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Chemical evolution of Sagittarius: the heavy
elements Eu and Ba
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Abstract. We study the evolution of the europium (Eu) and barium (Ba) abundances in
the Sagittarius dwarf spheroidal galaxy by means of a one-zone chemical evolution model
which includes gas infall and outflow as well as detailed stellar nucleosynthesis. We test
different scenarios for the production of r-process material, including merging neutron stars
and magnetorotational-driven supernovae. The s-process material is instead assumed to be
produced by low-intermediate mass stars during the asymptotic giant branch phase. Our
simulations show that in order to reproduced the observed [Eu/Fe] vs [Fe/H] abundance
pattern both a delayed and a quick source are necessary as r-process producers. In our
model the delayed source is represented by neutron stars binary systems merging with a
delay time distribution ∝ t−0.9, while the quick source is represented by magnetorotational
driven supernovae. The yield of Eu from merging neutron stars should be in the (3.0 ×
10−6 − 1.5 × 10−5)M� range, while that produced by magnetorotational-driven supernovae
would be in the range of the theoretical calculations of Nishimura et al. (2017) and equal to
4.69 × 10−7M�. However, this same scenario fails in reproducing the observed abundance
pattern of [Ba/Fe] vs [Fe/H], suggesting that more investigation is still needed in order to
better constrain the origin of heavy elements.
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1. Introduction

The process responsible for the formation of
heavy elements beyond the iron peak is neutron
capture. It can be slow (s-process) or rapid (r-
process) with respect to the β-decay in nuclei.
Therefore, we are dealing with s-process or r-
process elements.
The main s-process component takes place
in the asymptotic giant branch (AGB) phase
of low and intermediate mass stars (LIMS)
(Busso et al., 1999), while the major as-
trophysical r-process site is still under de-
bate, with possible candidate sites being super-
novae or neutron star (NS) mergers (see e.g.:
Thielemann et al., 2011; Frebel & Beers, 2018;
Cowan et al., 2019).
Among massive stars, core-collapse super-
novae (CC-SNe) induced by strong magnetic
fields and/or fast rotation of the stellar core
(magneto-rotational driven supernovae, MRD-
SNe) seem to 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 rotation rates and mag-
netic energies restrict the mechanism to a mi-
nority 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 sup-
posed to be powerful sources of r-process mat-
ter and this has been proved thanks to the ob-
servation of the kilonova AT2017gfo, follow-
ing 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 chemi-
cal evolution models have problems to repro-
duce the r-process abundance pattern in the
Galaxy if MNS are considered the only pro-
ducers (Matteucci et al., 2014; Simonetti et al.,
2019; Côté et al., 2019; Molero et al., 2021a).
With the goal of better understanding both the
r- and s- process production sites at low metal-
licity, we study the chemical evolution of Eu,

taken as a typical r-process element, and Ba
abundances in 6 dSphs and 2 UFDs for which
homogeneous abundances have been published
by Reichert et al. (2020).

2. Model and nucleosynthesis
prescriptions

We use a one-zone chemical evolution model
with instantaneous and complete mixing of
gas, able to follow the evolution of 31 ele-
ments, from H to Eu. Galaxies form by infall
of primordial gas in a pre-existing and diffuse
dark matter (DM) halo. Stellar lifetimes are
taken into account, relaxing the instantaneous
recycling approximation (IRA). The main sets
of equations which describe the evolution with
time of the gas mass in the form of the element
i are:

Ṁgas,i(t) = − ψ(t)Xi(t) + (Ṁgas,i)inf−

+ (Ṁgas,i)out + Ṙi(t),
(1)

The first term on the right-hand side of the
equation is the rate at which chemical elements
are subtracted by the ISM to be included in
stars. The star formation rate (SFR) adopted
is the Schmidt-Kennicutt law with k = 1
(Schmidt 1963; Kennicutt 1998). The second
term is the rate at which chemical elements
are accreted through infall of gas while the
third term is the rate at which chemical ele-
ments are lost through galactic winds. Galactic
winds develop when the thermal energy of
the gas, heated by SN explosions and stellar
winds, exceeds its binding energy (for deteails
see Matteucci 1994; Bradamante et al. 1998;
Vincenzo et al. 2014; Molero et al. 2022). The
last term of the equation represents the fraction
of matter that is returned by stars into the ISM
in the form of the element i.

For all stars sufficiently massive to die in a
Hubble time we adopted yields from Karakas
(2010, for low and intermediate mass stars,
LIMS), Kobayashi et al. (2006, for massive
stars) and Iwamoto et al. (1999, for Type Ia
SNe). A complete and detailed description of
those yields can be found in Romano et al.
(2010, see also Palla 2021).



120 Molero: Evolution of Eu and Ba

For what it concerns heavy elements, s-
process material is produced by LIMS during
the AGB phase with yields from Busso et al.
(2001), while r-process material is produced by
both MNS and MRD-SNe. In our model NS
binary systems consists of two 1.4M� NS with
progenitors in the 9 − 50M� mass range. NS
can merge with a delay time τ which can be
either short (1 Myr) and constant (see Argast
et al. 2004; Matteucci et al. 2014) or given by
a delay time distribution (see Simonetti et al.
2019; Greggio et al. 2021). The yields of heavy
elements (in this work Eu and Ba) from MNS
have been obtained by assuming that there is a
scaling relation between them and those of Sr
(measured by Watson et al. 2019 in the reanal-
ysis of the spectra of the kilonova AT2017gfo).
On the other hand, in our model MRD-SNe are
a subset of CC-SNe. In particular, we are as-
suming that 1−2% of all stars with mass in the
10 − 80 M� are exploding as MRD-SNe and
are producing heavy elements with yields from
Nishimura et al. (2017, their model L0.75).
Furthermore, it has been suggested that these
events occur more frequently at low metallic-
ities, because of the lower opacity that result
in higher rotation rates and, as a consequence,
stronger magnetic fields (see e.g., Brott et al.,
2011, Thielemann et al., 2017). Therefore, we
also test models in which the production of
r-process elements from MRD-SNe is active
only at metallicity Z ≤ 10−3, as suggested also
in Winteler et al. (2012) and Cescutti et al.
(2015).

3. Results

In this work we are focusing on the results ob-
tained for Sagittarius dSph galaxy, for details
on the other dSphs and UFDs we will refer to
the main paper Molero et al. (2021b).

For Sagittarius dSph galaxy, we adopted
the prescriptions of Mucciarelli et al. (2017)
and of Vincenzo et al. (2015, who followed re-
sults of Lanfranchi et al., 2006). Moreover, we
assumed a dark matter halo of mass MDM =
1.2×108M� and an effective radius of the lumi-
nous component of the galaxy of RL = 1550pc
(Walker et al., 2009).

Fig. 1: Results for the [Eu/Fe] vs [Fe/H] pattern
for Sagittarius dSph of models in which Eu is
produced by both MNS with a DTD and MRD-
SNe acting either at low Z (model DN65Z) or
for all the range of metallicities (DN65Z).

Fig. 2: Results for the [Ba/Fe] vs [Fe/H] pat-
tern for Sagittarius dSph of models in which
the r-process component of Ba is produced
by MRD-SNe and MNS with either a DTD
(model DN65) or with a constant delay time
for merging (model CN65). The s-process Ba
production comes from LIMS.

The SF history of Sagittarius is poorly con-
strained. By taking into account the work of
de Boer et al. (2015), we assumed that stars
formed efficiently (ν ∼ 1Gyr−1) during two
different episodes of SF: the first occurring be-
tween 0 and 4 Gyr and the second occurring
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between 4.5 and 7.5 Gyr. The SF is assumed to
be null outside those time intervals.

In Figure 1, we report the observed
[Eu/Fe] vs [Fe/H] pattern together with pre-
dictions of our models for Sagittarius dSph.
Observationally, the evolution of [Eu/Fe] vs
[Fe/H] shows a trend similar of that observed
in the Galaxy. We can distinguish the plateau
at low to intermediate metallicities and the de-
crease at higher [Fe/H]. In the Figure, we show
results of models DN65 and DN65Z in which
both MNS with a DTD and MRD-SNe can pro-
duce 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). 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 models
seem to be able to reproduce the main trend. If
MNS were the only r-process elements produc-
ers, the model would have failed in reproduc-
ing data at low-metallicities (≤ −1.3 dex), due
to the longer delay times for merging when a
DTD is adopted. If also MRD-SNe are active,
the lack of Eu at low metallicities is compen-
sated. In the same way, when in model DN65Z
MRD-SNe stop to produce Eu for metallici-
ties higher than 10−3, MNS can compensate.
Both models are able to fit data, predicting a
plateau at intermediate metallicities followed
by a slight decrease at higher ones for Eu.

In Figure 2 we show results of models
CN65 and DN65 in which heavy elements are
produced by both MNS and MRD-SNe. In
model CN65 we assume a short (1 Myr) and
constant delay time for MNS, while in model
DN65 a DTD is adopted. Both models are not
able to reproduce the low data of [Ba/Fe] at low
metallicities. In both cases, in fact, the produc-
tion of r-process Ba sets in too early and a too
high trend is produced at low [Fe/H].

4. Conclusions

In Molero et al. (2021b), we modelled the
chemical evolution of seven dSph and two
UFD galaxies in order to study the evolution of
their Eu and Ba abundances. Here, we focused

on the results obtained for Sagittarius dSph
and can be mainly summarized as follows: the
most probable scenario for the production of
Eu is that in which two sources are respon-
sible for the production of r-process material.
One source can be represented by MNS which
merge with a DTD and a second source can be
represented by MRD-SNe (which can be active
either only at low or at all metallicities, with-
out making any significant difference). The
amount of Eu produced by each MNS event is
in the (3.0×10−6 −1.5×10−5)M� range, while
that produced by MRD-SNe is in the range of
the theoretical calculations of Nishimura et al.
(2017) and equal to 4.69 × 10−7M�. However,
this same scenario does not produce an agree-
ment with the observed [Ba/Fe] vs [Fe/H] pat-
tern, in particular at low metallicities where the
production from MRD-SNe appears to be too
enriched in Ba with respect to the observed
abundances. Actually, the only way to repro-
duce those data at low metallicities would be if
MNS with a DTD were the only producers of
the r-process fraction of Ba, if also MRD-SNe
participate to this process, the agreement with
the data is lost.
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Peñarrubia J., Evans N. W., Gilmore G.,
2009, ApJ, 704, 1274

Watson D., et al., 2019, Nature, 574, 497
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