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ABSTRACT

Context. Stellar halos around galaxies contain key information about their formation and assembly history. Using simulations, we can
trace the origins of different stellar populations in these halos, contributing to our understanding of galaxy evolution.

Aims. We aim to investigate the assembly of stellar halos and their chemical abundances in 28 galaxies from CIELO cosmological
hydrodynamical zoom-in simulations, spanning a broad range of stellar masses, M, gu € 10°=10"" M,

Methods. Stellar halos were identified using the AM-E method, focusing on the outer regions between the 1.5 optical radius and
the virial radius. We divided the stellar populations based on their formation channel: ex-situ, endo-debris, and in-situ, and analyzed
their chemical abundances, ages, and spatial distributions. Additionally, we explored correlations between halo mass, metallicity, and
alpha-element enrichment.

Results. CIELO simulations reveal that stellar halos are predominantly composed of accreted material, including both ex-situ and
endo-debris stars, in agreement with previous works. The mass fraction of these populations is independent of stellar halo mass,
though their metallicities scale linearly with it. Ex-situ stars tend to dominate the outskirts and be more a-rich and older, while endo-
debris stars are more prevalent at lower radii and tend to be less a-rich and slightly younger. Massive stellar halos (M a0 > 10%° M)
require a median of five additional satellites to build 90% of their mass, compared to lower-mass halos, which typically need fewer
(median of 2.5) and lower-mass satellites and are assembled earlier. The diversity of accreted satellite histories results in well-defined
stellar halo mass-metallicity and [@/Fe]-[Fe/H] relations, offering a detailed view of the chemical evolution and assembly history
of stellar halos. We find that the [@/Fe]-[Fe/H] is more sensitive to the characteristics and star formation history of the contributing

satellites than the stellar halo mass-metallicity relationship.
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1. Introduction

Stellar halos are one of the visible counterparts of galaxies,
that store critical information about their formation histories.
Globally, their origin can be explained as a natural conse-
quence of the current cosmological paradigm, Lambda cold
dark matter (ACDM). Within this scenario, dark matter halos
are formed through the hierarchical merger of smaller substruc-
tures or building blocks (White & Rees 1978). Within dark mat-
ter halos, galaxies emerged and evolved, accreting gas and/or
satellite galaxies, which contribute to imprinting chemical abun-
dance patterns in the stellar populations. Due to the long dynam-
ical timescales in halos (Helmi & Tim de Zeeuw 2000), the
accreted stars from a single progenitor galaxy can be con-
nected through their chemical abundance patterns and inte-
gral motions, i.e. energy-angular momentum (E — L;). These
chemo-dynamical patterns act as a fossil record of the inter-
stellar medium (ISM) from which stars were born in the con-
tributing satellites (e.g., Freeman & Bland-Hawthorn 2002, and
references therein). They provide a means to disentangle the

* Corresponding author; jagonzalezll@uc.cl

history of the assembly of galaxies and also offer insights into the
formation of dwarf galaxies in the early Universe (e.g., Helmi
2020; Horta et al. 2023b; Buder et al. 2022; Mori et al. 2024,
Deason & Belokurov 2024, and references therein).

The stellar halo of our Galaxy has been continuously
scrutinized in the search for the satellite remnants, with
several events already been identified (e.g., Norris 1994;
Helmi & Tim de Zeeuw 2000; Helmi 2008; Carollo et al. 2010;
Beers et al. 2012; Conroy et al. 2022). Among them, the main
accretion event, the so-called Gaia-Enceladus-Sausage (GES)
(Helmi et al. 2018; Belokurov et al. 2018), is a landmark in
the history of the formation of the stellar halo of our Galaxy
(Gallart et al. 2019; Bignone et al. 2019). In recent years, a sig-
nificant contribution to the archaeological study of the Galac-
tic halo has been made by the astrometric mission GAIA
(Gaia Collaboration 2016, 2018, 2023) with (future) synergy
from others, suchs as LAMOST (Ciuca et al. 2023), APOGEE
(Majewski et al. 2017), GALAH (Buder et al. 2022), 4AMOST
(Johnson et al. 2023), or DESI (Cooper et al. 2023).

Extending the study of stellar halos beyond our Galaxy
remains challenging due to their low surface brightness
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characteristics. Nevertheless, by using different observational
approaches, several stellar halos have been analyzed in the Local
Group and beyond, with a variety of density profiles, kinematics,
and metallicity distributions being found (e.g., Monachesi et al.
2016; Harmsen et al. 2017; Gilbert et al. 2019; Ogami et al.
2025). Interestingly, a lack of stellar halos has been claimed in
a few galaxies, such as M101 (van Dokkum et al. 2014), NGC
1042, and NGC 3351 (Merritt et al. 2016). However, it was later
demonstrated using Hubble Space Telescope (HST) observations
that M101 actually has a low-mass stellar halo (Jang et al. 2020).
Thus, it is still unclear whether these findings are observational
artifacts because of the low surface brightness typical of the stel-
lar halos. Hence, theoretical studies including a wide range of
stellar halo masses are crucial to understanding the formation
channels across a diversity of galaxies.

Different formation and accretion histories of galaxies com-
bined with different stellar nucleosynthesis channels can produce
distinct chemical abundance patterns in galaxies. As a result,
a correlation between metallicity and stellar mass is expected
(Tinsley 1979). Observationally, Lequeux et al. (1979) and sub-
sequent studies (e.g., Tremonti et al. 2004; Lee et al. 2006) pro-
vided evidence of the so-called galaxy mass-metallicity relation
(MZR). Harmsen et al. (2017) showed similar behavior for the
stellar halos of a set of galaxies observed with HST, particu-
larly using the GHOSTS (Galaxy Halos, Outer disks, Substruc-
ture, Thick disks, and Star clusters) survey (Radburn-Smith et al.
2011; Monachesi et al. 2016). These authors measured the
metallicity of halo stars at 30 kpc along the minor axis. This
correlation has been attributed to a single accretion event that
contributes to the bulk of accreted material and determines its
metallicity (D’Souza & Bell 2018; Monachesi et al. 2019). This
suggests a strong connection between the chemical properties of
the stellar halo and its accretion history, which can be used to
infer the masses of the largest accreted satellites (Tissera et al.
2012).

On the other hand, the ratio of oxygen to iron encodes
information about the star formation history of a galaxy due
to the interplay between the chemical production of oxygen
and iron by the progenitors of type Ia and type II Supernovae
(SNIa and SNII, respectively) with different lifetimes. There-
fore, [O/Fe]-[Fe/H] is a fundamental plane to understanding the
chemical evolution of galaxies (Matteucci 2021), because it pro-
vides information on the star formation history, initial mass func-
tion (IMF), and inflows and outflows events in galaxies (e.g.,
Matteucci & Brocato 1990; Mason et al. 2024; Silva, in prep.).
The a plane has been used to interpret the origin of differ-
ent stellar populations in the disk and bulge of the Milky Way
in observational and theoretical works (Matteucci & Greggio
1986; Frangois et al. 2004; Zoccali et al. 2006; Hawkins et al.
2015) The stellar populations of dwarf galaxies occupy dis-
tinctive locations on the [O/Fe]-[Fe/H] plane in comparison
to those of the Milky Way (Tolstoy et al. 2009; Tissera et al.
2012; Spitoni et al. 2017). Modern numerical simulations, which
include chemical evolution, have exploited the information
stored by the chemo-dynamical patterns to link them to particu-
lar events in the history of the evolution of galaxies such as the
Milky Way (Mosconi et al. 2001; Belokurov et al. 2020).

The presence of accreted stars in stellar halos is a natural out-
come of ACDM cosmology (Deason & Belokurov 2024). While
their relative dominance varies depending on the specific assem-
bly history of each galaxy, there is broad agreement that the
outer regions of stellar halos are predominantly composed of
accreted stars (also known as ex-situ stars). These stars could be
born in satellites outside the virial radius or formed in infalling
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gas-rich satellites, when they are already within the virial
radius of the main galaxy and are later disrupted (Tissera et al.
2014, also called endo-debris). This dominant contribution of
accreted stars has been reported by numerical simulations, which
have mainly focused on the study of Milky Way mass-sized
halos (Zolotov et al. 2009; Cooper et al. 2010; Font et al. 2011;
Tissera et al. 2012; Monachesi et al. 2019; Vera-Casanova et al.
2022; Horta et al. 2023a). Additionally, hydrodynamical simu-
lations also predict the presence of in-situ stars (Zolotov et al.
2009). Simulations attributed this latter population to different
formation channels: (i) stars formed in the disk of the main
galaxy and then kicked out to large galactocentric distances
due to violent events (Tissera et al. 2014; Monachesi et al. 2019;
Belokurov et al. 2020; Khoperskov et al. 2023), (ii) stars formed
from stripped gas in the halo of the main galaxy (Zolotov et al.
2009; Cooper et al. 2015; Monachesi et al. 2019).

The stellar populations in the halo exhibit particular chemi-
cal abundances. Tissera et al. (2013) studied six Milky Way-like
galaxies and identified three stellar halo subpopulations accord-
ing to their sites of formation, which exhibit different locations
on the [O/Fe]-[Fe/H] plane. Ex-situ stars were found to be a-
enhanced, and have low metallicities, whereas those formed in
gas-rich subgalactic systems within the virial radius of the main
progenitor galaxies (i.e., wet mergers) had lower [O/Fe]. Disk-
heated stars showed low a@-enhancement and high [Fe/H], as
was expected for a population formed from the ISM in disks,
which have more time to be enriched by SNIa events. However,
there was a large dispersion in the abundances, which reflects the
diversity of assembly histories even in systems with similar virial
masses. The [O/Fe]-[Fe/H] plane was also used by Brook et al.
(2020) to study the properties of the stars associated with a GES-
like event in comparison to stars in the disk of the Milky Way.
Hence, most studies have analyzed Milky Way or M31 mass-
type galaxies, thereby under-sampling the range of possible stel-
lar halos.

This work aims to investigate the assembly of stellar halos
and their chemical abundances in galaxies spanning a broad
range of stellar masses, My gu € [10°-10'"! My]. We focus on
the chemical abundances of the different subpopulations in the
stellar halo and link both the MZR and the [O/Fe]-[Fe/H] plane
to their formation histories. In this paper, we focus on the outer
region of the stellar halos, beyond the central part, which coex-
ists with the main galaxy. In a forthcoming paper, we shall
extend this analysis to the inner region of the stellar halo.

For this purpose, we used simulated galaxies from the suite
of fully cosmological hydrodynamical zoom-in simulations of
Chemo-dynamlcal propertiEs of galLaxies and the cOsmic web,
dubbed CIELO (Tissera et al. 2024). The CIELO project aims
to study the formation of galaxies in different environments,
excluding clusters of galaxies. These simulations have been used
in previous studies to investigate the effects of the environment
on infalling satellite galaxies (Rodriguez et al. 2022), the impact
of baryons on the shape of dark matter halos (Cataldi et al.
2023), the shape of the metallicity profiles in galaxies during its
evolutionary process (Tapia et al. 2022), and the feedback effect
of the accretion of primordial black holes on gas properties at
very higher redshift (Casanueva-Villarreal et al. 2024).

The paper is organized as follows. In Section 2, we describe
the CIELO simulations. Section 3 details the sample of galax-
ies analyzed, and the decomposition method adopted to identify
the galactic components. In Section 3.2, we define the pop-
ulations identified in the stellar halos and analyze their dif-
ferent formation channels. In Section 4, we examine the star
formation and accretion histories of the CIELO stellar halos. In
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Section 5, we investigate if the chemical abundances might be
used as an indicator of the different formation channels through
the MZR (in Sect. 5.1), and in 5.2, we link the stellar halo
enrichment history to their accreted satellites through the [O/Fe]-
[Fe/H] plane. Finally, in Section 6, we summarize our main
results.

2. CIELO simulations

In this work, we analyze stellar halos from six zoom-in simula-
tions of the CIELO Project. The initial conditions correspond to
zoom-in regions selected from large cosmological volumes map-
ping a variety of environments including small groups, voids,
walls, and filaments (Tissera et al. 2024). All simulated regions
were selected from a dark matter-only simulation run of a cos-
mological simulation consistent with the ACDM universe model
with Qp = 0317, Qpx = 0.682, Qg = 0.049, h = 0.671,
og = 0.834, ny, = 0.962 (Planck Collaboration XVI 2014).

These simulations were run using a version of GADGET-3,
an updated version of GADGET-2 (Springel & Hernquist 2003;
Springel 2005). This version includes a multiphase model for
the ISM, metal-dependent radiative cooling, stochastic star for-
mation, and energy and chemical SN feedback, as is described
in Scannapieco et al. (2005, 2006). The initial conditions (ICs)
were generated at two resolution levels: L12 and L11. For L12,
the dark matter particle mass is mgy, = 1.36 X 10° Mo h7t,
while for L11, it is mgy = 1.28 x 10° Mg h~', referred to as
high resolution and intermediate resolution, respectively. The
initial gas masses are mg,s = 2.1 X 10* Mg A~! for L12 and
Mg = 2.0 X 10° Mg A" for L11. The gravitational softening
lengths for simulations at L11 resolution are €, = 400 pc for gas
and stellar particles and 800 pc for dark matter particles, while
L12 runs have softening lengths of 250 pc for gas and stellar par-
ticles and 500 pc for dark matter particles.

The chemical evolution model includes the enrichment by
SNIa and SNII, following 12 different chemical isotopes: H,
4He, 2C, 1°0, 2*Mg, 28Si, Fe, 1N, 20Ne, 328, “0Ca, and ©Zn
(Mosconi et al. 2001). The multiphase and SN feedback mod-
els have been used to successfully reproduce the star-formation
activity of galaxies during quiescent and starburst phases. They
are able to trigger violent galactic mass-loaded winds without
introducing mass-scale parameters (Scannapieco et al. 2008).

Virialized structures in CIELO simulations were identi-
fied using a friends-of-friends algorithm (FoF; Davis et al.
1985). Then, the SUBFIND algorithm (Springel et al. 2001;
Dolag et al. 2009) was applied to identify substructures (here-
after, subhalos) within each dark matter halo at all available
redshifts. Finally, merger trees were built using the AMIGA
algorithm (Knollmann & Knebe 2009). We would like to point
out that algorithms to identify substructures have difficulties dis-
entangling the contribution of each galaxy during the last stages
of mergers, when the systems are very close. Different authors
adopt different criteria to make the final decision. Hence, caution
should be taken when comparing results from different authors.
In the next section, we explain the criteria adopted in this
work.

3. Stellar halos of CIELO galaxies

We worked only with central galaxies, which are defined as the
most massive Subfind system in each FoF halo. We selected cen-
tral galaxies with stellar masses of My ga1 > 10° M, without any
further restriction. The stellar mass is defined by all stars within
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2rop of the central galaxies, where 1qp is the radius that enclosed
the 83% of the stellar mass of the galaxy.

Our CIELO galaxy sample reproduces various properties
of observed galaxies, including the mass-size relation, and the
MZR for both gas and stellar populations (Tissera et al. 2024).
Figure 1 displays the face-on view of the 28 central galaxies in
our sample, highlighting their diverse sizes, masses, and envi-
ronments. The simulated galaxies are dynamically decomposed
in bulge, disk, and stellar halos, as is explained in the following
Section 3.1.

3.1. Definition of the stellar halos

Since the definition of the stellar halo is not straightforward,
we first considered the global decomposition presented in
(Tissera et al. 2012), the so-called AM-E method, and defined
the disks, bulge, and halo self-consistently. The AM-E method
is based on a combination of the angular momentum content of
the particles and their binding energy. According to this method,
galactic components were decomposed dynamically based on

the orbital circularity parameter (e = #EX(E)) where J, is the

angular momentum component perpendicular to the disk plane
and J;, max(E) 1S the maximum J, over all particles of a given bind-
ing energy (E).

The bulge was defined as all the stellar particles more
bounded than the minimum energy (E..,) of stars with r >
0.5510p;. Therefore, the criterion adapts to the overall size of each
galaxy. Although there is some arbitrariness in these criteria, the
main features of the components change only slightly with the
reference energies. The disk component is defined as the stellar
particles with |e] > 0.5, E > Ec, and r < 2ry, . Stellar par-
ticles that do not belong to the bulge and disk components are
considered part of the stellar halo.

The decomposition was performed to all the central galaxies
satisfying the mentioned criteria at z = 0 and to their progenitors
up to z ~ 6. This implies decomposing and analyzing 28 halos
across 86 snapshots separated by a median of 1.4 x 103 yr (with
a minimum of 3 x 107 yr and a maximum of 1.7 x 10% yr). The
cadence of CIELO simulations is appropriated to follow satellite
galaxies falling into their main halos and to study the impact
that the accreted satellites have on different physical processes,
such as the assembly of the stellar halo and the other galactic
components.

Due to the difficulty of isolating halo stars in the very inner
region of nearby galaxies, or even our own Galaxy, studies of
stellar halos with masses similar to the Milky Way typically
focus on regions beyond a galactocentric distance of 10kpc
(Harmsen et al. 2017; Monachesi et al. 2019). We followed a
similar criterion, however, considering the wide diversity in
galaxy sizes in our sample, we set the galactocentric limit at
1.510p;. Therefore, in this work, we defined the inner halo as
the region inside 1.514p, while the outer region extends within
1.510p; — Iyir. For the sake of simplicity, hereafter the outer region
will be referred to as the stellar halo, with a stellar mass of
M, halo» While the total stellar halo mass will be referred to
as Mz’halo. The inner halo will be analyzed in a forthcoming
work. The separation of the stellar halo in these two regions was
performed regardless of the origin of the stellar particles. We
ensured that each stellar halo was sufficiently resolved numeri-
cally by setting a lower limit of My pao > 108 Mg (equivalent
to a minimum number of ~1300 and a maximum of ~400 000
stellar particles). Table 1 summarizes the main properties of
the studied galaxies and their stellar halos. In this Table, we
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Fig. 1. Face-on view of the projected stellar component at z = O for the 28 galaxies analyzed in our sample. Each panel is centered at the center of
mass of the corresponding central galaxy and shows all the stellar particles in a cubic volume of 120 kpc size. The panels are ordered by decreasing
stellar mass. The CIELO galaxy ID is displayed in the lower-left corner of each panel.

In order to analyze the formation of stellar halos, we divided
our sample into three M, ha1o intervals. Each mass bin is sepa-
rated by one order of magnitude in mass, i.e. low mass (M haio €

also include the CIELO code for the zoom-in regions: “LG”
for Local Group analogue and the “P” for the Pehuen halos'.
[1030-10%1 M), inter € [108°-10°>1M,) and
hlgh mass (M*.halo € [

! Pehuen is a term from Mapudungiin used to refer to the Araucaria

araucana tree, specifically found in Chile and Argentina.
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Table 1. Main properties of the 28 CIELO galaxies analyzed.

Simulation ID Gal Topt Tyir My gal Mz’h alo M, halo M.ir
[kpc]  [kpc] (Mo] [Mg] [Mg] [Mo]
LGl 4337 7.08 15999 5.14e+10 1.96e+10 8.09¢e+09 1.37e+12
LG1 4469 733  137.02 8.06e+09 2.92e+09 1.03e+09 5.39e+11
LGl 2097 594 10249 4.70e+09 1.82e+09 5.89¢e+08 2.25e+11
LGl1 0000 11.35 109.50 4.60e+09 8.91e+08 1.64e+08 1.76e+11
LG1 0053 9.60 9429 436e+09 2.19e+09 4.82e+08 1.66e+11
LGI 2177 6.54 85.46 3.61e+09 3.02¢e+09 4.29¢+08 2.09e+11
LG1 2250 578 12194 3.36e+09 8.90e+08 2.23e+08 7.59¢+10
LG1 2208 5.83 79.62  2.51e+09 1.16e+09 1.79¢e+08 1.59e+11
LGI 4628 429 7544 2.44e+09 9.20e+08 1.63e+08 1.24e+11
LG2 0190 853 11524 1.46e+10 7.35¢+09 1.61e+09 5.08e+11
P2 0214 9.57 85.67 7.22e+09 2.80e+09 3.83e+08 1.99e+11
P2 0272 5.79 61.46 1.58e+09 6.90e+08 2.01e+08 7.77e+10
P3 0232 5.89 96.77 1.65e+10 6.57e+09 1.16e+09 2.84e+11
P3 0271 8.89 88.11 3.29¢+09 1.70e+09 3.51e+08 1.19e+11
P3 0875 9.80  75.83 2.87e+09 1.39e+09 2.33e+08 1.06e+11
P3 0000 11.19 82.66 1.92e+09 1.17e+09 2.55e+08 5.05e+10
P4 0349 7.60 110.63 1.84e+10 5.31e+09 1.60e+09 3.16e+11
P4 0000 4.77 88.18  1.32e+10 3.96e+09 5.05e+08 2.14e+11
P4 0428 7.02  98.71 1.24e+10 2.45e+09 7.17e+08 2.79e+11
P4 1248 992 103.27 5.86e+09 2.72e+09 6.64e+08 9.51e+10
P4 1266 9.19 86.79  3.12e+09 1.73e+09 3.38e+08 8.93e+10
P4 0018 406 6936 1.90e+09 8.13e+08 2.20e+08 9.21e+10
P7 2389  10.25 146.55 5.43e+10 1.94e+10 5.26e+09 7.99e+11
P7 7805 1093 146.54 4.09e+10 2.10e+10 6.79¢e+09 9.71e+11
P7 8958 7.16  91.51 1.48e+10 4.38e+09 1.59e¢+09 2.19e+11
P7 0000 6.35 93.28 5.38e¢+09 1.77e+09 4.18e+08 1.09e+11
P7 2627 9.43 71.73  4.69e+09 1.41e+09 2.49e+08 1.19e+11
P7 2696 2.82 5828 2.30e+09 1.14e+09 2.01e+08 4.59e+10

Notes. From left to right: Simulation code, ID galaxies, 1oy is the characteristic radius that encloses 83 percent of the stellar mass of the galaxy,

M, qal is the galaxy stellar mass up to 2rypy, Iy is the virial radius, M’

*,halo

is the stellar halo mass up to virial radius, M, pa, is the stellar halo mass

ranging from 1.5r to Iy, and My, is the mass of dark matter within the virial radius.

For illustration purposes, Fig. 2 shows the evolution of the
stellar halo of a typical galaxy. From left to right, the redshift
displays are z = 0.0, 1.0, and 2.1. Their viral radius, ry;., varies
fromto 117kpc at z = 2.1 toryi = 147kpcatz = 0. Atz =
0.0 the halo is very smoothed but still shows signs of a later
accretion and surviving satellites, which are close to the central
region.

At z = 1.0 and z = 2.1 the stellar halo exhibits clear sig-
nals of satellite accretions at different stages of evolution. Well-
defined stellar trails along the orbits can be appreciated from
this figure. Additionally, the SUBFIND algorithm does not iden-
tify the substructures when they become too fluffy and are very
close to the central galaxy. This illustrates the complexity of
studying stellar halos due to the different components that make
them.

Figure 3 shows the ratio of M, pa10 and Mz’halo as a function
of the stellar galaxy mass. We can consider this ratio as a proxy
of the concentration of a stellar halo. As can be seen, all galax-
ies have ~10—40% of their stellar halo mass within 1.51¢p; — Iy
Therefore, most of the stellar halo mass is concentrated within
the inner 1.51qp (displayed in colors). We obtained a trend so
that more massive galaxies have less concentrated stellar halos
(Spearman coefficient of r = 0.36 and p = 0.04). However, at a
fixed stellar galaxy mass, there is a diversity in the concentration
of their stellar halo, which can be explained due to their different

formation histories. The color code displays the total fraction of
in-situ stars, fimassin, identified within the ry; (see detailed defi-
nition in the next Section 3.2). We can appreciate a large diver-
sity of fiassin, With a weak trend of halos with larger fractions
being associated with less massive galaxies. Since most of the
in-situ stars are located within the inner region of the halos, this
fact could explain the detected trend. We shall analyze the inner
region of the halos in a forthcoming paper, as was mentioned
above.

3.2. Stellar populations in the stellar halo

The classification of stellar populations according to their forma-
tion channels varies slightly from author to author (e.g., Norris
1994; Zolotov et al. 2009; Carollo et al. 2010; Tissera et al.
2012; Beers et al. 2012; Pillepich et al. 2014; Buder et al. 2022).
Here, we explain in detail the definitions we adopt to
describe and quantify the assembly history of our stellar
halos.

In order to identify the origin of each stellar population that
built the simulated halos at z = 0, we followed them back in
time to the closest available snapshot to their birth time and we
identified their formation site. According to that, stellar popu-
lations are grouped into three types: in-situ, endo-debris, and
ex-situ.
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Fig. 2. Face-on (upper panel) and edge-on (lower-panel) view of the stellar halo density maps for a single CIELO galaxy. Three redshifts are
depicted from left to right: 0.0, 1.0, and 2.1. Each panel shows all the stellar particles identified as part of the stellar halo of galaxy P7-7805 (see

Sect. 3.1 for details on identifying the galactic components).
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Fig. 3. Fraction of the stellar halo mass, M, ha1o, defined within the range
[1.5r4p;, Iyir], With respect to the total stellar halo mass, Mihal o» as a func-
tion of the stellar galaxy mass, M, 4u. Squares are color-coded by the

mass fraction of in-situ stars in the stellar halo.

3.2.1. In-situ stars

Stellar particles gravitationally bound to the central galaxy at the
first available snapshot after their birth time.

We identified two channels of formation of in-situ halo stars
in CIELO simulations: disk-heated stars and clumpy in-situ
stars.

Here, we defined disk-heated stars as those formed within
the galaxy on orbits that initially (at birth-time) confined them to
the disk component and became heated to eccentric orbits pos-
sibly by mergers and interactions events (Zolotov et al. 2009;
Purcell et al. 2010; Tissera et al. 2013). The time of forma-
tion of a stable disk component varies and, at very high red-
shift, it could be challenging to define it because of the higher
frequency of mergers and interactions (Kassinetal. 2012).
Additionally, numerical resolution in simulations could pre-
vent a clear determination of a disk structure (e.g., Sestito et al.
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2021; Carollo et al. 2023). This might lead to fuzzy boundaries
between the galactic components, i.e. the bulge, disk, and stellar
halo at high redshift.

As we show in Fig. 2, mergers and interactions are ubig-
uitous and they can also disturb the central galaxy, dynami-
cally heating up stars (e.g. Bignone et al. 2019; Font et al. 2020;
Khoperskov et al. 2023). Therefore, the contribution of disk-
heated stars to the in-situ population depends on the formation
history of each galaxy. While these stars are mainly confined to
the inner region of the halos, there is a fraction of them in the
external ones. These disk-heated stars exhibit a median age of
7.73 Gyr (with a 25-75" at 6.23 Gyr and 9.83 Gyr, respectively)
and median [Fe/H] of —0.98 dex, (with a 25-75" at —1.21 dex
and —0.80 dex, respectively).

Additionally, we define a category referred to as clumpy
in-situ stars. In this category, we include stars formed at high
redshift when the formation is more violent and involves the
accretion of several clumps. These stars are older and metal-
poor than disk-heated ones, with a median age of 10.60 Gyr
(with a 25-75" at 9.54 Gyr and 11.36 Gyr) and median [Fe/H]
of —1.41 dex (with a 25-75" at —1.61 dex and —1.21 dex, respec-
tively). We also include stars that are associated with disrupted
satellites, which have not long identified by the SUBFIND but
still have a remnant core. They represent a small fraction of
the in-situ population, in some cases less than 1% of the stel-

lar halo. They have a median age of 123:‘7“7‘ Gyr and a median
metallicity of —2.4073-10 dex. There is a negligible fraction (less
than 0.1% of in-situ stellar mass) of stars older (median age
13.24 Gyr), for which we were unable to calculate their birth
radii. We decided to include them as part of clumpy in-situ halo

stars.

3.2.2. Endo-debris stars

Stellar particles formed from gas bound to a subhalo inside ry;,
subsequently stripped as they orbit the potential well of the main
galaxy.
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We traced the history of the gas particles that were detected
as stars within each stellar halo at z = 0, and determined whether
they were initially bound to a satellite or to the central galaxy
before being transformed into stars. Using this approach, we
identify endo-debris stars as those formed in association with the
infalling satellites. The main pathway is the formation within the
satellites, but a fraction could be born in material that is being
disrupted. Approximately 7782% of endo-debris stars originate

6
from the first pathway. They have a median age of 10.47}3.1439 Gyr,

with a median [Fe/H] of —1.14797 dex. The remaining ~233¢%
of stars formed in disrupted remnants, during close encounters
with other satellites or the central galaxy, while they are still

dense and cold. They have median ages of 9.021%2° Gyr and

median [Fe/H] equal to —1.167%37 dex. Since the median dif-
ferences in their metallicities and ages are less than 0.1 dex and
~1.5 Gyr, respectively, distinguishing these two formation mech-
anisms remains debatable. They both come from gas associated
with a satellite system and hence we consider them all endo-
debris stellar populations.

We highlight that other authors consider endo-debris stars
either as part of the in-situ population (stars formed from the
stripped gas) or as part of the ex-situ population (stars formed
inside of the orbiting satellites that are tidally disrupted and sub-
sequently accreted). However, in this work, the endo-debris pop-
ulation is analyzed independently of in-situ and ex-situ popu-
lations because they exhibit different chemical properties that
might help link observations with galaxy formation models.

3.2.3. Ex-situ stars

Stellar particles gravitationally bound to a subhalo at their birth
time but born outside the virial halo of the central galaxy.

Ex-situ stars in CIELO stellar halos are older than the other
stellar halo populations, exhibiting a median age of 11.60 Gyr
(with a 25-75" at 10.87 Gyr and 12.33 Gyr, respectively) and a
median [Fe/H] of —1.38 dex (with a 25-75" at —1.53 dex and —
1.20 dex, respectively). They are formed in other galaxies before
they fall into the potential well of our selected central galax-
ies. Throughout the paper, we use the term ‘accreted’ material
to refer to the ex-situ and endo-debris stars, as part of a large
category to describe that they came from either accreted star or
gas.

Figure 4 displays the stellar mass distribution of each popu-
lation as a function of the galactocentric radius, normalized by
the corresponding virial radius. The stellar mass of each popula-
tion is normalized to the stellar mass in each radial bin. In nearly
all galaxies, beyond 1.5, the accreted material (ex-situ and
endo-debris stars together) is the dominant component, account-
ing for over 80% of the stellar halo mass in each bin across all
radii. While some galaxies exhibit a contribution of in-situ stars
at larger radii, their presence comprises fewer than 100 stellar
particles per bin in most of the cases, which represents less than
1% of the stellar halo mass. They are stars associated with small
satellites that the subfind cannot resolve them (for example, the
bump present in LG1-4337 at a large radius in Fig. 4).

Figure 5 displays the mass fraction contributed by the dif-
ferent stellar populations identified in this work as a function of
the stellar halo mass (upper panel) and the stellar galaxy mass
(lower panel). Our analysis reveals that the mass fraction of each
stellar population, in-situ, endo-debris, and ex-situ, varies from
galaxy to galaxy depending on their formation history. However,
the Spearman correlation factors indicate no significant depen-
dence on either My palo OF My g1 as can be seen from Fig. 5.

Interestingly, Fig. 5 shows that even stellar halos smaller than
10° M,, are composed of the three defined stellar populations,
although CIELO stellar halos are predominantly constituted by
accreted material, which makes up to roughly more than 80%
of the stellar mass in most of our CIELO galaxies. The endo-
debris stars and ex-situ stars contribute approximately 40% and
50%, respectively, of the stellar material in the stellar halo. On
the other hand, in-situ stars contribute in median value ~10% of
the stellar halo mass. It is worth noting that our analysis focuses
on the region ranging from 1.5rqp tO Iyjr.

4. Stellar halo assembly

Galaxies grow their stellar mass through two mechanisms: form-
ing new stars, which constitute the in-situ population, and accret-
ing satellite galaxies which bring their gas and stars, contributing
to the accreted stars category (i.e., ex-situ and endo-debris stars).
To gain further insight into these two channels, we analyzed the
star formation history (SFHs, Section 4.1) and the accretion his-
tory of the CIELO stellar halos (Section 4.2).

4.1. Star formation history

We compute the SFH as the cumulative mass per age bin of all
stars belonging to the stellar halo at z = 0. Figure 6 displays the
median SFH for ex-situ (left panel), endo-debris (middle panel),
and in-situ (right panel) stellar populations for each defined stel-
lar halo mass interval (as is described in Section 3.1). The shaded
regions in each panel indicate the 25" and 75" percentiles of the
mass fractions in each age bin. We also include the median age
at which 50% of the final stellar mass was formed, agesq, .

The left panel of Fig. 6 shows that ex-situ stars are the oldest
population within stellar halos. The median ages,,, ranges from
11.55 Gyr in less massive halos to 11.65 Gyr in the intermedi-
ate ones. The middle panel shows endo-debris stars formed later
and their median ages range from 9.65 Gyr for intermediate mass
halos to 10.85 Gyr for the more massive ones. Their age distribu-
tion is similar regardless of the stellar halo mass. Finally, in-situ
stars are, in median values, the youngest population. They show
an increase in age while increasing halo mass by 2 Gyr. In-situ
stars are composed mainly of disk-heated stars which tend to be
young due to the fact that the disks tend to be more actively form-
ing stars at lower redshifts. The youngest ages of in-situ stars in
low-mass stellar halos suggest that they have more recent higher
star formation activity than massive halos.

In summary, we found a clear distinction in the ages, and
the star formation histories of the selected three stellar halo pop-
ulations (in-situ, endo-debris, and ex-situ) that composed the
simulated stellar halos. The history of the formation of ex-situ
and endo-debris stars does not differ significantly from the low
to high-mass stellar halo. In the next section, we shall explore the
properties of satellites that contribute to the accreted material in
the stellar halos.

4.2. Accretion history

As was previously mentioned, stellar halos are predominantly
composed of accreted material (i.e., ex-situ and endo-debris
stars). When these stars are incorporated into the stellar halos,
they imprint distinct chemical abundance patterns. Therefore, to
complete our analysis so that we can analyze the chemical pat-
terns in the last Section, it is crucial to explore the assembly
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Fig. 4. Stellar mass fraction, fi,,, of each population in the stellar halo: in-situ (blue area), endo-debris (light green area), and ex-situ (orange
area) stars as a function of the galactocentric radius in units of its corresponding virial radius, ry;.. Stellar halos are sorted by decreasing their stellar
galaxy mass, M, g,. The vertical line depicts the 1.5r,p in units of 1,5,. The dashed, horizontal line indicates fias = 0.5.

histories of our halos in relation to their primary contributing
satellites.

For this purpose, all satellites were followed back in time
using the merger trees. It is worth mentioning that we adopted
a conservative lower limit for halo mass2, determined by the
numerical resolution of our simulations. Lower mass halos down

2 We considered only satellites with more than 100 stellar particles at
the time they enter the virial radius of the central galaxy, corresponding
to a stellar mass limit of ~10° M, and ~107 My, for the resolution levels
L12 and L11, respectively (see Section 2). These stellar mass limits
imply that our minimum dark matter halos have ~2 x 107 M.
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to 10° M, might be able to retain some gas and to contribute
with stars with particular chemical signatures to stellar halos
(e.g Bland-Hawthorn et al. 2015). However, exploring such low-
mass ranges would require ultra-higher-resolution simulations
and their contribution would be too small, so our results would
not be significantly impacted.

To improve clarity, we define below key concepts that will
be referenced throughout this section:

— Infall redshift (zis;‘;an): Redshift of the last snapshot before
the satellite enters the virial radius of the central galaxy. If a
satellite enters more than one time, then we consider the first
time it does so.
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Fig. 5. Mass fraction of ex-situ stars (orange circles), endo-debris (light
green triangles), and in-situ (blue squares) stellar populations as a func-
tion of M paio (upper panel) and M, . (lower panel). We provide Spear-
man coefficients and p-values in each panel. In the upper panel, we
fit linear regressions and represent the standard deviations with shaded
areas for each population.

— Stellar halo main contributor (SHMC): Satellite that con-
tributes with the highest amount of accreted stellar mass
(both ex-situ and endo-debris together) to the stellar halo of
a central galaxy.

— Stellar mass of SHMC (Mfitmfan): Stellar mass of the main
contributing satellite at zj. All the stellar particles within
1.510p; of the satellite are considered.

— Accreted stellar mass (M,): Total mass of stellar particles
born in accreted satellite galaxies either before (i.e., ex-situ)
or after (i.e., endo-debris) z5%. .

— Surviving satellites: Accreted satellites that survived as sep-
arated subhalos within ry;, of a central galaxy at z = 0. They
have contributed with stars or gas to the stellar halo of the
central galaxy.

— Destroyed satellites: Accreted satellites disrupted after z
within the stellar halo of the central galaxy.

— Disruption redshift (z}!): Redshift at which the accreted
satellite is no longer recognized as a separate structure and is
considered bound to the halo of the central galaxy. This time
was estimated by using the merger tree.

Figure 7 shows the percentage of cumulative accreted stellar

mass contributed per satellite, either disrupted or surviving, to

the stellar halos at z = 0. The horizontal lines depict the 95%

and 50% of the accreted stellar mass. We estimated the median

number of satellites required to reach 50 and 90 percent of

sat
infall

the accreted stellar mass in each M, paio interval. The median
number of satellites required to reach the 90%(50%) of Mg
ranges from 2.5(1) to 8(2) from low-mass to high-mass halos
(see also Tau et al., in prep. for a similar analysis with the
Auriga low-mass simulated galaxies). In Table 2, we summa-
rize the median numbers per stellar halo mass and the 25-75%
percentiles.

Monachesi et al. (2019) analyzed 28 Milky-Way mass-liked
galaxies from the Auriga simulations and found that the num-
ber of satellites that contribute 90% of the accreted stellar mass
varies from 1 to 14 with a median of 6.5. We note that these
authors considered all accreted stars within r,;; but outside 5 kpc
from the galactic center. Their stellar halo masses range from
~7 % 10° to 5 x 10' My, corresponding to our high-mass inter-
val. Our findings are consistent with this mass range. Stellar
halos more massive than 10°> M, require, on a median, five
more satellite galaxies to reach 90% of the stellar halo mass com-
pared to low-mass stellar halos. In general, CIELO stellar halos
with My pae < 10°° M, need a median of one and four satel-
lites to reach 50% and 90% of their stellar mass, respectively.
Hence their SHMCs play a more significant role in determining
the properties of the stellar halos.

Following previous works, which reported that Milky Way
mass-sized halos have mostly one or two main contributions
that bring in most of the accreted material (D’Souza & Bell
2018; Monachesi et al. 2019; Fattahi et al. 2020), and in order
to gain insight into the assembly histories and the properties
of the stellar halos, we analyze the two main satellite contrib-
utors (SHMCs). Figure 8 shows Mf‘mfau of the two SHMCs
as a function of the stellar halo mass, color-coded by the per-
centage mass contribution relative to total M,.. (upper panel),
of z:%  (middle panel), and of z§i. (lower panel). There is a
correlation (Spearman coefficient =0.56, p-value ~0) between
Mi*t‘infall and M, na0. This trend is consistent with the previous
results by Bell et al. (2017). The solid line represents a linear
fit which provides a rough prediction of the stellar mass of the
SHMC:s of the stellar halos within our covered dynamical range:
logIOMia,[infall = 1.10 x log; oM, paio — 1.26.

The upper panel of Fig. 8 illustrates that a single SHMC con-
tributes significantly more to low-mass halos as shown before,
accounting for over 50% of the accreted stellar halo in some
cases. In contrast, massive stellar halos (M pa1o > 105 M) tend
to have SHMCs that are more massive than those in low-mass
stellar halos, yet they contribute smaller fractions to the over-
all stellar halo because they tend to sink further into the poten-
tial well reaching the central regions, before being completely
disrupted. This explains the fact that some of the satellites lie
above the 1:1 line. This occurs because the Mia,tinfall represents
an upper mass limit, as certain stars end up in the central regions
of the galaxy rather than outside 1.5r,, where the stellar halo is
defined.

The middle panel of Fig. 8 shows a diversity of z% . with
a trend for more massive halos to have more recent accretion of
satellites as was expected. Conversely, low-mass halos acquired
most of their SMHCs before z ~ 1.5 (media lookback time of
~10 Gyr compared to ~8 Gyr in agreement with results from Tau
et al., in prep. using the Auriga simulations). However, due to
the effects of dynamic friction, the disruption of these satellites
takes longer than more massive satellites, as can be seen in the
lower panel of this figure. Some galaxies have a SHMC that can
still be identified at z = 0, as a surviving satellite (denoted by
open circles in the middle and lower panel of Fig. 8). As can be
seen, we detected stellar halos for which neither of the SHMCs
contributed with more than 50 percent of M halo-
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Table 2. Median number of satellites for each stellar halo mass interval.

Number of satellite

My halojow My halo,int M halo,high
95%Macc 2.53 5] 1133
90%Myee 2.5 535 8
50% M 1! 12 2

Notes. Median number of satellites needed to reach the 50%, 90% and
95% of the accreted stellar halo material. Each column represents a stel-
lar halo mass interval, i.e. from the left to right side: low, intermediate,
and high stellar halo mass.

Figure 9 illustrates the gas fraction of satellites contribut-
ing to the formation of stellar halos, defined as f**

gats,infall
M;Z,infan / Miz‘ryomc,infan . The upper panel shows the two SHMCs,
while the lower panel displays all accreted satellites. Nearly all
SHMC:s in low-mass stellar halos have gas fractions exceeding
50%, whereas those in high-mass halos tend to exhibit lower gas
fractions.

High-mass stellar halos primarily receive gas contributions
from less massive satellites that fell in at higher redshifts, sug-
gesting their endo-debris stars are preferentially formed in these
satellites less massive than the two SHMCs. In contrast, low-
mass stellar halos continue to receive gas contributions over time
due to the fact that most of their infalling satellites have higher
gas fractions. This ongoing gas accretion could also feed the star
formation activity in the central galaxy, as is indicated by the
ages of in-situ stars in Fig. 6.
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5. Chemical abundances of stellar populations

Since the stellar populations in the halos followed different for-
mation channels and have a variety of assembly histories, we
expect them to have different chemical abundances (Tissera et al.
2012; Deason et al. 2016; Monachesi et al. 2016; Harmsen et al.
2017). Satellites contributing to the formation of stellar halos of
different masses display diverse properties, and hence we expect
differences in the chemistry of the stellar halo populations. In the
next section, we investigate whether these variations in chemical
abundances might be used as indicators of the different forma-
tion channels.

5.1. The mass-metallicity relation of the stellar halos

Observational and theoretical evidence shows that the stel-
lar halos of Milky Way mass-sized galaxies exhibit a strong
correlation between their metallicity and stellar mass (MZhR;
Deason et al. 2016; Harmsenetal. 2017; Belletal. 2017;
D’Souza & Bell 2018). In this section, we examine the presence
of the MZhR in our sample.

Figure 10 shows the MZhR for our stellar halos (black pen-
tagons) and the corresponding three defined stellar populations,
in-situ (blue circles), endo-debris (light green circles), and ex-
situ (orange circles). There is a clear correlation between [Fe/H]
and M, pa10, indicated by the Spearman correlation factors. Each
population shows a different MZhR, which can be described by
the following linear regression:

[Fe/H]ex—siu = 0.27 X loglo(M*,halo) - 3.70,
[Fe/H]endo-debris = 0.25 x loglo(M*,halo) -3.27,

[Fe/H]in—situ =0.29 x logIO(M*,halo) - 346s (1)
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Fig. 8. Stellar mass (Mf‘,‘infa“) of the two main contributor satellites
(SHMCs) to the stellar halo as a function of the stellar halo mass. The
upper panel is color-coded by the percentage mass contributed by the
SHMC to the accreted stellar halo (M,.), the middle panel is color-
coded by the infall redshift of the satellite (z% ), and the lower panel is
color-coded by the disruption redshift (3! ). In some galaxies, the main
contributor is a surviving satellite which is denoted by open circles. The
dashed line represents the 1:1 line, while the solid line indicates the lin-

ear regression.

[Fe/Hlhao = 0.23 X log,o(My pato) — 3.46.

The in-situ population in Fig. 10 is split in the two for-
mation paths, disk-heated (blue line) and clumpy (dashed blue
line) stars, described in Sect. 3.2. These two populations exhibit
different ages and metallicities. In-situ disk heated stars show
higher [Fe/H] and a steeper MZhR than the endo-debris and ex-
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Fig. 9. Upper panel: Stellar mass of the two main satellite contributors.
Lower panel: All the accreted satellites with Mi‘f‘infall > 10" M,. Both
panels are color-coded by the satellite gas fraction at infall time. The
dashed line represents the 1:1 line, while the solid line indicates the

linear regression.

situ components. The combination of the different populations
drives the global stellar halo MZhR.

The existence of the MZhR stems from the fact that the
stellar halos assembled principally for accreted material from
satellite galaxies, and galaxies followed the MZR. Hence, we
expect that their combination would reflect a similar behav-
ior (Tissera et al. 2014; Deason et al. 2016; Bell et al. 2017,
D’Souza & Bell 2018; Monachesi et al. 2019) as it is the case
for the CIELO halos. Regarding the in-situ populations, most
massive galaxies have more enriched ISM as they follow the
MZR, which allows them to contribute with higher enriched
disk-heated stars as is shown by our results. Hence, consistent
with previous findings, we confirm that SHMCs play a key role
in driving this relation. However, at a given M, p,, there is
a variety of assembly histories, as is shown in Figs. 8 and 9,
which could contribute to the dispersion of the MZhR (Fig. 10).
This aligns with the results of D’Souza & Bell (2018), which
attributed the dispersion to the diversity of accretion histories
involved in forming the accreted stellar halo at a given mass. In
an upcoming article, we shall conduct a detailed analysis of the
MZhR and its evolution with redshift.

5.2. [O/Fe]-[Fe/H] plane

In this section, we also investigate the [O/Fe]-[Fe/H] plane,
which has been used to study the origin of stars in the Galactic

A282, page 11 of 16



Gonzalez-Jara, J., et al.: A&A, 693, A282 (2025)

T
—— Endo-debris -l In-situ (dh) -@— Halo

Spearman = 0.40 Spearman = 0.48 Spearman = 0.49
p-value = 0.04 pvalue = 0.01  p-value = 0.01

-@- Exsitu

-0.5¢7

-2.0f
108

109 1010

M*,halo [Mo]

Fig. 10. Stellar halo MZR (black pentagons). We also display the cor-
responding relations for ex-situ stars (orange circles), endo-debris stars
(light green triangles), and in-situ disk-heated stars (blue squares). We
fit linear regressions to the data for each population (solid colored lines
codes as the corresponding symbols). Additionally, we added the linear
fit for the clumpy in-situ stars (dashed blue).

components due to the interplay between the chemical produc-
tion of Oxygen and Iron. These chemical elements are produced
mainly by different supernova types with different lifetimes. The
delayed enrichment by SNla relative to SNII causes [O/Fe] to
decrease as [Fe/H] increases, leading to the appearance of a knee
(Tinsley 1979). Nearby disk galaxies (Sharma et al. 2021) and
our Milky Way (Haywood et al. 2013) show at least two differ-
ent sequences leading a knee in the a-plane in the disk com-
ponent, which has been attributed to different formation chan-
nels (thin and thick disk). However, radial stellar migration, fresh
gas infall, and the accretion of stars from different systems can
affect the chemical abundances of the ISM and the star-formation
activity in each system, which might introduce significant varia-
tions in the characteristics of the a-Fe knee. In what follows, we
investigate the presence of the a-Fe knee in our stellar halos.
We selected three typical galaxies with different
galaxy/stellar halo masses and different accretion histories
to illustrate the distribution of the chemical abundances in the
simulated stellar halos. Figure 11 shows the distribution of
[O/Fe] and [Fe/H] for the three populations studied (ex-situ,
endo-debris, and in-situ) in the three galaxies. P7-8958 (left
panel) has a massive stellar halo My o = 1.59 X 10° My),
LG1-0053 (middle panel) has an intermediate-mass halo
(M halo = 4.82 x 108 M) and P3-0875 (right panel) has a low-
mass stellar halo (M, pao = 2.33 X 108 My). The isocontours
that enclose the 25%, 50%, and 75% of the mass are shown. The
dotted contours show the stars contributed by the two SHMCs,
SHMC1 (dashed-black line) and SHMC2 (dashed-dot gray
line). The median value of the chemical abundances is shown
as a square (stellar halo) or circle (SHMCs). Detailed values
of each chemical abundance, masses of stellar halos, and their
SHMCs are summarized in Table 3 for these three galaxies.
Figure 11 illustrates the diversity in the formation histories
of stellar halos and the chemical enrichment process of the struc-
tures that build them up. P7-8958 (left panel) clearly shows the
expected knee in the [O/Fe]-[Fe/H] plane of the three stellar
halo populations. Based purely on the distribution of its stel-
lar populations on the @-plane we would expect it to build up
from massive systems, which are more metal-rich. On the other
hand, LG1-0053 (middle panel) and P3-0875 (right panel) show
a slightly different enrichment history that leads to the absence
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Fig. 11. [O/Fe]-[Fe/H] plane for the stellar particles of each population
in the stellar halo of three typical galaxies taken as examples: ex-situ
(orange), endo-debris (light green), and in-situ (blue). Median values
are shown by squares. Contours represent the 25%, 50%, and 75% of
the peak density. Black(gray) contours show the stars contributed by
the first main contributor SHMCI (black) and the second one, SHMC2
(gray).

of the knee for the ex-situ and endo-debris populations, suggest-
ing an early quenched star formation before the onset of SNIa.
Horta et al. (2023b) also found an absence of the a-Fe knee in
the distribution of halo-accreted stars in two halo substructures
of our Milky Way, Heracles and Thamnos. In particular, galax-
ies LG1-0053 (middle panel) and P3-0875 (right panel) have
intermediate and low-mass stellar halos that exhibit lower [O/Fe]
abundances, showing a tail extended to lower [O/Fe] in the ex-
situ distributions. These galaxies accreted low-mass systems,
M < 107 Mo, in agreement with the expected low-o and
metal-poor stars found in dwarf satellite galaxies Tolstoy et al.
(2009). These accreted stars provide metal-poor content that
moves to lower values in the median of the [Fe/H] and [O/Fe]
distribution of ex-situ stars.

In-situ stellar populations displayed in the third row of
Fig. 11 show a clear knee a-plane for the three cases. This
bimodality might be related to the two channels of formation
mentioned in Section 3.2. Since disk-heated and clumpy in-
situ stars exhibit a difference of ~3 Gyr, and therefore there
was enough time for SNIa to enrich the ISM from which they
formed. On the other hand, endo-debris populations (second row
of Fig. 11) show an anticorrelation that is stronger for P7-8958
but it is also present in the other two examples. We expect this
clearer trend because these stars tend to be younger than ex-situ
stars (Fig. 6) and hence, there has been more time for SNla to
contribute substantially to the enrichment of the ISM.

In order to further investigate the origin of these trends, we
studied the SFH of each accreted population and the specific
stellar content contributed by the two SHMCs. We displayed
the information for the same aforementioned three galaxies in
Fig. 12 to illustrate the different formation histories and their
link to the different accretion events. The upper panels of Fig. 12
display the SFHs of the total ex-situ stars and the corresponding
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Fig. 12. Star formation history of the ex-situ (upper panel) and endo-debris (lower panel) stars in the stellar halos (orange and light green his-
tograms, respectively, and solid black lines) and the corresponding distributions for stars contributed by the SHMCI1 (red histograms and solid

lines) and the SHMC?2 (blue histograms and lines).

contributions of the ex-situ stars by the SHMC1 and the SHMC2.
The lower panel shows similar distributions for the endo-debris
stars (light green).

The contribution to the ex-situ stars from the two SHMCs
follows the peaks of the global distribution (orange histogram).
In the case of the endo-debris (lower panels), for the most mas-
sive galaxy (left panel), the contribution of two SHMCs does
not account for the whole star formation history, implying that
they are not the only source of endo-debris stars and they con-
tribute mostly to the younger endo-debris population. This pic-
ture agrees with Fig. 8 upper panel and Fig. 9, where we showed
that for high-mass halos, the SHMCs contributed no more than
50 percent to the stellar halo with lower gas fractions. The rest of
the accreted stars come from smaller systems with high gas frac-
tions that could contribute to endo-debris populations, reflecting
that the SHMC:s for high-mass stellar halos are not the main con-
tributors of endo-debris stars, and therefore will not necessarily
determine the chemical abundance of the populations.

The SHMC1 of LG1-0053 provides a-rich stars that came
mainly from a single birth at high redshift (second-panel
Fig. 12), while the SHMC2 provides a-low stars due to an
extended star formation in that satellite (see values detailed in
Table 3. Both satellite galaxies contribute with the ~60% of
the accreted stellar halo. The assembly of the remnant stellar

halo comes mainly from low-mass satellite galaxies (M3 . <

103 M,) accreted at z > 1.5. They contribute with metal-poor
material ([Fe/H]~—1.3) that is less @ enhanced, i.e median
[O/Fe] ~0.02 and percentiles range [25% 75%] =10.02,0.07].
The SHMCI1 of galaxy P3-0875 exhibits extended SFH giving
time to SN1a to enrich the medium and decrease the [O/Fe] abun-
dances. On the other hand, the two SHMCs of P7-8958 build the
75% of the accreted stellar halo mass. They are massive satellite
galaxies (Mia,[infall > 108 M,) accreted at z ~ 1. As can be seen
in Fig. 11 they contribute with a tail at lower metallicities; how-
ever, the median value of ex-situ stars is more metal-rich than
low-mass stellar halos (Fig. 10).
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Fig. 13. Median chemical abundances of [O/Fe] for the stellar halo and
its stellar populations as a function of the stellar halo mass (see color
and symbols code in Fig. 10). Spearman coeflicient and p-values are
presented.

Considering that the stellar populations exhibit [O/Fe]-
[Fe/H] characteristics, we now explore if the overallmedian
[O/Fe] of the stellar population in the halo correlates with its
stellar mass. Figure 13 shows the [O/Fe] for the stellar halo and
each of its stellar populations as a function of My pao. CIELO
stellar halos exhibit a flat trend for My halo < 10° M, with the
median [O/Fe] distributed within a range of 0.15 dex. This indi-
cates no correlation between the level of a-enrichment and the
stellar halo masses. We quantify this by estimating the Spear-
man correlation factors which are shown in the figure. However,
high-mass stellar halos have higher levels of [O/Fe]. Consider-
ing the low number of galaxies with high-mass stellar halos in
our sample, this trend has to be taken with caution, and more
statistics are needed to draw a robust conclusion. Nevertheless,
this suggests a more complex combination of stellar populations
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Table 3. Properties of three CIELO galaxies selected for illustration purposes.

Sim IDgal Mypao Msumct  Msumc2 Pop [Fe/Hlx hato [Fe/Hlsumcr [Fe/Hlsamcz [O/Felwhao  [O/Felsumct  [O/Felsumcz
[Mo] [Mo] [Mo] [dex] [dex] [dex] [dex] [dex] [dex]
Ex-situ -0.99 -1.14 -0.82 0.10 0.11 0.10
P7 8958 1.59¢+09 3.90e+09 1.77e+09 Endo-debris -0.93 -0.90 -0.98 0.08 0.05 0.10
In-situ -0.97 0.07
Ex-situ -1.35 -1.41 -1.28 0.06 0.19 0.03
LGl 0053 4.80e+08 1.02e+08 2.33e+08 Endo-debris -0.93 -0.89 —0.88 0.09 0.12 0.11
In-situ -0.97 0.24
Ex-situ -1.35 -1.11 -1.55 0.01 -0.01 0.01
P3 0875 2.33e+08 6.97¢+08 6.22e+07 Endo-debris -1.16 -0.83 -1.20 0.03 -0.04 0.03
In-situ -1.55 0.10

Notes. From left to right: simulation code; identification number galaxies; My pao, the stellar mass ranging from 1.5rqy to Tyir; Msumer and
Msumca, the stellar masses at infall time of the satellite main satellites contributors; the median [Fe/H] and [O/Fe] for the stellar halo ([Fe/H], hato»
[O/Fe]4 hato); and the median abundances ([Fe/H]lsumci, [Fe/Hlsamc2 and ([O/Felsamci, [O/Felsamc) of the stellar populations brought by the two

main satellite contributors.

with a diverse history of formation as we show above, which is
responsible for the larger spread of median [O/Fe].

In fact, the most massive stellar halos have higher levels of
[O/Fe] consistent with have been formed from more massive
satellites which contributed with higher a-enriched stars. The
higher a-Fe is achieved because more massive systems tend to
have stronger starbursts at higher redshift, forming a more sig-
nificant fraction of a-enriched stars. Hence, the low stellar mass
halo, which receives lower mass satellites, also has a larger con-
tribution of lower [O/Fe] stellar populations when the satellites
have been able to form stars for an extended period at a lower
rate (Matteucci & Brocato 1990) or had several starbursts. How-
ever, it is also important to consider the particular characteristics
of each star formation history to assess the relative importance
of the high and low a-enriched populations formed in a given
satellite as is shown in Fig. 12.

Figure 14 displays the medians of [O/Fe] versus [Fe/H] per
galaxy for the whole stellar halo and the three defined stellar
populations. In this case, interestingly, the Spearman correla-
tion factors are significant, indicating a correlation for all cases.
Hence, we fitted a linear regression in the [O/Fe]-[Fe/H] plane,
which can be described as follows,

[O/Felex—sia = 0.11 x [Fe/H] + 0.22,
[O/Fe]endodebris = 0.15 X [Fe/H] + 0.23,

[O/Felin_siu = 0.08 x [Fe/H] +0.17, )
[O/Felhaio = 0.16 x [Fe/H] + 0.28.

The relation determined by endo-debris is steeper than
those of ex-situ stars, mainly because of the lower levels of
[O/Fe] in low-mass halos. This can be understood consider-
ing that they have formed from smaller satellites which also
tend to lower star formation activity and be more gas-rich.
We expect these stars to reach lower [O/Fe] for lower [Fe/H]
(Matteucci & Brocato 1990). We also estimated the stellar mass
fraction with [O/Fe] <0.1dex contributed by the SMHCs. We
found that the first contributor is the one that brings in, on aver-
age, 50 percent, but with a large variety (within a range of 20-90
percent). Therefore, for some halos, contributions from the rest
of the accreted systems, smaller than the SMHCs, have a sig-
nificant impact. The global [e/Fe]-[Fe/H] relation is a product
of the combinations of stellar populations from all satellites and
hence, stores more information on the assembly history. We shall
further explore further this relation in a forthcoming paper.
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Fig. 14. Median [O/Fe] and [Fe/H] for the stellar halo and each of its
stellar populations: in-situ, endo-debris, and ex-situ, color-coded by the
stellar halo mass (see color and symbols code in Fig. 10). The linear fit
for the relation for the whole stellar halo abundances is included (black
line; the shadow region is delimited by standard deviation).

6. Conclusions

We analyzed 28 galaxies with stellar masses in the range of
[10%, 10'] Mo, selected from zoom-in simulations, to investigate
the assembly history of stellar halos. The stellar halos were iden-
tified using the AM-E method (Tissera et al. 2012), focusing on
the outer region, spanning from 1.5ry to 1y;;. Three distinct stel-
lar populations — in-situ, endo-debris, and ex-situ stars — were
classified based on their formation channels. These populations
are differentiated by their median chemical abundances and ages,
reflecting their unique formation histories. Our main conclusions
are summarized as follows:

1. Stellar halos are mostly made of accreted material, a combi-
nation of ex-situ stars and endo-debris stars. However, the
mass fraction of each population does not correlate with
the stellar halo mass. The mass distribution as a function
of radius varies with the systems, but the mass fraction of
endo-debris stars is generally higher at lower radii, while the
ex-situ stars dominate the outskirts.



Gonzalez-Jara, J., et al.: A&A, 693, A282 (2025)

2. The three stellar populations identified follow different for-
mation channels which are reflected in their chemical abun-
dances and ages. The median [Fe/H] of each population cor-
relates with the stellar halo mass. In fact, the metallicity of
ex-situ and endo-debris stars drives the stellar halo MZR
observed, due to their contribution to the bulk of stellar mass
to the halo.

3. In-situ stars are the youngest population and they are affected
by the gas accretion from satellite galaxies, which is the
fuel for star formation in the host galaxy. Their SFR will
be linked to their accretion history. Low-mass stellar halos
exhibit younger in-situ stars than high-mass stellar halos. On
the other hand, ex-situ stars are the oldest population.

4. There is a correlation between stellar halo mass and the
stellar mass of the main contributor. More massive stellar
halos tend to accrete more massive satellites, which follow-
ing the MZR, are more metal-enriched. This supports previ-
ous works and the correlation observed in Fig. 10, where the
metallicity of each population increases with the stellar halo
mass.

5. The number of satellites contributing 90 percent of the
accreted stellar halo mass varies from three (25th percentile)
to eight (75th percentile) with a median of four. Stellar halos
more massive than My pa0 > 103 My, need, on a median, 5
more satellites to build up the 90% of its stellar halo mass
than low mass stellar halos, My pa0 < 1085 Mg.

6. The distribution of alpha abundances of the stellar popula-
tions allows us to build a general picture of the chemical
evolution of the stellar halos. Differences in the star forma-
tion history of the contributing satellites will reveal differ-
ences in the a-enrichment levels. The stellar populations of
the CIELO halos show the expected trend on the [O/Fe]-
[Fe/H], which globally agree with observational evidence,
when considering Milky Way-mass galaxies (Naidu et al.
2020; Horta et al. 2023b). However, since stellar halos are a
collection of stars from different satellite galaxies, this diver-
sity in star formation histories leads to a weak correlation
between the median [O/Fe] and the stellar halo masses, at
least for My pato < 10° M,.

7. We found a correlation between the median [O/Fe] and the
median [Fe/H] of the stellar halos. This trend can be under-
stood considering that stellar halos are forged by the mix of
contributing from low and high a-enriched stars from satel-
lite galaxies of different masses (Matteucci & Brocato 1990).
More massive stellar halos exhibit higher [O/Fe] levels, con-
sistent with contributions from more massive satellites that
underwent intense starbursts at higher redshifts, producing a
larger fraction of @-enriched stars and reaching higher lev-
els of [Fe/H]. In contrast, low-mass stellar halos, primarily
formed from smaller satellites, include a relatively greater
contribution of lower [O/Fe] populations. These populations
originate from satellites with prolonged or intermittent low
star formation histories, which hence can reach lower [O/Fe].

CIELO galaxies are well suited for understanding and interpret-

ing the diversity of stellar halo properties in the nearby Universe

and other environments. The variety of accretion and merger
histories allows us to study and characterize correlations and
scaling relations between stellar halo properties and the for-
mation history of their host galaxies. We have found not only
well-defined MZhR but also a clear [@/Fe]-[Fe/H] relation that
stores more comprehensive information of the assembly history
of halos. Here, we only explored the outer regions of the stel-
lar halos. The inner halo might have different relative contri-
butions from stellar populations formed by different formation

channels, along with its coexistence with the disk component,
both of which will be analyzed in a forthcoming paper.

Finally, observations of stellar halos have increased in the
last few years and will continue to do so in the coming with cur-
rent and future datasets such as the GALAH (Buder et al. 2022)
and 4MOST (Johnson et al. 2023) surveys. They will provide a
wide chemical space in which to identify different enrichment
histories, and hence contribute to unveiling the assembly paths
of galaxies and their stellar halos.
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