi et al. 2020; Alonso-Santiago et al.
2021; Zhang et al. 2021, 2022).

2.1. Sample selection

We have initially selected five nearby and low-extinction OCs
associated with the RW, namely Melotte 20 (α Per), Pleiades
(Melotte 22), ASCC 16, NGC 2232, and Roslund 6. To measure
the metallicity and abundance ratios with a precision suffi-
cient to resolve cluster-to-cluster variations, we need to use
high-resolution spectra of slow rotators (v sin i≤10–15 km s−1;
higher rotation would blur and blend lines). In these young
OCs, this means observing main-sequence (MS) stars of
mid-G spectral type. To this aim, we have selected four to six
members of the above clusters from the lists of Cantat-Gaudin
et al. (2020) with a colour index (GBP − GRP) in the range
0.75–0.95 mag, corresponding approximately to G1–G9 spectral
types, which have no visual companion with a comparable
magnitude within 10′′. To reject fast-rotating stars, which are
frequent in young (age <300 Myr) clusters (e.g. Barnes 2003;
Fritzewski et al. 2020), we have initially relied on the spectral
line broadening parameter Vbroad, which is reported in the
Gaia DR3 catalogue (Gaia Collaboration 2023) and is based
on the medium-resolution Gaia RVS spectra (Frémat et al.
2023). This parameter is not available for all the pre-selected
targets. Moreover, it provides only a rough indication of line
broadening, due to the moderate resolution (R=11 500) of
RVS and the presence of broad Ca II IRT lines in its spectral
domain. Therefore, we have used an inclusive threshold of
Vbroad ≤ 40 km s−1 and resorted to additional criteria to select
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Table 1. Main properties of the clusters investigated in this work
according to Cantat-Gaudin et al. (2020): radius containing half of the
members (r50), number of high-probability members (N), age (log τ),
extinction (AV ), and average distance (d).

Cluster r50 (◦) N log τ AV d (pc)

Melotte 20/α Per 2.027 747 7.71 0.30 171
Pleiades/Melotte 22 1.274 952 7.89 0.18 128
ASCC 16(∗) 0.376 175 7.13 0.20 344
ASCC 19 0.605 149 7.02 0.13 346
NGC 2232 0.516 188 7.25 0.01 315
Roslund 6 1.004 247 7.95 0.00 375
NGC 7058 0.109 26 7.61 0.18 350
ASCC 123 1.294 49 7.65 0.00 229

Notes. (∗)Identified as Briceno 1 in Hunt & Reffert (2023) and Cavallo
et al. (2024).

the slowly rotating stars. For the pre-selected sources, we have
retrieved from the MAST1 archive the light curves produced by
the NASA’s Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015) and searched for the rotation period, Prot by means
of the periodogram analysis (Scargle 1982) and the CLEAN
deconvolution algorithm (Roberts et al. 1987), similar to what
we did in Frasca et al. (2023a). We have then chosen the targets
with the longest period (Prot ≥ 3 d) for which an equatorial
velocity veq ≤ 16 km s−1 is expected. For the Pleiades we used
the rotational periods derived by Rebull et al. (2016) for a sample
of members observed with Kepler-K2. These selection criteria
do not prevent some binary system from being included. Indeed,
four double-lined spectroscopic binaries (SB2s) were observed
and their spectra were also used, as discussed in Sect. 3.

In addition to the solar-type stars, a few brighter and faster
rotating F5–G0 type stars have been observed as well. For them,
a value of v sin i≤ 60 km s−1 is a safe threshold for determin-
ing the atmospheric parameters, v sin i, and RV with a sufficient
precision with ROTFIT, as we did in Frasca et al. (2019) and
Alonso-Santiago et al. (2021), where we were also able to derive
parameters for binary systems.

We have increased our target sample with archive spectra of
two members of NGC 2232 and three members of Melotte 20, as
well as several stars in three additional OCs associated with the
RW, namely ASCC 19, NGC 7058, and ASCC 123. Spectra of
these sources were taken in the framework of the SPA large pro-
gram before this structure was discovered by Alves et al. (2020).
However, the selection criteria for the candidate members of
these three clusters are different, with the result of including
more hotter and faster rotating stars. The analysis of ASCC 123
was previously published in a dedicated paper and will not be
further discussed throughout the present work. The reader can
find all the information in Frasca et al. (2019, 2023a).

The main properties of the clusters targeted in this work,
according to Cantat-Gaudin et al. (2020), are reported in Table 1.
Additionally, Fig. 1 shows the position on the colour-magnitude
diagram (CMD) of the likely members observed in each clus-
ter. It it important to note that five of these clusters (ASCC 16,
ASCC 19, NGC 2232, NGC 7058, and Roslund 6) have not been
studied with high signal-to-noise ratio (S/N), high resolution
before, while Melotte 20 and Pleiades have been included in
this study to compare with literature and keep systematics under

1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html

control. ASCC 123 is also a very little-studied cluster whose
only chemical study to date was carried out, as we have already
mentioned, by our group.

In total, we observed 59 stars that are listed in Table A.1.
We followed an internal numbering that consists of adding a
sequential number to the (short)name of the cluster to which
they belong. For Melotte 20 and NGC 2232, we distinguished
between the stars observed during the main run (letter S) and
those taken from the SPA archive (A). Not all the targets in
our preliminary list were observed and that is why some num-
bers are missing. In any case, to facilitate their identification we
also provide the Gaia source name in Table A.1 and the equato-
rial coordinates (J2000.0) in the additional material available on
Zenodo (Table 1).

2.2. Spectroscopic observations

The observations were conducted from 26 to 28 October 2022
and in the fall of 2019 and 2020 for those collected in the frame-
work of the SPA large program (see Table A.1 for a logbook of
the observations). We used the GIARPS (GIANO-B & HARPS-
N; Claudi et al. 2017) facility at the 3.6 m TNG telescope
located at El Roque de los Muchachos Observatory, in La Palma
(Spain). With GIARPS we are able to simultaneously collect
both optical (HARPS-N, R ≃ 115 000, range = 0.39–0.68µm,
Cosentino et al. 2014) and near-infrared (NIR) high-resolution
spectra (GIANO-B, R ≃ 50 000, range = 0.97–2.45µm; Oliva
et al. 2012; Origlia et al. 2014). The HARPS-N spectra were
acquired with the second fibre on-sky. The total exposure times
ranged from 300 to 7200 s, depending on the star brightness and
sky conditions, and were chosen so as to reach a signal-to-noise
ratio per pixel S/N ≥ 30 at red wavelengths. Exposures longer
than 1800 s were usually split in two or three to reduce the con-
tamination of cosmic rays. The coordinates, TIC identifier, as
well as the main kinematical properties of the stars observed at
the TNG are available in the additional material (Table 1). In
the present paper we only make use of HARPS-N spectra, which
are best suited for the determination of stellar parameters and
abundances of solar-like stars.

The HARPS-N spectra were reduced by dedicated personnel
using the instrument Data Reduction Software pipeline. Radial
velocities (RVs) were derived by this pipeline using the weighted
cross-correlation function (CCF) method (Baranne et al. 1996;
Pepe et al. 2002). However, we preferred to perform an ad hoc
CCF analysis using synthetic template spectra and a broader
RV window because some of our targets turned out to be spec-
troscopic binaries or rapidly rotating stars whose CCF peaks
were not entirely covered by the RV range of the online CCF
procedure. The telluric H2O lines at the Hα and Na I D2 wave-
lengths, as well as those of O2 at 6300 Å, were removed from
the extracted HARPS-N spectra using an interactive procedure
described in Frasca et al. (2000) and adopting telluric templates
(spectra of hot, fast-rotating stars) acquired during the observing
run. For the following analysis we have normalised the spectra
to the local continuum by fitting a low-order polynomial.

3. Stellar parameters and abundances

3.1. Radial velocity

We begin our spectroscopic analysis by measuring the RV,
which is obtained by cross-correlating the HARPS-N spectra
of our targets with synthetic BTSettl templates (Allard et al.
2012). The cross-correlation is carried out separately for
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Fig. 1. CMDs of the clusters studied in this work. Small grey circles represent the likely members identified in Cantat-Gaudin et al. (2020) while
the big orange ones mark the stars composing our sample for which we have GIARPS spectra.

Table 2. Stellar parameters of the components of SB2 systems derived with the code COMPO2.

Star Teff err log g err RV err γ wP
4400 wP

5500 wP
6400 SpT v sin i

(K) (K) (dex) (dex) (km s−1) (km s−1) (km s−1)
[P/S] [P/S] [P/S] [P/S] [P/S] [P/S] [P/S] [P/S]

Mel20-S11 6119/5172 75/240 4.02/3.92 0.14/0.62 31.74/–41.46 0.15/2.39 4.2± 1.2 0.91± 0.02 0.89± 0.02 0.90± 0.03 F7IV/K1IV 8/8
Plei-S2 5674/5371 139/172 4.36/4.39 0.13/0.14 14.32/0.20 0.22/0.30 7.4± 0.2(a) 0.56± 0.03 0.55± 0.03 0.53± 0.03 G2V/G2V 4/3
ASCC19-S7 5376/4894 139/226 4.41/4.36 0.11/0.40 35.49/9.11 0.25/1.16 24.6± 0.5 0.87± 0.02 0.83± 0.02 0.79± 0.04 G8V/K4V 7/7

Notes. (a)In very good agreement with the value of 7.434 km s−1 reported by Torres et al. (2021).

14 spectral segments of 200 Å each, from 4000 Å to 6800 Å,
after masking emission lines and regions strongly affected by
telluric absorption lines. The model spectrum producing the
highest correlation peak is degraded to the spectral resolution
of HARPS-N and resampled to the spectral points of the target
spectrum. To measure the centroid of the cross-correlation
peak, we fitted it with a Gaussian by the procedure CURVEFIT
(Bevington & Robinson 2003), taking the CCF noise, σCCF, into
account. The latter was evaluated as the standard deviation of
the CCF values in two windows at the two sides of the peak.
The RV error per each segment, σRV, was estimated as the error
of the centre of the Gaussian fitted to the CCF (see also Frasca
et al. 2017). The RV and associated uncertainty were computed
as the weighted mean and weighted standard deviation of the
RVs obtained from individual segments, adopting w = 1/σ2

RV
as the weight. For the components of a SB2 we evaluated the
RVs by means of a two-Gaussian fit. As a check, we used
also the IRAF2 task FXCOR for a few targets, obtaining values

2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of the Universities for Research

and errors in close agreement with those determined with our
procedure. The RV values are listed in Table A.2 for the single
(or single-lined) stars and in Table 2 for the components of SB2
systems. For the latter we also estimated the systemic velocity,
γ, following the guidelines of Frasca et al. (2019, Eq. (1)).

Stars belonging to the same cluster share a similar RV and
this is what we see for most of the stars in Table A.2. However,
stars A1 and S3 in Melotte 20 and S1, S2, and S9 in NGC 7058
show somewhat different RVs with respect to the other cluster
members. We note that Mel20-A1 was not selected on the basis
of Gaia data and came out as a non-member on the basis of our
chemical analysis. The remaining four stars are bona fide mem-
bers according to both Cantat-Gaudin et al. (2020) and Hunt &
Reffert (2023). Additionally, Mel20-S3 and NGC7058-S9, cool
stars for which we derived the abundances (Sect. 3.3), show a
chemical composition fully compatible with that of their respec-
tive clusters. On the other hand, the warm star Plei-S8, despite
having an RV compatible with that of the cluster, is not included

in Astronomy, Inc. (AURA), under cooperative agreement with the
National Science Foundation.
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Fig. 2. Observed HARPS-N spectrum of ASCC16-S2 (black dots) in
the λ 5300 Å (upper panel) and λ 6100 Å (lower panel) spectral regions.
In each panel the template spectrum broadened at the v sin i of the target
is overlaid with a full red line.

in the list of Cantat-Gaudin et al. (2020) and has a low member-
ship probability, Prob=0.2, according to Hunt & Reffert (2023).

3.2. Atmospheric parameters

The second step of our analysis is the determination of the
stellar atmospheric parameters (APs) namely, effective temper-
ature (Teff), surface gravity (log g) and metallicity (using [Fe/H]
as a proxy). For the stars with single-lined HARPS-N spectra,
APs were derived with the code ROTFIT (Frasca et al. 2006),
which also allows us to measure the projected rotational veloc-
ity (v sin i) and to perform an MK spectral classification (SpT).
ROTFIT uses a grid of template spectra and is based on a χ2

minimisation of the difference observed–template in 28 selected
spectral regions of 100 Å each in which we split our HARPS-
N spectra. As templates, we adopted high-resolution ELODIE
spectra of real stars, whose APs are well-known. This grid is the
same used by the Catania (OACT) node for the analysis of FGK-
type spectra in the Gaia-ESO Survey (GES; see, e.g. Smiljanic
et al. 2014; Frasca et al. 2015). The spectra of our targets are
degraded to the resolution of ELODIE (R = 42 000) and resam-
pled on the ELODIE spectral points (∆λ = 0.05 Å). This also
has the advantage of improving the S/N of the spectra to be anal-
ysed. For a detailed description of the application of ROTFIT
to the HARPS-N spectra the reader is referred to Frasca et al.
(2019). An example of the application of the code ROTFIT to
two spectral segments of ASCC16-S2 is shown in Fig. 2.

For the hottest stars, those near or beyond the early-type
edge of the ELODIE template grid (≈ F0), we used a dif-
ferent approach, as done in previous works (see for example
Alonso-Santiago et al. 2024). For these objects, we made use

of synthetic templates (see Sect. 3.3) and focused on the wings
and cores of the Balmer lines, which are efficient diagnostics
of log g and Teff respectively, as well as additional spectral
regions with weaker lines to constrain the v sin i, mainly the
Mg I λ 4481 Å, clearly visible at these effective temperatures.

As mentioned above, the observed targets include four SB2
systems. One of these, Plei-S2 (= HII 1117 = HD 282975), was
already discovered as a double-lined spectroscopic binary by
Mermilliod et al. (1992), but we decided to keep it in our list
and observe it anyway for comparison purposes. Another SB2,
NGC2232-S4, was discovered by us as an eclipsing binary by
examination of TESS light curves and was observed purposely to
obtain high-precision stellar parameters which were the subject
of a recent work (Frasca et al. 2023b).

The spectral lines of the components of these SB2s are suf-
ficiently separated in wavelength to allow us to infer their stellar
parameters from a proper analysis of their spectra. For the SB2
in NGC2232 (TIC 43152097), which is also a totally eclipsing
binary, we have already provided the parameters of the two com-
ponents in Frasca et al. (2023b) by simultaneously solving the
RV and light curves. To get the stellar parameters for SB2 sys-
tems, we used COMPO2, a code developed in IDL3 environment
by Frasca et al. (2006), which, like ROTFIT, was adapted to the
HARPS-N spectra. A description of this version of COMPO2
can also be found in Frasca et al. (2019) to which paper the reader
is referred to for further details. The continuum flux ratio (i.e. the
flux contribution of the primary component in units of the con-
tinuum, wP) is an adjustable parameter, which is also an output
of the code. An example of the application of COMPO2 to the
binary Mel20-S11 is shown in Fig. 3 for two spectral segments,
one around the Mg I b triplet and the other centred at 6440 Å, in
which the lines of the two components are clearly distinguish-
able. The flux contribution was evaluated at three wavelengths
(4400 Å, 5500 Å, and 6400 Å) using only the spectral segments
around these wavelengths. In this case, the SpTs of the compo-
nents are taken as the mode of the spectral-type distributions,
while the the APs are estimated as the weighted averages of the
best 100 combinations per each analysed spectral segment, con-
sidering the χ2 and the line intensity in the weight. The APs
obtained for the single stars are reported in Table A.2, in which
we also list the rotational periods measured by analysing the
TESS light curves, while those for SB2s systems are listed in
Table 2.

3.3. Elemental abundances

Once the APs are known, we can determine the chemical abun-
dances. We followed the same strategy implemented in our
previous works (Alonso-Santiago et al. 2021, 2024; Catanzaro
et al. 2024), which is based on the spectral synthesis technique
(Catanzaro et al. 2011, 2013). We focused only on cool stars,
those with Teff<7500 K, since the fast rotation in hotter stars with
earlier B–A types blurs the spectral lines, preventing a reliable
estimate of abundances. Additionally, in these stars, compared
to cool ones, the number of spectral features is also smaller.

As a first step we computed the atmospheric model
for each star from their APs, previously obtained with
ROTFIT (Sect. 3.2). We produced 1D local thermodynamic
equilibrium (LTE) models by means of the ATLAS9 code
(Kurucz 1993a,b) and then the corresponding synthetic spec-
tra were generated using the radiative transfer code SYNTHE

3 IDL (Interactive Data Language) is a registered trademark of Harris
Corporation.
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Fig. 3. Observed HARPS-N spectrum of the SB2 system Mel20-S11
(black dots) around the Mg I b lines (λ 5160 Å, upper panel) and around
λ 6440 Å (lower panel). In each panel the synthetic spectrum, which is
the weighted sum of two standard star spectra mimicking the primary
and secondary component of Mel20-S115, is overplotted with a full red
line.

(Kurucz & Avrett 1981). The next stage of our analysis consisted
of comparing the target spectra (at their original resolution)
with the synthetic ones (adequately broadened according to the
instrumental and rotational profiles). This was carried out in 39
spectral segments of 50 Å each between 4400 and 6800 Å. The
chemical abundances were then found by minimising the χ2 of
their differences. The final abundance of each element was esti-
mated as the mean of the individual values from all the observed
spectral lines, after applying a 2σ-clipping to remove outliers.
The median absolute deviation of the individual abundances was
considered a robust indicator of the uncertainty of the average
value.

In this way we calculated the chemical abundances of 41
FGK-type stars belonging to the seven clusters under study. We
explored 25 elements with atomic numbers up to 60, namely, C,
Na, Mg, Al, Si, S, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Sr, Y, Zr, Ba, La, Ce, Pr, and Nd. We adopted the lines list from
Romaniello et al. (2008) for Fe I and Fe II while for the rest of
the elements we used those of Castelli & Hubrig (2004), who
updated the original parameters of Kurucz & Bell (1995). Our
abundances are always expressed taking as reference the solar
composition reported by Grevesse et al. (2007). The individ-
ual stellar abundances, in terms of [X/H], are reported in the
additional material. The chemical composition of the clusters,
instead, is reported in Table 3. The final value for each element
has been calculated as the weighted average of the abundances
of the cluster members (i.e. ‘Y’ and ‘Y?’ stars in Table A.2),
using the individual errors as weights. Its uncertainty has been
estimated as the standard deviation observed among the mem-
bers. In general, this number is close or below 0.1 dex. Only in

a few occurrences we found some scatter in the abundance of
some elements among the members of the cluster. This is the
case of the Pleiades, where we have only analysed two stars that
exhibit some chemical differences for Fe, Cu and Zn. It is worth
clarifying that, for the sake of homogeneity, the [Fe/H] obtained
with SYNTHE is used throughout the discussion and chemical
analysis, while that of ROTFIT (slightly higher than the former)
is displayed in Table 3 only for comparison. In any case, both
sets of metallicities are compatible within the errors.

We find that Pleiades, ASCC 16 and NGC 7058 show
solar metallicity while Melotte 20, ASCC 19, Roslund 6 and
NGC 2232 display values about 0.1 dex lower. A spread in metal-
licity of almost 0.2 dex can be seen among our targets, which
is more than one can expect for these clusters with such simi-
lar ages and distances. Regarding the chemical abundances we
find, on average, solar composition for α- and Fe-peak elements
and a mild overabundance of about 0.2 dex for neutron-capture
elements. Sulfur and zinc present some differences with respect
the general trend. The former exhibits overabundant values
(0.2–0.3 dex above the Sun) while the latter is slightly subsolar.

4. Chromospheric emission and lithium abundance

For stars belonging to young clusters both the chromospheric
emission (traced by Balmer Hα and Ca II H&K lines in the
HARPS-N spectra) and lithium absorption can be used to esti-
mate the age (see, e.g. Jeffries 2014; Frasca et al. 2018, and
references therein). To this aim, the photospheric spectra pro-
duced by ROTFIT and COMPO2 with non-active, lithium-poor
templates were subtracted from the observed spectra of the tar-
gets to measure the excess emission in the core of the Hα
line (EWHα). The result of the subtraction of the photospheric
template from the observed spectrum in the Hα region for
the single-lined objects is available in the additional material
(Fig. 7). The residual emission in the Hα core that has been inte-
grated to get EWHα is shown by the hatched green areas in these
plots. The equivalent width of the Li I λ6708 Å absorption line
(EWLi) was also measured in the subtracted spectra where the
blends with nearby photospheric lines have been removed. The
values of EWHα and EWLi are quoted in Tables A.3 and A.4,
respectively.

For SB2 systems, spectral subtraction is strongly advisable
to try to isolate chromospheric emission originating from the
two components and to remove different lines of the two stars
which, due to the Doppler shifts, can overlap the Li I line of
one or both components. The difference spectrum contains only
the Li I absorption lines of the two components, whose equiva-
lent widths can be measured individually, eventually by means
of a two-Gaussian deblending (see Fig. 4 for an example). We
note that the values of EWLi for the components of SB2 sys-
tems, which are quoted in Table A.4, were corrected by dividing
them for the contribution to the continuum of the respective
component.

Lithium is a fragile element that is burned in stellar interiors
at temperature as low as 2.5×106 K. It is progressively depleted
from the stellar atmosphere in a way depending on the internal
structure (i.e. stellar mass) for stars with convective envelopes
deep enough to reach temperatures at which lithium is burned. It
can therefore be used as an age proxy for stars cooler than about
6500 K.

We derived the lithium abundance, A(Li), from our values
of Teff , log g, and EWLi by interpolating the curves of growth
of Lind et al. (2009), which span the Teff range 4000–8000 K
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Table 3. Average chemical composition ([X/H]), relative to solar abundances found by Grevesse et al. (2007), of the clusters observed in this work.

X Melotte 20 Pleiades ASCC 16 ASCC 19 NGC 2232 Roslund 6 NGC 7058

C 0.23± 0.17 0.21± 0.12 0.24± 0.03 0.18± 0.05 0.38± 0.06 0.39± 0.04 0.15± 0.16
Na 0.01± 0.09 0.08± 0.07 0.05± 0.04 0.06± 0.17 0.03± 0.06 0.05± 0.05 0.17± 0.04
Mg −0.04± 0.07 0.06± 0.06 0.03± 0.05 −0.05± 0.08 −0.01± 0.02 0.00± 0.04 0.08± 0.07
Al 0.12± 0.15 0.16± 0.08 0.13± 0.08 0.17± 0.05 0.08± 0.07 0.10± 0.09 0.14± 0.04
Si −0.14± 0.03 −0.07± 0.09 −0.05± 0.03 −0.05± 0.08 −0.10± 0.04 −0.07± 0.08 −0.10± 0.03
S 0.20± 0.20 0.26± 0.09 0.29± 0.03 0.21± 0.04 0.29± 0.12 0.20± 0.11 0.24± 0.06
Ca 0.11± 0.12 0.07± 0.10 0.14± 0.07 0.08± 0.05 0.13± 0.06 0.13± 0.06 0.12± 0.12
Sc −0.08± 0.03 0.00± 0.11 0.06± 0.15 −0.07± 0.06 0.03± 0.02 −0.01± 0.08 −0.04± 0.09
Ti −0.03± 0.11 0.06± 0.16 0.16± 0.10 0.02± 0.07 0.01± 0.08 −0.01± 0.07 0.05± 0.09
V 0.11± 0.07 0.18± 0.01 0.15± 0.05 0.17± 0.10 0.18± 0.05 0.11± 0.04 0.14± 0.08
Cr 0.06± 0.10 0.13± 0.13 0.11± 0.07 0.03± 0.12 0.07± 0.05 0.10± 0.06 0.07± 0.11
Mn 0.09± 0.09 0.09± 0.16 0.12± 0.07 −0.01± 0.07 0.11± 0.03 0.10± 0.05 0.09± 0.09
Fe −0.10± 0.13 0.03± 0.21 0.01± 0.10 −0.14± 0.15 −0.10± 0.10 −0.11± 0.08 −0.02± 0.10
Co 0.07± 0.06 0.17± 0.06 0.14± 0.07 0.18± 0.06 0.10± 0.04 0.14± 0.04 0.15± 0.07
Ni −0.08± 0.07 0.06± 0.08 0.03± 0.09 −0.06± 0.10 −0.08± 0.06 −0.06± 0.09 0.03± 0.05
Cu −0.06± 0.09 −0.04± 0.27 −0.04± 0.11 −0.12± 0.12 −0.02± 0.14 −0.07± 0.02 −0.03± 0.10
Zn −0.25± 0.11 −0.27± 0.20 −0.12± 0.16 −0.28± 0.10 −0.28± 0.07 −0.24± 0.05 −0.16± 0.09
Sr 0.17± 0.08 0.09± 0.11 0.15± 0.08 0.12± 0.13 0.06± 0.05 0.10± 0.03 0.15± 0.13
Y 0.20± 0.07 0.19± 0.13 0.23± 0.11 0.07± 0.14 0.22± 0.07 0.19± 0.02 0.12± 0.08
Zr 0.10± 0.06 0.22± 0.08 0.16± 0.10 0.16± 0.04 0.15± 0.03 0.13± 0.03 0.13± 0.06
Ba 0.31± 0.20 0.27± 0.04 0.27± 0.15 0.24± 0.08 0.47± 0.06 0.24± 0.05 0.30± 0.06
La 0.23± 0.05 0.28± 0.04 0.28± 0.07 0.22± 0.04 0.25± 0.04 0.26± 0.06 0.25± 0.11
Ce 0.09± 0.04 0.17± 0.02 0.15± 0.13 0.18± 0.05 0.15± 0.07 0.12± 0.05 0.14± 0.10
Pr 0.13± 0.05 0.18± 0.04 0.15± 0.05 0.21± 0.01 0.19± 0.06 . . . 0.24± 0.14
Nd 0.22± 0.07 0.25± 0.05 0.21± 0.03 0.16± 0.03 0.20± 0.06 0.23± 0.07 0.25± 0.06

Fe(∗) 0.01± 0.11 0.08± 0.13 0.00± 0.05 −0.02± 0.13 0.03± 0.06 0.02± 0.05 0.05± 0.08

Notes. (∗)ROTFIT metallicity, for comparative purpose.

and log g from 1.0 to 5.0 and include non-LTE corrections. The
errors of A(Li) take into account both the Teff and EWLi errors.
The values of A(Li) are listed in Table A.4.

To estimate or check the ages of the clusters investigated in
the present paper from the lithium content in the photospheres
of its components, we used the EAGLES code (Jeffries et al.
2023). This code fits Li-depletion isochrones to the values of Teff
(in the range 3000–6500 K) and WLi of a coeval star group, such
as the members of a cluster or a kinematical group or the compo-
nents of a binary system. We note that EAGLES works better for
clusters with a wide Teff distribution of members, while in our
case most of the stars are solar-like or hotter. The results of the
application of this code to our data are shown in the additional
material (Fig. 8) and summarised in Table 4, along with data
from three literature sources, based on Gaia data and mass-
derivation of ages using automated methods. We also included
ASCC 123, whose age was now determined with EAGLES for
consistency. Its value is younger than the ones previously pub-
lished in our papers: 100–250 Myr (Frasca et al. 2019, which was
derived by isochrone fitting) and a Pleiades-like age (Frasca et al.
2023a, from a gyrochronological perspective). Our results are
compatible within the errors with those obtained applying neural
networks to photometric data, in a very different approach to
ours, in particular with Cantat-Gaudin et al. (2020). ASCC 123
is a peculiar case, as it has been attributed a very large age by
Hunt & Reffert (2023) and Cavallo et al. (2024) (more than 1
and 0.6 Gyr, respectively) clearly incompatible with our results,
Cantat-Gaudin et al. (2020) and the cluster CMD (see also
the age of about 62 Myr derived by Dias et al. 2021). In the

Gaia-ESO Survey framework, Binks et al. (2021) studied the
lithium depletion boundary age for NGC 2232 and found a value
of 38±3 Myr, compatible within the errors with ours. They also
highlighted the important role played by magnetic activity in
young clusters.

As mentioned above, another important diagnostic of chro-
mospheric activity included in the HARPS-N spectra is repre-
sented by the emission in the cores of the Ca II H and K lines
(see, e.g. Frasca et al. 2010, 2011, and references therein). The
photospheric templates in the Ca II region are made with syn-
thetic BTSettl spectra (Allard et al. 2012), because the ELODIE
templates do not contain this wavelength range. Moreover, due
to the high sensitivity of these lines to the chromospheric activ-
ity, it is very difficult to find spectra of real stars with a pure
photospheric profile clean of any chromospheric contribution in
the Ca II cores and is preferable to resort to synthetic spectra.
These reproduce accurately the Ca II line profiles even in their
cores better than they do in the Hα cores. The latter are indeed
severely affected by NLTE and redistribution effects that make
low-activity standard stars preferable as photospheric templates
to be subtracted. Since the signal-to-noise ratio of HARPS-N
spectra of our targets is normally quite low in the Ca II H & K
region (S/N≤ 20), we have degraded the original resolution
(R=115 000) of the HARPS-N spectra and the synthetic spec-
tra to R=42 000, which is the same of the ELODIE templates,
improving the S/N but still keeping a resolution sufficient to
identify the emission cores and measure their equivalent widths
and fluxes. Furthermore, the photospheric templates have been
aligned in wavelength with the target spectra by means of the
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Fig. 4. Subtraction of the synthetic composite spectrum (red line) from
the observed spectrum of the SB2 ASCC19-S7 (black dots). The dif-
ference washes up the photospheric absorption lines leaving only the
chromospheric Hα emission (blue line in the bottom panel) and empha-
sises the Li I λ6708 Å absorption lines of the two components (blue line
in the top panel). The green and magenta dotted lines superimposed on
the residual spectrum represent Gaussian fits used to deblend the Li I
lines of the two components. The two components cannot be resolved
in the strong and broad Hα emission profile (also showing some red-
shifted extra-absorption), which has been integrated to provide a total
Wem

Hα (green hatched area in the bottom panel).

cross-correlation function and have been rotationally broadened
by the convolution with a rotational profile with the v sin i of
the target star that is reported in Table A.2. The observed spec-
tra (black lines) and the photospheric templates (red lines) are
available in the additional material (Fig. 9) for the Ca II H & K
region.

The equivalent width of an emission chromospheric line,
such as the Hα and Ca II lines of our targets after the subtrac-
tion of the photospheric spectrum, is not the best diagnostic of
the activity level, because it measures the intensity of the line
with respect to the local continuum. More effective indicators of
activity for a chromospheric line are the surface flux, Fline, and
the ratio of line luminosity to bolometric luminosity, R′line. For
the Hα this reads as

FHα = F6563EWHα, (1)

R′Hα = LHα/Lbol = FHα/(σT 4
eff), (2)

where F6563 is the flux at the continuum near the Hα line per unit
stellar surface area, which is evaluated from the BTSettl spectra
(Allard et al. 2012) at the stellar temperature and surface gravity

Table 4. Comparison of the age (expressed in Myr) of our targets
derived in this work (TW) and literature: Cantat-Gaudin et al. (2020,
CG20), Hunt & Reffert (2023, HR23), and Cavallo et al. (2024, C24).

Cluster TW CG20 HR23 C24

Melotte 20 68± 28 51 56± 32 42± 9
Pleiades 75± 36 78 122± 71 87± 17
ASCC 16 14± 10 14 8± 2 5± 1
ASCC 19 <20 11 7± 3 6± 2
NGC 2232 29± 10 18 13± 7 12± 2
Roslund 6 108± 66 89 168± 114 98± 19
NGC 7058 65± 13 41 70± 44 21± 6
ASCC 123 57± 17 45 1064± 657 661 ± 157

of the target. The flux error includes both the error of Wem
Hα and

the uncertainty in the continuum flux at the line centre, which
is estimated propagating the errors of Teff and log g. Similar
relations were used for the Ca II H and K lines.

The indexes R′Hα and R′HK are plotted against Teff in Fig. 5
along with the data for the Pleiades stars from Soderblom et al.
(1993). The chromospheric emission of the members of the
young clusters investigated in the present paper is comparable
with that of the Pleiades stars and roughly follows the increas-
ing trend with the decrease of temperature, with two outliers,
ASCC19-S16 and ASCC19-S7. The former source is an F2 YSO,
a likely Herbig star, whose Hα emission is more likely related
to magnetospheric accretion. The latter source is an SB2 with
a strong and broad Hα emission profile where the two compo-
nents cannot be distinguished, so that it has been fully integrated
providing a total flux that has been referred to the primary com-
ponent. It is likely that the spin-orbit coupling and other effects
related to the binary nature are responsible for this high flux.

5. Discussion

5.1. Literature

We searched the literature for spectroscopic studies conducted at
high resolution with which we compare our results, but we did
not find many references. The best one was the study performed
by Myers et al. (2022) in the framework of the OCCAM survey.
They investigated the chemical composition of 150 OCs based on
the analysis of the abundances reported in the APOGEE DR17
(R=22 500). Six out of the seven clusters studied in this work
(all except Roslund 6) were also observed by APOGEE, with
which we have 15 chemical elements in common. When com-
paring both sets of abundances, we find that ours are, on average,
0.15 dex higher, with C being the only element that shows a clear
different value. As stated in the APOGEE website4, the ’solar
scale should be close to the Grevesse et al. (2007) solar values’,
which are the ones used as reference by us. However, they do
not report these abundances, so that we cannot to put the two
data sets on exactly the same scale. This could lead to the exis-
tence of offsets between their and our data that could mitigate
the observed differences. Figure 6 displays the comparison of the
average chemical composition for each element. In addition, for
the youngest clusters in our sample the APOGEE results might
be unreliable, as its pipeline does not work optimally with stars
younger than about 50 Myr (Kounkel et al. 2018; Myers et al.
2022).

4 https://www.sdss4.org/dr17/irspec/abundances/
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Fig. 5. (a) Index R′Hα as a function of Teff for the members of the seven clusters (big dots) distinguished by the colours. The small black dots denote
the measures made by Soderblom et al. (1993) for Pleiades stars. (b) Index R′HK as a function of Teff .
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Fig. 6. Differences (ours minus theirs) in the average chemical compo-
sition derived in this work and those from APOGEE. The dashed line
represents the average offset found between both data sets.

Below we discuss the papers focused on individual clusters,
where possible. As previously mentioned, most of our targets
are poorly studied, at least from a chemical point of view, and
beyond the paper of Myers et al. (2022) there are not additional
references.

5.1.1. NGC 2232

Monroe & Pilachowski (2010) observed this cluster by using
the multi-object spectrograph Hydra (R=16 000) mounted on
the 3.5-m WIYN telescope, finding a supersolar metallicity,
[Fe/H]=0.49±0.09. They also derived the abundances of Al, Si
and Ni, obtaining subsolar [X/Fe] ratios for all of them: −0.37,
−0.33 and −0.26, respectively. In that work, the authors cal-
culated the Teff in two different ways (applying a photometric
relationship and fitting the spectral energy distribution), obtain-
ing different abundances as well. The values quoted here are
the average of both data sets. Our results differ strongly from
theirs: we find a mild subsolar metallicity ([Fe/H]=−0.10), solar

ratios for Si (0.00) and Ni (0.02) and a slight supersolar value for
Al (0.18). The cause of this disagreement is certainly due to the
different methodology used and is very likely the result of the
adoption of photometric temperatures by Monroe & Pilachowski
(2010). In any case we consider our results as more reliable, since
we used a much higher resolution than them and our findings
show a much better agreement with the Galactic gradient and
trends (see e.g. Magrini et al. 2023).

As for metallicity, in addition to Monroe & Pilachowski
(2010), we also found two other references. Randich et al. (2022),
in the GES framework5, gave a solar estimate, [Fe/H]=0.02±0.05
while the above mentioned paper by Myers et al. (2022) found a
subsolar value, [Fe/H]=−0.35±0.03. Despite using high resolu-
tion, the metallicity obtained in these four works shows a large
spread, of almost one dex, which is striking and calls for further
studies.

5.1.2. Pleiades

Gebran & Monier (2008) studied the chemical composition of
the Pleiades by observing 16 A-type dwarfs6 with ELODIE
(R=42 000) and five F-type MS stars with SOPHIE (R=75 000).
Among their A dwarfs we found two stars that we also observed
in this work, namely S7 and S8. For these objects we do not
provide abundances since they are too hot for our method. How-
ever, the atmospheric parameters estimated in the present work
are fully compatible with those reported by Gebran & Monier
(2008). As regards the chemical analysis, our results and theirs
are compatible within the errors for most of the 17 elements in
common, especially in the case of the F stars. They are more sim-
ilar to our targets and, unlike the sample of A stars, they exhibit
a smaller scatter in their chemical composition. Only the abun-
dances of Si, V, and Ba show a clear discrepancy in both works.
In the case of V and Ba the values provided by them are too
high to be reliable (≈1 dex). However, for Si the explanation is

5 NGC 2232 was included in the Gaia-ESO Survey, but most of its
members were only observed with GIRAFFE at intermediate resolution,
and no chemical abundances beyond the metallicity were derived.
6 Two of them were discovered to be chemically peculiar and will be
not considered in the subsequent discussion.
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not evident. For this element, they reported a supersolar value
around +0.25 dex while we found a slightly subsolar abundance
(≈−0.1 dex).

In order to determine the cluster metallicity with a great
accuracy Soderblom et al. (2009) conducted some observations
from the Lick Observatory. They used the Hamilton echelle
spectrograph (R=40 000) to obtain spectra of 20 FGK stars, out
of which 17 are bona fide members according to Cantat-Gaudin
et al. (2020). They found a solar metallicity for the Pleiades
([Fe/H]=0.03±0.02), the same value derived in this paper, in
good agreement with previous works. They also calculated the
chemical abundances of Na, Si, Ti and Ni, whose values are
again consistent with our results.

Recently, Spina et al. (2018) examined the chemical inhomo-
geneities in the Pleiades from five solar-like stars (none of them
in common with us). They used UVES spectra (R=75 000) to
derive chemical abundances for 19 elements, all of which were
also investigated in this work with the exception of oxygen. They
performed a line-by-line differential analysis relative to the solar
spectrum, a procedure somewhat different than ours that pre-
cludes a direct comparison of both sets of results. In any case,
for most elements, the abundances derived in this work agree
very well with those of Spina et al. (2018). Only for C, Al, Si and
Co the differences are slightly greater than 0.2 dex.

5.2. Galactic metallicity gradient

As done in previous papers, we compare the metallicities found
in this work for our targets with those expected based on their
position in the Galaxy. We used a large sample of OCs to
trace the radial metallicity distribution of the Galaxy to which
we contrast our results. We only collected OCs studied with
high-resolution spectroscopy in the framework of surveys such
as OCCAM (APOGEE-DR17, Myers et al. 2022), GES (iDR6,
Randich et al. 2022), OCCASO (Carbajo-Hijarrubia et al. 2024),
and SPA (Frasca et al. 2019; D’Orazi et al. 2020; Casali et al.
2020; Zhang et al. 2021; Alonso-Santiago et al. 2021). We com-
pleted the sample with other clusters studied previously by our
group (Alonso-Santiago et al. 2017, 2018, 2019, 2020, 2024) in
a similar way. In total, we gathered nearly two hundreds OCs,
at Galactocentric distances (RGC) up to 16 kpc. Only a few of
them were common in different datasets. With all these clus-
ters we plot the Galactic gradient shown in Fig. 7. We used
the Grevesse et al. (2007) solar value, A(Fe)=7.45, to rescale
the metallicities and took the values reported in Cantat-Gaudin
et al. (2020) for the RGC. These were calculated from the anal-
ysis of the Gaia-DR2 astrometry, using R⊙=8.34 kpc as a solar
reference.

Our targets are located in the vicinity of the Sun at similar
distances (RGC ≈ 8.6 kpc). However, as discussed before, they
show a spread of about 0.2 dex in metallicity, which increases
up to ≈0.3 dex when ASCC 123 is also considered. In Sect. 6 we
will explore its possible age dependence. In any case, as seen
in Fig. 7, their positions on the gradient are totally compatible
with those of the rest of the clusters. In the figure is also visible
the well-known fact that the [Fe/H] obtained at high resolution
by different groups for the same objects differ by 0.1–0.2 dex,
similar to the dispersion observed in our clusters.

5.3. Chemical composition and Galactic trends

In an analogous way to that previously carried out with metal-
licity, we compare the abundances found in this work with those
observed in the Galactic disc. To this aim we used the chemical
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Fig. 7. Radial metallicity gradient traced by literature open clusters
observed at high resolution (grey circles). Vertical lines link different
results for the same cluster. The objects studied in this work are high-
lighted with different colours.

trends displayed by the OCs collected in the sample described in
Sect. 5.2. Additionally, we increased the number of chemical ele-
ments investigated in the GES and SPA clusters by considering
the new abundances reported in Magrini et al. (2023) and Zhang
et al. (2022), respectively.

Figure 8 shows the Galactic trends, represented by the ratios
[X/Fe] versus [Fe/H], for 23 chemical elements. With the only
exception of C, the chemical composition of the clusters under
study is fully compatible with the observed trends. Zinc is the
only element for which our clusters show a slightly subsolar
value, but close to the trend. The opposite happens with S, for
which our abundances lie above the gradient, but compatible
within the errors (not shown in the figure for clarity). Barium
is the element that shows the largest spread among the clusters.

6. The Radcliffe wave

In order to investigate the possible connection among the
Radcliffe clusters we studied the correlation between the differ-
ent variables that we have at our disposal: chemical composition,
age, and position in the Galaxy. In each of these three groups
we included several data sets: RGC, Cartesian Galactic coordi-
nates (X, Y, Z), age, [Fe/H], [X/H], and [X/Fe] from the present
research and the literature (Cantat-Gaudin et al. 2020; Myers
et al. 2022; Hunt & Reffert 2023; Cavallo et al. 2024). Figure 9
illustrates the distribution of our targets along the RW according
to the age and metallicity obtained in this work for them.

The degree of correlation, expressed by the Pearson’s coeffi-
cient, varies according to the data sets we use. For example, we
find a moderate-to-high correlation (0.65< |r| < 0.94) between
age and Galactic position when using the values derived in this
work or in Cantat-Gaudin et al. (2020). On the contrary, no sig-
nificant correlation is found using the ages reported in Hunt
& Reffert (2023) and Cavallo et al. (2024). Metallicity shows
the strongest correlation with age (r ≈ 0.8) when combining
the metallicity obtained in this work (the valued derived with
ROTFIT correlates slightly better than that of SYNTHE) and
the ages of both Hunt & Reffert (2023) and Cavallo et al. (2024).

Concerning the chemical composition, we find a strong cor-
relation with age (taking as a reference the values from Hunt &
Reffert 2023 and Cavallo et al. 2024) of α- (r=0.78), Fe-peak
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Fig. 8. Abundance ratios [X/Fe] versus [Fe/H]. Symbols and colours are the same as in Fig. 7. The dashed lines show the solar value.
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(r=0.93) and neutron-capture (r = 0.98) elements in terms of
[X/H] abundances. On the other hand, if we use the [X/Fe] ratios,
the correlation of α- (r=−0.64) and neutron-capture (r = 0.56)
elements drops and that of the Fe-peak elements disappears. As
far as individual chemical elements are concerned, a correlation
of at least moderate magnitude is observed for many of them. In
particular, employing the [X/H] values, we find a moderate cor-
relation (0.6 < |r| < 0.8) for C, Na, Al, Mn, and Nd and a strong
correlation (|r| > 0.8) for Mg, Ca, Sc, V, Co, Cu, Y, and Zr. When
the [X/Fe] values are used instead, the correlation is moderate
for C, S, Sc, Cr, and Zn while it is strong for Na, Al, Ti, Ni,
and Zr. By contrast, no correlation is found when using the ages
derived in the present work or those reported in Cantat-Gaudin
et al. (2020).

Finally, we also used the chemical abundances ([X/Fe]) cal-
culated by Myers et al. (2022). As commented before, Roslund 6
and ASCC 123 were not included in their sample. They derived
the abundances for the same α elements investigated by us, some
Fe-peak elements (Cr, Mn, Co, Ni and Cu) and Ce as the only
heavy element. Their data correlate best with those of Hunt &
Reffert (2023). The dependence of [Fe/H] on age is somewhat
stronger than ours, while for α- and Fe-peak elements are similar.
For the latter, on the contrary, the correlation is positive. Regard-
ing the spatial distribution, the correlation of [Fe/H] with RGC is
slightly higher than ours, while no correlation for chemical abun-
dances is found. Concerning the X, Y, Z coordinates a moderate
level of correlation, somewhat stronger than ours, is found. No
clear trend (|r|>0.6) is evident between chemical abundances and
age or Galactic location.

However, if we group the clusters by age, the correlation
becomes very clear with all data sets. In this way we consid-
ered three categories. The first contained the youngest clusters
of our sample: ASCC 16, ASCC 19 and NGC 2232. The sec-
ond group consisted of the clusters with ‘intermediate’ age,
Melotte 20 and NGC 7058, while the third group contained the
oldest cluster, Roslund 6. The classification of the two remain-
ing clusters, ASCC 123 and Pleiades, depends on the set of
ages we use. Based on the ages of Hunt & Reffert (2023) and
Cavallo et al. (2024) they should be included in the last category,
whereas if we consider the ages of this work both clusters should
be classified as intermediate-age clusters. Finally, according to
the values of Cantat-Gaudin et al. (2020), ASCC 123 would be
included in the second group and the Pleiades in the third.

Furthermore, to try to evaluate the significance of their posi-
tion along the RW, instead of using individual coordinates as
done before, we payed attention to their location in the planes
XY, XZ, and YZ. In this way we used the sum of the pair of
coordinates that defines each plane, as a marker of the position
of the cluster on it, that is, X+Y in the case of the XY plane. We
find an age gradient across the RW, with older clusters close to
the Galactic centre (e.g. 0.8<r<0.9 in all the three planes when
using the data reported in Cantat-Gaudin et al. 2020). This fact
confirms the main conclusion of Konietzka et al. (2024), namely
the existence of a radial oscillation in the RW from the Galac-
tic centre outwards. On the other hand, the Pearson’s coefficients
between the metallicity and chemical composition derived in this
work and age or position in the wave according to Hunt & Reffert
(2023) and Cantat-Gaudin et al. (2020), respectively, range from
≈0.8 to 1.0 and are listed in Table 5. As an example, some of
these correlations are displayed in Fig. 10, specifically the vari-
ation of metallicity and chemical content derived in this work
with respect to age and location in the XY plane reported in
Cavallo et al. (2024). Correlations are slightly stronger when
[X/Fe] is used instead of [X/H], Similar values are obtained

Table 5. Pearson correlation coefficients between different variables for
the Radcliffe clusters grouped by age.

[Fe/H] [α/Fe] [Fe − peak/Fe] [n/Fe]

Age 1.00 −0.88 −0.88 −0.84
RGC −0.77 0.97 0.97 1.00
XY 0.81 −0.93 −1.00 −0.97
XZ 0.76 −0.94 −0.99 −0.98
YZ 0.87 −0.88 −0.73 −0.94
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Fig. 10. Some of the correlations found in the Radcliffe clusters,
grouped into age bins. Left panel: evolution of [Fe/H] over time. Right
panel: distribution of chemical composition, [X/Fe], along the XZ
Galactic plane. The Pearson coefficients (r) are also shown.

when we used the APOGEE abundances or other ages as ours
or those of Hunt & Reffert (2023). The only difference we noted
is the behaviour of the Fe-peak elements (but not [Fe/H] or
α elements): we find negative correlations between [X/Fe] and
age or XYZ positions, while when considering the APOGEE
abundances the correlation is positive.

From our results we infer a slight variation in the chemical
composition with age and the position along the wave, which is
the first evidence of the connection between the different clus-
ters associated with the RW. The observed metallicity trend,
with younger clusters being metal-poorer compared to older
ones, suggests inhomogeneous mixing or local chemical enrich-
ment rather than a canonical triggered star formation within a
large SFR. Additionally, it is important to note, especially in the
youngest stars, the effect that strong magnetic fields can induce
on the behaviour of spectral features, which could potentially
alter the analysis and, therefore, the results (Baratella et al. 2021).
In any case the sample of clusters is not very large and these
results have been obtained from the analysis of six to eight points
(when considering the clusters separately) or only three (when
we grouped them into age bins).

7. Summary

The RW is a ≈3 kpc structure in the solar neighbourhood that
involves many of the nearby SFRs. Recently discovered, it has
superseded the Gould Belt as the preferred scenario for local
star formation. In this work, for the first time, the RW is studied
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also from a chemical point of view with the idea of find-
ing traces of metal content evolution throughout its history. To
conduct our research, we selected a sample of seven young
OCs associated with the wave, namely Melotte 20, Pleiades,
NGC 2232, NGC 7058, ASCC 16, ASCC 19, and Roslund 6 (and
added ASCC 123, which was previously studied by our group).
Their age range varies from around 10 to 100 Myr and most
of them are poorly studied. We present here the most complete
chemical study to date of these clusters. In the case of Roslund 6,
it is also the only one.

We took high-resolution spectra with GIARPS at the TNG
telescope of 53 bona fide cluster members, for which we derived
radial velocities and atmospheric parameters. Most of the stars
observed (41) are slowly rotating FGK dwarfs. For this subsam-
ple we studied the chromospheric activity and the content of
Li, from which we estimated the age of the clusters. The chro-
mospheric activity intensity traced by both the Hα and Ca II
H&K line fluxes is consistent with the young age of these stars,
but the data do not allow us to distinguish different levels or
trends between the seven clusters. We find that the Li-depletion
ages derived in this work agree well with the evolutionary ages
reported in the literature. We find that three of the studied clus-
ters have solar metallicity (Pleiades, ASCC 16, and NGC 7058),
while the remaining ones (ASCC 19, Melotte 20, NGC 2232, and
NGC 7058) show a slightly subsolar value, around −0.1 dex. In
any case, all of them follow the Galactic gradient shown by other
OCs.

In addition, we investigated their chemical composition by
deriving the abundances of 25 elements, which include the main
nucleosynthesis channels. Specifically we determined the chem-
ical abundances of C, odd-Z elements (Na and Al), α elements
(Mg, Si, S, Ca, and Ti), Fe-peak elements (Sc, V, Cr, Mn, Co,
Ni, Cu, and Zn), and neutron-capture elements (Sr, Y, Zr, Ba,
La, Ce, Pr, and Nd). We find, on average, solar values for α-
and Fe-peak elements while the heaviest elements exhibit abun-
dances ≈0.2 dex higher, especially barium. Their [X/Fe] ratios
are in good agreement with the Galactic trends displayed by a
large sample of OCs observed at a high resolution. The abun-
dances of C and S are slightly above these trends, whereas that
of Zn is just below; however, in both cases, they are compatible
within the errors.

Finally, we investigated the possible link between these
clusters as members of the RW. In our analysis we also included
ASCC 123, another cluster connected to the RW that was
previously studied by our group with the same instrument and
methodology. We calculated the Pearson correlation coefficients
for different variables (age, XYZ Galactic coordinates, RGC,
[Fe/H], and chemical abundances) collected from both this work
and literature. We find a strong correlation between the age of
the clusters and their spatial distribution confirming the radial
oscillation along the RW, but no clear correlation between the
chemical composition of the clusters and their age or position
along the wave emerges. However, if we do not consider the
eight clusters individually, but group them in three age classes,
the correlation becomes very evident. The dependence between
metallicity and chemical composition with age and position
along the RW supports the idea of a shared history between our
targets, whose palpable result is the local enrichment found,
within an episode of inhomogenous mixing. However, our
sample is not very large and prevents us from drawing further
conclusions. More data, such as those that will emerge from
upcoming large spectroscopic surveys as WEAVE and 4MOST,
are needed to confirm the first evidence claimed in this work.

Data availability

An extra appendix containing six tables and nine figures
is available on Zenodo at: https://zenodo.org/records/
13969632
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Appendix A: Additional tables

Table A.1. Observation log.

Stara GaiaDR3 source
Date_obs UT_mid texp S/Nb

yyyy-mm-dd hh:mm (s)

Mel20-A1 435977186717605504 2019-08-11 05:34 1380 54
" " 435977186717605504 2019-08-14 05:51 1380 69
Mel20-A2 436477017829810944 2019-08-12 05:28 3000 47
Mel20-A3 441585726810505472 2019-08-15 04:54 3000 106
Mel20-S1 247787692782638976 2022-10-27 00:27 3600 74
Mel20-S2 441466189279599104 2022-10-27 01:21 2400 67
Mel20-S3 461768327888957440 2022-10-28 00:20 1800 66
Mel20-S8 442036938892925824 2022-10-28 00:53 1500 63
Mel20-S11 244833446777247488 2022-10-28 01:16 900 76

Plei-S2 65199978672758272 2022-10-26 23:42 1200 80
Plei-S3 64808204638390912 2022-10-27 23:20 700 84
Plei-S5 68129764842889600 2022-10-27 23:45 1500 75
Plei-S7 66715273197982848 2022-10-26 23:13 300 78
Plei-S8 68293729514855040 2022-10-26 23:27 300 86
Plei-S9 68306099020642432 2022-10-29 03:23 900 153

ASCC16-S1 3222084843416897664 2022-10-28 02:16 5400 57
ASCC16-S2 3222099274507005056 2022-10-27 02:55 3600 37
ASCC16-S6 3222160885813451776 2022-10-27 02:07 1800 53
ASCC16-S12 3221874669193382016 2022-10-28 05:17 1200 64

ASCC19-S1 3217109248360315904 2019-11-09 06:11 2800 66
ASCC19-S2 3220091879809599616 2019-11-11 05:11 2800 60
ASCC19-S3 3214057416398183296 2019-11-11 06:04 2800 52
ASCC19-S4 3220302676802812928 2019-11-12 06:09 2800 12
ASCC19-S5 3220244986802246400 2020-09-29 04:58 4260 96
ASCC19-S6 3220215162549378176 2020-10-01 05:28 2840 82
ASCC19-S7 3220189976861927808 2020-10-01 06:10 4260 65
ASCC19-S14 3220092532644062720 2019-12-08 01:55 4500 70
ASCC19-S15 3217211812178947072 2019-12-08 04:00 4500 71
ASCC19-S16 3217189753227270144 2020-09-29 06:06 4420 126
ASCC19-S17 3217072174202699264 2019-12-08 22:23 690 81
ASCC19-S18 3220290376016482304 2019-12-08 22:38 690 77
ASCC19-S19 3217081898008606464 2019-12-08 23:22 690 56
ASCC19-S20 3214070301300036992 2020-10-01 04:48 1400 166
ASCC19-S21 3220707468880621568 2020-10-02 03:27 1400 74
ASCC19-S22 3220110983823622400 2019-12-09 00:22 4200 23
ASCC19-S23 3210985999385616000 2020-10-02 04:19 2800 91

NGC2232-A2 3104532761057366016 2020-11-25 02:11 6300 68
NGC2232-A3 3104339964265249536 2020-11-25 04:29 6300 83
NGC2232-S3 3104457096612037504 2022-10-27 04:17 5400 47
NGC2232-S4 3104591653648488192 2022-10-27 05:20 1800 41
" " " " 2022-10-28 04:47 1800 43
" " " " 2022-10-29 04:53 1800 33
NGC2232-S9 3104453905456953216 2022-10-28 03:27 3600 54
NGC2232-S11 3104153120306292096 2022-10-29 04:53 2100 46

Ros6-S1 2058141112700761472 2022-10-26 20:33 7200 62
Ros6-S2 2061151889077202688 2022-10-26 22:14 3600 46
Ros6-S5 2064092361123030912 2022-10-27 20:52 7200 49
Ros6-S9 2067418413856205056 2022-10-27 22:33 3600 58

NGC7058-S1 2171977885162801920 2019-08-11 03:25 1380 75
NGC7058-S2 2171977782083589888 2019-08-11 03:58 2070 78
NGC7058-S3 2172020903547164416 2019-08-11 21:46 2760 48
NGC7058-S4 2171979843667676416 2019-08-11 22:38 2760 47
NGC7058-S5 2171976510773081728 2019-08-12 02:11 2760 32
NGC7058-S6 2172072370130551936 2019-08-12 03:07 3000 25
NGC7058-S7 2171979427039771648 2019-08-15 00:42 3600 29
NGC7058-S9 2171974827145934464 2019-08-16 01:19 3600 16
NGC7058-S10 2171977782083591680 2019-08-14 01:52 5550 29
NGC7058-S11 2171929747167359488 2019-08-14 00:13 5550 38
NGC7058-S12 2171982145770310528 2019-08-12 00:50 5520 19
" " " " 2019-08-14 05:15 1980 20
NGC7058-S13 2171970497818874368 2019-08-15 23:45 6300 22

Notes. a ‘Internal’ identifier. b Signal-to-noise ratio per pixel at 6500 Å.
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Table A.2. Stellar parameters of the single-lined members of RW clusters derived in the present work with the code ROTFIT.

Star
Teff log g [Fe/H]

SpT
v sin i RV Pa

rot Memb?
(K) (dex) (dex) (km s−1) (km s−1) (d)

Mel20-A1 5752± 69 4.35± 0.12 0.19± 0.07 G2.5V 1.9± 1.4 −5.98± 0.07 . . . N
Mel20-A2 5843± 71 4.44± 0.11 −0.03± 0.10 G1V 11.6± 0.4 −1.62± 0.12 4.08 Y
Mel20-A3 6101± 70 4.20± 0.10 0.09± 0.08 F8V 4.4± 0.8 −0.68± 0.06 2.64 Y
Mel20-S1 5774± 71 4.37± 0.12 0.06± 0.08 G2V 8.2± 0.5 1.71± 0.08 3.98 Y
Mel20-S2 5781± 74 4.41± 0.12 0.10± 0.09 G2V 11.9± 0.3 0.41± 0.18 3.26 Y
Mel20-S3 5888± 110 4.44± 0.11 −0.03± 0.10 G1V 14.2± 0.3 −4.34± 0.16 3.90 Y?
Mel20-S8 5828± 72 4.44± 0.11 −0.02± 0.10 G2V 13.5± 0.5 −0.88± 0.15 3.05 Y

Plei-S3 6601± 119 4.14± 0.15 −0.00± 0.07 F6V 34.4± 1.2 5.96± 0.59 6.16b Y
Plei-S5 5752± 67 4.39± 0.12 0.18± 0.08 G2V 9.3± 0.3 5.54± 0.12 6.84b Y
Plei-S7∗ 7800± 170 3.90± 0.20 −0.20± 0.11 A7III 18.4± 6.8 4.99± 0.23 . . . Y
Plei-S8∗ 7900± 160 3.90± 0.20 −0.16± 0.11 A7III 31.8± 6.2 4.31± 0.43 . . . N
Plei-S9∗ 8200± 100 4.10± 0.20 −0.20± 0.15 A4IV 40.7± 6.2 4.35± 1.02 . . . Y

ASCC16-S1 5271± 89 4.53± 0.13 −0.00± 0.08 K0V 17.9± 0.4 21.27± 0.37 4.15 Y
ASCC16-S2 5184± 84 4.54± 0.10 −0.03± 0.08 K0V 18.3± 0.4 20.57± 0.34 4.06 Y
ASCC16-S6 5947± 114 4.34± 0.13 0.07± 0.08 G2V 32.5± 0.4 21.37± 0.43 2.34 Y
ASCC16-S12 6233± 107 3.87± 0.14 −0.02± 0.09 F8IV 32.8± 0.6 20.58± 0.48 2.82 Y

ASCC19-S1 6724± 135 4.14± 0.14 −0.02± 0.08 F4V 53.5± 1.4 22.53± 0.52 3.77 Y
ASCC19-S2 6549± 170 4.09± 0.16 −0.06± 0.12 F5V 171.3± 7.2 25.16± 3.62 0.642 Y
ASCC19-S3 6657± 119 4.14± 0.15 −0.01± 0.08 F4V 110.8± 4.4 21.16± 1.62 . . . Y
ASCC19-S4 6062± 119 4.15± 0.14 −0.03± 0.12 F9IV-V 13.8± 0.6 21.76± 0.28 4.26 Y
ASCC19-S5 6084± 73 4.20± 0.10 0.07± 0.10 F9IV-V 18.2± 1.0 23.89± 0.32 3.42 Y
ASCC19-S6 5895± 96 4.35± 0.14 0.11± 0.09 G0V 45.5± 1.1 22.71± 1.20 2.09 Y
ASCC19-S14 6513± 96 3.96± 0.12 −0.03± 0.09 F4V 17.0± 0.7 23.28± 0.18 0.665 Y
ASCC19-S15 6988± 121 4.13± 0.12 −0.04± 0.08 F1V 62.6± 1.9 22.70± 1.01 0.622 Y
ASCC19-S16 6750± 220 4.21± 0.13 −0.35± 0.15 F2V 64.8± 4.4 21.29± 0.84 . . . Y
ASCC19-S17∗ 16 800± 900 4.00± 0.15 0.00 B4V 250.0± 10.0 22.06± 2.10 . . . Y
ASCC19-S18∗ 14 700± 600 4.10± 0.10 0.00 B6V 38.0± 5.0 21.48± 0.70 . . . Y
ASCC19-S19∗ 14 600± 800 4.00± 0.20 0.00 B6V 190.0± 10.0 18.85± 1.85 . . . Y
ASCC19-S20∗ 12 800± 300 4.00± 0.15 0.00 B8V 120.0± 13.2 23.60± 0.75 . . . Y
ASCC19-S21∗ 9300± 110 4.10± 0.15 0.00 A1V 36.9± 2.9 20.81± 0.27 . . . Y
ASCC19-S22∗ 9400± 190 4.10± 0.20 0.00 A1V 49.5± 2.9 22.35± 0.46 . . . Y
ASCC19-S23∗ 9200± 360 4.20± 0.25 0.00 A1V 137.4± 15.7 23.08± 1.34 . . . Y

NGC2232-A2 5778± 73 4.39± 0.12 0.10± 0.09 G2V 17.9± 0.7 26.12± 0.26 2.79 Y
NGC2232-A3 5803± 69 4.40± 0.12 0.05± 0.07 G2V 13.1± 0.8 26.73± 0.24 3.97 Y
NGC2232-S3 5895± 111 4.45± 0.10 −0.04± 0.10 G1V 17.5± 0.4 26.05± 0.35 3.11 Y
NGC2232-S9 5849± 70 4.44± 0.11 −0.04± 0.10 G1V 17.6± 0.4 25.96± 0.32 2.61 Y
NGC2232-S11 6099± 75 4.17± 0.12 0.06± 0.09 F8V 12.1± 0.7 26.94± 0.14 3.06 Y

Ros6-S1 5942± 133 4.45± 0.10 −0.03± 0.10 G1V 13.7± 0.4 −8.13± 0.21 3.13 Y
Ros6-S2 6082± 71 4.30± 0.14 0.05± 0.09 G1V 17.3± 0.5 −8.20± 0.28 2.78 Y
Ros6-S5 5844± 68 4.43± 0.11 −0.03± 0.10 G1V 14.1± 0.3 −7.47± 0.22 3.24 Y
Ros6-S9 6088± 72 4.20± 0.10 0.07± 0.09 F8V 13.6± 0.4 −8.24± 0.12 3.27 Y

NGC7058-S1∗ 9200± 200 4.10± 0.10 0.00 A1 95.7± 2.6 −5.51± 2.02 . . . Y?
NGC7058-S2∗ 9500± 200 4.30± 0.10 0.00 A0 42.3± 1.2 −8.05± 0.47 . . . Y?
NGC7058-S3 6700± 148 4.15± 0.16 −0.02± 0.09 F5V 116.4± 5.4 −17.25± 3.18 . . . Y
NGC7058-S4 6654± 122 4.14± 0.15 −0.01± 0.09 F3V 119.3± 4.3 −18.21± 2.85 . . . Y
NGC7058-S5 6324± 147 4.10± 0.17 0.00± 0.08 F6IV 41.7± 2.2 −19.25± 1.01 1.48 Y
NGC7058-S6 6087± 72 4.21± 0.10 0.07± 0.10 F8V 24.7± 0.8 −19.13± 0.40 13.65 Y
NGC7058-S7 5901± 120 4.44± 0.11 0.05± 0.07 G1V 14.8± 0.9 −19.03± 0.22 2.87 Y
NGC7058-S9 5785± 88 4.42± 0.12 −0.00± 0.10 G2V 6.6± 0.5 −33.25± 0.08 7.30 Y?
NGC7058-S10 5744± 83 4.38± 0.12 0.18± 0.08 G2V 4.0± 0.7 −19.41± 0.07 6.77 Y
NGC7058-S11 5682± 114 4.45± 0.15 0.19± 0.10 G2.5V 5.8± 0.4 −19.43± 0.07 4.63 Y
NGC7058-S12 5491± 157 4.53± 0.11 0.11± 0.11 K0V 7.5± 0.5 −19.08± 0.09 4.82 Y
NGC7058-S13 5285± 90 4.55± 0.11 −0.00± 0.09 K0V 3.3± 0.8 −18.96± 0.06 5.69 Y

a Rotation periods derived in the present paper analysing the TESS light curves.
b Rotation periods derived by Rebull et al. (2016) with Kepler-K2.
∗ Warm stars. Atmospheric parameters derived with synthetic templates with solar metallicity as described in the text.
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Table A.3. Hα and Ca II H & K equivalent widths and fluxes.

Star EWHα FHα log(R′Hα)
EWCaII−K EWCaII−H FCaII−K FCaII−H log(R′HK)

(mÅ) (105erg cm−2s−1) (mÅ) (mÅ) (105erg cm−2s−1)

Mel20-A1 . . . . . . . . . 20±36 17±30 1.1±2.0 0.9±1.7 -5.48
Mel20-A2 94±13 7.2±1.0 -4.96 328±73 238±73 20.5±5.2 14.9±4.9 -4.27
Mel20-A3 49±13 4.4±1.2 -5.25 207±39 132±24 19.1±4.0 12.2±2.4 -4.40
Mel20-S1 157±14 11.5±1.1 -4.74 408±58 297±51 23.0±4.0 16.7±3.3 -4.20
Mel20-S2 391±22 28.7±2.1 -4.34 560±60 427±52 31.9±4.8 24.3±3.9 -4.05
Mel20-S3 105±12 8.3±1.1 -4.91 347±78 274±73 23.2±6.5 18.3±5.8 -4.22
Mel20-S8 215±14 16.3±1.3 -4.60 441±62 358±62 26.9±5.0 21.8±4.6 -4.13
Plei-S2a 102±13 7.0±1.1 -4.92 434±80 290±64 23.2±5.3 15.5±4.0 -4.20
Plei-S3 36±6 4.3±0.8 -5.40 149±29 114±28 25.1±5.8 19.1±5.3 -4.39
Plei-S5 73±14 5.3±1.0 -5.07 479±65 330±58 26.2±4.4 18.0±3.6 -4.15
ASCC16-S1 702±24 35.8±2.8 -4.09 1047±137 760±122 26.6±5.5 19.3±4.4 -3.98
ASCC16-S2 661±31 31.3±2.7 -4.12 1262±136 983±152 27.4±5.4 21.3±4.8 -3.92
ASCC16-S6 306±22 25.2±2.6 -4.45 692±78 488±65 49.4±11.0 34.8±8.12 -3.93
ASCC16-S12 55±10 5.3±1.0 -5.20 275±60 201±67 29.3±7.5 21.4±7.7 -4.23
ASCC19-S3 41±15 5.0±1.9 -5.34 235±72 153±64 41.6±13.7 27.0±11.8 -4.21
ASCC19-S4 145±50 12.8±4.5 -4.78 315±343 75±370 27.1±29.9 6-5±31.9 -4.36
ASCC19-S5 72± 8 6.4±0.8 -5.08 267±33 189±35 23.6±3.7 16.7±3.5 -4.29
ASCC19-S6 314±13 24.9±2.0 -4.44 655±85 507±73 43.1±8.6 33.3±7.0 -3.95
ASCC19-S7a 3943±190 217±26 -3.34 1774±316 1550±320 68.3±30.8 59.6±27.6 -3.62
ASCC19-S14 29±11 3.3±1.3 -5.49 196±58 175±62 29.4±9.3 26.2±9.8 -4.26
ASCC19-S15 . . . . . . . . . 229±63 139±49 56.4±16.2 34.2±12.3 -4.17
ASCC19-S16 1846±39 260±30 -3.70 326±39 270±37 155±34 128±29 -3.67
NGC2232-A2 440±19 32.2±2.0 -4.29 642±56 514±55 35.4±4.9 28.4±4.3 -4.00
NGC2232-A3 173± 8 12.9±0.8 -4.70 367±43 298±49 20.9±3.6 17.0±3.5 -4.23
NGC2232-S3 146±20 11.6±1.8 -4.77 410±63 237±52 26.9±6.3 15.5±4.4 -4.21
NGC2232-S4A 109±17† 9.7±1.6 -4.90 268±49 163±48 25.1±5.1 15.2±4.7 -4.28
NGC2232-S4B 1209±247† 16.2±3.6 -4.01 158±42 65±36 14.8±4.12 6.0±3.4 -3.90
NGC2232-S9 138±16 10.6±1.3 -4.80 454±101 280±76 27.8±7.0 17.2±5.1 -4.17
NGC2232-S11 91±10 8.2±1.0 -4.98 318±61 139±41 30.8±6.5 13.4±4.1 -4.25
Ros6-S1 143±17 11.7±1.7 -4.78 326±40 264±46 23.7±6.0 19.2±5.4 -4.22
Ros6-S2 156±21 14.0±2.0 -4.75 296±45 197±38 25.9±4.6 17.2±3.6 -4.25
Ros6-S5 162±16 12.4±1.4 -4.73 399±68 221±66 25.0±5.1 13.9±4.4 -4.23
Ros6-S9 88±11 7.9±1.0 -4.99 437±91 244±56 39.7±9.1 22.1±5.5 -4.10
NGC7058-S5 87±24 8.9±2.6 -5.01 181±77 100±56 22.0±10.1 12.2±7.1 -4.42
NGC7058-S6 115±28 10.3±2.5 -4.88 517±146 200±106 47.2±14.0 18.3±9.9 -4.07
NGC7058-S7 116±27 9.2±2.3 -4.87 197±71 204±78 13.5±5.6 14.1±6.1 -4.40
NGC7058-S9 226±46 16.6±3.5 -4.58 303±209 153±217 17.9±12.6 9.1±12.9 -4.37
NGC7058-S10 65±26 4.7±1.9 -5.12 499±93 262±86 27.6±6.2 14.5±5.1 -4.17
NGC7058-S11 252±31 17.4±2.5 -4.53 475±156 271±120 24.2±9.0 13.8±6.6 -4.19
NGC7058-S12 218±20 13.2±1.9 -4.59 828±74 349±79 36.7±9.3 15.5±5.1 -3.99
NGC7058-S13 146±44 7.5±2.3 -4.77 597±185 253±144 16.3±5.6 6.9±4.1 -4.28

a Emission from both components has been integrated.
† Corrected for the contribution to the continuum flux.
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Table A.4. Li I λ 6708 Å equivalent width and abundance of the cool stars observed in this work.

Star Teff EWLi A(Li)
(K) (mÅ)

Mel20-A1 5752±69 51±6 2.33±0.10
Mel20-A2 5843±71 153±6 2.96±0.07
Mel20-A3 6101±70 115±5 2.97±0.07
Mel20-S1 5774±71 150±9 2.91±0.09
Mel20-S2 5781±74 181±7 3.03±0.07
Mel20-S3 5888±110 146±6 2.97±0.09
Mel20-S8 5828±72 151±5 2.95±0.06
Mel20-S11A 6119±75 86±5a 2.83±0.08
Mel20-S11B 5172±240 275±37a 2.87±0.29
Plei-S2A 5674±139 174±13a 2.93±0.14
Plei-S2B 5371±172 153±14a 2.63±.19
Plei-S3 6601±119 32±7 2.64±0.18
Plei-S5 5752±67 175±5 2.98±0.06
Plei-S7 7107±12 22±5 . . .
Plei-S8 7280±269 20±5 . . .
Plei-S9 7536±308 12±3 . . .
ASCC16-S1 5271±89 304±9 3.03±0.10
ASCC16-S2 5184±84 325±9 3.02±0.10
ASCC16-S6 5947±114 183±11 3.14±0.11
ASCC16-S12 6233±107 128±7 3.11±0.09
ASCC19-S1 6724±135 108±14 3.30±0.14
ASCC19-S2 6549±170 25±8 2.49±0.25
ASCC19-S3 6657±119 52±24 2.90±0.30
ASCC19-S4 6062±119 176±30 3.19±0.18
ASCC19-S5 6084±73 152±5 3.11±0.07
ASCC19-S6 5895±96 222±7 3.23±0.09
ASCC19-S7A 5376±139 284±10a 3.06±0.14
ASCC19-S7B 4894±226 403±38a 3.04±0.36
ASCC19-S14 6513±96 101±6 3.14±0.09
ASCC19-S15 6988±121 53±11 3.10±0.13
ASCC19-S16 6750±220 63±5 3.15±0.14
NGC2231-A2 5778±73 194±7 3.07±0.07
NGC2231-A3 5803±69 139±6 2.89±0.07
NGC2232-S3 5895±111 155±9 3.01±0.11
NGC2232-S4A 6070±70 116±7a 2.95±0.07
NGC2232-S4B 4130±60 361±81a 1.97±0.35
NGC2232-S9 5849±70 151±10 2.96±0.09
NGC2232-S11 6099±75 123±7 3.01±0.08
Ros6-S1 5942±133 125±5 2.91±0.11
Ros6-S2 6082±71 93±7 2.84±0.08
Ros6-S5 5844±68 117±7 2.82±0.08
Ros6-S9 6088±72 135±7 3.06±0.07
NGC7058-S5 6324±147 62±19 2.79±0.24
NGC7058-S6 6087±72 189±22 3.24±0.11
NGC7058-S7 5901±120 139±15 2.95±0.14
NGC7058-S9 5785±88 88±12 2.63±0.13
NGC7058-S10 5744±83 190±12 3.03±0.10
NGC7058-S11 5682±114 205±10 3.04±0.10
NGC7058-S12 5491±157 202±14 2.90±0.16
NGC7058-S13 5285±90 132±14 2.49±0.13

a Values corrected for the contribution to the continuum flux.
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