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ABSTRACT

Aims. In this work we aim to analyse the metallicity and the ages of the stellar halos of low-mass galaxies (M∗ . 1010 M�) to better
understand their formation history.
Methods. We use a sample of 17 simulated central low-mass galaxies from the Auriga project with a stellar mass range from ∼3 ×
108 M� to ∼2 × 1010 M�. We analyse the metallicity and the ages of these galaxies and their stellar halos, as well as the relation
between these two properties.
Results. We find that all galaxies have negative radial [Fe/H] gradients, ranging from −0.18 to −0.07 dex/Rh, and that the centres of
less massive dwarfs (M∗ < 6.30 × 109 M�) are in general more metal-poor than those of more massive dwarfs. We find no correlation
between the metallicity gradients of the galaxies in dex/Rh and their intrinsic properties, such as their stellar mass or their accreted
stellar mass. This implies that the metallicity gradients may not be such a straightforward consequence of the evolution of galaxies
in the low-mass regime. However, we find a mild correlation between the metallicity gradients of the galaxies computed in dex/kpc
and the galaxies’ luminosities. We also find that the dispersion in the mass-metallicity relation found in the stellar halos of low-mass
galaxies can be explained with the infall time of their most dominant satellite: at a fixed accreted stellar halo mass, dwarf galaxies
that accreted this satellite at later times have more metal-rich accreted stellar halos. This is because satellites that were accreted at
later times had more time to chemically evolve and enrich their stellar populations before being disrupted. Regarding the ages of the
analysed galaxies, we find a prominent U shape in the radial mean age profiles of ∼65% of them, which is mainly driven by the in
situ stellar material. This presence of a U shape in the age profiles is due to the combination of the cessation of recent star formation
at large radial distances and the merger events these galaxies undergo, which redistribute the stellar material to their outer regions.
When focusing on the ages of the stellar halos, we find that more massive ones are older than less massive ones. Additionally, we find
a strong correlation between the age and the metallicity of the accreted stellar halos of the galaxies in our sample, such that the more
metal-rich ones are younger than the more metal-poor.
Conclusions. Our results show a wide variety in ages and metallicities of low-mass galaxies and their stellar halos, reflecting the
complex and non-uniform evolutionary pathways these systems can follow. They also emphasise the importance of studying the
outskirts of the galaxies as well as the central regions in order to obtain a complete picture of their evolution histories.
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1. Introduction

Metallicity gradients have long been studied as a diagnos-
tic tool to understand galaxy formation and evolution (e.g.
Kudritzki et al. 2012, 2014; Tissera et al. 2012, 2022; Sextl et al.
2024). In dwarf galaxies, they reveal star formation his-
tories, feedback, and external influences such as mergers
(e.g. Benítez-Llambay et al. 2016) and their environment (e.g.
Leaman et al. 2013). Observational studies have found a vari-
ety of metallicity gradients among Local Group (LG) dwarf
galaxies. For example, Battaglia et al. (2006) studied the For-
nax dwarf spheroidal (dSph) galaxy using Very Large Tele-
scope (VLT)/Fibre Large Array Multi Element Spectrograph
? Corresponding author: elisa.tau@userena.cl

(FLAMES) spectra and images from the Dwarf Abundances
and Radial velocities Team (DART) large programme at ESO,
and distinguished two main components based on metallicity: a
metal-poor component with a mean metallicity of [Fe/H] ≈ −1.7,
which is found throughout the galaxy, and a more metal-rich
component with a mean of [Fe/H] ≈ −1, which is mainly con-
centrated within 0.7 degrees (∼1.68 kpc) from its centre. This
spatial concentration of the metal-rich stars generates a metal-
licity gradient. Battaglia et al. (2011) extended this type of anal-
ysis to the Sextans dSph galaxy, confirming it is a metal-poor
low-mass system, with an average metallicity of [Fe/H] = −1.9,
and that its stars exhibit a wide range of metallicities, indicat-
ing a complex chemical enrichment history. The authors also
note that the central regions of Sextans are more metal-rich
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compared to the outer regions, again indicating the existence
of a metallicity gradient. More recently, Muñoz et al. (2023)
reported that both the Large Magellanic Cloud (LMC) and the
Small Magellanic Cloud (SMC) exhibit negative metallicity gra-
dients, with the SMC showing a steeper decline in metallic-
ity with radius compared to the LMC. In addition, Taibi et al.
(2022) analysed 30 LG dwarfs, finding gradients from ∼ − 1.3
to 0 dex kpc−1, mostly decreasing with radius, but no correla-
tion with the stellar mass, luminosity, star formation timescales,
morphology, or distance to the Milky Way (MW) or Andromeda
(M31). However, their work shows that the strongest metal-
licity gradients were found in galaxies that likely experienced
past merger events based on their observed structural and kine-
matic characteristics. This was also found in a numerical work
by Benítez-Llambay et al. (2016), where the authors studied
dwarf galaxies from the Constrained Local UniversE Simu-
lations (CLUES) and identified two necessary conditions for
establishing strong metallicity gradients: (i) the occurrence of
a merger that disperses the older, typically metal-poor stars and
(ii) the subsequent formation of a more centrally concentrated
in situ stellar population. Given the apparent role of mergers in
shaping the metallicity gradients of dwarf galaxies, it becomes
particularly relevant to explore whether the accretion time of
their progenitors affects the resulting metallicity of the host
galaxy.

Stellar age distributions in dwarf galaxies offer an additional
powerful diagnostic of their formation and evolutionary histo-
ries. By examining age gradients and the spread of stellar ages
across different galactic regions, it is possible to trace episodes of
star formation and the imprint of past interactions. In MW-mass
galaxies, old and red stars tend to populate the innermost regions,
while younger and bluer stars populate larger distances along
the discs (e.g. Kepner 1999; Chiappini et al. 2001). This indi-
cates ‘inside-out’ stellar formation in massive systems, which is
facilitated by the presence of discs that hold star formation at
larger radii as a result of gas accreted at later times with higher
angular momentum (e.g. Larson 1976; Monachesi et al. 2012;
Barnes et al. 2014; Morelli et al. 2015; Peterken et al. 2020). In
contrast, in low-mass galaxies there seems to be ‘outside-in’
star formation because older stars are observed in their out-
skirts while younger stellar populations are more centrally con-
centrated. This has been reported in many observational works
of both isolated and non-isolated dwarfs, such as Tully et al.
(1996), Gallart et al. (2008), del Pino et al. (2015), Weisz et al.
(2015), Bettinelli et al. (2019), Martínez-Vázquez et al. (2021),
Zhuang et al. (2021), Ferré-Mateu et al. (2021), Liao & Cooper
(2023), and Cohen et al. (2024a), among others.

One explanation for this outside-in trend is that old stars
indeed formed in the outer regions and younger stars formed
at smaller galactocentric radii. For this scenario to happen, star
formation in the outskirts must be suppressed while continu-
ing in central regions. This suppression likely results from gas
depletion or reduced gas density in the outer parts. Simulations
suggest that environmental effects during infall into a larger
halo, such as ram-pressure stripping (e.g. Mayer et al. 2006), can
facilitate this process. However, this cannot explain the outside-
in star formation found in some isolated dwarfs. Hence, another
way of explaining this trend could be using an inside-out forma-
tion scenario and a later redistribution or reshuffling of the stellar
material. Riggs et al. (2024) used a sample of 73 simulated dwarf
galaxies from the Marvel and DCJL simulations and found that
they generally form their stars inside out, similar to more mas-
sive galaxies. However, the oldest stars are often redistributed to
larger radii due to fluctuations in the gravitational potential well

caused by stellar feedback, leading to an apparent outside-in age
gradient at z = 0.

Interestingly, some observed low-mass galaxies show a
reversal behaviour in their age profiles, with a mean age decreas-
ing from the centre to a certain radius, beyond which the mean
age increases (e.g. Williams et al. 2009; Mostoghiu et al. 2018;
Pessa et al. 2023; Cohen et al. 2024b). This highlights the com-
plexity of star formation and redistribution processes in low-
mass systems, and also raises the question of how stellar ages
behave, specifically in the stellar halos, which represent the out-
ermost regions of these galaxies.

All of these internal and external processes that shape
the radial metallicity and age profiles can also be responsi-
ble for redistributing the in situ stellar material into the out-
skirts of galaxies. Thus, stellar halos of galaxies hold valuable
information regarding the formation history of the galaxies they
surround. In particular, the metallicities and ages of the stellar
populations in these substructures offer key insights into the tim-
ing and nature of accretion events, as well as the chemical evolu-
tion of the progenitor satellites that contributed to the stellar halo
(see e.g. Gonzalez-Jara et al. 2025). In the MW-mass regime,
stellar halos exhibit a wide diversity in their ages, metallicities
and accretion histories. Some halos are found to be predomi-
nantly old (e.g. that of the MW, Helmi 2020), while others con-
tain younger stellar populations, reflecting more recent accretion
activity (e.g. M31, Brown et al. 2008). Their metallicity distri-
butions also vary, with both metal-poor and relatively metal-
rich substructures traced back to the accretion of multiple dwarf
galaxies (e.g. Helmi 2008; Gilbert et al. 2014; Belokurov et al.
2018; Harmsen et al. 2017; Conroy et al. 2019; Monachesi et al.
2019). Nonetheless, the in situ material contained in the stellar
halos is not as significant in this stellar mass range as it is in
dwarf galaxies.

In low-mass galaxies, the inner regions of stellar halos are
mainly comprised of this in situ component (Tau et al. 2025,
see also Gonzalez-Jara et al. 2025 for results with the CIELO
simulations). However, the formation mechanisms and proper-
ties of stellar halos in the low-mass regime remain less well
understood. This is due to the fact that, until recently, it was
not clear whether low-mass systems had these extended struc-
tures. Consequently, the study of stellar halos in dwarf galaxies
only began in earnest after their recent observational detection
(e.g. Longeard et al. 2023; Jensen et al. 2024; Tau et al. 2024;
Wheeler et al. 2025). Exploring the metallicity and age distribu-
tions in this mass regime provides a pathway to assess whether
similar evolutionary trends hold for dwarf galaxies, and to what
extent the hierarchical formation model predicted by the Λ cold
dark matter (ΛCDM, White & Rees 1978; Searle & Zinn 1978;
Navarro et al. 1997) paradigm applies at lower mass scales.

Taking advantage of numerical models, we aim to analyse
the stellar material’s age and metallicity distributions in the low-
mass regime to shed light on the formation mechanisms and the
evolution of these systems. In Tau et al. (2025 hereafter T25), we
analyse the stellar halos of 17 low-mass simulated galaxies and
find that the inner regions of these structures are dominated by
in situ material. This dominance extends to all radii when con-
sidering dwarfs with M∗ ≤ 4.5 × 108 M�, and this in situ com-
ponent of the stellar halos is mostly formed in the inner regions
of the galaxies and subsequently ejected into the outskirts dur-
ing interactions and merger events. Furthermore, we find that the
more massive dwarf galaxies (M∗ ≥ 6.3 × 109 M�) accrete stel-
lar material until later, which impacts the formation time of the
accreted component of the stellar halos. Here, we follow up on
the work of T25 and study the stellar populations of the same set
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of galaxies, mainly focusing on their metallicity and age profiles,
as well as on their stellar halos’ age and metallicity trends. We
also explore whether the accretion time of satellites influences
the present-day gradients observed in stellar halos, and whether
the age of the halo itself correlates with its properties.

This paper is structured as follows: we present our simulated
sample and set our definition for the stellar halo in Sect. 2. In
Sects. 3 and 4 we present our results regarding our metallicity
and age analyses, respectively. We analyse radial metallicity and
age profiles, as well as global values of these properties. In Sect.
5, we present a relation found for the age and the metallicity of
the accreted stellar halos of the galaxies. In Sect. 6, we discuss
internal and external mechanisms that affect the age and metal-
licity distribution found in these galaxies. We discuss our results
and compare them with observations in Sect. 7. Finally, in Sect.
8 we summarise our findings and list our conclusions.

2. Methodology

2.1. The Auriga project

The Auriga project (Grand et al. 2017) is a suite of high-
resolution cosmological magneto-hydrodynamical zoom-in sim-
ulations run with the AREPO code (Springel 2010; Pakmor et al.
2014), adopting a ΛCDM cosmology consistent with Planck
results (Ωm = 0.307, Ωb = 0.048, ΩΛ = 0.693, H0 =
100 h km s−1 Mpc−1 and h = 0.6777; Planck Collaboration XVI
2014). The simulated halos were selected from the dark-matter-
only EAGLE simulation (Schaye et al. 2015) to be relatively iso-
lated and the most massive systems in their environments at
z = 0.

The fiducial suite of the Auriga simulations consists
of 30 galaxies, which have been used in numerous stud-
ies to analyse MW-mass galaxies and their properties (e.g.
Monachesi et al. 2019 for stellar halos, Gargiulo et al. 2019
for bulges, Vera-Casanova et al. 2022, 2025 for stellar streams,
Pinna et al. 2024 for discs, Fragkoudi et al. 2025; López et al.
2025 for bars, Kunder et al. 2025 for the inner-central stellar
halo). This initial set was later extended to include a lower
mass range, including 26 new central low-mass galaxies rang-
ing from 5 × 109 M� to 5 × 1011 M� for the DM halos and from
1.23 × 105 M� to 2.08 × 1010 M� for their stellar mass. These
simulated galaxies are composed of particles with a resolution
of 5 × 104 M� in DM mass and ∼6 × 103 M� in baryonic mass.
We refer the reader to Grand et al. (2024) for details. This new
set of simulations is the one we use throughout this work to study
low-mass galaxies.

2.2. Sample selection

In this work we use the same sample of simulated dwarf
galaxies analysed in T25. For completeness, here we present a
brief description of these objects (but see T25 for details). We
consider a subsample of 17 central low-mass galaxies out of the
26 available in the simulation, with DM masses ranging from
3.06 × 1010 M� to 3.73 × 1011 M� and stellar masses ranging
from 3.28 × 108 M� to 2.08 × 1010 M�. This selection of galax-
ies was made based on a cut in the number of stellar particles
that they have: all these 17 galaxies have more than 10000 stel-
lar particles at z = 0, allowing us to study their outskirts. We
present the properties relevant for this work in Table 1. Galax-
ies were re-labelled according to their decreasing stellar masses.
As a result, Auriga 1 is the most massive galaxy and Auriga 17
is the least massive one. We note that the label assigned to each

galaxy in this work is not the same as the one used in Grand et al.
(2024). The original Auriga run number is listed in brackets in
the first column next to our label, and an ‘L; or ‘LL’1 is added to
distinguish between DM halo masses of 1011 M� and 1010 M� ,
respectively. The analysed galaxies were rotated from their orig-
inally random configuration in order to have the Z-axis aligned
with the angular momentum vector of the central galaxy for all
particles.

The galaxies analysed in this work do not have bars and
not all of them present well-defined discs: the circularities of
Auriga 10, 15 and 16 indicate that they are spheroidal galaxies.
Hence, ∼82% of the galaxies of our sample have a disc com-
ponent. Some galaxies, such as Auriga 2, 5 and 8, show clear
stellar streams and shell features in their external regions (see
T25 for details). Black holes are seeded at a mass of 105 in halos
of masses greater than 5 × 1010 M�, so the more massive dwarfs
of our simulated sample of galaxies (Auriga 1 to Auriga 12) have
a central black hole.

We are particularly interested in analysing the stellar halos
of these selected galaxies. Thus, it is important to define this
substructure. We consider the same definition based on a spa-
tial selection criterion as in T25: stellar particles located out-
side an oblate region are considered to be part of the stellar
halo. This region is defined such that the semi-major and inter-
mediate axes are a = b = 4 Rh, where Rh is the half-light
radius. The surface of this ellipsoid is determined by the equa-
tion ( x

4Rh
)2 + ( y

4Rh
)2 + ( z

c )2 = 1, where c is the semi-minor axis,
and it was used as the inner limit of the stellar halo. The val-
ues of c obtained for the whole sample range from 1.94 kpc to
7.46 kpc, and they are listed in Table 1. We also list in Table 1
the computed scale height of these galaxies, whose values range
from 0.66 kpc to 1.66 kpc and are always lower than those of c,
with a mean difference of ∼3.5 kpc. All stellar particles bounded
to the galaxy that are located outside of this ellipsoid and up to a
distance of 10 Rh in all directions from its centre are considered
as part of the stellar halo.

Another crucial definition for this analysis is that of accreted
particles. In this work, we define accreted particles as those
stellar particles that originated from gas bounded to a different
galaxy than the main one (i.e. a satellite galaxy or an external
galaxy), regardless of the location of the satellite galaxy. In con-
trast, we define in situ particles as those stellar particles that were
born from gas that was bound to the main galaxy, regardless of
whether the gas was from the host galaxy or was provided by a
gas-rich satellite during an interaction.

Throughout this work, the total stellar halo refers to the
combined in situ and accreted stellar components, whereas the
accreted stellar halo includes only the accreted stellar material
of this structure. The accreted (in situ) mass fractions of the stel-
lar halos of these galaxies range from ∼0 (∼1) to 0.61 (0.39),
although the majority has a stellar halo accreted mass fraction
lower than 0.5, with only two galaxies where this quantity sur-
passes 0.5 (Auriga 2 and 7). The total stellar halo mass fractions
of the galaxies range from 0.02 (Auriga 17) to 0.15 (Auriga 10).
All of these values are listed in Table 1.

1 Since the low-mass galaxies available in the Auriga project are sep-
arated in two simulation sets according to their DM halo mass, to refer
to their original run numbers and not repeat them we added an L to the
Auriga number of the galaxies with DM halos of ∼1011 M� and two L
for those galaxies with DM halos of ∼1010 M�.
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Table 1. Characteristics of the galaxies of our sample.

Auriga Stellar mass Rh c Scale Height Mean age Median [Fe/H] M acc
halo

/M∗halo M∗halo/M∗
[M�] [kpc] [kpc] [kpc] [Gyr] dex > 4 Rh

1 (L5) 2.08 × 1010 7.736 4.55 1.26 6.77 (8.18) –0.13 (–0.65) 0.24 0.06
2 (L1) 1.81 × 1010 5.394 7.16 1.65 5.07 (6.12) –0.13 (–0.46) 0.61 0.10
3 (L4) 1.80 × 1010 6.793 7.46 1.66 4.88 (7.03) –0.22 (–0.73) 0.39 0.05
4 (L3) 1.78 × 1010 5.554 4.51 1.19 6.61 (7.54) –0.08 (–0.54) 0.34 0.07
5 (L7) 1.23 × 1010 5.032 5.75 1.47 4.11 (6.96) –0.19 (–0.65) 0.45 0.08
6 (L0) 8.83 × 109 1.180 1.94 0.66 6.36 (7.43) 0.00 (–0.52) 0.01 0.09
7 (L2) 8.29 × 109 7.050 6.72 1.56 5.03 (7.15) –0.27 (–0.82) 0.53 0.03
8 (L6) 7.89 × 109 4.802 3.76 1.19 6.39 (7.51) –0.14 (–0.57) 0.32 0.06
9 (L11) 7.02 × 109 4.544 4.92 1.24 5.15 (7.41) –0.21 (–0.66) 0.31 0.05
10 (L9) 6.30 × 109 3.938 5.84 1.41 5.41 (5.28) –0.21 (–0.50) 0.18 0.15
11 (L10) 5.34 × 109 3.314 3.87 1.15 5.47 (6.30) –0.23 (–0.57) 0.07 0.08
12 (L8) 5.09 × 109 5.540 6.37 1.49 4.92 (7.35) –0.37 (–0.86) 0.43 0.05
13 (LL2) 3.46 × 109 3.063 2.43 0.86 4.93 (4.72) –0.22 (–0.46) 0.02 0.05
14 (LL9) 1.06 × 109 3.500 3.56 1.07 4.98 (5.70) –0.52 (–0.78) 0.04 0.04
15 (LL8) 4.54 × 108 1.034 2.36 0.72 5.95 (5.39) –0.37 (–0.61) 0.00 0.09
16 (LL6) 4.53 × 108 1.923 3.36 0.74 4.55 (3.93) –0.57 (–0.75) 0.01 0.07
17 (LL11) 3.28 × 108 3.161 4.82 1.03 4.27 (4.87) –0.70 (–0.97) 0.04 0.02

Notes. Galaxies are listed in order of decreasing stellar mass. The columns indicate: (1): label used in this work (original Auriga run number), (2):
stellar mass, (3): half-light radius, (4): semi-minor axis (c) computed for the ellipsoid with semi-major axes equal to 4 Rh, (5): scale height, (6):
mean age within 4 Rh (total stellar halo), (7): median [Fe/H] within 4 Rh (total stellar halo), (8): accreted mass fraction of the stellar halo, (9): total
stellar halo mass fraction.

Fig. 1. Total median [Fe/H] (dotted black line) and accreted median
[Fe/H] (dash-dotted pink line) profiles of the galaxies in our sample.
Individual [Fe/H] profiles for six galaxies of our sample are also shown,
normalised by their respective Rh and colour-coded by their stellar
masses. The shaded regions represent the 16th and 84th percentiles.

3. Metallicity distributions

In this Section we analyse the metallicity distribution of the
galaxies, as well as their corresponding stellar halos. In Sect. 3.1
we characterise the metallicity profiles of the different dwarf
galaxies in our sample, comparing the metallicity gradients of
their central regions to those of their outskirts. We then anal-
yse the metallicity of the accreted stellar halos and how they are
affected by their most dominant progenitor in Sect. 3.2.

3.1. Metallicity profiles and gradients

In Fig. 1, we show with a black dotted line the median of the
median [Fe/H] profiles of the galaxies in our sample, computed
within concentric 3D ellipsoids along the Rh at z = 0. The radial
distance along the ellipsoid’s major axis is normalised by the
galaxies’ respective Rh. We bear in mind that the results obtained
in this metallicity analysis are affected by the adopted geom-
etry with which we compute the profiles (see Appendix A for
the comparison with a cylindrical geometry, mimicking minor
axis profiles). The pink dash-dotted line in Fig. 1 represents the
median of the [Fe/H] profiles when considering only the accreted
stellar material of the galaxies. We note that this accreted pro-
file is remarkably flat and presents lower values of [Fe/H] at all
radii. We also show the individual [Fe/H] profiles for 6 galaxies
of our sample, chosen to span the whole mass range, colour-
coded by their total stellar mass. We note that the values of
[Fe/H] decrease from the central regions to the outskirts of the
galaxies, indicating that the latter are more metal-poor. In addi-
tion, we note a trend in this decrease of [Fe/H] such that in the
outer regions it is larger for more massive galaxies. This decrease
can be quantified by measuring how steeply the values of the
metallicity vary within certain regions. In this work, we refer
to this variation as metallicity gradient (∇[Fe/H]), which is com-
puted as the slope of a weighted linear fit to the median stel-
lar metallicity profile within 10 Rh as a function of normalised
radius

〈[Fe/H]〉(Ri) = ∇[Fe/H]

(
Ri

Rh

)
+ b, (1)

where 〈[Fe/H]〉(Ri) is the median metallicity measured in the ith
bin, Ri is the galactocentric radius of that bin, and b is the inter-
ceptor. The fit computed with polyfit is obtained by minimising
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Fig. 2. Metallicity gradients in dex/Rh of the galaxies of our sample
computed when considering the metallicity profile of the galaxy within
4 Rh (blue), and the metallicity profile of the total stellar halo (pink) and
the accreted stellar halo (green).

a weighted least-squares function,

χ2 =
∑

i

ωi

[
〈[Fe/H]〉(Ri) −

(
∇[Fe/H]

Ri

Rh
+ b

)]2

, (2)

where the weights are defined as ωi = Ni/Ntot, with Ni and
Ntot being the number of stellar particles in each radial bin and
the total number of stellar particles, respectively. The values of
the metallicity gradients in dex/Rh of the galaxies in our sample
range from −0.18 (Auriga 5) to −0.07 (Auriga 13). Higher val-
ues of metallicity gradients indicate that the metallicity profile is
rather flat, while lower values imply that the metallicity profile is
steeper. Since the [Fe/H] profiles do not decrease strictly linearly
from the centres to the outskirts, we also computed the metallic-
ity gradients for the galaxy (i.e. particles within 4 Rh) and the
stellar halo (i.e. between 4 and 10 Rh) separately. The metallic-
ity gradients normalised by the Rh of these galaxies within 4 Rh
range from −0.18 (Auriga 5) to −0.07 (Auriga 17), while in their
stellar halos they range from −0.1 (Auriga 4) to 0.01 (Auriga 15)
when considering both the in situ and accreted components, and
from −0.29 (Auriga 17) to 0.09 (Auriga 1) when considering
only the accreted component. In Fig. 2, we show the distribu-
tion of the gradients within 4 Rh in blue, and those of the stellar
halo and its accreted material in pink and green, respectively.
We see that, indeed, the [Fe/H] profile radially decreases more
steeply within 4 Rh than it does in the stellar halo. This reflects
the fact that the main bodies of the galaxies undergo significant
chemical enrichment, producing strong central–outer metallic-
ity differences within 4 Rh, while the stellar halos are expected
to consist mainly of older material, partly associated with old
accretion events. Notice however that, as shown in Fig. 1, the
accreted component is typically more metal-poor than the over-
all stellar halo population. This indicates a significant contribu-
tion of in situ material to the outermost regions of these low mass
galaxies.

Given the variety of metallicity gradient values, it is interest-
ing to see if there is any relation between them and the galaxies’
properties. We analyse these values as a function of the galaxies’

stellar mass, and we show these results in Fig. 3 (see Appendix B
for these results of the metallicity gradients in physical units, i.e.
dex/kpc). Symbols are colour-coded by the galaxies’ accreted
mass fraction. The left panel of Fig. 3 shows the metallicity gra-
dient of the whole galaxy (i.e. <10 Rh, filled circles) and within
4 Rh (empty circles) considering its in situ and accreted com-
ponents, while the right panel shows the metallicity gradient of
the total stellar halo (circles) and the accreted stellar halo (trian-
gles) separately. We find no correlation between these gradients
and the stellar mass or the accreted mass fraction of the galax-
ies (although a slight correlation is observed when the metallic-
ity gradients are derived in physical units; see Appendix B). We
also analysed these metallicity gradient values as a function of
the total amount of accreted mass and the number of significant
progenitors (not shown here), but again we found no correla-
tion between these quantities. Thus, the metallicity gradients of
these galaxies do not seem to be a direct consequence of their
evolution pathways. This is opposite to what is found in MW-
like models, where a strong correlation is obtained between the
metallicity gradient of the accreted component and the number
of significant progenitors (Monachesi et al. 2019). We further
explore this distribution in the following section.

3.2. The metallicity of the accreted stellar halo

We now explore the correlation between the most dominant con-
tributor’s infall time and the median metallicity of the stellar
halo. This allows us to explore whether the infall time of these
satellites influences their metallicities. The infall time accounts
for the time at which the satellites crossed the R200 of the main
galaxy. In Fig. 4, we show the median [Fe/H] of the accreted
stellar halos of the galaxies as a function of the infall time of
their most dominant satellite in terms of stellar mass, which is
the destroyed accreted satellite that contributed the most to the
stellar halo’s accreted component. We note a correlation between
these two quantities such that the more metal-rich accreted stel-
lar halos accreted their most dominant satellite at later times.
Symbols are colour-coded by the stellar mass of these most dom-
inant satellites, and we can see that the more metal-rich accreted
stellar halos have a more massive dominant satellite, as expected.
We note that Auriga 2 is an exception to this trend given that it
underwent a major merger at early times and accreted a very
massive most dominant satellite contributing with a high metal-
licity. The open circle in Fig. 4 represents Auriga 15, a galaxy
with an accreted stellar mass of Macc = 9.74 × 104 M�, which
means that it has only a few accreted particles (for further dis-
cussion, see T25).

We now examine how the median metallicity of these stellar
halos connects with their total and accreted stellar halo masses,
while also considering the infall time of their most dominant
satellite. In Fig. 5 we show the median [Fe/H] computed for
the total stellar halo (left panel) and the accreted stellar halo
(right panel) as a function of the total stellar halo’s mass and
the accreted stellar halo’s mass, respectively. Both panels are
colour-coded by the infall time of the most dominant satellite.
We note a wider range of median [Fe/H] of the accreted halo
(right) with respect to the overall population (left), evidencing
the significant contribution of in situ material. As already pre-
sented in T25, there is a tight correlation, although with some
scatter, between the median [Fe/H] values and the stellar halos’
masses when considering the accreted component: more mas-
sive accreted stellar halos are also more metal rich. As discussed
in T25, this is due to the fact that more massive stellar halos
mainly form through the accretion of more massive progenitor
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Fig. 3. Left panel: Metallicity gradient of the galaxies of our sample computed within 4 Rh (empty circles) and 10 Rh (filled circles), as a function
of their stellar mass. Right panel: Metallicity gradients of the total stellar halo and the accreted stellar halo as a function of the galaxies’ stellar
mass, represented with filled circles and empty triangles respectively. The arrow represents the value corresponding to the accreted stellar halo of
Auriga 17, which is ∼ −0.3 dex/Rh. Both panels are colour-coded by the galaxies accreted mass fraction.

Fig. 4. Median [Fe/H] of the accreted stellar halo of the galaxies as
a function of their most dominant satellite’s infall time, colour-coded
by these satellites’ stellar mass. The open circle represents Auriga 15,
a galaxy that has only a few accreted particles and must therefore be
considered with caution.

galaxies which, due to the mass-metallicity relation for dwarf
galaxies (Kirby et al. 2013), were more metal-rich at the time
they were accreted. Interestingly, we also find that the scatter in
this relation is due to the different infall times of their most dom-
inant satellites: at a given accreted stellar halo mass, the galax-
ies that accreted their dominant satellites at later times have a
more metal rich accreted stellar halo. This can be explained by
the fact that satellites accreted at later times had more time to
chemically evolve and enrich their stellar populations prior to
disruption, which will then contribute to the accreted stellar halo
[Fe/H]. This trend is not found in the left panel, since the mass
and metallicity of the total stellar halo are also influenced by the
in situ component.

4. Age analysis

Studying the ages of the galaxies’ stellar populations can shed
light on their formation history, provide further insight into their
chemical enrichment histories, and help determine whether a
relation exists between the age and metallicity of the stellar
halos. This is an observationally challenging task since deriv-
ing stellar ages from the galaxies’ stellar populations is difficult.
Fortunately, this can be done with simulations, as every stellar
particle provides information about their age. We characterise
the radial age profiles of the galaxies of our sample in Sect. 4.1,
specifically focusing on their internal regions. In Sect. 4.2, we
analyse the mean age of both the total and the accreted stellar
halo.

4.1. Radial age profiles

In Fig. 6, we present the total (in situ + accreted) mean and
the accreted mean of the mean radial age profiles of the low-
mass galaxies of our sample, shown as black dotted and pink
dash-dotted lines, respectively. The shaded regions represent the
standard deviation of these computed means. To compute the
individual profiles, we used a set of concentric 3D ellipsoids
defined at z = 0, where the semi-major axis of each ellipsoid
was scaled by the galaxy’s Rh. Within each region, we calcu-
lated the mean stellar age by averaging over all stellar particles
enclosed in it, or only over the accreted ones for the accreted
mean age profile. As expected, we find that the age distribu-
tion of the accreted component is significantly older than the
overall stellar population distribution. The difference can be as
large as 5 Gyr within the inner regions, but becomes smaller
(∼3 Gyr) in the outskirts (r > 7 Rh). This is because the ages
of the in situ populations increase with galactocentric distance,
narrowing the difference with the ages of the accreted popula-
tions at large distances. We also show the individual total age
profiles for 6 galaxies of our sample (the same ones shown in
Fig. 1), colour-coded by their stellar masses (see Appendix C
for the individual profiles of the remaining galaxies). Analysing
these individual profiles, we find no correlation between the ages
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Fig. 5. Left panel: Median [Fe/H] of the stel-
lar halos of the galaxies as a function of their
masses. Right panel: Median [Fe/H] of the
accreted stellar halos of the galaxies as a func-
tion of their masses. Both panels are colour-
coded by the mean infall look-back time of
the significant progenitors of the stellar halos.
We note a correlation between the metallicity
of the accreted stellar halo and the infall time
of its significant progenitors: more metal-rich
accreted halos have accreted their significant
progenitors at later times.

Fig. 6. Total mean age profile (dotted black line) and accreted mean
age profile (dash-dotted pink line) of all of the galaxies of our sam-
ple. The shaded regions represent the standard deviation of these com-
puted means. Individual age profiles for six galaxies of our sample
are also shown, normalised by their respective Rh and colour-coded by
the galaxies’ stellar masses. We note a prominent U shape in the total
mean of the age profile of our galaxies, driven by the in situ stellar
population.

found at different radii and the stellar mass of the galaxies.
Nonetheless, the innermost regions of the lower-mass objects
in our sample tend to be younger than their more massive
counterparts.

Interestingly, we find a prominent U shape in the mean of
the total radial age profile of all galaxies (Fig. 6). This reflects
the behaviour of the individual radial age profiles, where 12
of the 17 galaxies in our sample present prominent U-shaped
profiles. An inspection of the individual age profiles reveals
a general trend: U-shaped profiles tend to appear in the more
massive dwarf galaxies, while the less massive ones generally
do not exhibit this feature (see Fig. C.1). The age profiles for
the in situ and accreted stellar particles, computed separately,
show that this U-shaped behaviour is associated with the in
situ component. This can also be inferred from the lack of
this feature in the mean of the accreted age profiles shown in
Fig. 6.

As seen in T25, the outskirts of these galaxies are mostly
comprised of in situ stellar material. Hence, this upturn in the

radial age profiles naturally leads us to examine the ages of the
stellar halos themselves.

4.2. Ages of stellar halos

Building on the results from the radial age profiles, we now turn
our focus to the stellar halos as distinct components of the galax-
ies. To obtain a more complete picture of these galaxies’ evolu-
tion (particularly in their outer regions) it is also important to
explore how the age of the stellar halo relates to its metallicity
and its stellar mass. We note in Fig. 6 that the mean of the total
age profiles tends to increase from ∼4 Rh, indicating that the stel-
lar halo is comprised of old stellar material. This can be quan-
tified by computing the mean stellar age of the stellar halo. We
obtained this value for the total stellar halo and for the accreted
stellar halo, which are shown in Fig. 7 as a function of the total
stellar halo mass (left panel) and the accreted stellar halo mass
(right panel), respectively. Both panels are colour-coded by the
galaxies’ total stellar mass. We note that the mean ages spanned
by the total stellar halo, ranging from ∼4 to ∼8 Gyr, are narrower
than those spanned by the accreted stellar halos, which range
from ∼6 to ∼13 Gyr. Additionally, we find a clear correlation
in both cases, although inverted: on one hand, when consider-
ing the total stellar halo, we see that more massive stellar halos
are older than less massive ones; on the other hand, when con-
sidering only the accreted component of the stellar halo, we see
that more massive accreted stellar halos are younger than less
massive ones.

The correlation seen in the left panel of Fig. 7 between
the age and mass of the total stellar halo suggests that less
massive galaxies keep on forming stellar material until later
times, which can then end up comprising their stellar halos.
Regarding the correlation in the right panel of Fig. 7, we can
infer that the less massive galaxies accreted their bulk of stel-
lar material earlier than the more massive ones, leaving them
with an older accreted component in their stellar halos. This
is a clear consequence of the results of T25, where it was
found that more massive galaxies keep on accreting stellar
material until later times, which allows the accreted satellite
galaxies to keep on forming stellar material prior to accre-
tion for longer periods so as to then provide the host galaxies
with younger stars that end up comprising their accreted stellar
halo.

This difference in the accretion time of the satellites also
allows them to keep chemically enriching their stellar popula-
tions, which has an impact on their metallicity and the result-
ing metallicity of the stellar halos, as seen in the right panel of
Fig. 5. Thus, this could hint at a possible correlation between the
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Fig. 7. Left panel: Mean age of the total stel-
lar halo as a function of the total stellar halo
mass. Right panel: Mean age of the accreted
stellar halo as a function of its mass. Both pan-
els are colour-coded by the total stellar mass of
the galaxies. We note a correlation in both pan-
els, although they are inverted: more massive
stellar halos are older than less massive ones,
while more massive accreted stellar halos are
younger than the less massive ones.

Fig. 8. Age-metallicity relation of the galaxies
in our sample, colour-coded by their accreted
stellar mass. Left panel: Median [Fe/H] of the
total stellar halo (in situ + accreted) as a func-
tion of its mean age. Right panel: Median
[Fe/H] of the accreted stellar halo as a func-
tion of its mean age. We note a strong corre-
lation between the median [Fe/H] and the mean
age of the accreted stellar halo, such that the
more metal-rich accreted stellar halos are also
the younger ones.

age and the metallicity of the stellar halos. We explore this in the
following section.

5. Age-metallicity relation of the stellar halos

The chemical enrichment of stellar populations is closely linked
to their age: younger stars tend to be more metal-rich because
they form from interstellar material that has been progressively
enriched by previous generations of stars (e.g. Tinsley 1980;
Matteucci 2003). Consequently, if more massive galaxies accrete
satellites at later times, when these satellites are more chem-
ically evolved, they may end up with younger, more metal-
rich accreted stellar halos (e.g. Font et al. 2006; Cooper et al.
2010). This naturally suggests a possible correlation between the
age and metallicity of stellar halos, which has been studied in
MW-mass galaxies (e.g. Das et al. 2020; Ortega-Martinez et al.
2022).

The youngest total stellar halo of our sample is that of Auriga
16, with a mean age of 3.93 Gyr, while the oldest one is that of
Auriga 1, with a mean age of 8.18 Gyr. The mean ages for the
total stellar halos of all galaxies are listed in the fourth column of
Table 1. We find that these structures are, on average, older than
the main body of the galaxy (i.e. within 4 Rh), with ages rang-
ing from 4.11 Gyr to 6.77 Gyr (see Table 1). When analysing
the median [Fe/H] of the galaxy’s main body and that of the
total stellar halos, we find that the main body is more metal-rich
than the total stellar halos, with median [Fe/H] values ranging
from −0.70 dex to 0.00 dex (see Table 1). In Fig. 8, we show
the median [Fe/H] of the total stellar halo as a function of its
mean age (left panel) and the median [Fe/H] of the accreted stel-
lar halo as a function of its mean age (right panel). Both pan-
els are colour-coded by the galaxies’ total accreted stellar mass.

We note a clear correlation when it comes to the accreted stellar
halos: those that are more metal-rich are also younger, whereas
the accreted stellar halos that are more metal-poor are older.
This correlation is not present when considering all of the stellar
halos’ stellar material (i.e. the in situ and accreted components
together). This is likely due to the fact that in situ stars dominate
the stellar halos of dwarf galaxies in terms of mass (T25), and
their metallicities are primarily governed by the galaxy’s internal
chemical enrichment history. As a result, the in situ contribution
erases the clear age–metallicity trend observed when consider-
ing the accreted halo alone, where the age of the accreted stellar
component is affected by the time the satellites stop evolving
and are disrupted. This implies that there is a wide diversity in
chemical enrichment histories of the in situ populations.

6. Mechanisms affecting the age and metallicity

In this section, we explore the mechanisms that affect the redis-
tribution of these dwarf galaxies’ stellar material throughout all
radii. In Sect. 6.1, we address internal processes of the galaxies,
such as their star formation rate and stellar migration, while in
Sect. 6.2 we focus on external processes such as merger events.

6.1. Star formation rate and physical internal processes

Internal processes that are intrinsic to galaxies influence the dis-
tribution of their stellar material over time. Such redistribution
has a direct impact in the radial [Fe/H] and age profiles we pre-
sented in Sects. 3.1 and 4.1, respectively. The specific star for-
mation rate (sSFR) is a key diagnostic of how efficiently galaxies
are forming stars relative to their stellar mass, and its evolution
provides valuable insight into their growth and star formation
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histories. Variations in the sSFR, both globally and radially, can
directly influence the age and metallicity distributions of galax-
ies. Therefore, studying the sSFR allows us to connect present-
day radial profiles with the past star formation activity of galax-
ies. With this in mind, we investigate the sSFR of our sample to
determine whether systematic differences exist between galax-
ies with and without U-shaped radial age profiles, and how this
could affect the metallicity distribution.

One possible explanation for the U-shaped behaviour of the
age profiles shown in Fig. 6 is that the star formation of the
galaxies presenting this feature is substantially different from
that of the galaxies without it. To explore this, we select a sub-
sample of 6 galaxies: the Auriga 1, 3, 5 and 9, all with U-shaped
profiles. Conversely, we select Auriga 13 and 15 as cases with-
out U-shaped age profiles. These 6 galaxies are the same ones for
which individual profiles are shown in Figs. 1 and 6. Analysing
the overall sSFR evolution of our galaxies (not shown here), we
find no significant differences between systems with U-shaped
radial age profiles and those without them. Galaxies lacking a
U-shaped profile generally exhibit smooth star-formation his-
tories with a continuous, approximately monotonic increase in
sSFR towards z = 0. In contrast, some galaxies with U-shaped
age profiles show a more bursty behaviour; however, this is not a
universal property, as several of them (e.g. Auriga 11 and Auriga
17) display sSFR histories similar to those of galaxies without
U-shaped profiles. Likewise, while a subset of U-shaped sys-
tems (e.g. Auriga 1, Auriga 3, and Auriga 6) undergo notice-
able star-formation bursts, such events are not present in all
cases. Therefore, the qualitative differences observed in individ-
ual sSFR histories do not translate into systematic population-
level differences, and we cannot consider these features as
defining characteristics of U-shaped age profiles.

We now explore radial profiles of the recent, time-averaged
star formation rate (SFR). These profiles are computed from the
stellar mass formed in situ within the last 2 Gyr in each radial
bin, divided by the corresponding time interval and normalised
by the total stellar mass enclosed. This provides a proxy for the
recent (≤2 Gyr) star formation activity. The black dotted line in
of Fig. 9 represents the mean of all of the

〈
sSFR(r)

〉
∆2 Gyr pro-

files of our sample, the shaded region represents the standard
deviation of this mean, and the coloured solid lines represent the
individual profiles of our subsample of 6 galaxies.

We can clearly see that the peak of the mean of all of the〈
sSFR(r)

〉
∆2 Gyr profiles occurs at the same radial distance at

which the minimum of the mean of the age profiles is found,
as expected, which is shown by the vertical black dotted line.
We also show that the same happens for the 4 individual galax-
ies we present in Fig. 9 as examples of galaxies with U-shaped
age profiles, for which radii at which their age profiles reach the
youngest age is also shown with vertical dashed lines. Thus, we
find that the radial age profiles show an upturn beyond the radii
at which these galaxies have a sharp drop in their recent star for-
mation. This agrees with previous findings in MW-mass galax-
ies, such as the work of Varela-Lavin et al. (2022) who used a
sample of simulated late-type galaxies from the EAGLE sim-
ulations and found U-shaped age profiles to be the most com-
mon. They show that the radius at which the minimum of the
U shape occurs matches the drop of young stellar populations.
Debattista et al. (2017) and Sánchez-Blázquez et al. (2009) also
explained this behaviour in the age profiles of simulated MW-
mass galaxies in the same way (see Sect. 7.2 for further discus-
sion). As we also show in Fig. 9, this behaviour is not present
in the

〈
S FR∆2 Gyr

〉
profiles of those galaxies without a U-shaped

age profile. In those cases, there is recent star formation ongoing

Fig. 9. Mean of the
〈
sSFR(r)

〉
∆2 Gyr profile (dotted black line) of all

the galaxies in our sample. The individual
〈
sSFR(r)

〉
∆2 Gyr profiles the

subsample of six galaxies are also shown, colour-coded by their stellar
mass. The vertical dashed lines represent the radius at which the min-
imum age of the U-shaped age profiles in Fig. 6 is located. We note
that the radius at which the peak of the

〈
sSFR(r)

〉
∆2 Gyr profile occurs

matches the radial location of the minimum age of the U-shaped age
profiles.

at large distances. However, it remains to be explained why the
age of the galaxies of our sample with U-shaped profiles rise at
large radii, rather than simply flattening.

A possible mechanism that plays an important role in the
redistribution of stellar material, and thus could be behind these
U-shaped age profiles, is known as radial migration. This pro-
cess allows stars to move through the disc plane to different
galactocentric radii without significantly increasing their orbital
eccentricities. One of the key drivers of radial migration is the
interaction of stars with transient spiral arms. In this scenario,
stars can exchange angular momentum with the spiral pattern,
leading them to migrate inwards or outwards while remaining
on nearly circular orbits (Sellwood & Binney 2002; Roškar et al.
2008a,b). To explore if this mechanism plays a role in our galaxy
sample, we computed the m = 2 Fourier mode, which corre-
sponds to a two-armed spiral structure (Grand et al. 2016). This
analysis revealed that our galaxies have typically small ampli-
tude of the A2 mode (.0.1 at z = 0), and that it has been gen-
erally very low within the last ∼8 Gyr. This implies that this
feature was not an important driver of stellar population radial
mixing in the past either. We thus rule out the influence of spi-
ral arms and radial migration in the rising of the U shape of the
galaxies’ radial age profiles.

6.2. The impact of merger events in the radial age profiles

An important external mechanism by which stars can be redis-
tributed over time consists of interactions and mergers with
satellite galaxies. If the galaxies with U-shaped age profiles
underwent merger events at earlier times, these events could
have redistributed the older stellar material, making it reach
the outskirts of the galaxies. Thus, we analysed the merger
events undergone by each galaxy involving satellite galaxies that
reached a maximum mass (Mpeak sat) of at least 1

10 M200, where
the M200 of the main galaxy represents the total mass enclosed
in a sphere with a mean density of 200 times the critical density

A241, page 9 of 18



Tau, E. A., et al.: A&A, 710, A241 (2026)

Fig. 10. 〈sSFR〉(t) of the in situ stellar populations at different radial ranges, as a function of their age. The arrows represent the merger events that
satisfy that the total peak mass of the satellite galaxy was at least 1

10 M200, considering the M200 of the host galaxy at the time at which the satellite
crossed its R200 for the first time. They are colour-coded by the ratio between Mpeak sat and M200. The vertical dashed lines represent the mean age
at the different radii (from 0−1 Rh to 5−6 Rh), and their colours match those of their corresponding radial ranges.

of the Universe. In this analysis, we consider the M200 at the
time at which the satellite galaxy crossed the galaxy’s R200 for
the first time. In Fig. 10, we show the temporal evolution of the
time-averaged specific star formation rate, 〈sSFR〉(t), of the in
situ stellar populations at different radial ranges based on the Rh
at z = 0 of each galaxy, for the subsample of 6 galaxies that
we chose as examples. These profiles are reconstructed from
the stellar age distribution at z = 0 by computing the stellar
mass formed within successive age bins, dividing by the bin
width, and normalising by the total stellar mass of the galaxy
at z = 0. This same plot is shown for all galaxies in Fig. D.1
of Appendix D. The colour-coded vertical dashed lines repre-
sent the mean age of the stellar particles within radial bins up to
6 Rh. On each panel, we highlight the significant merger expe-
rienced by each galaxy with colour-coded arrows, based on the
ratio Mpeak sat/M200. Most galaxies (all but Auriga 15) have suf-
fered important merger events, i.e. with merger ratios between
0.1 and ∼1 when selecting satellite galaxies that satisfy that its
Mpeak sat is at least 1

10 M200. We find that galaxies with U-shaped
age profiles undergo merger events both at early and late times.
However, most galaxies which do not show U-shaped age pro-
files, also accrete satellites as massive as some of the satellites
accreted by the other galaxies with this feature in their pro-
files, besides undergoing merger events at similar times (see,
for instance, Auriga 13 in Fig. 10). Hence, merger events alone
are not enough to explain this behaviour in the age profiles,
but instead this information must be combined with that of the
〈sSFR〉(t) of the galaxies.

When a galaxy has already formed a considerable amount
of stellar material at early times, this old in situ population can
be redistributed outwards during early mergers. The subsequent

inside-out star formation gives rise to the U shape found at z = 0
in its radial age profile, where the inner regions present a nega-
tive age gradient until it reaches the location where there is no
more recent star formation (see Fig. 9), and thus the old stellar
material that was ejected dominates. From that radius onward,
the radial age profile presents an upturn that reflects the older
ages found at those large radii. The galaxies with a U-shaped
age profile, exemplified in Fig. 10 with Auriga 1, 3, 5 and 9,
had formed sufficient stellar material at early epochs (or by
the merger time of the accreted satellites) in order to be redis-
tributed during interactions with satellite galaxies. Additionally,
the accreted stellar material that merger events bring is typically
old (see Fig. 6 and Fig. C.1). When this material is deposited in
the outer regions of the galaxy, it contributes to increasing the
average stellar age at large galactocentric distances. This addi-
tional population of old accreted stars can therefore enhance the
upward trend observed in the outer parts of the age profiles, rein-
forcing the U-shaped behaviour.

In the case of the galaxies without a U-shaped age pro-
file, we note a clear difference in these galaxies’ 〈sSFR〉(t) with
respect to those that have this feature. For instance, Auriga 13
and Auriga 15 in Fig. 10 show a continuous 〈sSFR〉(t) through
the years that increases monotonically until z = 0 (i.e., ages ∼
0 Gyr). This means that these galaxies are continuously form-
ing stellar material. Moreover, in some cases these galaxies also
sustain star formation at larger radii than those with U-shaped
profiles, as seen for example in Auriga 15. The presence of ongo-
ing star formation across all radii, combined with their steadily
increasing sSFR, results in either flat or decreasing radial age
profiles due to the presence of young stellar populations through-
out the galaxy. We also note that Auriga 15 does not suffer
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any merger as massive as those galaxies with a U-shaped radial
age profile that can significantly impact its distribution of stellar
material.

We therefore conclude that the cessation of star formation
beyond certain radius and the interactions with satellite galaxies
are the most dominant mechanisms responsible for the U shape
in the central parts of the radial age profiles, while radial stel-
lar migration driven, for example, by spiral arms has no impact
on the matter. The merger events redistribute stars outwards,
reversing the negative age gradient within the inner disc and con-
tributing to a positive gradient in its outer regions. This trend
continues throughout the outskirts of the galaxies (i.e. beyond
4 Rh), where they are dominated by old stellar populations that
also include accreted stellar material, thereby preserving the
overall age increase at large radii.

Regarding the effect on the galaxies’ metallicity, this redistri-
bution of stellar material also has an impact in their radial [Fe/H]
profiles given that the outskirts become dominated by older,
more metal-poor stellar populations compared to the younger,
more enriched centres, and generates the negative metallicity
gradients shown in Sect. 3. Moreover, as in situ populations
of different ages are redistributed to large radii, the resulting
mixture of stellar ages enhances the flattening of the metallic-
ity profiles in the outer regions of the galaxies that is already
influenced by the different metallicities of the accreted satellites
that deposited their material in the outskirts.

7. Discussion

In this section, we place our results in an observational con-
text, and we also compare them to those found in the MW-mass
regime.

7.1. Metallicity of low-mass galaxies

A wide variety of observed metallicity gradients have been
reported when considering the low-mass regime of galaxies
(e.g. Leaman et al. 2013; Taibi et al. 2018; Fu et al. 2024a;
Cano-Díaz et al. 2025; Sato et al. 2025), even including galax-
ies with no metallicity gradients at all (e.g. Aparicio et al. 2001;
Taibi et al. 2024). The metallicity gradients for low-mass galax-
ies obtained in this work fall well within the observed values
for isolated dwarfs (e.g. Taibi et al. 2020, 2022; Fu et al. 2024b).
We do not find any significant correlation between the metallic-
ity gradients of the galaxies in our sample and either their total
stellar mass or their accreted stellar mass (see Fig. 3). This is in
agreement with the findings of Taibi et al. (2022), where no cor-
relation is found between the metallicity gradient and the stellar
mass of the isolated dwarf galaxies of their sample. This implies
that the link between the evolution of the galaxies and their
resulting metallicity gradients may not be so straightforward to
measure in the low-mass regime. Similarly, when considering
only the metallicity gradients of the stellar halos’ both total and
accreted components, we also find no clear correlation with their
respective stellar halo masses. However, Taibi et al. (2022) find
a mild correlation between these gradients and the luminosities
of the galaxies. We therefore checked whether this correlation is
also present in our simulated galaxies. The luminosities of our
galaxies range from 5.3× 106 L� to 1.9× 108 L� (see Table B.1),
which are consistent with those observationally measured by
Taibi et al. (2022) that range from ∼105 L� to ∼108 L�. We found
no correlation between the metallicity gradients of the galax-
ies measured in dex/Rh and their luminosities, but we did find
a mild correlation between the metallicity gradients computed

Fig. 11. Metallicity gradient in physical units (dex/kpc) of the galaxies
of our sample computed for the main body of the galaxies (empty cir-
cles) and for the whole galaxy (filled circles), as a function of their
luminosities and colour-coded by the galaxies’ total accreted mass
fraction. Observational data taken from Taibi et al. (2022) for isolated
(filled squares) and satellite (empty squares) LG dwarf galaxies are
also shown. The filled (empty) arrow represents the isolated (satellite)
galaxy Phoenix (Leo II), which has a metallicity gradient of ∼ − 1.3
(∼ − 1.4) [dex/kpc]. We note that the metallicity gradient and the lumi-
nosity values of our simulated isolated galaxies are in good agreement
with those observationally measured for isolated dwarf galaxies.

in physical units (dex/kpc) for the whole galaxy and the main
body of the galaxies, and their luminosities (see Appendix B).
We show this trend in Fig. 11, as well as the comparison with
the observational data taken from Taibi et al. (2022) for isolated
(filled squares) and satellite (empty squares) LG dwarf galaxies.
We note that the metallicity gradients measured in dex/kpc and
the luminosity values of our simulated galaxies are in agreement
with those observationally measured by Taibi et al. (2022) for
isolated dwarf galaxies.

As previously shown in T25, our results demonstrate a
clear correlation between the mass and the metallicity of the
accreted stellar halos in low-mass galaxies, in which more mas-
sive accreted stellar halos are also more metal rich (Fig. 5).
This extends the stellar halo mass–metallicity relation found
for MW-mass galaxies (Harmsen et al. 2017; Monachesi et al.
2019) to the low-mass regime. In this work, we analysed the
spread in metallicity that accreted stellar halos with a similar
mass have, and we found that it can be attributed to the infall
time of the most dominant satellite they accreted. This is due to
the fact that a later infall time at similar satellite mass implies
that the satellites had more time to enrich their stellar content
before disruption. Therefore, the accreted component of the stel-
lar halos with a later infall time of their dominant satellites
will be more metal-rich than those with the same amount of
accreted stellar mass that accreted theirs earlier. This interpre-
tation aligns with observational results that point to late massive
accretion events being responsible for the relatively metal-rich
halos of MW-mass galaxies like M31 (e.g., Gilbert et al. 2014;
D’Souza & Bell 2018). Our results therefore suggest that simi-
lar mechanisms operate at lower masses, and highlight that the
metallicities of the accreted halos of dwarf galaxies do retain
information of the timing of their most significant accretion
events (see also Gonzalez-Jara et al., in prep.).
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7.2. U-shaped age profiles in dwarf galaxies

In this work we have found that most low-mass galaxies of
our sample present a U-shaped age profile (Fig. 6), suggest-
ing intricate star formation and evolution. In contrast, MW-mass
galaxies typically display negative age gradients, consistent with
inside-out star formation (e.g. Sánchez-Blázquez et al. 2014;
González Delgado et al. 2015), although U shapes have been
observed in some cases (e.g. Yoachim et al. 2012). Some the-
oretical studies have predicted that this U-shaped behaviour is
possible in such massive systems. For example, Roškar et al.
(2008b) simulate a disc galaxy with a Navarro-Frenk-White DM
halo (Navarro et al. 1997) of 1012 M�, without a bar or strong
spiral arms at z = 0, and find a clear U-shaped age profile,
attributed to transient spiral arms reshuffling stellar material.
Similarly, Sánchez-Blázquez et al. (2009) use N-body simula-
tions of a disc galaxy of dynamical mass 7.6 × 1011 M�, and
also find a U-shaped age profile. They argue that, in addition to
radial migration, the U shape arises from a break in star forma-
tion density: beyond this radius, star formation declines sharply,
resulting in older disc outskirts, which is consistent with obser-
vational evidence that star formation becomes inefficient below
a critical gas surface density as described by the Kennicutt–
Schmidt relation in both MW–mass and dwarf galaxies (e.g.
Leroy et al. 2008; Kennicutt & Evans 2012). They also claim
that accretion events have little impact on this gradient. Fur-
thermore, Varela-Lavin et al. (2022) analysed 1012 disc galax-
ies from the EAGLE simulations (1010 ≤ M∗ ≤ 1011.5 M�) and
reported that U-shaped age profiles are frequent in their sample.

In low-mass galaxies, U-shaped age profiles appear more
often in observations. For example, Williams et al. (2009) used
data from the Hubble Space Telescope (HST)/Advanced Cam-
era for Surveys (ACS) to study the disc of M33 and found an
age inversion: in the inner disc, the stellar age decreases with
increasing distance from the centre, contrasting with the outer
disc where older stars are found. Furthermore, Pessa et al. (2023)
observed a U-shaped radial age profile in two of the 19 star-
forming galaxies analysed in their work, NGC 1087 and NGC
1385, which are also within the stellar mass range analysed in
our work (log(M∗/M�) = 9.9 and log(M∗/M�) = 10, respec-
tively). More recently, a U-shaped age profile has also been
reported in the Large Magellanic Cloud (LMC). Cohen et al.
(2024b) argued that the inversion they found in its radial age
profile cannot be explained solely by the interaction between the
LMC and the Small Magellanic Cloud (SMC) due to the fact
that the radial location of this inversion remains constant over a
wide range of look-back times, suggesting that the mechanisms
influencing star formation in the LMC potentially predate recent
interactions with the SMC.

The results obtained in this work regarding the radial
mean age profiles of low-mass galaxies can help shed light
on these aforementioned observations of such systems. First of
all, according to the predictions made by our simulations, it is
likely that the U-shaped age profiles observed in the central
parts of M33, NGC 1087, NGC 1385, and the LMC is caused
by in situ material redistributed to the outer regions. However,
regarding M33, our results do not seem to agree with those of
Mostoghiu et al. (2018), where the authors analysed an analogue
of M33 from the CLUES simulation and found that the main
driver of the mean age profile’s U shape is the accreted compo-
nent of said galaxy, brought in by minor mergers. While we show
here that the accreted material is indeed old and contributes to
the older ages in the outer regions, this accreted material is not
responsible for the U shape in the age profiles, which is gener-

ated by in situ material (see Fig. C.1). They also found that the
stellar migration of old in situ stellar populations from the cen-
tral regions towards the outskirts of M33 help shape the radial
mean age profile, although to a much lesser extent compared to
the contribution of the accreted stellar material.

Secondly, based on our results, we suggest that the U shape
in the radial age profiles of these observed galaxies arises from
the absence of recent star formation beyond the radius where the
stellar populations are youngest, together with the redistribution
of their old stellar populations due to mergers and interactions.
In the case of the LMC, Cohen et al. (2024b) demonstrated that
the inversion in the galaxy’s age profile approximately matches
the drop-off in the HI column density, which agrees with the
results of Meschin et al. (2014) that argue that the HI disc of
the LMC able to form stars has indeed shrunk at these distances,
thus likely limiting star formation in the outer regions. Similarly,
recent work by Corbelli et al. (2025) on M33 shows that while
the galaxy continues to form stars across its entire star-forming
disc, the star formation rate declines significantly with radius,
particularly beyond the inner disc, due to variations in gas den-
sity, stability, and disc dynamics. Together, these observational
findings support the plausibility of our proposed explanation for
the formation of U-shaped age profiles in low-mass galaxies. We
bear in mind that our numerical predictions are based on isolated
galaxies at z = 0, but similar processes can also operate in satel-
lite low-mass systems. On one hand, denser environments foster
frequent interactions and tidal perturbations that can redistribute
stellar material. On the other hand, the intrinsic evolution of each
galaxy, governed by its star formation history, will happen in
galaxies regardless of their environment. Thus, the mechanisms
we propose remain relevant for shaping radial age profiles even
in dense environments.

Another galaxy that could have a U-shaped age profile is
NGC 7793, a relatively isolated low-mass (M∗ ≈ 3.32 × 109M�,
Dale et al. 2009) spiral galaxy. Sacchi et al. (2019) found an
inside-out growth in the inner region of its disc. However, it is
not possible to confirm from their data whether this inside-out
trend persists across the entire disc, particularly in the outermost
regions, where older stellar populations than those found closer
to the centre were reported. This inner inside-out growth is also
confirmed by Kang et al. (2023), and their reported age profile
appears to exhibit either a flattening or a reversal at large radii
along the disc. Unfortunately, their analysis, similarly to that of
Sacchi et al. (2019), does not cover farther distances. Therefore,
more observational data covering large distances from the centre
of NGC 7793 could help determine whether this galaxy has a
U-shaped radial age profile as well.

Our findings can also be compared with other numerical
predictions. Graus et al. (2019) used the Feedback In Realistic
Environments (FIRE) to study 26 dwarf galaxies with stellar
masses ranging from ∼105 M� to ∼109 M�, and found a preva-
lence of outside-in growth, with the galaxies showing younger
stellar populations in their centres than in their outskirts. They
attribute these positive age gradients to a combination of merg-
ers and stellar heating, noting that while mergers alone are not
particularly effective at shaping the gradients, they can still con-
tribute to some redistribution of stars, which is a result consis-
tent with our own findings. Regarding the redistribution of stars,
they explain this with heating by stellar feedback, which strongly
affects the galaxies in the FIRE simulations (e.g. Oñorbe et al.
2015; Fitts et al. 2017). Stellar feedback generates potential fluc-
tuations that dynamically heat stars and drive molecular out-
flows which subsequently form new (and thus younger) stars
(El-Badry et al. 2016). These feedback episodes promote the
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outward migration of older stellar populations to larger radii (see
also Riggs et al. 2024). Thus, even though Graus et al. (2019)
primarily attribute the reshuffling of old stellar material to stel-
lar feedback-driven migration rather than the mechanisms we
propose with the Auriga simulations, both works highlight the
important role of mergers in contributing to stellar redistribution.

7.3. Stellar halos age and metallicity

While the correlation between age and metallicity in stellar halos
has been explored in detail for the MW (e.g. Jofré & Weiss 2011;
Schuster et al. 2012), it remains uninvestigated in the low-mass
regime because these substructures have just recently started to
be detected around low-mass systems. Observational work on
dwarf galaxies has primarily focused on characterising metallic-
ity gradients within their main bodies and overall chemical abun-
dance patterns, as discussed in Sect. 7.1, often without simulta-
neously resolving detailed age distributions in their stellar halos.
This is due to the faintness of these structures that makes them
difficult to observe at large distances.

Thus, our numerical analysis offers insights into the unex-
plored age–metallicity relationship in the stellar halos of dwarf
galaxies, revealing a clear correlation between these properties
in their accreted component. Confirming such a trend observa-
tionally remains challenging at present, which underscores the
predictive value of our results. These suggest that, once obser-
vations can robustly recover age distributions in dwarf galaxy
stellar halos, a trend should emerge in which more metal-rich
accreted stellar halos are systematically younger. In the mean-
time, our results provide a framework for inferring a likely age
range for the stellar halo of low-mass galaxies based on its mea-
sured metallicity or mass, offering a practical tool to interpret
existing observational data and to guide future targeted studies.
However, observations provide data of the total stellar halo, and
as seen in T25, the inner regions of these structures are dom-
inated by in situ stellar material. Therefore, developing robust
methods to disentangle the accreted and in situ components in
observed stellar halos is essential to fully exploit these predic-
tions. One way of doing so could be with a cut in [Fe/H] val-
ues, considering that those lower than −1 will correspond to
the accreted component, given that the total stellar halos median
[Fe/H] values range from ∼ − 1 to ∼ − 0.4 (see Fig. 5).

8. Summary and conclusions

In this work we have used 17 low-mass galaxies (∼3× 108 M� ≤
M∗ . 2 × 1010 M�) available in the Auriga project (Grand et al.
2024) to study the ages and metallicities of such systems, span-
ning from their centres to their stellar halos. These latter struc-
tures are defined as the stellar material of the galaxies located
outside an ellipsoid with semi-major axes equal to 4 Rh and up
to 10 Rh in all directions, where Rh is the half-light radius of the
galaxy. The main conclusions can be listed as follows:
1. The galaxies analysed in this work have negative [Fe/H]

gradients, ranging from −0.18 to −0.07 in units of dex/Rh,
indicating that their outskirts are more metal-poor than their
central regions. These gradients are defined as the slopes in
the variations of the median [Fe/H] values as a function of the
radius normalised to Rh. The centres of less massive dwarfs
(M∗ < 6.3 × 109 M�) are in general more metal-poor than
those of more massive dwarfs.

2. We find no correlation between the metallicity gradients in
dex/Rh of the galaxies and their stellar mass, their accreted
stellar mass, their accreted mass fraction, and the number

of significant progenitors they have. This implies that the
link between the evolution of the galaxies and their result-
ing metallicity gradients is not so straightforward to measure
in the low-mass regime. However, we find a mild correlation
between the metallicity gradients and the luminosities of the
galaxies when the gradients are computed in physical units
(i.e. dex/kpc).

3. More massive accreted stellar halos (Macc halo ≥ 108 M�)
are also more metal-rich (median [Fe/H] values ≥ −1.22),
following the mass-metallicity relation of stellar halos also
found in MW-mass galaxies. We find a correlation between
the metallicity of the accreted stellar halos and the infall time
of their most dominant satellite, which translates into a dis-
persion in the mass-metallicity relation: at a given accreted
stellar halo mass, the dwarf galaxies that accreted their most
dominant progenitor at later times have a more metal-rich
accreted stellar halo. This is due to the fact that satellites
that were accreted at later times had more time to chemically
evolve and enrich their stellar populations before being dis-
rupted.

4. There is a strong correlation between the age and metallicity
of the accreted stellar halos of the analysed low-mass galax-
ies: more metal-rich accreted stellar halos are younger, while
more metal-poor ones are older.

5. The mean ages of the main body of the galaxies (i.e. within
4 Rh) are generally lower than the mean ages of their total
stellar halos (see Table 1).

6. More massive stellar halos are older than the less massive
ones, indicating that less massive galaxies keep on forming
in situ stellar material until later times, which can later end
up comprising their stellar halos. In contrast, when consid-
ering only the accreted component, more massive accreted
stellar halos have younger stars than less massive ones, given
that the less massive galaxies they surround accreted their
stellar material earlier, leaving them with older accreted
material in their stellar halos.

7. The majority of the galaxies (12 out of 17) present a promi-
nent U shape in their radial age profiles. This U shape is
mainly driven by the in situ stellar population and located
within 4 Rh.

8. In those galaxies with a U-shaped radial age profile, the
radial location of the minimum age before the upturn
matches that of the peak of the star formation of young stellar
material. In other words, in cases where we found a U-shaped
radial age profile, the age of the stellar material starts to radi-
ally increase beyond the radius where there is no recent star
formation activity.

9. Galaxies with and without a U shape in their radial age pro-
file undergo significant merger events (i.e. with Mpeak/M200
ratios between 0.1 and 1 when considering satellite galaxies
that satisfy Mpeak ≥

1
10 M200) at early times and late times.

Hence, these alone are not enough to explain the redistribu-
tion of the old stellar material so as to generate the U-shaped
radial age profiles. However, when this information is com-
bined with the sSFR, we note that galaxies with a U shape
had formed a considerable amount of stellar material at early
times that was already there to be kicked out when the merg-
ers occurred. Furthermore, the galaxies without a U-shaped
age profile present a continuous sSFR that increases mono-
tonically up to z = 0, and they keep on forming stellar mate-
rial at large distances from their centres, which contributes
to the flattening of their profiles.

These results show us the wide variety in ages and metallici-
ties when analysing low-mass galaxies and their stellar halos,
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reflecting the complex and non-uniform evolutionary pathways
these systems can follow. The trends we identify point to sig-
nificant variations in their accretion histories, with differences in
the timing, mass, and chemical composition of accreted satel-
lites leaving distinct imprints on their present-day properties.
Although these imprints on stellar halos are difficult to con-
firm with current observational data, future facilities such as the
LSST and the Nancy Grace Roman Space Telescope will enable
the detection and characterisation of these extended components.
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Appendix A: Comparison with a cylindrical
geometry

We re-measured the median [Fe/H] profiles for all galaxies using
a cylindrical geometry, measuring vertical metallicity profiles,
mimicking minor axis profiles. The stellar halo region for the
minor axis profile was defined adopting a maximum cylindri-
cal radius of 1 Rh and excluding particles within the semi-minor
axis c to minimise disc contamination (i.e. the minimum con-
sidered |z| value to define the cylinder was that of c, listed in
Table 1). The maximum |z| value considered for this geometry
was 10 Rh, to be consistent with our stellar halo definition. Fig.
A.1 shows these new profiles computed with a cylindrical geom-
etry for the stellar halo (solid lines) of a subsample of galaxies,
as well as those obtained with the original ellipsoidal geometry
(dashed lines) using 4 Rh and 10 Rh as the inner and outer limits
of this structure, respectively. We find that the resulting verti-
cal metallicity profiles of the stellar halo are overall not always
flat, decreasing with galactocentric distance in most cases. This
indicates that our results are affected by the adopted geometry.
This cylindrical approach is particularly advantageous for com-
parisons with observational data, as studies of the stellar halo
often rely on measurements taken along the semi-minor axis.

Fig. A.1. Metallicity profiles of the stellar halo of a subsample of galax-
ies. The solid profiles were computed using a cylindrical geometry,
while the dashed ones were computed using the original ellipsoidal
geometry explained in Sec. 3.1. The cylindrical profiles are normalised
by the scale height of the galaxies, while the ellipsoidal profiles are nor-
malised by their Rh. All profiles are colour-coded by the galaxies’ stellar
mass.

Appendix B: Metallicity gradients in physical units

We also computed the metallicity gradients for the whole galaxy,
the main body of the galaxies, and the total and accreted stellar
halos of the galaxies in units of dex/kpc instead of dex/Rh. The
resulting values are shown as a function of the galaxies’ stellar
mass in Fig. B.1, colour-coded by their accreted mass fraction.
We note a moderate correlation between these quantities when
considering the whole galaxy and its main body, that was fur-
ther quantified using a Spearman correlation coefficient, which
resulted in ρ = 0.64 for the whole galaxy and ρ = 0.56 for its
main body.

Additionally, for the main body of the galaxies (and also
for the whole galaxy), we find that the values of these metallic-
ity gradients in dex/kpc are consistent with the previous obser-
vational findings of Taibi et al. (2022), which gradients span a
range of values from -1.3 dex/kpc to 0 dex/kpc, with the major-
ity of the values of their sample found between -0.5 dex/kpc and
0 dex/kpc.

Given that Taibi et al. (2022) reported a mild correlation
between the galaxies metallicity gradients and their luminosities,
we tested if this correlation is also found in the Auriga simula-
tions. We find no correlation between the gradients and the lumi-
nosities when considering the metallicity gradients computed in
units of dex/Rh. However, we find a mild correlation when con-
sidering the metallicity gradients of the whole galaxy and of its
main body computed in physical units. We show these quanti-
ties as a function of the galaxies’ luminosities in Fig. B.2. We
note this moderate correlation only when considering the whole
galaxy (left panel), but none when considering the stellar halo or
the accreted stellar halo. We further corroborated this mild cor-
relation with a Spearman correlation coefficient, which indeed
confirmed its existence.

We present in Table B.1 the computed values for the lumi-
nosity of our galaxies, and the metallicity gradients in physi-
cal units for the whole galaxies and for the main bodies of the
galaxies.

Table B.1. Metallicity gradients in physical units and luminosities of
the galaxies analysed in this work.

Auriga Luminosity ∇[Fe/H]< 10 Rh ∇[Fe/H]< 4 Rh

[L�] [dex/kpc] [dex/kpc]

1 7.35 × 107 -0.02 -0.02
2 1.85 × 108 -0.03 -0.04
3 8.31 × 107 -0.03 -0.03
4 1.17 × 108 -0.03 -0.03
5 1.69 × 108 -0.04 -0.05
6 1.15 × 108 -0.15 -0.17
7 6.58 × 107 -0.03 -0.03
8 1.56 × 108 -0.03 -0.04
9 4.96 × 107 -0.04 -0.05
10 6.61 × 107 -0.03 -0.04
11 5.40 × 107 -0.05 -0.06
12 7.63 × 107 -0.03 -0.03
13 4.28 × 107 -0.05 -0.05
14 6.84 × 106 -0.04 -0.04
15 5.28 × 106 -0.13 -0.16
16 1.37 × 107 -0.08 -0.08
17 5.42 × 106 -0.04 -0.04

Appendix C: Mean age profiles

In Fig. C.1, we show the in situ (blue solid line), accreted (orange
dashed line) and total (dotted line) mean age profiles for all
galaxies of our sample. We colour-coded the total mean age pro-
files according to the galaxies total stellar mass. As discussed in
Sect. 4.1, we find that 12 out of 17 galaxies present a U-shaped
mean age profile, which can be attributed to the behaviour of the
in situ stellar component.
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Fig. B.1. Left panel: Metallicity gradient in
physical units (dex/kpc) of the galaxies of our
sample computed within 4 Rh (empty circles)
and 10 Rh (filled circles), as a function of their
stellar mass. Right panel: Metallicity gradients
in physical units (dex/kpc) of the total stellar
halo and the accreted stellar halo as a function
of the galaxies’ stellar mass, represented with
filled circles and empty triangles, respectively.
The arrow represents the value corresponding
to the accreted stellar halo of Auriga 15, which
is ∼ −0.26 [dex/kpc]. Both panels are colour-
coded by the galaxies accreted mass fraction.

Fig. B.2. Left panel: Metallicity gradient in
physical units (dex/kpc) of the galaxies of our
sample computed for the main body of the
galaxies (within 4 Rh, empty circles) and for
the whole galaxy (within 10 Rh, filled circles),
as a function of their luminosities. Right panel:
Metallicity gradients in physical units (dex/kpc)
of the total stellar halo and the accreted stellar
halo as a function of the galaxies’ luminosity,
represented with filled circles and empty tri-
angles, respectively. The arrow represents the
value corresponding to the accreted stellar halo
of Auriga 15, which is ∼ −0.26 [dex/kpc].
Both panels are colour-coded by the galaxies’
accreted mass fraction.

Appendix D: sSFR

In Fig. D.1 we show the < sSFR > (t) for the in situ stellar par-
ticles’ of the galaxies, as a function of their ages. We divide the
stellar populations in different radial ranges, covering the whole
galaxy from the centre to 10 Rh. The vertical dashed lines rep-
resent the mean age at the different innermost radii, and their
colours match those of the sSFR in the same radial bin. Merger
events that satisfy that the total peak mass of the satellite galaxy
was at least 1

10 M200 are symbolised with arrows, colour-coded
by the ratio between the Mpeak sat and the M200. The merger ratios
that are higher than 0.3 are equally coloured. The considered
M200 of the host galaxy is the one it had at the time at which the
satellite crossed its R200 for the first time.

The case of the most recent merger suffered by Auriga 10
is discussed in T25 and we refer the reader to said work for
details. Briefly, the galaxy accreted a satellite comparable in
mass to its own at very late times, which is why we obtain that
Mpeak sat/M200 = 1.09.
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Fig. C.1. In situ (solid blue line), accreted (dashed orange line) and total (dotted line) mean age profiles of all galaxies in our sample. The total
mean age profiles are coloured according to the galaxies’ stellar mass. We note a prominent U shape in the profile of 12 galaxies, driven by the in
situ stellar material.
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Fig. D.1. < sSFR > (t) of the in situ stellar populations at different radial ranges for all the galaxies of our sample, as a function of the age of the
particles. The arrows represent the merger events that satisfy that the total peak mass of the satellite galaxy was at least 1

10 M200, considering the
M200 of the host galaxy at the time at which the satellite crossed its R200 for the first time. They are colour-coded by the ratio between the Mpeak sat
and the M200. The vertical dashed lines represent the mean age at the different innermost radii (from 0 − 1 Rh to 5 − 6 Rh), and their colours match
those of their corresponding sSFR.
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