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ABSTRACT

Most heavy elements beyond the iron peak are synthesized via neutron capture processes. The nature of the astro-

physical sites of neutron capture processes is still very unclear. In this work we explore the observational constraints

of the chemical abundances of s-process and r-process elements on the sites of neutron-capture processes by applying

Galactic chemical evolution (GCE) models to the data from Gaia-ESO large spectroscopic stellar survey. For the r-

process, the [Eu/Fe]-[Fe/H] distribution suggests a short delay time of the site that produces Eu. Other independent

observations (e.g., NS-NS binaries), however, suggest a significant fraction of long delayed (> 1 Gyr) neutron star

mergers (NSM). When assuming NSM as the only r-process sites, these two observational constraints are inconsistent

at above 1σ level. Including short delayed r-process sites like magneto-rotational supernova can resolve this incon-

sistency. For the s-process, we find a weak metallicity dependence of the [Ba/Y] ratio, which traces the s-process

efficiency. Our GCE model with up-to-date yields of AGB stars qualitatively reproduces this metallicity dependence,

but the model predicts a much higher [Ba/Y] ratio compared to the data. This mismatch suggests that the s-process

efficiency of low mass AGB stars in the current AGB nucleosynthesis models could be overestimated.
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1 INTRODUCTION

Studies of chemical structure of the Milky Way have seen a
long history of research. However, most progress so far has
been made towards understanding the cosmic production of
low-Z (Z < 30) elements, which accessible in spectral win-
dows targeted by ongoing large spectroscopic surveys, such
as APOGEE, LAMOST, GALAH. In contrast, little is known
about the detailed Galactic chemical evolution (hereafter,
GCE) and formation sites of elements beyond Fe (Z > 30),
which are formed by captures of neutrons on seed nuclei (e.g.,
Reifarth et al. 2014, Cowan et al. 2021). Many of the isotopes
are formed by the s-process, involving slow capture of neu-
trons and yielding nuclei close to the valley of stability. The

⋆ jianhui.lian@ynu.edu.cn

s-process is typically attributed to asymptotic giant branch
(AGB) and massive stars (e.g., Arlandini et al. 1999; Herwig
2005; Straniero et al. 2006; Karakas & Lattanzio 2014). The
weak s-component, which comprises nuclei with Z < 39, can
be synthesised in He-core and C-shell burning in massive stars
(e.g., Pignatari et al. 2010; Frischknecht et al. 2016; Choplin
et al. 2018). The main s-process, which produces species 39
< Z< 81, is thought to occur in 13C-rich pockets in AGB
stars (e.g., Karakas & Lattanzio 2014; Cristallo et al. 2015).
Also, the LEPP (Light Element Primary Process) has been
proposed to operate at low metallicity (Travaglio et al. 2004;
Montes et al. 2007).

Other elements are made via nuclear transmutations fol-
lowing rapid capture of neutrons, in the so-called r-process.
The r-process synthesis involves processes operating far from
the nuclear stability valley and, thus, requires extreme condi-
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tions. The sites include neutrino-driven high-entropy winds
in core collapse SNe (e.g., Farouqi et al. 2010; Arcones &
Thielemann 2013; Bliss et al. 2018a), explosions of rapidly-
rotating magnetised massive stars (e.g., Siegel & Metzger
2017; Halevi & Mösta 2018; Siegel et al. 2019; Reichert et al.
2023), compact binary mergers of two neutron stars (NS; e.g.,
Freiburghaus et al. 1999; Korobkin et al. 2012; Martin et al.
2015; Radice et al. 2018), and a merger of a neutron star and
a black hole (BH; e.g., Lattimer & Schramm 1974; Wehmeyer
et al. 2019). Also quark deconfinement SNe II (Fischer et al.
2020) have been proposed as r-process sites, although their
existence is still debated (Cowan et al. 2021). Some of the
heavy nuclei are only produced by charged-particle reactions
involving protons (e.g., Arnould & Goriely 2003; Nishimura
et al. 2018; Travaglio et al. 2018; Battino et al. 2020). These
conditions are also found in core-collapse SNe and in SN Ia.
Ultimately, some elements could be produced in super-AGB
stars (Jones et al. 2016) or in rapidly accreting white dwarfs
(Côté et al. 2018a). Up to 45% of Rb, Sr, Y, Zr, and Mo
could be produced in the latter scenario (Côté et al. 2018a).
Bliss et al. (2018b), on the other hand, find that Mo and Ru
could be explained by proton-rich neutrino-driven winds from
nascent neutron stars. Whereas one process or the other can
preferentially make some isotopes, most nuclei are made by
both s- and r-processes, thus detailed studies of the poten-
tial sites of neutron-capture elements must self-consistently
include all these sources in GCE models.
In this work, we aim to explore the potential of observed

abundances in Galactic populations to constrain the forma-
tion and origins of neutron-capture elements and their pro-
duction cites. We make use of the chemical abundances in the
disc and halo stars from the final public data release of the
Gaia-ESO large spectroscopic survey (Gilmore et al. 2022;
Randich et al. 2022) and analyse the Galactic distributions
in the context of predictions of the GCE model OMEGA+
(Côté et al. 2018b) that allows for very flexible treatment
of sites and yields. We combine observational information
for seven elements: six s-process elements (Y, Zr, Ba, La,
Ce, Nd) and one r-process element (Eu), for which detailed
abundances are available in Gaia-ESO survey (Gilmore et al.
2022; Randich et al. 2022). We compare the observed dis-
tributions with the GCE model predictions and attempt to
assess the potential of such combined studies in the context
of large-scale spectroscopic surveys.

2 OBSERVATIONS

In this work we use data from the latest public data re-
lease of the Gaia-ESO survey (Gilmore et al. 2022; Randich
et al. 2022). Gaia-ESO was an optical, medium- and high-
resolution spectroscopic survey at the 8-meter Very Large
Telescope (VLT) of European Southern Observatory (ESO)
that acquired high-quality spectra for hundreds of thousands
of stars in the Galactic disc, bulge and halo, as well as in open
and globular clusters. The relatively wide wavelength cover-
age and high spectral resolution enable robust measurement
of stellar parameters and dozens of elemental abundances, in-
cluding α, odd-Z, iron-peak, s- and r-process neutron capture
elements (Magrini et al. 2018). The element abundances are
estimated in 1D LTE (local thermodynamic equilibrium) and
1D NLTE (non-local thermodynamic equilibrium), using the
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Figure 1. [X/Fe]-[Fe/H] diagram for seven neutron-capture ele-
ments with reliable detection in Gaia-ESO survey. These seven el-

ements are grouped into three categories: light s-process elements

(Y, Zr) in the left two panels at the top, heavy s-process elements
(Ba, La, Ce, Nd) at the bottom, and r-process element (Eu) in the

right panel at the top. For comparison, three other samples with
abundance measurement of these neutron-capture elements from

previous high-resolution spectroscopic works (Battistini & Bensby

2016; Delgado Mena et al. 2017; Forsberg et al. 2019) are included.

MARCS model atmospheres (Gustafsson et al. 2008) and the
dedicated Gaia-ESO line list (Heiter et al. 2021). Different
spectral analysis methods are used to minimize the statisti-
cal error (for a more detailed description, see Smiljanic et al.
2014 and Sacco et al. 2014). The abundances are given in
absolute units, i.e. A(X) = 12+log10(NX/NH). To convert
into conventionally solar-normalised values, we adopt the so-
lar abundance pattern from Grevesse et al. (2007).

The selection of our sample is limited to the Galactic field
stars. For a detailed description of the observing strategy
and selection of fields we refer the reader to Stonkutė et al.
(2016). We further limit the sample to stars with modest
uncertainties in the measurements of stellar parameters and
neutron-capture elements to ensure reliable estimates of stel-
lar parameters and elemental abundances. Our final Gaia-
ESO sample thus contains 1274 stars satisfying the following
criteria:

• GES TYPE set to GE MW;
• SNR > 50;
• σteff < 100 K, σlogg < 0.2;
• σY < 0.2, σNd < 0.2.

Figure 1 shows the distribution of our Gaia-ESO sample in
[X/Fe]-[Fe/H] plane for two α elements (O and Ca) and seven
neutron-capture elements detected in the Gaia-ESO spectra.
This includes six s-process dominated elements (Y and Zr in
the first peak and Ba, La, Ce, and Nd in the second peak)
and one r-process dominated element (Eu). We emphasize
that none of these elements can be characterised as strictly
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s- or r-process, as different isotopes of the same element are
produced in different nucleosynthetic processes (e.g. Prantzos
et al. 2020). So, for example, Nd is a mixed element, with a
contribution of main s-process at the solar age of about 57 %
only (Travaglio et al. 2004; Bisterzo et al. 2014). For compar-
ison, we also include other measurement of neutron-capture
elements of different Galactic samples compiled from previous
works (Battistini & Bensby 2016; Delgado Mena et al. 2017;
Forsberg et al. 2019). For s-process elements, their abundance
with respect to Fe is overall around the solar value. Inter-
estingly, there is a weak bump feature in Y and Ba with a
local maximum at a slightly sub-solar metallicity ([Fe/H]∼-
0.2). Eu - an element dominated by r-process nucleosynthesis
- behaves similarly to oxygen, showing a rapid monotonic
decrease from [Eu/Fe]∼ +0.5 at [Fe/H]∼-1 to [Eu/Fe]∼ 0
at [Fe/H]∼0.2. These trends are also seen in the samples of
previous studies, suggesting that these elements have robust
observational detections, although it should be noted that all
these s- and r-process patterns refer to 1D LTE measurements
and systematic uncertainties incurred by these assumptions
remain to be quantified by detailed self-consistent calcula-
tions with NLTE and 3D models (e.g. Bergemann & Nord-
lander 2014; Bergemann et al. 2019).

3 CHEMICAL EVOLUTION MODEL

Galactic chemical evolution (GCE) modeling is a useful tool
to interpret the observed elemental abundance pattern of stel-
lar populations to understand the production and evolution
of heavy elements as well as the implied galaxy formation
and evolution history.

3.1 Basic ingredients

Since the goal of this work is to explore the constraining
power of spectroscopic stellar surveys on the production of
heavy elements, we use the OMEGA+1 GCE (Côté et al.
2017, 2018b) for its high flexibility in treating chemical en-
richment sources. This model considers star formation, gas
inflow and outflows. For an in-depth discussion of these pa-
rameters and their role in GCE, we refer the reader to ex-
cellent literature studies (e.g. Matteucci 2021, and references
therein). Here, we will only summarizes the choices relevant
to our model.
The star formation is assumed to follow the Kennicutt-

Schmidt (KS) star formation law (Schmidt 1959; Kennicutt
1998), in the commonly used form (e.g. Côté et al. 2017, eq.

4) Ṁ∗(t) = ϵ∗
Mgas(t)

τ∗
, where Ṁ∗ is the star formation rate

(SFR), ϵ∗ is the star formation efficiency, and τ∗ is the star
formation timescale in years, i.e. how long it takes for neutral
gas to be converted into stars. Therefore the ratio between
the SFR and gas mass is regulated by both ϵ∗ and τ∗ in the
model. We adopt the default configuration of the star forma-
tion model in OMEGA+, i.e., a constant ϵ∗ and an evolving
τ∗, which is assumed to be proportional to the dynamical
timescale (τdyn) of the virialized system including both dark
matter and baryons (see Côté et al. 2017, their Eq. (12) and
references therein). We assume a simplified form of the gas

1 https://github.com/becot85/JINAPyCEE

accretion history, with the gas rate declining exponentially
with an e-folding time Ṁin(t) = ae−t/τinflow , where a is a
normalisation constant and the inflow timescale for a basic
model is set to τinflow = 7 Gyr. For the gas outflow rate,
which is modelled as Ṁout(t) = ηṀ∗(t), we adopt a constant
mass loading factor η of 1. That is, the gas outflow rate is
equal to the star formation rate. The initial mass function
(IMF) is adopted from Kroupa (2001). A detailed discussion
underlying the choice of the free parameters in the model
can be found in Côté et al. (2017) and Côté et al. (2018b).
We note that this star formation history (SFH) may not be
representative of the detailed multi-phase evolutionary his-
tory of the Galactic disc (e.g., Schönrich & Weinberg 2019;
Spitoni et al. 2019; Lian et al. 2020a). However, as we will
demonstrate in Sect. 4, the main observed features in the evo-
lution of abundance patterns of of neutron-capture elements
are mostly due to the nature of their formation sites and
the choice of SFH parameters in the model only weakly in-
fluences the overall trends of the chemical abundance ratios.
Thus adopting a more sophisticated star formation history
will not change the results of this work qualitatively.

3.2 Yields

A variety of tables of yields from different sites of heavy el-
ements is available in OMEGA+. Here we summarize the
yields table of each site that we adopt in the GCE model.

AGB stars: An important late evolution stage of interme-
diate and low mass (∼1-8M⊙) stars is the thermally-pulsing
AGB phase. During this phase, the alternate burning of the
H-shell and the unstable He-shell leads to the occurrence
of thermal pulses, followed by third-dredge up events which
drive the mixing between the shells where nuclear reactions
take place and the surface, enriching the latter with carbon
and s-process elements (Busso et al. 1999). AGB stars expe-
rience intense mass loss (from 10−7 to 10−4M⊙yr

−1, Habing
1996; Groenewegen & Sloan 2018) that carry enriched mate-
rial back into the surrounding interstellar medium. There are
multiple yields tables of AGB stars available in OMEGA+.
In this work we adopt the table from Cristallo et al. (2015)
in our basic model and another table from Karakas (2010) to
test the impact of choice of AGB yields tables on the enrich-
ment of s-process elements. The latter only contains yields up
to Ni. Recently, the authors derived updated AGB yields that
include neutron-capture elements based on new calculations
of AGB evolution and nucleosynthesis at different metallici-
ties from −2 to 0.3 (Karakas & Lattanzio 2014; Karakas et al.
2018, 2022). We adopt the updated Karakas’s AGB yields in
the GCE model. For AGB stars with masses less than 4 M⊙,
we adopt the yields tables that assume partial mixing zone
(PMZ) with mass of 10−3 M⊙; for AGB stars with masses
between 4 and 5 M⊙, we adopt the yields that assume PMZ
mass of 10−4 M⊙; and for AGB stars above 5 M⊙, no PMZ
is assumed.

Type Ia (SN Ia) supernova: OMEGA+ includes several
SN Ia channels. One of them is the canonical Chandrasekhar-
mass (Mch) channel representing a single-degenerate binary
system (one white dwarf accreting H- or He-rich material
from a non-degenerate companion) that end up in thermonu-
clear explosion, which is modelled using the yields table from
Iwamoto et al. (1999). There is a growing evidence that sub-
(Mch) explosions of single- or double-degenerate white dwarfs
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also make a significant contribution to the chemical evolu-
tion of Fe-peak elements, such as Mn (Seitenzahl et al. 2013;
Kobayashi et al. 2020; Eitner et al. 2020; Sanders et al. 2021;
Eitner et al. 2022). Following Eitner et al. (2022), we consider
four main types of SN Ia scenarios, two with (Mch) explosions
and two with sub-(Mch) explosions, with 62% of SN-Ia (in
terms of the total number of SN Ia events) stem from sub-
(Mch) channel. The SN Ia types considered include the single-
degenerate near-Chandrasekhar mass SN-Ia, the fainter SN-
Iax systems associated with He accretion from the compan-
ion, as well as two sub-Chandrasekhar mass channels associ-
ated with the double-detonation of a white dwarf accreting
helium-rich matter and violent mergers of white dwarf bina-
ries. The yield tables of each type of SN-Ia are taken from the
Heidelberg Supernova Model Archive (Kromer et al. 2017).
The delay time distributions (DTD), which define the num-
ber of events since the formation of the progenitor systems,
are different for each of these SN-Ia scenarios (see Fig. 3 in
Eitner et al. 2022). They are modelled using the StarTrack
binary population synthesis code.

Core collapse supernovae (CCSN) and stellar
winds: Core collapse supernova, the final stage of the evo-
lution of massive stars (roughly 10-25 M⊙), is one of the
major sources of Fe-group elements. However, the contri-
bution of CCSN to the production of neutron-capture ele-
ments is still under debate. Rotation of the progenitor mas-
sive stars has been shown to be an important parameter
for the production of s-process elements (Limongi & Chieffi
2018). CCSN resulting from the evolution of rapidly rotating
massive stars (rotation velocity of 300 km/s on the main-
sequence) produce abundances of s-process elements that are
orders of magnitude higher than systems with slower rota-
tion velocity of 150 and 0 km/s, particularly at sub-solar
metallicities. This is a result of rotationally induced mixing
that transports 14N produced in the H-burning shell down to
the He-core where it builds up the 22Ne content, the main
neutron source for s-process in this environment. Prantzos
et al. (2018) obtained an empirical rotation velocity distri-
bution of CCSN (depending on metallicity) to avoid over-
production of s-process elements compared to observations.
In this work we adopt the recommended yields from Limongi
& Chieffi (2018, their set ”R”). These dataset represent yields
from stars with the initial mass 13–120 M⊙ at four values
of metallicity [Z]= −3,−2,−1, 0 and three rotation veloci-
ties of 0, 150, 300 km/s. For stars with the initial mass above
25 M⊙, only enrichment due to stellar winds is relevant, as
these systems are assumed to end as black holes. We obtain
the average yields of massive stars in terms of rotation using
the rotation velocity distribution derived by Prantzos et al.
(2018).

Magneto-rotational supernova (MRSN): In addition
to fast rotation, massive stars with strong magnetic fields
have also been suggested as sites of neutron-capture elements
(in particular r-process) compared to normal CCSN (e.g.,
Cameron 2003; Nishimura et al. 2015; Yong et al. 2021; Re-
ichert et al. 2023). This rare type of explosions has been in-
corporated in GCE models in several studies to explain the
observed Eu abundance in disk and halo stars (e.g., Cescutti
& Chiappini 2014; Côté et al. 2019; Simonetti et al. 2019;
Kobayashi et al. 2020). However, MRSN is unlikely to be
the only site of r-process elements, as a possible signature
of r-process elements is detected in the NS-NS merger event

GW170817 (e.g. Watson et al. 2019; Perego et al. 2022). In
this work, we incorporate MRSN in OMEGA+ following an
approach similar to that of Kobayashi et al. (2020), by re-
placing a very small fraction of normal CCSN (progenitor
mass range in 13-25 M⊙) by MRSN. We find a fraction of
0.25% provides a good match to the observed [Eu/Fe] as will
be shown in §4.3. The yields of MRSN are adopted from the
work of Nishimura et al. (2015), where the nucleosynthesis
yields is calculated as a post-processing based on magneto-
hydrodynamic simulations of a 25 M⊙ star (Takiwaki et al.
2009).

Neutron star mergers (NSM): The merger origin of
r-process elements is supported by the recent observations of
the kilonova associated with the gravitational wave detection
GW170817 (Abbott et al. 2017c). A significant amount of
lanthanide elements are needed to explain the observed kilo-
nova spectrum and light curve (e.g., Chornock et al. 2017;
Cowperthwaite et al. 2017; Drout et al. 2017; Pian et al.
2017; Tanaka et al. 2017; Villar et al. 2017). According to
simulations , the ejected mass of r-process elements by NSM
is of the order of 10−2 M⊙ (see Table 1 in Côté et al. 2018b
and references therein), which depends on the total mass and
mass ratio of the merging neutron stars (Korobkin et al. 2012;
Bovard et al. 2017). In this work, we follow the default con-
figuration of NSM in OMEGA+ that assumes an ejecta mass
of NSM of 2.5×10−2M⊙, power-law DTD, and yields table
from Arnould et al. (2007). The rate of NS-NS mergers in
the local Universe is estimated to be 1540+3200

−1220Gpc−3yr−1

(Abbott et al. 2017a). This occurrence rate is suggested to be
high enough to explain the entire r-process mass in the Milky
Way (Abbott et al. 2017a). However, it shall be noted that the
event GW170817 is detected in an early-type galaxy (Abbott
et al. 2017b) with little on-going star formation (Blanchard
et al. 2017; Levan et al. 2017; Pan et al. 2017). It is possible
that the delay time of this merger event is greater than a few
Gyr (Blanchard et al. 2017; Pan et al. 2017).

We note that the NSM yields from Arnould et al. (2007)
are obtained based on the r-process residual distributions de-
rived by Goriely (1999), which may not be fully consistent
with the more recent calculations of s-process yields of AGB
stars and CCSN. Whereas this choice might be relevant when
considering the relative abundance pattern of r-process iso-
topes, it is not critical within the scope of the GCE analysis
in this work. Specifically, for Eu isotopes, the r-process resid-
uals from Goriely (1999) are in good agreement with those
derived by Prantzos et al. (2020), which are fully consistent
with AGB yields from Cristallo et al. (2015) and CCSN yields
from Limongi & Chieffi (2018). Also, concerning the enrich-
ment history of [Eu/Fe], the release timescale of Eu from dif-
ferent sites is more important than the amount of Eu released
by each event, given the large uncertainties in the occurrence
rates of these events. For these reasons, we keep using the
NSM yields from Arnould et al. (2007) in our GCE model.

4 RESULTS

In this section we confront the GCE model with the observed
abundances of s- and r-process elements to extract observa-
tional constraints on their production sites and origin. We
explore the parameter space of the GCE model, including
SFH, yields tables, and sites. We begin with the analysis of
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Figure 2. Comparison of GCE tracks calculated with different
star formation efficiency parameters ϵ∗ with observations.
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Figure 3. Comparison of GCE tracks calculated with different

inflow timescales τinflow with observations.

the influence of the star formation history and gas accretion
timescale, and then proceed with the studies of individual
enrichment channels.

4.1 Influence of SFH

The SFH therefore plays a fundamental role in the galactic
enrichment history of metals, including the heavy neutron-
capture elements. Since we adopt a simplified SFH framework
in this work, here we first explore the influence of the adopted
SFH parameterisation (Sect. 3.1). Here we assume our basic

model that includes the contribution of CCSN, SN-Ia, AGB,
MRSN, and NSM in the chemical evolution.

Figure 2 shows the chemical GCE tracks calculated with
different SFE (ϵ∗) in comparison with the observed abun-
dance distributions. The lighter elements, O and Ca are af-
fected in a slightly different way. Ca is invariant to the mod-
ification of the star formation efficiency, whereas O is pro-
duced slightly more efficiently for higher values of ϵ∗. But
the differences in the corresponding GCE curves are only
clearly detectable at [Fe/H] ≲ −1, and hence are barely con-
strained by available observational data. For the s-process
elements, we observe two characteristic features. In the low
metallicity regime (−3 ≳ [Fe/H] ≳ −1), the models predict
a steady increase of [X/Fe] from a sub-solar to solar value.
At a slightly sub-solar metallicity, the models show a char-
acteristic ’bump’ feature (see also Prantzos et al. 2018) that
is qualitatively consistent with the observed data. The pre-
dicted strength of the bump varies between s-process ele-
ments and is more prominent in heavy s-process elements,
such as Ba, La, and Ce. The increasing part of the feature
is associated with the transition from the dominant produc-
tion of s-process elements in CCSN to AGB stars, with the
latter having a slightly higher [X/Fe] ratio. The decreasing
part is due to the metallicity-dependent yields of AGB stars,
which produce less s-process elements at higher metallicity
(see Figure 5 and discussion in §4.2) and in part due to the
production of Fe by SN Ia. For the heaviest elements in the
sample, Nd and Eu, the the effect of varying the SFH val-
ues on their GCE tracks is very small. However, it is worth
noting that the predicted Nd abundances tend to be lower
than those observed in Gaia-ESO at [Fe/H]≲ −0.2. This mis-
match might point either to an overestimated Nd abundance
in the Gaia-ESO data, incorrect yields of Nd by AGB stars,
and/or an underestimated r-component of Nd produced in
other sites. In summary, the impact of the SFH on the GCE
tracks of neutron-capture elements is limited. This is easy
to understand, as the SFH regulates the overall enrichment
speed, while the individual abundance ratios [X/Fe] - at a
given metallicity - are primarily determined by the relative
contributions of different sites of neutron-capture processes.

From Fig. 3, it is clear that the timescale of gas accretion
has an even weaker impact on the GCE tracks. In particular,
this is true at sub-solar metallicities, where the models with
different τinflow are nearly indistinguishable. Only around the
solar metallicity the models start to deviate from each other.
Models with shorter gas accretion timescales experience less
dilution, which results in a more extended (in [Fe/H]) bump
feature for La, Ce, and Nd. For all other elements, includ-
ing the α-elements (O, Ca), light s-process (Y,Zr), and r-
process (Eu), no significant difference is seen throughout the
entire metallicity regime covered by the Galactic disc, ex-
cept the most metal-rich population, where the shorter inflow
timescale allows to attain significantly greater [X/Fe] ratios
at a given metallicity, resulting into a pronounced upturn in
the GCE tracks at [Fe/H] ≳ +0.2. However, such upturns
are not observed in the data (e.g., Battistini & Bensby 2016;
Delgado Mena et al. 2017; Forsberg et al. 2019), ruling out
the corresponding parameter space of the models. Our basic
model that assumes ϵ∗ = 0.03 and τinflow = 7 Gyr provides
an overall best match to the observed distributions and will
therefore be used for the subsequent analysis.

We remind the reader that in case of more complicated
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Figure 4. Relative abundance ratio between heavy (Ba) and light
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with three test models deviating from the basic model in three
aspects are included, one without rotating CCSN (blue dashed),

one without AGB contribution (purple dotted), and one with AGB

yields from Karakas et al. (magenta dash-dotted).

multi-phase SFH, which have been proposed to explain
the observed complex age-chemical structure (e.g., Haywood
et al. 2018; Lian et al. 2020b), the impact of the SFH on the
enrichment of neutron-capture elements might be more com-
plicated. Yet, as we will show later, the observed pattern in
[X/Fe]-[Fe/H] is mainly due to the nature (e.g., metallicity-
dependent yields, DTD) of different sites of neutron-capture
process. Therefore the main goal of this work, i.e. understand-
ing the observational constraints from chemical abundance
distribution on the sites of neutron-capture process, will not
be hindered by adopting a simplified SFH.

4.2 s-process

One of the most interesting features of s-process in the GCE
plane of [s/Fe]-[Fe/H] is the weak bump at sub-solar metal-
licity ([Fe/H]∼ −0.2). This feature is clearly seen in Ba and
perhaps also in Y in our Gaia-ESO sample (Fig. 1), but not
in other s-process elements, possibly because of sparse mea-
surements at low metallicity. As discussed above, the GCE
models also predict such a bump feature, which is stronger
in heavy s-process elements than in the light ones.
Figure 4 shows the evolution of [Ba/Y] as a function of

metallicity. We use [Ba/Y] as a proxy for the ratio of heavy
to light s-process elements, because these two elements can be
more reliably measured in our stellar sample. It can be seen
that this abundance ratio is close to the solar value and only
a weak metallicity dependence is observed. To explore the
origin of the [Ba/Y] feature around the solar [Fe/H] values,
following Prantzos et al. (2018), we first run four test models
in addition to the basic model, one excluding the AGB con-
tribution, one with the AGB yields adopted from Karakas
et al., one with metallicity-independent AGB yields (fixed
at solar metallicity), and one with only non-rotating mas-
sive stars. The resulting 4 tracks are also depicted in Fig.4.
AGB stars make a significant contribution to the enrichment

of s-process elements at [Fe/H]∼-0.6 and dominate the pro-
duction of s-process elements at higher metallicity. The test
model with the metallicity-independent AGB yields confirms
that the strong metallicity dependence of [Ba/Y] originates
from the metallicity dependence of s-process yields of AGB
stars.

The left-hand panel of Figure 5 shows the [Ba/Y] ratio
of the yields of individual AGB stars from Cristallo et al.
(2015) as a function of metallicity and mass. The steep de-
crease of [Ba/Y] at high metallicity in low-mass AGB stars
is because in more metal-rich stars the neutron-to-seed ra-
tio is lower. The absolute [Ba/Y] ratio, turnover metallicity,
and the slope of decrease beyond the peak varies between
AGB stars with different masses. Intermediate mass (4-6 M⊙)
AGB stars tend to reach lower [Ba/Y] ratio at a sub-solar
metallicity and show a shallower decrease afterwards. The
main nuclear reaction that produces free neutrons in ther-
mally pulsating AGB stars is 13C(α,n)16O. The mass depen-
dence of [Ba/Y] is mainly due to a lesser s-process efficiency
in more massive stars that have a smaller 13C reservoir, an
additional neutron source (22Ne(α,n)) that favours first s-
process peak elements, and smaller He-shell and larger en-
velopes which make s-process element enrichment more dif-
ficult (Cristallo et al. 2009; Fishlock et al. 2014). While the
predicted metallicity dependence of the corresponding GCE
model tracks is a combined result of the all AGB stars that
have occurred in a stellar population up to a given time step,
the prominent metallicity-dependence of [Ba/Y] in the mod-
els is mainly driven by low-mass AGB stars. The mismatch
between the observed amplitude of the [Ba/Y] at a slightly
sub-solar metallicity, [Fe/H] ∼ −0.1 dex and the GCE model
thus suggests that the s-process efficiency in low-mass AGB
stars is possibly overestimated (Magrini et al. 2021). One
possibility to lower the s-process efficiency in AGB stars is to
include magnetic fields. Vescovi et al. (2020) have calibrated
those models to meteoritic data, finding that they could re-
duce the [Ba/Y] ratio by ∼ 0.2 dex for a 2 M⊙ AGB star at
solar metallicity.

To further test whether our result is robust to the choice of
yields, we adopt new AGB yields from a series of studies led
by the group of A. Karakas. These yields update the data pre-
sented in Karakas (2010). The predicted evolution of [Ba/Y]
in Fig. 4 is similar between the models with AGB yields from
Karakas et al. and Cristallo et al. (2015), albeit that the
model with Karakas’s yields predicts slightly higher maxi-
mum [Ba/Y] ratio. The right-hand panel of Fig. 5 shows the
behavior of [Ba/Y] calculated using the data from Karakas et
al. Although the abundance ratios show a somewhat differ-
ent behavior compared to the values based on Cristallo et al.
(2015) data, especially for the intermediate mass AGB stars
at low [Fe/H], the overall metallicity dependence is broadly
consistent (see also Karakas & Lugaro 2016; Karakas et al.
2018). In both cases, the [Ba/Y] ratios start with a mild in-
crease from low metallicity and switch to a rapid decrease at
slightly sub-solar metallicity. This confirms that the observed
trend of [Ba/Y] ratio at [Fe/H]≳ −0.6 is driven by the metal-
licity dependence in the neutron capture efficiency in AGB
stars.

Observational evidence for the need of contribution from
rotating massive stars is the observed relatively low heavy-to-
light s-process abundance ratio around solar [Fe/H] (Prantzos
et al. 2018). This idea is supported by our work, albeit con-
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Figure 5. Heavy-to-light s-process abundance ratio ([hs/ls]) parameterized by the ratio [Ba/Y] in AGB yields from Cristallo et al. (2015)

(left panel) and Karakas et al. (right panel). Different masses of AGB stars are shown in different colours. See text.

tingent on the quality of the current AGB yields. The GCE
model with the yield contributions from non-rotating mas-
sive stars only shows a stronger deviation from the observed
[Ba/Y] ratio (Fig. 4). In addition, the GCE track calculated
using yields from non-rotating massive stars predicts lower
[Ba/Y] at [Fe/H]< −1. This peculiar behaviour can be veri-
fied by future observations that would allow accurate [Ba/Y]
measurements in the metal-poor regime, such as the high-
resolution 4MOST surveys of the Galaxy (Christlieb et al.
2019; Bensby et al. 2019).

4.3 r-process

Since the only r-process element available for a large sam-
ple of Gaia-ESO stars is Eu, we focus on the [Eu/Fe]-[Fe/H]
distribution to explore the observational constraints on the
sites of r-process elements. In addition to the elemental abun-
dance, inspired by Côté et al. (2019), we also explore the
constraints on the DTD of NSMs from the estimate of co-
alescence time of known NS-NS binaries in the Milky Way.
In this work we focus on two most widely discussed sites of
r-process, NSM and MRSN.

4.3.1 NSM only

Detection of r-process element signatures in the spectrum
of kilonova (e.g., Chornock et al. 2017) associated with
GW170817 (Abbott et al. 2017c) serves as a direct evidence
that NSMs are an important site of r-process. Based on the
current estimate of the rate and mass ejection of NSMs, al-
beit with large uncertainties, it is suggested that NSMs alone
may be able to produce the amount of r-process elements ob-
served in the Milky Way (Abbott et al. 2017c). Here we first
explore the scenario that NSMs are the only source of Eu.
The DTD of NSMs is a critical property that has a strong

impact on the enrichment of r-process elements. Many studies
found that SNe Ia follow a power-law DTD in a form of t−1

(Maoz et al. 2014 and reference therein). Such a DTD is also
found to be consistent with short GRB observations (Fong

et al. 2017), although the statistics is still low. Population
synthesis models that follow the evolution of binary systems
involving stars and compact remnants predict the DTD of
NSMs also in the form of t−1 (Côté et al. 2019). Interest-
ingly, a significant excess of rapidly merging NS-NS systems
in comparison to the t−1 DTD are found by Beniamini &
Piran (2019). In this work we adopt a power-law DTD for
NSMs as follows,

DTD(τ) ∝


0 τ < τmin

τ−α τmin < τ < τmax

0 τ > τmax

and we set the minimum delay time (τmin) and the power in-
dex (α) of the DTD as free parameters. The maximum delay
time (τmax) is set to be 106 Gyr, according to the maximum
merging time of NS-NS systems in Beniamini & Piran (2019).
Figure 6 shows the prediction of GCE models with various
τmin (left-hand) and α (right-hand) in comparison with the
observed [Eu/Fe]-[Fe/H] distribution of our Gaia-ESO sam-
ple. The observed [Eu/Fe]-[Fe/H] distribution shows a clear
anti-correlation at [Fe/H]>-1, consistent with earlier obser-
vations (e.g., Battistini & Bensby 2016; Delgado Mena et al.
2017; Guiglion et al. 2018; Forsberg et al. 2019). This rapid
decrease of [Eu/Fe] is also seen in [α/Fe] and suggests that
the enrichment of Eu occurs, similar to α elements, on a much
shorter timescale than that of Fe. The flattening at [Fe/H]<-
1 reported in some previous works (e.g., Zhao et al. 2016)
is not seen here, but our sample is too scarce to draw any
conclusion.

In the left panel of Fig.6, when taking α = −1, which is
found in the case of SNe Ia (Maoz et al. 2012) and possibly
short GRBs (Fong et al. 2017), none of the models regardless
of τmin match the data sufficiently well. All models fail to
reproduce the observed evolution of [Eu/Fe] over the entire
metallicity range probed by the Gaia-ESO sample. Only at
[Fe/H] ≳ −0.4, the model with a short τmin of 1 Myr predicts
a steeper slope, at least qualitatively comparable to the data.
In the right panel, it can be seen that the power index of the
DTD has a much greater impact on the evolution of the trend
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Figure 7. Probability distribution of the DTD power index and
maximum delay time of NSM as constrained by [Eu/Fe]-[Fe/H]

relation (blue) and coalescence time of seven confirmed NS-NS
binary systems from Tauris et al. (2017) (orange). The solid, dash-
dotted and dashed curves denote the iso-probability contours of
probability at levels of 0.9, 0.5, and 0.05. The shaded regions indi-

cate the parameter space with probability above 0.9.

in [Eu/Fe]-[Fe/H] plane. The model with a DTD power index
of −2 results in dramatically higher [Eu/Fe] ratios at [Fe/H]
≲ −1 and a steep decrease of [Eu/Fe] at [Fe/H] ≳ −0.8,
that matches well the observed evolutionary trend of [Eu/Fe]-
[Fe/H]. The steep decrease of [Eu/Fe] predicted by the model
with a steep power law of the DTD is because in this case
the delay times of NSMs are significantly shorter than those

of SNe Ia. The need for a short delay time of NSMs or an
alternative site to explain the abundance pattern of r-process
elements has been suggested in many recent studies (e.g.,
Matteucci et al. 2014; Côté et al. 2019; Simonetti et al. 2019;
Kobayashi et al. 2022; Van der Swaelmen et al. 2022).

However, such short delay time of NSMs might be in ten-
sion with other independent observations, which suggest a
significant fraction of long delayed (>1 Gyr) NSMs (Côté
et al. 2019). Among the confirmed NS-NS binary systems in
the Milky Way compiled by Beniamini & Piran (2019), 15
systems have an estimate of coalescence time and spin-down
age. Note that 7 (or 8, if considering spin-down time) of these
15 systems have a coalescence time longer than 1 Gyr. In ad-
dition, a significant fraction (∼ 30%) of short GRBs are found
in early-type galaxies with stellar population older than sev-
eral Gyr on average (Berger 2014; Fong et al. 2017). The
host galaxy of GW170817 is also an early-type galaxy. This
NSM event likely has a delay time more than ∼ 3 Gyr (Pan
et al. 2017; Blanchard et al. 2017). More detections of NSMs
and their host galaxies in the future will provide crucial con-
straints on the DTD of NSMs (McCarthy et al. 2020).

To quantify the constraints on the DTD of NSMs from el-
emental abundances and other independent observations, we
run a series of models with τmin varying from 1 to 100 Myr
at a logarithmic step of 0.2 dex and α varying from -2 to 0 at
a step of 0.1. We then confront each model with the target
observational results. For the abundance distribution, we use
the median [Eu/Fe]-[Fe/H] relation binned in [Fe/H], shown
as the black error bar in Fig. 6, to balance the uneven den-
sity of stars at different metallicities. A wide bin width of
0.4 dex is adopted at [Fe/H]< −0.8 because of sparse obser-
vations and a bin width of 0.1 dex used at higher metallicity.
For other independent observations, given that they suggest
a similar behavior of NSM DTD, here we only use the co-
alescence time of the Milky Way’s NS-NS binaries (Tauris
et al. 2017). Considering the uncertainty in the coalescence
time estimate of individual NS-NS binaries, we compare the
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fraction of NSMs with delay time above 1 Gyr in the NS-NS
binary sample (46.7% ± 21.4%, assuming the Poison error)
with that predicted by each NSM DTD. We compare each
model with the observations of abundances and the fraction
of long delayed NSMs and then calculate the χ2 and corre-
sponding probability.
Figure 7 shows the probability contours in τmin and power

index α given the constraints from abundances (blue) and
the coalescence time of NS-NS binary (orange). The solid,
dash-dotted, and dashed curves correspond to the τmin and
α values that can not be rejected at a probability of 0.9, 0.5,
0.05, respectively. The observed [Eu/Fe]-[Fe/H] distribution
favours DTD with the power index less than ∼ −1.5 and
τmin shorter than 10 Myr. In contrast, the coalescence time
estimate of NS-NS binaries favors flatter DTDs with a power
index only slightly lower than −1, which implies more NSMs
with longer delay times. The fraction of long delayed NSMs
is dependent on both τmin and power index, although the
dependence on the latter is much stronger. There are two
solutions that can match the observed fraction of long delayed
NSMs, one with τmin ∼ 30 Myr and power index ∼ −1.2 and
the other with much shorter τmin that is less than 3 Myr and
slightly higher power index.
The observed NS-NS systems are likely biased towards

young systems, because older neutron stars stop emitting in
the radio and therefore are difficult to find observationally.
Also, a significant number of NS systems are known with
merger times exceeding 50 Gyr (Tauris et al. 2017), and by
considering mergers only we might bias the corresponding
DTD constraints to steeper DTDs. Thus the fraction of long
delayed NSMs is expected to be higher, suggesting a flat-
ter NSM DTD with a higher power index. This would in-
crease the significance of the inconsistency between the DTD
of NSMs constrained by the two types of observations.

4.3.2 NSM+MRSN

To reconcile these two independent type of observations, one
frequently discussed solution is to introduce an additional
site of r-process synthesis that releases r-process elements on
a much shorter timescale compared to NSM and the Fe re-
leased by SN Ia (Côté et al. 2019; Matteucci et al. 2014).
The most commonly discussed candidate of r-process site
that has a short delay time is a rare type of CCSN with
strong magnetic field and fast rotation, usually referred to
as magneto-rotational supernova (MRSN, Symbalisty 1984;
Cameron 2003; Nishimura et al. 2015; Yong et al. 2021).
Nishimura et al. (2015) calculated nucleosynthesis yields of
MRSN based on a 2D magneto-hydro-dynamical simulation
of a 25 M⊙ star. Here we adopt the MRSN yields from
Nishimura et al. (2015) and assume that a very small frac-
tion of massive stars that initially end up with CCSN evolve
into MRSN instead. NSMs are also included with the same
configuration as in the basic model. Note that the goal of
this experiment is not to quantify the contribution of MRSN
in the production of r-process elements, but rather to assess
whether including MRSN could mitigate the tension between
the model and data as discussed in the previous section or
not.
Figure 8 illustrates the [Eu/Fe]-[Fe/H] evolution predicted

by our GCE models including MRSN’s contribution. As dis-
cussed in Sect. 3.2, we adopt a fraction of 0.25% for MRSN
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Figure 8. [Eu/Fe]-[Fe/H] evolution predicted by GCE models

with both NSM and MRSN as source of r-process elements. The

DTD of NSM is adopted to be the same as the basic model (i.e.,
τmin = 10 Myr and α=-1).
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Figure 9. Same as Figure 7 but replacing a very small fraction
(0.25%) of CCSN by MRSN in GCE models to meet the constraints
imposed by the observed [Eu/Fe]-[Fe/H] trend.

(blue line). It can be seen that in comparison to the model
with NSM as the only r-process site the Eu abundance is
significantly enhanced by including MRSN, especially in the
low metallicity regime, matching well the observed [Eu/Fe]-
[Fe/H] trend over the metallicity range probed by our sample.

To verify this result, we perform the same χ2 statistic anal-
ysis as the NSM-only models for the models considering both
NSM and MRSN. Figure 9 shows the iso-probability con-
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neutron-capture elements in GES. Three models with different scenarios are included: no NSM or MRSN contribution (dark red), NSM
only (orange), and including both NSM and MRSN (green).

tours for the NSM+MRSN GCE model. It can be seen that
models that include MRSN can meet both the observational
constraints from stellar abundances and coalescence times of
NS-NS binaries within a 1 σ confidence level simultaneously.
With such a model, a significant fraction of Eu in the Milky
Way today is synthesized in MRSN and NSMs. For example,
assuming a NSM DTD with τmin = 10 Myr and α = −1 and a
fraction of 0.0025 for MRSN, at the present day, 46.5% of Eu
is produced by MRSN, 37.3% by NSMs, and a minor fraction
of 16.1% via s-process nucleosynthesis in AGB stars.

Whereas magneto-rotational supernovae clearly have a
critical contribution to the production of r-process elements,
such as Eu discussed above, this site is also important for
other neutron-capture elements. Figure 10 shows the GCE
tracks of three models with or without contributions from
NSMs and MRSN. For the models with NSM contribution,

we adopt a NSM DTD with τmin = 10 Myr and α = −1. It
can be seen that, similar to Eu but to a lesser extent, inclusion
of MRSN significantly enhances the abundances of lighter n-
capture elements at low metallicity, especially Zr and Nd.
This has an impact on the r-process fraction of these ele-
ments, which are dominated by s-process at present day. The
impact at the high metallicity end is negligible, suggesting
that, in this example model, AGB stars are still the major
source of s-process elements.

5 SUMMARY AND CONCLUSIONS

In this work we investigate the observational constraints of
chemical abundances of Galactic stars on the sites of neutron-
capture nucleosynthesis. We use the new data from the Gaia-
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ESO large spectroscopic survey, specifically O, Ca, Fe, Y, Zr,
Ba, La, Ce, Nd, and Eu and the OMEGA+ chemical evolu-
tion model of the Galaxy. In addition to the yields, we explore
the influence of basic parameters in the standard 1-zone GCE
models, including the star formation efficiency and the inflow
timescales, and explore their impact on the predicted Galac-
tic chemical enrichment tracks.

For the s-process, we use the abundance ratio between Ba
and Y to trace the neutron-capture efficiency in the s-process
sites. This abundance ratio shows a weak metallicity depen-
dence that is likely caused by the metallicity dependence in
AGB yields. While our model provides a good match to the
overall trend of the evolution of [Ba/Y], the predicted metal-
licity dependence is clearly too strong compared to the obser-
vations. By inspecting the yields of individual AGB stars, we
find that this mismatch is caused by the strong metallicity-
dependent yields of [Ba/Y] in low-mass AGB stars. To bet-
ter match the observed [Ba/Y], we anticipate that a lower
s-process efficiency is needed in low-mass AGB stars. One
possibility to lower the s-process efficiency is to include mag-
netic fields in AGB stars.

For the r-process, we explore the observational constraints
from the element abundances (Eu) and the coalescence time
of known NS-NS binary systems, although the latter might be
subject to uncertainties that are currently difficult to account
for. When assuming NSMs as the only site of r-process, we
find these two independent observational constraints favour
different delay time distributions for NSMs. While a steep
DTD with the power index lower than ∼ −1.5 is required
to match the steep decline of [Eu/Fe] at [Fe/H] ≳ −1 dex, a
shallower DTD with a power index ∼ −1 is needed to explain
the significant fraction of long coalescence time (> 1 Gyr) of
NS-NS binaries and short GRBs in early-type galaxies.

Our results suggest that an additional site of r-process with
a short delay time is needed. We also explore the possibility
of MRSN and find that including MRSN helps to alleviate
the need for uncomfortably short delay time of NSMs. Our
model including MRSN and NSMs with the standard DTD of
NSM in the form of t−1 is able to simultaneously explain the
observed rapid decrease of [Eu/Fe] in Galactic stars and the
notable frequency of long delayed NSM as indicated by the
coalescence time of NS-NS binaries and host galaxy proper-
ties of GW170817 and short GRBs. It is worth pointing out
that in this model a significant fraction of Eu at present day
comes from NSMs (46.5%), while a large fraction (37.3%) is
produced by MRSN, which however, dominated the Eu pro-
duction at [Fe/H]≲ −1.

The analysis of neutron-capture element enrichment in the
high-metallicity regime relies on the knowledge of the early
r-process enrichment in short-delay sites, e.g., CCSN and
MRSN. To deepen our understanding of the origins and evo-
lution of neutron-capture elements, a critical step in the fu-
ture is to extend the chemical abundance analysis to a lower
metallicity regime and to improve the accuracy of element
abundances. We expect that the next generation massive stel-
lar spectroscopic surveys, such as 4MOST and WEAVE, will
provide homogeneous measurements of neutron-capture ele-
ment abundances for large samples of stars at [Fe/H] ≲ −1
dex, which will serve as the ideal datasets to study the early
enrichment of neutron-capture elements.
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M. R., Côté B., 2022, arXiv e-prints, p. arXiv:2206.10258

Farouqi K., Kratz K. L., Pfeiffer B., Rauscher T., Thielemann

F. K., Truran J. W., 2010, ApJ, 712, 1359

Fischer T., Wu M.-R., Wehmeyer B., Bastian N.-U. F., Mart́ınez-
Pinedo G., Thielemann F.-K., 2020, ApJ, 894, 9

Fishlock C. K., Karakas A. I., Lugaro M., Yong D., 2014, ApJ,

797, 44

Fong W., et al., 2017, ApJ, 848, L23

Forsberg R., Jönsson H., Ryde N., Matteucci F., 2019, A&A, 631,

A113

Freiburghaus C., Rosswog S., Thielemann F. K., 1999, ApJ, 525,
L121

Frischknecht U., et al., 2016, MNRAS, 456, 1803

Gilmore G., et al., 2022, A&A, 666, A120

Goriely S., 1999, A&A, 342, 881

Grevesse N., Asplund M., Sauval A. J., 2007, Space Sci. Rev., 130,

105

Groenewegen M. A. T., Sloan G. C., 2018, A&A, 609, A114

Guiglion G., de Laverny P., Recio-Blanco A., Prantzos N., 2018,
A&A, 619, A143

Gustafsson B., Edvardsson B., Eriksson K., Jørgensen U. G., Nord-
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Figure A1. The impact of including NSM and MRSN, or not, on the predictions of GCE models in [X/Fe]-[Fe/H] diagram for most
elements after Fe. Colouring is the same as in Fig. 10 for three models with different scenarios: no NSM or MRSN contribution (dark
red), NSM only (orange), and including both NSM and MRSN (green).
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