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Abstract

Cool giant and supergiant stars are among the brightest populations in any stellar
system and they are easily observable out to large distances, especially at infrared
wavelengths. These stars also dominate the integrated light of star clusters in a
wide range of ages, making them powerful tracers of stellar populations in more
distant galaxies.
High-resolution near-IR spectroscopy is a key tool for quantitatively investigating
their kinematic, evolutionary and chemical properties. However, the systematic
exploration and calibration of the NIR spectral diagnostics to study these cool
stellar populations based on high-resolution spectroscopy is still in its pioneering
stage. Any effort to make progress in the field is innovative and of impact on
stellar archaeology and stellar evolution.
This PhD project takes the challenge of exploring that new parameter space and
characterizing the physical properties, the chemical content and the kinematics
of cool giants and supergiants in selected disc fields and clusters of our Galaxy,
with the ultimate goal of tracing their past and recent star formation and chemi-
cal enrichment history. By using optical HARPS-N and near-infrared GIANO-B
high-resolution stellar spectra in the context of the large program SPA-Stellar
Population Astrophysics: the detailed, age-resolved chemistry of the Milky Way
disk” (PI L. Origlia), an extensive study of Arcturus, a standard calibrator for
red giant stars, has been performed. New diagnostics of stellar parameters as
well as optimal linelists for chemical analysis have been provided.
Then, such diagnostics have been used to determine evolutionary properties, de-
tailed chemical abundances of almost 30 different elements and mixing processes
of a homogeneous sample of red supergiant stars in the Perseus complex.
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1Chapter

Introduction

The Ph.D. project titled FRONTIERA: High resolution spectroscopy of stellar pop-

ulations in the era of extreme large telescopes�ts into the broad contest of studying

the formation and evolution of stellar systems and their hosts, providing new, orig-

inal tools for an exhaustive physical, chemical and kinematic characterization of

cool stars and stellar populations, in a critical but poorly explored space of physical

and environmental parameters.

This Ph.D. project has been funded by thePremiale FRONTIERA (Fostering

high ResolutiON Technology and Innovation for Exoplanets and Research in Astro-

physics, PI I. Pagano), an INAF strategic project funded by the Italian Ministry

of Education, Universities and Research (MIUR), and aimed at maintaining and

consolidating the the Italian scienti�c and technological excellence in the domain

of high spectral and spatial resolution, in collaboration with national and interna-

tional universities, including the Department of Physics and Astronomy of Bologna,

as well as in training students and young researchers.

This Ph.D. project has been also granted aMarco Polo fellowship to spend a pe-

riod of three months (reduced to two months because of the pandemic, October

and November 2021) at the Observatoire de la Cote d'Azur in Nice, under the su-

pervision of Prof. M. Schultheis, and contribute to the preparatory work for the

upcoming spectroscopic VLT-MOONS Galactic survey of the cool stellar popula-

tions in the inner Galaxy and its satellites.

C. Fanelli has been also visiting astronomer at the Telescopio Nazionale Galileo

(TNG) for an observing run of 8 nights in July 2019 within the large programSPA-
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Stellar Population Astrophysics: the detailed, age-resolved chemistry of the Milky

Way disk� (PI:Origlia), during which GIANO-B high-resolution YJHK spectra of

red supergiants, carbon-enhanced, metal-poor giants (CEMP) and magnetic Ap

stars have been acquired.

1.1 The astrophysical context

Red giants and supergiants are luminous, cool stars, tracing the latest stages of stel-

lar evolution for a wide range of masses, from about 1 to 40 Solar masses. Hence,

they also trace stellar populations over a wide range of ages, from a few million

years when massive stars evolve as red supergiants (RSG), to the oldest ages in the

Universe when low mass stars evolve as red giants (RG).

These luminous, evolved stars are observed in any galactic component and envi-

ronment, hence they also probe stellar populations over the full range of ages and

metallicities and out to large distances, dominating the integrated stellar luminosity

of their host galaxies.

Spectroscopic studies are crucial to constrain chemistry and line-of-sight kinemat-

ics of stellar populations. The coupling of chemical and kinematic information is

fundamental to disentangle sub-structures and constrain formation and evolution

scenarios in complex stellar systems as galaxies are, including the Milky Way.

Di�erent chemical elements are synthesized in stars with di�erent mass progeni-

tors and thus released to the interstellar medium with di�erent time delays with

respect to the onset of the star formation event. Hence the measurement of suit-

able chemical abundances and abundance ratios in statistical signi�cant samples of

stars can be e�ciently used for quantitative studies of stellar nucleosynthesis and to

constrain modes and timescales of formation and chemical enrichment of the host

stellar systems. Observations at very high spectral resolution and signal-to-noise

can also constrain stellar 3D structure, mixing processes in the stellar interiors,

surface activity, stellar magnetic �elds, winds, and mass loss.

Systematic ground-based spectroscopic studies at medium-high resolution in the

optical spectral range of warm, intermediate-old giants in the Milky Way halo/disc

and in the associated star clusters are routinely performed. These studies are cru-

cial to reconstruct the early history of galaxy formation and evolution. However,

in order to probe the most recent events of star formation and chemical enrichment

in the galaxy disc, quantitative spectroscopy and chemical abundance analysis of

younger and cooler giant and supergiant stars is needed. This is a quite recent

�eld of investigation, on the learning curve, and it presents challenges over a wide
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parameter space.

Observationally, red/IR spectroscopy is often needed because of the intrinsic low

temperatures of these stars and the likely high reddening of their environments, if

for example located in the inner disk/bulge and/or in star-forming regions. Also

high spectral resolution and simultaneously wide spectral coverage are highly de-

sirable for a complete line diagnostics and an exhaustive screening of their surface

chemical abundances.

From the spectral modeling perspective, spectral and chemical abundance analysis

of cool giants and supergiants require state-of-the-art model atmospheres, linelists

and molecular chemistry to properly account for line and continuum opacity as well

as to compute reliable molecular equilibria.

Finally, a lot of understanding of the physics, nucleosynthesis and overall late evo-

lution of massive stars is still missed, in particular in the RSG stage. RSGs are

evolved stars with masses ranging from 9 to 40 M� . They are very luminous, char-

acterized by � 104� 5 L � (Humphreys & Davidson, 1979) and late spectral types

(K and M), with typical temperatures between 3500 and 4500 K. RSGs are also

very important as they are the progenitors of type II supernova (Groh et al., 2013;

Smartt, 2015). The RSG evolutionary phase is quite rapid and mostly characterized

by He-core burning at temperatures close to the Hayashi limit (Levesque, 2010).

The modeling of the RSG phase is very complex and it depends on the assumed

molecular opacities, geometry of the atmospheres and on the used recipes for the

treatment of convection, mass loss, etc. as a function of the stellar mass and metal-

licity. A good treatment of convection is necessary, but it is still out of reach of

1D stellar-evolution codes (Ekström et al., 2012). Also the modelling of mass loss,

is very challenging and modality and rates are still quite debated in the literature.

For example, it is unclear whether the mass loss occurs continuously and regularly

(Mauron & Josselin, 2011) or in episodic bursts (Humphreys et al., 2005; Moriya

et al., 2011; Smith et al., 2009).

In the last few years, a new generation of medium-high resolution spectrographs

working in the near-infrared (NIR) spectral range has been developed by consortia

involving Italian researchers. Some of these instruments are already available (e.g.

TNG-GIANO-B and VLT-CRIRES+), other facilities will be available in the next

years (e.g. VLT-MOONS, ELT-ANDES). These new IR spectrographs are ideal to

study the physics, chemistry and kinematics of intrinsically red (i.e. cool) and/or

reddened (by dust extinction) giant and supergiant stars in galaxy �elds as well as

in star clusters.
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1.2 The Ph.D. project outline

The systematic exploration and calibration of the NIR spectral diagnostics to study

cool stellar populations, based on quantitative, high resolution spectroscopy is still

in its pioneering stage. Any e�ort to make progress in the �eld is innovative and of

impact for stellar archaeology.

This PhD project takes the challenge of exploring this new parameter space and

characterizing the physical properties, the chemical content and the kinematics of

cool giants and young red supergiants in selected disc �elds and clusters of our

Galaxy, with the ultimate goal of tracing their past and recent star formation and

chemical enrichment history.

The project makes use of high resolution spectra acquired with the TNG GIANO-B

(Oliva et al., 2012a,b; Origlia et al., 2014) NIR spectrograph, and occasionally, when

reddening was not too severe, also simultaneously with the HARPS-N (Cosentino

et al., 2014) optical spectrograph, in the context of the SPA large program, during

several runs between 2018 and 2021. Observations and data reduction are described

in Chapter 2, while spectral and chemical abundance analysis are described in Chap-

ter 3.

Complementary photometric, astrometric and kinematic information from Gaia

early data release 3 (EDR3) (Gaia Collaboration et al., 2021) and 2MASS (Skrut-

skie et al., 2006) and suitable evolutionary models have been used to derive stellar

ages, luminosities, distances and proper motions.

This Ph.D. project allows to do many tests on the poorly studied parameter space

of echelle high-resolution NIR spectra, as well as Optical spectra, by developing

optimized numerical codes: some of these are published on myGitHub website* ,

others will be published soon. The main scienti�c results obtained within this Ph.D.

project are described in Chapters 4, and 5 and can be summarized as follows.

1) The identi�cation and calibration of the main atomic and molecular lines to

be used for the determination of the photospheric parameters (temperature, grav-

ity, microturbulence and other velocity broadening) and chemical abundances in

the NIR high resolution spectra of the Arcturus standard star, already extensively

studied with optical spectroscopy. Within this activity, all the necessary software

tools for data reduction, spectral synthesis and chemical analysis have been imple-

mented, di�erent codes and model atmospheres for the spectral synthesis, have been

widely tested and the results have been compared with those obtained from optical

spectra. The spectral analysis of Arcturus and the obtained results are detailed in

* https://github.com/CrisWat
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Chapter 4 and published in the refereed paper:

Stellar population astrophysics (SPA) with the TNG. The Arcturus Lab, by C.

Fanelli , L. Origlia, E. Oliva, A. Mucciarelli, N. Sanna, E. Dalessandro, and D.

Romano; 2021, A&A.

2) exploiting such a diagnostics and suitable high resolution spectra obtained at

the TNG to determine accurate line-of-sight kinematics, stellar parameters and

chemical abundances of Galactic cool giants and supergiants stars in star clusters

and associations, thus probing formation, evolution and chemical enrichment of

their host.

In particular, the kinematic and chemical study of the young stellar populations in

the Perseus complex is detailed in Chapter 5 and published in the following refereed

papers:

First Phase Space Portrait of a Hierarchical Stellar Structure in the Milky Way, by

E. Dalessandro , A. L. Varri, M. Tiongco, E. Vesperini,C. Fanelli , A. Mucciarelli,

L. Origlia, M. Bellazzini, S. Saracino, E. Oliva, N. Sanna, M. Fabrizio, and A. Liv-

ernois; 2021, ApJ.

Stellar population astrophysics (SPA) with the TNG � The chemical content of the

red supergiant population in the Perseus complex, by C. Fanelli , L. Origlia, E.

Oliva, E. Dalessandro, A. Mucciarelli and N. Sanna; 2022, A&A.

The ePosterHigh resolution IR spectroscopy of red supergiants: tracing Galactic

young cluster formation and early evolutionby C. Fanelli has been presented at the

online EAS 2021 conference in the SS33 session entitledStar clusters to the next

scale: reading the Local and high-z Universe with new giant eyes.

Stellar population astrophysics (SPA) with the TNG � Lithium detection in red su-

pergiant stars of the Perseus complex, by C. Fanelli , L. Origlia, A. Mucciarelli, N.

Sanna, E. Oliva and E. Dalessandro (accepted for publication, in press, ApJ.)

During the Marco Polo fellowship at the Observatoire de la Cote d'Azur in Nice

(Chapter 6), several simulations have been run for the optimal allocation of the one

thousand MOONS �bers to stellar targets in the nuclear star cluster and in the

molecular zone, an environment poorly explored so far, because of the huge stellar

density and reddening and the lack of e�cient multi-object spectrographs with
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medium-high resolution capabilities in the NIR. Optimal linelists for the chemical

analysis of MOONS spectra in the various grating/resolution con�gurations have

been also compiled, starting from those obtained from theArcturus Lab work.

Finally, concluding remarks are reported in Chapter 7.
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High-resolution echelle spectroscopy at the

TNG

The TNG provides a formidable high resolution spectroscopic capability with the

unique combination of HARPS-N and GIANO-B echelle spectrographs, covering

the full optical and near IR range out to the K band.The HARPS-N spectrograph

(Cosentino et al., 2014) covers the378� 691nm optical spectral range at a resolution

R� 115,000, while the GIANO-B spectrograph (Oliva et al., 2012a,b; Origlia et al.,

2014) covers the950� 2450nm near IR spectral range at a resolution R� 50; 000.

2.1 Observation of Arcturus

Arcturus is an ultra-bright target, thus, its observation with medium-large tele-

scopes may request ad-hoc instrument setups to avoid saturation of the detector

and the consequent loss of astrophysical information.

Arcturus was observed on July,2th , 2018, with GIANO-B. Spectra were collected by

using a gray �lter, that attenuates the light by about 5 magnitudes. Nodding was

used to optimise the subtraction of the background and other detector patterns:

we collected several pairs of exposures with the star alternatively positioned at 1/4

(position A) and 3/4 (position B) of the slit length. The integration time was 60

seconds per A,B position, with a mean seeing of� 0:7".

The GIANO-B spectra can be reduced using the data reduction pipeline software

GOFIO (Rainer et al., 2018), which processes calibration (darks, �ats, and U-Ne
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lamps taken in daytime) and scienti�c frames. The main feature of GOFIO is the

optimal spectral extraction and wavelength calibration based on a physical model of

the spectrometer that accurately matches instrumental e�ects such as variable slit

tilt and order curvature over the echellogram (Oliva et al., 2018). The data reduc-

tion package also includes bad pixel and cosmic removal, sky and dark subtraction,

�at-�eld and blaze correction. Arcturus spectrum was corrected for telluric ab-

sorption using the spectra of an O-type standard star taken at di�erent air masses

during the same night. The normalised spectra of the telluric standard taken at low

and high air-mass values are combined with di�erent weights to match the depth

of the telluric lines in the target spectra.

The spectral regions with telluric transmission lower than 90% were normally ex-

cluded from the analysis, and the few intrinsic features of the O-stars used as telluric

standards are broad lines of H and He that are easily recognizable and corrected

using a Voigt �t. Fig. 2.1, 2.2, 2.3 and 2.4 show the rest-frame, normalised spectra

corrected for telluric absorption. The average signal-to-noise ratio of the reduced

and telluric-corrected spectrum is about 150 per pixel.

We also analysed two optical spectra of Arcturus retrieved by the ESO archive, in

order to cross-check chemical abundances over the widest possible spectral range.

These optical spectra were collected with the high-resolution spectrograph UVES

at the ESO-VLT, at a resolution of R� 80000, using the CD3 Red Arm 580 and

CD4 Red Arm 860, that cover the4800- 6800Å and 6700- 10400Å wavelengths

ranges, respectively.
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Figure 2.1: Observed Y-band Arcturus spectrum (black line) with the telluric correction (red line)



10
C

hapter
2.

H
igh-resolution

echelle
sp

ectroscopy
at

the
T

N
G

Figure 2.2: Observed J-band Arcturus spectrum (black line) with the telluric correction (red line)
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Figure 2.3: Observed H-band Arcturus spectrum (black line) with the telluric correction (red line)
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Figure 2.4: Observed K-band Arcturus spectrum (black line) with the telluric correction (red line)
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2.2 Observations of RSGs in the Perseus complex

High resolution spectra for 84 young stars in the Persues complex have been simul-

taneously acquired with the TNG HARPS-N (Cosentino et al., 2014) and GIANO-B

(Oliva et al., 2012a,b; Origlia et al., 2014) optical and NIR spectrographs, respec-

tively, on November 3-5, 2018 and on November 6-12, 2019.

The RA-Dec map for the stars in the young stellar systems of the Perseus complex

within a projected area of about 10 degrees on sky are shown in Fig. 2.5. Stars spec-

troscopically observed within the SPA Large Program are also highlighted. Stars

have been selected with distances and proper motions consistent to those of the

young clusters and associations in the area. HARPS-N covers the optical spectral

Figure 2.5: RA-Dec map of the stars likely members of the Perseus complex young
clusters and associations (grey dots), based on their distances and proper motions, within
a projected area of about 10 degrees on sky. Black dots mark the 84 stars spectroscopically
observed within the TNG-SPA Large Program, while red circles mark the 27 RSGs studied
in this work. For reference, we also marked in blue the main clusters in the region.

range (3780� 6910Å) at a resolution R� 115,000, while GIANO-B covers the NIR
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spectral range (9500� 24500Å) at a resolution R� 50,000. The simultaneous obser-

vation with HARPS-N and GIANO-B (named the GIARPS con�guration) uses a

dycroic that splits the optical and NIR light, thus allowing the simultaneous feeding

of the two spectrographs (Claudi et al., 2017; Tozzi et al., 2016). On-source integra-

tion times between 700s and 3600s, depending on the target brightness, have been

set to ensure signal-to-noise ratio> 50 over the entire spectral range. GIANO-B

spectra are actually the sum of pairs of sub-exposures of 300s obtained by nodding-

on-slit, for an optimal subtraction of the background and other instrumental e�ects.

HARPS-N spectra were reduced by the instrument Data Reduction Software pipeline

and they were normalized using the codeRASSINE* (Cretignier et al., 2020). The

GIANO-B spectra were reduced using the data reduction pipeline software GOFIO

(Rainer et al., 2018), which processes calibration (darks, �ats, and U-Ne lamps

taken in daytime) and scienti�c frames. The main feature of GOFIO is the optimal

spectral extraction and wavelength calibration based on a physical model of the

spectrometer that accurately matches instrumental e�ects such as variable slit tilt

and order curvature over the echellogram (Oliva et al., 2018). The data reduction

package also includes bad pixel and cosmic removal, sky and dark subtraction, �at-

�eld and blaze correction. The GIANO-B spectra were also corrected for telluric

absorption using the spectra of an O-type standard star taken at di�erent air masses

during the same night. The normalised spectra of the telluric standard taken at

low and high air mass values were combined with di�erent weights to match the

depth of the telluric lines in the target spectra. The spectral regions with telluric

transmission lower than 90% were normally excluded from the analysis, and the few

intrinsic features of the O-stars used as telluric standards are broad lines of H and

He that are easily recognisable and corrected using a Voigt �t.

Among the 84 observed stars, we classi�ed as "genuine" RSGs the 27 reddest stars

in the sample, with MG<-3 or equivalently Lbol > 3.9 L� . Three and seven RSGs

in our sample are in common with Gazak et al. (2014) and de Burgos et al. (2020)

samples, respectively. The other red stars in their samples were not �rst priority

targets in our list since signi�cantly closer and/or extremely bright in the NIR to

be at risk of saturation with GIANO-B (depending on the seeing/cloud conditions)

or extremely red.

Fig. 2.6 shows portions of the observed HARPS-N and the GIANO-B spectra for

three representative RSGs analyzed, while Fig. 2.7 shows portions of the observed

spectra for three representative blue-yellow stars in our sample.

* https://ascl.net/2102.022
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Figure 2.6: Portion of the HARPS-N and GIANO-B spectra in the V, R, Y, J, H and
K bands for three representative RSGs observed in the Perseus complex. Spectra are
corrected for telluric contamination and RV and they are plotted in order of increasing
stellar temperature (Tef f � 3500, 3700, 4100 K) from the bottom to the top. In each panel
the normalized spectra of the three stars are shifted by a constant.
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Figure 2.7: Portion of the HARPS-N and GIANO-B spectra in the B, V, Y, J, H and K
bands for three representative blue-yellow stars observed in the Perseus complex. Spectra
are corrected for telluric contamination and RV and they are plotted in order of increasing
stellar temperature (Tef f =7000, 8000, 15000 K) from the bottom to the top. In each panel
the normalized spectra of the three stars are shifted by a constant.
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Spectral analysis

High resolution spectra over a wide optical and NIR spectral range provide a unique

tool to derive very accurate and precise radial and rotational velocities, stellar

parameters and chemical abundances for the observed stars.

3.1 Measurement of radial and rotational velocities

A code in Python was developed to measure stellar radial and rotational velocities,

namedStarVelox 2.

Accurate (at better than 1 km s� 1) heliocentric radial velocities for the observed

stars have been obtained by means of a standard cross-correlation technique (Tonry

& Davis, 1979) between observed and synthetic spectra with stellar parameters

similar to those of the observed stars over the full observed spectral range. To

this purpose theStarVelox 2 code can use the entire observed spectrum or selected

wavelength regions, and it also enables visually inspection of the cross-match be-

tween observed and synthetic spectra, if needed.

Accurate projected rotational velocities have been measured by using the Fourier

transform (FT) method (Carroll, 1933; Carroll & Ingram, 1933; Collins & Truax,

1995a; Royer et al., 2002). According to the classical rotating stellar model (Collins

& Truax, 1995b), the observed star line pro�le D(� ) can be considered as the con-

volution of an intrinsic line pro�le F( � ) (which includes any broadening e�ect other

than rotation, such as thermal broadening, microturbulence, damping and instru-

mental broadenings) and a rotational broadening function, including limb darken-
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ing, G(� ), such that:

D(� ) = F (� ) � G(� )

which in the Fourier domain, is simpli�ed by

d(� ) = f (� ) � g(� )

where � is the Fourier frequency expressed in s km� 1 and d(� ), f (� ) and g(� ) are

the Fourier transforms ofD(� ), F (� ) and G(� ), respectively.

A basic assumption is that the line pro�les are identical on the stellar surface (i.e.

stellar spot e�ects and surface inhomogeneities are negligible). This assumption is

reliable (Reiners & Schmitt, 2002) for stars where rotation is the dominant broad-

ening e�ect (i.e. for stars whose rotation is> 10 kms� 1, Díaz et al. 2011)

Under the assumption that the star is a rotating rigid body, the rotational pro�le

of a spectral line centered at a wavelength� 0 with a linear limb-darkening law :

I � (� )=I � (0) = 1 � � + �cos�;

where� is the limb darkening coe�cient, I � (� ) represent the intensity from a surface

element, whose angle between its normal and the observer's line of sight is given by

� , the zeros ing(� ) can be analytically calculated.

By using the prescriptions of Reiners & Schmitt (2002), we can derive the limb

darkening dependent rotationally broadening pro�le in� 0 (Böhm, 1952) as

g� (� ) =
2

x(1 � �
3)

"

1 � �J 1(x) + �

 
sinx
x2

�
cosx

x

!#

where | � � � 0 |< � and � = ( � 0vsini )/c (Gray, 1976) and imposing x=2��� . The

� dependent zeros ofg� can be determined from the equation:

(1 � � )J1(x) + �

 
sinx
x2

�
cosx

x

!

= 0:

g(� ) and its zero positionsg(� )n scale withvsini (Carroll, 1933; Carroll & Ingram,

1933); � can be expressed as

� n = qn (� )=vsini

Therefore, for a given� , vsini can be directly determined from the zero positions of

d(� ); for the �rst zero (i.e. the projected rotational velocity), Dravins et al. (1990)
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gave an approximation forq1 as:

q1 = 0:610 + 0:062� � + 0:027� � 2 + 0:012� � 3 + 0:004� � 4

Fig. 3.1 shows the case of a single synthetic line with all the broadening e�ects

with the exception of rotation (f (� ), dash-dotted line), a pure rotational pro�le for

vsini=50 km s� 1 (g(� ), solid line) and the same line with all the broadening e�ects

(d(� ), dotted line): the �rst zero position (marked with an arrow) indicates the

projected projected rotational velocity.

Figure 3.1: Power spectrum of the Fourier transform for the F (instrumental broadening
vinstr =6 km s� 1; microturbulence broadeningvmicro =2 km s� 1; radial-tangential broad-
ening of vmacro =6 km s� 1; dash-dotted line), G (vsin(i)=50 km s � 1, solid line) and D
(solid line) functions. The x-axis is in units of km s� 1. The arrow marks the position of
the �rst zero, corresponding to the rotational velocity.

For measuring the projected rotational velocities we used a limb darkening coe�-

cient of � =0.6 (Reiners & Schmitt, 2002). A careful visual inspection of the results

for all the unblended lines in each star spectrum was carried out.
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3.2 Measurement of stellar parameters and chemical

abundances

Accurate and precise stellar parameters and chemical abundances of red giant and

supergiant stars can be determined by means of spectral synthesis techniques. A

suitable grid of synthetic spectra spanning a comprehensive range of stellar param-

eters and chemical abundances is compared to high resolution observed spectra and

a best �t solution is identi�ed. Typically temperatures in the 3000-5000 K range,

gravities log(g) in the -0.5-2.5 dex range, microturbulence in the 1-5 km s� 1 range

are explored.

For abundance analysis, synthetic spectra were computed by using the radiative

transfer codeTURBOSPECTRUM(Alvarez & Plez, 1998; Plez, 2012) under the Lo-

cal Thermal Equilibrium (LTE) approximation, the MARCS models atmospheres

(Gustafsson et al., 2008), the atomic data from VALD3 and the most updated

molecular data from B. Plez website* .

The synthetic spectra were then convoluted with a Gaussian function in order to re-

produce the observed line pro�le. The line pro�les of red giant and supergiant stars

normally exceed the instrumental broadening (as determined from telluric lines) at

R� 50,000 for GIANO-B spectra, and R� 115,000 for HARPS-N spectra. The addi-

tional broadening (typically a dozen km s� 1) is likely due to macroturbulence and

it is normally modeled with a Gaussian pro�le, as for the instrumental broadening

for cooler stars, while for the blue population is likely due to rotation, and it is

modeled with a pure rotational pro�le.

Spectra of red giant and supergiant stars are quite crowded and at the lowest tem-

peratures can be a�ected by severe molecular blending and blanketing e�ects. In

order to obtain accurate and precise stellar parameters and chemical abundances,

suitable sub-samples of un-contaminated and un-saturated atomic and molecular

lines of the most important species, namely iron, iron-peak elements, CNO, alpha,

Z-odd and neutron-capture elements need to be carefully selected. Tables in ap-

pendix A provide the complete list of optical and NIR atomic and molecular lines

used for the abundance analysis of Arcturus and Tables in appendix B for the RSGs

in the Perseus complex.

Lines have been checked against possible blending with close contaminants. To this

purpose, I developed aPython code, namedTurboSLine, that identi�es as potential

contaminants any atomic or molecular j-th line whose centroid� j is within one Full

Width Half Maximum (FWHM) from the centroid � i of the analyzed i-th line.

* https://www.lupm.in2p3.fr/users/plez/
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For each of these potential contaminant, we computed the theoretical line equivalent

width (EW) and the amount of contamination, by using the following approxima-

tion:

Cj = EWj �
�

1 �
j� i � � j j
FWHM j

�

If
P

Cj > 0:1 � EWi , the i-th line was classi�ed as blended it was not normally

used for abundance analysis.

Some other lines were also rejected because contaminated by the wings of nearby

strong photospheric and/or by deep telluric lines by visual inspection. In our chem-

ical analysis we also rejected strong lines because of the uncertainty in the modeling

of their wings, and possible NLTE or chromospheric e�ects.

E�ective temperatures have been obtained by minimizing the di�erence between

carbon abundances derived from atomic C I and molecular CO lines, the so-called

C-thermometer (see Sect. 4.1.1). These spectroscopic temperatures allow also the

minimization of any trend between iron abundances and excitation potentials of

both the optical and NIR lines.

Photometric estimates of the surface gravities can be obtained by assuming a stellar

mass and using the standard formula

g = 4�G� SF
MT 4

ef f

LBol
(3.1)

where G is the gravitational constant,� SF is the Stefan-Boltzmann constant, M is

the mass of the star andLBol is the bolometric luminosity.

For warmer stars spectroscopic estimates can be also obtained by comparing iron

abundance from Fe I lines and from Fe II lines, since ionised lines are more sensitive

to gravity than neutral ones.

For Arcturus we found a new spectroscopic diagnostic for deriving the surface grav-

ity by balancing the O abundances derived from the forbidden transition [O I] at

6300:3 Å, and from the several OH lines measurable in the NIR spectrum (see

Sect. 4.1.2).

Microturbulence has been derived by using the standard approach of minimizing

the slope between the iron abundance and the reduced equivalent width (EW) of

the measured lines, de�ned aslog10(EW/ � ).

For the computation of the chemical abundances we usedSALVADOR, a tool devel-

oped by A. Mucciarelli (priv. comm.) that performs a� 2 minimisation between

observed and synthetic spectra, in correspondence of the selected lines, while the

normalisation of the observed spectrum around each line is optimised interactively.



22 Chapter 3. Spectral analysis

For a further check we also computed the line EWs and derived the corresponding

abundances for the case of Arcturus. The latter were found to be practically coin-

cident with those obtained from the spectral synthesis technique, with eventually

only a slightly higher dispersion, likely due to the fact that with the EW method

lines with some impurity provide slightly more uncertain abundances.
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The Arcturus Lab

Mainly based on:

Fanelli et al. (2021), A&A 645, A19

Detailed, high resolution optical and NIR spectroscopy of stellar calibrators is fun-

damental to de�ne optimal diagnostics for atmospheric parameters and chemical

analysis of stars and stellar populations with di�erent ages, metallicities and evo-

lutionary properties.

While diagnostic tools from high resolution optical spectroscopy are well established

and calibrated since a longtime, those from NIR spectroscopy started to be explored

only recently, thanks to the new generation of NIR echelle spectrographs with ade-

quate performances for such quantitative studies.

We used Arcturus as a laboratory to explore optical and NIR spectroscopic diag-

nostics for chemical analysis over the full spectral range from 4800 to 24500. We

then provided a comprehensive and self-consistent determination of Arcturus stellar

parameters and chemical abundances.

Arcturus ( � Boo, HR5340, HIP69673, HD124897) is a luminous, nearby K1.5 IIIp

giant star, often used as a calibrator in chemical studies of cool stellar populations.

Di�erential chemical analysis of giant stars relative to Arcturus can indeed largely

minimise most of systematic errors due to atmospheric parameters (e.g. Alves-Brito

et al., 2010; McWilliam & Rich, 1994; Ramírez & Allende Prieto, 2011; Worley et al.,

2009).

Most of the chemical studies of Arcturus are based on optical high resolution spec-

troscopy. The reference Arcturus spectrum covering the entire spectral range from
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the ultraviolet to the infrared is the one made available by Hinkle & Wallace (2005,

and references therein). This spectrum has been built up by using three di�erent

instruments: Space Telescope Imaging Spectrograph (STIS) mounted on board of

the Hubble Space Telescope in the1000-3000Å range, the echelle optical spectro-

graph in the 3100-9000Å range and the Fourier transform spectrometer in the0:9-5

�m range mounted at the Kitt Peak National Observatory (KPNO) 4 m telescope.

Ryde et al. (2009) used a portion of the Hinkle & Wallace (2005) H-band spectrum,

from 15326to 15705Å, to study several clean molecular lines of CO, CN, and OH

and derive C, N, and O abundances. Ramírez & Allende Prieto (2011) provided

atmospheric parameters and abundances for several metals by mostly using the Hin-

kle & Wallace (2005) optical spectrum and the line list by Asplund et al. (2009).

Smith et al. (2013) and Shetrone et al. (2015) used the H-band portion of the Hin-

kle & Wallace (2005) spectrum and their detailed line list prepared for the Sloan

Digital Sky Survey III Apache Point Galactic Evolution Experiment (APOGEE)

(Majewski et al., 2007) to provide stellar parameters, Fe, CNO and other elemental

abundances.

Arcturus was also studied by Fulbright et al. (2006) using an optical spectrum taken

with the Hamilton spectrograph at the0:6m CAT telescope of the Lick Observatory.

Kondo et al. (2019) have analised a ZYJ spectrum of Arcturus at R' 28000taken

with the WINERED spectrograph at the 1:3 m Araki Telescope at Koyama Astro-

nomical Observatory. They derived Fe I abundances and microturbolence using two

di�erent line list, namely the Vienna Atomic Line Database (VALD3) (Ryabchikova

& Pakhomov, 2015) and the public line list provided by Meléndez & Barbuy (1999).

Finally we mention the works by D'Orazi et al. (2011); Maas et al. (2017); Overbeek

et al. (2016) who discussed the Arcturus abundances of P, Y and Dy, respectively.

Table 4.1 lists stellar parameters and metallicity [Fe/H] of Arcturus as inferred from

di�erent optical and NIR studies.

In this chapter a comprehensive optical and NIR high resolution spectroscopic

Table 4.1: Stellar parameters and metallicity of Arcturus inferred from di�erent optical
and NIR studies.

T ef f log(g) � [Fe/H] Range Res References
K dex km s � 1 dex �= � �
4283 � 30 1:55 1:61 � 0:03 � 0:55 � 0:07 5370 � 7880 45000 Fulbright et al. (2006)
4290 1:55 1:70 � 0:50 5000 � 7000 50000 Ryde et al. (2009)
4286 � 30 1:66 � 0:05 1:74 � 0:52 � 0:02 5000 � 9300 100000 Ramírez & Allende Prieto (2011)
4275 � 50 1:70 � 0:10 1:85 � 0:05 � 0:52 � 0:04 15100� 17000 22300 Smith et al. (2013)
4286 � 50 1:66 � 0:10 1:70 � 0:05 � 0:57 � 0:04 15100� 17000 22300 Shetrone et al. (2015)
4286 � 35 1:64 � 0:06 1:22 � 0:12 � 0:69 � 0:06 9300 � 13100 28000 Kondo et al. (2019) (VALD3 linelist)
4286 � 35 1:64 � 0:06 1:20 � 0:11 � 0:49 � 0:04 9300 � 13100 28000 Kondo et al. (2019) (MB99 linelist)

study of Arcturus has been performed by using the echelle YJHK spectrum at
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R=50000 obtained with the GIANO-B spectrograph at the TNG and archive opti-

cal spectra obtained with the UVES spectrograph at the VLT and suitable synthetic

spectra computed as detailed in Chapter 3.

Figs. 2.1, 2.2, 2.3 and 2.4 show the observed rest-frame, normalised GIANO-B spec-

tra of Arcturus corrected for telluric absorption and radial velocity. The average

signal-to-noise ratio of the reduced and telluric-corrected spectrum is about 150 per

pixel.

The synthetic spectra were convoluted with a Gaussian function in order to re-

produce the observed broader pro�le that corresponds to an equivalent resolution

of 32; 000. The extra broadening is mainly due to the macro-turbulence velocity

(� 6 km s� 1), because the projected rotational velocity of Arcturus is negligible

(� rot = 2:4 km s� 1, Gray 1981).

By the combined NIR and optical analysis we de�ned a new thermometer and a

new gravitometer for giant stars, based on the comparison of Carbon and Oxygen

abundances, respectively, as derived from atomic and molecular lines. We then

derived self-consistent stellar parameters and chemical abundances of iron, CNO,

iron-group, alpha, Z-odd and neutron-capture elements over the full4800� 24500

Å spectral range and we compared them with previous studies in the literature. We

�nally discussed a number of problematic lines, which can be a�ected by deviations

from thermal equilibrium and/or chromospheric activity, as traced by the observed

variability of He I at 10830Å.

4.1 Standard and new methods to derive stellar parameters

Arcturus belongs to a kinematic group of several tens old stars (Eggen, 1971). Its

metallicity ([Fe/H] ' � 0:5 dex) and some enhancement of the alpha elements sug-

gest that it likely formed in the thick disk of our Galaxy (Bensby et al., 2014;

Ramírez & Allende Prieto, 2011), although an extragalactic origin has been also

proposed (Navarro et al., 2004). From a kinematic perspective, Arcturus total ve-

locity vt =
p

(U2 + V 2 + W 2) = 106 km s� 1 and its location in the Toomre diagram

(see Fig. 4.1), suggest that it should be a thick disk star (Bensby et al., 2014).

Previous determinations of Arcturus stellar parameters (cf. Table 4.1) suggested

temperatures in the 4275-4290 K range, log(g) in the 1.55-1.70 dex range and mi-

croturbulence in the 1.20-1.85 km s� 1 range.

By using the Dartmouth web-tool* (Dotter et al., 2008), we computed isochrones

* http://stellar.dartmouth.edu
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Figure 4.1: Toomre diagram for thin (blue dots), thick (red dots) disk and halo (black
crosses) stars from Reddy et al. 2003 and Reddy et al. 2006 and for the disk stars of
Bensby et al. 2014 (grey dots). The black star marks the position of Arcturus and the
dashed lines delineate constant total space velocities with respect to the LSR of Vtot = 80
and 180 km s� 1, respectively (e.g. Nissen, 2004, and references therein).

with [Fe/H]= � 0:5, [� /Fe]= +0:20 and di�erent ages. At the bolometric luminosity

of Arcturus (Lbol = 174 � 7 L � , Smith et al. (2013), see also Ramírez & Allende

Prieto (2011)) we found that old (� 10 Gyrs) ages are consistent with e�ective tem-

perature Tef f in the 4260-4310 K range and gravity log(g) in the 1.60-1.70 dex

range.

We used these photometric ranges for Tef f and log(g) to also constrain the mi-

croturbulence velocity range, by using the standard approach of minimizing the

slope between the iron abundance and the reduced equivalent widths (EW) of the

measured lineslog10(EW=� ) (see the discussion in Mucciarelli, 2011). We �nd mi-

croturbulence velocities in the 1.50 and 1.70 km s� 1 range. We �nally adopted the

value of � = 1:60� 0:05 km s� 1, that best minimizes any trend between the abun-

dances and the reduced equivalent width of about 400 Iron lines distributed over the
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4800� 23400Å spectral range, as shown in Fig. 4.2. This value of microturbulence

also minimizes the trend when the optical and the NIR lines are taken separately.

As described in the following, the photometric values of Tef f and log(g) were

Figure 4.2: Iron abundances as a function of the reduced equivalent widths for all the
measured optical (blue circles) lines in the UVES spectra and NIR (red circles) lines in
the GIANO-B spectrum. The dotted line marks the best-�t median abundance.

�ned-tuned using the spectroscopic data.

4.1.1 The C-thermometer

We de�ned a new, powerful diagnostic tool to deriveTef f in Oxygen-rich cool stars,

based on the balance between the Carbon abundance, derived from atomic lines

(see Table 4.2), and molecular CO roto-vibration transitions. Hereafter, we refer to

this method as the C-thermometer.

The basic principle of such a thermometer follows from the very high dissocia-

tion potential of the CO molecule (11.1 eV). Thus the CO/C0 relative abundance

of carbon in molecular (CO) and atomic (C0) form has a very strong exponential

dependence on temperature. Alike other diatomic molecules, the abundance ratio

also depends linearly on the gas pressure (i.e. on gravity); but this e�ect is much

less important. Figure 4.3 shows the behaviour of the Saha-equilibrium abundances

for gas temperatures and pressures relevant for this work.

When modeling the spectrum, CO and C I lines must provide the same abundances.

If this does not happen it is because the model temperature is wrong and must be

tuned until the two abundances are matched. However, the analysis is complicated
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Table 4.2: Measurable atomic Carbon lines in the NIR spectrum of Arcturus.

� air � log(gf) Note
eV

8727:140 1:26 � 8:165 Forbidden
9658:435 7:49 � 0:280 NLTE

10683:080 7:48 +0:079 NLTE
10685:340 7:48 � 0:272 NLTE
10691:245 7:49 +0:344 NLTE
10707:320 7:48 � 0:411 NLTE
10729:529 7:49 � 0:420 NLTE
11748:220 8:64 +0:375 NLTE
11753:320 8:65 +0:691 NLTE
11754:760 8:64 +0:542 NLTE
17234:463 9:70 +0:293 LTE
17448:535 9:00 +0:012 LTE
17672:039 7:95 � 1:974 LTE
17768:910 9:71 +0:420 LTE
17793:158 9:71 � 0:045 LTE

by the fact that some C I lines may show signi�cant departure from local thermo-

dynamic equilibrium (NLTE, see e.g. Fabbian et al. 2006; Takeda & Takada-Hidai

2013); while CO lines form under LTE conditions (e.g. Hinkle & Lambert, 1975;

Ryde et al., 2009). For example, Takeda & Takada-Hidai (2013) show that the

10683=10685=10691Å multiplet in the Y-band requires NLTE correction for a star

like Arcturus. In particular the 10691Å line needs a correction of� A(C) = � 0:23

dex.

NLTE corrections are sensitive to the adopted stellar model and depend on tempera-

ture and gravity, hence they cannot be safely used to de�ne a reliable thermometer.

Hence, it is desirable to use only those C I lines that are not a�ected by NLTE

e�ects. To this purpose, given that forbidden lines do not su�er from NLTE (e.g.

Alexeeva & Mashonkina, 2015), we used the [C I] at8727:14 Å measurable in our

UVES red spectrum, to derive a proxy of the atomic Carbon abundance in LTE.

Then, we computed LTE abundances for all the C I lines measurable in our GIANO-

B spectrum (Table 4.2) and we checked their abundances against that from the [C I]

line. We found that the C I lines in the H-band with excitation potentials above

9 eV provide similar C abundances; while the C I lines in the Y and J bands with

lower excitation potentials give LTE abundances that are systematically (� 0.3 dex)

larger; most likely because of NLTE e�ects. Hence, we used only the C I lines in

the H-band for the C-thermometer.
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Figure 4.3: The selected values of pressure are representative of the line forming regions
for surface gravities log(g)=2.0, 1.5 and 1.0

Fig. 4.4 shows the variation of Carbon abundance from C I and CO lines in the

Arcturus GIANO-B spectrum as a function of Tef f . Both diagnostics are very

sensitive to Tef f but with opposite trends. The intersection of the two curves oc-

curs at Tef f = 4283 � 33 K. The quoted error of � 33 K corresponds to a� 1�

variation in the derived C abundances from C I and CO. The C-thermometer is

virtually independent from the other parameters within the uncertainties. Indeed,

variations of � 0:05 km s� 1 in microturbulence velocity or � 0:06 dex in log(g) have

a negligible impact both on temperature (� 15 K) and on C abundance (� 0.02

dex). Even for larger variation of log(g) (up to 0.2 dex) and� (up to 0.2 kms� 1)

the corresponding variation in temperature turns out to be within the error. In-
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Figure 4.4: C abundances as a function of temperatures from the C I lines in the H
band (green circles), the forbidden [C I] line at8727:14 Å (empty triangle). The shaded
green region is the corresponding best-�t� 1� trend of the C I lines, while the shaded red
region is the best-�t � 1� trend of the CO lines. The big black dot marks the point of
intersection of the two curves and its x-coordinate provides the best-�t temperature.

terestingly, the C-thermometer also works if the molecular Carbon abundance is

derived from spectral synthesis of the� v=3 CO band-heads in the H-band, since

it is fully consistent with the one derived from individual CO roto-vibration lines

(see Sect. 4.2.1). Noticeably, the temperature of 4283� 33 K derived from the C-

thermometer also allows us to minimize, within the errors, any trend between Iron

abundances from neutral lines and their excitation potential, as shown in Fig. 4.5,

which is the standard spectroscopic method to infer the e�ective temperature.

4.1.2 The O-gravitometer

The relative abundance of OH and atomic Oxygen (O0) depends linearly on the

gas pressure (i.e. on gravity), while it has a weak dependence on temperature

(see Figure 4.3) because of the low dissociation potential of the OH molecule (4.4

eV). Therefore, the OH=O0 ratio can be used to estimate the gravity once the

temperature is constrained.

After �xing the temperature at T ef f = 4283 K, as derived from the C-thermometer,

one can �ne-tune gravity by balancing the O abundances derived from the forbidden
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Figure 4.5: Iron abundances from neutral lines in the optical UVES spectra (blue circles)
and in the NIR GIANO-B spectrum (red circles) as a function of their excitation potential.
Dotted line marks the derived best-�t median Iron abundance.

transition [O I] at 6300:3 Å, and from the numerous OH lines measurable in the

NIR spectrum. Fig. 4.6 (top panel) shows the variation of O abundance from the [O

I] and OH lines in the Arcturus optical and NIR spectra, respectively, as a function

of log(g). The intersection of the two curves occurs at log(g)= 1:67 � 0:06 dex.

The quoted error of � 0.06 dex corresponds to a� 1� variation in the derived O

abundances from [OI] and OH.

Variations of � 33 K in temperature impact gravity by � 0.10 dex, while variations

of � 0:05 km s� 1 in microturbulence velocity impact log(g) by� 0:02 dex. By using

the standard method to infer spectroscopic log(g), i.e. minimizing the di�erence

between the iron abundances from neutral and ionized optical lines, we obtained a

very similar best-�t log(g)= 1:68� 0:10 dex (see Fig. 4.6, bottom panel).
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Figure 4.6: Top panel: Oxygen abundances as a function of gravity. The shaded blue
region is the best-�t � 1� trend of the forbidden [O I] line, while the shaded red region is
the best-�t � 1� trend of the OH lines. The black dot marks the point of intersection of
the two curves and its x-coordinate provides the best-�t log(g)=1.67� 0:06. Bottom panel:
Iron abundances as a function of gravity. The shaded red region is the best-�t� 1� trend
of the neutral Fe I lines, while the shaded blue region is the best-�t� 1� trend of the
ionized Fe II lines. The black dot marks the point of intersection of the two curves and
its x-coordinate provides the best-�t log(g)= 1:68� 0:10.

4.2 Combined optical and NIR chemical analysis

The adopted stellar parameters for the chemical analysis of Arcturus are sum-

marised in Table 4.3. Abundance errors from uncertainties in the stellar parameters

Table 4.3: Stellar parameters for Arcturus adopted in the present study.

Paramater Value Error
Tef f 4283K 33 K
log(g) 1:67 dex 0:06 dex
� 1:60 kms� 1 0:05 kms� 1

[Fe=H] � 0:57 dex 0:01 dex

were estimated by computing elemental abundances with varyingTef f by � 33 K,

log(g) by � 0:06 dex, and� by � 0:05 km s� 1 (see Table 4.3 and Fig. 4.8).
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Table 4.4: Arcturus chemical abundances and associated measurement errors from NIR and optical lines.

NIR OPT OPT+NIR
X Z # log(N) a [X/H] [X/H] [X/Fe] [X/Fe] � # log(N) a [X/H] [X/H] [X/Fe] [X/Fe] � log(N) a [X/H] [X/H] [X/Fe] [X/Fe] �

lines Gre98 Aspl09 Gre98 Aspl09 lines Gre98 Aspl09 Gre98 Aspl09 Gre98 Aspl09 Gre98 Aspl09
C 6 19b 7:97 � 0:55 � 0:46 +0 :01 +0 :10 0:02 1 8:00 � 0:52 � 0:43 +0 :05 +0 :14 0:05 7:97 � 0:55 � 0:46 +0 :02 +0 :11 0:06
Nb 7 137 7:64 � 0:28 � 0:19 +0 :28 +0 :37 0:01 0 � � � � � � � � � � � �
Ob 8 14 8:60 � 0:23 � 0:09 +0 :33 +0 :47 0:02 1 8:61 � 0:22 � 0:08 +0 :35 +0 :49 0:02 8:60 � 0:23 � 0:09 +0 :34 +0 :48 0:06
Fb 9 1 4:22 � 0:34 � 0:34 +0 :22 +0 :22 0:05 0 � � � � � � � � � � � �
Fe I 26 179 6:94 � 0:56 � 0:56 +0 :00 +0 :00 0:01 230 6:93 � 0:57 � 0:57 +0 :00 +0 :00 0:01 6:93 � 0:57 � 0:57 +0 :00 +0 :00 0:01
Fe II 26 1 6:95 � 0:55 � 0:55 +0 :01 +0 :01 0:04 10 6:94 � 0:56 � 0:56 +0 :01 +0 :01 0:03 6:94 � 0:56 � 0:56 +0 :01 +0 :01 0:05
V I 23 4 3:48 � 0:52 � 0:45 +0 :04 +0 :11 0:07 41 3:49 � 0:51 � 0:44 +0 :06 +0 :13 0:03 3:49 � 0:51 � 0:44 +0 :06 +0 :13 0:08
Cr I 24 29 5:04 � 0:63 � 0:60 � 0:07 � 0:04 0:03 33 5:02 � 0:65 � 0:62 � 0:08 � 0:05 0:02 5:03 � 0:64 � 0:61 � 0:07 � 0:04 0:04
Mn I 25 4 4:84 � 0:55 � 0:59 +0 :01 � 0:03 0:04 5 4:83 � 0:56 � 0:60 +0 :01 +0 :03 0:05 4:83 � 0:56 � 0:60 +0 :01 +0 :03 0:06
Co I 27 6 4:44 � 0:48 � 0:55 +0 :08 +0 :01 0:06 36 4:44 � 0:48 � 0:55 +0 :09 +0 :02 0:02 4:44 � 0:48 � 0:55 +0 :09 +0 :02 0:06
Ni I 28 31 5:73 � 0:52 � 0:49 +0 :04 +0 :07 0:02 42 5:69 � 0:56 � 0:53 +0 :01 +0 :04 0:01 5:71 � 0:54 � 0:51 +0 :03 +0 :06 0:02
Cu I 29 1 3:83 � 0:38 � 0:36 +0 :18 +0 :20 0:04 1 3:81 � 0:40 � 0:38 +0 :17 +0 :19 0:03 3:82 � 0:39 � 0:37 +0 :18 +0 :20 0:05
Zn I 30 2 4:19 � 0:41 � 0:37 +0 :15 +0 :19 0:07 1 4:19 � 0:41 � 0:37 +0 :16 +0 :20 0:06 4:19 � 0:41 � 0:37 +0 :16 +0 :20 0:09
Mg I 12 11 7:33 � 0:25 � 0:27 +0 :31 +0 :29 0:02 7 7:36 � 0:23 � 0:25 +0 :34 +0 :32 0:02 7:34 � 0:24 � 0:26 +0 :33 +0 :31 0:03
Si I 14 58 7:26 � 0:29 � 0:25 +0 :27 +0 :31 0:03 40 7:26 � 0:29 � 0:25 +0 :28 +0 :32 0:02 7:26 � 0:29 � 0:25 +0 :28 +0 :32 0:04
S I 16 11 6:90 � 0:43 � 0:22 +0 :13 +0 :34 0:05 3 6:91 � 0:42 � 0:21 +0 :15 +0 :36 0:05 6:90 � 0:43 � 0:22 +0 :14 +0 :35 0:07
Ca I 20 24 5:84 � 0:52 � 0:50 +0 :04 +0 :06 0:02 22 5:80 � 0:56 � 0:54 +0 :01 +0 :03 0:02 5:82 � 0:54 � 0:52 +0 :03 +0 :05 0:03
Ti I 22 57 4:59 � 0:43 � 0:36 +0 :13 +0 :20 0:02 112 4:55 � 0:47 � 0:40 +0 :10 +0 :17 0:01 4:56 � 0:46 � 0:39 +0 :11 +0 :18 0:02
Ti II 22 0 � � � � � � 21 4:61 � 0:41 � 0:34 +0 :16 +0 :23 0:03 � � � � � �
Na I 11 3 5:78 � 0:55 � 0:46 +0 :01 +0 :10 0:04 3 5:76 � 0:57 � 0:48 +0 :00 +0 :09 0:03 5:77 � 0:56 � 0:47 +0 :01 +0 :10 0:04
Al I 13 4 6:14 � 0:33 � 0:31 +0 :23 +0 :25 0:04 10 6:15 � 0:32 � 0:30 +0 :25 +0 :27 0:02 6:15 � 0:32 � 0:30 +0 :25 +0 :27 0:04
P I 15 2 5:14 � 0:31 � 0:27 +0 :25 +0 :29 0:06 0 � � � � � � � � � � � �
K I 19 6 4:81 � 0:31 � 0:22 +0 :25 +0 :34 0:07 2 4:80 � 0:32 � 0:23 +0 :25 +0 :34 0:08 4:81 � 0:31 � 0:22 +0 :26 +0 :35 0:11
Sc I 21 2 2:66 � 0:51 � 0:49 +0 :05 +0 :07 0:04 20 2:65 � 0:52 � 0:50 +0 :05 0:07 0:03 2:65 � 0:52 � 0:50 +0 :05 +0 :07 0:05
Sc II 21 0 � � � � � � 18 2:71 � 0:46 � 0:44 +0 :11 +0 :13 0:04 � � � � � �
Y I 39 0 � � � � � � 1 1:51 � 0:73 � 0:70 � 0:16 � 0:13 0:10 � � � � � �
Y II 39 1 1:51 � 0:73 � 0:70 � 0:17 � 0:14 0:08 5 1:56 � 0:68 � 0:65 � 0:11 � 0:08 0:06 1:54 � 0:70 � 0:67 +0 :13 +0 :10 0:10
Ce II 58 6 1:06 � 0:52 � 0:52 +0 :04 +0 :04 0:04 4 1:04 � 0:54 � 0:54 +0 :03 +0 :03 0:05 1:05 � 0:53 � 0:53 +0 :04 +0 :04 0:06
Nd II 60 1 0:93 � 0:57 � 0:65 � 0:01 � 0:09 0:06 19 0:90 � 0:60 � 0:68 � 0:03 � 0:11 0:03 0:90 � 0:60 � 0:68 � 0:03 � 0:11 0:07
Dy II 66 1 0:70 � 0:44 � 0:40 +0 :12 +0 :16 0:05 1 0:68 � 0:46 � 0:42 +0 :11 +0 :15 0:05 0:69 � 0:45 � 0:41 +0 :12 +0 :16 0:07
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On average these errors amount to a few hundredths of a dex at most. The only

notable exception is the higher sensitivity of OH and HF lines to the e�ective tem-

perature: indeed a variation of� 33 K implies an error in the derivation of Oxygen

and Fluorine abundances of� 0.06 and� 0.07 dex, respectively.

In the computation of these errors we did not include the inter-dependence between

the C, N, O abundances contributing to the formation of the measured molecular

lines, nor the in�uence of the abundances of the main electron donors on those

derived from ionized species. We estimated that these e�ects normally yield errors

below 0.1 dex (see also e.g. Ryde et al., 2009).

Measurement errors include uncertainty in the continuum positioning and photon

noise. For elements with more than two measurable lines, we computed the disper-

sion around the mean abundance, while for those with one or two measurable lines,

we computed the dispersion from a Monte-Carlo simulation, taking into account an

error in the measured EW of� � FWHM/SNR for a line FWHM sampled with

2-3 pixels.

The measurement errors� quoted in Table 4.4 are the� dispersion divided by the

square root of the number of used lines.

In the course of the chemical analysis we checked a few problematic lines against

possible NLTE e�ects by using the online web tool„ .

Abundances and corresponding measurement errors for all the sampled chemical

elements in the log(NX /N H )+12 and in the [X/H] solar scales, adopting as so-

lar reference both Grevesse & Sauval (1998) (Gre98) and Asplund et al. (2009)

(Aspl09), are listed in Table 4.4. In Fig. 4.7 we compare the derived abundances

from NIR and optical lines for all the measured elements.

4.2.1 CNO and Fluorine

In our chemical analysis of Arcturus we �rst computed the abundances of CNO and

then those of the other elements. Indeed, CNO are the most abundant metals and

in red giant and supergiant star spectra the many molecular CO, CN and OH lines

are the most important potential contaminants. Following Ryde et al. (2009) and

Smith et al. (2013), we adopted an iterative method to derive CNO abundances, in

order to consider the interplay among these three elements in setting the molecular

equilibrium. The resulting abundances are listed in �rst three lines of Table 4.4.

Most interestingly, the Carbon abundance derived from the� v=3 CO band-heads

visible in the H-band, is 8.02 and equal within the errors with the values derived

„ http://nlte.mpia.de/gui-siuAC_secE.php , M. Kovalev et al. 2018
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Figure 4.7: Derived [X/Fe] chemical abundances for Arcturus from the GIANO-B NIR
spectrum (red symbols) and UVES optical spectra (blue symbols). The circles indicate
the neutral species, while the triangles indicate the ionized species. Errorbars are from
Table 4.4.

Figure 4.8: Abundance errors due to stellar parameters for optical (blue) and NIR (red)
analysis.
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from atomic C I lines and isolated CO roto-vibrational transitions.

This result indicates that the � v=3 CO band-heads could be e�ectively used to

measure Carbon abundances in cold stars where the single CO lines are severally

blended or too weak for reliable abundance analysis.

Following a similar approach, we estimated the abundance of13C using two � v=3

and three � v=2 band-heads of13CO. This yielded a 12C/ 13C isotopic abundance

ratio of 7� 1, consistent with the e�ects of the 2nd dredge-up coupled to some extra

mixing in low mass giants (see e.g. Charbonnel & Lagarde, 2010).

The Fluorine abundance was derived from one HF molecular line at23358:33 Å in

the K band, using the transition parameters of Jönsson et al. 2014.

4.2.2 Iron-peak elements

The Iron abundance was derived for more than 400 lines of Fe I, and a dozen of

Fe II lines. Fully consistent values were obtained from all these line sets, with a

� dispersion of about 0.1 dex. We adopted the average value of6:93 � 0:01 (see

Table 4.4) as the reference iron abundance of Arcturus. However, it is interest-

ing to note that many of the lines in the YJ bands provide abundances that are

systematically lower (on average by 0.04 dex) than the reference abundance. We

inspected some of these lines for possible NLTE e�ects, indeed �nding that some

positive corrections of� 0.1 dex should be applied to their LTE abundances.

For the other Iron-peak elements, we could also measure both optical and NIR lines,

as listed in Tables in appendix A, and derive suitable abundances. In particular, for

Chromium and Nickel, we used a few tens lines both in the optical and NIR range.

For Vanadium we used a few tens lines in the optical with hyper�ne splitting (here-

after HFS) and only a few in the NIR. For Manganese we used the few measurable

lines both in the optical and NIR. In particular, in the NIR we used the J band lines

at 13218:49 Å and 13415:64 Å that need a NLTE correction of � A(Mn) = � 0:16

and � A(Mn) = � 0:04, respectively, and two lines in the H band with HFS. For

Cobalt we used a few tens optical lines with HFS and a few NIR lines. The latter

show a larger scatter that can be explained with small NLTE e�ects. Indeed, for

example, we applied a NLTE correction of+0:06 dex to the LTE abundance of the

16757:64 Å line. For Copper we could only use one optical and one NIR line. The

NIR line at 16005:75Å has HFS and needs to be used with caution since potentially

blended. For Zinc we used one line in the optical and two in the NIR. The NIR

line at 11054:28 Å is partially blended with CN, while the one at13053:63 Å is free

from contamination.

Altogether, the iron-peak elements show fully consistent optical and NIR abun-
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dances. They homogeneously scale as Iron, with the possible exception of Copper

and Zinc that are slightly enhanced.

4.2.3 � elements

Dozens of unblended lines of Si I, Ca I, Ti I, Mg I and S I are available in the NIR

spectrum of Arcturus for abundance analysis. NIR Mg I and S I lines are known

to su�er of NLTE e�ects (Takeda et al., 2016; Zhang et al., 2017). However, at

the metallicity, temperature and gravity of Arcturus, the corrections turn out to be

negligible. In case of Sulphur there is also a forbidden line [S I] at10821Å that

provides a fully consistent abundance with the one derived from the selected S I

lines, further proving that NLTE e�ects are negligible.

The inferred NIR abundances for these alpha elements are fully consistent with the

optical ones, as detailed in Table 4.4 and shown in Fig. 4.7.

The derived abundances of Mg and Si and to a lower extent of Ti, S and Ca suggest

some [� /Fe] enhancement, as for Oxygen, and typical of thick-disk stars.

4.2.4 Z-odd elements

A few optical and NIR lines of Na, K and Sc can be safely used to derive reliable

abundances. We found consistent optical and NIR solar-scaled abundances of Na

and Sc and some enhanced K abundance. However, the K lines can su�er by signif-

icant NLTE e�ects with negative corrections to the LTE abundances (see.g. Osorio

et al., 2020; Zhang et al., 2006), thus implying a lower [K/Fe] relative abundance,

about solar or even sub-solar scaled. Two NIR lines of Phosphorus at10529:52 Å

and 10581:58 Å are also measurable, giving an abundance of5:14� 0:08. A third

line at 10596:90 Å gives a unexpected larger abundance (see also Maas et al., 2017),

probably blended since its pro�le is clearly asymmetric, hence we rejected it.

Concerning Aluminium, ten optical lines and four NIR lines at10782:05Å, 10768:37

Å, 10872:97 Å and 10891:77 Å in the Y band with small (if any) NLTE corrections

provide homogeneous abundances enhanced by almost a factor of two with respect

to the solar-scaled value. For the NIR lines we used log(gf) from NIST, that are

slightly di�erent from those adopted in VALD3.

The strong lines at13123:41 Å and 13150:75 Å and the K band line at at 21163:76

Å have HFS and su�er of signi�cant NLTE e�ects (Nordlander & Lind, 2017) and

require negative abundance correction of0:25� 0:30 dex.

Although once corrected for NLTE, these lines provide Al abundances reasonably

consistent with those of the Y band and optical lines, we did not used them.
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The three strong lines at16718:96 Å, 16750:56 Å and 16763:36 Å also su�er of

NLTE e�ects and have HFS. The line at 16750:56 Å has also strong and blended

wings.

In Arcturus-like stars abundances derived from these lines can be quite uncertain,

hence we did not use them (see Sect. 4.2.6).

4.2.5 Neutron-capture elements

We measured NIR lines for �ve neutron-capture elements, namely Yttrium (mostly

an s-process element), Cerium (an s-process element), Neodimium (mostly an s-

process element) and Dysprosium (an r-process element). NIR Ce II and Nd II

lines were identi�ed for the �rst time by Cunha et al. (2017) and Hasselquist et al.

(2016), respectively.

One neutral and �ve ionized lines of Yttrium were measured in the optical, while

only one ionized line is measured in the NIR Y band (see also Matsunaga et al.,

2020). We �nd an Y abundance slightly depleted with respect to the solar scale

value, in agreement with the disk chemistry at the Arcturus metallicity (see e.g.

Bensby et al., 2014; Reddy et al., 2006).

We �nally used a few optical and NIR ionized lines of Cerium, Neodymium and

Dysprosium and we derived about solar-scaled Ce and Nd abundances and slightly

enhanced Dy with respect to the solar-scaled value.

4.2.6 Chromospheric activity

We noticed that some strong lines in the GIANO-B spectrum are deeper than the

corresponding lines in the FTS winter and summer spectra of Arcturus by Hinkle

et al. (2000). A few examples are shown in Fig. 4.9.

Chromospheric activity can �ll the core of strong lines and mimic shallower ab-

sorptions (e.g. Shcherbakov et al., 1996). We thus wonder if a variation for the

chromospheric activity in Arcturus could be responsible of the di�erent line depth

in the GIANO-B and FTS spectra.

To this purpose, we used the He I line at10830Å that is a good indicator of

chromospheric activity (Danks & Lambert, 1985). As shown in Fig. 4.9 when the

winter and especially the summer FTS spectra were acquired chromospheric activ-

ity was higher as suggested by the presence of some He I emission and shallower

photospheric lines, while when the GIANO-B spectrum was acquired activity was

low, without He I emission and with deeper photospheric lines. Hence, given that

strong lines can be problematic also because potentially weakened by such a chro-
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Figure 4.9: Chromospheric He I line in the Y band and a few strong photospheric Al,
Si and Mg lines in the in the GIANO-B spectrum (top panel) and in the winter (middle
panel) and summer (bottom panel) FTS spectra by Hinkle & Wallace (2005).

mospheric activity, they should be used with great caution for abundance analysis.

We excluded these lines from our abundance analysis.

4.3 Lesson learned

The value of the combined optical and NIR study of Arcturus presented in this

chapter is multifold and can be summarised as follows.

i) it maximizes the set of diagnostic lines to sample almost all the chemical

elements of interest and with a statistically signi�cant number of lines for most of

them;

ii ) it enables to sample lines of a given species at di�erent wavelengths, ex-

tending the range of excitation potentials and transition probabilities for a better

understanding of the physics of line formation and the modeling of the observed

spectrum;

iii ) it drives the analysis towards a physical, self-consistent solution over the

entire spectrum of the degeneracy problem among stellar parameters and chemical

abundances.

Taking advantage of our optical and NIR analysis,i) we could set an optimal
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Figure 4.10: Derived [X/Fe] (Grevesse & Sauval, 1998) chemical abundances for Arcturus
from some optical (top panel) and NIR (bottom panel) studies quoted in Table 4.1. Blue
symbols are our abundances from the optical UVES spectra, red symbols our abundances
from the NIR GIANO-B spectrum. Blue and red dots refer to neutral species, blue and
red triangle to ionized species.

value for the microturbulence velocity that works over the full spectral range from

4800to 24500Å and ii ) we could de�ne a new spectroscopic thermometer and new

spectroscopic gravitometer for cool giants, based on atomic and NIR molecular di-

agnostics of Carbon and Oxygen abundances, as detailed in Sect. 4.3 and Figs.4.4

and 4.6. By using these diagnostic tools we infer a temperature and gravity for

Arcturus that are fully consistent with photometric estimates and with the values

obtained from the standard tools used in optical spectroscopy (see Figs. 4.5 and

4.6).

As discussed in Sect. 5.2 and shown in Fig. 4.7 for all the analyzed elements we

�nd fully consistent optical and NIR abundances. This demonstrates thati) the

current generation of NIR echelle spectrographs is fully adequate to get high qual-

ity data for quantitative spectroscopy as in the optical;ii ) the available atomic and

molecular data for the NIR lines are generally accurate enough for reliable chemical

abundance analysis.

Carbon, Sodium, Potassium and Iron-peak elements (with the exception of Copper

and Zinc that are slightly enhanced) are consistent with solar-scaled values, with

abundances between one fourth and one third solar. Nitrogen, Oxygen, Fluorine,

and alpha elements (with only exception of Ca which is about solar-scaled), are

enhanced by a few tenth of a dex with respect to the corresponding solar-scaled
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values. The values inferred for [F/O] and [F/Fe] agree with literature values for

thick-disk giant stars of similar metallicity (see, e.g. Grisoni et al., 2020, their �g-

ure 2). Among the neutron-capture elements, Cerium and Neodymium are about

solar-scaled; Dysprosium is slightly enhanced, while Yttrium is slightly depleted

with respect to the corresponding solar-scaled values.

Our inferred stellar parameters and chemical abundances are normally fully consis-

tent with those obtained in previous optical or NIR studies, as shown in Fig. 4.10.

We stress here that abundance di�erences of a few hundredths dex among di�erent

studies is something intrinsic to the analysis process, since di�erent studies may use

di�erent codes, model atmospheres and/or line lists and transition probabilities as

well as some di�erent assumptions for the stellar parameters.

In particular, when comparing our optical abundances with those obtained by

Ramírez & Allende Prieto (2011) we found some notable discrepancies only for

C and Mn abundances. They determined C abundance from four C I lines. In our

analysis we rejected those lines since the two at9078Å and 9111Å are a�ected

by NLTE and the other two at 8335Å and 5380Å AA are blended. We thus used

only the forbidden line at 8727Å. As discussed in Sect. 4.1.1 our [C I] abundance

is fully consistent with the C abundance derived from CO and C I lines in the H

band.

Regarding Mn, they mostly measured blue lines not present in our UVES spectrum,

while we measured lines in the red part of the optical spectrum. As discussed in

Sect. 4.2.2, our optical Mn abundance is fully consistent with our NIR estimates

and the values obtained in other NIR studies.

It is also interesting to compare our results on stellar parameters and iron abun-

dances to those obtained by the NIR studies of Kondo et al. (2019) in the in the

9300� 13100Å spectral range and of Smith et al. (2013) in the15000� 17000Å

spectral range at about half the spectral resolution of our study.

Kondo et al. (2019) used a standard temperature and gravity but a microturbu-

lence velocity of 1.2 km s� 1, lower than any previous study and also lower than our

adopted value of 1.6 km s� 1. They also used two di�erent line list, VALD3 and

the one by Meléndez & Barbuy (1999) (hereafter MB99). 48 lines in our list are in

common with Kondo et al. (2019) VALD3 line list. Our and Kondo et al. (2019)

VALD3 abundances are similar, despite we adopted a 0.4 km s� 1 higher microtur-

bulence velocity.

The other 20 lines in the Kondo et al. (2019) VALD3 line list have not been used

in our analysis since blended or contaminated by nearby strong photospheric or

telluric lines. These rejected lines give an average abundances that is o� by more
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than 0.1 dex and with a signi�cantly larger (>0.2 dex) dispersion.

At variance, we used other 30 lines in the YJ bands that are not in the VALD3

Kondo et al. (2019) line list and, on average, provide abundances a few hundredths

dex higher than those from the the lines in common.

As a result, our average VALD3 iron abundance from our selection of YJ band

lines is 0.08 dex higher than in Kondo et al. (2019) and only a few hundredths dex

lower than our reference abundance from the full set of optical and NIR lines. As

mentioned in Sect. 4.2.2, correction for NLTE e�ects can signi�cantly mitigate if

not solve the problem.

If we use the MB99 astrophysicallog(gf ), that are given for lines in the10; 000�

18; 000 Å range and, on average, lower by 0.2-0.3 dex with respect to those in

VALD3, we �nd corresponding larger abundances.

When compared to the iron abundances obtained in previous optical studies (see

Table 4.1) and also in the present one, the abundances from the MB99log(gf ) are

in excess by more than 1� in the YJ band and more than 2� in the H band. If

we also use the lower microturbulence velocity of Kondo et al. (2019) we get even

larger and unlikely iron abundances.

Smith et al. (2013) used a microturbulence velocity of 1.85 km s� 1 and nine H

band lines with astrophysicallog(gf ) calibrated on the Sun and Arcturus IR FTS

spectra by Livingston & Wallace (1991) and Hinkle & Wallace (2005), respectively.

Their log(gf ) values are somewhat in between those of VALD3 and MB99. In our

analysis we used 84 H band lines. Five out of the nine lines listed by Smith et al.

(2013) are in common with our sample. The other four lines in Smith et al. (2013)

list have been rejected since problematic (i.e. partially blended and/or with strong

wings). Our and their average abundances from the �ve lines in common are very

similar. Indeed, the lowerlog(gf ) values used by Smith et al. (2013) are somewhat

compensated by their slightly larger microturbulence velocity. The slightly revised

iron abundance in Shetrone et al. (2015) study is practically coincident with our

estimate.

The problem of the non-perfect modeling of a line is highly degenerate. Indeed, a

given variation in the abundance from a given line can be obtained by modifying its

log(gf) but also by slightly varying the stellar parameters, and/or by using di�erent

prescriptions for the damping, HFS, NLTE corrections, etc. That degeneracy (see

also e.g. Takeda, 1992) cannot be easily removed.

The astrophysical calibration of the log(gf) is becoming very popular. However,

such a calibration is model dependent (i.e. it depends on the adopted model at-

mospheres, spectral code, used lines etc.) and it also depends on the calibrator



4.3. Lesson learned 43

itself, i.e. on the selected star, observed spectrum as well as on the adopted stellar

parameters. Hence, none of the proposed astrophysically calibrated log(gf) can be

safely adopted in studies that use recipes and tools for chemical analysis that are

di�erent from those used for the astrophysical calibration.

Our combined optical and NIR analysis shows that it is not necessary to system-

atically tune the log(gf) of the NIR lines in the VALD3 database to get reliable

abundances, if the appropriate set of lines is chosen and self-consistent stellar pa-

rameters are derived.
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The young stellar populations of the Perseus

complex

Mainly based on:

Dalessandro et al. (2021), ApJ 909, 90

Fanelli et al. (2022), A&A 660, A7

Fanelli et al. (2022, accepted for publication, ApJ).

The full characterisation of the young stellar populations in recently formed star

clusters and associations within the Galaxy is of paramount importance to answer

a number of open questions concerning the formation and early evolution of star

clusters and associations, as well as the recent star formation and chemical enrich-

ment history of the Milky Way disc.

Most stars in galaxies form on hierarchical scales as groups, associations and clus-

ters, spending part of their lives gravitationally bound to each other while still

within their progenitor molecular cloud (Lada & Lada, 2003; Portegies Zwart et al.,

2010). Normally, within young associations and clusters, younger stars tend to

be clustered on smaller (a few parsecs) and denser scales than older stars that

are more dispersed and on larger scales (up to hundreds of parsecs; Elmegreen &

Hunter, 2010).

The Gaia mission of the European Space Agency (Gaia Collaboration et al., 2016)

is opening a new perspective in identifying and kinematically characterizing sub-

structures in the inner and outer disc of the Galaxy. Follow-up spectroscopic ob-

servations at medium-high resolution provide complementary information on the
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Figure 5.1: Left panel: RA-Dec map of the stars likely members of the Perseus complex
young clusters and associations (grey dots), based on their distances and proper motions,
within a projected area of about 10 degrees on sky. Black dots mark the 84 stars spectro-
scopically observed within the TNG-SPA Large Program, while red circles mark the 27
RSGs studied in this paper. Right panel: Gaia EDR3 color magnitude diagram (CMD)
for the same stars in the left panel.

detailed chemistry and line-of-sight radial velocities (RVs) of those regions.

The Perseus complex at a Galactocentric distance of about 10 kpc hosts a num-

ber of young star clusters and associations, the densest structures being h,� Per,

NGC 457, NGC 654 and NGC 633, distributed within a projected area of approx-

imately 10 degrees on sky. This region o�ers a unique opportunity to study the

recent star formation and cluster assembling processes in the outer disc.

Recently de Burgos et al. (2020) provided a comprehensive kinematic study of the

young Perseus OB-1 association, by combining Gaia DR2 and high resolution opti-

cal spectroscopy, �nding that most of the sampled blue and red supergiants located

at d� 2.5� 0.4 kpc share a common kinematics and are physically linked.

However, the detailed chemistry of this region is poorly constrained and only a few

measurements exist so far. High resolution optical spectra for �ve B-type stars

members of NGC 457 (Dufton et al., 1994) provided carbon, oxygen, magnesium

and silicon abundances, indicating sub-solar values of about� 0:3 dex, with the only

exception of oxygen which resulted enhanced by about 0.2 dex.

A photometric estimate of about solar metallicity for the h,� double cluster has

been suggested by Currie et al. 2010. However, photometric estimates of metallicity

in general, and especially in the case of very young stellar populations, should be

regarded only as indicative, since isochrone �tting is not su�ciently sensitive to
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metallicity variations of a few tenths of a dex and it also depends on the adopted

age/model. For 11 RSGS in the Perseus OB-1 associations, Gazak et al. (2014), by

using global spectral synthesis of a portion of the J-band spectrum, obtained rather

warm temperatures in the 3700-4100 K range and about solar metallicites.

Within TNG Large Program titled SPA - Stellar Population Astrophysics: the de-

tailed, age-resolved chemistry of the Milky Way disk (Program ID A37TAC_13,

PI: L. Origlia), that aims at measuring detailed chemical abundances and radial

velocities of the luminous stellar populations of the the Milky Way thin disk and

its associated star clusters (Origlia et al., 2019), we performed a combined optical

and NIR spectroscopic screening at high resolution of the young stellar populations

within the Perseus complex.

We observed 84 luminous blue and red young stars, candidate members of the

Perseus complex, according to their Gaia distances and proper motions. For all

these stars we derived very accurate radial and rotational velocities. For the 27

RSGs in the sample we also derived accurate stellar parameters and chemical abun-

dances. Indeed, optical and NIR spectra of RSGs are very rich in absorption lines

from many light and heavy metals of interest, enabling a detailed chemical screen-

ing of their pristine chemical composition as well as of possible modi�cations due

to mixing processes in their interiors.
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5.1 Kinematics of the young stars in the Perseus complex

The distributions of the Gaia EDR3 proper motions (PMs) in the RA-Dec plane

for the 84 observed stars in the Perseus complex are shown in Fig. 5.2.

The total PM =
q

PM2
RA + PM 2

Dec distribution with values ranging between 0.4

and 1.9 mas yr� 1, provides an average PM of 1.2� 0.03 mas yr� 1 and a dispersion

of 0.3� 0.02 mas yr� 1. For the same stars heliocentric RVs in the range between -70

and -8 km s� 1 have been measured, with an average value of -42.7� 0.8 km s� 1 and

a dispersion of 7.7� 0.6 km s� 1.

Fig. 5.3 shows the inferred total proper motionsversusthe RVs and the corre-

sponding distributions. The RV distribution is more peaked and more symmetric

than the PM one, indicating that motions are quite homogeneous in the radial di-

rection while in the plane there is some sub-structuring, possibly due to clustering.

For the sub-sample of 46 stars warmer than Tef f &7000 K we have been also able

Figure 5.2: Gaia EDR3 PMs in the RA-Dec plane and corresponding histograms for the
84 observed stars in the Perseus complex (black dots). The sub-sample of 27 RSGs is also
highlighted (red circles).
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to measure the rotational broadening by using the Fourier transform (FT) method

(see Sect. 3.1) on a few un-blended lines, under the assumption of a linear limb

darkening law with a limb darkening coe�cient of � =0.6 (Reiners & Schmitt, 2002).

Rotational velocities between 10 and 110 km s� 1 have been measured.

According to their inferred luminosity, typically in the 104-105 solar luminosity

range, and spectral types from SIMBAD, these warm/hot stars should be blue loop

supergiants, with temperatures in the 7-20,000 K range and corresponding radii

between a few hundreds and a few tens solar radii.

Fig. 5.4 shows the measured rotational velocities vsini and corresponding histogram

as a function of the star spectral type for the observed blue/yellow supergiants. The

full range of measured rotational velocities is spanned by the stars with the earliest

(O and early-B) spectral types, that is not substantially in�ated, thus possibly re-

�ecting the initial distribution of stellar rotations. Within this sub-sample of blue

supergiants,� 30% of stars are relatively slow (i.e. with v/vcrit � 0.1, corresponding

Figure 5.3: RVs vs Gaia EDR3 total PMs and corresponding histograms for the 84
observed stars in the Perseus complex (black dots). The sub-sample of 27 RSGs is also
highlighted (red circles).
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Figure 5.4: Rotational velocities as a function of the spectral type from SIMBAD for
the observed sub-sample of blue supergiants in the Perseus complex. The vertical dotted
line separates stars with spectral types earlier (left) and later (right) than B5.

to vsin(i) � 50 km s� 1) rotators. In this respect, Strom et al. (2005) provided

rotational velocities in a sample of B0-B9 stars in h,� Persei, with masses in the

4-15 M� , thus including both MS and evolved blue/yellow supergiants. Only four

stars are in common with our sample. They used spectra at R� 22,000 and derived

rotational velocities, with an average� 10% uncertainty, from the line broadening

of optical He I and Mg II lines. Similarly to what found in our study, only a small

fraction of stars are slow rotators, the majority of them, either MS or more evolved

giants and supergiants, are relatively fast rotators, in the 50-200 km s� 1 range. Ro-

tational velocities exceeding 200 km s� 1 have been mostly measured only in dwarfs

with masses below 9 M� .

Stars in our sample with later (B5-9, A and F) spectral types, with likely lower

temperatures and more expanded atmospheres, i.e. larger radii, are all slow rota-

tors, in agreement with the momentum conservation principle.

Cooler RSGs and massive AGB with temperature well below� 5000 K have even

more expanded atmospheres and their broadening becomes quickly dominated by

macroturbulence, while, according to the momentum conservation principle, rota-

tion drops down to undetectable values.

For the observed stars Table 5.1 reports IDs, coordinates, Gaia EDR3 proper mo-

tions, parallaxes and photometry, radial and rotational velocities from the SPA

Large Program spectra. Typical errors in the derived radial velocities are at most



5.2. Physical and chemical properties of the RSGs in the Perseus complex 51

1 km s� 1 while for projected rotational velocities are within 1-3 km s� 1.

5.2 Physical and chemical properties of the RSGs in the

Perseus complex

Stellar parameters for the observed RSGs in the Perseus complex are listed in Ta-

ble 5.2. For each star, reddening has been estimated by interpolating the Schlegel

et al. (1998) extinction maps and applying the corrections by Schla�y & Finkbeiner

(2011). Bolometric luminosities have been estimated by using the de-reddened

2MASS K-band magnitudes, bolometric corrections as prescribed in Levesque et al.

(2005). E�ective temperatures have been obtained by minimizing the di�erence be-

tween carbon abundances derived from atomic C I and molecular CO lines, the so-

called C-thermometer (see Sec. 4.1.1), with an average uncertainty of about80� 100

K and a temperatures range between 3400 and 4200 K. These spectroscopic tem-

peratures allow also the minimisation of any trend between iron abundances and

excitation potentials of both the optical and NIR lines, as shown in Figure 5.5,

although this diagnostic is only moderately sensitive at the low RSG temperatures.

Surface gravities have been obtained by assuming an average stellar mass of 11 M� ,

according to their young ages in the15 � 30 Myr range (see Currie et al., 2010;

Dalessandro et al., 2021) and using eq. 3.1. We found log(g) values ranging from

� 0:40 to +1:00 dex, with an overall uncertainty of � 0:15 dex. A variation of

� 2 M� for the adopted mass has little impact (less than 0.1 dex) on the derived

gravity.

Microturbulence has been derived by using the standard approach of minimizing

the slope between the iron abundance and the reduced EW of the measured lines.

Values in the 2-4 km s� 1 range have been obtained, with a typical uncertainty of

� 0.2 km s� 1 (Fig. 5.6).

By using the inferred temperatures and bolometric magnitudes quoted in Table 5.2,

we constructed the Hertzsprung-Russel (HR) diagram of Fig. 5.7. The location of

the 27 RSGs here analyzed is qualitatively matched by theoretical evolutionary

tracks of massive (&9 M � ) stars, as e.g. those from the PARSEC models (Bressan

et al., 2012), although it seems that the latter can reach su�ciently high luminosities

and low temperatures to match the location of the coolest RSGs only after the He-

core burning, that is during the faster phases of shell He-burning or core C-burning.
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Table 5.1: IDs, RA, Dec, Gaia EDR3 PM, parallax, photometry, RVs and projected
rotational velocities for the observed stars in the Perseus complex.

ID star RA Dec PM RA PM Dec parallax G BP RP RV v sin( i )
deg mas yr � 1 mas km s � 1

P1 SU Per 35.528722 56.604131 -0.764940 -1.284087 0.416842 5.93 7.70 4.71 -49.00 0.00
P2 10 Per 36.316781 56.609815 -0.508466 -1.182499 0.442422 6.14 6.30 5.84 -43.42 55.17
P3 HD 14433 35.480976 57.242911 -0.581347 -1.219964 0.450917 6.21 6.57 5.69 -43.66 19.82
P4 HD 13267 32.871634 57.645542 -0.653379 -0.765238 0.524263 6.26 6.46 5.93 -34.48 33.41
P5 HD 13854 34.215479 57.055240 -0.611815 -1.116347 0.429048 6.37 6.53 6.10 -43.93 70.68
P6 HD 14134 34.768547 57.135494 -0.672723 -1.097664 0.434804 6.44 6.70 5.99 -41.91 33.98
P7 HD 14143 34.808087 57.169226 -0.591378 -1.339120 0.411042 6.51 6.79 6.04 -52.75 50.58
P8 HD 15497 37.972397 57.697637 -0.322443 -1.019456 0.370487 6.76 7.24 6.11 -44.80 30.46
P9 HD 14542 35.751769 57.387001 -0.719178 -1.039813 0.438911 6.79 7.17 6.22 -48.78 31.61
P10 FZ Per 35.248517 57.158318 -0.783403 -1.113813 0.370283 6.86 8.30 5.67 -44.00 0.00
P11 HD 15316 37.493983 57.820709 -0.389775 -0.901480 0.390141 6.92 7.43 6.26 -48.80 16.51
P12 V439 Per 35.796103 57.199436 -0.522113 -1.028315 0.458097 7.00 8.43 5.86 -44.00 0.00
P13 HD 13841 34.193289 57.029347 -0.628184 -1.399108 0.413678 7.30 7.42 7.07 -41.78 54.51
P14 HD 13744 33.994564 58.293614 -0.877534 -1.001197 0.404561 7.34 7.82 6.68 -47.16 15.81
P15 V550 Per 33.805399 58.142306 -0.669257 -0.732617 0.350906 7.58 9.10 6.41 -47.00 0.00
P16 PP Per 34.284290 58.529706 -0.977319 -1.112538 0.417423 7.74 9.48 6.52 -51.00 0.00
P17 HD 15690 38.386605 57.537425 -0.584009 -1.111900 0.447177 7.81 8.19 7.26 -42.31 55.42
P18 HD 14443 35.502397 57.144959 -0.597655 -1.163129 0.413029 7.95 8.14 7.64 -43.76 31.76
P19 HD 15620 38.220315 57.929345 -0.374079 -1.018650 0.421863 7.99 8.56 7.27 -42.54 32.64
P20 HD 16243 39.658666 57.816982 -0.417618 -1.279388 0.356374 8.04 8.39 7.53 -37.05 33.70
P21 HD 14052 34.617316 57.208368 -0.607213 -1.300560 0.421770 8.10 8.26 7.81 - 8.30 60.80
P22 BD+57 540 34.945796 58.646677 -0.410273 -0.652502 0.468253 8.28 9.51 7.19 -53.00 0.00
P23 BD+56 527 34.793528 57.130579 -0.692115 -0.952408 0.407938 8.36 8.57 7.98 -37.67 93.37
P26 HD 14422 35.461710 57.386563 -0.372202 -1.118325 0.372927 8.46 8.79 7.92 -41.81 102.52
P27 HD 14302 35.142196 56.329950 -0.582994 -1.304096 0.387312 8.49 8.62 8.23 -41.12 80.71
P28 HD 13659 33.777066 56.926520 -0.756222 -1.146514 0.393302 8.52 8.77 8.10 -32.96 33.14
P29 HD 15406 37.690456 55.948114 -0.511390 -0.772355 0.415356 8.68 9.69 7.70 -51.00 0.00
P30 HD 15266 37.431733 58.125222 -0.631589 -0.858661 0.420213 8.68 9.10 8.08 -49.72 13.69
P31 HD 14476 35.570651 57.271929 -0.832560 -1.221981 0.389598 8.70 8.86 8.31 -47.80 33.54
P32 HD 14870 36.495801 56.657906 -0.844929 -0.741204 0.668790 8.80 8.97 8.49 -50.14 97.55
P36 HD 236961 36.193054 57.464203 -0.880195 -0.893917 0.408014 9.01 9.31 8.53 -47.95 105.03
P37 HD 13784 34.053790 57.616172 -0.637617 -0.833017 0.520453 9.07 9.64 8.35 -37.60 16.95
P42 BD+56 525 34.788511 57.135087 -0.696711 -1.093535 0.400982 9.18 9.39 8.81 -49.95 101.56
P52 HD 236971 38.907649 57.487018 -0.286889 -1.257997 0.408809 9.39 9.66 8.95 -57.79 55.84
P54 BD+57 513 33.150279 58.098358 -0.979339 -0.994113 0.395671 9.41 9.55 9.14 -50.28 105.03
P61 BD+58 458 35.873129 58.963489 -0.745605 -0.834410 0.435709 9.49 9.85 8.94 -41.00 107.05
P63 2MASS J02024270+5748216 30.677959 57.806031 -0.838170 -1.045350 0.456308 9.53 10.33 8.66 -30.60 0.00
P64 2MASS J02313652+5745112 37.902227 57.753128 -0.260526 -1.084177 0.390878 9.68 10.14 9.05 -46.20 100.16
N5 2MASS J01570182+6002550 29.257544 60.048596 -1.120237 -0.334707 0.349388 9.89 11.37 8.73 -40.80 0.00
N6 HD 11831 29.515885 60.391091 -0.946939 -0.450234 0.322135 7.73 8.28 7.00 -36.60 23.80
N9 2MASS J01215808+6106357 20.492031 61.109969 -0.726664 -0.441899 0.329866 9.66 11.00 8.54 -35.80 0.00
N13 WX Cas 28.515568 61.109153 -1.176942 -0.662856 0.295469 8.46 10.17 7.21 -44.00 0.00
N18 HD 9167 22.968979 61.523579 -1.607984 -0.490408 0.373128 7.67 8.37 6.83 -45.00 12.96
N23 BD+62 246 21.142584 62.788709 -1.670575 -0.765829 0.339883 8.39 8.97 7.64 -52.60 38.76
N25 HD 10756 26.734947 60.669761 -1.010826 0.136084 0.289411 7.42 7.68 6.98 -37.30 28.90
N26 BD+60 327 26.411564 61.039665 -1.410662 -0.798302 0.318869 7.08 8.49 5.93 -46.00 0.00
N33 DO 24697 26.159728 61.628673 -1.378368 -0.940898 0.339657 8.58 10.21 7.37 -37.00 0.00
N35 BD+60 331 26.483806 61.234807 -1.104851 -0.372236 0.352103 8.62 9.15 7.92 -28.80 32.85
N36 BD+60 336 26.542574 61.442571 -1.240816 0.177363 0.368448 8.81 9.30 8.15 -32.30 29.38
N37 HD 10494 26.048389 61.849801 -1.211109 -0.449635 0.326479 6.76 7.55 5.89 -35.10 0.00
N41 HD 236946 31.818295 60.254210 -0.664519 -0.401359 0.355300 8.43 9.50 7.40 -36.60 0.00
N46 IRAS 01530+6149 29.149351 62.070327 -0.795284 -0.363602 0.247364 8.19 9.81 6.97 -45.00 0.00
N48 BD+61 369 30.784226 62.190011 -0.861983 -0.396643 0.382151 7.85 9.25 6.72 -44.00 0.00
N52 HD 10285 25.600511 63.429080 -1.450354 0.017442 0.294924 8.27 8.72 7.63 -69.00 11.60
N55 BD+62 272 23.717830 62.774669 -1.667531 -0.240076 0.344672 8.42 9.73 7.31 -40.00 0.00
N60 BD+59 274 23.371715 60.646584 -1.539454 -0.594270 0.345321 7.44 8.79 6.31 -45.00 0.00
N62 HD 9311 23.308343 60.686434 -1.301673 -0.735743 0.344024 7.15 7.33 6.85 -46.20 33.40
N66 BD+60 287 24.514955 61.047003 -1.653550 -0.495293 0.363885 7.90 9.16 6.81 -44.00 0.00
N67 HD 9973 24.779857 61.079092 -1.168157 -0.314038 0.313398 6.56 7.09 5.88 -33.40 0.00
N68 IRAS 01359+6024 24.830506 60.660651 -1.575298 -0.450831 0.340320 9.42 11.39 8.12 -53.00 0.00
N69 BD+60 299 24.965246 60.902292 -1.613748 -0.459418 0.329698 6.44 8.05 5.18 -44.00 0.00
N70 HD 9105 22.824957 63.347572 -0.810293 -0.668345 0.399289 7.31 7.64 6.80 -40.10 32.44
N71 BD+60 265 23.388188 61.558240 -1.537084 -0.548413 0.342733 7.23 8.79 6.05 -41.00 0.00
N72 HD 8906 22.313762 60.035667 -1.581792 -0.395387 0.399700 6.85 7.30 6.25 -43.10 0.00
AS3 IRAS 02476+5850 42.862918 59.042855 0.468010 -0.261664 0.308764 9.47 10.75 8.37 -31.00 0.00
AS4 YZ Per 39.605915 57.046160 -0.120893 -1.144047 0.417506 6.45 8.17 5.28 -43.00 0.00
AS9 IRAS 02389+5620 40.647867 56.548653 -0.073602 -0.809034 0.471020 9.56 10.69 8.52 -32.60 0.00
AS12 IRAS 02414+5752 41.300826 58.090110 0.574793 -0.876589 0.404778 8.27 9.93 7.07 -42.00 0.00
AS18 DO 26429 44.221750 57.556914 0.411963 -1.438901 0.405981 7.86 10.09 6.50 -42.00 0.00
AS19 HD 17088 41.714378 57.733797 0.208302 -0.912385 0.336350 7.25 7.75 6.57 -39.40 32.06
AS21 HD 17145 41.851031 57.677103 0.111377 -1.275963 0.415104 7.79 8.30 7.12 -40.10 34.11
AS22 HD 237006 42.286847 58.013449 -0.275705 -1.595608 0.406448 7.86 9.35 6.66 -39.00 0.00
AS23 V648 Cas 42.766450 57.855529 0.161402 -1.229690 0.474945 7.52 9.70 6.08 -41.00 0.00
IC3 GP Cas 39.960163 59.597581 -0.455881 -0.281408 0.368312 7.45 9.76 6.10 -41.00 0.00
IC4 BD+59 532 40.737416 60.204478 -0.866389 -0.306227 0.424286 8.80 10.35 7.62 -44.00 0.00
IC6 HD 17505 42.783226 60.417740 -0.695203 -0.809055 0.414680 7.21 7.41 6.81 -57.20 101.47
IC9 HD 17505A 39.358862 60.088438 -0.795259 -0.265214 0.786719 7.03 7.65 6.26 -33.40 0.00
IC14 HD 16088 36.943605 60.452751 -0.935894 -0.146592 0.479554 9.57 10.48 8.62 -53.00 32.79
IC17 HD 15570 38.205913 61.378354 -0.720136 -0.872716 0.442391 7.88 8.33 7.25 -42.50 103.62
IC24 IRAS 02304+6159 38.558113 62.210587 -0.232773 -0.331955 0.691273 9.06 10.29 7.99 -37.30 0.00
IC27 V605 Cas 35.093591 59.671360 -0.708831 -0.514053 0.330782 7.02 8.73 5.87 -36.00 0.00
IC30 2MASS J02132601+6032336 33.358386 60.542677 -0.693341 -0.456447 0.384439 9.48 10.66 8.40 -44.90 19.32
IC31 HD 13256 32.932952 60.712360 -0.612894 -0.381113 0.298858 7.98 8.81 7.06 -40.10 67.99
IC37 T Per 34.841144 58.961206 -1.236621 -0.185915 0.411877 7.20 8.88 5.92 -41.00 0.00
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Table 5.2: Photometric information, derived stellar parameters and RVs for the studied RSGs.

# ID star Gaia EDR3 2MASS E(B-V) log
�

LBol
L �

�
Tef f log(g) � RV

G BP RP K [K] [dex] [km s� 1] [km s� 1]
1 P1 SU Per 5.93 7.70 4.70 1.46 0.36 4.95 3466 -0.37 3.80 -49
2 P10 FZ Per 6.86 8.30 5.67 2.48 0.51 4.64 3750 0.07 3.10 -44
3 P12 V439 Per 7.00 8.43 5.86 2.69 0.55 4.44 3690 0.25 3.40 -44
4 P15 V550 Per 7.59 9.10 6.41 3.19 0.74 4.62 3720 0.08 3.30 -47
5 P16 PP Per 7.74 9.48 6.52 2.95 0.78 4.50 3670 0.18 3.00 -51
6 P22 BD+57 540 8.28 9.51 7.19 4.28 0.68 4.18 4125 0.70 2.10 -53
7 P29 HD 15406 8.68 9.69 7.71 5.15 0.40 3.96 4190 0.95 2.00 -51
8 AS4 YZ Per 6.45 8.17 5.28 1.91 0.62 4.85 3616 -0.20 4.00 -43
9 IC37 T Per 7.19 8.88 5.91 1.94 0.84 4.63 3594 0.01 3.30 -41
10 IC3 GP Cas 7.45 9.76 6.10 1.95 1.07 4.74 3471 -0.16 3.40 -41
11 N69 BD+60 299 6.44 8.05 5.18 2.11 0.75 5.05 3491 -0.45 3.40 -44
12 AS23 V648 Cas 7.52 9.70 6.08 2.25 1.27 4.87 3572 -0.24 3.50 -41
13 AS18 DO 26429 7.86 10.09 6.49 2.48 1.49 4.94 3578 -0.30 3.50 -42
14 IC27 V605 Cas 7.02 8.73 5.87 2.58 0.82 4.95 3736 -0.24 3.10 -36
15 N71 BD+60 265 7.23 8.79 6.05 2.63 0.88 4.61 3637 0.06 3.20 -41
16 N26 BD+60 327 7.08 8.49 5.93 2.93 1.26 4.58 3778 0.15 3.00 -46
17 AS22 HD 237006 7.86 9.35 6.66 3.12 1.10 4.40 3863 0.37 2.80 -39
18 N60 BD+59274 7.44 8.79 6.31 3.12 0.51 4.62 3740 0.09 2.80 -45
19 N13 WX Cas 8.46 10.20 7.24 3.41 1.88 4.50 3787 0.23 3.00 -44
20 AS12 IRAS02414+5752 8.27 9.91 7.07 3.56 0.89 4.42 3850 0.34 2.60 -42
21 N46 IRAS01530+6149 8.19 9.81 6.97 3.74 1.04 4.49 3793 0.25 2.60 -45
22 N48 BD+61 369 7.85 9.25 6.72 3.78 1.06 4.24 3869 0.53 2.60 -44
23 N33 DO 24697 8.58 10.21 7.37 3.87 1.62 4.29 3896 0.50 2.40 -37
24 N66 BD+60 287 7.90 9.16 6.81 3.98 0.73 4.04 4009 0.79 2.50 -44
25 N55 BD+62 272 8.42 9.73 7.31 4.20 1.18 4.34 3925 0.46 2.40 -40
26 IC4 BD+59 532 8.80 10.35 7.62 4.20 1.08 4.14 4016 0.69 2.40 -44
27 AS3 IRAS02476+5850 9.47 10.75 8.37 5.28 0.99 3.94 4048 0.91 2.30 -31
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From the 27 RSGs here analyzed, an average [Fe/H]=� 0:30� 0:01 dex with a

dispersion� =0.03 � 0:01 dex has been measured. Such an average half-solar iron

abundance �ts within the metallicity distribution of older dwarf and giant stars

(see e.g. Hayden et al., 2014; Mikolaitis et al., 2014, 2019; Reddy et al., 2003) at a

similar galactocentric distance of about 10 kpc, which may imply in�ows of metal

poor gas as the origin of the sub-solar metallicity in such a young stellar population.

The line pro�les of the observed stars are broader than the instrumental line pro-

�le and likely due to macroturbulence velocities in the8 � 13 km s� 1 range. As

expected for these evolved stars, we did not �nd any appreciable line broadening

due to stellar rotation.

Chemical abundances for 23 species have been derived from more than 200 atomic

and molecular lines in the NIR. Their values and corresponding measurement errors

are listed in Table 5.3 and 5.4.

Measurement errors quoted in Table 5.3 and Table 5.4 include uncertainty in the

continuum positioning and photon noise and correspond to the1� dispersion di-

vided by the square root of the number of used lines. For elements with more than

two measurable lines, we computed the dispersion around the mean abundance,

while for those with one or two measurable lines, we assumed an error of 0.1 dex.

Abundance errors from uncertainties in the stellar parameters (see Sect. 3) were

estimated by computing elemental abundances with varyingTef f by � 100K, log(g)

by � 0:15 dex, and � by � 0:2 km s� 1. Typically, the impact of these uncertainties

in the estimated abundances is within 0.10-0.15 dex for all the species with the

exception of nitrogen from CN lines, for which it can raise to 0.2 dex.

In the computation of these errors we did not include the interdependence between

the C, N, and O abundances that contribute to the formation of the measured

molecular lines. We estimate that this e�ect yields abundance errors below 0.1 dex

for C and O, while for N errors can be as high as 0.2-0.3 dex (see also Ryde et al.,

2009). We also neglect the e�ect of the abundances of the main electron donors

on those derived from ionised species. However, we estimate that this e�ect yields

abundance errors below 0.1 dex for all the species.

Iron abundances were derived from 40-60 NIR lines of Fe I. The scatter from dif-

ferent lines is typically 0.15 dex. However, the dispersion in metallicity of the

measured RSGs in the Perseus complex is signi�cantly lower than the typical val-

ues of0:15 � 0:20 dex measured in the thin disc. Such a chemical homogeneity

reinforces the suggestion by Dalessandro et al. 2021, based on the co-moving kine-

matics of the LISCA I stellar sub-structures, that we may have caught an ongoing

process of hierarchical cluster assembly.
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Figure 5.5: Iron abundances from di�erent optical (blue) and NIR (red) lines as a
function of the excitation potential for the studied RSGs in the Perseus complex. Circles
indicates neutral lines, dots single-ionized lines.
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Figure 5.6: Iron abundances from di�erent optical (blue) and NIR (red) lines as a
function of the reduced equivalent widths for the studied RSGs in the Perseus complex.
Circles indicates neutral lines, dots single-ionized lines.
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Figure 5.7: HR diagram for the 27 studied RSGs and overplotted the evolutionary tracks
of 9 M� (blue lines) and 14 M� (red lines), for half-solar metallicity (solid lines) and solar
metallicity (dashed lines) from the PARSEC models (Bressan et al., 2012), for comparison.

Concerning the other iron-peak elements, up to 20 NIR lines of Cr I could be used

to derive chromium abundance, while a few lines have been used to derived abun-

dances of V I, Mn I, Co I, Ni I and Cu I. V I, Mn I and Co I lines have hyper�ne

structure (HFS). Zinc abundances could be obtained only for the warmest K-type

RSGs from the measurement of two NIR Zn I lines. Iron-peak elements homoge-

neously scale as iron within� 0:1 dex.

Dozens of un-blended lines of Si I, Ca I, Ti I and Mg I and a few lines of Na I,

Al I, S I, K I, Sc I (the latter with HFS) have been measured for each specie, also

providing about solar-scaled abundances with the possible exception of Na and K,

which turns out to be mildly enhanced with respect to the solar-scaled value. In

particular, average [Na/Fe] = +0.18 � 0.10 with � = 0.10 � 0.01 and [K/Fe] =

+0.10 � 0.10 with � = 0.10� 0.01 dex have been obtained. Slightly sub-solar val-

ues for the �uorine abundance, with an average [F/Fe] = -0.20� 0.10 and� = 0.17

� 0.02 dex, have been obtained by measuring the HF molecular line at23358:33 Å

in the K band, and using the transition parameters of Jönsson et al. (2014).

The measurement of two lines of Y I and Ce II and one line of Dy II (r-process

element) provided solar-scaled [Y/Fe], and slightly enhanced [Dy/Fe] and [Ce/Fe]
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Figure 5.8: Derived [X/Fe] abundance ratios for the studied RSGs in the Perseus Com-
plex from the NIR (top panel, red symbols) and optical (central panel, blue symbols).
Bottom panel shows average [X/Fe] for each element for NIR (red symbols) and optical
(blue symbols) with the average errorbars. Values are solar-scaled according to Grevesse
& Sauval (1998) solar reference, with the only exception of oxygen for which we used
Asplund et al. (2009).

abundance ratios. In particular we found average [Dy/Fe] = +0.08� 0.10 with � =

0.09 � 0.01 and [Ce/Fe] = +0.17 � 0.10 with � = 0.12 � 0.01 dex.

Notably, despite the low temperatures and gravities of the analyzed RSGs, chemical

abundances for 19 species have been also derived from more than 100 optical atomic

lines. Their values and corresponding measurement errors are listed in Table 5.3

and Table 5.4. All the chemical elements measured in the optical are in common

with those measured in the NIR with the exception of Zr and Nd, and the derived

chemical abundances from the two datasets are fully consistent one to each other

within the errors, as also shown in Fig. 5.8.

Interestingly, in the optical, iron abundance could be derived from both a few tens

neutral and a few single-ionized lines, while oxygen could be measured only in the

warmest K giants, where TiO contamination is minimal. Concerning Na I, we

used only the doublet at 6154.226 and 6160.747 Å since only marginally a�ected

by NLTE e�ects, with � 0.1 dex negative corrections (Alexeeva et al., 2014; Lind

et al., 2011; Mashonkina et al., 2000). This doublet provides sodium abundances

consistent with those derived from the three selected lines in the NIR at10746:449

Å, 16388:850Å (partially blended with a Ni I line at 16388:729Å) and at 21452:373

Å. For the coolest stars, the TiO and CN contamination is so severe that only a few
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Mg, Fe I, Fe II, Cr I, Ce II and Nd II lines could be measured. About solar-scaled

values for the majority of the measured elements, including Zr that could not be

measured in the NIR, and the slightly enhancement of Na, Y, Dy, Ce and Nd (not

measured in the NIR) has been also consistently inferred from the optical lines.

About solar-scaled [X/Fe] abundance ratios for most of the elements are consistent

with RSGs being a thin disc population. However we also found deviations (on

average between 0.1 and 0.2 dex) from solar-scaled abundance ratios for some ele-

ments, suggesting possible peculiarities in the recent enrichment of the thin disc by

AGB and/or Wolf-Rayet stars within the Perseus complex. In particular, an aver-

age mild depletion of [F/Fe] and enhancement of [K/Fe] and [Na/Fe] light elements,

at variance with the solar-scaled value of [Al/Fe] and [� /Fe] elements and a mild

enhancement of [Ce/Fe] and [Nd/Fe] heavy-s process elements, at variance with the

solar-scaled value of the [Y/Fe] light s-process element have been measured.

For the three stars in common with the study of Gazak et al. (2014) , we inferred

spectroscopic temperatures that are systematically about 300-400 K cooler than in

Gazak et al. (2014) and agree within about 100 K with those of Levesque et al.

(2005), and 0.1-0.3 dex lower metallicities. We also measured some depletion of

[C/Fe] and enhancement of [N/Fe] compared to the solar-scaled values adopted by

Gazak et al. (2014). The warm temperatures, about solar metallicity and solar-

scaled CNO abundances quoted by Gazak et al. 2014 cannot provide a reasonable,

simultaneous �t of the CO, OH, CN, and TiO molecular absorptions observed in our

HARPS-N and GIANO-B spectra of the three RSGs in common. Global spectral

synthesis in the J band alone, as used by Gazak et al. (2014), may be not su�-

ciently adequate to simultaneously measure stellar parameters and global metallic-

ity of complex atmospheres like those of RSGs because the resulting estimates are

likely a�ected by degeneracy and systematics. In order to mitigate them, a wide

NIR spectral coverage and self-consistent determination of CNO abundances are

especially critical requirements.
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Table 5.3: CNO, F, Na, Al, K and alpha element abundances for the studied RSGs in the Perseus complex.

# [C/H] 12 C/ 13 C [N/H] [O/H] [F/H] [Na/H] [Al/H] [K/H] [Mg/H] [Si/H] [S/H] [Ca/H] [ScI/H] [ScII/H] [Ti/H]
NIR NIR NIR NIR OPT NIR NIR OPT NIR OPT NIR NIR OPT NIR OPT NIR NIR OPT NIR OPT OPT NIR OPT

1 -0.54(29) 7.00(2) 0.26(18) -0.33(17) � -0.50(1) -0.15(3) � -0.33(4) � -0.14(1) -0.29(4) -0.38(2) -0.31(11) � -0.14(1) -0.32(10) � -0.32(3) � � -0.40(11) �
� 0.05 � 1.50 � 0.04 � 0.02 � � 0.10 � 0.07 � � 0.08 � � 0.10 � 0.07 � 0.10 � 0.04 � � 0.10 � 0.06 � � 0.09 � � � 0.05 �

2 -0.58(45) 8.00(2) 0.05(54) -0.35(34) � -0.58(1) -0.20(3) -0.25(2) -0.41(4) -0.36(2) -0.28(1) -0.37(3) -0.38(2) -0.29(12) -0.39(2) -0.36(5) -0.31(14) -0.29(3) -0.32(5) -0.43(4) � -0.47(16) -0.35(17)
� 0.02 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.04 � 0.10 � 0.07 � 0.10 � 0.10 � 0.08 � 0.10 � 0.04 � 0.10 � 0.08 � 0.05 � 0.07 � 0.08 � 0.02 � � 0.04 � 0.01

3 -0.55(43) 8.00(2) 0.10(61) -0.37(31) � -0.56(1) -0.14(3) -0.20(2) -0.35(4) -0.32(2) -0.31(1) -0.27(4) -0.25(2) -0.25(10) -0.25(2) -0.37(2) -0.28(13) -0.29(5) -0.34(4) -0.43(3) � -0.47(16) -0.35(17)
� 0.02 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.05 � 0.10 � 0.07 � 0.10 � 0.10 � 0.07 � 0.10 � 0.04 � 0.10 � 0.10 � 0.04 � 0.07 � 0.09 � 0.02 � � 0.04 � 0.01

4 -0.66(37) 11.00(2) 0.10(58) -0.34(16) � -0.63(1) -0.26(3) -0.18(2) -0.50(5) -0.33(2) -0.33(1) -0.40(4) -0.36(2) -0.28(12) -0.33(2) -0.31(2) -0.28(12) -0.35(5) -0.43(6) � � -0.44(15) -0.42(25)
� 0.02 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.07 � 0.10 � 0.05 � 0.10 � 0.10 � 0.04 � 0.10 � 0.06 � 0.10 � 0.10 � 0.03 � 0.04 � 0.08 � � � 0.04 � 0.02

5 -0.56(39) 10.00(2) 0.10(56) -0.34(13) � -0.53(1) -0.10(3) -0.05(2) -0.24(5) -0.37(2) -0.17(1) -0.27(4) -0.26(2) -0.22(11) -0.25(2) -0.33(3) -0.25(12) -0.36(5) -0.33(3) -0.38(4) � -0.44(16) -0.36(22)
� 0.02 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.05 � 0.10 � 0.05 � 0.10 � 0.10 � 0.04 � 0.10 � 0.03 � 0.10 � 0.06 � 0.03 � 0.04 � 0.15 � 0.04 � � 0.04 � 0.02

6 -0.34(36) 29.00(2) -0.28(62) -0.23(13) -0.24(1) -0.39(1) -0.31(3) -0.29(2) -0.22(5) -0.20(2) -0.09(1) -0.28(7) -0.32(2) -0.23(25) -0.29(2) -0.35(5) -0.26(9) -0.33(5) -0.32(5) -0.25(4) � -0.32(28) -0.29(22)
� 0.01 � 1.50 � 0.01 � 0.01 � 0.10 � 0.10 � 0.03 � 0.10 � 0.04 � 0.10 � 0.10 � 0.05 � 0.10 � 0.03 � 0.10 � 0.03 � 0.04 � 0.09 � 0.10 � 0.07 � � 0.03 � 0.03

7 -0.38(28) 23.00(2) -0.18(56) -0.16(16) -0.20(1) -0.43(1) 0.07(3) -0.01(2) -0.23(2) -0.20(2) 0.00(1) -0.17(9) -0.32(2) -0.15(30) -0.29(2) -0.34(5) -0.16(9) -0.33(5) -0.26(3) -0.25(4) � -0.23(27) -0.29(22)
� 0.02 � 1.50 � 0.01 � 0.01 � 0.10 � 0.10 � 0.08 � 0.10 � 0.10 � 0.10 � 0.10 � 0.02 � 0.10 � 0.03 � 0.10 � 0.03 � 0.03 � 0.11 � 0.03 � 0.04 � � 0.02 � 0.01

8 -0.55(31) 7.00(2) -0.12(56) -0.30(21) � -0.59(1) -0.23(3) -0.26(3) -0.31(3) -0.34(3) -0.25(1) -0.31(3) -0.30(2) -0.23(12) -0.31(2) -0.41(1) -0.30(13) -0.40(5) -0.41(5) -0.47(4) -0.37(8) -0.43(28) -0.45(19)
� 0.02 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.05 � 0.08 � 0.10 � 0.06 � 0.10 � 0.03 � 0.10 � 0.04 � 0.10 � 0.10 � 0.05 � 0.07 � 0.04 � 0.03 � 0.03 � 0.03 � 0.02

9 -0.51(35) 7.00(2) -0.08(58) -0.33(21) � -0.59(1) -0.29(3) -0.33(3) -0.28(3) -0.34(2) -0.23(1) -0.28(3) -0.30(2) -0.21(11) -0.22(1) -0.31(2) -0.32(11) -0.31(5) -0.31(5) -0.44(3) -0.43(8) -0.46(27) -0.45(17)
� 0.01 � 1.50 � 0.01 � 0.01 � � 0.10 � 0.03 � 0.08 � 0.06 � 0.10 � 0.10 � 0.05 � 0.10 � 0.03 � 0.10 � 0.10 � 0.03 � 0.07 � 0.06 � 0.03 � 0.04 � 0.02 � 0.05

10 -0.45(33) 9.00(2) -0.03(51) -0.18(19) � -0.35(1) -0.07(3) -0.04(2) -0.21(1) -0.17(3) -0.08(1) -0.24(3) -0.24(2) -0.18(11) -0.25(2) -0.33(3) -0.21(9) -0.24(4) -0.23(3) -0.39(3) -0.37(8) -0.25(25) -0.31(19)
� 0.01 � 1.50 � 0.01 � 0.01 � � 0.10 � 0.05 � 0.16 � 0.10 � 0.06 � 0.10 � 0.05 � 0.10 � 0.04 � 0.10 � 0.03 � 0.04 � 0.09 � 0.03 � 0.04 � 0.03 � 0.02 � 0.02

11 -0.49(31) 6.00(2) -0.06(57) -0.13(21) � -0.25(1) -0.10(3) -0.20(1) -0.22(2) -0.22(3) -0.09(1) -0.27(3) -0.30(2) -0.31(12) -0.31(1) -0.30(3) -0.30(11) -0.39(4) -0.15(3) -0.32(2) -0.46(6) -0.20(25) -0.26(16)
� 0.01 � 1.50 � 0.01 � 0.01 � � 0.10 � 0.03 � 0.10 � 0.10 � 0.06 � 0.10 � 0.08 � 0.10 � 0.03 � 0.10 � 0.03 � 0.03 � 0.09 � 0.05 � 0.10 � 0.08 � 0.03 � 0.03

12 -0.48(28) 9.00(2) 0.02(54) -0.20(21) � -0.38(1) -0.04(3) -0.13(2) -0.21(3) -0.23(3) -0.12(1) -0.28(3) -0.30(2) -0.29(12) -0.35(2) -0.18(3) -0.27(11) -0.34(5) -0.27(3) -0.35(4) -0.36(8) -0.33(25) -0.31(20)
� 0.01 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.03 � 0.08 � 0.06 � 0.06 � 0.10 � 0.05 � 0.10 � 0.03 � 0.10 � 0.02 � 0.02 � 0.09 � 0.04 � 0.04 � 0.03 � 0.02 � 0.02

13 -0.50(28) 8.00(2) 0.02(55) -0.25(20) � -0.31(1) -0.02(3) -0.04(1) -0.33(1) -0.27(2) -0.15(1) -0.28(3) -0.30(2) -0.25(10) -0.27(2) -0.25(3) -0.24(11) -0.28(5) -0.27(4) -0.42(4) -0.45(8) -0.36(23) -0.38(22)
� 0.01 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.01 � 0.10 � 0.10 � 0.10 � 0.10 � 0.08 � 0.10 � 0.03 � 0.10 � 0.03 � 0.03 � 0.05 � 0.03 � 0.03 � 0.03 � 0.02 � 0.02

14 -0.49(38) 9.00(2) 0.01(55) -0.24(21) � -0.42(1) -0.22(3) -0.29(2) -0.33(3) -0.36(2) -0.17(1) -0.32(3) -0.30(2) -0.25(14) -0.28(1) -0.24(5) -0.27(12) -0.34(2) -0.32(3) -0.41(4) -0.52(5) -0.35(32) -0.39(17)
� 0.01 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.03 � 0.10 � 0.08 � 0.10 � 0.10 � 0.04 � 0.10 � 0.05 � 0.10 � 0.08 � 0.02 � 0.10 � 0.05 � 0.01 � 0.08 � 0.02 � 0.05

15 -0.42(27) 16.00(2) -0.09(57) -0.13(17) � -0.21(1) 0.01(3) -0.05(2) -0.15(1) -0.23(3) -0.08(1) -0.29(3) -0.28(2) -0.28(12) -0.27(2) -0.21(3) -0.25(10) -0.30(5) -0.17(3) -0.29(3) -0.32(8) -0.22(23) -0.32(15)
� 0.01 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.03 � 0.10 � 0.10 � 0.06 � 0.10 � 0.05 � 0.10 � 0.05 � 0.10 � 0.06 � 0.03 � 0.08 � 0.03 � 0.08 � 0.04 � 0.02 � 0.03

16 -0.55(27) 22.00(2) 0.30(26) -0.38(21) � -0.88(1) -0.02(3) � -0.35(3) � -0.21(1) -0.23(3) -0.29(2) -0.08(13) � -0.19(2) -0.26(12) � -0.38(4) � � -0.53(29) �
� 0.02 � 1.00 � 0.03 � 0.01 � � 0.10 � 0.09 � � 0.08 � � 0.10 � 0.07 � 0.10 � 0.06 � � 0.10 � 0.04 � � 0.09 � � � 0.02 �

17 -0.52(34) 17.00(2) 0.10(38) -0.36(21) � -0.77(1) -0.14(3) -0.15(1) -0.38(3) -0.39(2) -0.32(1) -0.32(3) -0.29(2) -0.21(12) -0.29(2) -0.09(3) -0.36(13) -0.35(5) -0.37(5) -0.47(2) -0.41(5) -0.45(28) -0.46(18)
� 0.02 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.02 � 0.10 � 0.06 � 0.10 � 0.10 � 0.02 � 0.10 � 0.06 � 0.10 � 0.10 � 0.04 � 0.10 � 0.06 � 0.10 � 0.04 � 0.01 � 0.01

18 -0.45(33) 10.00(2) 0.02(58) -0.23(19) � -0.53(1) -0.18(2) -0.21(3) -0.16(3) -0.19(3) -0.16(1) -0.26(3) -0.16(2) -0.19(13) -0.13(2) -0.26(5) -0.27(12) -0.30(4) -0.35(5) -0.34(4) -0.21(8) -0.38(29) -0.38(21)
� 0.01 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.10 � 0.08 � 0.04 � 0.05 � 0.10 � 0.07 � 0.10 � 0.08 � 0.10 � 0.06 � 0.04 � 0.05 � 0.03 � 0.03 � 0.10 � 0.02 � 0.01

19 -0.53(30) 12.00(2) 0.28(43) -0.43(20) � -0.81(1) 0.02(1) � -0.49(3) � -0.45(1) -0.38(2) -0.31(1) -0.24(9) � -0.25(3) -0.41(7) � -0.29(4) � � -0.52(19) �
� 0.01 � 1.00 � 0.03 � 0.01 � � 0.10 � 0.10 � � 0.08 � � 0.10 � 0.10 � 0.10 � 0.04 � � 0.04 � 0.03 � � 0.05 � � � 0.02 �

20 -0.47(26) 9.00(2) 0.03(51) -0.22(21) -0.18(1) -0.42(1) 0.08(1) 0.04(2) -0.15(2) -0.22(3) -0.09(1) -0.29(3) -0.31(2) -0.28(10) -0.33(2) -0.24(3) -0.28(9) -0.32(4) -0.22(3) -0.26(4) -0.30(7) -0.25(26) -0.28(14)
� 0.01 � 1.00 � 0.01 � 0.01 � 0.10 � 0.10 � 0.10 � 0.10 � 0.10 � 0.08 � 0.10 � 0.06 � 0.10 � 0.05 � 0.10 � 0.02 � 0.02 � 0.08 � 0.04 � 0.04 � 0.10 � 0.02 � 0.04

21 -0.43(27) 13.00(2) 0.28(28) -0.26(21) � -0.56(1) -0.04(1) � -0.09(2) � -0.24(1) -0.28(3) -0.36(2) -0.21(13) � -0.27(2) -0.32(10) � -0.35(2) � � -0.46(30) �
� 0.02 � 1.00 � 0.03 � 0.01 � � 0.10 � 0.10 � � 0.10 � � 0.10 � 0.08 � 0.10 � 0.08 � � 0.10 � 0.04 � � 0.10 � � � 0.02 �

22 -0.46(28) 17.00(2) -0.01(56) -0.13(16) � -0.24(1) 0.00(1) -0.18(1) -0.25(2) -0.37(2) -0.20(1) -0.31(3) -0.31(2) -0.31(10) -0.35(2) -0.34(3) -0.28(12) -0.35(3) -0.26(1) -0.33(3) -0.33(4) -0.28(26) -0.43(10)
� 0.02 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.10 � 0.10 � 0.10 � 0.10 � 0.10 � 0.06 � 0.10 � 0.03 � 0.10 � 0.03 � 0.04 � 0.10 � 0.10 � 0.02 � 0.08 � 0.02 � 0.02

23 -0.47(37) 19.00(2) 0.25(26) -0.37(21) � -0.46(1) -0.04(1) � -0.15(3) � -0.27(1) -0.27(3) -0.30(1) -0.22(12) � -0.19(2) -0.26(11) � -0.34(2) � � -0.44(28) �
� 0.01 � 1.00 � 0.02 � 0.01 � � 0.10 � 0.10 � � 0.01 � � 0.10 � 0.07 � 0.10 � 0.04 � � 0.10 � 0.04 � � 0.10 � � � 0.02 �

24 -0.43(23) 21.00(2) -0.05(57) -0.19(19) � -0.41(1) -0.18(1) -0.16(3) -0.10(4) -0.19(3) -0.14(1) -0.30(2) -0.27(2) -0.19(12) -0.23(2) -0.24(2) -0.28(11) -0.32(5) -0.26(5) -0.34(4) -0.27(7) -0.34(27) -0.37(22)
� 0.02 � 1.00 � 0.01 � 0.01 � � 0.10 � 0.10 � 0.06 � 0.01 � 0.06 � 0.10 � 0.10 � 0.10 � 0.04 � 0.10 � 0.10 � 0.02 � 0.08 � 0.07 � 0.03 � 0.04 � 0.02 � 0.02

25 -0.50(20) 14.00(2) 0.29(15) -0.27(18) � -0.40(1) -0.14(1) � -0.07(1) � -0.21(1) -0.33(1) -0.34(1) -0.23(7) � � -0.30(7) � -0.34(1) � � -0.41(22) �
� 0.02 � 1.00 � 0.04 � 0.02 � � 0.10 � 0.10 � � 0.10 � � 0.10 � 0.10 � 0.10 � 0.04 � � � 0.06 � � 0.10 � � � 0.03 �

26 -0.56(24) 19.00(2) 0.31(18) -0.45(17) -0.41(1) -0.59(1) -0.21(3) -0.24(2) -0.27(3) -0.31(2) -0.31(1) -0.33(3) -0.40(2) -0.21(8) -0.32(1) -0.27(2) -0.36(10) -0.35(2) -0.38(4) -0.39(2) -0.39(5) -0.42(25) -0.42(12)
� 0.02 � 1.00 � 0.04 � 0.01 � 0.10 � 0.10 � 0.01 � 0.10 � 0.05 � 0.10 � 0.10 � 0.04 � 0.10 � 0.02 � 0.10 � 0.10 � 0.02 � 0.10 � 0.05 � 0.10 � 0.03 � 0.03 � 0.04

27 -0.53(23) 19.00(2) 0.08(27) -0.28(19) � -0.60(1) -0.15(1) � -0.17(1) � -0.20(1) -0.36(2) -0.36(2) -0.23(9) � -0.20(1) -0.38(9) � -0.28(2) � � -0.40(22) �
� 0.02 � 1.50 � 0.03 � 0.01 � � 0.10 � 0.10 � � 0.10 � � 0.10 � 0.10 � 0.10 � 0.03 � � 0.10 � 0.02 � � 0.10 � � � 0.03 �



5.2.
P

hysicaland
chem

icalprop
erties

of
the

R
S

G
s

in
the

P
erseus

com
plex

61

Table 5.4: Iron, iron-peak and neutron-capture element abundances for the studied RSGs in the Perseus complex.

# [FeI/H] [FeII/H] [V/H] [Cr/H] [Mn/H] [Co/H] [Ni/H] [Cu/H] [Zn/H] [YI/H] [YII/H] [Zr/H] [Ce/H] [Nd/Fe] [Dy/H]
NIR OPT OPT NIR OPT NIR OPT NIR OPT NIR OPT NIR OPT NIR NIR NIR OPT OPT OPT NIR OPT OPT NIR OPT

1 -0.35(42) -0.32(6) -0.35(2) -0.26(3) � -0.27(19) -0.30(1) -0.25(2) � -0.23(4) � -0.28(4) � -0.24(1) � -0.21(1) � � � � -0.15(1) -0.23(2) � �
� 0.03 � 0.04 � 0.10 � 0.04 � � 0.04 � 0.10 � 0.10 � � 0.06 � � 0.09 � � 0.10 � � 0.10 � � � � � 0.10 � 0.10 � �

2 -0.35(52) -0.32(23) -0.35(3) -0.36(3) -0.26(14) -0.36(18) -0.30(9) -0.37(2) -0.38(1) -0.44(3) -0.33(7) -0.39(6) -0.36(7) -0.21(1) � -0.21(2) � � -0.30(7) -0.11(2) -0.15(2) -0.23(8) -0.26(1) -0.22(1)
� 0.02 � 0.02 � 0.10 � 0.03 � 0.01 � 0.04 � 0.03 � 0.10 � 0.10 � 0.08 � 0.02 � 0.12 � 0.02 � 0.10 � � 0.10 � � � 0.03 � 0.10 � 0.10 � 0.04 � 0.10 � 0.10

3 -0.27(61) -0.25(23) -0.23(3) -0.39(3) -0.26(14) -0.37(18) -0.30(9) -0.42(2) -0.32(1) -0.36(3) -0.25(8) -0.25(7) -0.23(7) -0.25(1) � -0.31(1) � � -0.39(8) -0.12(2) -0.15(3) -0.23(8) -0.19(1) -0.20(1)
� 0.02 � 0.02 � 0.10 � 0.03 � 0.02 � 0.04 � 0.02 � 0.10 � 0.10 � 0.08 � 0.02 � 0.11 � 0.02 � 0.10 � � 0.10 � � � 0.05 � 0.10 � 0.03 � 0.03 � 0.10 � 0.10

4 -0.38(49) -0.35(21) -0.28(3) -0.40(3) -0.39(17) -0.37(18) -0.35(9) -0.26(2) -0.38(2) -0.42(3) -0.34(8) -0.28(6) -0.39(7) -0.24(1) � -0.36(2) -0.30(1) -0.30(1) -0.36(7) -0.10(2) -0.10(3) -0.18(8) -0.27(1) -0.27(1)
� 0.02 � 0.02 � 0.10 � 0.03 � 0.01 � 0.04 � 0.03 � 0.10 � 0.10 � 0.10 � 0.02 � 0.11 � 0.02 � 0.10 � � 0.10 � 0.10 � 0.10 � 0.02 � 0.10 � 0.03 � 0.02 � 0.10 � 0.10

5 -0.31(48) -0.36(21) -0.24(3) -0.37(3) -0.29(17) -0.30(16) -0.29(7) -0.34(1) -0.39(1) -0.26(4) -0.21(6) -0.26(5) -0.32(8) -0.24(1) � -0.22(2) -0.31(1) -0.31(1) -0.40(7) -0.09(2) -0.15(3) -0.25(6) -0.24(1) �
� 0.02 � 0.02 � 0.10 � 0.03 � 0.01 � 0.04 � 0.03 � 0.10 � 0.10 � 0.09 � 0.02 � 0.12 � 0.02 � 0.10 � � 0.10 � 0.10 � 0.10 � 0.02 � 0.10 � 0.03 � 0.03 � 0.10 �

6 -0.33(57) -0.29(63) -0.34(3) -0.33(3) -0.36(17) -0.29(16) -0.33(7) -0.42(1) -0.38(1) -0.39(5) -0.39(8) -0.31(4) -0.35(8) -0.34(1) -0.30(2) -0.17(1) � � -0.23(8) -0.05(2) -0.15(2) -0.06(4) -0.25(1) �
� 0.02 � 0.01 � 0.17 � 0.03 � 0.02 � 0.03 � 0.04 � 0.10 � 0.10 � 0.09 � 0.05 � 0.12 � 0.06 � 0.10 � 0.10 � 0.10 � � � 0.03 � 0.10 � 0.10 � 0.02 � 0.10 �

7 -0.33(57) -0.29(63) -0.34(3) -0.30(2) -0.36(16) -0.20(18) -0.33(7) -0.38(1) -0.38(1) -0.25(6) -0.39(7) -0.29(6) -0.35(7) -0.20(1) -0.25(2) -0.15(2) � � -0.23(8) -0.02(1) -0.01(3) 0.01(5) -0.22(1) �
� 0.02 � 0.01 � 0.03 � 0.10 � 0.01 � 0.02 � 0.03 � 0.10 � 0.10 � 0.06 � 0.02 � 0.05 � 0.03 � 0.10 � 0.10 � 0.10 � � � 0.03 � 0.10 � 0.02 � 0.02 � 0.10 �

8 -0.30(57) -0.30(21) -0.29(3) -0.35(1) -0.42(15) -0.36(17) -0.39(8) -0.19(2) � -0.39(2) -0.37(8) -0.23(3) -0.39(5) � � -0.31(1) -0.30(1) -0.30(1) -0.31(10) -0.32(1) -0.21(3) -0.22(10) -0.19(1) -0.16(1)
� 0.02 � 0.01 � 0.02 � 0.10 � 0.03 � 0.04 � 0.03 � 0.10 � � 0.10 � 0.03 � 0.12 � 0.03 � � � 0.10 � 0.10 � 0.10 � 0.02 � 0.10 � 0.03 � 0.03 � 0.10 � 0.10

9 -0.29(56) -0.33(21) -0.26(3) -0.42(1) -0.40(13) -0.37(17) -0.35(7) -0.19(2) � -0.37(2) -0.38(8) -0.27(3) -0.34(7) � � -0.26(2) -0.37(1) -0.37(1) -0.28(10) -0.20(2) -0.20(3) -0.27(10) -0.23(1) �
� 0.02 � 0.02 � 0.02 � 0.10 � 0.03 � 0.05 � 0.03 � 0.10 � � 0.10 � 0.02 � 0.10 � 0.05 � � � 0.10 � 0.10 � 0.10 � 0.04 � 0.10 � 0.03 � 0.04 � 0.10 �

10 -0.24(60) -0.24(22) -0.25(3) -0.27(1) -0.24(16) -0.23(18) -0.31(7) -0.19(2) -0.33(2) -0.31(2) -0.31(8) -0.25(2) -0.30(7) � � -0.17(1) -0.29(1) -0.29(1) -0.14(10) 0.04(1) -0.06(2) -0.13(9) -0.19(1) �
� 0.02 � 0.01 � 0.02 � 0.10 � 0.02 � 0.04 � 0.04 � 0.10 � 0.10 � 0.10 � 0.04 � 0.10 � 0.02 � � � 0.10 � 0.10 � 0.10 � 0.04 � 0.10 � 0.09 � 0.03 � 0.10 �

11 -0.30(61) -0.31(20) -0.32(2) -0.26(1) -0.28(16) -0.27(18) -0.28(8) -0.27(3) -0.41(2) -0.34(2) -0.32(8) -0.19(3) -0.38(2) � � � -0.38(1) -0.38(1) -0.24(10) -0.18(1) -0.24(3) -0.23(9) -0.10(1) �
� 0.02 � 0.01 � 0.10 � 0.10 � 0.02 � 0.05 � 0.05 � 0.16 � 0.10 � 0.10 � 0.02 � 0.13 � 0.10 � � � � 0.10 � 0.10 � 0.4 � 0.10 � 0.03 � 0.07 � 0.10 �

12 -0.26(60) -0.25(23) -0.29(3) -0.25(1) -0.28(15) -0.28(17) -0.31(9) -0.11(2) � -0.31(2) -0.27(8) -0.32(2) -0.34(7) � � � -0.22(1) -0.22(1) -0.17(10) 0.08(2) 0.01(1) -0.14(10) -0.10(1) �
� 0.02 � 0.01 � 0.01 � 0.10 � 0.03 � 0.05 � 0.02 � 0.10 � � 0.10 � 0.03 � 0.10 � 0.5 � � � � 0.10 � 0.10 � 0.04 � 0.10 � 0.10 � 0.04 � 0.10 �

13 -0.26(56) -0.25(23) -0.30(3) -0.47(1) -0.37(9) -0.26(17) -0.31(8) -0.17(3) -0.28(1) -0.34(2) -0.31(7) -0.35(3) -0.37(8) � � � -0.34(1) -0.34(1) -0.22(10) -0.37(2) -0.07(1) -0.17(9) -0.20(1) �
� 0.02 � 0.01 � 0.02 � 0.10 � 0.03 � 0.04 � 0.02 � 0.14 � 0.10 � 0.10 � 0.03 � 0.09 � 0.03 � � � � 0.10 � 0.10 � 0.03 � 0.10 � 0.10 � 0.02 � 0.10 �

14 -0.31(62) -0.32(22) -0.33(3) -0.25(1) -0.28(12) -0.33(18) -0.34(7) -0.25(3) -0.40(2) -0.39(3) -0.35(8) -0.30(3) -0.39(5) � � -0.25(2) -0.45(1) -0.45(1) -0.35(10) -0.16(2) -0.13(1) -0.29(10) -0.17(1) �
� 0.02 � 0.01 � 0.03 � 0.10 � 0.04 � 0.04 � 0.02 � 0.09 � 0.10 � 0.07 � 0.04 � 0.14 � 0.02 � � � 0.10 � 0.10 � 0.10 � 0.01 � 0.10 � 0.10 � 0.04 � 0.10 �

15 -0.28(54) -0.27(23) -0.30(3) � -0.27(10) -0.22(15) -0.30(7) -0.24(2) -0.27(2) -0.43(3) -0.28(6) -0.36(3) -0.35(7) � � � -0.17(1) -0.17(1) -0.08(10) 0.17(1) � -0.02(8) -0.02(1) �
� 0.02 � 0.02 � 0.02 � � 0.04 � 0.04 � 0.03 � 0.10 � 0.10 � 0.11 � 0.05 � 0.09 � 0.04 � � � � 0.10 � 0.10 � 0.06 � 0.10 � � 0.03 � 0.10 �

16 -0.26(55) -0.23(6) -0.26(2) -0.35(1) � -0.31(18) -0.38(1) -0.23(2) � -0.33(3) � -0.19(3) � � � -0.32(2) � - � -0.25(2) -0.28(1) -0.32(2) -0.30(1) �
� 0.02 � 0.01 � 0.10 � 0.10 � � 0.04 � 0.10 � 0.10 � � 0.04 � � 0.02 � � � � 0.10 � 0.10 � � � 0.10 � 0.10 � 0.10 � 0.10 �

17 -0.30(61) -0.32(19) -0.29(3) -0.34(1) -0.40(13) -0.37(18) -0.36(7) -0.24(1) � -0.37(3) -0.39(7) -0.31(3) -0.34(6) -0.19(1) � -0.34(2) -0.38(1) -0.38(1) -0.41(8) -0.11(2) -0.18(2) -0.33(8) -0.17(1) �
� 0.02 � 0.01 � 0.02 � 0.10 � 0.02 � 0.04 � 0.02 � 0.10 � � 0.10 � 0.05 � 0.08 � 0.02 � 0.10 � � 0.10 � 0.10 � 0.10 � 0.03 � 0.10 � 0.10 � 0.05 � 0.10 �

18 -0.29(66) -0.26(52) -0.22(3) -0.27(1) -0.30(12) -0.33(16) -0.33(8) -0.16(3) -0.08(2) -0.48(3) -0.34(3) -0.29(2) -0.34(7) -0.27(1) � � -0.14(1) -0.14(1) -0.19(9) 0.08(1) 0.01(3) -0.02(9) -0.25(1) �
� 0.02 � 0.01 � 0.03 � 0.10 � 0.04 � 0.03 � 0.03 � 0.16 � 0.10 � 0.10 � 0.03 � 0.10 � 0.02 � 0.10 � � � 0.10 � 0.10 � 0.04 � 0.10 � 0.07 � 0.03 � 0.10 �

19 -0.29(55) -0.27(9) -0.30(2) -0.40(1) � -0.39(11) -0.42(1) -0.15(2) � -0.35(3) � -0.36(3) � -0.23(1) � -0.31(1) � � � -0.23(2) -0.25(1) -0.38(2) -0.29(1) �
� 0.02 � 0.02 � 0.10 � 0.10 � � 0.01 � 0.10 � 0.10 � � 0.15 � � 0.06 � � 0.10 � � 0.10 � � � � � 0.10 � 0.10 � 0.10 �

20 -0.25(59) -0.26(20) -0.26(3) -0.24(1) -0.25(12) -0.25(17) -0.26(7) -0.04(2) -0.15(1) -0.34(2) -0.28(8) -0.31(2) -0.30(7) � � � -0.27(1) -0.27(1) -0.23(4) -0.18(1) � -0.16(8) -0.15(1) �
� 0.02 � 0.01 � 0.02 � 0.10 � 0.03 � 0.04 � 0.03 � 0.10 � 0.10 � 0.10 � 0.03 � 0.10 � 0.02 � � � � 0.10 � 0.10 � 0.01 � 0.10 � � 0.04 � 0.10 �

21 -0.29(61) -0.26(6) -0.26(2) -0.32(1) � -0.37(17) -0.38(1) -0.05(2) � -0.37(3) � -0.23(3) � -0.16(1) � � � � � � -0.19(1) -0.22(2) -0.28(1) �
� 0.02 � 0.01 � 0.10 � 0.10 � � 0.04 � 0.10 � 0.10 � � 0.03 � � 0.08 � � 0.10 � � � � � � � 0.10 � 0.10 � 0.10 �

22 -0.30(53) -0.34(18) -0.32(2) -0.26(1) -0.37(5) -0.29(17) -0.36(5) -0.31(2) -0.33(2) -0.38(2) -0.35(8) -0.18(3) -0.29(2) -0.16(1) � � -0.32(1) -0.32(1) -0.25(6) -0.10(1) � -0.32(6) -0.16(1) �
� 0.02 � 0.03 � 0.10 � 0.10 � 0.03 � 0.04 � 0.02 � 0.10 � 0.10 � 0.10 � 0.03 � 0.16 � 0.06 � 0.10 � � � 0.10 � 0.10 � 0.03 � 0.10 � � 0.03 � 0.10 �

23 -0.30(56) -0.28(6) -0.24(2) -0.32(1) � -0.28(17) -0.41(1) � � -0.37(3) � -0.25(3) � -0.26(1) � � � � � -0.02(1) -0.30(1) -0.42(2) -0.30(1) �
� 0.02 � 0.03 � 0.10 � 0.10 � � 0.04 � 0.10 � 0.10 � � 0.06 � � 0.03 � � 0.10 � � � � � � 0.10 � 0.10 � 0.10 � 0.10 �

24 -0.28(54) -0.26(54) -0.31(3) -0.50(1) -0.33(5) -0.28(16) -0.37(7) 0.00(2) -0.15(2) -0.42(3) -0.33(5) -0.29(2) -0.29(7) -0.23(1) � � -0.21(1) -0.21(1) -0.24(8) 0.08(1) -0.08(3) -0.05(8) -0.17(1) �
� 0.02 � 0.01 � 0.05 � 0.10 � 0.05 � 0.04 � 0.02 � 0.10 � 0.10 � 0.10 � 0.06 � 0.10 � 0.04 � 0.10 � � � 0.10 � 0.10 � 0.03 � 0.10 � 0.04 � 0.03 � 0.10 �

25 -0.31(46) -0.28(6) -0.27(1) -0.29(1) � -0.29(11) -0.37(1) -0.15(2) � -0.25(3) � -0.27(2) � -0.24(1) � -0.16(1) � � � 0.00(1) -0.22(1) -0.31(2) � �
� 0.02 � 0.02 � 0.10 � 0.10 � � 0.02 � 0.10 � 0.10 � � 0.03 � � 0.10 � � 0.10 � � 0.10 � � � � 0.10 � 0.10 � 0.10 � �

26 -0.31(54) -0.28(16) -0.34(3) -0.34(1) -0.38(8) -0.37(14) -0.37(7) -0.06(2) � -0.38(3) -0.35(7) -0.36(3) -0.41(6) -0.13(1) � -0.36(2) -0.26(1) -0.26(1) -0.35(8) -0.04(2) -0.14(3) -0.33(8) -0.24(1) �
� 0.02 � 0.04 � 0.02 � 0.10 � 0.04 � 0.04 � 0.02 � 0.10 � � 0.02 � 0.02 � 0.10 � 0.04 � 0.10 � � 0.10 � 0.10 � 0.10 � 0.03 � 0.10 � 0.03 � 0.03 � 0.10 �

27 -0.28(36) -0.26(6) -0.24(2) -0.36(1) � -0.34(13) -0.38(1) -0.18(2) � -0.33(3) � -0.30(3) � -0.23(1) � -0.20(2) � � � -0.08(1) -0.17(1) -0.11(2) � �
� 0.01 � 0.03 � 0.10 � 0.10 � � 0.02 � 0.10 � 0.10 � � 0.03 � � 0.03 � � 0.10 � � 0.10 � � � � 0.10 � 0.10 � 0.10 � �
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5.2.1 CNO abundances and stellar mixing

CNO abundances have been derived from a few tens of molecular12CO, CN and

OH lines, respectively. Following Ryde et al. (2009) and Smith et al. (2013), we

adopted an iterative method to derive CNO abundances, in order to consider the in-

terplay among these three elements in setting the molecular equilibrium. We found

depletion of carbon and enhancement of nitrogen with respect to the solar-scaled

values, especially in the case of the coolest RSGs, while oxygen abundance turns

out to be about solar-scaled. In particular, average [C/Fe]=-0.20� 0:01 dex with

a small dispersion of 0.06� 0.01 dex and [N/Fe]=+0.36� 0.03 and a dispersion of

0.16� 0.02 dex have been obtained. It is interesting to notice that the carbon abun-

dance derived from the� v=3 12CO band-heads in the H-band, is fully consistent

with the one derived from individual 12CO roto-vibrational transitions. We used

the � v=3 and � v=2 band-heads of13CO in the H and K bands, respectively, to

also estimate the13C abundance and the12C/ 13C isotopic abundance ratio, that

turns out to be between 20 and 30 in the K-type RSGs and below 12 in the M-type

RSGs. An average value of12C/ 13C = 13.3� 1.2 with a dispersion� =6.1� 0.8 has

been obtained.

Depletion of carbon and of the12C/ 13C isotopic abundance ratio and a correspond-

ing enhancement of N with respect to the solar scaled values as measured in the 27

studied RSGs, is consistent with mixing processes in the stellar interiors, that mod-

ify the surface abundances of these elements during the post-MS evolution. Stars

with progenitor mass in the 9-14 M� range, as for the studied RSGs in the Perseus

complex, are indeed expected to have already underwent substantial mixing from

the �rst dredge-up when evolving in the RSG phase.

Fig. 5.9 shows the trend of [C/Fe], [N/Fe], [C/N] abundance ratios with varying

the bolometric luminosity and the e�ective temperature. The rather homogeneous

carbon depletion with mild (if any) dependence on the star luminosity and tem-

perature is at variance with the amount of nitrogen enhancement that shows a

clear trend with stellar parameters. In particular [N/Fe] increases with increasing

luminosity and decreasing temperature. A corresponding larger amount of [C/N]

depletion with increasing luminosity and decreasing temperature has been derived,

with an average value of [C/N]=-0.56� 0:04 dex and a dispersion of� =0.20� 0:03

dex.

Di�erent stellar evolution models (see e.g. Bertelli et al., 2009; Bressan et al., 2012;

Chie� & Limongi, 2013; Choi et al., 2016; Davies & Dessart, 2019; Georgy et al.,

2013) predict C depletion by about 0.2 dex after the �rst dredge-up, in good agree-

ment with the measured values. Models also predict N enhancement by about
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Figure 5.9: [C/Fe], [N/Fe], [C/N] abundance ratios as a function of the stellar luminos-
ity (left panels) and temperature (right panels) for the 27 studied RSGs in the Perseus
complex. Values are solar-scaled according to Grevesse & Sauval (1998) solar reference.
Typical errorbars are reported in the left upper or lower corner of each panel. For com-
parison, the PARSEC model predictions for a 9 M� (blue lines) and a 14 M� (red lines)
star have been also plotted.
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Figure 5.10: 12C/ 13C ratio as a function of bolometric luminosity (left panel), e�ective
temperature (central panel) and [C/N] abundance ratio. Typical errorbars are reported
in the left lower corner of each panel.

0.5-0.6 dex after the �rst dredge-up. Only the most luminous and coolest RSGs in

our sample show such a nitrogen enhancement, while the majority of them show

[N/Fe] values increasing from 0.1 to 0.4 dex with increasing luminosity and decreas-

ing temperature. Models also predict a corresponding [C/N] depletion of 0.70-0.80

dex after the �rst dredge-up, as measured only in the most luminous, coolest RSGs

of our sample. This may suggest that N enhancement is more dependent on the

stellar mass than the C depletion (see also Davies & Dessart, 2019).

As shown in Fig. 5.10, we also measured the12C/ 13C isotopic ratio in all the 27

RSGs analyzed, �nding values that progressively decreases from a few tens to be-

low ten with increasing luminosity and decreasing temperature. Only the warmest

RSGs show isotopic ratios above 15 as predicted by the majority of models after the

�rst dredge-up, while most of the RSGs with Tef f < 3800 K show values below 10,

possibly requiring some extra-mixing to be explained. Only the Choi et al. (2016)

models can possibly reach values as low as 5-10. We also �nd a nice correlation

between depletion of12C/ 13C and of [C/N].
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5.2.2 Lithium detection

Lithium is a key chemical element to constrain the primordial nucleosynthesis in

the Universe. Cyburt et al. (2008) obtained a primordial Li abundance A(Li)=2.72

dex from the theory of big bang nucleosynthesis and the baryon density of WMAP

(Dunkley et al., 2009).

In the stellar atmospheres Lithium is detectable only in stars cooler than� 7000 K.

Since the �rst studies on metal-poor Population II stars by Spite & Spite (1982),

in halo stars values of A(Li)� 2:2 have been routinely measured (see e.g. Charbon-

nel & Primas, 2005, and references therein). In young stars of relatively low mass

and at solar metallicity, a Lithium abundance A(Li)= 3:2 dex has been measured

(see e.g. Balachandran et al., 2011; Randich, 2010) and predicted by most recent

chemical evolution models (Grisoni et al., 2019), which is in good agreement with

the meteoritic solar abundance (Asplund et al., 2009; Grevesse & Sauval, 1998).

Li detection in massive stars is very rare. Indeed, massive MS stars are too hot for

Li detection, and more evolved supergiants can su�er signi�cant [if not total] Li dis-

ruption due to the development of a convective envelope and the mixing processes.

Some early studies of Lithium in yellow and K-type supergiants based on photo-

graphic plates (see e.g. Warren, 1973, and references therein) provided upper limits

to A(Li) of 1.5-2.0 dex. Gahm & Hultqvist (1976) detected the�� 6708 doublet

absorption in S Per, a M4 RSG of the Perseus complex. More recently, Li abun-

dances A(Li) = 1.3�1.5 have been measured in the two relatively high-mass yellow

supergiants, namely HR461 (SpT=KOI) and HR8313 (SpT=G5I) with about so-

lar metallicity by Lyubimkov et al. (2012). Claims for some Li detection in RSGs

of the Perseus complex (with masses between 9 and 10 M� ) have been made by

Negueruela et al. (2020) but no measurements have been published so far.

We detected Li doublet and measured its abundance in eight out of the 27 RSGs

observed in the Perseus complex. Fig.5.11 shows the HARPS-N spectra in corre-

spondence of the Li doublet for the eight RSGs where it has been detected, and for

comparison, those of other RSGs without detection.

The 30% RSGs with detected Li have similar homogeneous half-solar metallicity, 10-

30 Myr age and spatial distribution as the other RSGs of the observed sample. They

also span a similar wide range of luminosities (log10(L/L � =4-4.6) and Tef f =3600-

4100 K, i.e. likely the same 9-14 M� mass range, suggesting that stochasticity could

a�ect the possible Li detection in massive stars.

Table 5.5 reports the LTE Li abundances and corresponding errors, together with

stellar parameters Fe, CNO,12C/ 13C, O, Na, M and Al abundances (see also Ta-

bles 5.2,5.3,5.4). The inferred LTE abundances are quite low, in the 0< log� (Li) < 1 dex
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Figure 5.11: HARPS-N high resolution spectra around the LiI doublet at 6707.8 Å for
the eight RSGs where Li has been detected (red lines) and for corresponding RSGs with
similar stellar parameters but without Li (black dashed lines), for comparison. The star
IDs from Fanelli et al. (2022) are marked in the bottom left corner of each panel.

range, and up to 0.5 dex higher if NLTE corrections are applied (see e.g. Lind et al.,

2009). These values are about two orders of magnitudes lower than those of pri-

mordial nucleosynthesis (Cyburt et al., 2008). For the remaining 19 RSGs in the

sample of Fanelli et al. (2022) no reliable detection could be obtained and an upper

limit to the Li abundance of log� (Li) < -0.2 dex have been obtained.

Fig. 5.12 shows the inferred Li abundance as a function of the stellar luminosity

and e�ective temperature and of the [C/N], 12C/ 13C, [O/Fe], [Na/Fe], [Mg/Fe] and

[Al/Fe] abundance ratios. There is evidence of some anti-correlation between Li

abundance and the RSG luminosity and e�ective temperature, suggesting that Li is

more abundant in less luminous and warmer (i.e likely less massive) stars. There is

also evidence of some anti-correlation between Li abundance and [C/N] and12C/ 13C

abundance ratio depletion, that are probing mixing processes in the stellar interi-

ors, suggesting that Li is more abundant in less mixed stars. At variance, there

is no evidence of any trend between Li abundance and [Mg/Fe], [Al/Fe], [O/Fe]

and [Na/Fe] abundance ratios, nor of any di�erence in the distribution of these

abundance ratios among RSGs with and without Li detection. The fact that RSGs

with and without detected Li show similar [Mg/Fe], [Al/Fe], [O/Fe] and [Na/Fe]

distributions with low spread, suggest that the nucleosynthesis of Mg, Al, O and

Na in the RSG evolutionary stage should not be signi�cantly altered by HBB in

these massive stars.
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Table 5.5: Stellar parameters and LTE chemical abundances for the eight RSGs in the
Perseus complex with detected Lithium.

# star Tef f log(g) � [Fe/H] A(C) A(N) 12 C/ 13 C A(O) A(Na) A(Mg) A(Al) A(Li) � Li
K dex km s� 1 dex dex dex dex dex dex dex dex dex dex

3 V439 Per 3690 0.25 3.40 -0.27 7.98 8.04 8 8.32 6.19 7.31 6.12 0.38 0.09
6 BD+57 540 4125 0.70 2.10 -0.33 8.18 7.64 29 8.46 6.02 7.30 6.25 0.71 0.15
9 T Per 3594 0.01 3.30 -0.31 7.99 8.00 7 8.41 6.18 7.22 6.30 -0.11 0.10
19 WX Cas 3787 0.23 3.00 -0.30 7.97 7.80 12 8.39 6.10 7.27 6.16 0.29 0.09
21 IRAS01530+6149 3793 0.25 2.60 -0.30 8.03 7.86 13 8.56 6.23 7.31 6.25 0.40 0.09
22 BD 61369 3869 0.53 2.60 -0.26 8.04 7.94 17 8.49 6.29 7.30 6.26 0.81 0.13
23 DO 24697 3896 0.50 2.40 -0.24 8.07 7.89 19 8.51 6.26 7.34 6.26 0.68 0.17
24 BD 60287 4009 0.79 2.50 -0.28 8.10 7.83 21 8.56 6.34 7.29 6.32 0.81 0.13

Note: Solar abundance reference for [Fe/H] is from Grevesse & Sauval (1998).

.

Figure 5.12: Lithium abundances and upper limits as a function of the stellar bolometric
luminosity, e�ective temperature, [C/N], 12C/ 13C, [O/Fe], [Na/Fe], [Mg/Fe] and [Al/Fe]
for the 27 observed RSGs in the Perseus complex. Adapted from Fanelli et al. (2022)
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Normally, lithium is expected to be largely depleted in the atmospheres of

evolved, massive stars due to convective dilution with the internal layers, where

Li is quickly burned. However, in their post-MS evolution, massive stars are ex-

pected to experience hot bottom burning (HBB, Sackmann & Boothroyd, 1992),

i.e. proton-capture nucleosynthesis at the base of the outer envelope. The HBB

process is activated when the temperature at the bottom of the envelope reaches 40

MK and it can alter the abundances of CNO, Na, Al, Mg and of the12C/ 13C iso-

topic ratio. At this temperature also the Cameron & Fowler mechanism (Cameron

& Fowler, 1971) can act, Be7 is transformed in Li7 by electron-capture and trans-

ported to cooler layers in the outer atmosphere, where it can temporarily survive.

This mechanism has been invoked to explain Li-rich massive Asymptotic Giant

Branch (AGB) and super-AGB stars (see e.g. Lyubimkov et al., 2012; Siess, 2010;

Ventura et al., 2011; Ventura & D'Antona, 2010, 2011; Ventura et al., 2013, and

references therein). In these stars the lithium yield is dramatically dependent on

the adopted mass-loss formulation. The RSGs with Li detection have similar homo-

geneous half-solar metallicity, 10-30 Myr age and spatial distribution as the other

RSGs of the observed sample without Li. They also span a similar wide range of

luminosities (log10(L/L � =4-4.6) and Tef f =3600-4100 K, i.e. likely the same 9-14

M � mass range. The fact that we detect Li only in 30% of them, may indicate that

some stochastic e�ect could regulate the presence and a�ect the detection of Li in

their atmospheres. Moreover, among the RSGs with detected Li, there is evidence

that the progenitor mass and the degree of mixing should matter in determining the

amount of Li on the stellar surface, higher abundances being found in somewhat

less massive and less mixed RSGs. Given the chemical homogeneity of our sample

of RSGs, there is no reason to assume an initial non-homogeneous Lithium abun-

dance in the progenitors, hence mixing should de�nitely play a role in depleting Li

on the stellar surface. Finally, the fact that RSGs with and without detected Li

show similar [Mg/Fe], [Al/Fe], [O/Fe] and [Na/Fe] distributions with low spread,

suggests that the nucleosynthesis of Mg, Al, O and Na in the RSG evolutionary

stage should not not be signi�cantly altered by HBB.

Together with the mixing induced by convection in the post-MS stages, also rota-

tional mixing can be important in depleting Li. Frischknecht et al. 2010 tested their

rotational mixing prescriptions by using the Geneva stellar evolution code following

the evolution of surface abundances of light elements (Li, Be, and B) in massive stars

by using 9, 12, and 15 M� models with rotation, from the zero age main sequence

up to the RSG phase. They found that massive dwarfs (as the RSG progenitors)

that are fast rotators deplete Li already at the end of the MS evolution, while in
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slow rotators (i.e. with vin /v crit � 0.1, corresponding to� vsin(i) � 50 km s� 1), it

is somewhat delayed, occurring in the the Post-MS evolution. Strom et al. (2005)

provided rotational velocities in a sample of B0-B9 stars in h,� Persei, with masses

in the 4-15 M� , thus including both MS and evolved blue/yellow supergiants (see

Sec. 5.1).

In the 9-14 Modot range, only a relatively small fraction of stars are slow rotators

with vsin( i)< 50 km s� 1, the majority of them, either MS or more evolved giants

and supergiants, have vsin(i) in the 50-200 km s� 1 range. Rotational velocities ex-

ceeding 200 km s� 1 have been mostly measured in dwarfs with masses below 9 M� .

Interestingly, the fraction of RSGs with Li detection is similar to the fraction of

slow rotators among the bluest supergiants in our sample as well as in the MS and

evolved blue/yellow supergiant sample of Strom et al. (2005). Hence, in the atmo-

spheres of RSGs with likely slow rotator progenitors, Li could have survived the

total disruption and/or it could have experienced a secondary production due e.g.

to the Cameron & Fowler (Cameron & Fowler, 1971) mechanism, as in less massive

AGB and super-AGB stars.
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5.3 The global observational framework

Figure 5.13: Left panel (a): velocity map for stars with G< 16 in the LISCA I region
superimposed on a Digital Sky Survey two false color image. The typical arrow size
corresponds to a velocity of about 1.5 km s� 1. Right panels (b): radial (bottom panel)
and tangential (upper panel) velocities as a function of the distance from the system
barycenter in units of arcmin. The positions of the identi�ed clusters are highlighted with
blue arrows. Adapted from Fig. 4 of Dalessandro et al. (2021).

The synergic combination of photometric, astrometric and proper motion infor-

mation from Gaia and 2MASS with quantitative optical and NIR spectroscopy from

the SPA Large Program at the TNG enabled the �rst, comprehensive evolutionary,

kinematic and chemical characterization of the young, evolved stellar populations

in the Perseus complex.

The rather homogeneous young age (� 20� 10 Myr), chemical content (half-solar

metallicity) and line-of-sight kinematics of the stellar populations of the Perseus

complex within a projected area of about 10 degrees in diameter and at a dis-

tance of 2-3 kpc, suggest a common origin for the stars either members of denser

clusters or distributed in looser associations/di�use halos. On the other hand, the

Gaia proper motion distribution shows that the region is a complex system of sub-

structures physically linked and with possible evidence of co-evolution and interac-

tion. Indeed, by performing a comprehensive study of the stellar kinematics and

spectro-photometric properties of the area surroundingh and � Per double stellar

cluster (Dalessandro et al., 2021), we found that the region is populated by seven

co-moving clusters, that ish and � Per, NGC 957, Basel 10, N1, N2, N3, the latter

three previously unknown, and by an extended and quite massive halo, de�ning a
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