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ABSTRACT

Context. The origin of the large star-to-star variation of the [Eu/Fe] ratios observed in the extremely metal-poor (at [Fe/H] < —3) stars
of the Galactic halo is still a matter of debate.

Aims. In this paper, we explore this problem by putting our stochastic chemical evolution model in the hierarchical clustering frame-
work, with the aim of explaining the observed spread in the halo.

Methods. We compute the chemical enrichment of Eu occurring in the building blocks that have possibly formed the Galactic halo. In
this framework, the enrichment from neutron star mergers can be influenced by the dynamics of the binary systems in the gravitational
potential of the original host galaxy. In the least massive systems, the neutron stars can merge outside the host galaxy and so only a
small fraction of newly produced Eu can be retained by the parent galaxy itself.

Results. In the framework of this new scenario, the accreted merging neutron stars are able to explain the presence of stars with
sub-solar [Eu/Fe] ratios at [Fe/H] < —3, but only if we assume a delay time distribution for merging of the neutron stars oct™!>. We
confirm the correlation between the dispersion of [Eu/Fe] at a given metallicity and the fraction of massive stars which give origin to
neutron star mergers. The mixed scenario, where both neutron star mergers and magneto-rotational supernovae do produce Eu, can

explain the observed spread in the Eu abundance also for a delay time distribution for mergers going either as oct™! or ocz™1%,
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1. Introduction

Presently we know that light elements and their isotopes, such
as ’H, **He and "Li originated in the Big Bang. Massive stars,
during their evolution and in explosive end phases, can produce
elements from C to Ti, the iron-peak elements, and beyond (e.g.
Howard et al. 1972; Woosley & Heger 2007; Wanajo et al. 2018;
Curtis et al. 2019). However, the majority of all nuclei heavier
than the iron-peak elements are produced by neutron-capture
reactions and rely on high densities of free neutrons. The neutron
capture processes are divided into two different classes: rapid or
r-process (neutron capture timescale shorter than 8 decay) and
slow or s-process (in this case the neutron-capture timescale is
longer than 8 decay). Most neutron-capture elements are pro-
duced by both r and s-process, but for some of these heavy
nuclei, the production is dominated by only one process.

In the last few years, many studies have tried to probe the
origin of rapid neutron-capture process (r-process) elements
in the universe. This challenge requires a multi-scale convolu-
tion of studies from different fields: nuclear astrophysics, stel-
lar spectroscopy, gravitational waves, short gamma-ray bursts
(SGRBs), galaxy formation theories and chemical evolution mod-
els (e.g. Cowan et al. 1991; Berger 2014; Matteucci et al. 2014;
Cescutti et al. 2015; Wehmeyer et al. 2015; Abbott et al. 2017a).

Observations of heavy element abundances can provide con-
straints of the astrophysical site(s) of r-process nucleosynthesis.

Many observations show a large spread, up to 2 dex, of r-process
elements in the metal-poor environment of the Galactic halo
(McWilliam 1998; Koch & Edvardsson 2002; Honda et al. 2004;
Fulbright 2000). On the other hand, the observed star-to-star
abundance scatter of a-elements (i.e. elements produced by mas-
sive stars like O and Mg) is smaller compared with the one of
heavy elements (see Cayrel et al. 2004; Bonifacio et al. 2012).
The large spread of r-process elements seen in metal-poor stars
indicates that the r-process nucleosynthesis in the early Universe
should have been rare and prolific (see Cescutti et al. 2015;
Hirai et al. 2015; Wehmeyer et al. 2015; Naiman et al. 2018).

In literature Eu is often indicated as a good r-process
tracer for two basic reasons: (i) more than 90% of Eu in the
solar system has been produced by r-process (Cameron 1982;
Howard et al. 1986; Bisterzo et al. 2015; Prantzos et al. 2020).
(ii) Europium is one of the few r-process elements that shows
clean atomic lines in the visible part of the electromagnetic spec-
trum, and this makes Eu abundances easier to measure than other
r-process elements (Woolf et al. 1995).

For the Eu production, have been proposed two main
astrophysical sites: (i) core-collapse SNe, Type II SNe dur-
ing explosive nucleosynthesis (Cowan et al. 1991; Woosley et al.
1994; Wanajo et al. 2001). However, there are still many uncer-
tainties in the physical mechanism involved in Eu produc-
tion in Type II SNe (Arconesetal. 2007). On the other
hand, some specific CC SNe, such as magneto-rotationally
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driven (MRD) supernovae (Winteler et al. 2012; Nishimura et al.
2015; Mostaetal. 2015) and collapsars (Siegel et al. 2019)
have been indicated as promising sources of r-process nucle-
osynthesis. (ii) Neutron star mergers (NSM), are able to
provide a production of r-process elements rare and pro-
lific (Freiburghaus et al. 1999; Wanajo et al. 2014; Panov et al.
2008; Symbalisty & Schramm 1982; Oechslin et al. 2007,
Bauswein et al. 2013; Hotokezaka et al. 2013; Perego et al.
2014, 2021), as suggested by the wide scatter of [Eu/Fe]
ratios at low metallicities. In particular, each event can pro-
duce a total amount of Eu from 1077 to 107 My as sug-
gested by Korobkin et al. (2012). The detection of GW170817
by LIGO/Virgo and its electromagnetic counterpart (see Ciolfi
2020), known as kilonova, is the strongest proof that NSMs
are able to produce r-process elements (Abbott et al. 2017a).
In particular, the ultraviolet, optical, and infrared emis-
sions from GW170817 suggest a significant production of
r-process elements (Cowperthwaite et al. 2017; Tanaka et al.
2017; Villar et al. 2017; Watson et al. 2019; Troja et al. 2019).
Moreover, its late-time infrared emission suggests the produc-
tion of lanthanide elements (such as Eu).

Argast et al. (2004) tried to define which astrophysical site
is the sole (major) producer of r-process elements. In particular,
they computed the chemical evolution of Eu for the halo of our
Galaxy with an inhomogeneous chemical evolution model and
they concluded that NSMs cannot be the major producer of Eu
due to their low rate. Later Cescutti et al. (2006) used a model
with instantaneous mixing and found that SNe II can be the only
r-process site in our Galaxy.

On the other hand, Matteucci et al. (2014) showed that neu-
tron stars (NS) can be the only production site of Eu but the time
scale of coalescence (i.e. the time between the formation of the
binary system of neutron stars and the merging event) cannot
be longer than 1 Myr. Later on, with similar assumptions on the
NSM parameters, Cescutti et al. (2015) showed that in the frame-
work of a stochastic chemical evolution model, NSM (alone) can
reproduce the spread of [Eu/Fe] ratios observed in the halo of our
Galaxy. However, they also showed that the scenario which best
reproduces the observational data is the one where both NSMs
and a fraction of Type II supernovae produce Eu.

All these studies suggested that, to reproduce both aver-
age values and spread of [Eu/Fe] as a function of [Fe/H] in
our Galaxy, the coalescence time of NSM cannot be longer
than 100 Myr. This assumption is in disagreement with other
studies: (i) population synthesis models (Belczynski et al. 2020;
Coté et al. 2019; Giacobbo & Mapelli 2019) that predicts a delay
time distribution (DTD) in the form of a power-law (i.e. oct~'0
and oct~'%); (ii) DTD and cosmic rate of SGRBs (see Berger
2014; D’ Avanzo 2015); (iii) detection of the event GW170817
occurred in an early-type galaxy (Abbott et al. 2017a). We will
take an in-deep discussion of these topics in the next section.

A series of recent studies have taken into account the effects
of a DTD for NSM on the chemical evolution of r-process
elements for both disk (Coté et al. 2019; Simonetti et al. 2019;
Molero et al. 2021) and halo (Cavallo et al. 2021) environments.
They concluded that when we take into account a DTD oc#~! for
NSMs, and we assume that these systems are the major pro-
ducer of Eu, we cannot explain the average trend nor the wide
spread of [Eu/Fe] in our Galaxy. In order to solve this tension, we
need to invoke a second source of Eu (standard CC SNe, MRD
SNe or collapsars). For the halo environment, is also possible
to ease the tension between models and observations by predict-
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ing that the fraction of massive stars that can generate a binary
system of neutron stars, which will eventually merge, is higher
at low metallicities ([Fe/H] < —2.5 dex; see Simonetti et al. 2019;
Cavallo et al. 2021).

Other authors have investigated this tension and
they have found different explanations. In particular,
Schonrich & Weinberg (2019) showed that NSM alone (with a
DTD) can explain the observed abundance patterns assuming a
2-phase interstellar medium (hot and cold).

Other possible explanations can arise from the formation
history of the Galactic halo. The hierarchical nature of galaxy
formation in the ACDM cosmological paradigm, predicts that
galaxies are surrounded by diffuse stellar halo components,
formed by the accretion and disruption of lower mass galaxies.
The early discovery of the Sagittarius stream around the Milky
Way (Newberg et al. 2002; Majewski et al. 2003), and later on
the field of streams (Belokurov et al. 2006) are strongly favour-
ing this overall picture of the formation of stellar haloes.

Both observations (Frebel et al. 2010; Ivezic et al. 2012;
Aguado et al. 2021) and theoretical models (Cooper et al. 2010;
Bullock & Johnston 2005; Johnston et al. 2008) point to the fact
that the dwarf satellite galaxies that we observe nowadays are
the remnants of a large population of ancient galaxies. Later
on, these proto-galaxies merged to form the Galactic halo stellar
population, although a fraction of halo stars have formed in situ.
Recent observational surveys, such as Gaia (Gaia Collaboration
2016, 2018), are revolutionizing our understanding of the for-
mation and evolution of the Galaxy and its stellar halo. In par-
ticular, the discovery of the Gaia-Sausage-Enceladus popula-
tion of highly eccentric stars confirms a past merging event in
the formation history of the MW. This population was brought
in by a massive dwarf galaxy which formed the main compo-
nent of the inner halo (Belokurov et al. 2018; Helmi et al. 2018;
Fattahi et al. 2019; Vincenzo et al. 2019).

In the framework of the hierarchical clustering formation,
Komiya & Shigeyama (2016) explored the effect of propagation
of NSM eject across proto-galaxies on the r-process chemical
evolution. Considering these effects, they found that NSMs alone
with a DTD can reproduce the emergence of r-process elements
at very low metallicity ([Fe/H] ~ —3 dex).

In this paper, we want to resolve the tension that emerged in
our last work Cavallo et al. (2021). In particular, we found that
our previous model was not able to predict the presence of stars
at [Fe/H] < =3 with [Eu/Fe] <0, the so-called “low metallicity
tail” of abundance distribution of our data sample (Roederer et al.
2014). In our previous model, we considered the Galactic halo as
a unique spheroidal galaxy where all the stars are formed in situ.
In this work, we change this paradigm and we consider that the
halo has been formed by the subsequent accretion of smaller satel-
lite galaxies, whose chemical evolution is computed. To do that
we adopt a stochastic chemical evolution model, as proposed in
Cescutti (2008), that mimics an inhomogeneous mixing thanks to
stochastic modelling. With this change of framework we need to
take into account some “new” effects: (i) the star formation effi-
ciency varies among satellite galaxies of different mass; (ii) the
timescale of star formations is shorter in the least massive galaxies
(due to the SNe feedback on less bounded gas); (iii) the inefficient
enrichment of Eu (due to NS binaries dynamic in the gravitational
potential of their host galaxies) implemented following the results
of Bonetti et al. (2019).

The paper is organised as follows: in Sect. 2 we describe
the observations; in Sect. 3 we introduce the adopted chemical
evolution model. In Sect. 4 we discuss our results and finally in
Sect. 5 we draw some conclusions.
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2. Observational evidence

Here we present observational evidence and their theoretical and
phenomenological interpretations that can give some insights on
the physics behind the possible r-process sites.

2.1. [Eu/Fe] of metal-poor stars in the Galactic halo

The average [Eu/Fe] ratio in the Galaxy resembles one of
a-elements, but it shows a wide spread at low metallicities (i.e.
in the early evolutionary stage of the Galaxy). This wide scatter
could indicate an interstellar medium not yet well mixed, that
allows us to observe the chemical enrichment of single events.
As discussed in Sect. 1, the scatter of [Eu/Fe] is wider than the
one observed for [a/Fe] ratios, at the same metallicity. More-
over, the [a/Fe] scatter shrinks more at lower metallicities than
the one of [Eu/Fe] ([Fe/H] ~ —3 and ~-2, respectively). This dif-
ferent behaviour seems to indicate that r-process events occur
at a lower rate than supernovae. Similar conclusions have been
found by Cescutti (2008). In particular, they suggested that the
wider spread observed in neutron-capture elements, compared
to [a/Fe] ratios, is a consequence of the difference in mass
ranges between the production sites of @ and r-process elements,
respectively. Again, this also implies that the production of Eu,
in the early Universe, must have been rare and prolific compared
to one of @-elements.

To test the prediction of our model we use abundances
of the halo stars contained in the JINAbase database
(Abohalima & Frebel 2018). We excluded all upper limits,
duplicates and, carbon-enhanced metal-poor (CEMP) stars. We
have got left with 357 halo stars at —4.0 <[Fe/H]<-0.5
with  —-0.8<[Eu/Fe]<2.0 (see McWilliametal. 1995;
Burris et al.  2000; Fulbright 2000; Westinetal. 2000;
Aoki et al. 2002a, 2005, 2013; Johnson 2002; Cayrel et al. 2004;
Christlieb et al. 2004; Honda et al. 2004, 2011; Barbuy et al.
2005; Barklem et al. 2005; Ivans et al. 2006; Masseron et al.
2006; Preston et al. 2006; Frebel et al. 2007; Lai et al. 2008;
Hayek et al. 2009; Mashonkina et al. 2010, 2014; Roederer et al.
2010, 2014; Hollek et al. 2011; Allen et al. 2012; Hansen et al.
2012, 2015; Cohen et al. 2013; Ishigakietal. 2013; Lietal.
2013, 2015a,b; Placco et al. 2014; Siqueira Mello et al. 2014;
Spite et al. 2014; Jacobson et al. 2015).

From the distribution on the [Fe/H]-[Eu/Fe] plane of
the selected stars we note a group of six objects at
[Fe/H] > -2.5 with [Eu/Fe] > 1.5. The members of the group
are: 2MASS J21054509-1836574 (McWilliam et al. 1995), HE
2122-4707 (Cohen et al. 2013), 2MASS J11074950+0011383
(Barklem et al. 2005), 2MASS J03274362-2300299 (Aoki et al.
2002a), 2MASS J21374577-3927223 (Barbuy et al. 2005), and
SMSS J175046.30-425506.9 (Jacobson et al. 2015). The first
five of them are reported to have [C/Fe]>0.7 (i.e. CEMP
stars by definition) but are reported as ordinary stars in JIN-
Abase. These stars will be plotted with open dots. The last star,
SMSS J175046.30-425506.9, has [C/Fe] =0.31 (Jacobson et al.
2015) and is correctly reported as an ordinary star.

2.2. Short gamma-ray bursts

The delay time between the formation of the binary system of
neutron stars and the merging event plays a crucial role in the
chemical evolution of Eu. Multiple observations and theoretical
works have ruled out the hypothesis of short and constant delay
times for NSMs. GRBs observations can provide a tool to con-
strain the typical time-scale of this delay.

Gamma-ray bursts display a bimodal duration distribution
with a separation between the short and long-duration bursts at
about 2s. The progenitors of Long GRBs have been identified
as massive stars (Fruchter et al. 2006; Woosley & Bloom 2006;
Wainwright et al. 2007; Roy 2021).

On the other hand, SGRBs are thought to be corre-
lated with compact object mergers (Berger 2014; Eichler et al.
1989; Tanvir et al. 2013). This hypothesis has been recently
reinforced by the observation of a SGRB (see Abbott et al.
2017b; Goldstein et al. 2017; Savchenko et al. 2017), that fol-
lowed the NSM event GW170817 detected by LIGO/Virgo
Collaboration (Abbott et al. 2017a). In particular, NGC 4993, the
host galaxy of GW 170817, is an early-type galaxy (Abbott et al.
2017c; Coulter et al. 2017) where present-day star formation is
negligible.

In light of this, the detection pattern of SGRBs seems to pro-
vide possible constraints of delay times of neutron star merg-
ers. Furthermore, SGRBs can connect the timescales of SNe
Ia and NSMs. In fact, as for SGRBs, a fraction of SNe Ia is
also observed in early-type galaxies (Li et al. 2011). Using the
~274 classified SNe Ia found in the Lick Observatory Supernova
Search (LOSS), between ~15% and ~35% of SNe Ia occur in
early-type galaxies (Leaman et al. 2011). Similar percentages
have been found, using the 103 SNe Ia with classified host galax-
ies from the Carnegie Supernova Project by Krisciunas et al.
(2017). These percentages for SNe Ia are comparable with the
ones found for SGRBs with classified host galaxies (see Berger
2014). This suggests that, on average, SGRBs and SNe Ia occur
on similar timescales.

Fong et al. (2017) found that the delay time distribution
(DTD) of SGRBs has a power-law slope ocz~!. A similar
conclusion has been found from population synthesis studies
(see Dominik et al. 2012; Chruslinska et al. 2018). Moreover, a
power-law with a —1 slope is similar to the one derived for SNe
Ia (see Totani et al. 2008; Maoz & Badenes 2010; Graur et al.
2011; Maoz & Mannucci 2012; Rodney et al. 2014). This sim-
ilarity is also consistent with the fact that the SNe Ia and SGRBs
are detected in similar proportions in early-type galaxies. How-
ever, if we assume this DTD for NSMs (assuming that are the
major producers of Eu) these systems cannot reproduce both
the spread and the decreasing trend of [Eu/Fe] in our Galaxy
(Coté et al. 2019; Simonetti et al. 2019; Cavallo et al. 2021).

D’Avanzo (2015) have derived a DTD for SGRBs with a
steeper form (i.e. oc~!). However, this slope is in disagreement
with the fact that the fraction of SGRBs and SNe Ia, observed
in different galaxies, look similar. This tension could be eased if
the SNe Ia follow a DTD with a similar slope (as suggested by
Heringer et al. 2017). On the other hand, in the environment of a
chemical evolution model, SNe Ia with such a slope are not able
to reproduce all the [X/Fe] vs [Fe/H] trends in the Galaxy since,
with a DTD «c 713, the explosion time-scales of SNe Ia are too
short (see Matteucci et al. 2006).

2.3. The delay time distribution for neutron star mergers

In a galaxy, the rate of NSM (i.e. the number of NS-NS merging
events per time and volume) depends on the star formation history
(SFH) of the galaxy and the delay time distribution of NSMs.

As discussed in Sect. 2.2, SGRBs seem to provide a possible
way to characterise the DTD of NSMs. In particular, these stud-
ies indicate a DTD that scales with the inverse of the delay time
(see Guetta & Piran 2006; Virgili et al. 2011; D’Avanzo et al.
2014; Wanderman & Piran 2015; Ghirlanda et al. 2016).
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The DTD of NSMs can be also computed numer-
ically with the binary population synthesis (BPS) mod-
els (see Tutukov & Yungelson 1993; Dominik et al. 2012;
Mennekens & Vanbeveren 2014; Giacobbo & Mapelli 2018;
Tang et al. 2020). These models follow the evolution of individ-
ual stellar populations, where all the stars have been formed at
the same time and with the same metallicity. In particular, they
follow the evolution of a primordial population of neutron star
binaries through the turbulent phases of mass exchanges till the
merging event. Lots of these studies predict that the delay times
of NSMs should follow a power-law ocz~!. On the other hand,
Greggio et al. (2021) have determined the DTD of NSMs with
an alternative approach, similar to the one developed by Greggio
(2005) for the rate of SNe Ia. In particular, they showed that the
DTD of NSMs cannot be described as a simple power law. At
short delay times, the DTD should be characterised by a plateau,
with a width equal to the difference between the evolutionary
lifetimes of the least and most massive NS progenitors that we
assume (in this case 9-50 M,).

Furthermore, as already reported above, the slope of the
DTD at long delay times depends on the shape of the distribu-
tion of the separations of the DNS systems at the time of the
formation (for more details, see Greggio et al. 2021).

3. The chemical evolution model

The chemical evolution model adopted here is an updated ver-
sion of the one used in Cescutti et al. (2015), Cavallo et al.
(2021), which is based on the stochastic model developed by
Cescutti (2008). We review its main characteristics to improve
the reader comprehension of the work.

3.1. Population of synthetic proto-galaxies

In our previous model, the Galactic halo was modelled as a sin-
gle massive spheroidal galaxy, in which all the stars have been
formed in situ. In this work, we change this concept by assum-
ing a different formation history for the Halo. In particular, we
assume that the Galactic halo has been formed by the accretion
and disruption of lower-mass galaxies. In the light of this, we
need to generate a synthetic population of primordial satellite
galaxies with given mass distribution, in agreement with the one
suggested by cosmological models for the formation of MW-like
haloes. In particular, Fattahi et al. (2020) have retrieved the mass
distribution function of a proto-galaxy population that can form
a MW-like halo, from a cosmological magneto-hydrodynamical
(MHD) simulation.

To generate the mass of our synthetic galaxies we proceed as
follows: we extract the mass randomly with the following cumu-
lative distribution function (CDF):

10705 loeMea)t45if 105 < Mgy < 10° Mo,
0 otherwise,

N(>Mgal) = { (D

and we continue to generate galaxies until we reach a total stellar
mass equal to Mp,, = 1.3 X 10° M, (Mackereth & Bovy 2020).

The CDF that we used is a simplification of the one presented
by Fattahi et al. (2020). We make this approximation, because in
this work we try to explore the overall effects of a formation his-
tory for the Galactic halo, on the results of our stochastic chem-
ical evolution model.

The Galactic halo is simulated by means of N stochastic real-
isations. Each of them consists of a non-interacting region with
the same typical volume. For typical interstellar medium (ISM)
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densities, a supernova remnant becomes indistinguishable from
the ISM, for distances larger than ~50 pc (Thornton et al. 1998).
The size of our volumes should be large enough to include the
whole supernova bubble, and at the same time sufficiently small
to not lose the stochasticity (large volumes produce more homo-
geneous results). In light of this, we chose a typical volume of
8.2 x 10° pc? with a typical radius of ~125pc. To each proto-
galaxy it has been assigned a Nyojumes number of stochastic vol-
umes. In particular, at the ith galaxy of mass M;al have been

assigned a Nyoumes NumMber of stochastic volumes proportional
to its contribution to the total mass.

In each stochastic volume, we need to compute the chemi-
cal evolution of the system. The volumes are hosted by proto-
galaxies of different masses and with different star formation
histories. In particular, this new environment (compared to the one
used in our previous work) requires new assumptions on both star
formation efficiency (SFE) and star formation timescales.

3.2. Star formation efficiency

Observational mass-metallicity relation suggests a correla-
tion between stellar masses and mean metallicity of galax-
ies: 10Fe/HI o 93 (Kirby et al. 2013). This relation may
indicate a lower SFE in lower mass galaxies (Calura et al.
2008; Ishimaru et al. 2015). However, we should point out that
Tremonti et al. (2004) have suggested that the mass metallicity
relation reported above can be explained by the effect of the
galactic winds that remove more easily metals from low-mass
galaxies. In this work, we decided to implement a SFE that varies
among proto-galaxies of different masses.

In each region, we assume the same infall law as in
our previous model, based on the homogeneous model by
Chiappini et al. (2008).

We define the star formation rate as:

O'gas(t))l's

@

SFR(7) = v(
O

where 0g,(?) is the surface density of the gas inside a volume
at a certain time ¢, o, = 80 pc’2 and v is the SFE. In each
volume, according to the mass of the host galaxy, we assume
the same SFR law (see above) with different star formation
efficiency (v). In particular, we assume a SFEoc(Mgal)O‘3; see
Komiya & Shigeyama (2016). Then, we re-scale the SFE (v) that
we used in Cavallo et al. (2021), obtaining the following relation:

Mgal )0'3 (3)

v(Mga) = v (
el 0 Mhalo

where My, is the mass of the proto-galaxy that hosts the stochas-
tic realisation, Mpg, = 1.3 X 10° M, and vo = 2.9 x 1073 yr~!.

We also take into account an outflow of enriched gas that
follows the law:

dGasow(?)

~— = Wind x SFR(), )

where the efficiency of the galactic wind (Wind) is set to 8
(Lanfranchi & Matteucci 2003).

The model generates a sequence of stars where each stel-
lar mass is selected with a random function, weighted on the
initial mass function (IMF) of Scalo (1986) in the mass range
from 0.1 to 100 M. The sequence stops when the total mass of

newborn stars reaches M " that is the mass transformed at each
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time-step into stars, determined by the star formation rate. In this
way, the total amount of mass transformed into new stars is the
same in each region (with the same SFR) at each time step, but
the total number and mass distribution of stars are different and
thus the stochasticity of the model. For all the stars we also know
mass and lifetime. In particular, we assume the stellar lifetimes
of Maeder & Meynet (1989).

When a star dies, it enriches the ISM with its newly produced
elements and with the unprocessed elements present in the star
since its birth. Our model considers detailed pollution from SNe
core-collapse (M > 8 M), AGB stars, NSMs, and SNe Ia, for
which we follow the prescriptions for the single degenerate sce-
nario of Matteucci & Greggio (1986). The iron yields for both
SNe II and SNe Ia are the same as Cescutti et al. (2006).

Another important parameter, that greatly affects the chemi-
cal evolution, is the time at which the star formation in the halo
stops (fsp).

The model uses time-steps of 1 Myr, which is shorter than
any stellar lifetime considered in this model; the minimum life-
time is, in fact, 3 Myr for a 100 M, star, which is the maximum
stellar mass considered. In our previous model, we assumed that
the volumes stop their star formation all at the same time (i.e.
1 Gyr). In this work, we assume that fgg varies among proto-
galaxies of different masses.

3.3. Timescale of star formation

For galaxies like the Milky Way, star formation is a continuous
process from ¢ = O up to tsp ~ 14 Gyr. For smaller galaxies,
the supernova feedback is expected to quench the conversion
of gas into stars on shorter timescales. We decide to take into
account this effect, by varying the timescale of star formation
among proto-galaxies of different mass. In particular, we can
expect that in galaxies with lower masses (i.e. weaker gravita-
tional potential), the SFR should quench (due to the supernovae
feedback) in timescales shorter than in higher mass galaxies.

In the light of this, we develop two different empirical rela-
tions for tsp as a function of the proto-galaxy mass. In the first,
we use a bimodal approach; the #sg can assume two different val-
ues, based on the proto-galaxy’s mass:

250Myr  if 10° < Mgy < 107 M,

5
1000Myr i 107 < My < 10° M. ©)

tsp(Mga) = {

With the second one, we implement a smoother variation of zsg
over Mg, (the linear scenario):

mxlog(F2) +q if 105 < Mgy < 10° Mo

tSF(Mgal) = {0 ! (6)

otherwise.

The chemical evolution of Eu into these lower mass galaxies is
also influenced by another effect: the inefficient enrichment of
Eu due to NS binary dynamics in the gravitational potential of
their host galaxy.

3.4. Eu nucleosynthesis

For the nucleosynthesis of Eu, we use prescriptions similar to
the ones used in Cescutti et al. (2015) and Cavallo et al. (2021).
In particular, we use empirical values that have been chosen to
reproduce the surface abundances of Eu in low-metallicity stars
as well as the solar abundances of Eu (see Cescutti et al. 2006).
These values are also in agreement with the limits calculated
by Korobkin et al. (2012) and also with suggestion that comes

from other chemical evolution models (Matteucci et al. 2014,
Molero et al. 2021).

We also consider a variable production of Eu from a single
NSM event. The variation is unknown so we assume that a single
NSM can produce an amount of Eu from 1% to 200% of an
average value (Mg”). In particular, we assume that the nth ejects
a mass of Eu:

Myi(n) = Mg" (0.01 + 1.98 x Rand(n)), )

where Rand(n) is an uniform random distribution in the range
[0, 1]. This preserves the total mass of Eu produced. Note that
the variable production of Eu has a weak impact on the model
stochasticity that is mainly produced by the stochastic star for-
mation in each realisation.

We also test an alternative production channel of Eu: the
magneto-rotationally driven (MRD) SNe. These SNe are a par-
ticular class of CC SNe. Furthermore, these events are expected
to be rare and only a small fraction of CC SNe explode as MRD-
SNe (see Winteler et al. 2012). As in our previous work, we
assume that the 10% of the CC-SNe explode as MRD. More-
over, this r-process channel is active only at low metallicity (CC-
SNe are more likely to explode as MRD SNe at low metallicity,
Yoon et al. 2006). These assumptions are identical to the ones
contained in (Cescutti et al. 2015).

The enrichment of Eu from NSMs in a low-mass galaxy can
be less efficient than in a higher mass galaxy due to the dynam-
ics of NS binary systems in the gravitational potential of their
host galaxy. In particular, Bonetti et al. (2019) have found that
the motion of the binary systems due to the kick imparted by the
SN explosion of the secondary star, determines a merger location
potentially detached from the host galaxy, even for gravitation-
ally bound systems. The immediate consequence is a reduction
of the amount of r-process material retained by the galaxy and,
consequently a decrease of [Eu/Fe] ratios. This effect is more
intense for low-mass proto-galaxies due to their weaker grav-
itational potential. Our synthetic galaxies, accordingly to their
masses, should be influenced by this effect, so we decide to take
it into account.

3.5. Inefficient enrichment of Eu due to NS binary dynamics

First of all, we need to introduce some useful definitions. The Eu
dilution' is modelled by a simple multiplicative factor (Dg,) in
the range [0, 1]:

M (n) = MR§(n) X Den(Mga)) ®)

where Mc'f].‘I‘ is the diluted amount of Eu from the nth NSM and
ijg(n) is defined in Eq. (7). We point out that, in general, Dg,
can depend on the mass of the nth NSM host galaxy.

From Bonetti et al. (2019) we extract some valuable infor-
mation that allows us to calculate Dgy(Mg,). In the lowest mass
proto-galaxies (i.e. 10° < Mgy < 10" My) ~30% of NSMs
explode beyond the galactic contours and therefore do not enrich
those galaxies with newly produced Eu. On the other hand, only
a fraction (~0.2; i.e. 20%) of the Eu produced by the ~70% of
NSMs is retained. For larger galaxy masses (i.e. 107 < Mgy <
10° M), as a consequence of the deeper gravitational potential
of the galaxy, a larger fraction (~95%) of NSMs explode within
the host galaxy. In addition, the retained amount of Eu increases
to ~0.7. For simplicity, we can summarise all these concepts with
the following relations:

! Formally the effect dilutes [Eu/Fe]. From this point when we talk
about “Eu dilution” we are referring to the dilution of [Eu/Fe].

A130, page 5 of 15



Cavallo, L., et al.: A&A 674, A130 (2023)

in galaxies with 10° < M,y < 107 M,

70% of NSMs enrich with the 20% of produced Eu
30% of NSMs do not enrich the galaxy

in galaxies with 107 < M,y < 10° M,

95% of NSMs enrich with the 70% of produced Eu
5% of NSMs do not enrich the galaxy

These relations, show the average effect of dilution based on
the mass of the proto-galaxy. Now, we want to compute the
dilution coefficient, contained in Eq. (8), as a function of the
proto-galaxy mass. For simplicity, we assumed a linear rela-
tion between Dg, and Mg, . This linear relation should pass
through (or at least near) the dilution coeflicients retrieved from
Bonetti et al. (2019). The linear function is defined as follows:

Mgal
Dgy(Mgy) = m X log M + Dy, )

this is simply the equation of a line passing through two points,
where m = 22700 Pi(log(M1), D) and P(log(M2), D2). As
already introduced, these coefficients and relations describe the
average fraction of Eu retained by a galaxy of a certain mass, but
we can take a step further. As described in Sect. 3, our stochas-
tic chemical evolution model follows the evolution of stars from
birth to death, so we can incorporate the fraction of Eu retained
by a galaxy for every single NSM event that occurs in the simu-
lation. For example, in a galaxy with Mg, = 10% M, the dilution
fraction is (on average) Dgy(Mga = 10% M) ~ 0.2; but single
NSM events can enrich a larger or lower fraction of that average
value. To model this possibility, for every NSM that happens in
the simulation (of which we know the mass of the host galaxy)
we first check if it will enrich the galaxy, with the same prob-
abilities mentioned above, and then we extract a random value
of Dg,. To this stochastic process, we associated a triangular
distribution, a continuous probability distribution that depends
on three parameters: the lower limit a, the upper limit b, and
the mode c. The triangular distribution has the following general
form:

2(x—a)

m fa<x<c
PDF(x) = { ;= ifx=c (10)
209 i e < x < b,

(b=a)(b—c)

with a mean value u = %b”. In Fig. 1 are reported density
maps and 10* random extractions of Dg, as a function of galaxy
mass (blue dots). In the figure is also reported the linear rela-
tion described by Eq. (9); red solid line. From Fig. 1 (especially
in the bottom panel) is seen that in the least massive galaxies
Mgy < 10% M) we have a non-negligible probability that a
NSM enriches only the 1% (or even lower) of the newly pro-
duced Eu.

3.6. Delay times of NSMs

In this work, we used power-law DTD functions defined as fol-
lows (see Cavallo et al. 2021):

0 if t < tfnm
DTD(t) ={ A if£f. <t <10Gyr

0 if £ > 10 Gyr
withx = {1,1.5}and A, = l/f‘r_xd‘r; (11)
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where £ . is the minimum coalescence time (in this work will be
always set to 1 Myr), and A, is the normalisation constant. We
choose a maximum delay time of 10 Gyr that not include all the
coalescence timescales of NS-NS systems derived in Tauris et al.
(2017). In order to include them we should choose a maxi-
mum delay time equal to co, without a significant impact on our
model’s results (it would have changed only the normalisation of
the DTD).

We decide to test two different pure power-laws DTD with
different slopes (ocz~! and oct™!).

In general, the rate NSMs at a certain time ¢ can be computed
by means of the following equation:

Rnsm = anske f Y(t — 1) f(r)dr, (12)

Imin
where () is the SFR, f(7) is the DTD and, #,,;, is the minimum
coalescence timescale.

ko is the number of stars in the mass range of NS progeni-
tors per solar mass. This parameter can be computed from the
integration of the initial mass function (IMF) in the mass range
of NS progenitors. In this work, we assumed that the progen-
itors of NS are in the mass range from 9 to 50 M, (same as
Matteucci et al. 2014). With this assumption and using a Salpeter
(1955) IMF we get k, = 6 x 1073 M.

On the other side, the parameter ays is defined as the fraction
of massive stars that generate a binary system of neutron stars
that will eventually merge. The value of this parameter should be
chosen in order to reproduce the present rate of NSM suggested

by Abbott et al. (2021; R = 320*3%0). From Eq. (12), using the

SFR density of Madau & Dickinson (2014) and a DTD oc ¢!
we obtain that ans between 0.0009 and 0.009. In this work, we
assume ans = 0.005 that is consistent with the error interval
of the observed rate of NSM by Abbott et al. (2021), and repro-
duces its median value.

4. Results

In this section, we present the results of our models (summarised
in Table 1), and we discuss the impact of our assumptions on the
chemical evolution of Eu.

First of all, we present the effect of the new environment
on the model result (i.e. MSFR) comparing it with the result of
model NSt3 contained in Cavallo et al. (2021). After that, we
include the effect of inefficient enrichment of europium and a
varying star-formation quenching time on models results (i.e.
MI10 and M11). Afterwards, we test the impact of ans on the
predicted spread of [Eu/Fe] at intermediate metallicities (i.e.
HCO, HC1, and HC2), to confirm the correlation reported in
Cavallo et al. (2021). Finally, we discuss a scenario where both
NSMs and MRD SNe are Eu producers (MRDO and MRD1).

In Figs. 2-6 are shown the results of our models, in the
[Eu/Fe]vs[Fe/H] plane. In the plots, at [Eu/Fe] =—1.5dex, we
also report the long-living stars formed without Eu (formally
[Eu/Fe] = —o0).

4.1. Impact of the new environment

To test and track the effects of the new environment on the
chemical evolution of Eu we used the NSt3 model, contained in
Cavallo et al. (2021), as a baseline. In the first instance, we add
the hierarchical clustering scenario by computing the chemical
evolution of the primordial population of proto-galaxies. Each
galaxy has a star formation history described by the SFR law
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Fig. 1. Density maps of Dg, and log Dg, vs Mg, planes. With the red solid line is reported the linear relation between the average value of Dg, as

a function of the proto-galaxy mass. With the blue dots, we report 10*
are distributed with a triangular distribution.

Table 1. Models tested in this work.

random extractions of Dg,. We recall that at given My, the values of Dg,

Model name DTD  ans  Dgu Isp M NM (M) M MR (M1

NSt3 ®© ot 0.02 No  Constant (1Gyr) 4.0 x 107 (varying as Eq. (7)) No production

MSFR " 0.005 " " 1.6 x 1073 (varying as Eq. (7)) "

M10 o715 0.005 Linear Bi-modal 1.6 x 1073 (varying as Eq. (7)) No production

Mil1 " " Linear Linear " "

HCO oct™15 0.005 Linear Linear 1.6 x 1073 (varying as Eq. (7)) No production

HC1 " 0.0l " " 8.0 x 1076 (varying as Eq. (7)) "

HC2 " 0.02 " " 4.0 x 107 (varying as Eq. (7)) "

MRDO o' 0.005 Linear Constant (1Gyr) 2.0 x 107 (varying as Eq. (7)) 0.5 x 107° (varying as Eq. (7))
MRD1 ot~ 1 " " " 1.4x107° (varying as Eq. (7)) 0.3 x 107° (varying as Eq. (7))

Notes. The table is organised as follows: in Col. 1, name of the model, in Col. 2, assumed DTD for coalescence time, in Col. 3, assumed fraction

of massive stars that could lead to NSM, in Col. 4, regime of the law

used for the Eu dilution effect, in Col. 5, regime of the law used for the

timescale of the quenching of star formation, in Col. 6, assumed yield for NSM, in Col. 7, assumed yield for MRD SNe. “From Cavallo et al.
(2021). This model will ease the comparison between old and new results. ¥ When we take into account the Eu production by MRD-SNe we set

QOMRD = 0.10.

(see Eq. (2)). This model (MSFR) does not take into account
the dilution of Eu or the quenching timescale of star formation.
From Fig. 2 it is seen that the hierarchical clustering scenario
assumed here, allows the model to better reproduce the observa-
tional data. In particular, with this new scenario, we can explain
the presence of stars with [Eu/Fe] ~0 at extremely low metal-
licities ([Fe/H] ~ 3). However, this model is still not able to fit
the low-metallicity tail present in the abundance distributions of
halo stars.

As discussed in Sect. 3.4, this new environment adds two
effects that have a great effect on the chemical evolution of Eu:
(i) the motion of NS binary systems in the gravitational poten-

tial of the host galaxy can determine a merger location detached
from the galaxy itself and so, only a fraction of the produced Eu
is retained by the galaxy; (ii) we expect that in low mass galax-
ies, the SF should quench at short timescales. We implemented
an Eu dilution effect that is stochastic on single NSM events but,
on average, is more intense in the least massive galaxies (details
in Sect. 3.5). On the other hand, for the quenching time of SF
and its dependence on the mass of the galaxy, we developed two
empirical relations: bi-modal and linear. To test these two effects
we developed a couple of models: M10 and M11. The prescrip-
tions of these models are identical apart from the relation used
for tsg: in model M10 we assume the bi-modal behaviour of tsg
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Fig. 2. Density plot of the distribution of simulated long-living stars predicted by our models (see the bar below the figure for the colour scale).
Left panel: results of [Eu/Fe] vs [Fe/H] for model NSt3 contained in Cavallo et al. (2021). The long-living stars formed without Eu (formally
[Eu/Fe] = —o0) are shown at [Eu/Fe] = —1.5dex. The model predictions are compared to the halo stars contained in JINAbase (see Sect. 2.1)
plotted with blue dots; we show as open dots the five CEMP stars discussed in Sect. 2.1. Right panel: same as left panel but for model MSFR. This
model contains the modified SFRs assumed in our scenario. Note that we do not include the effects of dilution and quenching time of SF.

[Eu/Fe]
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Fig. 3. Same as Fig. 2. Left panel: results of [Eu/Fe] vs [Fe/H] for model M10. Right panel: same as left panel but for model M11. In model M10
we included a zgr that can assume only two different values, based on the mass of the galaxy. On the other hand, model M11 assumes that the
quenching time varies linearly with the galaxy mass.
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Fig. 4. Results of [Eu/Fe] vs [Fe/H] for ten realisations of HCO model. With the colour map, we show the time at which the realisation passes
through a certain point in the [Eu/Fe] vs [Fe/H] plane. We also report the initial point and the time at which the first NSM exploded. With solid
lines are reported the paths that each realisation follows. The path of each realisation is labelled with different colours that indicate the mass of the

proto-galaxy to whom the realisation belongs.

and so the parameter can assume only two values, based on the
mass of the galaxy; on the other side in model M 11, the value #sp
scales linearly with the mass of the galaxy. Parameters assumed
in models M10 and M11 are reported in Table 1. In Fig. 3 are
reported the results of model M10 (left panel) and model M11
(right panel). As seen in Fig. 3, both models show a good fit to
the observed stars and, in particular, can explain the presence of
stars with [Eu/Fe] <0 in the extremely metal-poor environment
(i.e. [Fe/H] < -3).

From now on, we will refer to M11 as our best model (of
the NS-only scenario). Even if M11 and M10 produce similar
results, M11 assumes a tsp VS Mg, relation more realistic than
the one assumed in M 10 (linear against bi-modal).

To have a better comprehension of the impact of the hier-
archical clustering framework, now we will describe how our
stochastic chemical evolution model works. As we introduced
in Sect. 3, the stochastic model consists of ~200 realisations in
which we compute the chemical evolution. In this work, each
realisation is associated with one galaxy in our population (note
that a single galaxy can be linked to more than one stochastic
realisation, depending on its mass). So, with this construction, at
each time-step, we can study the chemical composition of a sin-
gle realisation and, therefore, trace its time evolution. In Fig. 4
are plotted ten realisations of model HCO (identical to model

MI11) on the [Eu/Fe] vs [Fe/H] plane. The path of each realisa-
tion through the [Eu/Fe] vs [Fe/H] plane is colour coded with a
colour map that shows the time at which the realisation passes a
certain point in the plane. In the figure are also reported the initial
point (with coloured diamonds) and the time (in Myr) at which
the first NSM has exploded. Moreover, starting points, epochs of
the first NSM event, and paths of single realisations are labelled
with different colours, based on the mass of the galaxy linked
to them. In the following some important features of the model,
that can be inferred by Fig. 4, will be discussed.

— In our model, the star formation is stochastic and so it is
the formation of binary systems of NS. For this reason,
we can have realisations where the first NSM explode at
~90 Myr, but also realisation where this happened later at
~160 Myr. Regarding the time of the first NSM explosion,
we can also identify a clear trend: in the least massive galax-
ies, the first NSM appear later than in most massive ones. In
fact looking at Fig. 4, is seen that in low mass galaxies (with
10° < Mgy < 10 Mo; labelled in blue) the first NSM occurs,
on average, at ~125 Myr; on the other side, in the most mas-
sive galaxies (with 103 < M,y < 10° Mo; labelled in red)
the fist NSM explode at ~95 Myr. This trend is a direct effect
of the fact low mass galaxies transform less mass of gas into
stars at each time-step (i.e. lower star formation efficiency;
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Fig. 5. Same as Fig. 2. Left panel: results of [Eu/Fe] vs [Fe/H] for model HCO. This model is identical to model M11. We plot it again to
emphasise the consequences of the variation of ans. Central panel: same as left panel but for model HC1. In this case ans = 0.01. To maintain
constant the total amount of produced Eu, we reduce M(];:“ to 8.0 x 107% M,,. Right panel: same as left panel but for model HC2 (ans = 0.02 and

ME = 4.0 X 107 M,).

see Eq. (3)) compared to the most massive ones. However,

also in realisations that belong to galaxies of the same mass

class, we can notice variability in the epoch of the first NSM
explosion. This is caused by the fact that SF is stochastic.

— The trace of each realisation starts with a different value of
[Eu/Fe] at different metallicities. Also, in this case, it is possi-
ble to identify a trend: galaxies of low mass (labelled in blue)
enter into the plane at lower [Eu/Fe] compared to the “red”
(plotted in red) ones: the dilution effect is stronger in galaxies
with lower masses and therefore the ratio [Eu/Fe] is lower.

— Therealisations follow different paths in the [Eu/Fe] vs [Fe/H]
plane. Into these paths, is possible to notice some patterns,
which can be understood in terms of the enrichment that takes
place in that volume. For example, when a realisation moves
horizontally (at constant [Eu/Fe]) towards lower metallicities,
no events are enriching the ISM in iron and europium, and
the gas is diluted by the in-falling gas with primordial com-
position. Then, when an event produces Fe, the realisation
moves to higher metallicities and lower [Eu/Fe] ratios. If a
NSM explodes, the realisation makes a “jump” towards higher
[Eu/Fe] values. The height of these “jumps” varies among dif-
ferent realisations due to the combination of two facts: (i) the
amount of Eu that a single NSM can produce is variable (as
Eq. (7)). (ii) the fraction of Eu retained by the host galaxy
varies from one NSM to another (see Fig. 1).

In our scenario, least massive galaxies could not produce
stars with [Eu/Fe] > 1. However, r-1I stars (highly enhanced r-
process elements stars with [Eu/Fe] > 0.7) have been observed
in Reticulum II, an ultra-faint dwarf galaxy (Jietal. 2016;
Roederer et al. 2016). In our scenario, where the enrichment in
dwarf galaxies is strongly diluted, galaxies like Reticulum II
could not be enriched by NSMs but by a secondary source(s)
of Eu (e.g. MRD and/or CC SNe).

Other works, such as Brauer et al. (2019), Hattori et al.
(2023), and Hirai et al. (2022), found that (at least a fraction) of
metal-poor r-II stars in the Galactic halo formed in ancient ultra-
faint dwarf (UFD) galaxies (similar to Reticulum II). With our
model, we can recover those conclusions by assuming a differ-
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ent probability distribution for Dg, (see Fig. 1). In this work, we
implement the inefficient enrichment of Eu in low-mass galaxies
following the prescriptions of Bonetti et al. (2019).

That model predicts that the Eu enrichment in galaxies sim-
ilar to Reticulum II is rare and not enough robust to explain the
observations of Reticulum II. However is still possible that, with
Reticulum II, we detect a rare member of a large population of
poorly enriched UFD galaxies. Future observations of r-1I stars
in several UFD would certainly help to solve the tension with the
picture that we adopt.

4.2. Effects of ans

As we introduced in previous sections, the shape of the DTD has
a great impact on the chemical evolution of Eu. Another param-
eter, that is linked with the DTD by definition is the fraction of
massive stars that are in a binary system with the right character-
istics to lead to a NSM: ans. This parameter can be calculated,
given the DTD, SFR, and the mass range of NS progenitors,
imposing that the theoretical rate of NSM at the present time
(see Eq. (12)) is consistent with the observed one. For the DTDs
used in this paper, previous works suggest a wide range of ans,
from 1-2 x 1072 (Giacobbo & Mapelli 2018; Simonetti et al.
2019; Greggio et al. 2021) up to 5—6x 1072 (Molero et al. 2021).
More recent estimates of the value of the present rate of NSM
(e.g. Abbott et al. 2021) point to ans < 0.01. The uncertainty
of ans values is correlated with the large error bars in the rate
of NSM observed at the present day calculated and revised by
Abbott et al. (2017a, 2020, 2021).

Giacobbo & Mapelli (2018), with a binary population syn-
thesis model, suggest that the formation of binary systems of
NS is influenced by the environment metallicity. This can be
parametrized by assuming a dependence of ans on [Fe/H].
Moreover, this dependency has a weak influence on the predicted
present rate of NSM, as shown by Simonetti et al. (2019). How-
ever, no strong observational evidence has been found to support
this dependency.
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Fig. 6. Same as Fig. 2. Left panel: results of [Eu/Fe] vs [Fe/H] for model MRDO. This model has a DTD oc +! and Eu is produced by both NSMs
and MRD SNe. MRD SNe are the 10% of CC-SNe only at Z < 1073, Right panel: same as before but for model MRD1. The model is identical to

MRDO apart from the assumed DTD (in this case oct™!).

In Cavalloetal. (2021), we presented the correlation
between the dispersion of the [Eu/Fe] values and the fraction of
massive stars that can generate a NSM (ans). In particular, the
spread shrinks when we assume higher angs values.

For these reasons, we decide to test the dependence of
[Eu/Fe] dispersion on ays with three models: HCO, HC1, and
HC2 (see Table 1). These models assume different values for
ans and, as a consequence, for MSISM: 0.005 (HCO0), 0.01 (HC1),
and 0.02 (HC2); results of these models are plotted in Fig. 5,
where is possible to see the correlation cited above.

Focusing on intermediate metallicities ([Fe/H] > —2.5) is pos-
sible to notice the impact of ang on the predicted spread (see
Cavallo et al. 2021). In this metallicity range is possible to check
whether or not models with a certain ang are able to reproduce
the spread observed in halo stars. Thus, our model seems to be
a promising tool that allows us to estimate the ans parameter
and, as a consequence, M(IEISM. However, since the current data
of Eu abundances of halo stars are affected by large uncertain-
ties (~0.2—0.3 dex), we cannot reject any of the tested models.
Future surveys such as4MOST (de Jong et al. 2014) and WEAVE
(Dalton et al. 2012) will produce larger and more precise data-sets
so to allow us to determine the value of ans more precisely.

4.3. Eu production from MRD SNe

As we already mentioned, lots of studies on the nucleosyn-
thesis of r-process elements indicate NSMs as a promising
r-process site (Freiburghaus et al. 1999; Korobkin et al. 2012;
Wanajo et al. 2014; Radice et al. 2018). However, as we point
out in Cavallo et al. (2021), in our stochastic chemical evolu-
tion model NSM with a DTD ¢~ are not able to reproduce
the abundances distribution of halo stars. In this section, we
want to test what are the effects of adding a second source

of Eu to the NSM with a DTD ! (and o« 77!%). However,
CC SNe seems to be ruled out as a major producer of Eu,
as suggested by nucleosynthesis models (Arcones et al. 2007,
Arcones & Thielemann 2013; Wanajo et al. 2018). On the other
hand, particular classes of CC SNe could potentially be a source
of r-process elements. The major proposed candidates are col-
lapsars (Siegel et al. 2019) and MRD SNe (Winteler et al. 2012;
Nishimura et al. 2015; Reichert et al. 2020). Note that in these
models fsp is equal to 1 Gyr for all the proto-galaxies.

We decide to test the scenario where both NSMs and MRD
SNe (active only at Z < 1073) produce Eu in this new framework.
We develop two different models that differ only on the assumed
DTD: MRDO (DTD «¢~') and MRD1 (DTD ect~!); in Fig. 6
are plotted the results of these models.

Looking at the right panel of Fig. 6, is seen that with the
addition of the second source of Eu (in this case MRD-SNe)
the model is able to explain both the large [Eu/Fe] spread at
[Fe/H] < —2.5 and the mean trend of [Eu/Fe] vs [Fe/H] at high
metallicity ([Fe/H] > —2) without assumptions on the #sg of the
proto-galaxies.

In the left panel of Fig. 6 it can also be noticed that the
mixed scenario is not able to reproduce the wide spread of the
data when we assume DTD o #~! for the NSMss. In particular, the
model fails to explain the presence of stars with [Eu/Fe]> 1.5
and also the trend of [Eu/Fe] at higher metalicities.

We note that all our models fail to explain the group of ~6
Eu-enhanced stars at [Fe/H] > —2.5 present in our observational
sample. As discussed in Sect. 2.1 five of them are CEMP stars
that are not the main focus of this work. On the other hand, our
models fail to explain the presence of the ordinary star with
[Eu/Fe] ~ 1.7 at [Fe/H] ~—2.1. Further studies on the chemi-
cal composition of SMSS J175046.30—-425506.9 could provide
clues on its origin.
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4.4. Eu-free stars

As underlined in previous versions of this model (Cescutti et al.
2015; Cavallo et al. 2021), our stochastic chemical evolution
model predicts the presence of Eu-free stars (i.e. [Eu/Fe] = —0).
This is due to the fact that only a small fraction of stars pollutes
the ISM with r-process elements (compared to the number of SNe
II). So at extremely low metallicities ([Fe/H] < —3), some stars
could have been born in regions where the gas is Eu-free (not pol-
luted from r-process events). In particular, models with lower val-
ues of angs should predict a high number of Eu-free stars. More-
over, models that assume longer delay times for NSM will produce
higher fractions of Eu-free stars, at higher metallicities. In this
section, we will compare the fraction of Eu-free stars predicted
by our models and the observational constraints on its value.

The model prediction of the fraction of Eu-free stars is com-
puted as the ratio of stars without Eu over the total number of
stars in our model in a given metallicity bin. To calculate the
observational ratio, we take all the halo stars for which Ba has
been observed contained in JINAbase”. The number of this stars
which have only an upper limit measurement of Eu over the total
number of them, in a given [Fe/H] bin, is our observational proxy
of Eu-free stars. Indeed, the fact that we can observe barium,
but no europium could be a sign of the absence of europium
in these stars; however, in most cases, it is probably an obser-
vational problem due to the weakness of europium lines com-
pared to barium lines. Still, we can use this observational proxy
as upper limits useful in providing constraints to the models.

In Fig. 7 is plotted the comparison between predicted and
observed ratios of Eu-free stars as a function of [Fe/H]. Looking
at Fig. 7 (left panel), is seen that models M10 and M11 predict
similar fractions of Eu-free stars at fixed [Fe/He]. Moreover, is
possible to appreciate the overall reduction of predicted Eu-free
stars compared to model NSt3 (orange line) presented in our last
work. This reduction is caused by the change of environment, in
particular, by the inefficiency in the Eu enrichment (especially in
the least massive galaxies). In this case, especially at low metal-
licities ([Fe/H] < —3) the predicted fraction of Eu-free stars is
above the observed ones; those are upper limits. The fact that
models M10 and M11 produce too many stars formed without
Eu, can be explained by the characteristic time scale of the Eu
enrichment by NSMs (on average, longer than the one associated
with massive stars).

In the central panel of Fig. 7 is possible to appreciate the cor-
relation between the value of the parameter (ans) and the frac-
tion of Eu-free stars predicted. In particular, a model with higher
ans (i.e. NSMs are less rare at all the metallicities) predicts a
lower fraction of Eu-free stars. Similar to the previous case, the

2 Selected stars are contained in: Ryanetal. (1991, 1996),
McWilliam et al. (1995), Norris et al. (1997), Burris et al. (2000),
Fulbright (2000), Preston & Sneden (2000, 2001), Westin et al.
(2000), Aokietal. (2002b, 2005, 2007a,b, 2008, 2012, 2013,
2014), Carretta et al. (2002), Cowan et al. (2002), Johnson (2002),
Lucatello et al. (2003), Ivans et al. (2003, 2006), Sneden et al. (2003),
Cayrel et al. (2004), Christlieb etal. (2004), Cohenetal. (2004,
2008, 2013), Hondaetal. (2004, 2011), Johnson & Bolte (2004),
Barbuy et al. (2005), Barklem et al. (2005), Jonsell et al. (2005, 2006),
Masseron et al. (2006, 2012), Preston et al. (2006), Sivarani et al.
(2006), Frebel et al. (2007), Laietal. (2007, 2008), Roederer et al.
(2008, 2010, 2014), Bonifacioetal. (2009), Hayek et al. (2009),
Zhang et al. (2009), Behara et al. (2010), Ishigaki et al. (2010, 2013),
Bensby et al. (2011), Caffau et al. (2011), Hansen et al. (2011, 2012,
2015), Allen et al. (2012), Cui et al. (2013), Placco et al. (2013, 2014),
Yong et al. (2013), Mashonkina etal. (2014), Siqueira Mello et al.
(2014), Spite et al. (2014), Jacobson et al. (2015), Li et al. (2015b).
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predictions of our models are not compatible with the chosen
observational proxies, for the same reason reported above.

In the last panel are plotted the results of models where both
NSM and MRD SNe are Eu producers and their comparison with
the ones of HCO. From this panel, we can observe two different
things: (a) models where the MRD SNe channel is active predicts
a lower fraction of Eu-free stars, due to the early contribution of
massive stars to the Eu enrichment (black lines vs green one); (b)
models with a steeper DTD (i.e. shorter delay times for NSMs)
produce a lower amount of Eu-free stars, due to the shorter time
between the formation of the NS binary system and the merging
event. It is also important to underline that the predicted fractions
of Eu-free stars are compatible or lower than the observed ones.

As discussed in the introduction, Eu is the perfect tracer
of r-process because is mainly produced by this neutron-
capture channel. So, what we define Eu free stars are stars
without europium produced by an r-process. On the other
side, we cannot exclude that other neutron capture chan-
nels may produce europium at this metallicity. For example,
the s-process in rotating massive stars (see Frischknecht et al.
2016; Limongi & Chieffi 2018) could produce a tiny amount of
europium. From this channel, the Eu enrichment at [Fe/H] ~ -3
is expected to be very low with a [Eu/Fe] <-4 (at least two
orders of magnitude less than NSMs) with an [Eu/H] < —7. How-
ever, given the weakness of the europium line, this pollution is
likely impossible to be detected in stellar spectra at least with
present spectroscopic capabilities.

5. Conclusions

In this work, we use the stochastic chemical evolution model of
the Galactic halo presented by Cescutti et al. (2006) and updated
by Cescutti et al. (2015). We aim at reproducing the large spread
in the [Eu/Fe] ratio observed in Galactic halo stars and solve
the tensions noted in our previous work (Cavallo et al. 2021). In
particular, we assume that the Galactic halo has been formed by
the accretion of a population of (~100) proto-galaxies with mass
from 10° to 10° M. We compute the chemical evolution of Eu
in these proto-galaxies, which is influenced by two effects: (i)
the lower increase of the Eu abundance caused by the dynamics
of NS binary systems which can easily escape from the gravita-
tional potential of the host galaxy (see Bonetti et al. 2019), and
(ii) SF timescales shorter in low mass galaxies due to the low
binding energy of the gas inside the proto-galaxy. These effects
depend on the mass of the proto-galaxy that we are considering.
Therefore, we introduce relations that depend on the mass of the
proto-galaxy for both these effects. In particular, for the dilu-
tion of Eu, we also add event-to-event stochasticity. We decide
to take model NSt3 from Cavallo et al. (2021) and we add the
effects mentioned above. In models where NSM are the sole pro-
ducers of Eu we assume that these systems follow a delay time
distribution (DTD) ot~ !> with a minimum coalescence time of
1 Myr. For NSMs Eu yields, we followed the prescriptions of
Matteucci et al. (2014) and Cescutti et al. (2015). We also tested
the scenario where both NSMs and MRD SNe (a particular class
of CC SNe) produce Eu.
Our main conclusions can be summarised as follows:

— If we assume that NSMs are the sole producers of Eu, the
hierarchical formation of the Galactic halo, combined with
the inefficient enrichment of Eu in low mass proto-galaxies,
can explain the presence of extremely metal-poor stars (i.e.
[Fe/H] < -3) that present sub-solar [Eu/Fe] ratios. In this
framework, the coalescence timescale of binary systems of
neutron stars should follow a DTD «c =13, each NSM event
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Fig. 7. Comparison between the predicted and observed ratios of Eu-free stars over the total number of stars for bins of 0.5 dex in [Fe/H]. Blue and
red markers are the observational proxies for the ratio; so the ratio between the number of stars for which Eu only presents an upper limit (possibly
Eu-free) over the number of stars with measured Ba. Observational ratios derived from the JINAbase data-set Abohalima & Frebel (2018) are
plotted in red. Left panel: ratio of Eu-free stars for model MSFR, M10, M11 (in black), and NSt3 from Cavallo et al. (2021; in orange). Central
panel: same as left panel but for models HCO, HC1, and HC2. Right panel: same as left panel but for model MRDO, MRD1 (in black), and HCO

(in green).

produces an average of 1.6 x 107 M, of Eu, ays is fixed at
0.005, and progenitors of NS should be in the mass range
from 9 to 50 M.

— Adopting our best model (M11/HCO) we confirm the cor-
relation, studied in our previous work (see Cavallo et al.
2021), between ans and the dispersion of [Eu/Fe] at a given
metallicity, and reach similar conclusions: present literature
data cannot allow us to put strong constraints of ans. How-
ever, future high-resolution spectroscopical surveys, such
as 4MOST (de Jong et al. 2014) and WEAVE (Dalton et al.
2012), will produce the necessary statistic to constrain at best
this parameter.

— NSMs with a DTDoct~! are not able to explain the large
star-to-star scatter of [Eu/Fe] observed in the Galactic halo,
also in the mixed scenario in which both NSMs and MRD
SNe produce Eu. However, this scenario is in agreement with
observational data when we assume a DTD for NSMs oct~ !,

— The fractions of Eu-free stars of models in which we assume
that Eu is only produced by the NSMs cannot be reconciled
with observations. This is a potential issue for the concept of
r-process produced exclusively by NSMs. On the other hand,
when we add the second source of Eu (i.e. the MRD SNe)
the models predict ratios of Eu-free stars in agreement with
observations. In particular, these ratios are below or com-
parable to the observational values but that is not an issue.
We know that a potentially large number of these observed
Eu-free stars are most likely to be false Eu-free stars, and so

the observational values should be considered as upper lim-

its. Furthermore, the value of Eu-free stars cannot be clearly

evaluated and no firm conclusions can be drawn.
Finally, we accomplished our initial goal: solve the tension noted
in our previous work. In order to do that, we included our chemi-
cal evolution model in the hierarchical scenario and we also took
into account the effects on chemical evolution produced by the
environment of small proto-galaxies.

In future work, we aim at reproducing the solar abundances
and present-day NSMs rate with a new version of this model able
to mimic the Galactic disk environment.
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