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ABSTRACT

Open clusters serve as laboratories to study and evaluate stellar evolution and Galactic chemical
evolution models. Chemical peculiarities, such as lithium-rich giants, are rarely observed in these stel-
lar systems. This work focuses on eight red giants (#005, #028, #034, #053, #087, #121, #126,
and #190) previously reported as members of the Galactic cluster IC2714. We conducted a detailed
investigation using high-resolution spectroscopy, supplemented with data from the Gaia DR3 catalog.
Besides deriving the cluster’s fundamental parameters, we provide the most thorough chemical charac-
terization of IC 2714 to date, reporting the abundance of 23 species, including light elements (Li, C, N,
0), odd-Z elements (Na, Al), a-elements (Si, Ca, Ti, Mg), iron-peak elements (Sc, Cr, Ni), s-process-
dominated elements (Y, Zr, Ba, La, Ce, Nd) and r-process elements (Sm, Eu). We also present the
carbon isotopic ratios 12C/13C for the first time for seven stars. One particular star (#087) exhibits a
high lithium abundance (log ¢(Li)npTE = +1.54 dex) and a slightly higher projected rotational velocity
(v sin i =6.7kms™!). Our results suggest that the analyzed stars are in the core-helium-burning phase
of evolution, where the most lithium-rich giants are found. Combining astrometric probabilities and
chemical abundances, we conclude that two giants (#028 and #034) might not be cluster members.

Keywords: Fundamental parameters of stars (555); High resolution spectroscopy (2096); Open star
clusters (1160); Stellar abundances (1577); Chemically peculiar giant stars (1201)

1. INTRODUCTION

Open Clusters (OCs) are characterized by groups of
gravitationally bound stars sharing similar distances,
ages and initial chemical compositions. In this sense,
they are invaluable tools for studying stellar and Galac-
tic chemical evolution (e.g., Friel 1995; Lada & Lada
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2003; Netopil et al. 2016; Magrini et al. 2009). Predom-
inantly distributed across the Galactic disc, OCs provide
the ideal conditions for testing stellar evolution models
and to trace the chemical enrichment of the Galaxy.

In the last decade, the large datasets provided by the
Gaia mission (Gaia Collaboration et al. 2016) allowed
a significant development of OCs studies in the Galaxy.
Using Gaia’s astrometric and photometric data, several
works reported the discovery of a large number of clus-
ters, including the application of unsupervised machine
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learning techniques to this intent (e.g. Cantat-Gaudin
et al. 2018a; Ferreira et al. 2020; Ferreira et al. 2019;
Cantat-Gaudin et al. 2020; Jaehnig et al. 2021; Ferreira
et al. 2021; Hunt & Reffert 2023; Cantat-Gaudin et al.
2019; Castro-Ginard et al. 2018, 2019, 2020, 2022; Liu
& Pang 2019). Moreover, high-resolution spectroscopy
proves to be an excellent tool for conducting a thor-
ough chemical analysis of the cluster member stars. The
abundances analysis can provide valuable insights of OC
properties and also guide studies in the context of chem-
ical gradients in the Galaxy (Netopil et al. 2016; Magrini
et al. 2009, 2017, 2023).

This paper presents a comprehensive astrometric and
spectroscopic analysis of the Galactic open cluster
IC2714. Previous studies, such as Cantat-Gaudin et al.
(2020) and Hunt & Reffert (2023), estimate its age at
0.44 — 0.52 Gyr, with Ay = 0.95. Our analysis updates
these results and provides detailed chemical abundances
for 23 chemical species in eight red giants previously
classified as members of IC 2714.

To date, chemical analysis using high-resolution spec-
troscopy of the stars in our sample were limited to iron
and lithium abundances (e.g. Santos et al. 2009; Delgado
Mena et al. 2016; Tsantaki et al. 2023). An exception
is found in Smiljanic et al. (2009), where an analysis of
several chemical species is presented for the star #005.
Furthermore, the star #034 was studied by Ramos et al.
(2024), which conducted an extensive chemical study
and membership analysis of 17 single-lined spectroscopic
binary stars in 15 OCs. For the star #028, however, at-
mospheric parameters and chemical abundances derived
via high-resolution spectroscopy are here presented for
the first time.

A point of interest is the report of three lithium-rich
giants within IC 2714 (Delgado Mena et al. 2016), which
comprise a very rare class of stars that represent only
1 to 2% of the G—K giants in the Galaxy (e.g. Magrini
et al. 2021a; Cai et al. 2023; Gao et al. 2022; Smiljanic
et al. 2018; Wallerstein & Sneden 1982). The 7Li atom is
lithium’s most abundant isotope and is easily destroyed
by the first dredge-up (FDU) before a star enters the
Red Giant Branch (RGB). In this sense, standard evo-
lution models do not predict the existence of lithium-
rich giants. In particular, standard models predict a
photospheric abundance of log e(Li) < 1.50 dex after the
FDU (Charbonnel & Balachandran 2000), and abun-
dances above this limit are traditionally associated with
chemically peculiar stars. Several mechanisms are pre-
sented in literature to explain this enrichment (e.g. Siess
& Livio 1999a; Alexander 1967; Zhang et al. 2020; Grat-
ton & D’Antona 1989; Kirby et al. 2016; Fekel & Bal-
achandran 1993; Sackmann & Boothroyd 1999; Holanda

et al. 2020a; Schwab 2020; Mori et al. 2021; Li et al. 2021;
Mallick et al. 2025).

It is currently understood that, due to the Hot Bot-
tom Burning process (HBB), lithium atoms can be syn-
thesized via the Cameron-Fowler mechanism (Cameron
& Fowler 1971) in intermediate-mass stars during the
Thermal Pulses phase in Asymptotic Giant Branch (TP-
AGB). However, lithium enrichment in earlier evolution-
ary stages is still poorly understood (e.g. Deepak & Lam-
bert 2021; Holanda et al. 2020a,b; Magrini et al. 2021a).
For example, thermohaline mixing is suited to explain
the low '2C/!3C isotopic ratios found in red giants, but
it is unable to explain lithium enrichment before TP-
AGB (Charbonnel & Balachandran 2000; Lagarde et al.
2019). In this sense, Holanda et al. (2020a) reported a
Li-rich in the Early-AGB phase and suggested the Cool
Bottom Process (CBP) as a possible mechanism to ex-
plain its enrichment. The CBP is mainly responsible for
3He destruction and “Li production, and could also ex-
plain the carbon isotopic ratios observed in RGB stars.
However, as pointed out by the authors, the efficiency of
this process depends on complex factors, such as mixing
speeds, geometry and episodicity, and is not related to
any physical explanation within stellar evolution mod-
els.

On the other hand, Siess & Livio (1999b,a) proposed
a scenario in which the accretion of planets or of a sub-
stellar companion could be responsible for a lithium en-
richment in the stellar photosphere, also increasing its
rotational velocity. As proposed by the authors, this
scenario could be corroborated by a photospheric over-
abundance of Be and B. However, Takeda & Tajitsu
(2017) found no Be enrichment among a large sample
of Li-rich and non-rich giants. Also, Drake et al. (2018)
did not found any relevant B enrichment in four Li-rich
giants. To explain these observations, Holanda et al.
(2020a) proposed that continuous circulation processes
could deplete Be and B abundances in CBP-enriched
giants.

To explain the existence of “super Li-rich giants”, with
lithium abundances greater than meteoritic value (3.26;
Asplund et al. 2009), Zhang et al. (2020) present a
merger scenario between a RGB and a He-white dwarf
companion. Even though this scenario conforms to the
stellar parameters, carbon isotopic ratios and lithium
abundances found in most Li-rich giants (Holanda et al.
2024b), this model does not take rotational velocities in
consideration and it can only explain lithium enrichment
in core-helium-burning red giants, known as red clump
(RC) stars.

Also, literature reports a class of chemically pecu-
liar stars that are commonly associated with Li-rich gi-



ants, known as Weak G-band (WGB) stars. These stars
are characterized by weak CH molecular lines in Fraun-
hofer’s G-band, indicative of low 2C abundances (Rao
1978), and present high N abundances. Notably, several
works observe an incidence of about 50% of Li-rich stars
between WGBs (e.g. Palacios et al. 2012, 2016; Holanda
et al. 2024a; Maben et al. 2023). However, when com-
pared with regular Li-rich giants, WGBs present signif-
icantly lower 2C/'3C ratios, and have essentially low
rotational velocities (Holanda et al. 2024b). The forma-
tion mechanism of such stars is still debated, and several
scenarios are studied, including merger events such as
the proposed by Zhang et al. (2020).

Given the above mentioned scenarios, it is clear that
lithium enrichment in giants is a debated theme in cur-
rent literature, still not fully understood. Particularly,
the existence of Li-rich red giants still lacks adequate ex-
planations within current stellar evolution models. The
analysis presented in this work is contributing in study-
ing the nature of these objects.

We summarize our work as follows: in Section 2 we de-
scribe the data used in this work, as well as the member-
ship analysis; Section 3 describes our adopted method-
ology; our results are presented together with a com-
parison with literature data in Section4; and finally, a
summary and considerations are delineated in Section 5.

2. ASTROMETRIC AND SPECTROSCOPIC DATA

In this work, we initially obtained astrometric and
photometric data for all the stars contained in a 1° radius
region centered on IC 2714 from the Gaia DR3 catalogue
(Gaia Collaboration et al. 2023). Quality filters (which
will be described later) were then applied as part of the
decontamination procedure. V and K-band photometry
were obtained from Mermilliod et al. (2008) and Cutri
et al. (2003), respectively.

The eight giants in our sample were previously re-
ported as cluster members based on their radial velocity
(RV) by Mermilliod et al. (2008). We obtained high-
resolution spectra of the stars during two missions at
the La Silla Paranal Observatory in Chile, in 2009. The
observations were conducted under collaborative agree-
ments involving the Observatério Nacional in Brazil, the
European Southern Observatory (ESO), and the Max-
Planck-Institut fiir Astronomie (MPG).

We used the Fiber-fed Extended-Range Optical Spec-
trograph (FEROS; Kaufer et al. 1999) attached to the
2.2m MPG/ESO telescope. FEROS offers a wavelength
coverage ranging from 3700 to 9000 A and a power res-
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olution of R~48,000. The spectral reduction was con-
ducted with the FEROS Data Reduction System'.

Table 1 provides general information about our sam-
ple. The eleventh column presents the signal-to-noise ra-
tio (SNR) for each spectrum, measured around 6000 A.
The exposure times were estimated to ensure SNR val-
ues exceeding 100. The table also includes RV measure-
ments from Mermilliod et al. (2008), who used these
results to classify spectroscopic binary (SB) stars and
candidates (SB?). This classification is shown in the
last column. Our RV measurements were obtained using
ISPEC (Blanco-Cuaresma et al. 2014) with the template-
matching fitting method.

3. METHODS
3.1. Membership Analysis

We implemented the Python version of Unsupervised
Photometric Membership Assignment in Stellar Clusters
method (pyUPMASK; Krone-Martins & Moitinho 2014;
Pera et al. 2021)? to perform a membership analysis for
IC2714. This method is based on an iterative process
that has already been proved to be effective in separat-
ing cluster and field star populations. PyUPMASK uses
astrometric data, Principal Component Analysis (PCA)
and a clustering algorithm to assign membership prob-
abilities to the stars in the sample. In using pyUP-
MASK, we have adopted 10 outer loop runs, 10 stars
per statistical cluster, and 3 PCA dimensions. Besides
that, we have adopted the K-Means as clustering algo-
rithm because its effectiveness has already been proven
in analyzing bright OCs in the Galaxy (e.g. Cantat-
Gaudin et al. 2018b; Holanda et al. 2022; Yontan et al.
2019). The input sample was obtained by applying cer-
tain quality filters to the stars. First, we have discarded
stars with negative Gaia parallaxes to ensure the qual-
ity of the data. Also, astrometric parallaxes were cor-
rected following Lindegren et al. (2021). Then, consid-
ering that Gaia astrometric uncertainties become signif-
icant beyond G = 18 mag, we have considered only stars
brighter than this limit. Besides, we excluded stars with
ruwe > 1.4. The ruwe is a reliable statistical indicator
provided by Gaia that allows to evaluate the quality of
the astrometric solution, and values smaller than about
1.4 indicate good astrometric solutions. Values higher
than this threshold are often associated with unresolved
binaries (Lindegren et al. 2018). Finally, in order to
guarantee more sensitivity to cluster density and exclude

! rEROs Data Reduction system is described and available at www.

eso.org/sci/facilities/lasilla/instruments/feros /tools/DRS.html
2 pyUPMASK is available at https://github.com/msolpera/
pyUPMASK.
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Figure 1. Proper-motion distribution of the extracted Gaia DR3 data around the center of IC 2714 (top left), with the color
scale indicating probabilities computed using pyUPMASK; the star #034 is found outside the plot limits, as indicated by the
green arrow. The top right panel shows the parallax versus G magnitude distribution. A color-magnitude diagram (bottom
left) is presented, with an isochrone fit using PARSEC isochrones (Bressan et al. 2012); the fit was performed using the SIESTA
code, considering stars with p > 0.7. The bottom right panel displays the spatial distribution of stars around the center of the
cluster. The red giants of our sample classified as members are shown in red circles, while the non-member stars #028 and
#034 are shown in green circles. In the top left plot, the star #034 lies outside the plot limits, as indicated by the green arrow.

possible contamination, we have constrained the proper
motions space to —8.15 < pk < —7.05 mas ylr_1 and
2.20 < ps < 3.20 mas yr—!. The final input astrometric
sample used in pyUPMASK included 4498 stars. We
considered as cluster members those stars with assigned
astrometric membership p > 0.700, and under this crite-
ria our final sample contains 898 members. This proba-
bility threshold was found to provide the sample that
best delineates the cluster main sequence, as can be
seen in Figure 1, while also reducing the number of out-
liers. The obtained completeness and purity for this
sample were found to be greater than 85% when com-

pared to the member list provided by Cantat-Gaudin
et al. (2020). These scores show that the obtained sam-
ple is balanced, encompassing most of the known cluster
members while presenting few contaminants. Further-
more, the number of our member stars agrees with those
from the literature, as will be discussed in 4.1.

Figure 1 shows our membership analysis results: at
the top left, we present a bi-dimensional description of
the stars in the astrometric input sample, centered at
(us, ps) = (=759, +2.69) mas yr—!. The stars are
color-coded by its membership probability assigned by
pyUPMASK. At the top right, a distribution of paral-
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Table 1. General information about the sample. The stars with p > 0.700 are here considered members, while the remaining
(#028 and #034) are considered non-members. References: Gaia Collaboration et al. (2023)*, Mermilliod et al. (2008)°.

Star T us @ G* (Gpp — Ggrp)* ruwe® RV® RV? RV p  SNR Note®
mas yr~ ' masyr ' mag mag kms™! kms™? km s7!

#005 —7.502 2.801 10.623 1.478 095 —14.32 —14.53 —13.45+0.54 0.995 127 -
#028*  —7.690 3.099 9.750 1.884 1.08 —10.77 —13.32 —12.07£0.82 0.093 140 SB
#034* —11.509 7.622 9.985 1.842 0.88 —17.46 —17.76 —17.69+0.59 - 152 SB?
#053 —7.651 2.837 11.050 1.554 0.88 —13.09 —-1337 —-13.35+£0.66 0.994 135 -
#087 —7.415 2.684 10.987 1.472 0.75 —12.67 —13.23 —-13.124+0.70 0.993 150 -
#121 —7.522 2.834 10.308 1.688 096 —13.11 —-1337 —13.45+0.54 0.995 161 -
#126 —7.534 2.614 10.451 1.559 096 —14.05 —-14.42 —-14.10+£0.65 0.995 125 -
#190 —7.543 2.556 10.666 1.602 096 —13.09 —-13.60 —13.69+0.63 0.993 120 -

Note: non-member stars are marked with *.

laxes around 0.744 mas is presented. We can see how the
cluster members are distributed around the average par-
allax of the cluster. In this figure, the six giants of our
sample classified as members are shown in red, while the
two giants with p < 0.700 (#028 and #034) are shown in
green. In both distributions, we can see how the mem-
ber giants of our sample are located near the cluster’s
overdensities, while the non-members present discrepant
proper motions and parallaxes: particularly, the star
#034 is found outside the limits of the proper motions
distribution plot as indicated by the green arrow (top
left). At the bottom left, we show the Color-Magnitude
Diagram (CMD) for IC 2714 with the isochrone fitting
results, including metallicity, age, reddening and dis-
tance of the cluster. Finally, at the bottom right, the
sky chart shows that all giants are located inside the
cluster central region.

We have also conducted an isochrone fitting consider-
ing the member stars. For this purpose we used SIESTA®
(Ferreira et al. 2024), which allows us to conduct an
isochrone fitting in a semi-automatic way, enabling stel-
lar populations characterization from comparing the dis-
tribution of cluster members with synthetic populations
generated from an isochrone grid. This algorithm had
already been extensively applied to OCs in the context
of the Magellanic Clouds (e.g. Saroon et al. 2025) and
here we present its first application to a Galactic OC.

SIESTA uses a Bayesian approach to determine the
best-fit parameters that create the synthetic population
that is the most representative of the observed data.
This algorithm employs a Markov Chain Monte Carlo
(MCMC) analysis, in which we adopted gaussian pri-
ors for the metallicity and distance. For the former, we
adopted the average of the spectroscopic metallicities of

3 siEsTA is available at https://github.com/Bereira/STESTA.

the member giants in our sample. The distance prior
was evaluated using the simple inverse parallax of the
mean cluster members parallaxes, which yielded a re-
sult of 1.3 £ 0.1 kpc. This parameter is not expected to
have a significant impact on the MCMC posterior dis-
tribution. Also, the quality filters applied to Gaia DR3
data assured a sample with fractional parallax errors
(f = ox/m) less than 20%. Since the inverse parallax
approach becomes extremely noisy particularly for er-
rors larger than about this limit (Bailer-Jones 2015),
we considered this estimate as acceptable in this case.
For extinction and age, we used non-informative (e.g.
uniform) priors adopting literature results for IC 2714.
In this work, we adopted PARSEC isochrones (Bressan
et al. 2012). Using the best-fit isochrone, the cluster
turn-off mass was estimated from the turning point in
the mass vs. (Ggp—GRrp) relation, and the uncertainty
was adopted as twice the isochrone mass bin.

In Table 2 we present the main cluster parameters
obtained via membership analysis and isochrone fitting.
These values were obtained considering the mean val-
ues of the cluster members. Moreover, individual astro-
metric probabilities (p) of the stars in our sample are
presented in Table 1.

3.2. Atmospheric Parameters

For the spectroscopic analysis, we used the MOOG
code (2019 version; Sneden 1973) as our primary tool.
This code allows the spectral line analysis and spec-
trum synthesis under the assumption of local thermody-
namic equilibrium (LTE). Furthermore, we adopted 1D-
LTE plane-parallel ATLAS 9 model atmospheres (Castelli
& Kurucz 2004) and used an interpolator to construct
more accurate models. Our analysis uses a broad range
of absorption lines of Fel, Fell and other 21 chemical
species analyzed in this work. The line list is available
as supplementary material.
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Table 2. Main cluster parameters. The values obtained
in this work were calculated considering the mean values of
the cluster members and assuming 8.34 +0.16 kpc for the
solar Galactocentric distance (Reid et al. 2014). References:
CG20: Cantat-Gaudin et al. (2020); TS23: Tsantaki et al.
(2023); H23: Hunt & Reffert (2023); Q24 DG and Q24 ML:
Qiu et al. (2024), DG algorithm and maximum likelihood
method, respectively.

RA (deg) 169.383+0.327 This Work
DEC (deg) —62.715+ 0.138 This Work
ph (mas yr=')  —7.590£0.132  This Work
—7.597 CG20
—7.595 H23
—7.582 Q24 DG
—7.597 Q24 ML
ps (mas yr™')  + 2.69140.140 This Work
+ 2.639 CG20
+2.691 H23
+2.689 Q24 DG
+2.686 Q24 ML
7 (mas) 0.744+0.035  This Work
0.719 CG20
0.741 H23
0.742 Q24 DG
0.601 Q24 ML
d (kpc) 1.284+0.03  This Work
1.360 CG20
1.294 H23
1.348 Q24 DG
1.663 Q24 ML
(m—M) (mag)  10.534+0.05  This Work
10.67 CG20
10.52 H23
Av (mag) 1.114+0.02 This Work
0.95 CG20
0.95 H23
1.50 Q24 DG
1.40 Q24 ML
log tyr 8.84£0.02 This Work
8.72 CG20
8.64 H23
8.50 Q24 DG
8.75 Q24 ML
[Fe/H] (dex) —0.07£0.09 This Work
+0.06 TS23
10.06 Q24 DG
10.15 Q24 ML
Rece (kpe) 7.954+0.16 This Work
Mupmoof (Mo) 2334002  This Work

To determine the stellar atmospheric parameters, we
employed ARES (Automatic Routine for line Equivalent
widths in stellar Spectra; Sousa et al. 2015), IRAF (Tody
1986), and the Python package QOYLLUR-QUIPU (¢
Ramirez et al. 2014), which employs 2019 MOOG ver-
sion in a semiautomatic way. Initially, equivalent widths
(EWs) of Fer and Fe11 lines were manually measured us-
ing splot IRAF routine, and then compared with semi-
automatic measures from ARES version 2. Since we ob-
tained excellent agreement, we used ARES to obtain EWs
of iron lines for our red giants sample. Then, we con-
ducted a spectroscopic study using the results provided
by ¢>.

The effective temperature (Te), surface gravity
(log g), metallicity ([Fe/H]), and microturbulence veloc-
ity (£) were then determined by standard spectroscopic
techniques, automatically applied by ¢ with manual su-
pervision: Tog was obtained by satisfying the excitation
equilibrium; ¢ satisfies the condition of no correlation
between Fe I abundances and the logarithm of reduced
EW (log EW/)); and log g was determined from the
ionization equilibrium. Iron spectral lines were taken
from Lambert et al. (1996), which present a list with
165 Fel and 24 Fei1l lines. To select the best quality
lines, we then discarded EWs lower than 20 mA and
higher than 150 mA, and excluded blended lines and
those with relative error higher than 10% of the mea-
surement. In general, lines that are too strong can not
be properly adjusted by a gaussian, and lines that are
too weak can blend into spectral noise. The best fit pa-
rameters of each star are shown on Table 3, along with
the comparison with other works from the literature,
when available.

To verify our spectroscopic results, we calculated the
temperature parameter using photometric data. The
photometric parameters for each star were derived by
applying the polynomials provided by Gonzélez Hernan-
dez & Bonifacio (2009). The first step was to obtain the
photometric effective temperatures T%iK), in which we
adopted E(V-K)/E(B-V) = 2.72 (McCall 2004). In
addition, we constrained the effective temperature us-
ing another independent method, the line-depth ratio
(LDR) method from Biazzo et al. (2007).

Also, in order to evaluate our spectroscopic log ¢ re-
sults, we estimated the stellar photometric log g using
its well-known equation:

Murn—o
log gP™°t = log <t]wff> + 0.4(K — Ak + BCk)
©

+4log T — 210g d (kpe) — 16.5,



where K, Ak, and BCk represent the apparent magni-
tude, interstellar extinction, and bolometric correction
in the K band, respectively. The surface gravity, turn-off
mass, and effective temperature of the star are denoted
by log g, Miurn—off, and Téf\f/ 7K), respectively, while d is
the heliocentric distance to the OC. In this expression,
we adopted the bolometric correction from Masana et al.
(2006) and an extinction ratio of Ax /Ay = 0.114 (Mc-
Call 2004). To estimate the photometric log g uncer-
tainties, we calculated the error propagation including
the errors of the parameters measured in this work. In
general, we observe a good agreement between our spec-
troscopic and photometric results for all the stars in our
sample, as seen in Figure 2 (top).

In Figure 2 (middle and bottom), we also present the
comparison between our results and those from the lit-
erature. We observe a very good agreement with the
results from Tsantaki et al. (2023) and Ramos et al.
(2024). The larger deviations are present when compar-
ing with the results from Delgado Mena et al. (2016) and
some results from Santos et al. (2009), probably caused
by methodological differences in these studies.

We underline the fact that only one work in the litera-
ture reports atmospheric parameters derived from high-
resolution spectroscopy for the star #034 (Ramos et al.
2024), and the parameters for the star #028 are here
presented for the first time. Both are classified as non-
members by our astrometric analysis (p < 0.700), as
discussed in Section 4.

Errors in the photometric temperature were derived
by standard error propagation applied to the polyno-
mials from Gonzalez Hernandez & Bonifacio (2009).
Regarding the spectroscopic parameters, spectroscopic
temperature and microturbulence velocity, errors in
T8 and & were estimated using the slopes found in
the aforementioned methodology, while log g°P*¢ errors
were derived from the standard deviation of the metal-
licity given by ¢?>. We have found typical uncertainties
of or,, =+ 70K, 0¢ =40.1kms™!, and ojog g =+ 0.2.

3.3. Chemical Abundances

Besides Fe1 and Fe11, we investigated the abundances
of 14 species using the EW measurement technique via
the IRAF splot routine: Nal, Mgi, Al1, Si1, Car, Tir,
Cri, Y11, Ni1, Zr1, La1tr, Ceir, Ndi1 and Smi1i. We
adopted the list compiled by Heiter et al. (2021) and the
lines were selected using the following priority order: i)
afflag=Y + synflag=Y; ii) gfflag=Y + synflag="U; iii)
gfflag=U + synflag=Y or U. The parameters gfflag and
synflag were adopted respectively to indicate the relative
quality of log ¢gf and blending quality, with Y standing
for the best quality and U for undecided. We employed
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specific criteria to select the lines, such as isolation and
EW lower than 150mA. Also, we selected Mgi1, Nd11
and SmII lines from the line list adopted by Holanda
et al. (2019, 2021). Furthermore, we employed spectral
synthesis using MOOG’s SYNTH routine to determine the
chemical abundance of seven species and the 12C/13C
ratio: Li1, C (C3), N (CN), [O1], Sc11, Ba1 and Eu1l.

Lithium abundances determination was performed by
the analysis of the resonance doublet at 6708 A. The
line list was constructed using the same data source as
Ghezzi et al. (2009). Non-LTE (NLTE) corrections were
applied following the grids of Lind et al. (2009), yielding
an average correction of +0.19 dex.

For oxygen, we performed the spectral synthesis of
the 6300 A forbidden line. Since the spectra of three
stars (#087, #126 and #190) present contamination by
telluric lines, for them we assumed the average oxygen
abundance of the cluster members.

Carbon abundances were determined according Drake
& Pereira (2008), using spectral synthesis at 5635 A re-
gion of A3II, — X3II, molecular band of C3(0,1) Swan
system. For nitrogen, we obtained the abundances by
the set of '2CN lines in the 8002—8006 A region of the
A?TI — X2 band, using the line list suggested by Carl-
berg et al. (2012). Furthermore, we determined the
1201 /13C isotopic ratio using the > CN lines at 8005 A re-
gion. Final results were obtained iteratively, considering
the interdependence between CNO abundances. Sodium
abundances were derived using the AA6154—6160 dou-
blet. Although this feature is known to suffer LTE devi-
ations, corrections from Lind et al. (2011) provide negli-
gible deviations for our stars: the average difference be-
tween LTE and NLTE was found to be 0.02 dex. Magne-
sium NLTE abundances were obtained according Osorio
et al. (2015) and Osorio & Barklem (2016).

Regarding heavier elements, scandium was analyzed
by the spectral synthesis of the 5657 A line, consider-
ing atomic parameters from Lawler et al. (2019). Yt-
trium abundances were determined using a set of 6 se-
lected medium-EP lines, and LTE deviations were eval-
uated according Storm & Bergemann (2023). However,
Y11 NLTE corrections are most significant for low-EP
spectral lines and very metal-poor stars. For the stars
here studied, at solar metallicity, corrections were not
greater than 40.07 and +0.03 dex for the non-member
and member stars, respectively. For barium, consider-
ing the atomic data from McWilliam & Rich (1994),
we measured the 5853 A line, for which LTE deviations
are negligible (Korotin et al. 2015). Lanthanum abun-
dances were obtained with the MOOG’s blends driver,
with atomic parameters from Lawler et al. (2001) and
Roriz et al. (2021). Europium abundances were derived
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Table 3. Stellar atmospheric parameters obtained from spectroscopy and photometry, and comparison with literature results.
Typical uncertainties in 755, log g°*°°, and & are 70K, 0.16dex, and 0.06 kms™", respectively. Columns 8 and 10 present,
respectively, the number of the spectral lines of Fe1 and Fe1l considered in the analysis. References: S09, Santos et al. (2009);
DM16, Delgado Mena et al. (2016); T'S23, Tsantaki et al. (2023).

Star TH™ log gt TEPR TR logg®P*®  |Fei/H] 4 [Fen/H] # & Ref.
K dex K K dex dex dex kms™!
#005 5053+£86 2.3640.05 5090419 4971  2.13  —0.03£0.09 37 —0.04£0.10 6 1.41  This Work
- - 5224  2.85  +0.04+0.05 - - - 191 DM16
- - 4983 235  —0.06+£0.02 - - - - TS23
#028* 4261+£39 1.6040.05 4450118 4409  1.85 —0.2620.10 30 —0.274£0.07 4  2.23  This Work
#034*  4306+£39 1.704£0.05 45104127 4359 159  —0.2540.11 40 —0.2640.12 4  1.27  This Work
#053  4882+65 2474005 5111480 4961 241  —0.1440.11 32 —0.144£0.08 3 1.39 This Work
- - 5211  2.89  40.02+£0.11 - - -~ 164 S09
- - - 5261  3.01  +0.08+£0.06 - - - 1.68 DM16
- - - 5031  2.63  —0.05+£0.02 - - - - TS23
#087 5134436 2.5440.04 5126429 5201  2.69  +0.042£0.11 40 +0.04£0.11 5 1.39  This Work
- - 5253 3.03  40.03+£0.12 - - - 1.69 S09
- - 5377 345  +0.11+£0.06 — - - 1.69 DM16
- - 5053  2.61  —0.04+£0.02 - - - - TS23
#121  4632+£57 2.05+0.05 4835446 4741  2.09  —0.124+0.10 36 —0.11+£0.11 3  1.69 This Work
- - 4768 234 —0.04+£0.04 - - S DM16
- - 4665  2.16  —0.09+0.02 - - - - TS23
#126  4928+£70 2.234+0.05 5027436 4944 216  —0.11£0.12 42 —0.11+£0.10 4 1.76  This Work
- - 5211 321  40.07+£0.06 - - - 212 DM16
- - 4888  2.23  —0.06+£0.02 - - - - TS23
#190  4871+£96 2.374+0.05 5046+20 4969  2.25  —0.07£0.10 36 —0.07+£0.08 6 1.71  This Work
- - 5077  2.82  +0.00£0.07 - - -~ 101 DM16
- - 4927 236  —0.05+£0.02 - - - - TS23

Note: non-member stars are marked with *.

by the spectral synthesis of the Eull 6656 A line and
atomic data from Lawler et al. (2001). The adopted
atomic parameters and measured EWs are made avail-
able as online supplementary material.

Figure 3 illustrates the spectral synthesis method used
in this work, where the theoretical models and the ob-
served data (in gray) are compared. The best fits are
shown in red.

The abundances results for light elements are pre-
sented in Table 5, which also contains the 12C/!3C and
the [C/N] ratios. For the heavier elements, the results
are shown in Table 6, together with the mean results for
a-, iron peak-, s- and r-process elements. The [X/Fe]
abundance ratios were normalized to the solar values
according Grevesse et al. (2007). In comparison with
the other stars in the sample, we can see how the stars
#028 and #034 present deviant results for almost all
species, which would compromise the mean results for
the cluster, significantly raising the standard deviations.
For this reason, the cluster mean values are computed
excluding both stars.

3.4. Uncertainties

We also conducted an analysis to assess the uncertain-
ties in the determination of the chemical abundances
and, for this intent, the star #005 was taken as rep-
resentative of our sample. Following Holanda et al.
(2024b), we estimated atmospheric parameters associ-
ated errors. The uncertainty in effective temperature
was derived from the error in the slope of the [Fe/H]
versus excitation potential relation, while the microtur-
bulence velocity uncertainty was obtained from the slope
of [Fe/H] versus reduced equivalent width relation. Sur-
face gravity uncertainty was evaluated by iteratively ad-
justing log g value until the difference between Fel and
Fe1l mean abundances matched the standard mean de-
viation of [Fe/H]|. These uncertainties were then propa-
gated to quantify the final abundances errors. The total
uncertainty, oatm, iS given as the sum of the squared
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Figure 2. Comparison between T.g and log g spectroscopic
results with those obtained by (V-K) photometry and LDR
(top); and comparison between the parameters derived in
this work with those from literature (middle and bottom):
S09, Santos et al. (2009); DM16, Delgado Mena et al. (2016);
TS23, Tsantaki et al. (2023); R24, Ramos et al. (2024). The
results for the non-member stars (#028 and #034) are high-
lighted in green. The literature comparison plots show only
the star #034, as parameters for the #028 were not previ-
ously reported in the literature.

uncertainties of each atmospheric parameter:

2 _ 2 2 2
Oatm = OT.g,log e(X) + Olog g,log e(X) RN log e(Fe),log £(X)

2
+ th,log e(X)*

The final abundance errors are shown in Table 7. In
the table, columns 2 to 5 represent the changes in the
abundances due to the variation (A) of each atmospheric
parameter. The adopted variations are +70 K, +0.16
dex, 4+0.09 dex and +0.06 kms~! for effective temper-
ature, logarithm of superficial gravity, metallicity and
microturbulence velocity, respectively. Considering that
the main atmospheric parameters and SNR of spectra
are rather similar for the member stars of the cluster,
the results for the star #005 are also suited to be applied
to these stars.

3.5. Projected Rotational Velocity

9

Due to the unknown inclination angle of a star’s ro-
tation axis, the projected rotational velocity (v sini)
provides the best observational proxy for stellar rota-
tion, besides being a valuable indicator for identifying
tidal synchronization in close binary systems. Moreover,
rapid rotation has often been linked to lithium enrich-
ment. Stars with v sini > 8.0kms~! are commonly
considered as rapid rotators (Drake et al. 2002; Katime
Santrich et al. 2013; Massarotti et al. 2008), although
they are rare, comprising only about 2% of Galactic red
giants (Carlberg et al. 2011).

In this work, we have estimated the projected rota-
tional velocities using the spectral synthesis technique.
We have selected four iron lines sufficiently isolated:
AAB848, 6151, 6301, and 6302. Measurements with er-
rors greater than 1o were discarded. The macroturbu-
lent velocity was fixed at 3.0kms™! (Fekel 1997) and
we adopted FWHM ~ 0.13 A, according to the spectro-
graph calibration. The member stars provide (v sini) =
5.45 + 1.48 kms~!, which agrees with the v sini—age
distribution indicated by Holanda et al. (2021). Our
results are shown in Table 4, along with the results
obtained by Delgado Mena et al. (2016). We can ob-
serve that the values found in this work are slightly
smaller than the results from the literature, who pre-
sented (v sini) = 6.56 + 1.06kms™!, considering the
same stars.

We highlight the results for the stars #005, #087 and
#126, which present slightly high projected rotational
velocities, that are also observed in the literature. These
stars are not reported as binaries, and also their ruwe
and RV measurements does not indicate binary com-
panions. Therefore, the presence of chemical anomalies
could indicate that their rotational velocities may be due
to external sources of angular momenta, such as mergers
with companions and engulfment of planets. In 4.2, we
discuss two possible scenarios that could be unveiled by
a chemical tracer.

4. DISCUSSION
4.1. Membership and Cluster Parameters

The astrometric analysis conducted in this work re-
sulted in membership probabilities for 4498 stars in the
field of the open cluster IC 2714, 898 of which were clas-
sified as members (p> 0.700). Using an artificial neu-
ral network (ANN) applied to GaiaDR2 data, Cantat-
Gaudin et al. (2020) found 888 members for this clus-
ter. Hunt & Reffert (2023) employed the Hierarchical
Density-Based Spatial Clustering of Applications with
Noise (HDBSCAN, Campello et al. 2013) to analyze the
membership of thousands of clusters in the GaiaDR3
dataset, and presented 1285 members for IC 2714. More
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Table 4. Projected rotational velocities determined in this
work for the red giants in our sample. A comparison with
the results from Delgado Mena et al. (2016)® is also shown,

when available

a

Star v sin ¢ v sin ¢
kms™! kms™?
#005  6.18+0.74 7.24
#028*  2.59+0.86 -
#034*  2.91+0.92 -
#053  5.00+0.49 6.45
#087  6.701+0.82 7.61
#121  2.76£0.85 4.54
#126  6.65+1.18 7.47
#190  5.39+0.69 6.10
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Figure 3. Observed data (gray) and different synthetic
spectra. The best fit is shown in red. The gray box shows
the spectral region considered for the fit.

Note: non-member stars are marked with *.

recently, this cluster’s membership was assessed by Qiu
et al. (2024) from two methods: the algorithm DG, a
combination of the DBSCAN (Ester et al. 1996) with
the Gaussian mixture model (GMM, Figueiredo & Jain
2002); and the maximum likelihood. The authors found
1097 and 1419 members from the DG algorithm and the
maximum likelihood method, respectively. Therefore,
our membership results better align with those from the
ANN and DG methods from literature. Despite the dif-
ferences between the number of cluster members, in gen-
eral our main cluster parameters align well with those
from the literature, as can be seen in Table 1. Par-
ticularly, between the methods employed by Qiu et al.
(2024), our results present a better agreement with those
derived from the DG method, with the exception of the
extinction and age parameters. The deviations between
our work and the literature are probably due to differ-
ences in the employed methodologies.

In particular, regarding our sample of eight red giants,
we found that six of them can be classified as members
using the astrometric probability criteria. The excep-
tions are the stars #028 and #034. The former presents
a rather low membership probability (of about 0.09),
while for the latter it was not possible to assign a reliable
probability since its discrepant proper motions does not
meet the adopted criteria of the quality filters. Further-
more, both stars present parallaxes that are incompati-
ble with the cluster population at their magnitude range
(see Figure 1). This is interesting, considering that both
stars were classified as cluster members by Mermilliod
et al. (2008) due to their radial velocities (RV). Besides,
using data from Gaia DR2, Cantat-Gaudin et al. (2020)
classified #028 as member with probability p = 1.

In addition to membership probabilities for each star,
the Table 1 presents, in column 10, the notes assigned
by Mermilliod et al. (2008). All the six member stars are



marked as single (S) by the authors. On the other hand,
the stars #028 and #034 are marked as possible spectro-
scopic binaries (SB). Since all stars present ruwe < 1.4
(column 6), it is possible that the Gaia observations
could not detect their companions and thus is treating
them as single stars. The variation observed in the radial
velocity results of the star #028 (see columns 7, 8 and
9 in Table 1) could strengthen its spectroscopic binary
classification, which could be later addressed with new
radial velocities measurements. Furthermore, in Figure
1, we can see how #028 and #034 (in green) present
in general discrepant astrometric results in comparison
with the others giants of our sample (in red); the star
#034 is found outside the limits of the proper motions
distribution plot. Thus, our membership analysis indi-
cate that stars #028 and #034 are non-members. Be-
sides being included in our abundances results (Tables
5 and 6), these stars were disregarded in the evaluation
of the average results of the cluster and in the isochrone
fitting. As we discuss in 4.2, our chemical abundances
results corroborate the classification of these stars as
non-members.

From the membership analysis, we derived metallic-
ity, distance, logt,, and Ay by isochrone fitting, as
described in Section 3. Assuming 8.34 4+ 0.16 kpc for
the solar Galactocentric distance (Reid et al. 2014),
we obtained Rgc = 7.95 + 0.16 for IC2714. The de-
rived parameters are presented in Table 1, in compari-
son with the results from Cantat-Gaudin et al. (2020),
Tsantaki et al. (2023) and Hunt & Reffert (2023) when
available. We can see how our results agree with the
literature, considering the uncertainties. In particu-
lar, the six member stars (#005, #053, #087, #121,
#126 and #190) provide an average iron abundance of
([Fe/H]) = —0.07+0.09. Considering the uncertain-
ties, this result agrees with the metallicity derived via
isochrone fitting ([Fe/H| = —0.18 £0.05). Furthermore,
our result approaches that from Tsantaki et al. (2023),
of ([Fe/H]) = +0.06 £ 0.02.

4.2. Abundances
4.2.1. C, N, Na and isotopic ratio

We expect from the FDU a significant increase of the
stellar 4N abundance, a ~30 % decrease of 12C abun-
dance, and an increase of 13C abundance (Karakas &
Lattanzio 2014). However, further extra-mixing events
could deviate the observable stellar abundances from the
classical predictions. The prediction models of Char-
bonnel & Lagarde (2010) and Lagarde et al. (2012)
indicate that the effect of the FDU and thermohaline
mixing on sodium abundance is very sensitive to the
stellar mass: we expect low enrichment in low-mass
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stars, while intermediate-mass stars must present higher
sodium abundances in both models, as can be seen in
Figure 4 (bottom). Considering only the member stars,
the average [Na/Fe] ratio of the cluster agrees with
both first dredge-up (1IDUP ST) and thermohaline mix-
ing with rotation-induced mixing (TH+V) models from
Lagarde et al. (2012), considering the uncertainties. Re-
sults from OCs studied by our team are also shown, in-
cluding data from Pena Suarez et al. (2018), da Silveira
et al. (2018), Martinez et al. (2020) and Holanda et al.
(2019, 2021, 2022).

The '2C/13C ratio can be used as a tracer of
nucleosynthesis and stellar evolution in low- and
intermediate-mass stars. From the FDU, classical mod-
els predict a ratio of 2C/13C ~ 22 for a ~ 2.3 Mg
star, as can be seen in Figure 4 (top). However, our
average result of 16 + 2 for the IC 2714 members is even
below the TH4V model from Lagarde et al. (2012), in-
dicating that the stars experienced both the thermo-
haline and rotation-induced mixing during their evolu-
tion. Due to the quite large masses of IC 2714 stars, the
rotation-induced mixing was dominating. This could
indicate that the analyzed giants are RC stars, in the
core-helium-burning phase.

In Figure 5, we compare abundances of carbon, ni-
trogen and sodium in member (red) and non-member
stars (green) with solar neighborhood G—K giants from
Luck & Heiter (2007) (gray squares) and red giants
from Mishenina et al. (2006) (blue diamonds). For
sodium, our results are also compared with solar neigh-
borhood dwarfs from Bensby et al. (2014) and Battistini
& Bensby (2016). Among our sample, the non-member
stars #028 and #034 display notably distinct behav-
ior. The former shows the highest [C/Fe] ratio, while
the latter presents the lowest. In terms of [N/Fe], #028
appears consistent with the cluster members, but the
star #034 is once again an outlier showing the lowest
result. When placed in the context of literature values,
the star #028 lies within the typical range given the un-
certainties, whereas #034 shows significantly discrepant
carbon and nitrogen abundances. These chemical re-
sults further support the non-member classification of
the stars #028 and #034, reinforcing the astrometric
evidence earlier presented in Section 4.2.

4.2.2. Lithium

The analysis of lithium abundances yields a power-
ful diagnostics for a range of stellar and Galactic astro-
physical processes, including stellar structure and evo-
lution, internal mixing mechanisms and age estimation,
and thus they can be used to trace star formation his-
tory in OCs (e.g Randich & Magrini 2021). Also, as
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Table 5. Abundance ratios [X/Fe| of the light elements and carbon isotopic ratio of the red giants of IC 2714.

Ratio #005  #053 #087 #121 #126 #190 Mean #028*  #034*
log e(Li) +096 +1.07 +139 4030 +1.08 +0.96 +0.96+0.33 +0.13 +0.62
log e(Li)nvte +1.15 +1.25  +1.54  +0.54 +1.27 +1.15 +1.15+£0.30 +0.44 +0.95
[C/Fe] (C2) —0.11 —-0.13 —-0.15 —0.26 —0.10 —0.15 —-0.15+0.056 +0.02 —-0.29
[N/Fe] (CN) +0.22 +0.27 4030 +046 +0.32 +0.37 +0.32+0.08 +0.35 +0.09
[O/Fe] —-0.17 —-0.08 —0.22"* +40.01 -0.06" —0.01"" —-0.094+0.08 +0.18 +0.06
[C/N] —-033 —-040 —-045 —-0.72 —0.42 —-052 —-048+0.12 —-0.33 —0.38
2g/13¢ 14 18 17 16 19 13 16 £2 16 11
Note 1: non-member stars are marked with *.
Note 2: Stars with mean oxygen abundance (log £(O) = +8.53) assumed are marked with =x.
Table 6. Abundance ratios [X/Fe] of elements Na to Eu of the red giants of IC 2714.
Ratio #005  #053  #087  #121  #126  #190 Mean #028*  #034*
[Na1/Fe] +0.18 +4+0.15 +0.09 -0.08 +4+0.27 +0.10 +0.124+0.11 +0.03 —0.09
[Na1/Felxpre  +0.17 +0.13 +0.04 —0.06 +0.26 +0.08 +0.1040.10 +0.09 +0.00
[Mg1/Fe| +0.05 —-0.03 —-0.13 +0.08 +0.12 -0.04 +0.014+0.08 +0.07 +0.03
[Al1/Fe] +0.25 +031 -0.03 +0.12 +40.07 +0.13 +0.14+0.11 +0.14 +40.20
[Si1/Fe] +0.01 +0.16 +0.21 +40.07 40.20 +0.14 +0.16£0.09 +0.31 +0.21
[Ca1/Fe] —-0.02 +0.14 +4+0.16 +4+0.05 —-0.06 +0.02 +0.05+0.08 +0.04 +0.16
[Sc1/Fe] —-0.20 —-0.08 —0.08 —0.01r +0.02 —0.04 -0.08+0.07 +0.05 —0.02
[Ti1/Fe] —0.08 +0.05 +0.08 +40.11 —-0.07 +0.00 +40.024+0.07 +0.19 +0.21
[Cri/Fe] +0.00 +0.04 +0.06 +0.09 -—-0.13 —-0.15 —0.01£0.10 +0.19 —-0.01
[Ni1/Fe] +0.06 —0.06 —0.03 +0.00 —0.05 —0.08 —0.03+0.05 —0.03 +0.19
[Y11/Fe] +0.04 +0.02 +0.05 +0.07 —0.08 —0.11 +0.00+0.07 +0.14 -—-0.15
[Zr1/Fe] +0.03 —-0.05 +0.12 +4+0.15 +4+0.02 —0.07 +0.07+0.12 +0.34 +0.02
[Bai/Fe]  +0.13 +0.10 +020 —0.14 —012 —012 +0.01+0.14 —041 +0.09
[La11/Fe] +0.11 +0.19 +0.14 +40.19 +40.17 +0.12 +0.15£0.03 +0.35 +0.17
[Cer11/Fe] -0.09 +0.08 +0.12 -—-0.0r —-0.17 —-0.28 —-0.07+0.14 —-0.07 +4+0.25
[Nd11/Fe] +0.30 +0.12 +0.04 +0.15 +40.07r —0.03 +0.11+0.10 +0.38 +0.21
[Sm11/Fe] +0.05 +0.10 —-0.16 +0.04 -0.13 —0.16 —0.04+0.11 +0.06 +0.20
[Eu11/Fe| —-0.03 —-0.06 +0.00 —0.02 +0.06 +0.10 +0.01+0.05 +0.32 +0.02
[odd/Fe] +0.21 +0.22 +0.01 +40.03 +40.17 +0.11 +0.12+£0.08 +0.12 +0.11
[o/Fe] —0.01 +0.08 +0.08 +4+0.08 +0.04 +0.03 +0.05+0.03 +0.15 +40.15
[peak/Fe] —-0.05 —-0.03 —-0.02 +40.01 —-0.07 —-0.09 —0.044+0.03 +0.07 +40.06
[s/Fe] +0.09 +0.08 +0.11 +4+0.06 —0.02 —-0.08 +0.04+0.07 +0.12 +0.11
[r/Fe] +0.01 +0.02 -0.08 +0.03 —-0.03 —0.03 +0.01+0.04 +0.19 +40.15

Note: non-member stars are marked with *.

mentioned in Section 1, lithium abundances can provide
valuable insights in the current knowledge of chemically
peculiar stars.

From the previous high-resolution spectroscopy stud-
ies of IC 2714 that had the lithium abundance as a tar-
get, Delgado Mena et al. (2016) reported three lithium-
rich (log e(Li) > 1.50 dex) stars that are also present in
our sample. The authors studied Li-rich giants dis-
tributed across 12 OCs, and presented lithium abun-
dances for 67 stars, including six stars here analyzed.
For the stars #053, #087 and #126, they presented

NLTE lithium abundances of 1.56, 1.63 and 1.60 dex,
respectively. To explain the lithium enrichment in these
stars, the authors proposed that these hottest objects
are least evolved and thus are at an early phase of FDU,
having not yet experienced the expected lithium dilu-
tion. In this way, these stars could be incorrectly cata-
loged as Li-rich giants. More recently, Tsantaki et al.
(2023) analyzed the same data and reported revised
lithium abundances of 1.29, 1.36 and 1.27dex for the
stars #053, #087 and #126, respectively. Our measure-
ments are in closer agreement with these updated val-



Table 7. Abundance uncertainties for the representative
star #005.

EL ATess Alog g A [Fe/H] A&y Catm
+70K  40.16dex 40.09dex 40.06kms™*!
C(cz) +0.05 +40.00 —0.01 +0.00 0.05
NeN) +0.00 —0.09 —0.06 —0.12 0.16
O1 —0.04 +0.08 +0.00 —0.06 0.11
Lit +0.18 +40.10 +0.09 +0.10 0.25
Na1 +0.09 —0.04 +0.01 +0.00 0.10
Mg1 +0.03 —0.01 +0.00 —0.02 0.04
Al1 +0.06 —0.01 +0.00 —0.01 0.05
Sit +0.01  +40.02 +0.01 —0.01 0.03
Cal +0.07 —0.02 —0.01 —0.03 0.08
Sc11 +0.00 +40.09 +0.00 —0.02 0.09
Tit +0.09 —0.01 —0.01 —0.01 0.09
Cri +0.07 —0.01 +0.00 —0.02 0.07
Nirt +0.06 +40.02 +0.01 —0.03 0.07
Y1 +0.00 +40.07 +0.03 —0.04 0.09
Barir +0.03 +40.05 +0.01 —0.08 0.10
Zr1 +0.12 —0.01 —0.01 +0.00 0.12
Lat1 +0.01  +0.07 +0.03 —0.02 0.07
Celr +0.01  +0.07 +0.03 —0.01 0.08
Nd 11 +0.01  +0.07 +0.03 —0.02 0.08
Sm11 +0.02 +0.07 +0.03 —0.02 0.08
Eu1r +0.00 +40.07 +0.01 —0.01 0.07

ues. As suggested by Carlberg et al. (2016), the higher
lithium results in Delgado Mena et al. (2016) likely
resulted from overestimated effective temperatures, as
clearly illustrated in Figure 2. This establish their re-
sults as outliers relative to our findings and those from
other studies.

In this work, our membership and chemical analysis
allowed a thorough investigation regarding the true na-
ture of these stars. As discussed in 4.1, with our mem-
bership analysis we were able to build a well-defined
main sequence for IC2714, and also to conduct a re-
liable isochrone fitting. These analyses are fundamen-
tal to correctly determine the evolutionary stages of the
stars. Furthermore, with the study of a larger set of
chemical species, we are able to further investigate evo-
lutionary stages based on the expected nucleosynthesis.
The indicative that our analyzed stars are in the RC
phase, as suggested by its 12C/*3C ratios, is also cor-
roborated by its positions in the CMD (Figure 1).

Based on spectroscopic and asteroseismic observa-
tions, several works from the literature indicated a pre-
dominance of Li-rich giants in the RC phase (e.g. Deepak
& Lambert 2021; Yan et al. 2021; Singh et al. 2019, 2021;
Casey et al. 2019). Particularly, Kumar et al. (2020)
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Figure 4. '2C/'C isotopic ratio (top) and [Na/Fe| ra-
tio (bottom) in terms of the turn-off mass of giant stars in
OCs. Our results for IC2714 are shown in red, and the
mean [Na/Fe| ratio was corrected by NLTE effects. The re-
sults for OCs previously studied by our team are also shown:
Pena Suérez et al. (2018), in gray triangles; da Silveira et al.
(2018), in blue diamonds; Martinez et al. (2020), in blue
circles; and Holanda et al. (2019, 2021, 2022), in orange
squares. Solid lines represent the predicted abundances at
the first dredge-up from solar metallicity evolutionary mod-
els from CL10 (Charbonnel & Lagarde 2010, orange) and
L12 (Lagarde et al. 2012, blue). Dashed lines shows the pre-
diction models for thermohaline and rotation-induced mixing
(TH+V) from L12 (in blue), thermohaline extra-mixing from
CL10 (orange), and TH+V from L12 (in blue), respectively.

proposed the presence of a systematic lithium produc-
tion in low-mass stars between the tip of the RGB and
the RC. To evaluate this scenario, Magrini et al. (2021Db)
discussed the lithium abundances of RC stars in open
clusters using the sixth internal data release of the Gaia-
ESO Survey (IDR6, Gilmore et al. 2012; Randich et al.
2013). They discuss two possible mechanisms to ex-
plain the lithium enrichment in RC stars: the mixing
induced by the first He flash, and the mixing induced
by neutrino magnetic moment. However, both mod-
els may not be totally necessary to explain the lithium
abundances in the younger clusters. Interestingly, the
data analyzed by the authors corroborate with a pos-
sible Li enrichment during the RC phase. Also, they
suggest that there might be a lithium enrichment event
between the RGB and RC phases that results in stars
that would not be typically classified as Li-rich, being
this scenario corroborated by the 2C/13C ratios (Ma-
grini et al. 2021b). Since the carbon isotopic ratios of the
here analyzed IC 2714 giants agree with the presence of
an extra-mixing, this could suggest lithium enrichment
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even for stars whose lithium abundances are below the
traditional limit.

Considering the traditional limit, we found one
lithium-rich giant within the six IC 2714 members: the
star #087 with log e(Li)npre = 1.54dex. In the light
of some of the current proposed scenarios in the lit-
erature, the relatively high projected rotational veloc-
ity of this star (vsini = 6.70kms™!) together with
its high lithium abundance could corroborate a pos-
sible accretion scenario such as proposed by Siess &
Livio (1999b,a). Also, its lithium abundance is found
within the expected upper limit for this model, (2.2 dex,
Aguilera-Gomez et al. 2016). As mentioned in Section 1,
Be and B abundances could help to confirm this model,
but the spectral signatures of these elements fall outside
FEROS coverage, at around 3100 A, and therefore were
not analyzed in this work. A merger scenario such as
proposed by Zhang et al. (2020) may also be considered
to explain the high lithium abundance of the star #087.
However, since rotational velocities are not considered
in this model, the high v sini of this lithium-rich giant
could not be used to explain its nature in this case. On
the other hand, this merger scenario could also be cor-
roborated by the possible RC nature of this star.

It is worth highlighting the possible relation between
lithium enrichment and infrared excess, which could be
used to identify Li-rich giants (e.g. de La Reza et al.
1996; de la Reza et al. 1997; Bharat Kumar et al. 2015).
Remarkably, when comparing with non-rich giants, in-
frared excesses are at least twice as common in Li-rich
K giants, and thus the mechanism that is responsible for
this enrichment could be associated to dust production
(Rebull et al. 2015). In this sense, infrared photometry
could also be a valuable asset to constrain and elucidate
the nature of lithium-rich stars.

4.2.3. 0O, Al, a- and iron-peak elements

For oxygen, all the stars in our sample agree with the
expected trend within the uncertainties. However, we
observe that the non-members exhibit elevated [O/Fe]
relative to the cluster average. Considering the un-
certainties, we observe a good agreement between the
aluminum abundances of the members and the litera-
ture data. We found a mean abundance of ([Al/Fe]) =
+0.14+0.11, which indicates a chemical homogeneity
for this species within the member stars of 1C 2714.

The a—elements, such as Mg, Si, Ca, and Ti, are pro-
duced in short-time scale events, mainly by type II, Ib
and Ic supernovae (Kobayashi et al. 2020). On the other
hand, iron-peak elements such as Sc, Cr and Ni, are pre-
dominantly produced in significantly longer-time scales,
in type Ia supernova explosions.

Regarding a long-lasting issue in astrophysics that is
the determination of stellar ages, a«—elements have been
widely explored in the context of the so called chemical
clocks. In particular, as discussed in the end of this sec-
tion, the combination between these elements and those
from s-process (see below) has shown promise in estab-
lishing relations between chemical abundances and stel-
lar ages in solar neighborhood (e.g. Spina et al. 2016;
Delgado Mena et al. 2019; TautvaiSiené et al. 2021), and
were also extended to different regions of the Galac-
tic disc (e.g. Viscasillas Vazquez et al. 2022). Thus,
the study of a—elements abundances can provide valu-
able results to current studies in the context of chemical
clocks related to Galactic chemical evolution.

Our results for the cluster members present an aver-
age a—elements abundance near solar, of ([a/Fe]) =
4+0.11+£0.03. We can observe how the non-member
stars #028 and #034 present slightly higher abundances
when compared to the cluster average, but also agree
with the literature trend considering uncertainties. This
behavior is also seen when considering iron-peak ele-
ments: the non-member giants show increased abun-
dances when compared to the cluster average. We found
an average result close to solar, with ([peak/Fe]) =
—0.04+0.03. Given that the a- and iron-peak elements
presented the smallest abundances dispersions, these el-
ements might be good candidates for establishing a clus-
ter chemical signature (e.g. chemical membership).

4.2.4. s- and r-process elements

Heavier elements produced via neutron-capture pro-
cesses fall into two categories: the s-process and the
r-process. The s-process elements are produced by
slow neutron capture primarily during TP-AGB phase
in low- and intermediate-mass stars (Bisterzo et al. 2016;
Karakas & Lattanzio 2014). On the other hand, al-
though its exact astrophysical site remains debated,
the r-process is associated with rapid neutron capture
mainly in more energetic events, including Type II su-
pernovae, neutron stars mergers and neutron star-black
hole mergers (e.g. Kobayashi et al. 2020; Woosley et al.
1994).

Similar to a—elements, s-process elements are also
used in the context of chemical clocks. Studies have
shown a trend of increasing s-process enrichment with
decreasing stellar age, motivating the use of [s/«] ratios,
such as [Y/Mg], as empirical age indicators for both so-
lar twins and open clusters across the Galactic disc (e.g.
Nissen & Schuster 2010; Nissen 2016; Nissen et al. 2020;
D’Orazi et al. 2009, 2022; Maiorca et al. 2011, 2012;
Casamiquela et al. 2021).
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Figure 5. Abundance ratios [X/Fe| versus [Fe/H]| for elements from carbon to europium. [a/Fe|, [odd/Fe], [peak/Fe], [s/Fe],
and [r/Fe] represent the averages for a-elements (Si, Ca, Ti, Mg), odd-Z elements (Na, Al), iron-peak elements (Sc, Cr, Ni),
elements predominantly produced by the s-process (Y, Zr, Ba, La, Ce, Nd), and elements predominantly produced by the r-
process (Sm, Eu), respectively. The results for the stars classified as members are shown in red, while those for the non-member
stars are shown in green. In blue diamonds results by Mishenina et al. (2006); in gray squares by Luck & Heiter (2007); and in
orange circles by Bensby et al. (2014) and Battistini & Bensby (2016). The intersection of the black dashed lines indicate solar
values, while the intersection of the red lines indicate the average abundances of the members.
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In this work, we analyzed the abundances of the s-
process-dominated elements Y, Zr, Ba, La, Ce and Nd,
and r-process elements Sm and Eu. Literature data
indicate significant s-process enrichment in young OCs
with ages up to 150—200 Myr (e.g. D’Orazi et al. 2009,
2022; Maiorca et al. 2011, 2012), which can be traced
by [Ba/Fe] ratios as high as 0.5—0.6 dex. However, our
estimated cluster age of ~690 Myr aligns with our re-
sults, which show no such enrichment. The cluster mem-
bers yield an average barium abundance of (|[Ba/Fe|) =
+0.01 £0.14, with the star #087 displaying a modest
enhancement of [Ba/Fe| = +0.19.

Although the standard deviations are relatively high
for some species, particularly for [Ba/Fe|, the overall
average abundance for s-process elements is ([s/Fe]) =
+0.04 +0.07, which is consistent with solar values and
with the literature results. For the r-process elements,
our results for Sm and Eu are also in good agreement
with the expected from the literature. We report a mean
abundance of (|r/Fe]) = +0.01+0.04 dex, further sup-
porting the chemical homogeneity among the red giants
population of IC 2714.

4.2.5. Galactocentric chemical gradients

As discussed, OCs are found in a wide range of
ages and metallicities, being distributed throughout the
whole Galactic disc. They provide ideal sites to study
several astrophysical phenomena and can be used as
chemical tracers to address certain gaps in the current
knowledge of stellar formation and evolution, in addi-
tion to Galaxy chemical evolution models (Netopil et al.
2016; Spina et al. 2021; Magrini et al. 2023). Figure 6
shows the metallicity gradient with OC data from Ma-
grini et al. (2023), including our results (in red). The
[Fe/H] derived from IC2714 members is well aligned
with the observed trend for young clusters (t < 1 Gyr),
which is also consistent with its estimated age. The
IC2714 is found within the Rgc range of 6—10 kpc,
for which we observe the unusual trend of younger clus-
ters being less metal-rich than older ones. Besides, the
gradient is flatter for the younger clusters within this
same range. These trends are corroborated by several
works from literature (e.g. Magrini et al. 2009; Randich
et al. 2022; Spina et al. 2016), and are strengthen by
GaiaDR3 data, as pointed out by Recio-Blanco et al.
(2023). In general, our results reinforce the trends iden-
tified in Magrini et al. (2023), corroborating the discus-
sion presented therein.

4.2.6. Chemical clocks

The determination of stellar ages is fundamental to
the understanding of Galactic formation and evolution.
However, one can not directly measure these ages, and
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Figure 6. Metallicity [Fe/H] as a function of the Galacto-
centric distance Rac for IC 2714 (red circle) and other OCs
in the Galactic disc, color-coded by their age t. The orange
line shows the weighted linear regression considering only the
younger clusters (t < 1 Gyr), and its uncertainties are given
by the orange area. OCs data and regression coefficients were
taken from Magrini et al. (2023). The dashed lines indicate
the solar values.

this determination can prove to be one of the most
difficult task in astrophysics (e.g. Randich et al. 2018;
Soderblom et al. 2014). For this intent, a direct compar-
ison between models and observational data obtained by
isochrone fitting is often employed, but this technique is
not always able to provide reliable ages for field stars.
Therefore, several works search for observational param-
eters that could act as stellar age tracers and are related
with the Galactic chemical evolution. Some chemical
ratios have been widely adopted to this intent in litera-
ture, such as [C/N], [Y/Mg], [Y/Al], [Y/Si], [Y/Ca] and
[Y/Ti] (e.g. Storm & Bergemann 2023; Spoo et al. 2022;
Feuillet et al. 2018; Ho et al. 2017; Ness et al. 2016;
Feltzing et al. 2017; Slumstrup et al. 2017; Spina et al.
2018; Viscasillas Vazquez et al. 2022; Casali et al. 2019;
Katime Santrich et al. 2022).

We expect mass-dependent photospheric changes in C
and N abundances due the FDU and, following the dis-
cussions in Casali et al. (2019), the [C/N] ratio may be
employed as stellar age tracer. In this sense, Figure 7
shows the empirical calibration (blue dashed line) be-
tween [C/N] ratio and stellar age presented by Casali
et al. (2019), combining Gaia-ESO and APOGEE Data
Release 12 (DR12) data (blue circles). Our average
[C/N] result for IC 2714 is shown in red. Also, we com-
pare this calibration with that of Spoo et al. (2022),
derived from APOGEE DRI17 data (red dashed line).
Regarding our results, we observe a better agreement
with the calibration from DR17. Also, estimating the
stellar [C/N] ratio using both calibrations, we obtain,
respectively, —0.65 and —0.58 for Casali et al. (2019)
and Spoo et al. (2022) relations, the latter yielding a
better agreement with our average cluster ratio of [C/N]
= —-0.48 + 0.12.
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Figure 7. [C/N] ratio as function of log ty, for open clusters
analyzed by Casali et al. (2019). The blue dashed line shows
the linear weighted least-squares fit for the data, while the
red dashed line shows the calibration from Spoo et al. (2022).
Our results for IC 2714 are shown in red.

On the other hand, the combination of s-process ele-
ments with a-process elements is able to maximize their
correlation with stellar age (e.g. Spina et al. 2016; Del-
gado Mena et al. 2019; Tautvaisiené et al. 2021). In this
sense, Katime Santrich et al. (2022) studied the [Y /Mg,
Al Si, Ca, Ti] ratios as potential chemical clocks trough
a line-by-line spectroscopic analysis of 50 red giants in
seven OCs. The authors obtained linear regression and
correlation coefficients for both dwarf and giant stars.
Using its coefficients, we obtained a good agreement be-
tween our results and those from literature. The excep-
tion is the [Y/Mg] ratio, for which the literature reports
a wide scattering, mainly observed in younger OCs (e.g.
Blanco-Cuaresma et al. 2015; Reddy & Lambert 2019).
Further studies are required to investigate this trend.

5. CONCLUSIONS

We conducted a comprehensive analysis of eight red
giants reported as members of the OC IC 2714. Firstly,
updating previously results from the literature, we used
GaiaDR3 data to provide a list of 898 cluster mem-
bers between the stars with G < 18 mag in the field of
the cluster. We present the cluster’s mean proper mo-
tions (ul, pus) = (—7.590, +2.691) mas yr~—! and par-
allax 7 = 0.744 mas yr~!. Using isochrone fitting, we
derived age logty, = 8.84, distance d= 1.28 £ 0.03 kpc,
and interstellar extinction Ay = 1.114+0.02 mag. All the
stars of our sample were previously classified as cluster
members by Mermilliod et al. (2008). Nevertheless, we
here classified the stars #028 and #034 as non-members
based on its astrometric probabilities, and they were
thus removed from our subsequent analysis. Both show
discrepant proper motions and parallaxes and are clas-
sified as possible spectroscopic binaries in Mermilliod
et al. (2008), but our results weaken this classification
for the star #034. This star was also reported as 1C 2714
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member in a more recent work (Cantat-Gaudin et al.
2020). However, the non-member classification of the
stars #028 and #034 is corroborated by our extensive
chemical analysis, which reveals the general discrepant
features of these stars in comparison with the cluster
members.

We derived stellar atmospheric parameters via high-
resolution spectroscopy, and they are here presented for
the star #028 for the first time. Our spectroscopic
parameters were validated using photometric data and
line-depth ratio (LDR, Biazzo et al. 2007), two inde-
pendent approaches that reinforce our results. Also,
from the derived projected rotational velocities, we re-
port three stars with a relatively high rotation, the stars
#005, #087 and #126. The results for the stars #005
and #126 do not indicate lithium enrichment. However,
the star #087 deserves special attention, since presents
a high lithium abundance (log, (Li)y;rp = 1.54 dex).
Two possible scenarios could be employed to address
the lithium enrichment of the star #087: a planet or
substellar companion accretion event, which would be
favored by its high rotational velocity (Siess & Livio
1999b,a); and a merger event between a RGB and a He-
white dwarf, which would be favored by the possible RC
nature of this star (Zhang et al. 2020). Further analysis
is required to assess the validity of these two models in
explaining the lithium abundance observed in this star.

Regarding chemical abundances, we here presented
the most thorough analysis of IC 2714 to date, analyz-
ing the stellar abundances of 23 species: C, N, O1, LiT,
Na1, Mgi, Al1, Si1, Cat1, Scii, Tit, Cri, Fel, Fe1r, Nit,
Y1, Bari, Zr1, Lat, Ce1r, Nd11, Sm1r and Eutl. Also,
we here presented 2C/13C ratios for the first time for
the studied stars. Our chemical results are validated by
comparison with extensive literature data, with which
the six member stars of our sample present excellent gen-
eral agreement. We show that the Lagarde et al. (2012)
model that combine thermohaline and rotation-induced
mixing fits well the average IC 2714 12C/!3C ratio, while
both TH+V and first dredge-up models could explain its
average sodium abundance. Our results suggest that the
analyzed stars may be core-helium-burning red clump
stars, and thus, even stars with A(Li) < 1.5dex could
have undergone a lithium enrichment event (Magrini
et al. 2021b).

Finally, we verified that our average chemical results
agree with the galactocentric chemical gradients trends
identified by Magrini et al. (2023), corroborating the
discussion presented therein. Regarding [C/N] ratio, our
results are better fitted by the calibration from Spoo
et al. (2022). In summary, our work agrees with the
literature trends in the context of chemical gradients in
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the Galaxy, and may offer contributions in constraining
chemical abundance vs. age calibrations.
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