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A B S T R A C T 

We investigate the origin of the abundance ratios and scatter of the neutron-capture elements Sr, Ba, and Eu in the stellar halo of 
a Milky Way-mass galaxy formed in a hydrodynamical cosmological simulation, and compare them with those of α elements. 
For this, we implement a novel treatment for chemical enrichment of Type II supernovae that considers the effects of the rotation 

of massive stars on the chemical yields and differential enrichment according to the life-times of progenitor stars. We find 

that differential enrichment has a significant impact on the early enrichment of the interstellar medium which is translated into 

broader element ratio distributions, particularly in the case of the oldest, most metal-poor stars. We find that the [element/Fe] 
ratios of the α-elements O, Mg, and Si have systematically lower scatter compared to the neutron-capture elements ratios Sr, Ba, 
and Eu at [Fe/H] < −2, which is ∼0.1–0.4 dex for the former and between ∼0.5 and 1 dex for the latter. The different scatter 
levels found for the neutron-capture and α-elements is consistent with observations of old stars in the Milky Way. Our model 
also predicts a high scatter for the [Sr/Ba] ratio, which results from the treatment of the fast-rotating stars and the dependence 
of the chemical yields on the metallicity, mass, and rotational velocities. Such chemical patterns appear naturally if the different 
ejection times associated with stars of different mass are properly described, without the need to invoke for additional mixing 

mechanisms or a distinct treatment of the α- and neutron-capture elements. 

Key words: methods: numerical – galaxies: abundances – galaxies: evolution – galaxies: formation – cosmology: theory. 
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 I N T RO D U C T I O N  

hanks to the Gaia satellite that provides precise measurements of 
arallax and proper-motion of stars (Gaia Collaboration 2021 and 
eferences therein), as well as spectroscopic information coming 
rom major surv e ys (complementing the Gaia data with radial 
elocities and chemistry), the complexity of the formation history 
f our Galaxy has become evident. In particular, the local low- 
etallicity regime (below [Fe/H] ∼ −0.8) turns out to be made of a

ollection of debris from past impacts with smaller galaxies (Helmi 
020 and references therein) as well as early in situ formed stars
Miglio et al. 2021 ; Montalb ́an et al. 2021 – usually more enhanced
n α-elements). 

The most important past accretion event in the early history 
f the Milky Way seems to have been the merger with Gaia-
nceladus (Helmi et al. 2018 ; Belokurov et al. 2018 ). This event
ould be confirmed thanks to the combination of Gaia DR2 (Gaia 
ollaboration 2018 ) and APOGEE (Majewski et al. 2017 ) data. The
isco v ery and characterization of other debris is a v ery activ e field
nd the several large spectroscopic surv e ys are playing a key role
 E-mail: cscannapieco@df.uba.ar 
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e.g. Koppelman et al. 2019 ; Myeong et al. 2019 ; Naidu et al. 2020 ;
e Fiorentin et al. 2021 ). Indeed, the information brought by detailed
hemical abundances is of paramount importance in the identification 
f a star’s origin. 
The role of neutron-capture ( n -capture) elements in this context

s certainly going to be central as suggested by recent observational
esults (see for instance Aguado et al. 2021 ; Limberg et al. 2021 ;
udin et al. 2021 ; Gull et al. 2021 ). In particular, the results
f Ryan, Norris & Beers ( 1996 ) and McWilliam ( 1998 ), later on
onfirmed by Honda et al. ( 2004 ) and Fran c ¸ois et al. ( 2007 ), showed
hat the [ n -capture/Fe] ratios for metal-poor stars ([Fe/H] < −2.5)
xhibit a large dispersion that cannot be attributed to observational 
rrors, although the scatter in their [ α/Fe] and [Fe-peak/Fe] ratios
s functions of [Fe/H] is very small (Cayrel et al. 2004 ). This
triking difference between the behaviour, at low metallicity, of 
eutron capture elements on one side and [ α/Fe] and [Fe-peak/Fe]
atios on the other hand, can be explained if the production of
eutron capture elements by r -process is not homogeneous among 
he massive stars (Cescutti 2008 ), as the production of the other
lements. Another possibility is that the sites of r -process production
ere diverse and rare, such as electron capture SNe (Haynes &
obayashi 2019 , Cescutti et al. 2013 ), magneto-rotationally driven 
Ne (Cescutti & Chiappini 2014 ), or neutron star mergers (Cescutti
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t al. 2015 , Wehmeyer, Pignatari & Thielemann 2015 , Argast et al.
004 ). Moreo v er, a dispersion is also present in the ratio [Sr/Ba]
ersus [Fe/H] at metallicity [Fe/H] < −2.5. This is usually attributed
o the presence of a second neutron-capture process for the synthesis
f the first-peak usually connected to a weak r -process (Busso,
allino & Wasserburg 1999 ; Qian & Wasserburg 2000 ; Wanajo et al.
001 ) and referred to as light elements primary production (LEPP)
n Travaglio et al. ( 2004 ). Montes et al. ( 2007 ) showed that although
eak r -process can play this role, the signature of an s -process from
assive stars cannot be excluded. 
The large spread in abundance ratios of n -capture elements is a

onsequence of the strong dependence of the stellar yields of these
lements on the stellar mass and on different production channels
e.g. massive stars or neutron star mergers). Hence, the study of the
catter among two different n -capture elements can bring important
nsights both on stellar nucleosynthesis and galaxy assembly (e.g.
escutti et al. 2013 ; Cescutti & Chiappini 2014 ; Wehmeyer et al.
015 ; Wehmeyer et al. 2019 ; Brauer et al. 2020 ; see also re vie w
y Cowan et al. 2021 and references therein). F or e xample, Limberg
t al. ( 2021 ) shows that the largest differences among accretion events
re for n -capture elements and therefore these will be key to trace
ack the past accretion history of the Milky Way. 

The fast observational progress in this area urgently calls for infor-
ative theoretical models that help the interpretation of chemokine-
atic data sets (with 6D phase space information plus chemistry and,

ometimes, age – Valentini et al. 2019 ; Montalb ́an et al. 2021 ; Miglio
t al. 2021 ). 

The use of n -capture elements brings at least two important
ifficulties that have to be addressed before model predictions
ncluding these elements can become useful. The first is the
ncertainties in the nucleosynthetic sites of production (in particular
n the case of r -process elements, but also related to the early
ontribution of massive stars for the s -process – e.g. Choplin et al.
018 and references therein). The second difficulty is related to the
mplementation of the evolution of these elements in cosmological
imulations, and possible resolution/mixing effects that can affect
heir predictions (e.g. Shen et al. 2015 ; van de Voort et al. 2015 ;
aiman et al. 2018 ; Haynes & Kobayashi 2019 ; van de Voort et al.
020 ). Most of these previous work consider only the production of
lements by r -process events, either on-the-fly or in post-processing,
r analyse the evolution of Eu only. 
In this work, we implement a detailed chemical enrichment model

hat includes the production and distribution of Sr, Ba, and Eu in a
osmological simulation. In particular, we explore the dispersion in
ight to heavy neutron-capture elements considering both r -process
vents and the contribution of massive stars with an s -process
roduction (Frischknecht et al. 2016 ; Choplin et al. 2018 ; Limongi &
hieffi 2018 ). As summarized in Chiappini ( 2013 ), the impact of

pinstars in the chemical enrichment of the earliest phases of our
alaxy is not confined to carbon and nitrogen (Chiappini et al. 2006 ,
008 ; Prantzos et al. 2018 ), but extends to s -process elements as
ell (Pignatari et al. 2008 ; Chiappini et al. 2011 ). As a first step,

n previous works we studied the scatter in n -capture abundance
atios using stochastic inhomogeneous chemical evolution models
Cescutti et al. 2013 ; Cescutti & Chiappini 2014 ; Cescutti et al.
015 ). Such models, by construction, do not include accretion of
tars formed in smaller galaxies as we know to be the case in the

ilky Way. In this work, we investigate the impact of accretion events
nd the cosmological growth of haloes on these previous results, in
he context of the � CDM model. 

This paper is organized as follows. Sections 2 and 3 describe
ur new model for chemical enrichment and discuss the effects
NRAS 516, 6075–6095 (2022) 
f differential enrichment on the predictions for the abundance
atios. Section 4 analyses the stellar halo formed in a cosmological
imulation of a Milky Way-mass galaxy, focusing on the abundances
nd scatter of neutron-capture and α-elements, and in Section 6 we
resent our conclusions. 

 T H E  SI MULATI ONS  

.1 Numerical implementation 

e employ for this study the cosmological, hydrodynamical,
moothed Particle Hydrodynamics (SPH) code GADGET3 (Springel
t al. 2008 ), with the additional modules of Scannapieco et al. ( 2005 ),
cannapieco et al. ( 2006 ) for describing star formation, chemical
nrichment, supernova feedback, and metal-dependent cooling. For
his project, we have modified our standard code, to which we refer to
s the CS model, in order to properly describe the early enrichment
hases of the interstellar medium (ISM), therefore allowing for a
etailed study of the chemical abundances of the very old stars in
alaxies. In the following subsections, we describe the CS model in
erms of the physical modules rele v ant for this study, the updates we
ave implemented to the chemical routines, the chemical species and
ields that we adopt, and the set-up of the simulations presented in
his work. 

.1.1 Star formation, feedback, and chemical enrichment in the CS 
odel 

n the CS model, star particles form according to the Kennicutt–
chmidt law (Kennicutt 1998 ), in a stochastic manner (Springel &
ernquist 2003 ). Gas particles are eligible for star formation if they

re denser than a critical value ( ρc ) and are in a convergent flow. For
hese particles, the star formation rate (SFR) per unit volume is 

SFR = c ∗
ρ

τdyn 
, (1) 

here c ∗ is a star formation efficiency, ρ is the gas density, and τ dyn =
4 πG ρ) −1/2 is the dynamical time of the particle. Once formed, star
articles are treated as single stellar populations (SSP) with a given
nitial mass function (IMF), and return metals and energy to their
urroundings during supernova (SN) explosions. As the ISM gets
olluted, new stars are produced with higher metallicities, because
tar particles inherit the element abundances of the gas from which
hey form. We assume that each gas particle can produce a maximum
f two stars. 
Our model includes treatments for chemical enrichment and

nergy feedback originated in Type II (SNII) and Type Ia (SNIa)
vents, based on assumptions for their rates, chemical yields and
xplosion times (Scannapieco et al. 2005 ), and the effects of stars
n the AGB phase (Poulhazan, Scannapieco & Creasey 2018 ). When
 star experiences a SNII/SNIa/AGB event, the associated chemical
roduction is distributed into its N Ngb gas neighbours, in proportions
iven by the SPH kernel. 
The CS model is based on a multiphase gas treatment that allows

oexistence of dense and diffuse phases in the same spatial region; in
his conte xt, e xploding stars will hav e well-defined hot and cold
eighbours. We assume that both types of SNe eject the same
mount of energy E SN to the ISM, which is distributed in equal
roportions to the local cold and hot gas phases of the exploding stars.
nergy feedback into hot neighbours occurs at the time of explosion;
o we ver, for cold neighbors energy from successive explosions is
nstead accumulated and deposited only after a time-delay which



Spread of abundance ratios in the halo 6077 

d  

d  

o  

d
(

g  

(  

T  

s  

2  

f
e  

c
e

2

W  

u  

t  

p
s  

c
r

 

n  

a  

o  

t  

n  

i
c  

n
b  

(  

w  

w  

C  

o  

2  

m  

w
I  

i  

M  

t

a  

(
t  

t
h
F  

c
C  

c
F  

a
s  

f  

(
 

o
i  

a
c
a
t

g

2

I  

e  

t  

o  

t  

d  

w
m
i  

d
(  

d  

a
 

i  

e
w  

e  

p
a  

s
1  

M  

a
t  

i

2

W  

o  

c  

p
i  

a  

e  

a  

n  

T
d  

w  

e

1 Note that although small differences in the lifetimes estimations are expected 
for different stellar models (e.g. the Gene v a ones), these will not affect 
our results as the differences are smaller than the grid of explosion times 
considered here. 
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epends on the local conditions of the cold and hot gas phases, as
escribed in Scannapieco et al. ( 2006 ). In this way, artificial loss
f SN energy in high-density regions is prevented. Gas cooling is
escribed using the metal-dependent tables of Sutherland & Dopita 
 1993 ). 

The CS model has been shown to be successful in producing 
alaxies similar to those observed, both in the case of Milky Way
MW) mass galaxies (Scannapieco et al. 2008 , 2009 , 2010 , 2011 ;
issera et al. 2013 ; Nuza et al. 2014 ; Tissera et al. 2014 ) and in dwarf
ystems (Sawala et al. 2010 , 2011 ; Sawala, Scannapieco & White
012 ). In particular, our SN feedback model is able to reproduce the
ormation of discs from cosmological initial conditions (Scannapieco 
t al. 2008 , 2009 ), and to produce galaxies that are in general terms
onsistent with observations of the galaxy population (Scannapieco 
t al. 2012 ; Guidi et al. 2016 ). 

.1.2 Chemical species and yields of SNII 

e consider in this work the nucleosynthesis of massive stars that end
p their lives as Type II SNe, and that constitute the main drivers of
he pollution of the ISM in the early phases of chemical evolution. In
articular, we consider the nucleosynthesis of the following chemical 
pecies: H, He, C, N, O, Fe, Mg, Si, Ba, Eu, Sr, and Y. The
orresponding yields are parametrized in terms of five metallicity 
anges, separated by Z = 0, 0.0001 Z �, 0.01 Z �, 0.1 Z �, and Z �. 

For He, C, N, O, Mg, Si, and Fe, we have adopted the same
ucleosynthesis than the ones used in Chiappini et al. ( 2006 , 2008 ),
nd Cescutti & Chiappini ( 2010 ). In these works, the nucleosynthesis
f He, C, N, and O is metal dependent and based on the work of
he Geneve group (Meynet & Maeder 2002 ; Hirschi 2007 ). The
o v elty of this nucleosynthesis data set is that the impact of rotation
n massive stars at low metallicity is considered, and the rotation 
hanges the final enrichment of the light elements, in particular of
itrogen. Unfortunately, the yields of the Geneve group could not 
e implemented for Mg, Si, and Fe; in fact, Meynet & Maeder
 2002 ) and Hirschi ( 2007 ) do not treat e xplosiv e nucleosynthesis,
hich has an important impact for these elements. Therefore, in this
ork, as well as in Chiappini et al. ( 2006 , 2008 ) and Cescutti &
hiappini ( 2010 ), we use the solar metallicity yields from the work
f Woosley & Weaver ( 1995 ), slightly modified (see Fran c ¸ois et al.
004 ) to best match the averaged trend of extremely metal-poor stars
easured by Cayrel et al. ( 2004 ). For Fe, the prescriptions are similar,
ith the exception of the zero metallicity table, where the population 

II stars with masses abo v e 20M � inject negligible amounts of iron
nto the ISM upon their death (Cescutti & Chiappini 2010 ). Since

g, Si, and Fe are primary elements, the use of the solar metallicity
able is a safe assumption. 

For the nucleosynthesis of the neutron capture elements, we 
ssume an r -process contribution as the one adopted in Cescutti et al.
 2013 ): a strong production in a narrow mass range of 8 −10M �
hat we call standard r -process site. These yields have been chosen
o reproduce the mean trend of [Ba/Fe] versus [Fe/H] using the 
omogeneous chemical evolution model of Chiappini et al. ( 2006 ). 
or the remaining neutron capture elements, we scale the r -process
ontribution using the ratios observed in r -process rich stars (Sneden, 
owan & Gallino 2008 ). We also adopt an s -process contribution
oming from rotating massive stars, using the yields computed in 
rischknecht et al. ( 2016 ). Among the set of models, we have adopted
 robust production of s -process elements, achieved by considering 
 -process yields of massive stars for v ini / v crit = 0.5 (fast rotators) and
or a reaction rate 17 O( α, γ ) 21 Ne one tenth of Caughlan & Fowler
 1988 ); current uncertainties on this rate are still large. 

The stellar yields adopted here are essentially the same as the
nes adopted in our non-cosmological stochastic model presented 
n Cescutti & Chiappini ( 2014 ). Using similar prescriptions, now
pplied to cosmological simulations, allows to test the impact of 
omplex merger histories on the interpretation of the observed 
bundance scatter of different chemical elements, which is one of 
he main goals of this work. 

Throughout this paper, we have assumed the solar abundances 
iven by Grevesse et al. ( 2010 ). 

.1.3 Implementing multiple explosion times for SNII 

n the CS model, each star particle explodes as SNII in a single event,
jecting the whole chemical production of the SSP it represents at
he time of the explosion. This time is determined by the mean age
f the individual stars of the SSP. This assumption allows to describe
he o v erall ev olution of chemical ab undances in galaxies; ho we ver, it
oes not properly describe the first stages of enrichment of the ISM,
hich will be enriched gradually, starting with the most massive, 
ost short-lived stars. Such a gradual enrichment will leave imprints 

n the chemical properties of the very old, metal-poor stars, as stars of
ifferent mass will contribute chemical material of different nature 
e.g. end products of r - versus s -processes versus α-elements) at
ifferent times. It will also significantly affect the spread in chemical
bundances, which we investigate in this work. 

In order to better describe the enrichment of the ISM occurring
n short time-scales, we have modified our code such that each SNII
vent is represented by a series of different ‘explosions’, which 
e chose to best describe the enrichment of the different chemical

lements we are interested in. In particular, we assume that each star
article will experience five different explosion events, which occur 
t 30, 18, 9, 6, and 3 Myr from its formation. These correspond to
tars in the mass ranges [8-9), [9,14), [14, 27.5), [27.5, 45), and [45–
00] M �, respectively, according to the estimations of Maeder &
eynet ( 1989 ). 1 The choice of five explosion events per star particle

llows to properly describe the differential enrichment produced by 
he individual stars, in terms of the chemical species and yields used
n this work, a v oiding large numerical o v ercosts. 

.1.4 Simulation set-up 

e have tested our code in idealized simulations of the evolution
f an isolated galaxy, as well as in simulations in a cosmological
ontext. In order to facilitate comparison, we have kept the same input
arameters for star formation, chemical enrichment and feedback 
n all runs, and performed simulations with the CS standard code
nd with the new implementation. We have assumed a star formation
fficiency of c ∗ = 0.1, a star formation threshold of ρc = 0.1 cm 

−3 ,
nd E SN = 0.7 × 10 51 erg of energy per SN. For the number of
eighbours assumed for the SPH calculations, we used N Ngb = 40.
hese choices for the input parameters produce galaxies with realistic 
isk sizes (Scannapieco et al. 2008 ). In order to facilitate comparison
ith the results of the galactic chemical evolution models of Cescutti

t al. ( 2013 ), we have assumed a Scalo IMF. 
MNRAS 516, 6075–6095 (2022) 
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M

Table 1. Main characteristics of the simulations used in this work: reference name, type of initial conditions, number of SNII 
e xplosion ev ents assumed ( N SNII ), total number of particles of the simulation ( N tot ), assumed number of SPH neighbours 
( N Ngb ), reference section, and masses of the dark matter ( m DM 

) and baryonic ( m bar ) particles. 

Name Initial conditions N SNII N 

1 
tot N Ngb Section m DM 

[M �] m bar [M �] 

SE64 Isolated 1 2 × 64 3 40 3 6.55 × 10 6 7.28 × 10 5 

ME64 Isolated 5 2 × 64 3 40 3 6.55 × 10 6 7.28 × 10 5 

SE64-N Ngb64 Isolated 1 2 × 64 3 64 A2 6.55 × 10 6 7.28 × 10 5 

ME64-N Ngb64 Isolated 5 2 × 64 3 64 A2 6.55 × 10 6 7.28 × 10 5 

SE64-N Ngb128 Isolated 1 2 × 64 3 128 A2 6.55 × 10 6 7.28 × 10 5 

ME64-N Ngb128 Isolated 5 2 × 64 3 128 A2 6.55 × 10 6 7.28 × 10 5 

SE32 Isolated 1 2 × 32 3 40 A1 5.22 × 10 7 5.80 × 10 6 

ME32 Isolated 5 2 × 32 3 40 A1 5.22 × 10 7 5.80 × 10 6 

SE32-N Ngb64 Isolated 1 2 × 32 3 64 A2 5.22 × 10 7 5.80 × 10 6 

ME32-N Ngb64 Isolated 5 2 × 32 3 64 A2 5.22 × 10 7 5.80 × 10 6 

SE32-N Ngb128 Isolated 1 2 × 32 3 128 A2 5.22 × 10 7 5.80 × 10 6 

ME32-N Ngb128 Isolated 5 2 × 32 3 128 A2 5.22 × 10 7 5.80 × 10 6 

SE128 Isolated 1 2 × 128 3 40 A1 8.19 × 10 5 9.10 × 10 4 

ME128 Isolated 5 2 × 128 3 40 A1 8.19 × 10 5 9.10 × 10 4 

SE128-N Ngb64 Isolated 1 2 × 128 3 64 A2 8.19 × 10 5 9.10 × 10 4 

ME128-N Ngb64 Isolated 5 2 × 128 3 64 A2 8.19 × 10 5 9.10 × 10 4 

SE128-N Ngb128 Isolated 1 2 × 128 3 128 A2 8.19 × 10 5 9.10 × 10 4 

ME128-N Ngb128 Isolated 5 2 × 128 3 128 A2 8.19 × 10 5 9.10 × 10 4 

SE Cosmological 1 1854223 40 B 2.16 × 10 6 4.11 × 10 5 

ME Cosmological 5 1608991 40 B 2.16 × 10 6 4.11 × 10 5 

Note . 1 In the case of the cosmological simulations N tot refers to the total number of particles within the virial radius of the 
galaxy at the end of the simulation ( z = 0). 
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simulation, see Appendix A1 . 
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All simulations presented in this paper have been run with the
odules for SNIa and AGB stars switched off. The reason for this

hoice is to properly identify and isolate the effects of the fast-rotating
tars and of considering differential enrichment on the chemical
bundance ratios and scatter of α- and n-capture-elements. Note
hat we focus our analysis on the stellar halo component, which is
ormed by very old stars and therefore whose abundances are almost
 xclusiv ely determined by the very early enrichment produced by
NII explosions. In future papers, we will explore the impact of
NIa and AGBs in the chemical enrichment histories, but this is
eyond the scope of the present work. 

 T H E  EFFECTS  O F  DIFFERENTIAL  SNII  
N R I C H M E N T  

n this Section we discuss the effects of implementing progressive
nrichment via SNII on the chemical abundances and scatter of the
as and stellar components of galaxies. In particular, we compare
imulations where the individual stars that are represented in a stellar
article explode simultaneously or progressively, better describing
he first enrichment epochs. We refer to these two cases, correspond-
ngly, as the single explosion (SE) or multiple explosion (ME) models.
n SE, we assume that each star particle formed in the simulation
jects all its chemical production in a single event (i.e. as in the
tandard CS model). In contrast, model ME assumes a progressive
nrichment, in which the individual stars explode at different times,
ccording to their masses and typical time-scales, as explained in
ection 2.1.3 . 
In the following, we compare the predictions of two simulations of

he formation of a Milky Way-mass galaxy in an idealized, isolated
cenario, that assume the SE and ME models. We refer to them as
NRAS 516, 6075–6095 (2022) 
he ‘SE64’ and ‘ME64’ runs, respectively. 2 Table 1 summarizes the
ain properties of these simulations, as well as those of additional

imulations that we run in order to test possible dependencies of
ur results on numerical choices. These include simulations varying
he number of particles (discussed in Appendix A1 ), as well as
he number of SPH neighbours ( N Ngb , which sets the smoothing
egion, i.e. the radius over which the chemical elements ejected in
N explosions are distributed (discussed in Appendix A2 ). 
The initial conditions are generated by radially perturbing a

pherical grid of superposed dark matter and gas particles to produce
 cloud with density profile ρ( r ) ∼ r −1 , as in Navarro & White
 1993 ). The sphere is initially in solid body rotation with an angular
omentum characterized by spin parameter λ � 0.1, and the gas

s cold (i.e. the initial thermal energy is only 5 per cent of its
inding energy). The simulated system has a total mass of 10 12 M �,
0 per cent of which is in the form of baryons, and the initial radius
s 100 kpc . Our fiducidal tests used N tot = 2 × 64 3 particles initially, 3 

ielding particle masses of 6.55 × 10 6 M � and 7.28 × 10 5 M �
or dark matter and gas (Table 1 ), respectively, and we adopted
 gravitational softening length of 350 pc for all particles. The
imulations of this Section were run for 2 Gyr, although we focus our
nalysis on the early phases of the formation of the galaxies, before
he first Gyr of evolution. 

We note that the idealized initial conditions of this section yield
 simple model for disc formation, which is an ideal test bench for
he performance and validity of the code. Ho we ver, these models
re not meant to provide a realistic scenario for the whole galaxy
ormation process, in particular because there is no gas infall which,
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Figure 1. SFR, cumulative stellar mass and stellar metallicity, as a function of time, for our simulations SE64 and ME64. 
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n a cosmological context, has important effects on the growth and 
volution of a galaxy. As explained above, we have also tested our
odel on cosmological simulations (see Appendix B ). 

.1 Effects on the chemical enrichment of the ISM 

ur implementation of multiple events per SN explosion is expected 
o affect not only the chemical properties of the galaxies but also
he star formation process, as the rate at which the gas is enriched
ill impact the cooling rates, affecting the amount of cold/dense gas 

vailable for star formation at different times. This will produce an 
nitial change in the SFR due to variations in the enrichment level,
nd further changes due to the variations in the amount of available
eedback. 4 

Fig. 1 shows the SFR, and the evolution of the stellar mass ( M star )
nd stellar metallicity (Z, defined as the mass in metals – all chemical
lements except hydrogen and helium – divided by the total mass) in 
imulations SE64 and ME64. The two simulations have similar SFRs 
nd integrated stellar masses during the first ∼0.5 Gyr; ho we ver, the
etallicity of the stellar population is clearly distinct from very early 

imes. This difference originates in the variations of the enrichment 
f the ISM in the two runs: in ME64 the first explosion events
ssociated to the most massive short-lived stars occur very quickly 
fter star formation (i.e. 3 Myr, Section 2.1.3 ) triggering a very fast
nrichment of the surrounding gas. In contrast, in SE64 the single 
xplosion associated to all SNII within a star particle occurs after 
15–20 Myr from its formation. 5 

The differences in the early chemical pollution of the ISM in our
wo simulations can be seen in Fig. 2 , where we compare the gas

etallicities, in terms of the [Fe/H] abundance, for simulations SE64 
nd ME64, and for various times between 0.1 and 0.35 Gyr. Even
hough star formation starts at the same time in both simulations,
n ME64 the enrichment of the ISM is faster compared to SE64,
articularly during the first 200 Myr after star formation begins. 
t later times, the differences dilute, as both the fiv e e xplosion

vents in ME64 and the single event in SE64 have occurred, and
he accumulated chemical production has been released. As a result, 
he predicted number of very metal-poor stars formed within the 
rst 200 Myr when considering the multi-explosion scenario is 
 We note that these effects might be enhanced/reduced in the simulations 
nalysed in this Section due to the idealized nature of the ICs (see Section B 

or simulations in a cosmological context). 
 Note that the time of the explosion of star particles associated to SNII in the 
S model is the mean age of the individual stars within a star particle that 
re progenitors of SNII (Section 2.1.3 ). The explosion time can change from 

article to particle, as it depends on the choice of the IMF and the metallicity 
f the star particle. 
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ystematically smaller in ME64, compared to those obtained when 
ssuming that all core-collapse SNe contributed at a single time. 

The differences in the very early epochs can thus leave clear
mprints in the galaxies both in the enrichment levels of the stellar and 
aseous components (higher stellar metallicities in ME64 compared 
o SE64) and in the cooling rates (enhanced cooling in ME64 due
o the faster enrichment). As a result, the SFRs in ME64 are higher
ompared to SE64 and, after 1 Gyr of evolution, the stellar mass
s higher ( ∼ 30 per cent ) in ME compared to SE64, and the stellar
etallicity in ME64 is about two times higher (Fig. 1 ). 
Fig. 3 shows the distribution functions of stellar [Fe/H] abundances 

or simulations SE64 and ME64, after 0.25, 0.5, and 1 Gyr of
volution. From these plots we can observe that, following the 
haracteristics of the ISM enrichment, the differences in the [Fe/H] 
istributions in models SE64 and ME64 are more important at early
imes, both for low and high metallicity. The distributions are less
issimilar at later times; ho we ver, the dif ferences originated early on
he stellar abundances can still be seen after 1 Gyr of evolution. 

As explained above, imprints of the differences in the early 
hemical pollution of the ISM in runs SE64 and ME64 appear in
he chemical properties of the stars. This is important given that,
f properly interpreted, observations of the stellar population of a 
alaxy could allow to reconstruct the level of enrichment of the ISM
t different times, information that is otherwise inaccessible. 

.2 Effects on the abundance ratios and their scatter 

n this section, we focus on the element ratios of various chemical
pecies, and the variations originated in simulations considering a 
ingle or multiple explosion events per SNII. In all cases, we analyse
he distributions after 1 Gyr of evolution; as we have shown above,
t this time differences in simulations SE64 and ME64 have already
ppeared but the variations in SFRs and total stellar masses are still
oderate, allowing to better isolate the effects of assuming single 

r multiple explosion events per SN from the feedback effects that
ollo w v ariations in the SFRs. Furthermore, this choice will allo w a
impler comparison with the results of our cosmological simulations 
f Appendix B . 
We show in Fig. 4 the distributions of stellar [Ba/Fe] as a function

f [Fe/H] in simulations SE64 and ME64, after 1 Gyr of evolution (the
ehaviour of the other n-capture elements, Eu and Sr, are similar). We
lso show the corresponding median values (thick lines) and the ±σ

evels (thin lines). Clearly, the implementation of multiple explosion 
imes (ME64) has a strong impact in the predicted abundance ratios,
articularly in the case of the metal-poor stars with [Fe/H] � −1.
or [Fe/H] � −1, the mean abundance ratios of stars in the two runs

s similar, although the scatter in ME64 is higher. For metal-poor
tars the differences between SE64 and ME64 are dramatic, not only
MNRAS 516, 6075–6095 (2022) 
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Figure 2. Distribution of [Fe/H] for the gas in simulations SE64 and ME64, for various times during the early enrichment phases. 

Figure 3. Distribution of the stellar [Fe/H] for simulations SE64 and M64 at different times of the simulation: 0.25, 0.5, and 1 Gyr. 
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n terms of their median values, but more importantly in terms of
catter. If a single SNII explosion event is assumed, as in SE64, the
bundance ratios are limited to a narrow range determined by the IMF
eighted mean of the stellar yields. In this simulation, the spread in

he abundance ratios of [Ba/Fe] of the order of 0.3 at the most, for all
etallicities. In contrast, the abundance ratio of stars in ME64 show

ot only a much larger scatter up to 2 dex, but also a clear relation
etween the scatter and the metallicity, such that the scatter decreases
NRAS 516, 6075–6095 (2022) 
ith increasing metallicity (a behaviour that extends towards stars
ith higher abundances). Stars in ME64 have a large variety of
ossible element ratios, even for coeval stellar populations, which
esults from the dependence of the chemical yields primarily on the
tellar mass, but also on metallicity. 

An important observation from this figure is that the lowest
nd highest abundance ratios that are found in ME64 cannot be
escribed in SE64; in fact, in ME64 a significant fraction of

art/stac2581_f2.eps
art/stac2581_f3.eps
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Figure 4. Element ratios of the neutron-capture element Ba and the α-element Mg, in simulations SE64 (left-hand panels) and ME64 (middle-hand panels), 
after 1 Gyr of evolution. The solid thick and thin lines show, correspondingly, the median and 1 σ levels. The colour scale is also shown. 
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6 We have also run an identical simulation assuming a single explosion time 
for SNII; differences between the predictions of these two simulations, as well 
as a comparison between the cosmological and the idealized simulations, are 
discussed in Appendix B . 
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he stars is in the range of abundance ratios that are absent 
n SE64. 

Now we turn our focus to the α-elements, showing in the lower
anel of Fig. 4 the distribution of [Mg/Fe], which we use as
n example for this type of element (Si and O exhibit similar
rends). In general terms, the behaviour of the α-elements is similar
o that observed for the neutron-captures elements, in the sense 
hat simulation ME64 allows the abundance ratios to vary more 
ompared to SE64, producing more realistic abundance patterns. 
urthermore, we can see, in ME64, a positive and strong correlation 
etween [Mg/Fe] and [Fe/H], which is, particularly for metal-poor 
tars, opposite to that found in SE64. Similarly to our findings for
he neutron-capture elements, for the α-elements we find that in 

E64 the spread in abundance ratios decreases with increasing 
etallicity. It is important to note that, in our simulation ME64,

he abundance ratios of neutron-capture elements extend over 3 
ex while a smaller spread (or around 1 dex) is predicted for the
-elements. 
The results of this Section show that a correct description of the

ifferent ejection-times of release of chemical elements of different 
ass stars contributing as core-collapse SNe is important in order to 

roperly describe the early enrichment phases of the ISM in galaxies, 
nd the abundances and scatter of the very metal-poor stars. We 
ave shown the effects of differential enrichment using isolated 
imulations, but the same results are reproduced in cosmological 
uns, in terms of the changes in abundance ratios and scatter (see
ppendix B ) although with a higher level of complexity due to the

osmological evolution. 
 A BU N DA N C E S  A N D  SCATTER  IN  T H E  

TELLAR  H A L O  

n this section, we study the chemical properties of the stellar
alo formed in a cosmological simulation of the formation of a
ilky Way-mass galaxy. This simulation, referred to as the ME run,

ssumes multiple explosion times per SNII. 6 

The initial conditions used for our cosmological simulations 
orrespond to halo named Aq-C of the Aquarius Project (Springel 
t al. 2008 ). The simulated halo has, at z = 0, a virial mass of
.6 × 10 12 M � (see Table 1 ), a virial radius of 170 kpc and is, by
esign, mildly isolated (no neighbour exceeding half its mass within 
 sphere of 2 Mpc radius). The simulations start at z = 127 and run
ntil z = 0. 
The ICs are consistent with a Lambda cold dark matter ( � CDM)

niverse with the following cosmological parameters: �m 

= 0.25, 
� 

= 0.75, �b = 0.04, σ 8 = 0.9, and H 0 = 100 h km s −1 Mpc −1 with
 = 0.73. The mass resolution is 4.1 × 10 5 M � and 2.2 × 10 6 M � for
as and dark matter particles, respectively, and we have adopted a
ravitational softening of 700 pc, fixed in comoving coordinates. The 
nput parameters used for these simulations are the same than those
MNRAS 516, 6075–6095 (2022) 
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Figure 5. Maps of projected stellar mass density (left-hand panels) and stellar metallicity (right-hand panels) for the simulated galaxy in our cosmological 
simulation ME, at z = 0, in face-on ( xy ) and edge-on ( xz ) views. The white arrows in the mass density maps indicate the corresponding velocity fields and reveal 
that, at the present time, the simulated galaxy has a rotationally supported disc-like component, a compact bulge, and an extended stellar halo. 
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sed in the idealized simulations of the previous section in order to
acilitate comparison. 

Fig. 5 shows the face-on and edge-on projections of the stellar
ass density (left-hand panels) at z = 0 for the simulated galaxy,

ogether with the corresponding metallicity distributions (right-hand
anels). In order to make the projections, we have aligned the
otal angular momentum of the stars with the z-direction. The
imulated galaxy is, at the present time, composed of a compact,
ispersion-dominated bulge and a rotationally supported disc. The
otation of the discs is clearly seen, particularly in the face-on
iew, from the velocity field included in this figure. The stellar
alo is spatially extended, and significantly fainter than the other
tellar components. The metallicity distributions reveal the different
evels of enrichment in the different stellar components, the bulge
nd disc being significantly more enriched than the stellar halo
egion. 

In order to study the abundances in the stellar halo component,
e first need to determine how we define the halo stars as, in the

imulations, there are many different ways to assign stars to this (or
ny other) component. In this work, we define the stellar halo using
tars that formed during the first Gyr of evolution and that are, at the
resent day, outside a sphere of 5 kpc from the centre of the galaxy.
s we identify the halo stars at z = 0, the age threshold of τ =
 Gyr assumed for the halo is included in order to exclude from the
ample disc stars, which are dominant outside the inner 5 kpc but
ignificantly younger. Ho we v er, the e xact τ value is unimportant –
s long as it is not too low – because disc and halo stars have very
ifferent ages. 
Our choice of selecting stellar halo particles at z = 0 simplifies

he interpretation of results and the comparison with observational
ata that integrates the full evolutionary history of the Milky Way
nd provides information on the z = 0 properties of the halo. Our
hoice for the simulated halo population, based only on the age
nd present-day radius of stars, provides us with a simple, easy to
nterpret and clean sample, without the need to make any additional
ssumption on the properties of the halo (e.g. metal content or
ynamics). 7 Furthermore, the use of stars outside the very central
NRAS 516, 6075–6095 (2022) 

 Note that our sample could include thick disk stars, if this component was 
ormed in the first Gyr of evolution. We have verified, ho we ver, that the 
ajority of the simulated stellar halo stars do not have a significant degree of 

otation. 

 

t  

a  

8

r

e gion pro vides a sample that is uncontaminated by the old bulge 
opulation. 8 

The left-hand panels of Fig. 6 show maps of the present-day spatial
istribution of the old stars (i.e. formed in the first Gyr) in our
imulation ME, up to 20 kpc (i.e. the inner halo) and to 1/4 of the virial
adius (i.e. the extended halo). Also indicated is the minimum radius
ssumed for halo stars, i.e. 5 kpc. The figure shows two different
rojections, the face-on and edge-on views of Fig. 5 , in order to
ighlight the morphology of the stellar halo. Note that, unlike the
hole stellar population, the old halo stars define no preferred plane,

lthough the stellar distribution is not fully spherical. The simulated
tellar halo is spatially extended, has low surface mass density, and
xhibits, particularly in the outermost regions, substructure in the
orm of stellar clumps. A stellar stream, reminiscent of observed
treams, is also detected in the face-on view. 

The right-hand panels of Fig. 6 show maps of the stellar metallicity
f the old stars (formed in the first Gyr) in simulation ME, for the
ame views and spatial scales shown in the left-hand panels of this
gure. While the inner halo (5 ≤ r < 20 kpc) is characterized by
verage stellar metallicities of the order of Z/Z � ∼ 0.1 or higher,
tars that are further away (i.e. in the outer halo) are less enriched,
ith typical (spatially-averaged) metallicities between Z/Z � ∼ 0.05

nd Z/Z � ∼ 0.1. The stellar stream is more metal-rich compared to
he rest of the outer halo population, suggesting that these stars were
ormed in an accreted satellite and were not formed in situ . 

.1 The formation of the stellar halo 

n the cosmological context, galaxies grow via the continuous
ggregation of matter and smaller substructures which can contribute
istinct chemical patterns determined by the properties of the star
ormation activity within them and the characteristics of their
ccretion on to a larger system. In the simulation, we can trace back
he formation of the z = 0 system identifying, at each time, the main
rogenitor – i.e. the most massive structure at that time – and a series
f smaller systems that later accreted on to the main progenitor. 
Fig. 7 shows a series of snapshots of the distribution of all stars

hat ended up in the main progenitor at z = 0 (upper panels),
nd in the stellar halo component (lower panels). We focus on
 We have tried several threshold radii to define the halo and found that our 
esults are not sensitive to this choice, provided r � 4 kpc. 
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Figure 6. Maps of projected stellar mass density (left-hand panels) and stellar metallicity (right-hand panels), at z = 0, for our cosmological simulation ME, 
considering stars that formed in the first Gyr of evolution. In both cases, we show two perpendicular projections, corresponding to the face-on and edge-on 
projections of Fig. 5 . The black circle shows our threshold of 5 kpc to define halo stars. The upper and lower panels show , respectively , the inner galaxy and a 
zoom-out up to 0.25 of the virial radius. Note that the colour code and scale have been chosen in order to highlight the halo density and metallicity structure 
(note that these are different from those used in Fig. 5 ). 

Figure 7. Spatial distribution of stars that ended up in the main galaxy at z = 0, after 1, 2, 3, and 4 Gyr of evolution. The upper panels include the whole stellar 
population, while the lower panels are restricted to stars that ended up in the stellar halo component. The black circles show the position of the main progenitor 
and the most massive satellite galaxies at the various times; their sizes are scaled with the corresponding masses. The colour scale represents the density of 
stellar mass in logarithmic scale, to allow a better visualization of the halo stars and their spatial location. 
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Figure 8. The various abundance ratios as a function of [Fe/H] for the halo stars in our simulation ME. The solid thick lines show the corresponding median 
values and the thin lines denote the 90, 70, 30, and 10 percentiles of the distributions. The colour scale is also shown. 
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he early evolution, and show the distributions at 1, 2, 3 and
 Gyr, characteristic of the formation and accretion of today’s halo
tars (recall that, by definition, halo stars formed in the first 1Gyr
f ev olution, b ut they could ha ve been accreted on to the main
rogenitor later on). The figures are centred at the mass centre of
he main progenitor at the different times, and the circles indicate
he position and size of the different subhaloes of the simulation,
ncluding the main progenitor. The upper panels of this figure reveal
hat, as expected within the cosmological context considered, the
tellar component of the simulated galaxy has a contribution of
aterial formed in systems other than the main progenitor. If we

onsider all stars that form the z = 0 progenitor (i.e. all stellar
omponents), the fraction of stellar mass that has been accreted 
s low. 

Ho we ver, the simulated stellar halo has significant contribution
f ex situ stars that formed outside the main progenitor, as can be
een from the lower panels of Fig. 7 . The ex situ fraction of our
imulated halo is 0.8, i.e. only 20 per cent of the stars in today’s
alo formed in the main progenitor. This means that most halo stars
ormed in smaller, more metal-poor systems, with more episodic star
ormation activity, compared to the main progenitor. A high ex situ
raction of the stellar halo is consistent with observations of the Milky

ay stellar halo, although in our simulation many small satellites
ontributed to the stellar halo, while recent disco v eries suggest that
 large part of the Milky Way’s stellar halo could be the result of
n early and massive accretion event (Helmi et al. 2018 ; Belokurov
t al. 2019 – see re vie w by Helmi 2020 and references therein). 

It is worth noting that the ex situ stars that end up in the stellar
alo at z = 0 locate preferentially in the outskirts of their systems
efore accretion, as evidenced from the lower panels of the figure.
he reason for this behaviour is that stars in the outer regions are the

ess bound stars, likely to be lost during the merger. As a result, these
NRAS 516, 6075–6095 (2022) 
tars stay in the halo component and are not able to reach the bulge
egion, unlike the central, most bound stars in the satellites. How this
ompares to the most recent observations of the Milky Way bulge
ill be addressed in a following paper. 
As we discuss in the next subsections, the high contribution of

ccreted stars to the stellar halo leaves imprints in the z = 0 chemical
roperties of this component, particularly in the case of neutron-
apture elements. 

.2 Abundances ratios and scatter of halo stars 

e discuss in this section the predicted abundance ratios and scatter
f stars in the simulated stellar halo at z = 0 in our simulation ME.
ig. 8 shows the distributions of α- and neutron capture-elements,
elative to Fe, as a function of the [Fe/H] abundance. The black
hick lines indicate the median of the distributions, while the thin
ines denote the 90, 70, 30, and 10 percentile levels. Similarly to
ur findings for the isolated galaxy simulations, the various elements
ave particular abundance levels and, more importantly, they exhibit
istinct dispersions. In particular, the α-elements show lower scatter
ompared to the neutron-capture elements, and this effect is more
ronounced in the low-metallicity regime. The σ values, estimated
s half the difference between the values corresponding to the 70
nd 30 percentiles of the distributions, as a function of [Fe/H],
re shown in Fig. 9 for the various elements. Note that the scatter
aries significantly with the [Fe/H] abundance, such that the higher
he metallicity, the lower the scatter. The typical scatter for the α-
lements is � 0.35 dex, while for the neutron capture elements the
catter levels are systematically and significantly higher, particularly
or [Fe/H] � −2.5. Ba is the element with the highest σ values, with
i having the lower dispersion levels. 
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Figure 9. Estimation of the scatter σ of the various abundance ratios of halo 
stars, as a function of [Fe/H], in our cosmological simulation ME. The σ
value has been calculated as half the difference between the abundance ratios 
corresponding to the 70 and 30 percentiles of the distributions. 
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Figure 10. Normalized distributions of stellar ages of halo stars, separated 
by ex situ (solid lines) and in situ (dashed lines) populations. 
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The different scatter levels are the result of the chemical yields and
heir dependence with the stellar mass and metallicity, which varies 
etween the α- and neutron capture-elements, and also between 
lements of the same group. 9 This is because the predictions of
he simulation for the different elements and their scatter depend on 
ow the yields for each element change with the stellar mass and
etallicity. In particular, the Si yields are more tightly connected to 

ron and therefore the scatter is the smallest for the α-elements. In the
ase of the neutron capture-elements, it is important to note that Eu
s almost completely produced by r -processes, contrary to Ba and Sr
hich are also produced via s -processes, and therefore the different 
 -capture elements have different scatter levels. 
It is worth noting that considering the cosmological evolution 

roduces, as expected, more complex ab undance ratio distrib utions 
ompared to the results obtained with our idealized simulations of 
solated galaxies. In particular, a small but non-negligible fraction 
f stars have [Ba/Fe] � −1, different from the overall distribution
hich has higher [Ba/Fe] values. We discuss the origin of this group

n the next Sections. 

.3 Fingerprints of formation history on abundances and 

catter 

s discussed abo v e, the chemical properties of the stars encode
nformation on the enrichment history; in the case of the halo stars,
he very old populations are particularly sensitive to the early stages
f enrichment that follows the beginning of the star formation (SF)
ctivity. In our cosmological simulation ME, the enrichment history 
s much more complex than the one obtained in the isolated case
Section 3 ), as stars that form the present-day stellar halo were formed
n different systems, each of them with its own SF and enrichment
roperties. In particular, the onset of SF in the main progenitor and
n the smaller satellites can occur at different times, and the SF rates
an have different levels depending on the mass of the system. In our
imulation, the very old stars of today’s halo were formed mainly ex
itu and, furthermore, the ex situ stars hav e a higher fraction of v ery
 A similar behaviour is found in the stochastic models discussed below. Note 
hat without considering SNIa and AGBs, the maximum scatter is due to the 
ifferences in the yields of the massive stars. 

4

T  

t  

a  
ld stars compared to the in situ component, as can be seen from
ig. 10 where we show the formation time distributions of the ex situ
nd in situ populations (normalized separately for clarity, as ex situ
tars are highly dominant). 

The very old stars have in fact a significant impact on the element
atios, producing particular features that are not seen for the rest
f the stellar halo population. Furthermore, such impact depends 
trongly on the chemical element considered and the characteristics 
f their yields and corresponding mass/metallicity dependencies. 
ig. 11 shows the various abundance ratios for the halo stars (i.e.
ur fiducidal sample, assuming a formation time threshold of τ = 

 Gyr, black lines), as well as for the very old stars with τ = 240 Myr
i.e. 100 Myr after the formation of the first star, blue) and for an
ntermediate age threshold of τ = 0.5 Gyr (red). In the case of the
-elements, restricting the sample to older populations produces a 
hift to higher abundances, because enrichment with these elements 
s faster compared to iron: even though both the α-elements and iron
re produced in SNII, the iron yields are comparati vely lo wer for
etal-poor stars. For τ = 240 Myr, the ISM did not yet have time to

nrich sufficiently so that the most massive stars produce significant 
mounts of α-elements compared to iron. 

In contrast, for the neutron-capture elements Sr and Ba we find
hat the very old stars have lower abundance ratios compared to the
ducidal halo sample, with larger scatter. For Eu, the abundances 
re similar, but the scatter is also larger when we consider the very
ld stars. In this case, stars formed from non/low contaminated gas
roduce both iron and the neutron-capture elements in the same 
rogenitors, but as the ISM is contaminated, enrichment with iron 
ccurs faster compared to the neutron-capture elements. For this rea- 
on, once the very early stages of star formation have completed, the
SM becomes more homogeneous, producing narrower abundance 
atio distributions. In the case of the scatter, considering the very old
tars produces wider distributions for all elements, because the ISM 

s less homogeneous compared to later times. 
The case of [Ba/Fe] is particularly important, as we have already

een that the [Ba/Fe] versus [Fe/H] distribution showed the presence 
f a stellar group with [Ba/Fe] < −1, different from the o v erall
opulation. From Fig. 11 , it is clear that it is the very old stars
hat contribute to this group, and these are also the stars that populate
he lowermost [Sr/Fe] tail. 

.4 The [Sr/Ba] ratio 

he [Sr/Ba] ratio is an important chemical ratio, as it is sensitive to
he origin of the heavy elements. Observationally, not only the [Sr/Fe]
nd [Ba/Fe] abundances show a dispersion in our Galactic halo but
MNRAS 516, 6075–6095 (2022) 
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Figure 11. Normalized distribution functions of the various element ratios for our fiducidal halo sample, which assumes an age threshold for halo stars of τ = 

1 Gyr (black line with grey shade). We also show results for the very old stars, formed until 100 Myr after the formation of the first star ( τ = 0.24 Gyr, blue), 
and for an intermediate value of τ = 0.5 Gyr (red). Note that the various panels have different x -ranges in order to highlight the features of the distributions for 
different elements. 
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lso their ratio [Sr/Ba] is not constant (Fran c ¸ois et al. 2007 ). These
bservations confirm the need for a second neutron-capture process
hich synthesized differently the light elements (such as Sr) and the
eavy ones (as Ba), in addition to the r -process. Early contribution
rom fast rotating massive stars to s -process elements has been
roposed (Pignatari et al. 2008 ; Chiappini et al. 2011 ; Frischknecht,
irschi & Thielemann 2012 ; Chiappini 2013 ), as normal s -process

nrichment by AGBs operates on long time-scales ( > 300 Myr, see
escutti et al. 2006 ); moreo v er, at low metallicity, [Sr/Ba] < 0 is
xpected from AGB nucleosynthesis (Cristallo et al. 2009 , see also
rebel 2018 ). 
These ideas were incorporated in stochastic inhomogenous chem-

cal evolution models which were able to predict a scatter in the
Sr/Ba] ratio (Cescutti et al. 2013 ; Cescutti & Chiappini 2014 ).
hese models, ho we ver, not being in the cosmological framework,
o not take into account additional scatter caused by the addition of
x situ stars resulting from mergers. These smaller galaxies would
ave their own star formation histories which, in principle, could
dd more scatter into the more simplified picture of the stochastic
nhomogenous chemical evolution models. This is in fact what we
ee in our cosmological simulations. 

The left-hand panel of Fig. 12 shows the [Sr/Ba] abundance ratio
or halo stars, as a function of the [Fe/H] abundance. Halo stars have
iverse [Sr/Ba] ratios, in the range −0.2 to 1.3 dex; stars with [Fe/H]
 −2 have near solar ab undances, b ut low metallicity stars appear

oth at sub-solar values and at [Sr/Ba] ∼ 0.8, although at a lower
ate. 

It is worth noting that the simulation predicts a high scatter for
Sr/Ba], due to the combined pollution via r- and s -processes in
ast rotating massive stars, our implementation of the differential
nrichment of stars with different masses, and the cosmological
volution. 

An important feature of this figure, which follows the characteris-
ics of the [Ba/Fe] and [Sr/Fe] abundances seen abo v e, is the stellar
roup with [Sr/Ba] ∼ 0.8, different from the o v erall population.
NRAS 516, 6075–6095 (2022) 

s

uch abundance ratios are only seen for the ex situ population,
nd disappear if we only consider the in-situ stars, as can be
bserved from the right-hand panel of Fig. 12 . 10 Ho we ver, note that
he key ingredient for forming the high [Sr/Ba] stars is the time-
cale, because it is only the very old stars that produced such high
atios. This can be seen from Fig. 13 , where we show the [Sr/Ba]
istributions for our fiducidal halo sample with τ = 1 Gyr (black),
s well as for τ = 0.5 Gyr (red) and for the very old stars, with
= 0.24 Gyr (blue). According to our simulation, the existence of

he high [Sr/Ba] stars is a result of the enrichment time-scales for
otating massive stars compared to those assumed for the r-process,
o the ages of accreted stars and to the slower enrichment occurring
n the small systems that contribute to the formation of the stellar
alo, compared to that of the main progenitor. 

 DI SCUSSI ON  

he work presented here is a first implementation of the enrichment
f various neutron-capture in cosmological simulations, and it might
e rele v ant to compare, e ven at this early stage, to make a comparison
ith observational data. Note that a proper comparison with obser-
ations requires an e xtensiv e study on the probable observational
iases and the selection of the most comparable stellar sample of the
imulation, and this will be done in future work. In this Section, we
ake a broad comparison with observations, and we also compare our

esults with those from stochastic chemical evolution models which
se the same chemical yields and stellar ages. Note that the scatter
redicted in the simulation is more important than the exact levels
btained, as the abundance ratios can be easily changed by rescaling
he yields, unlike the scatter which depends on the properties of their
ge/metallicity dependencies. 
imulation, as it is not able to properly follow the very small systems. 
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Figure 12. [Sr/Ba] abundance as a function of [Fe/H] for all halo stars (left-hand panel) and restricting the sample to the in-situ population (left-hand panel). 
The solid thick lines indicate the median of the distributions, and the thin lines show the corresponding 70 and 30 percentiles. The colour scale is also shown. 

Figure 13. Normalized distribution functions of [Sr/Ba] in simulation ME, 
for our fiducidal halo sample, which assumes an age threshold for halo stars 
of τ = 1 Gyr (black line with grey shade). We also show results for the 
very old stars, formed until 100 Myr after the formation of the first star ( τ = 

0.24Gyr, red), and for an intermediate value of τ = 0.5 Gyr (red). 
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.1 Simulations compared to obser v ations 

n this Section we compare our results for the abundance ratios and
catter of the different elements with the observations of Roederer 
t al. ( 2014 ) and Yong et al. ( 2013 ) (only carbon-normal stars), which
rovide data on the abundances of metal-poor stars in our Galaxy. 
ote that the comparison between simulations and observations 

s complex, and it needs to be taken with caution for various
easons. On one side, the observational samples are biased to low 

etallicity stars, and are complete only for the low metallicity 
ange (approximately at [Fe/H] abundances lower than −2.5 or −3). 
econd, these observations are for stars in the solar vicinity, unlike the 
imulation data which include all stars in the simulated stellar halo. 
lso, the number of stars in both observational samples is relatively 

mall and so there is no good statistics. Finally, it is worth noting
hat the two observational samples are not always compatible with 
ach other, most notably in terms of the Si and Mg abundance ratios.
espite these difficulties, the two datasets are useful as they include 

he abundances of all or most of the chemical elements studied here.
Fig. 14 shows the predicted median values for the different 

lements, as a function of [Fe/H] (black lines), together with the 70/30 
nd 90/10 percentiles (dark and light shaded areas, respectively). The 
bservations of Roederer et al. ( 2014 ) (solid black circles) and Yong
t al. ( 2013 ) (enricled symbols) are also included, as well as the
edian and corresponding standard deviations in 0.5 dex wide bins 

red triangles and blue diamonds, respectively), as to include at least
 observational points per bin. We find that the predicted abundances
or the α-elements are consistent with the observations, particularly 
n the case of the Roederer et al. ( 2014 ) data set. On the other hand,
he observations of Yong et al. ( 2013 ) for [Si/Fe] and [Mg/Fe] are
n general below the predictions and also below the Roederer et al.
 2014 ) observations. In terms of scatter, we find a good agreement
or [Si/Fe] and [O/Fe], but the simulation predicts a higher scatter
ompared to the observations for the [Mg/Fe] ratio; the disagreement 
s more important for the low-metallicity regime. As explained above, 
he predictions for the scatter of the different α-elements can vary
ue to the particular dependencies of the yields with the stellar mass
nd metallicity. 

In the case of the neutron-capture elements, we find that the
redicted ranges of [Sr/Fe] are consistent with the observational 
ata but the [Ba/Fe] and [Eu/Fe] predicted values lie abo v e the
bservations. Similarly, the scatter of [Sr/Fe] in the simulation is 
onsistent with the data, but the scatter found for the other n-capture
lements is higher in the simulation – this effect is more significant
or lower metallicities. As explained above, Eu is almost completely 
roduced by r-processes in contrast to the other n-capture elements, 
nd so we expect different levels of scatter. 

The discrepancies between the predicted and observed distri- 
utions for the neutron capture-elements can be interpreted as a 
ignature that the real r-process contribution is more complex than 
hat is assumed in this work. In fact, the rate of r-process production

s fixed (from the narrow mass range of 8 − 10M �) and we do
ot consider any delay apart from the lifetime of the considered
tars. Moreo v er, our nucleosynthesis for the r-process component is
etermined in Cescutti et al. ( 2013 ) for Ba, and Eu is simply scaled
ased on the solar r-process residual that is the same as the r-process
atio observed in r-process rich stars (Sneden et al. 2008 ). With
hese assumptions, our simulation o v erpredicts the [Eu/Fe] ratios 
ompared to the data. It is worth mentioning that a similar outcome
s observed in the Cescutti & Chiappini ( 2014 ) chemical evolution
odel which uses a similar approach. A possible solution would 

e to assume that the [Eu/Ba] ratio in the r-process is lower or not
onstant. 
MNRAS 516, 6075–6095 (2022) 

art/stac2581_f12.eps
art/stac2581_f13.eps


6088 C. Scannapieco, G. Cescutti and C. Chiappini 

M

Figure 14. Median (black lines) and 90, 70, 30 and 10 percentiles (shaded regions) for the different element distributions in our halo stars in simulation ME. 
We also include the observations of Roederer et al. 2014 (solid black circles) and Yong et al. 2013 (encircled black symbols), as well as the median and 
corresponding standard deviations in 0.5 dex wide bins (red triangles and blue diamonds, respectively). 
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Fig. 15 compares the predicted distribution of [Sr/Ba] with
bserv ations. This figure sho ws [Sr/Ba] as a function of [Ba/H] (left-
and panel), which allows to better describe the two typical [Sr/Ba]
anges seen in Fig. 16 which o v erlap when we plot [Sr/Ba] as a
unction of [Fe/H] (right-hand panel). For the simulations, we show
he median abundances of [Sr/Ba] for halo stars at z = 0 (black lines),
ogether with the 90, 70, 30, and 10 percentile levels (shaded areas).
he observations of Roederer et al. ( 2014 ) (solid black circles) and
ong et al. ( 2013 ) (enricled black symbols) are also included as data
oints, as well as the median and corresponding standard deviations
n 0.5 dex wide bins (red triangles and blue diamonds, respectively).
he simulation and observations of [Sr/Ba] are consistent in general

erms, and while the simulation median is systematically lower than
he observational result, they both have a similar trend with the
Ba/H] abundance. Furthermore, the deviation around the mean for
he simulation and the observations is similar, but in the simulation
here are no stars with [Sr/Ba] < −0.2, a limit which is determined
y the stellar yields adopted, particularly for the r -process. This
s because for the early stages of chemical enrichment, the only
ele v ant sources are the r -process events and the s -process products
rom rotating massive stars. The [Sr/Ba] ratio is fixed at −0.2 for the
 -process events and, without rotating massive stars, we would obtain
 fixed ratio for all stars in the simulation, as shown in Cescutti et al.
 2013 ). The yields from massive stars at this metallicity can vary in
he range 0 < [Sr/Ba] < 2 according to Frischknecht et al. ( 2016 ).
herefore, the final result is the mixing of these two sources which
tay within these boundaries. Also, note that the absolute yields of
NRAS 516, 6075–6095 (2022) 
 -process events are higher compared to those of rotating massive
tars, therefore the former tend to dominate the final composition of
tars in our model. 

As we discussed abo v e, the ex situ stars formed very early on
lay a fundamental role in the scatter observed in the [Sr/Ba]
atio. Observationally, the contribution of satellites to the Milky

ay stellar halo could be tested at least in two different ways.
irst, by studying the fractions of high and low [Sr/Ba] stars in
resent dSphs, and the possible dependence on galactic masses,
.g. whether the lightest galaxies are those with the highest [Sr/Ba]
atios. Previous works suggest that most classical and ultra-faint
warf galaxies have high [Sr/Ba] ratios (Venn et al. 2004 ; Fran c ¸ois
t al. 2016 ) although Reticulum II is a small galaxy which got an
arly enrichment of r -process and shows a low [Sr/Ba] (Ji et al.
016 ). Combining observations with simulations which provide a
heoretical framework to understand how low and high [Sr/Ba]
ystems are formed and how they might contribute to the stellar halo
f larger systems after accretion will likely help to better understand
nd interpret observational data. The second opportunity would be
o check whether stars now in the Galactic halo with a high [Sr/Ba]
ho w dif ferent characteristics from those with lo w or intermediate
Sr/Ba] ratio, which would point to their origin as debris of satellites
erged to our halo (e.g. Helmi et al. 2018 , see also Aguado et al.

021 ; Limberg et al. 2021 ; Farouqi et al. 2022 ; Myeong et al. 2022 ).
n this subject, Roederer, Hattori & Valluri ( 2018 ) have found an

ndication that r-process rich stars could actually have belonged to
mall systems. 
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Figure 15. Median (black lines) and 90, 70, 30, and 10 percentiles (shaded regions) for the [Sr/Ba] ratio, as a function of [Ba/H] (left-hand panel) and 
[Fe/H] (right-hand panel) in our halo stars in simulation ME. We also include the observations of Roederer et al. 2014 (solid black circles) and Yong et al. 
(2013, encircled black symbols), as well as the median and corresponding standard deviations in 0.5 dex wide bins (red triangles and blue diamonds, 
respectively). 

Figure 16. Distribution of [Sr/Ba] as a function of oxygen abundance for the halo stars in the Cescutti et al. ( 2013 ) model (left-hand panel), and the ex situ 
(middle-hand panel) and in situ (right-hand panel) components of the stellar halo in our cosmological simulation. 
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.2 Simulations compared to inhomogeneous chemical 
volution models 

n this section, we compare the results of our simulation and the
nhomogeneous chemical evolution models of Cescutti et al. ( 2013 ), 
ocusing on the [Sr/Ba] abundance ratio. In Fig. 16 , we show
he [Sr/Ba] versus oxygen abundance distributions obtained with 
he Cescutti et al. ( 2013 ) model (left-hand panel) and with the
osmological simulations, for ex situ (middle-hand panel) and in situ 
right-hand panel) halo stars separately. The simulation, particularly 
n the case of the ex situ stars which are the dominant component of
he stellar halo, predicts a broader range of oxygen abundances. At 
he metal-rich end, the stochastic models do not extend to very high
xygen abundances because the present-day metallicity distribution 
f the halo at the solar vicinity is used as a constraint. Ho we ver, it
s now known that large fraction of the stars between [Fe/H] = −1
nd below are actually part of debris of galaxies accreted on to the
ilky Way in the past (Helmi 2020 and references therein), and 

herefore are an ex situ population, which is not included in the
odel. On the other hand, the low-metallicity tail in the Cescutti

t al. ( 2013 ) model is affected by the low dilution of the contribution
f a single SNII by the ISM, which is a free parameter. Given that
he chemical evolution models are a much more simplified approach 
ompared to the simulations, it is encouraging that results for the
Sr/Ba] abundances and scatter are similar, particularly in the case 
f the ex situ stars. 
Note that, consistently with the results obtained with the cosmo- 

ogical simulation (Section 4.4 ), in the stochastic model the high-
Sr/Ba] population is very old, formed before the r -process events
tart to enrich the ISM. The reason is that in the stochastic volume
he mixing is instantaneous and the typically abundant r -process 
nrichment erases the chemical signature of the rotating massive stars 
ollution. We expect this outcome to be correct even if we consider a
ifferent r -process event, as it is the case for the stochastic approach
as illustrated in Cescutti & Chiappini 2014 for magnetorotational 
riven SNe and in Cescutti et al. 2015 for neutron star mergers),
lthough the exact definition of the age range expected for these
tars can vary depending on the nucleosynthesis assumptions. This 
tresses the importance to obtain a high-resolution in age estimations 
n the very early phases of the galaxy assembly. The first steps in this
irection were recently shown by Montalb ́an et al. ( 2021 ). 
MNRAS 516, 6075–6095 (2022) 
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 C O N C L U S I O N S  

n this paper, we present a no v el implementation of chemical
nrichment in hydrodynamical, cosmological simulations, which
onsiders the production of α- and neutron-capture elements, and
heir distribution into the ISM during SNII explosions. The novel
spect of our work is twofold: first, we use chemical yields which
onsider the impact of the rotation of massive stars at low metallicity
Cescutti & Chiappini 2014 ; Cescutti et al. 2015 ) and, secondly,
e consider the differential enrichment due to the different life-

imes of stars of different mass within the massive star range. In
ther words, we do not use IMF weighted yields for core collapse
Ne. This means that the star particles of the simulations, which
epresent a mix of individual stars with given masses, explode in
everal episodes rather than at a single time, as usually done in this
ype of numerical studies. This might produce small variations in the
 v erall chemical properties of galaxies; ho we ver, it has a critical role
or the oldest/most metal-poor stars which are se verely af fected by
he early enrichment stages, a point which we demonstrated here. 

The main aim of the work was to investigate whether our model
an reproduce the different scatter levels for the abundance ratios of
he α- and neutron-capture elements, as suggested by observations
f old stars in our Galaxy. We focused on the abundance ratios and
catter of the neutron-capture elements Ba, Eu, and Sr, and the α-
lements O, Si, and Mg, relative to the Fe abundance, and compared
he predictions of simulations that assumed either one or multiple
xplosions per star particle – i.e. the ‘single explosion’ (SE) and
multiple explosions’ (ME) models. All simulations of this work
ssumed, for the ME model, a number of 5 explosions per SNII
vent. With this choice, we can properly describe the enrichment of
he ISM a v oiding large numerical o v ercosts. 

Our implementation is grafted on to the GADGET3 code (Springel
t al. 2008 ) with the sub-grid modules of Scannapieco et al. ( 2005 ,
006 ) for cooling, star formation, chemical enrichment and feedback
rom SN (Type II and Ia) explosions. As the current work focuses
n the chemical abundances of the old stellar population, which are
ainly determined by the products of SNII explosions, we have

witched off the module for SNIa, as well as the Poulhazan et al.
018 extensions for AGB stars, in all simulations presented here. 
In order to validate and test our implementation, we run a

umber of idealized simulations of isolated galaxies, as well as the
osmological formation of a Milky Way-mass galaxy, and compared
he chemical properties of the resulting systems for the SE and ME

odels. We found that the chemical abundance ratios obtained for all
hemical elements are different for the SE and ME models: while in
he former the abundance ratios are restricted to a narrow range given
y the yields tables, the latter are able to produce much more diverse
bundance ratios and higher scatter levels, in better agreement with
bservational results. The ME models produce a faster enrichment of
he ISM, because the first explosion event associated to star particles
ccurs earlier compared to the SE models, which affects the cooling,
tar formation and feedback levels at the very early times. 

After passing the various numerical tests performed to our imple-
entation, we focused on the chemical properties of the stellar halo

ormed in our cosmological simulation ME. Our main findings can
e summarized as follows: 

(i) The scatter found for the abundance ratios of neutron-capture
lements (relative to iron) of the halo stars is larger compared to that
f α-elements. We find that the α-elements have a typical scatter of
he order of � 0.35 de x (ev en at low metallicity), while for all neutron-
apture elements studied here the scatter levels are systematically
igher, with values � 0.3 and up to 1 dex for [Fe/H] < −2.5. For both
NRAS 516, 6075–6095 (2022) 
ypes of elements, the scatter increases for decreasing metallicity,
lthough this trend is much more pronounced for the neutron-capture
lements. 

(ii) The scatter levels of the various elements are affected by
he cosmological evolution: in our simulation, most stars that form
he present-day stellar halo ( ∼ 80 per cent ) formed ex situ and later
ccreted on to the main progenitor. The oldest stars formed in the
atellites present particular features in the abundance ratios, most
otably in the case of n-capture elements, that are fingerprints of the
SM levels of enrichment at very early times. 

(iii) Our model also predicts a high scatter for the [Sr/Ba] ratio
n halo stars, and a non-negligible fraction of stars with [Sr/Ba] ∼
.8. The high [Sr/Ba] ratios are driven by the pollution via the fast-
otating stars at very early times. 

In summary, the main reasons for obtaining different levels of
catter for the neutron-capture and α-elements are the dependence
f the stellar yields on the properties of the massive stars and the
escription of the differential enrichment during the early phases.
he early enrichment of the ISM leaves an imprint in the abundances
f the very old stars, in terms of the abundances and scatter of
articular elements. This opens the possibility to reconstruct the
nrichment level of galaxies at early epochs from observational data
f the old stars, information that is otherwise inaccessible. 
The success of our implementation in reproducing the scatter levels

f the different elements allows to study, in a much more realistic
anner than possible before, the chemical properties of all old stellar

omponents in galaxies, most notably the bulge, which is the subject
f the next paper of this series. In combination with the effects of SNIa
nd AGB stars, these models have the potential to provide detailed
hemical abundances for all components in galaxies, which can be
sed to put additional constrains on the sub-grid physics describing
tar formation and feedback, and that are necessary to provide more
redicti ve po wer to simulations in the � CDM cosmology. 
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Figure A1. SFRs and integrated stellar mass and metallicity as a function of time for our simulations with single/multiple explosion times per SN event and 
various resolutions. 

Figure A2. The distribution of [O/Fe] and [Ba/Fe] versus [Fe/H] for our simulations assuming multiple events per SN explosion and different number of 
particles, after 1 Gyr of evolution. The colour scale is normalized to the total number of star particles in each simulation, and we also show the corresponding 
median (thick lines) and ±σ contours (thin lines). The right-hand panel shows a quantitative comparison of the three distributions. 
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1 The effects of resolution 

n this section, we test the effects of resolution on our results,
y comparing simulations using the idealized initial conditions of
ection 3 and varying the number of particles, N (note that N refers
ere to the number of particles in one dimension, i.e. the total number
f particles of the simulation is N tot ∼ N 

3 ). In particular, we compare
he runs with N = 64 of Section 3 (i.e. SE64 and ME64) with
dentical tests using N = 32 and N = 128 Following our naming
onvention used in this work, we refer to the simulations as SE/ME
o refer to the single/multiple events per SN explosion, followed by
he number N denoting the number of particles. The mass resolution
f the simulations with N = 32, 64, and 128 is, respectively, 600, 70,
nd 9 × 10 4 M � for the gas particles and 500, 60, and 8 × 10 5 M �
or dark matter particles, and we have used the same gravitational
oftening in all runs. 

The left- and middle-hand panels of Fig. A1 compare the SFR and
umulative stellar mass as a function of time for our various tests. The
uns with N = 64 and 128 show very good convergence, particularly
t the early times when the star formation activity is at its maximum.
n contrast, the lowest resolution runs show somewhat stronger
ifferences. In the SE case, the SFR at late times is significantly
NRAS 516, 6075–6095 (2022) 
ower than their counterparts in the runs with higher resolution,
lthough this is not significant in terms of the total stellar mass
ormed. For ME32, the differences are more important, and appear
ight at the peak of star formation, producing a noticeable difference,
ith respect to ME64 and ME128, in the evolution of the stellar
ass formed. We note that simulations using multiple events per SN
 xplosion are e xpected to induce more important differences because
he changes in chemical abundance that occur right after the first SN
xplosions translate into changes in the cooling and the subsequent
tar formation activity. The faster enrichment in the ME simulations
an be observed from the right-hand panel of Fig. A1 , where we show
he evolution of the total stellar metallicity of our tests with different
esolution. After 1 Gyr of evolution, and regardless of resolution, the

E runs have significantly higher metallicities compared to the SE
ests. 

We have also studied the effects of resolution on the predicted
lement ratios after 1 Gyr of evolution. As an example, we show in
ig. A2 the results of the ME32, ME64, and ME128 runs for [O/Fe]
nd [Ba/Fe]. We find very similar results in all cases, indicating that
esolution effects, particularly for N ≥ 64, are unimportant. Note
he very good agreement for the mean/dispersion values, as clearly

art/stac2581_fA1.eps
art/stac2581_fA2.eps
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Figure A3. SFRs and integrated stellar mass and stellar metallicity as a function of time for our simulations with single/multiple explosion times per SN event 
and various choices for the number of SPH neighbours. 

Figure A4. The distribution of [O/Fe] and [Ba/Fe] versus [Fe/H] for our simulations assuming multiple events per SN explosion and different number of SPH 

neighbours, after 1 Gyr of evolution. The colour scale is normalized to the total number of star particles in each simulation, and we also show the corresponding 
median (thick lines) and ±σ contours (thin lines). The right-hand panel shows a quantitative comparison of the three distributions. 
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een from the right-hand panel of this figure, despite the expected 
ifferences in terms of higher resolutions being able to better sample 
tars at the extremes of the distributions. We conclude that our 
odels are robust against resolution provided 64 3 or more particles 

re used. 

2 Dependence on number of SPH neighbours 

e discuss in this section the effects of varying the number of SPH
eighbours, which determine the spatial extent over which metals are 
istributed after SN e xplosion ev ents. This could have an effect on the
redicted distributions of chemical abundances through the effects on 
he mixing of elements in the ISM. In order to investigate this we have
un additional tests, both for the SE and ME models, where we in-
reased the number of neighbours from the fiducidal value of N ngb =
0 (used in the SE64 and ME64 simulations of Section 3 ) to 64/128.
Fig. A3 compares the SFR and the evolution of the stellar mass and
etallicity for these tests. We find very good convergence of the tests

ntil the peak of the SFR, when differences become more significant. 
n particular, an increase in N ngb translates into an enhancement of star 
ormation activity, which is produced because the chemical elements 
hat are distributed after SN explosions spread o v er comparativ ely
arger regions. Note that this effect is most clear right after the SF
eak, as later on the effects of varying the number of SPH neighbours
ecomes non-trivial: on one hand, the polluted regions are larger 
nhancing the cooling efficiency and star formation activity, while, 
n the other, higher SFRs produce larger amounts of feedback that
educe subsequent star formation levels. 

Following the behaviour of the SFRs, the total stellar mass 
ormed is in general larger for the simulations with larger N ngb , with
ore significant differences in the case of the SE runs. A similar

ehaviour is detected in the case of the stellar metallicities, where
ifferences are more important for the SE runs and not significant
or the ME tests. Variations in the stellar metallicity follow the
ariations in the stellar masses, such that runs with larger N ngb are
ystematically more enriched. 

Finally, we show in Fig. A4 the results of runs with different
umber of neighbours, for [O/Fe] and [Ba/Fe] after 1 Gyr of
volution, and their comparison. We find very similar results for both
lement ratios, indicating that our results are robust against changes 
n N ngb . Note the excellent agreement of the mean values and also
f the scatter, evidenced in the right-hand panel of this figure. We
onclude that the results of our model are robust against changes in
he number of SPH neighbours used in the simulations. 
MNRAS 516, 6075–6095 (2022) 
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PPENDIX  B:  C O S M O L O G I C A L  SIMULATI ONS  

n this appendix, we show that the effects of differential enrichment
n the chemical properties of the old stars, discussed in Section 3 , are
eproduced in cosmological simulations. For this, we compare the

igure B1. Evolution of the SFR (upper panel) and integrated stellar mass
lower panel) for our cosmological simulations SE and ME, which assume
ingle and multiple events per SN e xplosion, respectiv ely. The shaded area
ighlights the first 1Gyr of evolution, where we focus our study. 
NRAS 516, 6075–6095 (2022) 
esults of cosmological simulations SE and ME (see Table 1 ), which
ssume a single or multiple explosions per SNII, respectively. As
xplained in Section 4 , these correspond to cosmological simulations
f a Milky Way-mass galaxy. In order to show that differential enrich-
ent affects the properties of old stars, we focus here on stars formed

uring the first Gyr of evolution (which also allows comparison with
ur idealized simulations), even though the cosmological simulations
ave been run up to z = 0. 
Fig. B1 shows the SFRs and evolution of the stellar mass in

imulations SE and ME. Similarly to our findings of the idealized
imulations, ME has a higher SFR compared to ME during the first
yr of evolution, due to the faster enrichment of the ISM when
ultiple events per SNII are assumed and the enhanced cooling

ates. Later on, ho we ver, the behaviour of the SFRs inverts, as the
mount of feedback in ME is larger than in SE, producing a stronger
eduction of the star formation activity after the first starburst. As
 result, at the end of the simulation, the galaxy formed in ME has
ower stellar mass. 

In Fig. B2 , we compare the distributions of the various element
atios in SE and ME for stars formed during the 1 Gyr of evolution. We
how results for all these stars and, because differences are expected
o be more important for the very metal-poor stars, we show the
ame distributions restricting the sample according to the [Fe/H]
bundance. The differences between SE and ME are dramatic, and
onfirm that the proper treatment of the early chemical enrichment
ignificantly affects the scatter of the various element ratios. ME
redicts much broader element ratio distributions compared to SE,
nd this effect is stronger as we mo v e to more metal-poor populations.
hese results are consistent with our findings, using the idealized
imulations. It is worth noting that SE is unable to produce broad
lement ratio distributions, even though the cosmological setting is
aken into account. This means that it is the differential enrichment
hat induces the scatter in the distributions, despite the fact that the

osmological evolution could add even more scatter. In particular, in
he case of the stellar halo we expect a high contribution of ex situ
tars adding to this scatter (see Section 4.1 ). 
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Figure B2. Distribution functions of various stellar abundance ratios, for our cosmological simulations SE (solid lines) and ME (shaded areas), at z = 0, 
considering only the old stars (formed during the first Gyr of evolution). The different panels show distributions for four ranges in [Fe/H]. 
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