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A B S T R A C T 

Theoretical physical-chemical models for the formation of planetary systems depend on data quality for the Sun’s composition, 
that of stars in the solar neighbourhood, and of the estimated ’pristine’ compositions for stellar systems. The ef fecti ve scatter 
and the observational uncertainties of elements within a few hundred parsecs from the Sun, even for the most abundant metals 
like carbon, oxygen and silicon, are still contro v ersial. Here we analyse the stellar production and the chemical evolution of key 

elements that underpin the formation of rocky (C, O, Mg, Si) and gas/ice giant planets (C, N, O, S). We calculate 198 galactic 
chemical evolution (GCE) models of the solar neighbourhood to analyse the impact of different sets of stellar yields, of the 
upper mass limit for massive stars contributing to GCE ( M up ) and of supernovae from massive-star progenitors which do not 
eject the bulk of the iron-peak elements (faint superno vae). Ev en considering the GCE variation produced via different sets of 
stellar yields, the observed dispersion of elements reported for stars in the Milky Way (MW) disc is not reproduced. Among 

others, the observed range of super-solar [Mg/Si] ratios, sub-solar [S/N], and the dispersion of up to 0.5 dex for [S/Si] challenge 
our models. The impact of varying M up depends on the adopted supernova yields. Thus, observations do not provide a constraint 
on the M up parametrization. When including the impact of faint supernova models in GCE calculations, elemental ratios vary 

by up to 0.1–0.2 dex in the MW disc; this modification better reproduces observations. 

Key words: stars: abundances – planetary systems – solar neighbourhood – Galaxy: abundances – Galaxy: disc – Galaxy: evolu- 
tion. 
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 I N T RO D U C T I O N  

he chemical enrichment history of the elements observed in the Sun 
nd in other stars in the solar neighbourhood serves as the basis for
ur information about the formation and the chemical evolution of 
he Milky Way (MW) disc (e.g. Truran & Cameron 1971 ; Tinsley &
 E-mail: mpignatari@gmail.com 

m  

(  

2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
arson 1978 ; Timmes, Woosley & Weaver 1995 ; Goswami &
rantzos 2000 ; Matteucci 2021 ). Galactic chemical evolution (GCE) 
imulations attempt to model the change with time of the chemical
lements by taking into account the formation of the MW disc and
ncluding theoretical stellar yields from different generations of stars. 
he GCE models are then compared to stellar abundance trends with
etallicity or age of the MW disc, and to the solar abundance pattern

e.g. Matteucci & Greggio 1986 ; Gibson et al. 2003 ; Kobayashi,
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arakas & Umeda 2011 ; Moll ́a et al. 2015 ; Mishenina et al. 2017 ;
rantzos et al. 2018 ; Kobayashi, Karakas & Leung 2020; Prantzos
t al. 2023 ). The composition for all the elements can be measured
n the Sun and in meteorites (Lodders 2019 , and references therein),
hereas a more limited number of elements are available for other

tars. Nevertheless, elemental abundances are preserved with limited
odification o v er time at the stellar surfaces, and are therefore taken

o be indicative of the pristine stellar abundances (e.g. Piersanti,
traniero & Cristallo 2007 ). 
Analyses become rather more complex for discussions of likely

ompositions of the planets that may have formed around these
tars. Stars typically represent > 98 per cent of the mass of a
tar + planet(s) system. So, the original abundances of stellar
ystems are recapitulated in the composition of the host star, which
n turn mirrors the composition at the start of the planetary-formation
rocess. The bulk composition of the stellar system is the ultimate
rbiter for the properties of the planets that will form. This holds
ot only for stable elements, but may also be true for the short-lived
adioacti ve isotopes rele v ant for the heating of planetesimals (mostly
6 Al in the case of the early Solar System, e.g. Kleine et al. 2005 ;
ichtenberg et al. 2016 ; Lugaro, Ott & Kereszturi 2018 ) and the

adiogenic heating of planet interiors via the long-lived radionuclides
0 K, 232 Th, 235 U, and 238 U (e.g. Frank, Meyer & Mojzsis 2014 ;
nterborn, Johnson & Panero 2015 ; Wang et al. 2020 ). 
Nevertheless, depending on where and how the planets formed,

heir migration history, the global dynamical history of their system,
he planetary formation process can modify or even erase the
ignatures of the initial chemical abundances of the system for ultra-
olatile elements like H, C, N, O, and S at different distances from
he host stars (see later in the Introduction, and e.g. Madhusudhan
t al. 2016 ; Cridland et al. 2019 ; Madhusudhan 2019 ; Cridland et al.
020 ; Adibekyan et al. 2021 ; Turrini et al. 2021 ; Drazkowska et al.
023 ; Pacetti et al. 2022 ; Turrini et al. 2022 , and references therein).
Iron is also problematic, since it is by definition siderophile and

long with other such elements (Ni), tends to be sequestered into the
etallic 1 cores of rocky planets during their differentiation process.
n the other hand, refractory lithophile elements like Ca and the
are Earth Elements are unaffected by these processes. Moderately

efractory lithophile elements such as Li, Mg, and Si, and some
ther moderately volatile lithophile elements such as K and Na,
ollo w a de volatilization trend based on the different condensation
emperatures of the elements (Yoshizaki & McDonough 2020 ; Wang
t al. 2022 ; Spaargaren et al. 2023 ). 

A criterion often invoked in arguments for the geodynamic
redisposition of a planet to host life (so-called ‘habitability’) is
he metal enrichment (Lineweaver, Fenner & Gibson 2004 ; Spitoni,

atteucci & Sozzetti 2014 ; Spitoni, Gioannini & Matteucci 2017 ).
onsequently, initial major elemental ratios such as C/O and Mg/Si
re regarded as especially crucial in modulating the chemistry of early
ondensates and the mineralogy of rocky planets that are conducive
or biological activity to take hold (Mojzsis 2022a ). 

Based on observational results, it has been proposed that these
atios also modulate the types of planet formed (Hinkel et al. 2019 ;
wastik et al. 2022 ). F or instance, Adibek yan et al. ( 2015a ) found

hat low-mass planets are more prevalent around stars with Mg/Si
igher than solar, and in general for stellar hosts with high [Mg/Si]
atios after removing the GCE trend of the two elements. From the
heoretical point of view this is expected (e.g. Frank et al. 2014 ), but
NRAS 524, 6295–6330 (2023) 

 Note that in this context metallic cores are made mostly by Fe and Ni. In the 
est of the paper, we refer as ‘metals’ all the nuclides heavier than H and He. 
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2  
 broader analysis of Mg/Si with respect to exoplanet populations
Spaargaren et al. 2023 ) is warranted. 

Given the above criteria, simulations of planetary formation and
volution demand a better understanding of the connection between
CE models for the composition of stars in the solar neighbourhood,

nd the particular compositional characteristics observed for the
lanet-hosting stars and for their planets (e.g. Santos et al. 2017 ;
dibekyan et al. 2021 ; Khorshid et al. 2022 ; Turrini et al. 2021 ,
022 ; Jorge et al. 2022 ; Pacetti et al. 2022 ; Reggiani et al. 2022 ;
onte et al. 2023 ). Consequently, GCE models can be used then as a

heoretical source for the initial abundances at planet formation for
ll elements (observed with different uncertainties or not available
n the stellar spectra) at different times and locations in the Galaxy,
nd as a benchmark for the results of planet formation obtained from
imulations (Frank et al. 2014 ; Mojzsis 2022b ). 

With respect to the origin of the gas and ice giant planets in
ur Solar System and beyond, their present C/O-ratio has been
roposed as a diagnostic to distinguish between different formation
rocesses where gas accretion or capture of planetary material may
ominate, with following modifications of the initial C/O-ratio (e.g.

¨ berg, Murray-Clay & Bergin 2011 ; Madhusudhan et al. 2016 ;
adhusudhan 2019 ). In particular, Turrini et al. ( 2021 ) show that
hen the capture of planetary material is the dominant source of
lanetary metallicity, the C/O-ratio of giant planets is close to the
tellar C/O-ratio (Turrini et al. 2022 ). For giant planets where the
ccretion of disc gas is the dominant source of the planetary metallic-
ty, the C/O-ratio can be both super-stellar and sub-stellar depending
n the chemical structure of the circumstellar disc where the giant
lanet was born (Pacetti et al. 2022 ). The precise determination of the
tellar C/O-ratio therefore may provide information on the planet-
ormation history and the native circumstellar disc if the C and O
bundances of giant planets can be determined (Pacetti et al. 2022 ;
urrini et al. 2022 ). For observ ational v alidations, see also Carleo
t al. ( 2022 ), Guilluy et al. ( 2022 ), and Biazzo et al. ( 2022 ). Recent
tudies further expanded the range of elements that can be used to
nvestigate the formation history of gas giant planets to N (Bosman,
ridland & Miguel 2019 ; Öberg & Wordsworth 2019 ; Cridland et al.
020 ; Turrini et al. 2021 ; Pacetti et al. 2022 ; Turrini et al. 2022 ) and
 (Turrini et al. 2021 , 2022 ; Pacetti et al. 2022 ). In particular, Turrini
t al. ( 2021 , 2022 ) argue that the combined use of the abundance
atios of elements with different volatility like C, O, N, and S provides
ore unequivocal constraints on the planet-formation history than
/O alone. As an example, the C/N ratio will monotonically grow
ith migration for solid-enriched giant planets and decrease for gas-
ominated giant planets, also in those cases where the C/O-ratio
emains close to stellar (Turrini et al. 2021 , 2022 ). Furthermore,
urrini et al. ( 2021 , 2022 ) showed that the information provided
y these elemental ratios becomes immediately accessible once the
lanetary abundances are normalized to the stellar abundances and
hat the use of this normalized scale allows for the straightforward
omparison between giant planets formed around different stars, as
ater supported by observational studies (Kolecki & Wang 2022 ;
iazzo et al. 2022 ). For a recent application with C and S on James
ebb Space Telescope ( JWST ) data, see Crossfield ( 2023 ). 
While the observed and/or inferred elemental ratios from other

earby planetary systems constrains our knowledge about them,
he Solar System will still remain a fundamental benchmark for
heoretical planetary models. In this case, physical properties and
sotopic anomalies found in meteoritic material provide the data to
onstrain the main features and structures in the earliest stages of
he proto-solar disc (e.g. Burkhardt et al. 2019 ; Brasser & Mojzsis
020 ), and/or the following core formation and accretion time-
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Figure 1. Model abundance (in mass fraction X) profile for the elements H, 
He, C, N, O, Mg, Si, S, and Fe for two AGB stars with initial mass M = 3 
M � (upper panel) and M = 5 M � (lower panel), and Z = 0.02 (Ritter et al. 
2018b ). The boundary of the A GB en velope is at about M = 0.64 M � and 
M = 0.876 M � for the 3 M � and 5 M � models, respectively. As a reference, 
the initial elemental abundances are reported with empty symbols of the same 
colour of the reference lines (circles and squares are used for elements plotted 
with continuous lines, and squares for dashed lines). 
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cale of giant planets, in particular of Jupiter (e.g. Kruijer et al.
017 ; Nanne et al. 2019 ). The Solar System also shows us the
mportance of using the information on the stellar composition 
o validate exoplanetary observations. The comparison between 
upiter’s elemental abundances and the Solar ones, in particular, may 
llow us to infer the Jovian Mg/O, Fe/O e Si/O ratios and quantify
ow the formation of refractory oxides alters the atmospheric C/O 

atio of the giant planet (Fonte et al. 2023 ). 
Whereas the collection and impro v ement of abundance data for

tars within a few hundred parsecs has long been a priority (e.g. the
AIA-ESO and the GALAH surv e ys, see Gilmore et al. 2012 and De
ilva et al. 2015 , respectively), such a capability for planets is in its

nfanc y. In the ne xt tw o decades, observatories lik e JWST (Beichman
t al. 2014 ) and ARIEL (Atmospheric Remote-sensing Infrared 
xoplanet Large-surv e y; Tinetti et al. 2018 ; Turrini et al. 2018 ;
dwards et al. 2019 ) will expand and deepen the amount of planetary
bundance data mostly from retrieved spectra from (hot) planetary 
tmospheres, gathering data in alignment with other existing and 
uture f acilities lik e e.g. TESS (Transiting Exoplanet Surv e y Satellite,
icker et al. 2015 ), CHEOPS (Characterizing ExoPlanets Satellite; 
roeg et al. 2013 ), and PLATO (Planetary Transits and Oscillations 
f stars; Rauer et al. 2014 ). For a comprehensive list of present
nd future facilities and observatories, we refer to Tinetti et al. 
 2018 ). This will be the framework in the coming years where
CE, planet formation, nuclear astrophysics and stellar and planetary 
bservations will be parallelized to provide a new comprehensive 
icture of stellar and planet systems formation and evolution. 
This work begins with an analysis of the stellar production (Sec- 

ion 2 ) and the galactic chemical evolution (Section 3 ) of the elements
hat are crucial for the formation of planets, as discussed abo v e: C,
, O, Mg, Si, and S. We present the main uncertainties associated
ith stellar observations and solar abundances in Section 4 , followed 
y the main results in Section 5 , and conclusions in Section 6 . 

 P RO D U C T I O N  O F  ELEMENTS  IN  STARS  

t is well established that multiple stellar sources contributed to 
he chemical enrichment of the MW disc. In particular, the main 
ource of metals are core-collapse supernovae (CCSNe; see e.g. 
oosle y, He ger & Weaver 2002 ; Nomoto, Kobayashi & Tominaga

013 ), asymptotic giant branch stars (AGB stars e.g. Herwig 2005 ;
arakas & Lattanzio 2014 ), and thermonuclear supernovae (SNIa; 

.g. Hillebrandt et al. 2013 ). We discuss each of these stellar metal
ources that ultimately go into planet formation and present some 
xamples below. 

For the metallicity range typical of stars in the solar neighbour- 
ood, the bulk inventory of N can be explained by production from
ow-mass and intermediate-mass AGB stars (M � 8 M �). AGB stars
lso make an amount of C comparable to the CCSNe contribution 
Kobayashi et al. 2020) or larger (e.g. this work and Goswami &
rantzos 2000 ; Chiappini, Romano & Matteucci 2003 ), with the 
elati ve rele v ance of the two sources that is still matter of debate
e.g. Prantzos, Vangioni-Flam & Chauveau 1994 ; Romano et al. 
017 ). The AGB phase is the last evolutionary stage before these
ow-mass and intermediate-mass stars eject their entire envelope 
nto the interstellar medium (ISM) and evolve as planetary nebula, 
hen develop into white dwarfs. With respect to the production of
he elements, the AGB phase is crucial since this is when the bulk
f new metals under consideration here are made and ejected. For
ecent studies of the nucleosynthesis in AGB stars, we refer to e.g.
ristallo et al. ( 2015 ), Karakas & Lugaro ( 2016 ), Jones et al. ( 2016 ),
isterzo et al. ( 2017 ), Battino et al. ( 2019 ), and den Hartogh et al.
 2019 ). In Fig. 1 , the abundance profiles for 3 M � and 5 M � AGB
tellar models by Ritter et al. ( 2018b ) are shown close to the end of
he evolution of these stars. The stellar envelope (to the right in the
lot, where H is present) contributes to the enrichment of the ISM,
hile the interior part is the remnant that will form the future White
warf. In the 3 M � model (top panel, Fig. 1 ), the largest enhancement

ppears for the species C and N, with much smaller increase for O,
g, and He. In particular, the envelope becomes C-rich, with C/O >

. Conversely, the initial Si, S, and Fe show no modification. Only
mall variations are triggered by the acti v ation of shell He-burning
nd shell H-burning in the He-intershell just below the envelope, 
hich are not sufficient to modify the pristine elemental abundances. 

n the bottom panel of Fig. 1 , the A GB en velope in the 5 M � model
ho ws a rele v ant enrichment in N and C, with smaller increases of
g, He, and O. 
Moreo v er, massiv e stars and CCSNe produced the bulk of O and
g in stars in the MW disc, as well as rele v ant quantities of C, N, Si,

, and Fe. For these stellar objects, a substantial amount of the initial
ass is lost by stellar winds, but most of the metals are ejected in the
nal CCSN explosion (e.g. Woosley et al. 2002 ). A contemporary
ie w, ho we ver, is that not all massive stars will successfully explode
MNRAS 524, 6295–6330 (2023) 
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Figure 2. Abundance (in mass fraction X) profiles for the elements H, He, 
C, N, O, Mg, Si, S, and Fe for CCSN models from massive-star progenitors 
with initial mass M = 15 M � (upper panel), M = 20 M � (central panel) and 
M = 25 M � (lower panel) and Z = 0.02 (Ritter et al. 2018b ). The deepest 
ejecta are shown to the left, while the H-rich envelope is located to the right 
of the plots. Material that forms the compact central neutron star directly, or 
that will afterwards fall back onto it, is not considered. 
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s CCSN. Depending on the progenitor structure and on details
ssociated with the as yet poorly understood explosion mechanism,
ot all the material ejected by the SN explosion manages to escape
nd fall back to the compact central object (e.g. Fryer et al. 2012 ;
gliano et al. 2012 ; Fryer et al. 2018 ; Ott et al. 2018 ). In the most

xtreme cases, all the ejecta fall back and only the winds contribute to
he ISM enrichment. Present uncertainties of the CCSN mechanism,
o we ver, continue to undermine the efficacy of theoretical simula-
ions (e.g. Janka, Melson & Summa 2016 ; M ̈uller 2016 ; Fryer et al.
018 ; Burrows & Vartanyan 2021 ). Direct observations of recent
CSN remnants appear to confirm that a large variety of ejecta and
nergetic configurations are indeed possible (e.g. Nomoto et al. 2013 ;
martt 2015 ; Martinez et al. 2022 ). It is unlikely that these different
ossibilities observed in recent CCSNe are mostly due to physics
echanisms seldom included in stellar model sets like rotation (e.g.
eger, Langer & Woosley 2000 ; Hirschi, Meynet & Maeder 2005 ;
imongi & Chieffi 2018 ) and/or more exotic types of supernova
xplosion like pair-instability supernovae (e.g. Heger & Woosley
002 ; Kozyre v a, Yoon & Langer 2014 ; Takahashi, Yoshida & Umeda
018 ; Goswami et al. 2022 ), which are expected to be more rele v ant
or stars at low metallicity. The start of a successful or weaker CCSN
xplosion shown by the observations is instead most likely affected
y the details of the stellar progenitor structure and by its interaction
ith the forming SN shock (Wongwathanarat, Janka & M ̈uller 2013 ;
urrows & Vartanyan 2021 ; Varma, M ̈uller & Schneider 2023 ). For

ecent studies of the nucleosynthesis in massive stars and CCSNe,
e refer to e.g. Pignatari et al. ( 2016 ), Sukhbold et al. ( 2016 ), Ritter

t al. ( 2018b ), Limongi & Chieffi ( 2018 ), Curtis et al. ( 2019 ), Ebinger
t al. ( 2020 ), and Andrews et al. ( 2020 ). 

Fig. 2 shows the abundance profile of the CCSN ejecta of 15
 �, 20 M �, and 25 M � models by Ritter et al. ( 2018b ). The 15
 � model shows the most classical onion-layer structure (top panel,

ig. 2 ). The e xplosiv e Si-burning and e xplosiv e O-burning ejecta are
queezed within the inner mass range 0.2–0.3 M �, producing a peak
f Fe (originally made as 56 Ni, which will decay to 56 Fe powering the
eak of the CCSN light curve) and a peak of Si and S, respectively.
oving outward (toward the right in the plot), we find the O-rich

nd Mg-rich extended ashes of pre-supernova C fusion. The next
arge He-rich region represents the remains of the He-shell, with
nrichment in C and O and the signature of e xplosiv e He-burning at
he bottom (i.e. the Mg peak and a small Si peak at M = 3.1 M �). At
he top of the He-ashes are the remains of the pre-supernova H-shell,
here C and O are consumed to make N. Finally, at the right edge
f the plot is the H-rich envelope of the star. Such a structure is
ommon and is shared across several sets of 1D CCSN models (e.g.
 oosley & W eaver 1995 ; Thielemann, Nomoto & Hashimoto 1996 ).
The 20 M � and 25 M � models show a fundamental difference

hen compared to the 15 M � model. In the 20 M � model case
he e xplosiv e Si-burning layers are not ejected, and only a fraction
f the e xplosiv e O-burning escapes the gravitational bounds of the
entral compact object. Such a model represents what is dubbed a
aint supernova (e.g. Heger et al. 2003 ; Nomoto et al. 2013 ), where
he same nucleosynthesis as that in the 15 M � star produces very
ifferent Si/Fe or Mg/Si ratios in the ejecta, due to the different
utcome of the CCSN explosion. 
Faint CCSNe are considered potential sources of the peculiar

tellar abundances observed in a number of old metal-poor stars, such
s the so-called CEMP-no stars, i,e. carbon-enhanced, metal-poor
tars with no enrichment of heavy elements (e.g. Beers & Christlieb
005 ; Ishigaki et al. 2014 ; Bonifacio et al. 2015 ; Maeder, Meynet &
hiappini 2015 ; Lee, Beers & Kim 2019 ; Zepeda et al. 2023 , and

eferences therein). In fact, the most Fe-poor star known, SMSS
NRAS 524, 6295–6330 (2023) 
031300.36-670839.3, was proposed to carry the unique abundance
ignature of an Fe-poor faint CCSNe (Keller et al. 2014 ; Bessell et al.
015 ; Nordlander et al. 2017 ). Wehmeyer et al. ( 2019 ) discussed
he contribution of faint CCSNe to explain the observed scatter of
eavy element r-process enrichments with respect to iron in the
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arly Galaxy. Those GCE simulations assume as main r-process 
ources neutron-star mergers and neutron star- black hole mergers, 
here black holes are considered as the remnants of faint CCSNe.
evertheless, the contribution of faint CCSNe to GCE is not well 
efined. This applies also to the MW disc, although SN light curves
nd remnants of recent faint CCSNe explosions are observed (e.g. 
omoto et al. 2013 ). 
In Fig. 2 , the 25 M � model exhibits an even more extreme case

f faint supernovae, where the whole explosive O-burning layers 
re not ejected. Even so, depending on the CCSN explosion energy 
nd the progenitor structure, a more or less ef fecti v e e xplosiv e He-
urning can produce Mg, Si, and even S in rele v ant quantities (see
ass coordinates M = 5 M � and M = 7–7.5 M � for the 20 M �

nd 25 M � models, in the central and bottom panels in Fig. 2 ,
espectively). Analysis of the presence of a C/Si zone at the bottom
f the He shell during the CCSN explosion explains the anomalous 
bundance signature measured in C-rich presolar grains made in 
CSNe (Pignatari et al. 2013 ). In terms of contribution to the total
CSN yields, the e xplosiv e He-b urning contrib ution to Mg, Si, and
 is typically small compared to that of the e xplosiv e Si- and O-
urning ejecta. Yet, in the case of faint CCSNe, the contribution of
he external layers to the total ejecta of these elements can be rele v ant.
he relative contribution between standard CCSNe and faint CCSNe 

o the GCE of the MW disc and of the solar neighbourhood is not
nown. We will return to this point in the next section. 
There are additional major uncertainties that need to be considered. 

ccording to basic stellar evolution principles, and considering the 
uclear reactions involved, O and Mg are produced and ejected in 
he same CCSN layers and therefore ought to scale nearly perfectly 
o each other in their GCE history. Pre-supernova He-burning makes 
 via the 12 C( α, γ ) 16 O reaction, together with a small amount
f Mg. During C-fusion, O is left mostly unchanged whereas Mg
s made efficiently in the form of 24 Mg via the 20 Ne( α, γ ) 24 Mg
eaction. In the following evolutionary stage, O-fusion destroys both 
 and Mg. Therefore, the Mg/O ratio should be quite similar in

he C-burning ashes of all CCSNe (e.g. Arnett & Thielemann 1985 ;
hielemann & Arnett 1985 ; Chieffi, Limongi & Straniero 1998 ). 
hen again, e xplosiv e He-burning decouples O and Mg, where O

eeds the production of Mg (and eventually Si and S) via a sequence
f α-capture reactions (Pignatari et al. 2013 ). 
In a similar way, the production of Si and S is generally expected

o be connected, since these elements are produced together by the 
wo main O-burning fusion channels in the form of their stable 
sotopes 28 Si and 32 S, respectively (e.g. Thielemann & Arnett 1985 ). 
t is apparent that abundance profiles of Si and S, ho we ver, change
ignificantly in the models shown in Fig. 2 . In the C-burning ashes of
he 20 M � and 25 M � models, nuclear reactions have already started
o make Si, while S is only marginally modified. In these CCSN
xplosions, it is evident that the C-ashes and eventually explosive 
e-burning products shape the S/Si ratio in the yields. In the 15 M �
odel, we find instead that the ratio S/Si < 1 typical of O-burning is

hown only in the small region shaped by the e xplosiv e O-burning
M ∼1.6 M �). The C-ashes instead show a ratio S/Si > 1, with both
i and S being more than 10 per cent in mass fraction. This is the
ignature of the C-O shell merger, which occurs during the pre-SN 

volution of the star and allows for the pollution of the C shell with
-burning products, with a signature quite different compared to 
ure O-burning material. 
The study of the interaction between the conv ectiv e C-shell and
 shell up to a complete C-O shell mergers was considered in
revious nucleosynthesis studies (Rauscher et al. 2002 ; Clarkson, 
erwig & Pignatari 2018 ; Ritter et al. 2018a ). In these conditions,
he predicti ve po wer of 1D models is limited and multidimensional
ydrodynamics simulations are required (e.g. Meakin & Arnett 2006 ; 
ristini et al. 2017 ; Andrassy et al. 2020 ; Clarkson & Herwig 2021 ).
he potential rele v ance of these events in triggering the asymmetries

n the progenitor structure fa v ouring successful CCSN explosions 
s also a matter of debate (e.g. Janka 2017 ; Ott et al. 2018 ). For the
urpose of our analysis, this implies that some scatter can be expected 
or the S/Si ratio in CCSN ejecta. The same scatter could be possibly
isible in stellar observations, if observational uncertainties are small 
nough (Chen et al. 2002 ; Reddy et al. 2003 ; Reddy, Lambert &
llende Prieto 2006 ). Therefore, the common assumption made in 

orward simulations of planetary formation, where the initial Si and S
bundances scale together with respect to the solar abundances (e.g. 
itsch & Battistini 2020 ) needs to be carefully checked against the

pectroscopic data from the stellar host, or with GCE simulations, 
hen S observations are not available. 
The last stellar source we consider here are Supernovae Type-Ia 

SNIa) which are responsible for the synthesis of the bulk of Fe
easured in stars in the MW disc, as well as a significant fraction

f Si and S. Uncertainties surround the relative importance of the
ingle-degenerate scenario (where the SNIa explosion is triggered 
y accretion of material on a CO-WD reaching the Chandrasekhar 
ass) with respect to the double-degenerate scenario (where the 
NIa explosion is triggered by the merger of two CO-WDs) in the
NIa population of galaxies at present. (Hillebrandt et al. 2013 ).
 complementary matter of discussion is the relative contributions 
f SNIa explosions from Chandrasekhar-mass progenitors and sub- 
handrasekhar-mass explosions, where also in the single-degenerate 

cenario a SNIa may explode before reaching 1.44M �. To explain the
CE of the ratio [Mn/Fe] 2 in the MW disc, Kobayashi et al. ( 2020a ),
eitenzahl et al. ( 2013 ), and Eitner et al. ( 2020 ) concluded that only
5 per cent, 50 per cent, and 25 per cent of all the SNIa population
hould be from Chandrasekhar-mass progenitors, respectively. On 
he other hand, based on observational surv e ys of early-type galaxies,

oods & Gilfanov ( 2013 ) and Johansson et al. ( 2016 ) determined
hat only a few per cent of all SNIa should be from Chandrasekhar-

ass progenitors. These two conclusions are obviously at odds with 
ne another and warrant further study . Finally , it is also important to
ote that from a study of 407 SNIa in older massive Red-Sequence
alaxies and younger less massive Blue-Cloud galaxies, Hakobyan 
t al. ( 2020 ) showed that about one-third of all SNIa events are
eculiar, possibly related to the contribution from double-degenerate 
D mergers, and that the diversity of SNIa progenitors may also be

ue to the age of the progenitor. Such a phenomenological diversity
s difficult to capture within GCE simulations, but it will need to be
onsidered in the future. 

Fig. 3 shows the abundances normalized to their solar values 
or the elements between Mg and Fe for SNIa models computed
ith the same initial 22 Ne abundance equi v alent to a metallicity of
 = 0.014 (Keegans et al. 2023 ). The three models correspond to
xplosions of different masses of WD: 1.37 M � (Townsley et al.
016 ), 1 M � (Shen et al. 2018 ), and 0.8 M � (Miles et al. 2019 ). For
he elements around Fe, the 1.37 M � and 1 M � progenitors produce
ery similar distributions, while the lowest mass progenitor produces 
ar less of these in absolute abundances. For Fe itself, the production
actor in the low-mass case is almost an order of magnitude lower
han in the other two models. On the other hand, for the elements
MNRAS 524, 6295–6330 (2023) 
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Figure 3. Elemental abundances (normalized to the solar values) in the mass 
region between Si and Fe for the SNIa models by Townsley et al. ( 2016 ), Shen 
et al. ( 2018 ), and Miles et al. ( 2019 ), with progenitor masses 1.37 M �, 1 M �, 
and 0.8 M �, respectively. Yields are calculated by Keegans et al. ( 2023 ). 
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f interest in our discussion here, Si and S production factors are
imilar in the figure, and show only minor variations between the
ifferent models. This is because Si and S are typically produced
n the same e xplosiv e conditions, and they are ejected together in
he SNIa ejecta. This makes their production less sensitive to the
ele v ant stellar uncertainties. Note that the contribution time-scale
or delay-time) to GCE from different types of SNIa explosions
ay change depending on how the explosion was triggered in the

tellar progenitors. Standard Chandrasekhar-mass SNIa accreting H
ill have a long delay-time (in the order of 1 Gyr , see e.g. Ruiter ,
elczynski & Fryer 2009 ). This would be the case for the models by
o wnsley et al. ( 2016 ), sho wn in Fig. 3 . Sub-Chandrasekhar-mass
NIa accreting He from a WD companion have a comparably long
elay-time to the standard Chandrasekhar-mass SNIa (e.g. Gronow
t al. 2021a ). This would be the scenario compatible with the Shen
t al. ( 2018 ) and the Miles et al. ( 2019 ) models shown in Fig. 3 .
n the other hand, in case He would have been accreted by a He-
urning star, the delay-time of Sub-Chandrasekhar-mass SNIa would
e much shorter (in the order of few hundred million years, see e.g.
uiter et al. 2014 ). Ho we v er, in the present conte xt where different

ypes of SNIa produce yields with similar S/Si abundance ratios, the
CE impact of varying the delay-time for different SNIa progenitors
ould be marginal. 

 G C E  M O D E L S  A N D  SIMULATIONS  

o explore the GCE of the solar neighbourhood we produced a set
f 198 models; we use the OMEGA GCE code (One-zone Model for
he Evolution of GAlaxies; C ̂ ot ́e et al. 2017 ) to calculate elemental
bundance ratios in the ISM for several choices of stellar-yield sets
nd of the contribution from faint CCSNe yields. OMEGA has also
n option for including any number of extra enrichment sources, in
ddition to the mass- and metallicity-dependent yields from AGB
tars, massive stars, CCSNe, and SNe Ia described abo v e which
re included by default in the code. The OMEGA code, the simple
tellar population (SSP) model SYGMA (Stellar Yields for Galactic

odeling Applications; Ritter et al. 2018b ), and the STELLAB
STELLar ABundances) module used to plot the observational data
re all part of the publicly available NuGrid chemical evolution
ramework. 3 Here we give a brief description of the OMEGA code. 
NRAS 524, 6295–6330 (2023) 
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The evolution of the mass of the gas-reservoir in the Galaxy as
 function of time can be expressed in terms of the gas inflow rate
˙
 inflow ( t), the rate at which gas is ejected from stars Ṁ ej ( t), the star-

ormation rate (SFR; Ṁ � ( t)), and the outflow rate of gas from the
alaxy Ṁ outflow ( t) (e.g. Tinsley 1980 ; Gibson et al. 2003 ; Matteucci
021 ), where 

˙
 gas ( t) = Ṁ inflow ( t) + Ṁ ej ( t) − Ṁ � ( t) − Ṁ outflow ( t) . (1) 

he gas ejected by stars is assumed to mix instantaneously with
he ISM, so that the metallicity of the gas-reservoir is al w ays
omogeneously distributed, as is the case for all one-zone GCE
odels. OMEGA also includes a simple treatment of galactic inflows

nd outflows. Since stellar feedback is assumed to drive the gas
utflows, then 

˙
 outflow ( t) = ηṀ � ( t) , (2) 

here the mass-loading factor η is a free parameter controlling the
agnitude of the gas outflow (e.g. Murray, Quataert & Thompson

005 ; Muratov et al. 2015 ). The inflow of primordial matter is a
atalyst for star-formation in the Galaxy; ho we ver, OMEGA uses the
tar-formation history to determine the SFR rather than the inflow
ate. For further details regarding the treatment of galactic inflows in
MEGA we refer the reader to C ̂ ot ́e et al. ( 2017 ). 
At each timestep, OMEGA creates a simple stellar population (SSP)

ith a mass proportional to the SFR at that time, which is proportional
o the total mass of gas in the Galaxy following the Kennicutt–
chmidt law (Schmidt 1959 ; Kennicutt 1998 ): 

˙
 � ( t) = f � Ṁ gas ( t) , (3) 

here f � = ε� / τ � is a combination of the dimensionless star-formation
fficiency ε� and the star-formation time-scale τ � . All stars in a given
SP have the same initial metallicity – that of the gas-reservoir – since

hey are all assumed to have formed from the same parent gas cloud.
t each timestep, the SYGMA code calculates the combined integrated
ields from all the SSPs that are currently in the Galaxy. Ho we ver,
ach star in an SSP will eject material at different times according to
he delay-time distribution (DTD) function of the specific progenitor.
or a galaxy with j SSPs at time t , the combined integrated yield
eturned by SYGMA is given by 

˙
 ej ( t) = 

∑ 

j 

Ṁ ej 

(
M j , Z j , t − t j 

)
, (4) 

here Z j and M j are the initial mass and metallicity of the j th SSP
hat was born at time t j . Significantly for the present study, if an extra
ource (e.g. faint CCSNe) is added to SYGMA , then a DTD must also
e assigned to it, in addition to specifying the yields, the number of
vents per M �, and the mass ejected per event. 

Here, we assume that a fraction of massive stars f faint with initial
ass M abo v e a giv en mass threshold M min will e xplode as faint
CSNe, rather than wholly as regular CCSNe. At the moment, it is

till unclear if faint CCSNe have a significant impact on the GCE.
ndeed, their presence may be hidden in the variations due to the
ncertainties affecting the yields of CCSNe. Although previous GCE
tudies adopted various CCSN yields from the literature, they might
ave mitigated faint CCSN uncertainties by varying other parameters
uch as the slope of the IMF, the range of stellar masses contributing
o the nucleosynthesis, the star-formation efficiency, and the strength
f large-scale gas flows (e.g. Gibson 1997 ; Romano et al. 2010 ;
oll ́a et al. 2015 ; C ̂ ot ́e et al. 2017 ; Philcox, Rybizki & Gutcke 2018 ).
iven the lack of constraints for the value of f faint , we consider values
etween 0 and 1 in order to fully explore the potential impact of faint
CSNe. 

http://nugrid.github.io/NuPyCEE
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Table 1. Summary of the GCE models used in this work with their properties: 
name (used in the text), stellar yields set identifier (see the details in the text), 
faint CCSN model if included, and its frequency with respect to the default 
yields. 

Yield identifier faintSN model faintSN weight M up (M �) 

K06 – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

K10 – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

R18 – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

R18d – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

R18h – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

L18 – no, 20, 40, 100 
m20, m25 f0p10, f0p25, f0p50, 20, 40, 100 
m20, m25 f0p75, f1p00 20, 40, 100 

The extra sources ‘m20’ and ‘m25’ correspond to the M = 20 M �
and the M = 25 M � faint CCSN models by Ritter et al. ( 2018b ), 
respectively (Fig. 2 , central panel and lower panel). The last col- 
umn provides the upper limit of stellar masses contributing to the 
GCE (in solar masses). The models name are designed as follows: 
o < yield identifier >< faintSN model >< faintSN weight > , where the initial 
o stands for OMEGA . 
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Since both faint and regular CCSNe share the same type of
rogenitors, the only defining factor between the two types of explo- 
ion mechanisms are their yields. Therefore, for M > M min we make
he simplification that faint and regular CCSNe occur at the same 
requency in the Galaxy, but we apply a f faint correction factor to the
ields of faint CCSNe, and a 1 − f faint correction factor to yields of the
atter. We make no modifications to the yields of CCSNe that result
rom massive-star progenitors with M < M min . The models considered 
or this work are summarized in Table 1 . The adopted name scheme
s o < yield identifier >< faintSN model >< faintSN weight > . The
erm M up represents the mass of the most massive stars that can
ontribute to the GCE. All stars with an initial mass abo v e M up are
ssumed to directly collapse into a black hole without any ejecta. 

With regards to stellar yields, for AGB stars the oK06, oR18, 
R18d, and oR18h sets use Ritter et al. ( 2018b ), while the oK10 and
L18 models use the yields by Karakas ( 2010 ). The CCSN yields by
obayashi et al. ( 2006 ) are adopted in the oK06 and oK10 models,
nd non-rotating massive-star yields by Limongi & Chieffi ( 2018 ) 
re adopted in the oL18 models. The remaining sets of models use
ifferent yield setups by Ritter et al. ( 2018b ). In particular, oR18d,
R18, and oR18h use the same AGB stellar yields, but oR18d use
he CCSN models with a delayed explosion setup (Fryer et al. 2012 ),
R18h is the same as oR18d but the 12 M � yields are not included,
hile for oR18 CCSN models adopt a classical mass cut defined by

he electron fraction ( Y e ) jump in the progenitor structure (C ̂ ot ́e et al.
017 ). For all GCE models, the OMEGA default W7 SNIa yields by
wamoto et al. ( 1999 ) are used for all metallicities. Notice that within
ur GCE platform there are multiple sets of SNIa yields available 
e.g. Lach et al. 2020 ; Gronow et al. 2021b ). Ho we ver, since for the
lements considered in this study the impact of using different SNIa
ields is much smaller compared to CCSN yields, we decided to not
odify the default setup for the models discussed here. 
For each GCE model setup described abo v e, a number of models

re generated with five faint CCSN weighting factors of 10 per cent,
5 per cent, 50 per cent, 75 per cent, and 100 per cent, respectively,
nd two types of faint CCSNe: the stellar model of 20 M � by Ritter
t al. ( 2018b ; model m20, Fig. 2 , central panel), and 25 M � (model
25, Fig. 2 , lower panel). The additional contribution of faint CCSNe 

s considered for stellar progenitor masses larger than M min = 15
 �. The weighting factor mentioned abo v e pro vides the relativ e

ontribution of faint CCSNe compared to default SNe yields for the
ass range M > M min . 
Analogous GCE model sets are generated considering three differ- 

nt M up : 20 M �, 40 M �, and 100 M � as the value of M up is uncertain
nd it is still a matter of debate. While M up = 40 M � and 100 M �
re more typical choices, we also considered in our calculations 
he lower value at 20 M �, which would be more consistent with
bservations from CCSN remnants and their progenitors (e.g. Smartt 
015 ; Davies & Beasor 2018 ). Such a lack of CCSNe from massive
tars with initial mass M � 20 M � also seems to be plausible for
tellar simulations, where a rele v ant population of massive stars with
nitial mass larger than 20 M � may fail to explode (e.g. Sukhbold
t al. 2016 ; Fryer et al. 2018 ), and it is indepently confirmed by
irect element observations of late-time supernova spectra (e.g. 
erkstrand et al. 2014 , 2015 ; Silverman et al. 2017 , and references
herein). 

That the chemical evolution of the solar neighbourhood is com- 
lex and a challenging task for GCE, is an understatement (e.g.
oswami & Prantzos 2000 ; Kobayashi et al. 2011 ; Moll ́a et al.
015 ; Prantzos et al. 2018 ; Kobayashi et al. 2020; Prantzos et al.
023 ). This is because stars that are observed within a few hundred
arsecs from the Sun may have formed from material with radically
if ferent chemical e volution histories from one another and from
ur star. In fact, the observed [Fe/H] varies by about an order of
agnitude and some stars may have formed after the Sun, or billions

f years earlier and shortly after the formation of the Galaxy (e.g.
D140283; Siqueira-Mello et al. 2015 ). This variety should be taken

nto account, because the rele v ance of different stellar sources varies
uring the galactic evolution time-scale (e.g. Matteucci & Greggio 
986 ). Stellar ages of nearby stars can be derived with a precision
f about 1 billion years (e.g. Nissen et al. 2020 ). We emphasize that
he age of the star needs to be considered together with the stellar
bundances in order to fully understand the elemental composition 
irectly observed using spectroscopic data, and that can only be 
nferred (e.g. Spina et al. 2016 ). 

As an example, Fig. 4 shows the evolution with [Fe/H] of the
lements in model oK06no along with some reference evolution 
ime-scales. Model oK06no provides a good match to the solar 
bundances for the elements considered at the time when the Sun
ormed (8.7 Gyr). The predicted [Fe/H] is about 10 per cent higher
han solar. Carbon (mostly made by AGB stars) and O (mostly

ade by massive stars) are both about 60 per cent too low. The
lements N, Mg, and S are reproduced within 10 per cent for solar
aterial, while Si (made by both massive stars and SNIa) is about

0 per cent higher. Ho we ver, this same model, when considering
oth the chemical enrichment and evolution time-scale, may not be 
ppropriate to use for another star, even one with solar metallicity.
e will use the same four reference GCE time-scales shown in

ig. 4 (1.0, 3.1, 8.7, and 12.0 Gyr) in the next section, to also
nalyse the evolution curves of elemental ratios with respect to 
ime. 
MNRAS 524, 6295–6330 (2023) 
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Figure 4. The evolution of the elements of interest with [Fe/H] for the model 
oK06no (see Table 1 for the model name explanation). Stars of different 
colours represent evolution times from the beginning of the simulation. The 
time 8.7 Gyr corresponds to the formation of the Sun. 

Figure 5. The C/O and Mg/Si ratios for stars by R03 and R06 (red stars) 
and S18 (cyan stars). The solar ratios used as reference in the two papers 
are reported, together with a collection of other solar abundances from: A09 , 
Lodders ( 2019 ) using 1D and 3D models for the solar atmosphere (L19 1D 

and L19 3D, respecti vely), Gre vesse & Noels ( 1993 ; GN93), Grevesse & 

Sauval ( 1998 ; GS98), AG89 , and the solar abundances measured using 
HARPS ( D10 HARPS). Ratios discussed by Bond, O’Brien & Lauretta ( 2010 ) 
as rele v ant to the chemistry and dynamics of rocky planets are also reported 
as black-dashed lines. 
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Figure 6. The [C/O] and [Mg/Si] ratios for stellar data by R03 and R06 
(full and open red stars, respectively) and S18 (cyan stars). The indicative 
abundance errors reported by R03 and R06 are in the order of ±0.2 dex for 
[C/O] and ±0.1 dex for [Mg/Si]. The average errors reported by S18 are 
about a factor of two smaller. The same reference lines of Fig. 5 are reported, 
normalized to solar [L19 3D by Lodders ( 2019 )]. The reference solar L19 3D 

is very close to the solar of S18 (see Fig. 5 for comparison). 
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 STELLAR  OBSERVATION  SAMPLES  A N D  

OL AR  A BU N DA N C E S  

ig. 5 shows the abundances from two different stellar samples from
he galactic disc by Reddy et al. ( 2003 ; R03 ) and Reddy et al.
 2006 ; R06 ) and Su ́arez-Andr ́es et al. ( 2018 ; S18 ), together with
heir reference solar ratios. No scaling or normalization has been
pplied to the C/O and Mg/Si ratios. The two observed distributions
xhibit clear discrepancies, where the S18 data have on average
oth higher C/O and Mg/Si ratios. This difference also appears
n the solar abundances used in these surv e ys, with the S18 C/O
nd Mg/Si being factors of 1.38 and 1.29 higher than those of R03
nd R06 , respectively. Fig. 5 also plots C/O and Mg/Si ratios from
everal other solar chemical composition studies. The C/O values
ange by a factor of two, from 0.83 (Delgado Mena et al. 2010 ; D10
ARPS) to 0.43 (Anders & Grevesse 1989 , AG89 ). The Mg/Si ratios

re also scattered, varying between 0.83 (Reddy et al. 2003 , based
NRAS 524, 6295–6330 (2023) 
n their own solar analysis), and 1.23 (Asplund et al. 2009 ; A09).
hese variations indicate that solar abundance differences are not

imited to the two stellar surv e ys employed in our investigation. The
etails of these abundance determinations can be found in the surv e y
apers. We report below some general remarks about observational
ncertainties. 

.1 Comparing results from the abundance sur v eys considered 

ere 

ome of the apparent clashes in Fig. 5 between the C/O and Mg/Si
atios of R03 , R06 , and S18 can be alleviated by a normalization to the
olar abundances derived with the same analysis setup. In this way, it
s possible to remo v e at least some of systematic uncertainties. In
ig. 6 , we report the same stellar ratios shown in Fig. 5 , but

n logarithmic notation and normalized to their respective (and
ifferent) solar reference ratios. Because of these, the two stellar
amples show a much better o v erlap compared to Fig. 5 . The [C/O]
anges are similar, and the [Mg/Si] is also consistent (albeit with
ignificantly more scatter), when excluding outliers with [C/O] �
0.5 and [Mg/Si] � −0.2. The set by S18 is concentrated around

he solar values or slightly higher, while R03 and R06 data are more
cattered toward larger Mg/Si values, up to about 0.2 dex. The larger
anges of both C/O and Mg/Si in the R03 and R06 sample combined
eveals that the two surveys may not draw their targets from the
ame Galactic metallicity/kinematic samples. Indeed, from Fig. 6
e can see that the high Mg/Si-signature is mostly given by R06

tars, which are mostly thick-disc stars. The R03 stars are instead in
etter agreement with the S18 scatter. 
The abundance surv e ys considered here were conducted using

imilar methods. They both used model atmospheres from the
TLAS grid (Kurucz 2011 , 2018 ) and performed equi v alent width
nd synthetic spectrum analyses with the current versions of the same
TE plane-parallel code (Sneden 1973 ). On the other hand, R03 , R06 ,
nd S18 surv e ys hav e different selection functions. The HARPS S18
ample is a subset of ∼500 stars from the HARPS Adibekyan et al.
 2012 ) sample, who chose their objects based on suitability for radial
 elocity surv e ys (slowly rotating FGK stars without chromospheric
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ctivity); the R06 sample was primarily selected from kinematically 
hick Galactic disc but within a given distance and R03 mostly
ncludes selected stars from the kinematically thin Galactic disc. 
ifferent softw are w as emplo yed to measure equi v alent widths, but

he basic procedure is straightforward and accurate for unblended 
pectral lines. The two surv e ys differ either in the choice of species
or study or in the selection of the individual spectral features. Here
e briefly comment on each element. The cited papers describe the 
etails of the analyses and discuss the uncertainties. 
Carbon: R03 and R06 employed six high-excitation C I lines, 

sing transition probabilities in agreement with those currently 
ecommended by the curated NIST Atomic Spectra Database. 4 S18 
dopted C abundances derived from the CH molecular G-band by 
u ́arez-Andr ́es et al. ( 2017 ). Both C I and CH can yield reliable C
b undances in solar -type stars, b ut the response of these two species
o variations in atmospheric temperature and gravity parameters is 
issimilar. This could justify the existence of rele v ant dif ferences in
he derived abundances when using these two observational sources. 
or additional comments on transitions and references to solar C 

tudies see Asplund, Amarsi & Grevesse ( 2021 ). Note that Delgado
ena et al. ( 2021 ) re-derived the C abundance for the HARPS

ample ( S18 ) using atomic lines C I (like R03 and R06 ): they derived
ypically larger C abundances compared to S18 , especially for cool 
nd metal-poor stars. Therefore, the same [C/O] variation seen in 
.g. Fig. 5 for S18 with respect to R03 and R06 would have been
omparable or larger if we would have used Delgado Mena et al.
 2021 ) data instead of S18 . 

Oxygen: No molecular species are available in the optical spectral 
egime, and there are very few detectable O I lines. R03 and R06
eriv ed O abundances e xclusiv ely from the high-excitation O I 7700

triplet lines. S18 adopted instead their abundances from Bertran 
e Lis et al. ( 2015 ), who employed a unique combination of the
O I ] 6300 Å ground-state line and a high-excitation O I line at
158 Å. The high-excitation lines of this species have long been 
nown to exhibit departures from local thermodynamic equilibrium 

Caffau et al. 2008 ; Asplund et al. 2021 ). The 6300 Å[O I ] line is
ery weak in solar-type stars, and is significantly blended with a Ni I
ransition (Allende Prieto, Lambert & Asplund 2001 ). Such concerns, 
long with different transition choices in the two surv e ys, serv e as
autionary notes. 

Magnesium: Mg I lines are the only reliable Mg abundance 
ources. MgH lines are detectable near 5000 Å, but they are weak
nd very blended with strong atomic lines and C 2 molecular features. 
here are relatively few available Mg I transitions, and those well 
nown ones are often very strong. Many of the usually employed 
ines (4730.00 Å, 4730.30 Å, the Fraunhofer ‘b’ triplet, 5528 Å, 
nd 5711.10 Å) are saturated in the solar spectrum: log( EW / λ) >
4.8 (Moore, Minnaert & Houtgast 1966 ). Therefore, the derived 
g abundances depend on atomic damping parameters and on the 

dopted atmosphere conditions in the outer photospheric model. R03 
nd R06 selected three Mg I lines, two of which are weak enough to be
elati vely sensiti ve to Mg abundances. S18 adopted the abundances 
rom Adibekyan et al. ( 2012 ), who in turn used the line lists of Neves
t al. ( 2009 ) for their study of three Mg I lines, with just one of them
eing in common with R03 and R06 . The log( gf ) values are generally
n accord with the values recommended by NIST; ho we ver, we note
hat the NIST laboratory sources are decades old and would benefit 
rom modern re-analysis. Finally, a carefully developed line list from 

750–8950 Åhas been constructed by the Gaia-ESO consortium 
 ht tps://www.nist .gov/pml/atomic- spectra- database 

a
l
d  
Heiter et al. 2021 ). Their transition probabilities for Mg I are in
ccord with those used the the two surv e ys of interest here. 

Silicon: A rich Si I spectrum is available in the optical spectra of
olar -type stars, b ut transition probabilities ha ve not been subjected
o comprehensive laboratory analyses in recent decades. The R03 , 
06 , and S18 [again, based on the earlier papers by Adibekyan et al.
 2012 ) and Neves et al. ( 2009 )] used 7 and 18 lines; their log( gf )
cales agree reasonably well within 0.0 ± 0.07 dex, for the five lines
n common. Ho we ver, the line-to-line scatter between Ne ves et al.
 2009 ) and NIST (0.21 dex) and between Neves et al. ( 2009 ) and
eiter et al. ( 2021 ; 0.14 dex) would be eminently more useful if it
as not so large, and deserves to be re-investigated. 
Our brief summary of line list issues in the two surv e ys should

e viewed as illustrative; such questions need to be kept in mind
or all abundance data sets. Another fundamental problem that 
eeds to be addressed in the near future is the lack of recent
omprehensiv e inv estigations by the atomic physics community of 
ransition probabilities. With current data it is reasonable to hope 
or surv e y-to-surv e y agreement to the � 0.05 de x lev el. Deriving
bundance uncertainties to � 0.05 dex remains a future goal. 

.2 Brief comments on other sur v eys 

e have concentrated on the R03 , R06 , and S18 studies because
he y hav e e xtensiv e abundance data on all four elements of interest
or understanding gross planetary characteristics, and used similar 
nalytical procedures. Other groups have made significant contribu- 
ions to Galactic disc abundance surv e ys. The α elements as well as
 and O have been studied in various surv e ys at different spectral

esolutions in different spectral regions, such as by GALAH (e.g. 
lark et al. 2022 ; Sharma et al. 2022 ), and Gaia-ESO (e.g. Kordopatis
t al. 2015 ). Here we call attention to a noteworthy contribution by
. Bensby and collaborators. Fig. 7 shows the [Mg/Si] ratios versus
Fe/H] for our main surv e ys and the 714 star sample of Bensby,
eltzing & Oey ( 2014 ). These authors used extensive line lists of
g I and Si I , and transition probabilities from laboratory work and

everse solar analyses, as discussed in Bensby, Feltzing & Lundstr ̈om
 2003 ). Inspection of Fig. 7 reveals a drift to larger [Mg/Si] values
ith decreasing [Fe/H]. The addition of the Bensby et al. ( 2014 )

ample highlights this trend, which is weaker in R03 , R06 , and S18 .
ote that it appears to be independent of Galactic thin-disc, thick-
isc, and halo-population memberships. 
Bensby et al. ( 2014 ) reported O but not C abundances, so their

ata could not be added into Fig. 5 . It is worth noting that Bensby &
eltzing ( 2006 ) derived [C/O] ratios from a unique forbidden-line
ombination: [C I ] at 8727 Å and [O I ] 6300 Å transitions. In general,
heir [C/O] ratios are � 0.15 dex higher than those of R03 , R06 , and
18 . The Bensby & Feltzing sample size is relatively small compared

o the other samples discussed here, � 50 stars, and it o v erlaps with
he Bensby et al. ( 2014 ) list only for a few stars. In general, a large
ample investigation of [C/Fe] ratios from the combination of CH, 
 2 , C I , [C I ], and possibly CO in unevolved disc stars would be an

mportant anchor for all future C abundance studies. 

.3 Astrophysical implications of C/O and Mg/Si in Local 
amples 

he stellar samples considered in Figs 5 and 7 show significant
tar-to-star scatter in [C/O] and [Mg/Si], σ � 0.2 dex. As there
re systematic dependencies on [Fe/H] and stellar populations that 
ie beyond observational uncertainties, the origin of the internal 
ispersion is a matter of debate. Some of the scatter must be
MNRAS 524, 6295–6330 (2023) 
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M

Figure 7. [Mg/Si] abundance ratios as functions of [Fe/H], for S18 (top 
panel), R03 , and R06 (middle panel), and Bensby et al. ( 2014 ; bottom 

panel). Thin disc, thick disc, and halo stellar populations as defined in the 
individual papers are shown with different symbols, that are identified in the 
figure legends. 
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bservational, as outlined in 4.1 but some of this effect may be
n intrinsic property of stars in the solar neighbourhood, which is
ifficult to quantify with the present observational errors. While, e.g.
03 , R06 , Bond et al. ( 2010 ), and S18 find a significant dispersion of

tellar abundances, Bedell et al. ( 2018 ) obtain a consistency within
0 per cent for Sun-like stars (the stars in their sample are solar twins
ith very similar metallicities) within 100 pc. It will be paramount

n future work to definitively solve these discrepancies and clarify
he diversity in composition of the solar neighbourhood. 

In Section 5 , we will compare GCE simulations with solar-scaled
bservations, so that the systematic uncertainties discussed here will
ot directly affect our analysis. However, since the absolute elemental
bundances are needed for the simulations of planetary systems, we
re highlighting the uncertainties discussed in this section as an issue
hat will need to be addressed. The variations seen in Fig. 5 are a
lear source of de generac y for future planet formation and evolution
tudies. 

For the comparison with GCE simulations, we will only use
tellar data by R03 and R06 , where all the elemental abundances are
rovided for the elements discussed in the following sections (i.e.
, N, O, Mg, Si, and S). Additionally, this allows us to compare
CE simulations with the abundance dispersion observed by R03

nd R06 , which is larger and more conserv ati ve compared to the
esults by, e.g. Bedell et al. ( 2018 ). We have seen that R06 includes
ndeed a large number of thick-disc stars. While we can expect that
he planet-host stellar samples from e.g. TESS and ARIEL will be
iased towards more metal-rich, thin-disc stars, the first observational
fforts to homogeneously characterize the physical parameters of
lanet-host stars in the Ariel Reference Sample (Edwards et al.
019 ) show the presence of both thick-disc stars and stars that
ould dynamically belong to either the thin and thick discs (Magrini
t al. 2022 ). Furthermore, it is expected that a number of thick-
NRAS 524, 6295–6330 (2023) 
isc stars will be disco v ered hosting planetary systems [e.g. from
ESS Kepler-444, Campante et al. ( 2015 ) and TOI-561, Weiss et al.
 2021 )]. The study of these stars and their planetary systems will be
 fundamental benchmark for planet formation and the evolution of
lanetary systems. 
Finally, we note that among the elements considered in this work
 is not available in the HARPS data used by S18 and Bedell et al.

 2018 ). Ho we ver, for a sample of 74 stars, Su ́arez-Andr ́es et al.
 2016 ) also combined HARPS data for rele v ant elements to derive
he N abundance from the NH band in UVES spectra. 

 RESULTS  O F  T H E  G C E  SI MULATI ONS  

e now summarize our analysis for the elements of interest discussed
n Section 2 , using the GCE models introduced in the previous
ection. All the plots showing the comparison between GCE model
redictions and observations are provided in this section or in
ppendix A . 
In Fig. 8 , selected element ratios are plotted against each other

nd compared to abundances observed in stars within 150 parsecs
y R03 (which comprises mostly thin-disc stars) and R06 (which
nstead comprises mostly thick-disc stars). This is a similar range of
istance to consider for stellar hosts of TESS and ARIEL planetary
argets (Edwards et al. 2019 ; Magrini et al. 2022 ). Therefore, we
ay assume that this observational sample is consistent with the

bundance variations that merit exploration. 
The upper left-hand panel of Fig. 8 is the same diagram shown by

ond et al. ( 2010 ) but in logarithmic notation, and including GCE
odels. In general, only the theoretical GCE curves between the

ed and the magenta stars (which correspond to a GCE evolution
ge between 1 Gyr and today, Fig. 4 ) should be considered as
epresentative of the evolution o v er time of the MW disc. Indeed,
he observed properties of the old stellar population of the MW halo
re consistent with the first Gyr of active star formation, while to
eproduce the age and metallicity distribution of the stars in the

W disc much longer times are required (see e.g. Fenner & Gibson
003 ). 
The observational scatter of about a factor of 2.5 is obtained

or both [C/O] and [Mg/Si]. At time of Sun formation, the models
K06no and oK10no produce [C/O] ratios 0.2 dex and 0.3 dex lower
han the solar abundances, respecti vely. Ho we ver, they reproduce the
atio observed in the majority of stars, with a [C/O] ratio increasing
 v er time (or with metallicity) until about 5 Gyr ago (Bitsch &
attistini 2020 ). After Sun formation, the calculated [C/O] is almost
onstant. The oR18dno model produces a final solar [C/O] ratio.
etween the three GCE models using Ritter et al. ( 2018b ) CCSN

ets, the different CCSN explosion parametrizations affect the O
roduction with a variation of the [C/O] ratio by about 0.2 dex. At
 volution time-scales representati ve of the MW disc, oL18 models
how a solar [C/O] ratio with only marginal variation. The [Mg/Si]
s about 30 per cent lower than the Sun in oK06no and oK10no,
etween a factor of 1.8 and 2.2 lower for the R18 models, and sub-
olar by a factor of ∼1.8 for oL18no. While the bulk of the stars in
he solar neighbourhood have a solar-like or super-solar ratio up to
Mg/Si] ∼0.2, the GCE models predict a ratio lower than solar for
ll the combinations of stellar yields considered. In particular, the
argest departure seen in oR18no is mostly due to the contribution
f energetic CCSN explosions for the 12 M � and 15 M � models by
itter et al. ( 2018b ). Note that these results would not have changed
y considering a dif ferent observ ational stellar sample, e.g. R03 only
ithout the R06 or the S18 sample (see Fig. 6 ). We also cannot expect
ne-zone GCE simulations to reproduce the observed [Mg/Si] scatter,



Chemical evolution of the solar neighbourhood 6305 

Figure 8. Selected elemental ratios normalized to the solar [L19 3D by Lodders ( 2019 ), see Fig. 5 ] are plotted against each other for the GCE model sets 
oK06no, oR18no, oK10no, and oL18no, in which CCSN contribution is provided up to M = 40 M � (see Table 1 ). Beyond this mass, we assume that no CCSN 

material is ejected. Time coordinates for each models are reported using star points of different colours, as in Fig. 4 . We compare the simulations to observations 
from solar neighbourhood stars by R03 and R06 , by means of contours of observational data mapping the distribution density of the stellar abundances. The 
green number on each contour line represents the normalized stellar counts represented. Ratios discussed by Bond et al. ( 2010 ) as crucial for chemistry and 
mineralogy of rocky planets are also reported in the upper panels normalized to the solar values (L19 3D, black dashed lines). Note that the contour lines are 
not fully closed for both the two plots including N, due to the more limited number of stars with measured N abundances in the stellar sample considered and 
the consequent small statistics at the edges of the stellar density distribution. 
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ince at a given evolution time of the model the result is given by a
ingle data point, not by some statistical distribution. Ho we ver, the
redictions should still be compatible with the bulk of the observed 
tars. Even by varying the stellar yields – one of the main uncertainty
ources of GCE – we do not achieve this result. It is true that GCE
ncertainties could play a rele v ant role in the abundance analysis,
nd in our single-zone GCE simulations we do not take into account
ele v ant processes like stellar migration and past infall of fresh
aterial in the galactic disc (Matteucci 2021 ; Prantzos et al. 2023 , and

eference therein). Ho we ver, the impact of such processes should be
ignificantly reduced by studying the evolution of primary elements 
haring a similar stellar production. For instance, in the specific case 
f Mg and Si they are both mostly produced by short-lived massive
tars, and these do not have sufficient time to migrate significantly 
e.g. S ́anchez-Bl ́azquez et al. 2009 ; Minchev, Chiappini & Martig
014 ). 
Such a result where Mg stellar yields seem to be too low compared

o observations (and, to a much lesser extent, Si) are not surprising,
nd the y hav e been highlighted before in the literature. The artificial
g and/or Si boosting is a well-known requirement of using e.g. the
 oosley & W eaver ( 1995 ) and CCSN yields (Gibson 1997 ). More
ecently, the same approach is implemented by Spitoni et al. ( 2021 )
ith Woosley & Weaver ( 1995 ) yields, where Mg from CCSNe are
oosted up to a factor of seven. 
The distribution of the CNO elements is shown in the upper right-

and panel of Fig. 8 . Models oR18no and OR18dno show an [N/O]
atio increasing with the evolution time and with [Fe/H]. Yet, we find
hat they both reach the solar [N/O] ratio too early, more than 4 Gyr
efore the formation of the Sun. The other models instead reproduce
he solar ratio to within 0.1 de x. F or oL18no, the [N/O] ratio changes
ittle with galactic time, remaining 40–80 per cent super-solar for the
uration of the GCE. Several challenges need to be considered for the
CE of CNO elements and their stable isotopes (e.g. Kobayashi et al.
020). The contingent rele v ance of fast rotating stars (not included in
ur models) was highlighted by several previous works to reproduce 
he abundance patterns in the MW (e.g. Chiappini et al. 2006 , 2008 ;
rantzos et al. 2018 ; Romano et al. 2019 ). Additionally, Pignatari
t al. ( 2015 ) discussed the contribution of H-ingestion events in
assive stars for the GCE of N (and in particular of the N isotopic

atio), using stellar models consistent with abundance measurements 
MNRAS 524, 6295–6330 (2023) 
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M

Figure 9. The same as in Fig. 8 , but with massive stars contributing to GCE up to M up = 20 M �. 
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n presolar grains made by CCSNe just before the formation of the
un. 
The predictions for N evolution from our GCE models have

roblems in reproducing the ratios in the Fig. 8 , lower left-hand
anel. Contrary to most of the observations, all the GCE models
roduce super-solar [S/N] ratios, except for the oL18no model,
hich produces a [S/N] ratio significantly lower than solar, but still
oes not co v er the full observ ational range do wn to [S/N] ∼−0.5
eached by a large number of stars. Most of the stars indeed
xhibit a subsolar elemental ratio, with a scatter of the order of
 factor of three. The observed [C/N] scatter is instead at least
artially reproduced by most of GCE models, where this ratio
ecreases with evolution time. Note that this does not have to be
he right physical reason for the observed [C/N] scatter. As we

entioned earlier, the N evolution is a well-known challenge for
CE, where standard CCSN models underproduce N compared

o observations. Finally, model oK10no shows a smaller variation
han the other models within sub-solar [C/N] values around −0.3
ex. 
In the lower right-hand panel of Fig. 8 , stars show an observational

catter larger than a factor of two for both [Mg/O] and [S/Si] ratios.
uch a variation is only marginally captured by the GCE models: for
oth ratios, variations at relevant time-scale are in the order of 20
er cent or less. The oK06no, oK10no, and oL18no models reproduce
he solar ratios within 0.1 dex, the other models are more consistent
ith the bulk of stars that are mildly S-rich compared to the Sun,
NRAS 524, 6295–6330 (2023) 
p to [S/Si] ∼+ 0.3. If we consider all the GCE models, it may
eem that the observed range of [S/Si] is reproduced. Ho we ver, if we
actor in single GCE models we notice that the [S/Si] variation within
he acceptable evolution time frame is less than 0.1 dex. The only
xception is oR18hno, where between 1 Gyr and today the [S/Si] ratio
ncreases by about 0.2 dex. Still, such an increase is much smaller
han the scatter observed in the MW disc. Such a dispersion may,
n part, be due to observational uncertainties (Bedell et al. 2018 ).
hemo-dynamical simulations of the MW disc would be needed to
rovide a realistic prediction for the expected [S/Si] dispersion (e.g.
hompson et al. 2018 ), which is beyond the goal of this paper. 
Alternatively, as we discussed in Section 2 , this dispersion may

nstead be an indication that CCSN ejecta are not al w ays dominated
y an e xplosiv e O-b urning signature, b ut that they vary between
if ferent supernov a e vents. We have seen that some variations are
btained between different SNIa explosions (Fig. 3 ), although the
rogenitor mass does not affect the S/Si ratio in the ejecta very much,
nd the same can be said for the initial metallicity (e.g. Keegans
t al. 2023 ). Note that according to the nuclear sensitivity study by
arikh et al. ( 2013 ), there should be no rele v ant impact of nuclear
ncertainties on the SNIa yields of Si and S. 

.1 The effect of changing M up in GCE simulations 

he models shown in Fig. 8 used as mass upper limit M up = 40
 � (Table 1 ). In Figs 9 and 10 we have explored the impact of the
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Figure 10. The same as in Fig. 8 , but with massive stars contributing to GCE up to M up = 100 M �. 
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 up parameter space on the results, by considering M up = 20 M �
nd M up = 100 M �, respectively. The upper left-hand panels of
he two figures show that by increasing M up , the predicted [Mg/Si]
ncreases by up to 0.15 dex, but [C/O] decreases by up to 0.1 dex.
or instance, with M up = 100 M �, the models oK06no and oK10no
pproach the solar [Mg/Si] ratio (the super-solar ratios observed 
re still not reproduced). Rather, the predicted [C/O] is about 0.3–
.4 dex lower than solar. On the other hand, with the extreme case
 up = 20 M �, oK06no and oK10no predict a [Mg/Si] ∼−0.2 for

he Sun, and for oL18no and all the oR18 models the same ratio is
educed down to about [Mg/Si] ∼−0.4. If we compare the upper right- 
and panels, for models oK06no and oK10no the [N/O] typically 
ecreases by 0.6 dex with increasing M up , while there is mostly no
ffect in all the R18 models. This is because in our GCE models
he total mass ejected for the higher masses is extrapolated from the
ist of available models, and the yields abundance pattern is kept 
dentical to that of the highest mass model, which is the M = 25
 � progenitor for Ritter et al. and the M = 40 M � progenitor

or Kobayashi et al. yields. The 25 M � models by Ritter et al. are
ll weak explosions, leaving large remnants. Thus, stars between 
5 and 100 M � only eject limited amounts of elements such as
 and Mg. Notice that since L18 yields have large remnants for

tars abo v e 30 M �, the M up impact will be limited in these cases
oo. On the other hand, the yields by Kobayashi et al. ( 2006 ) are
ll made of successful CCSN explosions with low remnant masses, 
nd increasing M up of 20–100 M � makes a huge difference since 
ore massive progenitors do contribute significantly to the chemical 
volution. 

The lower left-hand panel of Fig. 9 shows that with M up = 20 M �
he model oK10no can reach a sub-solar [S/N] ∼−0.2 dex, which
ould be consistent with the bulk of local stars, but with a

C/N] ∼−0.3 dex. The model oL18no can also reach a sub-solar
S/N] ∼−0.3 dex, with a [C/N] ∼−0.2 dex. All the other models
xhibit a [S/N] range between solar and 2.5 times solar (oR18hno).
ith M up = 100 M � (Fig. 10 ), the models closest to the observations

re oR18no and oL18no with predicted [S/N] and [C/N] ratios in the
ange of −0.1 to −0.2 dex, since the time of the formation of the
un. Finally, if we compare the bottom right-hand panels of Figs 9
nd 10 , the only significant variation is a decrease of the [Mg/O]
atio of about 0.1 dex or less for all models with increasing M up .
uch a small variation is not surprising. Indeed, both O and Mg
re mainly products of massive stars, they are made during the pre-
N stage and their pre-SN ratio is not significantly modified by

he CCSN explosion (e.g. Thielemann et al. 1996 ; Pignatari et al. 
016 ). 
In summary, from exploring the impact of the M up parameter space

e do not see a clear effect of using a value different from the default
 up = 40 M �. While a higher M up slightly increases the [Mg/Si]

atio, it would still not co v er the Sun and most of the stars, with
he [C/O] ratio too low as compared to observations. The impact
n the [N/O] and [S/N] ratios is model dependent. Therefore, in the
ollowing part of the section we will discuss only the models with
MNRAS 524, 6295–6330 (2023) 
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 up = 40 M �. Results for the same models but with different M up 

re available in Appendix A . 

.2 The impact of faint superno v ae 

o study the impact of faint CCSNe we focus our analysis to the two
et of models using the yields K10 and R18 (Table 1 ). Results of other
odels are consistent with the sample of simulations considered here

nd are available in Appendix A . 
Fig. 11 reports the impact of faint CCSNe for the oK10
odels. The full parameter space is considered, with the fre-

uency of faint CCSNe from 0 per cent (which would corre-
pond to the oK10no model shown in Fig. 8 ) to 100 per cent
models oK10 < faintSN model > f1p00). As representative of faint
CSNe models, we used the 20 M � (m20) and 25 M � (m25)
CSN models by Ritter et al. ( 2018b ) shown in Fig. 2 (models
K10m20 < faintSN weight > and oK10m25 < faintSN weight > , re-
pectively). As seen in Section 2 , the m20 model still ejects some
aterial carrying the signature of O-burning, while there is no Fe-

ich Si-burning ejecta. The m25 model does not eject products
f either Si-burning or O-burning. Note that considering present
ncertainties in CCSN explosion and the wide zoo of CCSN remnants
resently observed, we may expect the real fraction of faint CCSNe
o be somewhere in between the two extreme cases, oK10no and
K10 < faintSN model > f1p00. In the left-hand panels of Fig. 11 ,
o substantial effect is observed from considering faint CCSNe.
he first reason is that CNO elements are not substantially affected
y the CCSN explosion as they are mostly produced during stellar
volution before core collapse. Therefore, their relative abundances
o not change significantly in faint CCSNe, as compared to standard
CSNe. The second reason is that although Si and S are O-burning
roducts, the m20 faint CCSNe model used in these tests still eject
ome Si-rich and S-rich material, without affecting the [S/N] and the
S/Si] ratios much. 

The impact of faint CCSNe becomes more rele v ant in the GCE
odels where m25 is used. In the upper right-hand panel of Fig. 11 ,

C/O] and [Mg/Si] increase by about 0.2 dex and 0.1 dex, respec-
ively, when comparing oK10m25f0p50 to oK10no. Models with
igher faint CCSNe frequency oK10m25f0p75, oK10m25f0p90, and
K10m25f1p00 hav e ev en larger increases, up to solar ratios. We
ould, ho we ver, consider these last models of the parametric study as

ess realistic. The reason for the impact on [C/O] is that a significant
art of the former O-rich C shell is not ejected by m25 (Fig. 2 ).
herefore, the o v erall galactic enrichment is driv en to higher C/O-

atios. The impact on [Mg/Si] is instead smaller, since, as with O, Mg-
ich material is not fully ejected by this model. A faint CCSN model
ith a lower masscut allows for more O and Mg ejection and still no
-burning products like Si. This is still realistic to consider within

he uncertainties (e.g. Fryer et al. 2018 ) and would, in principle,
chieve larger [Mg/Si]. The impact on the [C/O] would be small.
n the second from top right-hand panel of Fig. 11 , [N/O] increases
ith increasing the faint CCSNe frequency, up to + 0.35. The effect
n the [N/O] ratio is the same as discussed for the [C/O] ratio, where
 is mostly made in the most external layers of CCSNe. The model
K10m25f0p50 shows a reduction of the [S/N] ratio down to −0.15,
roviding a possible explanation of the observation range. As we
entioned in the pre vious section, ho we ver, the nucleosynthesis of
 in CCSNe may be affected by physics not considered in this work,

ike stellar rotation or H-ingestion events, which would both increase
he N yields as compared to S. Finally, also in this case there are only

inor effects on the [Mg/O] and [S/Si] ratios. 
NRAS 524, 6295–6330 (2023) 
Fig. 12 presents the equi v alent oR18 models. Qualitatively, there
re similar effects using the m20 and m25 faint CCSNe as debated
bo v e for the oK10 models, with o v erall a more significant impact in
he oR18m25 < faintSN weight > models. The top panels confirm the
ncreasing trend of [Mg/Si] with the faint SN frequency, with a ratio
igher than about 0.1 dex in the oR18m20f0p50 and oR18m25f0p50
ith respect to oR18no. Instead, the [C/O] increase is more limited, as

ompared to the oK10 models, and more dependent on the evolution
ime of the model. The evolution of the [N/O] ratio in the oR18
odels is also different compared to the effect seen in the oK10
odels. While the final abundances vary by less than 0.1 dex between

R18m20no and oR18m20f1p00 and are mostly unaffected when
sing the m25 faint CCSN model, the ratio starts to increase at much
arlier times, with the [N/O] ratio higher up to 0.4 dex. The impact on
he final [S/N] in the oR18 models including faint CCSNe is less than
.1 dex, while it was more significant in oK10 models using an m25
aint CCSN. Finally, like for the oK10 models, there is no effect on
he [S/Si] ratio. There is instead an increase of the [Mg/O] ratio, by
ess than 0.1 dex, between the oR18m20f0p50 and oR18m25f0p50
ith respect to oR18no, with an increase up to 0.2 dex reaching the

olar ratio for oR18m20f1p00 and oR18m25f1p00. 

 SUMMARY  A N D  C O N C L U S I O N S  

e presented 198 new GCE simulations of the solar neighbour-
ood, with the main goal to study the production and evolution
f the important planet-building nuclides C, N, O, Mg, Si, and
, in comparison to stellar observations. We chose these elements
ecause results from simulations of planet formation and evolution
epend on their initial abundances (e.g. Frank et al. 2014 ). One
f the fundamental purposes of this work is also to provide an
ccessible (but comprehensive) picture about the challenges and
he uncertainties in stellar simulations, observations and GCE, and
t the same time we also want to make clear what are the needs
f planet-formation and evolution studies from observations and
rom GCE, in the light of present and future opportunities to unfold
hanks to the new generation of observation facilities. The new data
oming from TESS (Ricker et al. 2015 ) and from JWST (Beichman
t al. 2014 ), as well as from future facilities like ARIEL (Tinetti
t al. 2018 ; Turrini et al. 2018 , 2021 ), will complement those being
rovided by ongoing ground-based efforts (e.g. Giacobbe et al. 2021 ;
arleo et al. 2022 ; Guilluy et al. 2022 ) and we can anticipate
 greatly enhanced window with which to study these processes
n more detail. In this context, GCE models provide the initial
omposition of stars and of their proto-planetary discs where planets
re formed at different times and locations in the Galaxy for all the
lements. Based on theoretical simulations and observations, we also
xpect that planet-formation processes will drastically affect some
f the planet abundances measured today with respect to the pristine
bundances of the proto-planetary disc, while others will only be
arginally affected. The results of GCE models provide therefore
 crucial additional benchmark for simulations of planet formation,
n particular when elemental abundances from the stellar host are
ncertain or not available. 
The GCE simulation framework presented here is made of five

ets of models, where the impacts of stellar yields, of the stellar
ass upper limit contributing to the chemical evolution (M up )

nd of faint CCSNe were explored. With our models, classical
tellar sources used to reproduce the evolution of the elements
, N, O, Mg, Si, and S are not able to fully reproduce the solar
bundances, and/or the observed range in the solar neighbourhood,
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Figure 11. Selected elemental ratios normalized to the solar [L19 3D by Lodders ( 2019 ), see Fig. 5 ] are plotted against each other for the GCE model set oK10, 
with CCSNe contribution up to M up = 40 M � and using different fraction of faint CCSNe. As representatives of faint CCSNe, we use a 20 M � model and a 25 
M � model (left-hand and right-hand panels, respectively, see Table 1 ). For comparison, observations from the solar neighbourhood stars are reported as in the 
previous figures. 
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M

Figure 12. Same as in Fig. 11 , but for the GCE model set oR18. 
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n particular for the [C/O] and [Mg/Si] diagram. In our analysis,
e did not apply any corrections to force the results from GCE

imulations to match the solar abundances. The chemical enrichment
istory of these elements in the MW is complicated, since all the
NRAS 524, 6295–6330 (2023) 
ontributions from CCSNe, SNIa, and AGB stars must be taken
nto account, along with their different time-scales (e.g. Moll ́a et al.
015 ; Mishenina et al. 2017 ; Prantzos et al. 2018 ; Kobayashi et al. 
020). 
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We did not find a specific set of yields that is able to solve all the
atios considered in our analysis within the correct GCE evolution 
ime-scale. We also show that the impact of M up is in general limited
or these elements considered, and it is model dependent. 

By considering realistic frequencies of faint CCSNe, we obtain 
nstead variations of elemental ratios in the order of 0.1–0.2 dex. 
n particular, we find that the increase of [C/O] and [Mg/Si] with
ncreasing faint CCSN frequency may help to better reproduce 
he abundances observed in stars in the solar neighbourhood. The 
otential reduction of [S/N] in the order of 0.2 dex can also help
atch the range of observations, with its impact depending on the 

et of CCSN yields adopted. 
The reduction of the observational uncertainties for the ele- 
ents considered will be a crucial step towards solving present 

iscrepancies between GCE simulations and observations. The more 
imited abundance dispersion in the stellar sample by Bedell et al. 
 2018 ) compared to other analogous works requires independent 
erification. Ram ́ırez et al. ( 2014 ) discussed the star-to-star scatter for
if ferent elements, sho wing that while se veral elements (including O
nd Si discussed in this paper) present a variation compatible with the
easurement errors, other elements not discussed here (e.g. Na, Al, 
 , Y , and Ba) may have larger discrepancies. From a similar analysis
dibekyan et al. ( 2015b ) instead found that the star-to-star scatter
ay simply increase with the decrease of the number of spectral 

ines used in the deri v ation of the abundances. This would indicate
hat a good fraction of the observed scatter is not astrophysical. In

ore general terms, the comparison between data from different ob- 
ervational surv e ys obtained using different spectral lines and stellar
arameters should be undertaken with caution. New comprehensive 
tomic ph ysics investig ations of transition probabilities for rele v ant
pectral lines are further needed in order to impro v e the present
esults. 

We have highlighted how a different definition of solar references 
rovide a major additional source of uncertainty. We have shown 
hat spectroscopic observations vary significantly between different 
orks once absolute abundances are compared instead of those 
ormalized to solar. Planet-formation simulations, ho we ver, use 
bsolute pristine stellar abundances as a starting point, and therefore 
hey are directly affected (Spaargaren et al. 2023 ). Alongside C, N,
, Mg, Si, and S discussed in this work, elements of interest for
lanet-formation studies include lithophile elements such as Cl, Cr, 
, Na, V, P, Ti, Al, and Ca the abundances of which can potentially
e better constrained by future facilities such as ARIEL (Tinetti 
t al. 2018 ; Turrini et al. 2018 ). As discussed by Turrini et al. ( 2021 ,
022 ) each of these elements, being more refractory than O, can
e used in place of S to study the planet-formation history together
ith C, N, and O. As the accuracy of atmospheric retrie v al methods

or exoplanetary observations is currently capped to about 10–20 
er cent (see Barstow et al. 2020 ; Turrini et al. 2022 , for discussion),
he characterization of stellar abundances with the precision of 0.1 
ex would provide a solid base for the next generation of planet-
ormation studies to compare with atmospheric data. Note that Fe is
nother element essential for mineralogy and planet formation, but 
t is not included in the analysis presented here. Undeniably, CCSNe
ields for Fe are quite uncertain (e.g. Pignatari et al. 2016 ; Sukhbold
t al. 2016 ; Curtis et al. 2019 ), and stellar-yields uncertainties are
hen propagated to GCE, where additional uncertainties include for 
nstance assigning the correct populations of SNIa contributing to 
CE (e.g. Lach et al. 2020 ; Gronow et al. 2021b ). We therefore

eport the study of the GCE of Fe and of the Fe-group elements (for
 consistent analysis they cannot be treated separately) in the MW 

isc as a separate work (Trueman et al., submitted). 
Once the uncertainties in spectroscopic observations and in the 
olar composition are sufficiently reduced, GCE simulations hold 
he potential to generate a robust fit to the compositional catalogue
f stars in the solar neighbourhood. Notwithstanding, more powerful 
onstraints need to be derived on the role of faint CCSNe required
o co v er the full range of observations. 
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PPENDIX  A :  COMPLETE  LIST  O F  F I G U R E S  

O R  G C E  SIMULATIONS  

n this section the full list of figures exploring the impact of both
 up and faint supernovae parameter spaces in GCE simulations are

rovided. 
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As in Fig. 11 for the oK10 set, the results from oK06 models with
 up = 40 M � are shown using faint supernova models m20 and m25

n Fig. A1 . The same is done for M up = 20 M � and M up = 100 M �
n Figs A2 and A3 , respectively. 

For oK10, the results using M up = 20 M � and 100 M � for different
aint supernovae are given in Figs A4 and A5 . The same results for
 up = 40 M � are discussed in Section 5 (Fig. 11 ). 
For the oR18 set, the results using M up = 20 M � and 100 M � for

if ferent faint supernov ae are gi ven in Figs A6 and A7 . The same
esults for M up = 40 M � are discussed in Section 5 (Fig. 12 ). 

For models oR18d, the results using M up = 40 M �, 20 M �, and
00 M � for different faint supernovae are given in Figs A8 , A9 ,
nd A10 , respectiv ely. F or models oR18h the results results using
 up = 40 M �, 20 M �, and 100 M � for different faint supernovae are

iven in Figs A11 , A12 , and A13 , respectively . Finally , the same is
eported for models oL18 in Figs A14 , A15 , and A16 , respectively. 
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Figure A1. Same as in Fig. 11 , but for the GCE model set oK06. 
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Figure A2. As in Fig. A1 , but models are shown with CCSN supernovae contribution up to M up = 20 M �. 
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Figure A3. As in Fig. A1 , but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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Figure A4. As in Fig. 11 for the oK10 model set, but models are shown with CCSN supernovae contribution up to M up = 20 M �. 
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Figure A5. As in Fig. 11 for the oK10 model set, but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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Figure A6. As in Fig. 12 for the oR18 set, but models are shown with CCSN supernovae contribution up to M up = 20 M �. 
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Figure A7. As in Fig. 12 for the oR18 set, but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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Figure A8. Same as in Fig. 11 , but for the GCE model set oR18d. 
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Figure A9. As in Fig. A8 , but models are shown with CCSN supernovae contribution up to M up = 20 M �. 
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Figure A10. As in Fig. A8 , but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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Figure A11. Same as in Fig. 11 , but for the GCE model set oR18h. 
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Figure A12. As in Fig. A11 , but models are shown with CCSN supernovae contribution up to M = 20 M �. 
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Figure A13. As in Fig. A11 , but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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Figure A14. Same as in Fig. 11 , but for the GCE model set oL18. 
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Figure A15. As in Fig. A14 , but models are shown with CCSN supernovae contribution up to M up = 20 M �. 
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Figure A16. As in Fig. A14 , but models are shown with CCSN supernovae contribution up to M up = 100 M �. 
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