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Abstract. This work discusses different Galactic chemical evolution (GCE) models and
their use to decipher the evolution of stable and unstable nuclides in the Galaxy. In this
paper, we discuss GCE models for 7Li, radioactive nuclides 26Al and 60Fe, neutron capture
elements, Eu and Ba, along with the impact of and the rotational yields’ on the chemical
evolution. A sample of 3210 open cluster (OC) stars and field stars is analysed to find the
7Li abundance in the Galaxy. The observations are then compared with the predicted trends
for 7Li from the GCE models. Further, the galactic abundance of short-lived radionuclides,
26Al and 60Fe is predicted by the GCE models. The GCE model predictions suggest new
constraints for the nova rate and propose novae as the main producers of 7Li and 26Al in the
Galaxy. The GCE models for neutron capture elements in the dwarf and ultra dwarf galaxies
investigated the role of merging neutron stars and magneto-rotational driven supernovae in
producing r-process (rapid neutron capture) elements like Eu. For Ba, which is an s-process
(slow neutron capture) element, nucleosynthesis from Low and intermediate stars is also
considered. Further, the impact of rotational yields for massive stars on the evolutionary
history of the Galaxy is studied by developing GCE models with yields of the massive stars
with rotational velocities of 0, 150 and 300 km s−1, and the [Fe/H] values of 0, -1, -2, and
-3. The results for the G-dwarf distribution for all of the models with different yield sets
show broad agreement with the observations with deviation in the low metallicity regime.
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1. Introduction

The Galactic chemical evolution (GCE) mod-
els are developed to understand the tem-
poral and spatial evolution of elements in

the Milky Way Galaxy and other galaxies
of varied morphology (Timmes et al. 1995;
Matteucci & Francois 1989; Chiappini et al.
2001; Matteucci 2001; Sahijpal & Kaur 2018;
Matteucci 2021). It is essential to understand
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the chemical evolution of the galaxies because
it is well established that the elements observed
in the present-day universe were not created
in a single instant but evolved over time.
Except for Hydrogen, Helium and Lithium,
all heavier elements observed in the present-
day universe are formed by thermonuclear re-
actions inside the stars in a complex pro-
cess of Stellar nucleosynthesis. The final ele-
mental yields of any star result from a series
of nuclear processes like proton-proton (pp)-
chain, Carbon, Nitrogen & Oxygen (CNO)-
cycle, neutron (slow & fast ) capture, proton
capture etc. (Pagel 2009).These nuclear pro-
cesses are sensitive to the temperature and
pressure of the stellar interior, which are fur-
ther decided by the star’s mass, metallicity
and age. Stars can be widely categorized as
Low and intermediate mass stars (LIMS) (<
10 M�) and massive stars (>11M�). The LIMS
evolve as Asymptotic giant branch stars (AGB)
and Red giant (RG) phases and die as white
dwarfs over a long life-span of the order of
billion years. On the other hand, massive stars
evolve over a very short life span (a few mil-
lion years) as core-collapse Supernovae and
end their life as Neutron stars or Black holes.
Some LIMS evolve as binary stars and ex-
plode as Supernova Ia and Novae 1. There are
also observations of the merger of Neutron
stars and Black Holes events by Gravitational
waves. The former can be the potential contrib-
utor to the Galaxy’s heavy r-process elements.
When synthesized elements in various stellar
circumstances are ejected into the Interstellar
medium (ISM), the ISM gas’s metallicity in-
creases. When the metal-rich ISM gas cools
down, it forms new generations of stars with
higher metallicity. In this way, each generation
of stars contributes to the chemical enrichment
of the Galaxy.

1 These are close binary systems in which a white
dwarf accretes matter from a main sequence or gi-
ant companion. When the bottom of the accreted en-
velope reaches temperatures of the order of 108 K,
a thermonuclear runaway develops and 7Li is pro-
duced. The outburst does not destroy the system and
another cycle starts after the ejection of the envelope
(e.g., José & Hernanz 2007, and references therein).

With the galactic archaeology data avail-
able for different parts of the Milky Way
Galaxy, there is a better understanding of the
solar neighbourhood, the Halo, Bulge, and in-
ner and outer disc of the Galaxy. The data on
[α/Fe] vs [Fe/H] indicates that the Galaxy’s
Halo, Bulge, and thick and thin disc compo-
nents formed over different timescales. GCE
models simulate it correctly by including var-
ious galactic components’ different kinematic
and chemical properties. Also, with the avail-
ability of the chemical data from the neigh-
bouring galaxies, the GCE models success-
fully understand the history of star formation
and accretion for galaxies of other morphol-
ogy. The results for the abundance of stable and
radioactive nuclides obtained from GCE mod-
els are compared with the observational data.
Hence, GCE models predict the Galaxy’s for-
mation and evolution history by fulfilling the
constraints offered by the present-day observ-
ables (Chiappini et al. 1997).

In the following sections, we discuss the
GCE models and their predictions for stable
and radioactive elements in the Milky way
Galaxy along with r-process elements in the
dwarf galaxies. In section 2.1, results are pre-
sented to understand the 7Li enrichment in
the Galaxy. Here, 7Li abundance is determined
from a large sample belonging to open clus-
ters and field stars. The abundance trends for
Li are then obtained as a function of metallic-
ity and the galactocentric radius from the par-
allel GCE models. Section 2.2 discusses the
evolution of neutron-capture elements in local
dwarf galaxies by incorporating various nucle-
osynthesis prescriptions. The contribution of
the slow and rapid neutron capture processes
is also investigated to understand the observed
trends for Eu and Ba in dwarf galaxies. Section
2.3 presents the results for the GCE model to
estimate the short-lived radionuclides, 26Al and
60Fe, in the Milky Way Galaxy. The model ex-
plains the Gamma-ray observed mass of 26Al
from the inner galactic region from the GCE
model of Bulge and inner disc. Also, the re-
sults predict the mass estimates for 60Fe in the
Galaxy. In 2.4, the GCE models to understand
the impact of massive stars on the evolution of
the Milky Way are discussed. The incorpora-
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tion of the rotation in massive stars results in
higher yields of the CNO cycle products be-
cause of the enhanced mixing in different stel-
lar layers. The GCE models predict the trends
for G–dwarf distribution with rotating and non-
rotating yields of massive stars. Further, in sec-
tion 3, we discuss the summary and conclu-
sion.

2. Chemical Evolution Models

Different modelling approaches can be used
to develop the GCE models i.e., integro-
differential equation (Matteucci & Francois
1989), N body chemo–dynamical (Kobayashi
& Nakasato 2011; Minchev et al. 2013) and
direct Monte carlo approach (Alibés et al.
2001; Sahijpal & Gupta 2013; Sahijpal & Kaur
2018). The chemodynamical models evolve
the Galaxy from the cosmological model in-
volving the dynamics. Here, we will discuss
the numerical approach to developing GCE
models. Independent of the method used to
develop numerical GCE models, the under-
lying treatment mainly depends upon the ac-
cretion of gas, star formation history and gas
flows in and out of the Galaxy. An exponen-
tially decaying law generally describes the ac-
cretion of the gas over the galactic time scale
(Matteucci & Francois 1989; Timmes et al.
1995; Prantzos & Aubert 1995; Chiappini et al.
1997). The different components, viz., Halo,
thick and thin disc of the Galaxy in such a sys-
tem can be more commonly formed by par-
allel or serial formations accretion scenarios
(Matteucci 2021). In the serial formation sce-
nario, galactic components forms on a continu-
ous temporal scale which can occur in one, two
or three–infall episodes (Matteucci & Francois
1989; Burkert et al. 1992). In the case of par-
allel formation, different galactic components
form simultaneously with varying rates of ac-
cretion (Pardi et al. 1995; Grisoni et al. 2019).
The metallicity of the infalling material also
plays a crucial role in the chemical evolu-
tion of the ISM (Koeppen & Arimoto 1990;
Pagel 2009). The accreting gas is supposed to
have had primordial composition during the
early growth. It can have slightly increased
value with time as there are observations of the

accretion of metal–rich high–velocity clouds
onto the Galaxy (Wakker et al. 1999).

The star formation history in the Galaxy
mainly depends upon the star formation rate
(SFR) and initial mass function (IMF) preva-
lent in the Galaxy. SFR decides the rate of con-
version of the accreted gas into the stars and
mainly depends upon the gas surface mass den-
sity (Kennicutt 1998).The IMF gives the dis-
tribution of the stars with their mass and is a
power law distribution (Scalo 1986).The expo-
nent of the distribution can have single or mul-
tiple slopes in different parts of the mass spec-
tra(Salpeter 1955; Kroupa 1998). Empirical
relations formalism exists for both primarily
based on the star-forming regions’ observa-
tions. The gas outflows account for the gas lost
from the Galaxy by galactic winds and are con-
sidered to be proportional to the SFR in the
Galaxy (Matteucci 2001). The stars formed in
the Galaxy enrich the ISM with their yields at
the end of their life span. In the case of the
GCE models with instant-recycling approxi-
mation, the lifetime of the stars is considered
to be zero, and the stars contribute their yields
into the ISM at the same time when they are
born. This approximation is justified for mas-
sive stars for which the life span is short com-
pared to the galactic time scale, but the low
mass stars can cause discrepancies in the pre-
dicted results of the GCE models. Different
stellar yield sets are available from various
groups in the literature for stars of different
masses and metallicities (Woosley & Weaver
1995; Woosley & Heger 2006; Karakas 2010;
Limongi & Chieffi 2018). LIMS are the main
producers of the Galaxy’s C, N and s-process
elements. Mainly alpha elements, along with
some Fe-peak elements and r-process ele-
ments, are produced in the massive stars. SNIa
is the main contributor of Iron in the Galaxy.
The delay time in the occurrence of the SNIa
is the main reason for the higher [α/Fe] in the
early period of the Galaxy evolution (Greggio
2005). The stellar yields play a significant role
in the GCE model’s prediction for abundance
trends. However, the stellar yields are also sub-
ject to many uncertainties because of the con-
tinuous revisions in understanding processes in
the stellar interiors and nuclear reaction rates.
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Fig. 1. Behaviour of A(7Li) as a function of [Fe/H] in the local thin disc (left panel) and as a
function of the galactocentric distance at the present time (right panel). Lithium measurements
for field low-α, metal-rich α-rich, and super metal-rich solar-α stars from GES iDR6 are shown
as blue, magenta, and light blue circles, respectively (left panel only); empty circles represent
stars without chemical membership that were attributed to the thin disc according to their kine-
matics. Small filled circles are average maximum 7Li abundances (see Romano et al. 2021, for a
definition of this quantity) for OCs with colour-coding according to the cluster’s age (yellow for
older clusters, brown for younger ones). Only clusters with ages < 2 Gyr are shown. The lines are
the predictions of GCE models in which the mass range of primary stars entering the formation
of nova systems is reduced from 1–8 M� to 3–8 M� (see legend in the right-hand panel). The
predicted current nova outburst rate is kept fixed. The total amount of 7Li ejected by each nova
during its lifetime (dubbed MLi) is also listed in the legend. Figure from Romano et al. (2021).

2.1. The Galactic lithium gradient

The main isotope of lithium (7Li) is produced
in non-negligible amounts during Big Bang nu-
cleosynthesis (BBN; e.g., Steigman 2007). Its
abundance in the ISM then increases as time
goes by, in spite of the fact that 7Li(p, α)4He re-
actions easily burn it inside stars wherever the
temperature exceeds about 2.5 × 106 K.

In order to explain the increase of A(7Li)2

from its primordial value – A(7Li)obs
P ' 2.2

dex according to observational estimates (Spite
& Spite 1982; Bonifacio & Molaro 1997) or
A(7Li)th

P ' 2.7 dex in the standard BBN sce-
nario (e.g., Pitrou et al. 2018) – to that ob-
served in meteorites and young T Tauri stars
– A(7Li) ' 3.3 (see, e.g., Lodders et al.
2009) – chemical evolution modelers have in-
voked 7Li production from low-mass C-stars,

2 In the usual spectroscopic notation, A(7Li) = 12
+ log(NLi/NH), where NLi and NH are, respectively,
the abundances of 7Li and H by number.
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massive AGB stars, core-collapse supernova
precursors, cosmic rays and/or nova systems
(D’Antona & Matteucci 1991; Matteucci et al.
1995; Romano et al. 1999, 2001; Travaglio
et al. 2001). Being clear that the late, steep rise
off the primordial ‘Spite plateau’ must be due
to some long-lived source, novae have been
proposed as major 7Li factories (Romano et al.
1999; Izzo et al. 2015).

Our ability to characterize 7Li producers,
however, rests on our capacity of defining
the upper envelope of the observations in the
A(7Li)–[Fe/H] plane under the assumption that
it traces the 7Li enrichment history of the ISM.
As already mentioned, 7Li is easily destroyed
inside the stars at relatively low temperatures;
for instance, A(7Li) is around 3.3 dex in me-
teorites (which do not suffer any 7Li depletion
process after their formation), but it is about
1 dex in the Sun (e.g., Asplund et al. 2009).
Therefore, while the mean values of the highest
7Li abundances in bins of metallicity are com-
monly used as appropriate indicators, it should
be kept in mind that these could represent only
lower limits to the true ISM 7Li abundance.

It has been suggested that super-solar
metallicity stars might trace a decrease of the
7Li abundance in the local ISM (Delgado Mena
et al. 2015; Guiglion et al. 2016; Fu et al.
2018). Some reduction of the stellar yields,
contamination from thick-disc stars, or radial
migration have been suggested to explain the
odd decreasing trend inferred from the obser-
vations (Prantzos et al. 2017; Fu et al. 2018;
Grisoni et al. 2019; Guiglion et al. 2019).
Further observational studies, however, do not
confirm the claims of decreasing A(7Li) for
[Fe/H] > 0. In the following, we report briefly
on the results from the fifth and sixth in-
ternal data releases (iDR5 and iDR6) of the
Gaia-ESO Survey (GES; Gilmore et al. 2012;
Randich et al. 2013). The results are discussed
at length in Randich et al. (2020) and Romano
et al. (2021).

We use 7Li abundances and stellar pa-
rameters determined by the GES Consortium
(GES iDR6) for pre-main-sequence, main-
sequence, turn-off, and sub-giant stars ob-
served with the multi-object optical fibre fa-
cility FLAMES (Pasquini et al. 2002) in the

Milky Way field and in open clusters (OCs).
The sample stars are cross-matched with the
Gaia Early Data Release 3 (EDR3) catalogue
(Gaia Collaboration et al. 2016, 2021) to obtain
a full chemodynamical characterisation (see
Romano et al. 2021, for details).

The final sample of field stars consists of
3210 objects with 5300 ≤ Teff /K ≤ 7000, 3.5
≤ log g ≤ 4.6, −1.5 < [Fe/H] < +0.5, S/N ≥
50, δ Teff < 100 K, δ log g < 0.2 dex, and
δ[Fe/H] < 0.15 dex. Out of these, 2129 stars are
found in the solar neighbourhood today. When
taking into account the presence of ‘intruders’,
i.e. stars that were born at inner Galactic radii
but came closer to us because of radial migra-
tion, we find that A(Li) does not decrease when
[Fe/H] exceeds solar, but rather stays roughly
constant. This result is confirmed when con-
sidering the OC sample, thus strengthening
previous results obtained using GES iDR5 by
Randich et al. (2020). As noted by Romano
et al. (2021), the field and OC subsamples
lead to consistent results because our field star
sample now includes warm stars younger than
2 Gyr: when these are missing, the recovered
A(7Li) versus [Fe/H] trend unavoidably suffers
from the effects of some 7Li depletion (see also
Anthony-Twarog et al. 2018).

Furthermore, our sample allows us to
trace the Galactic 7Li gradient: the abundance
of 7Li is found to decline moderately from
A(7Li)∼3.4–3.5 to A(7Li)∼3.1–3.2 when mov-
ing from the inner (RGC ' 5 kpc) to the outer
(RGC ' 15 kpc) Galaxy (Romano et al. 2021,
see also Randich et al. 2020).

Having assessed the A(7Li) versus [Fe/H],
age, and RGC trends on observational grounds
making use of the homogeneous GES iDR6
dataset, we turn to the theoretical interpretation
of the observed trends. Romano et al. (2021)
demonstrate that flatter or steeper theoretical
relationships can be obtained in dependence of
the adopted initial mass range for WD progen-
itors entering the formation of binary systems
that lead to nova outbursts. From Fig. 1 it is
seen that if the WD progenitors are in the range
3–8 M� the model predicts a milder increase of
A(7Li) in time (as traced by [Fe/H]) and a flat-
ter A(7Li) gradient, which seems to agree bet-
ter with the observations. This would suggests
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that more massive WDs are needed to obtain
efficient 7Li production during nova outbursts.
We caution, however, that, although a decline
of A(7Li) for [Fe/H] > 0 is ruled out, the role
of atomic diffusion in warm, metal-rich dwarf
stars needs to be fully assessed before we can
derive the actual 7Li abundance at high metal-
licities (Charbonnel et al. 2021).

2.2. Evolution of neutron capture
elements in dwarf galaxies

The majority of heavy elements beyond
the iron peak originate via neutron capture.
Neutron capture processes can be slow (s-
process) or rapid (r-process) with respect to the
β-decay in nuclei. These two processes require
different astrophysical conditions, in terms of
neutron density and temperature, and therefore
they occur in different sites.

It has now been confirmed that the main s-
process component takes place in the asymp-
totic giant branch (AGB) phase of low and
intermediate mass stars (LIMS) (Busso et al.
1999), via the reaction 13C(α, n)16O. The s-
process can also occur in massive stars as a
”weak” s-process (Langer et al. 1989; Prantzos
et al. 1990), in this case the neutrons are pro-
duced through the reaction 22Ne(α, n)25Mg.

On the other hand, the major astrophys-
ical r-process site is still under debate, with
possible candidate sites being supernovae or
neutron star mergers (see e.g.: Thielemann
et al. 2011; Frebel & Beers 2018; Cowan
et al. 2019). For many years the occurrence
of r-process has been associated with core-
collapse supernovae (CC-SNe; Woosley et al.
1994; Horowitz 2012). However, the prompt
explosion mechanism which was believed to
eject extremely neutron-rich matter, has been
completely ruled out by earlier hydrodynam-
ical nucleosynthesis calculations. Simulations
showed not only difficulties in reproducing the
high entropy needed to reproduce the solar r-
process abundances (Wanajo 2006; Arcones
et al. 2007), but also that the neutrino winds
which follow the supernovae explosion are
only slightly neutron-rich or even proton-rich
(Fröhlich et al. 2006; Fischer et al. 2010;
Arcones & Thielemann 2013), providing insuf-

ficient conditions for the production of heavy
r-process elements.

Among massive stars, CC-SNe induced by
strong magnetic fields and/or fast rotation of
the stellar core (magneto-rotational driven su-
pernovae, MR-SNe) seem to also provide a
source for the r-process (Winteler et al. 2012;
Nishimura et al. 2015; Nishimura et al. 2017;
Mösta et al. 2018; Halevi & Mösta 2018;
Reichert et al. 2021). However, the required ro-
tation rates and magnetic energies restrict the
mechanism to a minority of progenitor stars:
only 1% of all stars with initial mass larger than
10 M� may have the necessary conditions to
host strong enough magnetic fields, according
to Woosley & Heger (2006).

Merging neutron stars (MNS) have been
supposed to be powerful sources of r-
process matter and this has been proved
thanks to the observation of the kilonova
AT2017gfo, following the gravitational wave
event GW170817 (Abbott et al. 2017; Watson
et al. 2019). However, although both the r-
process yields and the estimated rate of this
phenomena seem to point towards MNS as the
main r-process astronomical source, galactic
chemical evolution models have problems to
reproduce the r-process abundance pattern in
the Galaxy if MNS are considered the only
producers. Matteucci et al. (2014) introduced
MNS in a chemical evolution model, showing
that MNS can be the only r-process produc-
ers in the Galaxy, if a short and constant delay
time for merging is adopted. If a more realis-
tic delay time distribution (DTD) for merging
is assumed (Simonetti et al. 2019; Côté et al.
2019; Molero et al. 2021b), then an additional
r-process source must be included, especially
at low metallicities. This is also in agreement
with the large star-to-star heavy element abun-
dance spread seen in observations at low metal-
licity (e.g., François et al. 2007; Hansen 2012).

With the goal of better understanding both
the r- and s- process production sites at low
metallicity, we study the chemical evolution of
Eu, taken as a typical r-process element, and
Ba abundances in 6 dwarf spheroidal galax-
ies (dSphs) and 2 Ultrafaint dwarf spheroidals
(UFDs) for which homogeneous abundances
have been published by Reichert et al. (2020).
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We compute chemical evolution models in
which we include LIMS as main s-process pro-
ducers and test different scenarios for the pro-
duction of Eu and r-process fraction of Ba:
MNS and MRD-SNe. We use an updated ver-
sion of the model presented by Lanfranchi &
Matteucci (2004) to describe the chemical evo-
lution of both UFDs and dSphs. Galaxies form
by infall of primordial gas in a pre-existing dif-
fuse dark matter (DM) halo. The model is one
zone with instantaneous and complete mixing
of gas. The stellar lifetimes are taken into ac-
count, thus relaxing the instantaneous recy-
cling approximation (IRA). The model is able
to follow the evolution of 31 chemical species,
from H to Eu, during 14 Gyr.

In our simulations, MNS are systems of
two 1.4M� neutron stars with progenitors in
the 9−50M� mass range. In order to include the
production of r-process elements from MNS in
our chemical evolution code, we need to spec-
ify the following parameters (see Matteucci
et al. 2014):

– the mass of each elements which is pro-
duced per merging event, YMNS

Eu and YMNS
Ba ;

– the time delay between the formation of the
double neutron star system and the merging
event, τ;

– the fraction of neutron stars in binaries that
produce a MNS, αMNS.

For what it concerns the yields of r-process
elements from MNS, they have been obtained
by assuming that there is a scaling relation be-
tween them and those of Sr. The adopted scal-
ing factors are equal to 0.03 for Eu and to
3.16 for Ba, and have been found from the
solar system r-process contribution, as deter-
mined by Simmerer et al. (2004). For the yields
of Sr, we adopted the value found by Watson
et al. (2019) in the reanalysis of the spec-
tra of the kilonova AT2017gfo which followed
the neutron-star merger GW170817, equal to
(1 − 5) × 10−5M� Those yields have also been
multiplied by two different factors (1 × 101,
1 × 102) in order to take into account the un-
certainties that could affect them, because of
their model assumptions as well as the scatter
of Sr compared to Eu in old stars.

For the time delay τ, we adopt both a dis-
tribution of delay times (DTD) ∝ t−1 (see
Simonetti et al. 2019 and Greggio et al. 2021
for a more detailed discussion) and a short and
constant delay time for merging..

The parameter αMNS is the probability of
the MNS event. For a DTD with β = −0.9
it is equal to αMNS = 5.42 × 10−2 for spiral
galaxies (Molero et al. 2021b). This value
has been fixed in order to reproduce the ob-
served present time MNS rate in the Milky
Way as the one predicted by Kalogera et al.
(2004), equal to ∼ 80+200

−60 Myr−1. It is rea-
sonable to presume that in dwarf galaxies the
present time rate of MNS is lower than the
one in the Milky Way because of the lower
SFR. Moreover, we adopted a lower proba-
bility of MNS in order to take into account
the less efficient r-process material enrichment
which characterizes dwarf galaxies. We set
αMNS = 2.15 × 10−2 and based our considera-
tion on the work of Bonetti et al. (2019), ac-
cording to which in low mass galaxies neu-
tron stars binary systems tend to merge with
a large off-set from the host Galaxy, because of
the kicks imparted by the two SN explosions.
As stated by the authors, the immediate con-
sequence of a merger location detached from
the disc plane, is a dilution of the amount of
r-process material retained by the Galaxy. For
the production of r-process elements from MR-
SNe, we select yields from Nishimura et al.
(2017), their model L0.75. Finally, for the Ba s-
process component, we have adopted yields of
Busso et al. (2001) for LIMS of (1.5− 3.0)M�.

We have modelled the chemical evolu-
tion of 6 dSph and 2 UFD galaxies, which
are: Böotes I (Boo I), Carina (Car), Fornax
(For), Leo I (Leo), Reticulum II (Reticulum
II), Sculptor (Scl), Sagittarius (Sgr) and Ursa
Minor I (Umi I). Here we will focus on the re-
sults for Sculptor, representative of those ob-
tained for all the other dSphs, and Reticulum II
for it peculiar heavy elements abundances.

In Fig. 2 we report the observed [Eu/Fe]
vs [Fe/H] pattern together with predictions of
our models for Sculptor dSph. Observationally,
the evolution of [Eu/Fe] vs [Fe/H] shows the
typical trend of Eu in the Galaxy, similar to
that of an α-element. We can easily distinguish
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Table 1. Summary table of the nucleosynthesis prescriptions adopted by different models. In
the 1st column in is reported the name of the model, in the 2nd column it is specified if there
is production from MNS, in the 3rd it is specified if we adopted a DTD for MNS, in the 4th

column it is reported the adopted yield of Eu from MNS, in the 5th column the yield of Ba from
MNS, in the 6th it is specified if there is production from MRD-SNe, in the 7th column it is
reported the yield of both Eu and Ba from MRD-SNe, in the 8th column the percentage of stars
in the (10 − 80)M� mass range which explode as MRD-SNe and in the last column the range of
metallicities in which the MRD-SNe channel is active for the Eu and/or Ba production.

Model MNS DTD YMNS
Eu (M�) YMNS

Ba (M�) MRD YMRD
Eu,Ba % Z

C54 yes no 3.00 × 10−5 − 1.50 × 10−4 3.20 × 10−4 − 1.58 × 10−3 no – – –
C65 yes no 3.00 × 10−6 − 1.50 × 10−5 3.20 × 10−5 − 1.58 × 10−4 no – – –
C76 yes no 3.00 × 10−7 − 1.50 × 10−6 3.20 × 10−6 − 1.58 × 10−5 no – – –
CN65 yes no 3.00 × 10−6 − 1.50 × 10−5 3.20 × 10−5 − 1.58 × 10−4 yes Nishimura et al. (2017) L0.75 1 all
DN65 yes yes 3.00 × 10−6 − 1.50 × 10−5 3.20 × 10−5 − 1.58 × 10−4 yes Nishimura et al. (2017) L0.75 1 all
DN65Z yes yes 3.00 × 10−6 − 1.50 × 10−5 3.20 × 10−5 − 1.58 × 10−4 yes Nishimura et al. (2017) L0.75 1 < 10−3

Fig. 2. Results of models for the [Eu/Fe] vs
[Fe/H] pattern for Sculptor dSph. Eu is pro-
duced both by MNS with a DTD and MRD-
SNe acting both at low Z and and for all
the range of metallicities. Figure from Molero
et al. (2021a).

the plateau at low to intermediate metallicities
(from ∼ −2.25 to ∼ −1.25 dex) and the de-
crease at higher [Fe/H]. We show results of
models DN65 and DN65Z in which both MNS
with a DTD and MRD-SNe can produce Eu.
For both models the yield of Eu from MNS is
in the (3.0×10−6 −1.5×10−5)M� range, while
that of MRD-SN is equal the one of Nishimura
et al. (2017). Models are shown as a shaded
area with the upper limit corresponding to the
model with the higher yield of Eu and the lower
limit to the model with the lower one. For clar-
ity, the prescriptions for our different models

are reported in Table 1. The two models dif-
fer only for the range of metallicities in which
MRD-SNe are active: in model DN65 they act
for the whole range, while in model DN65Z
they act only at low metallicities. Both mod-
els seems to be able to reproduce the main
trend. In particular, the lack of Eu from MNS
at low metallicities, due to longer delay times
for merging, is compensated by the production
of Eu from MRD-SN which, in both models,
are active at low metallicities. In the same way,
when in model DN65Z MRD-SNe stop to pro-
duce Eu from metallicities higher than 10−3,
MNS can compensate. For model DN65 we get
Eu from both MNS and MRD-SNe also at high
metallicities, resulting in a slightly higher trend
with respect to model DN65Z.

In Fig. 3, we report predictions for the
[Ba/Fe] vs [Fe/H] together with the observa-
tional data. The observed [Ba/Fe] vs [Fe/H],
is characterized by a low abundance of Ba at
low metallicities ([Fe/H]≤-2.25) and by almost
solar values from intermediate to high metal-
licities, suggesting different mechanisms for
the production of the s- and r- process frac-
tions of Ba. In fact, at low metallicities Ba is
mostly created by r-process, but as more LIMS
go through the AGB phase, the s-process be-
comes more important and the [Ba/Fe] ratio in-
creases with increasing [Fe/H] until a plateau
is reached (Skúladóttir et al. 2020). We show
results of models CN65 and DN65 in which r-
process Ba and Eu are produced by both MRD-
SNe and MNS. As for 2, models are shown as
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Fig. 3. Results of models for the evolution
of [Ba/Fe] vs [Fe/H] for Sculptor dSph. r-
process Ba is produced both by MRD-SNe
and by MNS (with and without a DTD) while
s-process Ba production comes from LIMS.
Figure from Molero et al. (2021a).

shaded areas, with the upper limit correspond-
ing to the higher yield of Ba and the lower
limit to the lower one. In model CN65 we as-
sume a short and constant delay time for MNS,
while in model DN65 a DTD is adopted. As
expected, both models are not able to repro-
duce the low data of [Ba/Fe] at low metallic-
ities. For both models, in fact, the production
of r-process Ba sets in too early and a too high
trend is produced at low [Fe/H].

In Figure 4 we report our results together
with the observational data for the [Eu/Fe] vs
[Fe/H] in the Reticulum II UFD. Concerning
the observational data, Reticulum II stands out
among all the other galaxies because of its pe-
culiar Eu and Ba abundances. The data are con-
centrated at low metallicities and also show
strong enhancements, which is about 2 orders
of magnitude higher than what is observed in
the other galaxies. The generally accepted ex-
planation for the high r-process abundances
observed in Reticulum II is that a single nucle-
osynthetic event produced a large quantity of
r-process material (Ji et al. 2016). Therefore, in
our model we increased the value of the αMNS
parameter to 1 in order to artificially obtain
a total of 1 event of MNS in the first Gyr of
SF of Reticulum II. A probability of 100% of
having a MNS event is a strong condition, but

it is justified by the low stellar mass content
of Reticulum II (∼ 103 M�). We then com-
puted the [Eu/Fe] and the [Ba/Fe] vs [Fe/H]
abundances for the three sets of yields. The
results are shown in Fig. 4. As one can see,
the observational data can be reproduced by
models which assume r-process yields simi-
lar to those of the other dwarfs (rather than
higher). In particular, the yields can be in the
(1.50−3.00)×10−6M� range for Eu and around
1.50 × 10−5M� for Ba.

It is reasonable to presume that a possi-
ble scenario is one in which NS merge with
a DTD and produce Eu together with MRD-
SNe. In this case, MRD-SNe can produce Eu
at all metallicities or only at low ones, with-
out making any significant difference in the
final results. This allows us to reproduce the
[Eu/Fe] vs [Fe/H] abundances, in agreement
with what has been proposed by several au-
thors (e.g.: Simonetti et al. 2019; Côté et al.
2019; Skúladóttir & Salvadori 2020; Molero
et al. 2021b). In particular, the amount of Eu
produced by each MNS event would be in the
(3.0 × 10−6 − 1.5 × 10−5)M� range, while that
produced by MRD-SNe would be in the range
of the theoretical calculations of Nishimura
et al. (2017) and equal to 4.69 × 10−7M�. Here
we assume that only 1% of all stars with initial
mass in the (10-80)M� range would explode
as MRD-SNe (according also to Woosley &
Heger 2006). However, within this scenario the
low metallicity data of [Ba/Fe] cannot be re-
produced. The only way to reproduce them
is if only MNS (with DTD) are producing
the r-process fraction of Ba, with yields in
the (3.20 × 10−5 − 1.58 × 10−4)M� range. If
also MRD-SNe participate to this process, the
agreement with the data is lost. Nevertheless,
excluding MRD-SNe from the production of
Ba cannot be physical motivated.

For Reticulum II scenario is different from
those for the other galaxies, because of the
peculiar r-/s-process elements pattern which
characterizes this Galaxy. At the moment, the
most common accepted theory is that a single
nucleosynthetic event polluted the Galaxy at
early times with copious amount of r-process
material. We therefore computed a test in
which the rate of MNS was forced to be equal
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Fig. 4. Results of models C54, C65 and C76 for Reticulum II for [Eu/Fe] and [Ba/Fe] vs [Fe/H]
in the case of 1 event of MNS in the first Gyr. Figure from Molero et al. (2021a).

to 1 in the first Gyr of SF. This allowed us
to adopt realistic r-process yields, similar to
those obtained for other dwarfs/UFDs. In or-
der to obtain such a rate of MNS we had to set
αMNS = 1, namely we had to assume a proba-
bility of 100% of having a MNS event. This is
a strong assumption, but which can be justified
by the low stellar mass content of Reticulum II.

2.3. Chemical evolution of radioactive
nuclei: 26 Al & 60Fe

26Al and 60Fe are two short-lived radioactive
nuclei with decay time of τ26Al=1.05 Myr and
τ60Fe=3.75 Myr, respectively. Their main pro-
ducers are massive star with short lifetime,
therefore these nuclei are abundant in those re-
gions which have suffered a recent event of star
formation.

Since 1991, the γ-survey COMPTEL col-
lected evidences of the flux coming from the
decay of 26Al and observed ∼2 M� of 26Al
within 5 kpc from the Galactic centre (Diehl
et al. 1995). Later, from 2002 the γ-survey
INTEGRAL performed the same measure-
ments and confirmed the earlier COMPTEL
results, having observed a mass of 26Al in
the range 1.8–3.6 M� within 5 kpc from the

Galactic centre (Diehl2013). In addition it ob-
served the flux ratio 60Fe, which is ∼15% ± 5%
of that of 26Al.

Chemical evolution models are useful tools
to offer theoretical constraints on observational
data, and in case of unavailable data, they can
perform predictions. The majority of the mod-
els used until now to study radioactive isotopes
are analytical models (Clayton 1984, 1988),
where restrictive hypothesis such as a single
burst of star formation and instantaneous recy-
cling approximation are assumed.

In this study we used a numerical chemical
evolution code (as done by Timmes et al. 1995)
to study the evolution of 26Al and 60Fe in the
Milky Way, comparing several sets of yields
for massive stars and for nova systems (only
for 26Al). Our model describes the Galaxy as
composed of concentric rings 2 kpc wide, ho-
mogeneously mixed without exchange of mat-
ter among them. The innermost region (R<2
kpc) represents the bulge. The formation of the
disc is described by a double infall law, where
the first infall formed the thick disc and the sec-
ond formed the thin disc on a longer timescale.
We assumed a Kennicutt (1998) SFR and a
Kroupa et al. (1993) IMF. For the bulge we
assumed a single infall on a short timescale,
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Fig. 5. Left panel: mass of 26Al as a function of Galactocentric radius. The four colored models
(green, orange, red and blue) are those compatible with the observations (yellow thick line).
The three black lines are examples of non-compatible models. The best observational value is
represented by the red dot. We consider as best model the red one, which assumes yields by
Woosley & Weaver (1995) for massive stars and high contribution from novae. Right panel:
mass of 60Fe as a function of Galactocentric radius. The lines represent the five different models
tested and the stars show the value each model predicts at 5 kpc from the Galactic centre. Figure
from Vasini et al. (2022).

a Kennicutt (1998) SFR and a Salpeter (1955)
IMF. The model consider production by SNII,
SNIb, SNIc, SNIa and nova systems. The fun-
damental chemical evolution equation studies
how the composition of the ISM changes con-
sidering the effects of star formation, injection
of elements from dying stars, infall and ra-
dioactive decay. With these prescription, our
model can reproduce the main features of the
Galaxy, such as the surface density of gas, the
total mass and the fraction of stars, the present
rates of SNII, SNIa and novae and the infall
rate.

We tested stellar yields for massive stars by
Woosley & Weaver (1995) metallicity depen-
dent and at solar metallicity, Limongi & Chieffi
(2006) at solar metallicity and Limongi &
Chieffi (2018) metallicity and rotation depen-
dent. We also tested, only for 26Al, three sets
of nova system yields, one by José & Hernanz
(1998) and two by José & Hernanz (2007), and
the case of no contribution from novae. For
26Al, we combined the four models of massive
star yields with the four models for nova sys-
tems, for a total of sixteen models tested. For
60Fe we have only the five models for massive
stars (Limongi & Chieffi 2006) offer two sets

for 60Fe, one assuming Schwarzschild convec-
tion criterion, one assuming Ledoux convec-
tion criterion).

For both isotopes we computed the mass as
a function of Galactocentric radius (0–22 kpc)
and the present time injection rate (the present
time rate at which 26Al and 60Fe are injected in
the ISM at the stellar death). We compared the
masses with observations by INTEGRAL and
the injection rates with the previous theoretical
result by Timmes et al. (1995).

For 26Al mass, among the sixteen models
tested, only four were compatible with the ob-
served range 1.8.–3.6 M� within 5 kpc from
the Galactic centre. The left panel of Fig. 5
shows the four compatible models (the colored
ones) which overlap with the observed range
(yellow thick band) together with some exam-
ples of non compatible ones (black models).
The best model assumes yields by Woosley &
Weaver (1995) metallicity dependent and pro-
duces 2.12 M� within 5 kpc. We selected this
one since is the closest to the best observational
value, ∼2 M� (red dot). It is noteworthy that
all the compatible models have a high contri-
bution coming from novae, therefore without
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Fig. 6. Present time injection rates as a func-
tion of Galactocentric radius (solid red line and
dashed blue line) compared with the results by
Timmes et al. (1995) (dotted red line and dash-
dotted blue line). Our results are larger and
the maximum is located in the region 5-7 kpc,
whereas the older results had a maximum in the
centre of the Galaxy. Figure from Vasini et al.
(2022).

nova systems it is not possible to reproduce the
observations.

For 60Fe mass we compared our results to
estimates obtained from flux observation (it
is important to stress that they are uncertain),
which state that 60Fe should lie in the range
0.9-1.8 M�. We have only one model com-
patible, which assumes yields by Limongi &
Chieffi (2006) with Schwarzschild convection
criterion and predicts ∼1 M� within 5 kpc from
the Galactic centre, and is shown in the right
panel in Fig. 5.

Regarding the injection rates, we compared
the results by Timmes et al. (1995) with our
models (we selected those with the same nu-
cleosynthesis prescriptions). The results are
shown in Fig. 6: we obtain higher injection
rates with a maximum located in the region
5–7 kpc, in agreement with the maximum of
the present time star formation, whereas in
Timmes et al. (1995) the maximum was lo-
cated in the inner part of the Galaxy.

In this section, we studied the chemical
evolution of 26Al and 60Fe in the Galaxy by
means of a numerical model whose prescrip-
tions reproduce the present features of the

Milky Way. We estimated ∼2.12 M� 26Al
within 5 kpc from the Galactic centre with a
high contribution coming from nova systems.
We stress that without nova production the data
can not be reproduced. Regarding 60Fe we es-
timate its mass to be ∼1 M� within 5 kpc
from the Galactic centre. We also computed the
present time injection rates for both elements.
With respect of the previous results by Timmes
et al. (1995) our injection rates are larger and
peaked in the region 5–7 kpc as we expected
considering the present time star formation.

2.4. Impact of rotational yields of
massive stars in the evolution of the
Milky Way Galaxy

The massive stars (≥11M�) evolve on shorter
time than low mass stars and explode as
Supernova Ib/c +II. They end their evolution
as stellar remnant of black hole or Neutron
star. Due to the short lifetime of massive stars,
their contribution to the chemical enrichment
of the ISM is very significant. The changes
in the yields of the massive stars can have
a strong influence on the chemical evolution
of the Galaxy. The rotational yields of the
massive stars provided by Limongi & Chieffi
(2018)for a wide range of mass and metallicity
are used in the present work. Due to the conser-
vation of the angular momentum, massive stars
can have a large rotational velocity at the time
of their formation in the molecular cloud. The
presence of rotation induces instabilities dur-
ing various phases of stellar evolution. These
instabilities further enhance the Internal mix-
ing of stellar material and eventually can result
in higher neutron production and other effects.

The Galactic chemical evolution models
presented here understand the influence of
Nucleosynthetic yields of massive stars in the
Galaxy’s chemical evolution. The GCE models
developed in this work are based on the the-
oretical and simulation framework developed
in Sahijpal & Kaur (2018) based upon the the
Monte Carlo technique. Instead of solving the
classical non-linear integro-differential equa-
tions Matteucci & Francois (1989); Chiappini
et al. (1997), we have adopted a direct ap-
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proach of physically evolving the Galaxy real-
istically Alibés et al. (2001); Sahijpal & Gupta
(2013). The Galaxy forms by the accretion
of the infalling intergalactic gas from which
the stars form according to the adopted SFR
and IMF at each simulation time step of 1
Myr. The Monte Carlo approach is used espe-
cially for incorporating SN Ia population syn-
thesis based on random numbers, which is ex-
plained extensively in detail in (Sahijpal &
Kaur 2018). In these GCE models, the Galaxy
is divided into 8 rings of 2 kpc each from 2-
18 kpc. The two-infall accretion process forms
the Galaxy’s Halo-thick disc and thin disc over
a galactic time scale. The halo-thick disc phase
formed in the fast accretion phase within the
initial 1 Gyr, and the thin disc formed over a
longer time scale known as inside out scenario
(Chiappini et al. 1997; Sahijpal & Kaur 2018;
Micali et al. 2013). In the solar neighbourhood
the surface mass density is considered to be 51
M�pc−2 (Bovy & Rix 2013). The stars in the
mass range 0.1–100 M� formed from the ac-
creted matter at each time step of 1 Myr as per
the stellar birth rate function, which constitutes
star formation rate (SFR) and initial mass func-
tion (IMF). We considered Schmidt-Kennicutt
SFR law (Kennicutt 1998). The power law ex-
ponent in IMF is considered to be 0 and 1.7 in
the mass range of 0.1–1 and 1–100 M� stars,
respectively. To understand the influence of ro-
tation and different explosion mechanisms of
the massive stars(>11M�), we simulated four
GCE models with two sets of nucleosynthetic
yields from Woosley & Weaver (1995) and
Limongi & Chieffi (2018). We focus on nu-
cleosynthetic yields of massive stars with stel-
lar rotational velocities, 0, 150 and 300 kms−1

from Limongi & Chieffi (2018), which are
used in the GCE models namely LC-0, LC-150
and LC-300, respectively. The GCE models
produced by yields from Woosley & Weaver
(1995) are named WW-0. The major assump-
tion mentioned by Limongi & Chieffi (2018)
is that they consider only neutron capture and
beta decay for stable and unstable isotopes
around the magic numbers with N= 82 and 126
and all other intermediate isotopes are at the lo-
cal equilibrium. The overall gas, stellar and to-
tal luminous matter is evaluated in each model

and agrees with the observed data. For all four
GCE models, the stellar yields of low and in-
termediate stars in the mass range of 0.8-8 M�
and the SN Ia data are used from (Karakas &
Lattanzio 2007) and (Iwamoto et al. 1999) re-
spectively.

The results for the G-dwarf distribution for
the four models are shown in Fig. 7 for the
four annular rings, viz., 4–6 kpc, 8–10 kpc,
10–12 kpc and 12–14 kpc. The G-dwarf metal-
licity distribution for the Galaxy is computed
by monitoring the evolution of stars in the
mass range of 0.8–1.25 M�. The observational
data across 3–15 kpc from the Galactic cen-
tre over a distance of |z| < 0.5 kpc from the
Galactic plane is taken from Hayden et al.
(2015). The predicted trends show significant
deviation from the observed profile in the low
metallicity regime ([Fe/H] ≤ 0.5).

This could be partially due to our lim-
ited observational data usage over |z| < 0.5
kpc from the Galactic plane (Hayden et al.
2015), which excludes the higher |z| values.
The predicted peaks match the observations
across the Galaxy except for the inner region
of the Galaxy. Because of the different yield
sets used, each GCE model follows a differ-
ent evolution history, and the impact can be
seen in the G-dwarf distribution in the Galaxy.
Overall, the predicted peak values in regions >
8 kpc agree with the observed MDF (Hayden
et al. 2015) for all four models. Out of the
non-rotational models, WW-0 and LC-0, the
highest G-dwarfs are observed for the model
WW-0 at all galactocentric radii. The pre-
dicted G-dwarf distribution for WW-0 model
exhibit sharper peaks in comparison to the LC-
0 model. The impact of the stellar rotational
yields is not significant in explaining the G-
dwarf distribution in the Galaxy compared to
the non-rotating stellar model by Limongi &
Chieffi (2018). Among the rotational models,
LC-300 shows higher peaks than LC-150 at
all distances. In the 4–6 kpc region, the peak
for the LC-150 model is significantly displaced
to the higher metallicity value, making it most
disagree with the observations.

The disagreement in the lower metallicity
part of the distribution could be attributed to
the higher assumed value of the total surface
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mass density in the models. Lower values of to-
tal surface mass density could lead to the lower
production of G-dwarf stars in the early pe-
riod of Galaxy formation. The deviation from
the Gaussian distribution is also seen in the
observed data by Hayden et al. (2015) in the
mid-plane of inner and the outer regions of
the Galaxy. The metallicity distribution func-
tion is observed to be negatively and positively
skewed in the inner and outer Galaxy, respec-
tively. However, the GCE model predictions
are heavily negatively skewed in all over the
Galaxy. One of the most plausible reasons for
this behaviour can be the stellar radial migra-
tion, which is not incorporated in these GCE
simulations.

3. Conclusion

The GCE models discussed above predict the
chemical history of the Milky Way Galaxy and
other dwarf galaxies. The overall predictions of
the 1–D GCE models give a reasonable expla-
nation for the abundance trends of various el-
ements by incorporating different features like
episodic infall of gas, inside–out formation of
the disc, gas density–dependent star forma-
tion and gas outflows etc. The predictions of
GCE models include many observed galactic
features, i.e. abundance gradient, inversion in
abundance gradients at high red–shift and bi–
modality in age–metallicity relations etc., for a
range of low, intermediate and heavy elements.

More data with better age estimates and
from different parts of the Galaxy provides bet-
ter constraints for GCE model predictions. As
discussed in section 2.1, the spectroscopic in-
formation of OCs with the GES iDR6 pro-
vided a detailed view of the 7Li distribution
in the Galaxy. The 7Li abundance trends as a
function of metallicity and galactocentric dis-
tance are presented and compared with the
GCE model predictions. The GCE models sug-
gest the Nova outbursts as the primary pro-
ducer of the galactic 7Li. The OC sample used
here spans a wide range of galactocentric dis-
tances, 5 kpc ≤ RGC ≤ 15 kpc.The 7Li gradient
traced by OCs ranges from A(7Li)∼3.4–3.5 to
A(7Li)∼3.1–3.2 dex from the inner to the outer
disc (Romano et al. 2021).

Further in section 2.2, the GCE models
to predict the chemical evolution of the neu-
tron capture elements in the local group dwarf
galaxies and ultra dwarf galaxies are discussed.
These models investigate the r-process nu-
cleosynthesis by testing different nucleosyn-
thesis prescriptions for merging neutron stars
(MNS) and magneto-rotational driven super-
novae (MRD-SNe). For Sculptor and Fornax,
GCE models can predict the [Eu/Fe] vs [Fe/H]
by having a constant and short delay for merg-
ing or MRD-SNe. Also, the Ba abundance
trends are in good agreement in the case of
the GCE models, where r-process elements are
produced only with longer delays, namely by
MNS with a DTD. However, the results of the
GCE models for abundance trends Ba and Eu
together show some disagreement with the ob-
servations. It is indicated that the nucleosyn-
thesis contribution of the r and s process to var-
ious galaxies modelled here needs further in-
vestigation.

Further, section 2.3 discussed the GCE
models for unstable nuclides, 26Al and 60Fe,
throughout the Milky Way Galaxy. GCE mod-
els dealing with the Short-lived radionuclides
are essential to understand the Gamma–ray ob-
servations. Also, 60Fe and 26Al from Massive
stars inside a stellar cluster give clues to the
origin of the Solar System (Kaur & Sahijpal
2019).These models included the nucleosyn-
thesis yields from massive stars, AGB stars,
and SNIa. Also, the stellar yields of 26Al were
considered from Novae as well. The best fit
GCE models can predict the mass of 26Al in the
range of 1.8–3.6 M� as observed in Gamma–
ray observations within inner 5 kpc of the
Galaxy. The results suggest that irrespective
of the massive star’s yields, the Nova contri-
bution is very significant to the 26Al produc-
tion in the Galaxy. The LIMs and SNIa yields
have little impact on the predicted mass of the
26Al in the Galaxy. The model with massive
stars yields from Limongi & Chieffi (2006)
also produces the 60Fe in the mass range of 0.9
– 1.8 M�, which is indirectly computed from
the 60Fe/26Al flux ratios. The models also pre-
dict the maximum injection rate’s location to
be around 5–7 kpc in the Galaxy.
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Fig. 7. The predicts trends for G-dwarf metallicity distribution for rotational and non-rotational yields
GCE models, LC-0, LC-150, LC-300, and WW-0, in the annular ring at a) 4–6 kpc, b) 8–10 kpc, c) 10–12
kpc, and d) 12–14 kpc of the Galaxy at 13.8 Gyr. The G-dwarf metallicity distribution is computed by
monitoring the evolution of stars in the mass range of 0.8–1.25 M�. The observational data is taken from
Hayden et al. (2015) over a distance of |z| < 0.5 kpc from the Galactic plane. The annular rings of 2 kpc
widths defined by Hayden et al. (2015) initiate at a distance of 3 kpc from the Galactic centre instead of 2
kpc assumed in the present work. Figure from Kaur (2020).

We have discussed the impact of the rota-
tional yields on the chemical evolution of the
Milky Way Galaxy in section 2.4. These GCE
models aim to study the influence of the dis-
tinct sets of non-rotational stellar yields from
Woosley & Weaver (1995) and Limongi &
Chieffi (2018). The impact of the Yields of
massive stars with different rotational veloci-
ties from Limongi & Chieffi (2018) on the evo-
lutionary history of the Galaxy is also studied.
The GCE model predictions for G–dwarf dis-
tribution show a significant deviation from the
observed profile in the low metallicity regime
([Fe/H] < -0.5). The results suggest that there
is little impact of the different evolutionary his-
tory of the Galaxy on G-dwarf distribution of
the Galaxy in all four models with rotating

and non-rotating sets of massive stars yields
(Kaur 2020).The overall deviation of the pre-
dicted G-dwarf distribution from the observa-
tions in the low metallicity regime might arise
from the high surface mass density of gas in the
early period of the Galaxy formation. The val-
ues of the total surface mass density is consid-
ered to vary from 110 to 0.41 M�pc−2 for thick
disc and 267 to 3.4 M�pc−2 for thin disc in the
Galaxy from 2–18 kpc. However, we also com-
puted the total gas mass in the Galaxy, and it is
(6.8−7.0)×109 M� which is in agreement with
the values of 7 × 109 M� (Bovy & Rix 2013)
and (8.1 ± 4.5) × 109 M� (Kubryk et al. 2015).
The observed deviation also could be the result
of the stellar migration in the Galaxy. The low
mass stars with long life spans are subjected
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to significant distance because of stellar migra-
tion. The GCE models presented here do not
consider stellar migration between the differ-
ent annular rings in the Galaxy.
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Mösta, P., Roberts, L. F., Halevi, G., et al.
2018, ApJ, 864, 171

Nishimura, N., Sawai, H., Takiwaki, T.,
Yamada, S., & Thielemann, F. K. 2017, ApJ,
836, L21

Nishimura, N., Takiwaki, T., & Thielemann,
F.-K. 2015, ApJ, 810, 109

Pagel, B. E. 2009, Nucleosynthesis and
chemical evolution of galaxies (Cambridge
University Press)

Pardi, M. C., Ferrini, F., & Matteucci, F. 1995,
ApJ, 444, 207

Pasquini, L., Avila, G., Blecha, A., et al. 2002,
The Messenger, 110, 1

Pitrou, C., Coc, A., Uzan, J.-P., & Vangioni, E.
2018, Phys. Rep., 754, 1

Prantzos, N. & Aubert, O. 1995, A&A, 302, 69
Prantzos, N., de Laverny, P., Guiglion, G.,

Recio-Blanco, A., & Worley, C. C. 2017,
A&A, 606, A132

Prantzos, N., Hashimoto, M., & Nomoto, K.
1990, A&A, 234, 211

Randich, S., Gilmore, G., & Gaia-ESO
Consortium. 2013, The Messenger, 154, 47

Randich, S., Pasquini, L., Franciosini, E., et al.
2020, A&A, 640, L1

Reichert, M., Hansen, C. J., Hanke, M., et al.
2020, A&A, 641, A127

Reichert, M., Obergaulinger, M., Eichler, M.,
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