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ABSTRACT

Context. The slellar haloes of low-mass galaxies (M, < 10" M) are becoming an ebject of inlerest in the extragalactic communily
due to some recent observations that were able Lo detect such structures. Additionally, new cosmological simulations of very high
resolution have been performed which allow the study of this faint component in low-mass galaxies. The presence of stellar haloes in
low-mass systerms could help shed light on our understanding of the assembly of low-mass observed galaxies and their evolution as
well as allow us to test that the hierarchical model for the (ormatien of structures works at small scales.

Aims. In this work we aim to characterise Lhe stetlar haloes of simulated low-mass galaxies and analyse their evolution and accretion
history.

Methods. We use a sample of 17 simulated low-mass galaxies {rom he Auriga Project with a tellar mass range from 3.28 x 10¥ M,

10 2.08 x 10 M,,. These are cosmological magneto-hydrodynamical zoom-in simulations that have a very high resolution 5 x 10* M,
in DM mass and ~ 6 x 10? Mg, in baryonic mass. We define the stellar halo as the stellar material located outside of an ellipsoid with
semi-major axes equal Lo 4 times the half-light radius of each galaxy. We analyse the stellar haloes of these galaxies and we study
their formation channels.

Resufts. We ind thal the inner regions of the stellar halo (4 1o 6 times the half-light radius) are dominated by in-situ material. For
the less massive simulated dwarfs (M, < 4.54 x 10° M), this dominance extends 1o all radii. We find that this in-situ stellar halo
is mostly fermed in the inner region of the galaxies and was subsequently ejected into the outskirts during interactions and merger
events with satellite galaxies. In ~ 50% ol the galaxies, the stnipped gas from satellite galaxies, likely mixed with the gas from the
host dwarf, contributed to the formation of this in-situ halo. The stellar haloes of the galaxies more massive than M, > 1 x 107 M, are
dominated by the accreled component beyond 6 half-light radius. We find that the more massive dwarf galaxies (M, > 6.30 x 10° M)
accrele stellar material until later times (190 = 4.44 Gyr ago being T4 the formation time) than the less massive ones (1yo = 8.17 Gyr
ago), which has an impact on the formation time of the accreted stellar haloes. They have a range of 1 Le 7 significant progenitors that
contribute (o the accreted component of these galaxies but there is no clear correlation between the amount of accreted mass of the
galaxies and their number of significant progenitors.

Key words. Dwarf galaxies — stellar haloes — numerical methods

1. Introduction accreted stellar material that these dwarf galaxies gain in merger

events is deposited in their outer regions, as predicted and ob-

Dwarf galaxics are known to be the oldest and most metal-
peor galaxics in the Universe, as well as systemns dominated
by dark matter (Tolstoy ct al. 2009; Simon 2019). The hierar-
chical formation of structures predicied by the A Cold Dark
Matter (ACDM) paradigm states that haloes grow and form
from the accretion of less massive systemns (While & Rees 1978;
Scarle & Zinn 1978; Frenk et al. 1988; Navarro et al. 1997). In
this scenario, dwarf galaxies should then also grow from the ac-

10 cretion of galaxies of lower mass. Still, it is not yet clear if the
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served for Milky Way (MW)-mass galaxics, or if it sinks all the
way into their centre. In the case of MW-mass galaxics, this stel-
lar material deposited in the outskirts during interactions cnds
up comprising their stellar haloes. If it were to remain in the
outskirts in the low-mass regime as well, this material would
conslitute the sielfar halo of low-mass galaxies.

Stellar haloes are very faint structurcs (with surface bright-
nesses of g > 30 magarcsec™) and detecting and analysing

them in low-mass galaxies is challenging. In the MW, it is cas-
ier to observationally study the stellar halo because our loca-
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tion afllows us to analyse in detail the stars that comprise it,
and it has been a subject of study in the last decades. For ex-
ample, Junic et al. (2008) used data from the Sloan Digital Sky
Survey (SDSS) and feund cvidence for a MW oblate stellar
halo. Bell ct al. (2008) also used SDSS data and proved that
the MW stellar halo is highly structured, which can be ex-
plained with accretions from satellite galaxics. More recently,
Gaia data werce released (Gaia Collaboration et al. 2016) and it
was uscful to study the stellar halo of the MW in more de-
tail atlowing the discovery of many substructures of which it is
compriscd (e.g., Lthe Gaia-Enceladus debris, elmi et al. 2018;
Belokurov ct al. 2018). Furthermore, Conroy et al. (2019) used
data from the H3 Survey and found that the stellar halo of
the MW is relatively metal-rich, with no discemible metallic-
ity gradient observed over Lhe range of 6 to 100 kpc, supporting
the notien of a diverse accretion history where various dwarf
galaxics contributed 1o a relatively uniform metallicity in the
stellar halo. Besides our own galaxy, several other MW-mass
galaxics have been found Lo have stellar haloes and have been
subject of many studies. Such is the case of Andromeda (e.g.,
Guhathakurta et al. 2005; Gilbert et al. 2012, 2014; Tbata et al.
2014), NGC 253, NGC 891, NGC 3031, NGC 4565, NGC 4945,
NGC 7814, M101 and CenA (c.g., Monachesi et al. 2016a;
Cmojevi€ et al. 2016; Harmsen et al. 2017; Jang ctal. 2020;
Harmsen ¢t al. 2023; Belwrand et al. 2024), among others. Most
of these galaxies were studied as part of the Galaxy Halos, Outer
disks, Substructure, Thick disks and Star clusters (GIHOSTS)
survey (Radburn-Smith ct al. 2011). In this MW stellar mass
range, Monachesi ct al. (2016a) feund that the outskirts of the
six galaxics from GHOSTS were built from smaller accreted
objects and present a diversity in their metallicity profiles, and
Harmsen ¢t al. (2017) discovered a strong correlation between
the stellar halo metallicities and the stellar halo masses of those
same galaxies in addition te finding a diversity in the stellar halo
propertics (such as their stellar masscs, metallicitics, metallicity
gradients, stellar mass fraction, shapes and their profile densily’s
power-law slope) of galaxies that are alike in terms of mass and
morphology.

From the theoretical side, numerical approaches have also
been undertaken in the past years o model and further compre-
hend the formation of the stellar halo in MW-mass galaxics (e.g.,
Bullock & Johnston 2005; Cooper et al. 2010; Tumlinson 2010;
Gomez et al. 2012; Tissera ct al. 2013, 2014; Monache. i et al.
2016b, 2019; Vera-Casanova et al. 2022; Rey & Starkenburg
2022; Orkney et al. 2023; Mort et al. 2024) using N-body and
hydrodynamical simulations. Amorisco (2017) analysed the con-
tributions of satellite galaxics Lo the acereted component of stel-
lar haloes and concluded that more massive and concentrated
satellites deposit their stars deeper into the host’s gravitational
potential (i.c., they sink deeper due (o increased dynamical fric-
tion) while dynamical friction is (oo slow and therefore not ef-
fective Lo drag the lew-mass satellites towards the centre of the
host galaxy, mcaning that they arc morce likely to contribute to
the outer parts of the stellar haloces.

In a much smaller amount, the outskirts of MW-mass galax-
ies have been found 1o also be comprised by in-situ stellar ma-
terial, which includes stars that were originally located in the
inner regions of these galaxics and that, due to inleractions
with other galaxies, got kicked out and reached farther orbits
where they are found today (Zolotov et al. 2009; Purcell et al.
2010; Tissera et al. 2014). Cooper ct al. (2015) also consider
these heated stars as a formation mechanism for the in-situ stel-
lar halo, and they contemplate two other possible scenarios: stars
that formed from gas {rom the intergalactic medium that was

smoothly accreled on to the stellar halo and stars that formed in
strcams of gas stripped from infalling satellites. ITowever, dis-
cntangling between the in- itu and the accreted stellar material
from an obscrvatienal point of view is rather diflicult, as it re-
quires high-precision measurements of chemical and kinemati-
cal propertics that are used Lo make the classification.

In the casc of low-mass galaxies, some piencering stud-
ics investigating this stellar mass regime include the works of
Minniti ¢t al. (1999) and Aparicio et al. (2000), where the au-
thors detected extended stellar populations in the isolated dwarfs
NGC 3109 and DDO 187, respectively. Efforts have been made
o observationally detect stellar haloes of low-mass galaxics us-
ing currently available instrumentation. Due to their proximity
to the MW, the Magellanic Clouds are the most detailed studied
low-mass systems, and their stellar haloes have been identified.
Borissova et al. (2004) mcasured the velocity dispersion of 43
RR Lyrac stars belonging to the Large Magellanic Cloud (LMC)
and found that this galaxy has a kincmatically hot population
forming a stellar halo. Later on, Belokurov & Koposov (2016)
detected an extended and lumpy stellar distribution surround-
ing the Magellanic Clouds that reaches a distance of at least
~ 30" from the LMC, and concluded that the stellar halo around
the LMC is traccable to between 25 and 50 kpe. Morcover,
Nidever et al. (2019) detected an extended low surface bright-
ness stellar component around the LMC which, according Lo 2,
is likely a mix of LMC stars and tidally stripped stars from the
Small Magellanic Cloud (SMC).

More recently, the Smallest Scale of IHierarchy (SSII) sur-
vey (Annibali et al. 2020) became available, which aimed to de-
tect faint stellar streams and satellites around 45 late-type dwarfl
galaxies within 10 Mpc in the Local Universe using the Large
Binocular Telescope, reaching p(r) = 31 mag arcsec 2. This is
suitable to observe stellar haloes and they do in fact detect ex-
tended low surface brightness stellar envelopes around the dwarf
galaxies. Making usc of data from this survey, Annibali ct al.
(2022) studied NGC 3741 and reported signaturces of accretion
events, and they also found that the round old stellar population
present in NGC 3741 is less extended than a young stellar popu-
lation that recaches farther distances from the centre of the galaxy,
hinting at the existence of a stellar hale.

Gilbert et al. (2022) used data from the TRiangulum EX-
tended Survey (TREX, Quirk ct al. 2022) to model the kinemat-
ics of ~ 1700 red giant branch (RGB) stars belonging to M33
and concluded that there arc at least two distinet populations
in its inner region. One of the components they found is rotat-
ing in the plane of M33°s HI disc, while the other component
has a significantly higher velocity dispersion and rotates very
slowly in the planc of the disc, suggesting that it is a stellar
halo rather than a thick disc population. Cullinanc et al. (2023)
characterised the two distinct kinematic components in both the
old and intermediatc-age populations and found that the frac-
tion of stars associated with the halo component differs between
the two populations: the intermediate-age population has around
10% halo stars, whilce the old population shows a decrease in the
[raction of halo stars [rom around 34% to 10% with increasing
radius. That study also suggests that in-situ [ormation mecha-
nisms and potential tidal interactions have strengly contributed
to M33’s stcllar halo formation rather than accretion cvents,
mainly due (o the intermediate-age population found in it. More-
over, using the Panchromatic TTubble Andromeda Treasury Tri-
angulum Extended Region (PIIATTER) survey (Williams et al.
2021), Smercina ct al. (2023) cstimated the total stellar halo
mass of this galaxy to be approximately 5 x 108 Mg, most of it

90

100

110

120

130

140



160

170

180

190

200

residing within 2.5 kpe of the centre (see also Ogami et al. 2024
for an analysis focused on the most external regiens of M33).

Most of these studied low-mass galaxies are satellite systems
that are constantly being perturbed by more massive galaxies.
In contrast, isolated systems arc excellent targets to study the
consequences of the hicrarchical mass assembly at a low-mass
scale since they are not being disturbed nor sturipped by a more
massive galaxy.

The existence and formation mechanism of stellar haloes in
low-mass galaxies are also being investigated from a theoretical
point of view. Fitts et al. (2018) used the Feedback in Realistic
Environments (FIRE) simulations to study the stellar mass as-
sembly history of isolated dwarf galaxies and found that their
stellar populations are formed mainly in situ, with over 90% of
the stellar mass formed in the main progenitor. The authors also
concluded that these galaxies went through merging processes
(if any) at z 2 3 and that the small contribution of accreted
stellar material makes it difficult to detect the effects of merg-
ers in the majority of the dwarf galaxies in their sample. More-
over, locusing specifically on stellar haloes, Kado-Fong et al.
(2022) analysed the stellar haloes of 9 simulated dwarf galax-
ics (103 Mg < M, < 10%® My) using the FIRE simulations,
and concluded that they are primarily formed through the mi-
gration of in-situ stars due to internal feedback-driven mecha-
nisms, thus proposing the heating of disc slars as a suitable for-
mation mechanism. In addition, Deason ct al. (2022) used the
Copericus Complexio (COCO) suite of N-body simulations to
study the merger history of low-mass galaxies with DM haloces
of ~ 10" M, and concluded that the number of major and mi-
nor mergers depends on the type of dark matter implemented,
with minor mergers being greatly suppressed when using warm
dark matter models. Their work claimed that dwarf-dwarf merg-
ers with intermediate dark matter merger ratios maximize the
growth of distant stcllar haloes, and that gas-rich mergers can
have a considerable cffect on the star formation and stellar dis-
tribution of the merger remnant. In contrast to the early merg-
ers scenario, Goater et al. (2024) proposed that the existence
of anisotropic and extended stellar outskirts found in isolated
ultra-faint dwarf galaxics (UFDs) in the Engincering Dwarfs al
Galaxy Formation’s Edge (EDGE) simulations originate from
latc-time accretions of lower-mass companions.

In this context, the fermation mechanism(s) and the cxis-
tence of stellar haloes in low-mass galaxies is(are) not yet com-
pletely understood. Is there a threshold in mass below which
dwarf galaxics do not have stcliar haloes? Arc these halocs
mainly formed by accreted stellar maiterial? Or do they have a
significant amount of in-situ material? And if so, how was Lhis
in-situ stellar component of the halo formed? Was it at early or
late times?

In this work we aimto address these questions [rom a numer-
ical point of view, using new low-mass simulated galaxies from
a new sample of haloes of the Auriga Preject of very high res-
olution. We characterise and analyse the stellar haloes in these
dwarf galaxics. We also investigate the formation scenarios of
their acereted and in-situ components to disentangle their for-
mation history. This paper is structured as follows: in Sec. 2 we
describe the simulations and the sample of galaxies used in this
work, and we define the stellar haloes; in Sec. 3 we present our
results and we discuss them in Sec. 4; [inally, we state our con-
clusions in Scc. 5.

ies

2. Methodology

In this section we introduce the Auriga simulation. that werc
used in this work. We also present the sample of low-mass galax-
ics studied, as well as our definition for the stellar haloes and
accreted and in-situ component of these galaxies.

2.1. The Auriga project

The Aunga project (Grand etal. 2017) is a statc-of-the-art
suite of cesmological magneto-hydrodynamical zoom-in simu-
lations of very high resolution of the formation of galaxics. The
halocs to be resimutated were chosen from the EAGLE project
(Schaye et al. 2015) and are 1 olated enough at z = 0 s0 as to
be the most massive one in their environment. This isolation
was quantilied with an isolation parameter, which involves the
virial mass and radius of the main halo and thosc from which
the distance is computed at z = 0. Briclly, to be considered
as isolated, the centre of a target halo must be located at lcast
9 times the viral radius of any other halo (i.c., 9 Ragp,) away
from any halo whose virial mass exceeds 3% of that of the tar-
get halo. We refer the reader to Grand et al. (2017) for further
details. The resimulated galaxies were then randomly sclected
from the most isolated quartile at z = 0. They were run consid-
cring a ACDM cosmology, being ©,, = 0.307, Q, = 0.048 and
Q4 = 0.693 the cosmological paramelers used. The Hubble con-
stant was taken frem Planck Collaboration et al. (2014), where
its value is Hy = 100hkms™'"Mpc™ and k = 0.6777. The simu-
lations were run using the magnetohydrodynamic code AREPO
(Springel 2010: Pakmor ct al. 2014) with a detailed model for
galaxy formation (see Grand ct al. 2017, for further details). This
model includes relevant baryonic processes for the physics in-
volved in galaxy formation, such as a uniform ultraviolet back-
ground (Vogelsberger et al. 2013), cooling processes from pri-
mordial and metal lincs, a subgrid approach for star fermation
(Springel & Hernquist 2003), stellar evolution, and supemova
feedback mechanisms, metal ennichment from Type IT and Ta su-
pernovae (SNIT and SNIa), and asymplotic giant branch (AGB)
stars, black hole fosrmatien and active galactic nucleus feedback.
The galaxics present in these simulations span a wide
range in dark matter (DM) and stellar mass. The fiducial
suite of 30 Auriga simulations, with a reselution of 10° M,
in dark matter particles and of ~ 5 X 10°My in bary-
onic particles, has been used to represent MW-like and MW-
mass galaxics in diverse studies (e.g., Marinacci ct al. 2017;
Gomez et al. 2017; Monachesi et al. 2019; Gargiulo et al. 2019;
Vera-Casanova et al. 2022; Fragkoudi et al. 2025). Recently, a
new sct of lower mass galaxies has been made available in
Grand et al. (2024). This new sel consists of 26 low-mass galax-
ics, which arc composed of particles with a resolution of 5 X
10* Mg in DM mass and ~ 6 X 10° M, in baryonic mass. The
mass range spanned by these galaxies goes from 5 x 10° Mg
t0 5 x 10" M,, for the DM haloes and from 1.23 x 10° My, to
2.08 x 10" Mg, for their stellar mass. Grand ct al. (2024) showed
that these galaxies reliably reproduce many observed galaxy
propertics and scaling relations, such as the stcllar mass - halo
mass relation and also the scalings of, for example, rotation ve-
locily and star formation rate fractions as a lunction of stellar
mass. Thus, the next legical step is to study their stellar haloes.

2.2. Sample selection and characterisation

In this work we usc a sub-sample of the total sample of 26 cen-
tral galaxics described in the previous section. We select only
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those low-mass galaxies that have more than 10000 stellar par-
ticles, so that each galaxy in our sample is reasonably resolved.
We require that the galaxies have this minimum number of stel-
lar particles because we are interested in studying their outskirts,
which already have a fewer number of particles than the central
regions. By defining the above threshold in stellar particles we
cnsure that all galaxies analysed in this work have a considerable
nurnber of stellar particles (more than 2000) at large distances so
to be able to rely on the obtained results. Fig. 1 shows the stellar
mass of the galaxics as a function of their Moy mass, which rep-
resents the total mass enclosed in a sphere with a mean density
that equals 200 times the critical density of the Universe. The
horizontal dashed line represents the threshold in stellar mass
considered in this work. Conscquently, the sample of low-mass
galaxies analysed in this work consists of 17 galaxies that meet
this criterion, with BM masses ranging from 3.06 x 10! M, to
3.73 x 10" Mg, and stellar masses ranging from 3.28 x 10® Mg,
to 2.08 x 10'® M. Dwarf galaxies considered in this work are
colour-coded by their accreted stellar mass (see Sec. 2.3 for the
accreted definition). The main characteristics of these sclected
galaxies are presented in Table 1 and the galaxies are listed by
decreasing stellar mass values. The denominator in columns 8
and 9 (i.e., Mp,) refers to the total stellar mass of the stellar
halo, and we use this notation to refer to this quantity through-
out this work.
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Fig. L Stellar mass of the complete sample of low-mass galaxies avail-
able in the Auriga Project as a function of their My, mass at z = 0.
In this werk we only analyse those galaxies that have more than 10000
stellar particles, which translates into M, > 6 x 107 M. The horizon-
lal dashed line represenis this threshold in stellar mass in logarithmic
scale. The galaxies used in this work are colour-coded by their amount
of accreted steflar mass.

Since the low-mass galaxies available in the Aunga project
are scparated in two simulation sets according to their DM
halo mass, the Auriga identification numbers (run numbers in
Grand ct al. 2024) are repeated for different galaxies in different
simulation sets. For clarity, we assign our own ID number to re-
fer to cach simulated galaxy (column t). To refer to their original
run numbers and not repeat them, fer the gfzalaxics in the simu-
lation set that contains DM haloes of ~ 10" Mg, we added an L
to their Auriga number and for those gataxies in the simulation
set containing DM haloes of ~ 10'0 Mg we added two L (c.g.,

Article number, page 4

the Auriga 2 of the most massive simulation set is renamed as
"L2", while the Auriga 2 of the least massive simulation sct is
renamed as "LL2"). Throughout this work, we refer to galaxies
with M, > 6.3 x 10° Mg as more massive galaxies, while dwarfs
with lower stellar masses are referred o as less massive galaxies.

The galaxies were rotated from their originally random con-
figuration such as the XY planc corresponds to the disc plane
and, thus, the Z-axis is aligned with the disc’s angular momen-
tum vector for all particles.

2.3. Definition of in-situ and accreted stellar component

Throughout their evolution, galaxics interact with satellite galax-
ies and can undergo a series of merger events. In these processes,
the stellar material of the interacting galaxies can get mixed and
end up belonging Lo a different galaxy than the one they erigi-
nally belonged to. In this sense, it becomes necessary Lo distin-
guish the stellar particles that were originally formed in the main
galaxy from the ones bom in satellites and later acereted onto the
main galaxy.

In this work, we classify the stellar particles of the main
galaxy as cither in-situ or accreted. We define in-situ particles
as those stellar particles that were born from gas that was bound
to the main galaxy, regardless of the origin of the gas (i.e., re-
gardless of whether the gas was formed in the host galaxy or
was provided by a gas-rich satellite). In contrast, we define ac-
creted particles as those stetlar particles originated from gas that
was bound to a different galaxy than the main one (i.c., a satellite
galaxy), regardless of the location of the satellite galaxy. Hence,
cven if the satellite galaxy had already entered the vinal radius
of the host galaxy at the moment the stellar particle was born,
this stellar particle is considered as accreted if it was bound to
it. We emphasise that there are some authors that consider these
particles as endo-debris (e.g., see Gonzalez-Jara et al. 2025).

We make use of the accreted catalogues available in the
Auriga simulations. These catalogues contain a list with some
properties of the accreted stellar particles that can be found at
z = 0, such as their unique identification number (ID), their
peak mass index and the lookback time at which the star parti-
cle first became bound to the main galaxy (for further details see
Grand et al. 2024, and for the complete list of available proper-
ties).

2.4. Definition of stelfar haloes in Auriga low-mass galaxies

There are different approaches to define the stellar halos of dwarf
galaxies. Some recent obscrvational studies define this compo-
nent based on the spatial distribution of the stellar material, us-
ing the half-light radius (Ry) of the galaxy and/or the detec-
tion of low-density outer profiles (e.g., Sestito etal. 2023a,b;
Jensen et al. 2024; Waller et al. 2023; Tau et al. 2024). Other
theoretical studies base this definition on kinematic properties
using the circularity parameter (e, Abadi et al. 2003) of the stel-
lar particles. In this work, we consider a definition based on
a spatial selection criterion: stellar particles located outside an
oblate region are considered as part of the stellar halo. We de-
fine this region such that the semi-major and intermediate axes
arc a = b = 4 R;,. The semi-minor axis (¢) was computed using
the cigenvalues of the inertia tensor censidering the stellar com-
ponent of each galaxy (Barnes et al. 2021). The surface of this
cllipsoid, determined by the equation (33 2z (T P+ (EP =1,
was uscd as the inner limit of the stetlar halo and all stellar par-
ticles that are located up to a distance of 10 R, in all directions
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Table 1. Characteristics of the galaxies of our sample.

Label Auriga Stellar mass DM mass R0 R, M,. Mhﬁa/M’"‘"’ Mhs:lco/M,w,,,

Mol Mo] [kpc]l  [kpel Mo] > 4R, > 5Ry
1 L5 208x 10 373x10"" 138.179 7.736 1.08x 10° 0.24 0.37
2 L1 1.81 x 101 276 x10'"" 125475 5.394 3.45x 10° 0.61 0.67
3 L4 1.80x 101 344x10'"" 138676 6.793 1.77x 10° 0.39 0.49
4 L3 1.78 x 101%  3.15x10""  129.183 5.554 1.10x 10° 0.34 0.50
5 L7 1.23x 1019 198x10'"" 114386 5.032 1.19x% 10° 0.45 0.54
6 LO 8.83x10° 1.36x10'" 98366 1.180 2.14x 107 0.01 0.01
7 L2 829%x10° 1.76x10'" 108487 7.050 3.44x10° 0.53 0.69
8 L6 789x10° 1.15x10'"  96.061 4.802 2.37x 10% 0.32 0.47
9 L11 702%10°  1.16x 101" 94728 4.544 5.11x 108 0.31 0.38
10 L9 6.30x 10° 124 x10'"" 98478 3938 293 x10° 0.18 0.17
11 L10 534x10°  1.02x10"" 92078 3314 7.71x 107 0.07 0.11
12 L8 509x10°  137x10"" 100823 5.540 1.09x 10° 0.43 0.50
13 LL2 3.46x10°  6.10x 10  76.679 3.063 1.12x 107 0.02 0.03
14 LL9 1.06x 10°  444x 10" 70103  3.500 1.66x% 107 0.04 0.10
15 LL8 454x 108  1.55x 10" 49224 1.034 9.74x 10 0.00 0.00
16 LL6 453x 108 3.66x10°  61.001 1.923 2.70x10° 0.01 0.01
17 LL11  328x10%° 3.06x10" 62116 3.161 6.40x 10° 0.04 0.06

Notes. The galaxies are listed in order of decreasing stellar mass. The columns indicate: (1): label used in this work, (2): Auriga 1D in Grand et al.
(2024), (3): stellar mass, (4): DM mass, (5): Ry, (6): half-light radius, {7): accreted stetlar mass, (8): accreted mass fraction of the stellar halo
(inner limit of 4 R;, see Sec. 2.4), and (9) accreted mass fraction of the stellar halo but considering an inner limit of 5 R,,. An ‘L’ or ‘LL’ is added
to the Auriga ID 1o distinguish DM halo masses of 10'" Mg and 10'? M, respectively.

are considered as part of the stellar halo. The amount of particles
found at distances greater than 10 Ry, is not significant and does
not have a meaningful impact on our results. To explore whether
our stellar hale inner limit has a significant effect on our results,
we also computed the stellar halo mass considering an oblate re-
gion with semi-major axes of 5 Ry, as some observational works
(c.g., Gilhuly et al. 2022) use this threshold to define the stellar
halo.

As mentioned before, another way to determine the stellar
halo is through the circularity parameter of the stellar particles.
This parameter is defined as € = J;/J(E) (Abadi et al. 2003),
where J; is the angular momentum around the disc symmetry
axis and J(E) the maximum specific angular momentum pos-
sible at the same specific binding energy (E). This parameter is
useful to discriminate between disc particies from the stellar halo
ones when working with MW-like galaxies but it is not prac-
tical in this work since our sample of low-mass galaxies does
not always present very well-defined discs. Nonetheless, we de-
fined the stellar halo based on € and we found no significant
differences in the results obtained with both selection methods.
The percentage of particles with [e] > 0.7 belonging to our spa-
tially selected stellar halo is less than 10% for the majority of the
galaxies in our sample, with only 5 of them having a percentage
higher than 10% but lower than ~ 20%. Thus, we conclude that
our spatial definition for the stelfar halo is robust and does not
differ much from the one based on the particles’ circularity when
the galaxy has a well-defined disc. Morcover, a spatially selected
region allows for a more straightforward comparison with obser-
vational results.

3. Results

In Sec. 3.1 we present some global properties of the galaxies in
our sample, such as R, and the total metallicity [Z] values. In
Sec. 3.2 we show the results we obtained by analysing the galax-
ics’” in-situ and accreted stellar components at z = 0, emphasiz-

ing their distribution on the stellar haloes. In Sec. 3.3 we analyse
the metallicity of the stellar haloes. We also present an analysis
fecused on the accretion history of the galaxies and their evolu-
tion through time in Sec. 3.4. Finally, in Sec. 3.5 we present a
possible explanation for the formation of the in-situ stellar com-
ponent of these haloes.

3.1. Global properties of the Auriga low-mass galaxies

In Fig. 2 we show the R, for each galaxy in our sample as a func-
tion of their stellar mass. The stellar mass of each galaxy, listed
in the third column of Table 1, was computed considering all the
stellar particles within its Rygg that are bound to it. Here, Ry
refers to the radius inside which the enclosed mass volume den-
sity equals 200 times the critical density of the Universe, and it is
listed in the fifth column of Table 1. We measure the R;, by first
computing the total luminosity of the galaxy in the r band, sum-
ming the flux contribution of every stellar particle that is located
within a radius of 0.2 Ryp9. The Ry, is then obtained by identify-
ing the minimum radius at which the cumulative flux distribu-
tion accounts for half of the galaxy’s total luminosity. Its value
for each galaxy of our sample is shown in the sixth column of
Table 1. Comparing te the Ry, values presented in McConnachie
(2012) for some relatively isolated galaxies, we find that the val-
ues we obtained for this parameter are in good agreement in our
lower stellar mass range. Because of the resolution of the Au-
riga simulations, we do not compare our results with the dwarfl
galaxies with M, < 10® M, presented in McConnachie (2012).
The simulated galaxies are also colour-coded by their acereted
stellar mass. We note that there is a trend such that more massive
dwarfs accrete a higher amount of stellar material than the least
massive ones.

The right panel of Fig. 2 shows the median of the total
metallicity [Z] for each galaxy, as a function of their stellar
mass within Ry,. The Auriga low-mass galaxies follow a mass-
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Fig. 2. Left panel: computed R,, for the galaxies of our sample as a functien of their total stellar mass. The star symbols represent observational
data of some relatively isolated dwarl galaxies 1aken from McConnachie (2012) that fit eur mass range and the LMC and SMC. Right panel:
computed mean metallicities for each galaxy of our sample as a function of their stellar mass within R,. Observational data of some galaxies taken
from Urbaneja et al. (2023) and Sexi! et al. (2023) are represented with pentagons (for red supergiants, RSG) and squares (for blue supergiants,
BSG), and upside-down triangles respectively. The solid line represents data taken from Gallazzi et al. (2005) for a sample of 44254 galaxies taken
from SDSS. In both panels, the simulated galaxies are colour-coded by their ameunt of total accreted stellar mass.

metallicity relation as expected, where higher mass galaxies
are more metal rich (see also Grand et al. 2024). Since this is
the first time this simulation sel is analysed, we compare these
values with observations to assess how well it reproduces the
data. Using observational results from Urbaneja et al. (2023) and
Sextl et al. (2023) for a sample of isolated galaxics, we find that
the obtained metallicitics are generally consistent with the ob-
served values, as they mostly fall within the observational scat-
ter (especially the less massive simulated galaxies). Despile the
good agreement, we note that the Auriga galaxies scem to be a
bit over-enriched for a given stellar mass when comparing with
the observed [Z] from Gallazzi et al. (2005) computed for a sam-
ple of 44254 galaxics taken from SDSS. The [Z] offset between
Sextl et al. (2023) and Gallazzi et al. (2005) studies may be due
to the different spectral libraries used in those works to analyse
their data. Gallazzi et al. (2005) used synthesis models based on
the STELIB library, while Sextl ct al. (2023) adopted the MILES
stellar spectral library.

In Fig. 3 we show the surface brightness maps in the r band
obtained for our sample of dwarf galaxies. We note that the
galaxies have different extents and that their outer parts reach
very low surface brightness values (u > 32 mag arcsec™?), as ex-
pected. The while ellipse represents the inner limit of the stel-
lar halo according to our definition (see Sec. 2.4). Some galax-
ies, such as Auriga 2, Auriga 5 and Auriga 8, show clear stellar
streams and shell features in their stellar haloes. The r band sur-
face brightness radial profiles of all galaxies arc shown in Fig.
4, colourcoded by their total amount of accreted stellar mass.
We compuled these profiles considering the surface brightness
of the stellar particles contained in different concentric 2D an-
nuli and as a function of radius, considering an edge-on pro-
Jjection of the discs. To make a fair comparison, distances in all
profiles were normalised by the corresponding R,. At approxi-
mately 4 R;, most of these galaxies (all but two) have already

reached a surface brightness fainter than ~ 28 mag arcsee ™2, re-

flecting the very dim nature of these galaxies outskirts. There is
also a large diversity in these profiles as we consider farther re-
gions from the centre of each galaxies, spanning a wide range
of surface brightness values, especially in their stellar haloes.
The spread between different galaxies is about 0.5 mag arcsec™
for the values of the inner regions of these profiles, whereas it is
about 7 mag arscec? in the outer regions. We also find that there
is no clear relation between the amount of acereted stellar mass
these galaxies have and the surface brightness values they reach
along their profiles. We note that the two brightest profiles cor-
respond to Auriga 6 and Auriga 15. These galaxics have a very
small R, (see Table 1), so these are very compact galaxies that
have their stellar mass more concentrated. This translates into
higher values of surface brightness in the outer regions in Fig. 4.

3.2. In-situ and accreted stellar material distribution

We computed the acereted mass fractions of our previously de-
fined stellar haloes (see Sec. 2.4) fer cach galaxy of our sample.
These values are shown in the eighth column of Table 1. Interest-
ingly, we see that almost all of the galaxies (save for 2 of them,
the Auriga 2 and the Auriga 7) have less than half of their to-
tal steflar haloes” masses composed of accreted material. This
leads us to analyse the radial distribution ef the accreted stellar
mass fraction at z = 0, in order (o further understand the con-
tribution of this component as a function of radius. To do so,
we obtained the in-situ and accreted siellar mass ratios at z = 0
considering the total stellar mass of each galaxy (i.e., Miy /M-
and My../M»). In Fig. 5 we show the radial distribution of these
latter ratios up to 10 Ry, and colour-coded by cach galaxy’s BM
mass. For visualisation purposes, we divided the sample in three
groups, with galaxies ordered by decreasing total stellar mass.
The solid vertical lines mark 4 Rj, (i.e., the beginning of the stel-
lar halo according to our definition) and 5 R,,. Between 4 Ry, and
~ 6 Ry we sce that all of these analysed galaxies have a consid-
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Fig. 4. Surface brightness profiles in the r band for all galaxies in our
sample, normalized by their respective R, and colour-coded by their
total amount of accreted stellar mass. These profiles were computed in
the XZ projection.

lar halo for almost every dwarf (see column 8 of Table 1), even
when they are not dominated by in-situ material at all radii. In-
deed, the outskirts of most galaxies of our sample are dominated
by accreted stellar material. However, for galaxies with lower
stellar mass (log(M.) < 9.95, middle and right panels of Fig. 5),
we observe a greater spread in the amount of accreted material
present in their outer regions. Additionally, 3 galaxies (Auriga
15, 16 and 17) are never dominated by accreted material at any
radius (right panel). !

The case of Auriga 10 (middle panel) is particularly interest-
ing because this galaxy is dominated by accreted material in its
innermost region. This i due to the fact that it accreted a satel-
lite comparable in mass to its own at very late times (~ 0.58
Gyr ago). The maximum amount of total mass reached by this
satellite is log(Mpeak [Mo]) = 10.97, and the ratio between the
satellite’s total mass and the host’s My at the moment they
merged was AA:%"!—- = 0.62, i.c., a major merger. As a result

@10 Mo
of the merging process, we found that the satellite deposited the
vast majority of its stellar material in the innermost region of this
host galaxy, leaving it with an accreted-mass-dominated core.

Another interesting case is that of Auriga 12 (right pancl in
Fig. 5), where we find that a massive satellite contributes a sub-
stantial amount of accreted material within the central ~ 0.5 R,
due to dynamical friction dragging the satellite’s stellar material
deep into the galaxy’s potential well (Amorisco 2017). Between
~ 1 and ~ 5 Ry, the amount of accreted material decreases, until
it starts to be significant again due to the contribution made by an
carlier accretion event involving the near-simultancous merger
of three smaller satellites. Finally, we see a dominance of ac-
creted malerial from ~ 5.5 Ry, where the contnibution of these
accreted satellites plays a major role.

In Fig. 6 we show the accreted stellar halo mass fractien of
the galaxies as a function of their total stellar mass, colour-coded
by their total accreted mass fraction. We find a strong relation be-

! We note that this resull is not currently statistically significant. This
should be tested using higher-resolution simulations andfor a larger

sample set of simulated galaxies at the current resolution.

tween these two quantities. For comparison, we also include re-
sults from MW-mass simulated Auriga galaxies (triangles), sim-
ilarly colour-coded, as well as observed MW-like galaxies from
the GHOSTS (stars, Harmsen et al. 2017; Gozman et al. 2023)
and Dragonfly (squares, Gilhuly ct al. 2022) surveys. We high-
light that the values of the observed data take inlo account the
total stellar material, because isolating the accreted component
is not feasible. However, since these quantities were estimated
from observations along the galaxies’ semi-minor axis, beyond
10 kpc, they are predicted by models to be dominated by ac-
creted matenal (Pillepich et al. 2015; Monachesi et al. 2016b).
This dominance is also inferred from the comparison between
the total and accreted mass quantities of haloes with these
observations (c.g., Harmsen et al. 2017; D’Souza & Bell 2018;
Monachesi et al. 2019). Our results are in good agreement with
those of Gilhuly et al. (2022), based on observations in a similar
stellar mass range. We note however that in general the galaxies
of our sample have a higher accreted stellar halo mass fraction
than the observed ones. We notice that the stellar halo fraction
of the Dragonfly sample that was considered in this plot is the
one computed outside 5 Ky, of each galaxy. When computing this
value for the galaxies of our sample, we consider the stellar hafo
to start at 4 Ry, from the dwarfs’ centres, which translates into a
larger amount of stellar material in the outskirts and will there-
fore have influence in the slight increase of our values over those
of Gilhuly ct al. (2022). However, to illustrate that there is no
significant diffierence, we show with empty circles the accreted
stellar halo mass fraction of our simulated sample computed be-
yond 5 Ry,.

It can be derived from the colour bar in Fig. 6 that most
low-mass galaxics have a wide range of accreted mass frac-
tion, from 0.0002 to 0.47. Thus, they can have larger accreted
mass fractions than MW-mass galaxies (Pillepich et al. 2015;
Monachesi et al. 2019).

3.3. Metallicity of the steliar haloes

A corrclation between the mass and the metallicity of the galax-
ics is expected because more massive galaxies are able to bet-
ter retain metals due to a deeper gravitational potential well
than less massive ones (Tremonti et al. 2004), and can bet-
ter survive and grow through accretion events, which gradu-
ally increases their metallicity due to the accreted stars they
gain (Fauahi et al. 2020). Additionally, a correlation between
the mass of the stellar haloes and their metallicity was obser-
vatienally found for MW-like galaxies (Harmsen et al. 2017).
Monachesi et al. (2019) confirmed that the numerical models
also predict this stellar halo mass-metallicity correlation for this
stellar mass range, which is driven by the fact that more mas-
sive stellar haloes primarily form through the accretion of few
more massive progenitor galaxies, which were more metal-rich
at the time of their accretion due to the well-established mass-
metallicity relation fer dwarf galaxies (Kirby ct al. 2013). Given
this expectation for MW-mass galaxics, another interesting prop-
erty Lo study in this work is the metallicity of the stellar haloes
to see if a similar correlation with stellar halo mass holds in the
low-mass regime as well.

We computed their median [Fe/H| considering their total
stellar component and also just the accreted one. This is shown
as a function of cach galaxy’s total stellar mass in Fig. 7 (left
panel) and represented with circles and triangles, respectively.
The colour bar represents the total amount of accreted mass the
galaxies have. We find a clear relation in the accreted stellar
haloes such that more massive dwarf galaxies have more metal
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Fig. 6. Accreted stellar halo mass fraction as a function of the galaxies’
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represented with triangles (Monachesi et al. 2019). All simulated galax-
ies are colour-coded with their accreted mass fraction. Observed galax-
ies taken from the GHOSTS (Harmsen et al. 2017; Gozman et al. 2023)
and Dragonfly (Gilhuly et al. 2022) surveys are symbolised with stars
and squares respectively. The stellar halo fractien of the Dragenfly sam-
ple that was considered in this plot is the one computed outside 5 R, of
each galaxy.

rich accreted steflar haloes than less massive dwarf galaxies.
However, when considering the total stellar halo mass, this re-
lation is flattened and there is virtually no such relation with
stellar mass. For the accreted steflar halo we obtain lower val-
ues of [Fe/H] than the ones corresponding to the whole stellar
halo. This is expectled because it formed as a result of the acere-
tion of typically less massive satellite galaxies, which should be
more metal peor assuming the mass-metallicity relation of dwarf
galaxies obtained at z = 0 (Kirby et al. 2013). When considering
different regions of the stellar halo (right panel) we note a vana-
tion between its median metallicity in the inner stellar halo (be-
tween 4 Ry, and 6 Ry, star symbols) and in the outer stellar halo

(between 6 Ry, and 10 Ry, square symbols). The euter stellar hafo
tends (0 be more metal peor than the inner stellar halo, which
can be explained by a greater presence of accreted material in
this region, as shown in Fig. 5.

As mentioned before, a correlation between the total mass
of stellar haloes and their [Fe/H] at 30 kpc along the minor axis
was observationally discovered by Harmsen et al. (2017) using
data of MW-like galaxies taken from the GHOSTS survey. Later
on, Monachesi et al. (2019) were able to numerically reproduce
this result using the MW-like simulated galaxies available in the
Auriga project (see also Bell et al. 2017; D’Souza & Bell 2018).
According to these works, more massive stellar haloes tend to
be more metal rich, which reflects the fact that the properties of
the stellar halos at those distances are dominated by the most
massive accretion events (one Lo three) that a galaxy has had. It
is thus interesting to investigate if this correlation also persists
when considering low-mass galaxies. We computed the median
[Fe/H] of the stellar halo and of the accreted stellar halo and
analysed these values as a function of the total stellar halo mass,
as shewn in the left and right panel, respectively, of Fig. 8. The
colour bar represents the total amount of accreted stellar mate-
rial of the galaxies. We find that, overall, more massive stellar
haloes are more metal rich than the less massive ones, though
with a large scatter when considering the total (in-situ + ac-
creted) stellar halo (left panel). The median [Fe/H] values range
from —0.46 to —0.97. This relation becomnes tighter when com-
puting the metallicity of the accreted stellar halo (right panel),
in addition to getting a larger spread of median [Fe/H] valucs,
going from -0.49 o —2.61. Hence, it is worth exploring if this
correlation remains when considering only the accreted stellar
halo mass.

The left panel of Fig. 9 shows the median [Fe/H] of the
accreted stellar halo that was computed considering all the ac-
creted stellar particles of the stellar halo focated in the direc-
tion of the semi-minor axis of cach galaxy up to a distance of
10 R;,. This was done to then place our results in a bigger context
by comparing with data of some observed MW-mass galaxies
taken from the GHOSTS survey (triangular symbols) and also
with the Auriga MW-mass results obtained in Monachesi et al.
(2019) (square symbols). In said work, the authers consider the
stellar material located at a distance of 30 kpe along the semi-
minor axis and they claim that it accounts for an accreted compo-
nent because the contribution of in-situ stellar matenal along the
semi-minor axis at that distance is negligible (Monachesi et al.

610

620

630

640

650



660

870

680

o o -0.4 =
| 9 ¢ --o. 0.6 * B 9
® ® » Y
=101 -0.8 *
@ —_—
& A * 8 ©
c _1.0 1 z
A e
._g —15 1 u
(V]
0 ~1.2{0 O 73
o A O =3
®-20{%, & A -1.4 8
i
= 1163 6
® Total halo # Total halo: 4R, to 6R,
-2.51 & Accreted halo -1.81 C O Total halo: 6R;, to 10R,
8.5 9.0 9.5 10.0 8.5 9.0 9.5 10.0 3

log(M. (Mo ])

log{M. [Ms])

Fig. 7. Left panel: median [Fe/H] of the stellar halo (circles) and the accreted stellar halo (triangles) as a function of the galaxies’ 1otal stellar mass.
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a function of the galaxies’ total stellar mass. The colour bar represents the (otal amount of accreted stellar material of the galaxies.

2016b). Therefore, the values that they obtain regarding the
[Fe/H] are associated with an accreted stellar halo. The com-
puted values are shown as a function of each galaxy’s accreted
stellar halo mass. Indeed, we find a very strong correlation be-
tween acereted stellar halo mass and the median metallicity of
this component. All simulated galaxies are colour-coded accord-
ing Lo their total PM mass. We also find that the more massive
the accreted stellar halo is, the more metal rich it is. Morcever,
for a given halo metallicity value, galaxies with a larger dark
matter haloes have a more massive accreted stellar halo. We note
that at a given accreted stellar halo mass dwarf galaxies are more
metal rich than the observed and simulated MW-mass galaxies.
This will be further investigated in an upcoming paper.

The right pancl of Fig. 9 shows the accreted stellar halo me-
dian [Fe/lT] of each galaxy as a function ef the total stellar mass
of the satellite galaxy that contributed the most to the stellar halo
(i.e., the most dominant satellite of the stellar halo). We find a
rclation such that the galaxies with a more metal-rich accreted
stellar halo have a larger most dominant satellite. Additionally,
we [ind that, fer all galaxies in our sample, the most dominant
satellite of the accreted stellar halo is also the most dominant
satellite when considering the whole galaxy. In other words, the
satellite galaxy that contributed the most to the accreted compo-
nent of the stelfar halo is also the one that contributed the most
to the overall accreted stetlar material of the galaxy.

3.4. Accretion history of low-mass galaxies and its
connection to their stellar haloes

The accretion history of the analysed galaxies can help explain
the results found in Secs. 3.2 and 3.3 regarding the distribution
of the accreted stellar component and its metallicity in the stellar
haloes. In Fig. 10 we show the evolution of the accreted stellar
mass component of each dwarfl galaxy of our sample through
time. This was computed as the ratio of the accreted stellar mass
at a given time {o the total amount of accreted stellar mass that

cach galaxy has at z = 0 (Mu.(2)/Muce.=0). Each galaxy is
colour-coded according to their total stellar mass at z = 0. For
a clearer visualisation, we split the sample panels based on their
stellar mass. We note that, in general, the more massive galaxics
(M. > 6.30 x 10° My, left panel of Fig. 10) keep on accreting
material until kater times than the less massive ones. To quantify
this, we computed the formation time of the accreted compo-
nent, i.e. the mean time of each subsample by which galaxies
have obtained 90% of their accreted material (fop), as well as the
mean time by which they had obtained 50% of their accreted
material. Both of these times are represented with vertical lines.
The more massive galaxies (left panel) had accreted 50% of their
accreted component 6.35 Gyt ago, and 90% of it 4.44 Gyr ago,
whereas the less massive ones (right panel) had already obtained
these amounts of accreted material 9.77 Gyr and 8.17 Gyr ago
respectively. Thus, the more massive galaxies have formed their
accreted component at later times, about 4 Gyr later than the less
massive ones.

From Fig. 10 we can alse infer that the fact that the in-
situ component dominates at all radii for the three least mas-
sive galaxies (as scen in the right panel of Fig. 5) is more
related lo these galaxtes’ stellar mass rather than the quiet-
ness of their accretion history. Some more massive galaxics
(M, > 6.30 x 10° My, left panel of Fig. 10) with quiet accre-
tion histories (i.¢., no evidence of accretion later than z ~ 0.4)
still show accretion-dominated outskirts. This is consistent with
findings for MW-mass galaxics, whose outskirts are accretien-
dominated regardless of whether accretion occurred carly or late
(e.g., Deason ct al. 2013, 2016).

As a means to betler understand the accretion events that
these galaxies have undergone, we analysed the progenitors that
contributed to the accreted material present at z = 0 in each of
themn. The left panel of Fig. 11 shows the cumulative accreted
stellar mass of cach galaxy as a function of the number of pro-
genitors (i.e. accreted satellites), colour-coded by the galaxies’
otal stellar mass. The x-axis is limited to the 10 progenitors
that contributed the most. We consider those satellites that ac-

690

700

710

720



730

o
= o F
i
T 0.6 Y b
‘E Tl
c s
o -0.7 -
° ® £
E o8 . g
® ° o
£ s
-0.9
o
70 75 80 85 9.0
l0g(Mpato (Mo 1)
Fig. 8.

ies

_® o
~1.0 s ﬂ
°® 8%
=
—-1.51 ® —L:
%
‘=
2.01{® ° g
6
. 5
70 75 80 85 9.0

log{Mpaio [Mo 1)

Lefl panel: median [Fe/H] of the stellar halo as a [unctien ef its tetal stellar mass. Right panel: median |Fe/H] of the accreted part of the

stellar halo as a function of its total stellar mass. The colour bar represents the total amount of accreted mass of the galaxies.

0.5 : :
ada GHOSTS P
. 00 Auriga MW-mass you 12,3
I .

5 @8® This work 12.0
w -0.5 ° P.= =
c A 11.7 &
S :., + =
T.Ei -1.0 e 114 2
=
. @ | =T, =
C;é -1.5 * * 11.1 g

E S 10.8

£ l' e 10.5

-=2.5 : - - i 10.2

4 5 6 7 8 9 10 11

|Og ( Mmr halo [ M ])

-0.5
9.0
'i‘ A_.
s -1.0 8.4
= =
A 7.8
& . A z
9 7.2 ¢
E z
v 6.6 @
o -2.0 ey 2
T 6.0
s
-2.5 5.4
A
4 5 6 7 8 9 10 11
log{M,.. [M:1])

Fig. 9. Left panel: median [Fe/H] of the accreted part of the stellar halo along the semi-minor axis as a function of the accreled stellar halo
mass of each galaxy. Some ohserved MW-mass galaxies taken from GHOSTS dalta are also shown as green triangles, as well as the MW-mass
set of Auriga simulations represented with squares. All simulated galaxies are colour-coded accerding (e their total DM mass. We find a strong

correlation between the |Fe/H| and the stellar mass of accreted stellar hal
in the direction of the semi-minor axis of its stellar halo. Right panel: n
provided to the whole galaxy by the most dominant satellite of the accrel
mass.

count for 90% of the accreted stellar mass to be significant pro-
genitors. The horizontal dashed line in Fig. 11 marks this 90%
threshold. The galaxies in our sample have between 1 and 7 sig-
nificant progenitors (but see Sec. 4.2 fer further discussion). We
do not find any clear relation between the number of signifi-
cant progenitors and the stellar mass of the main galaxies. This
can be inferred from the colour bar, which shows that galaxies
with stellar masses of about 10'° M, can have as many signifi-
cant progenitors as galaxies with stellar masses of about 10° Mg,
For example, in the cases of Auriga 2 and Auriga 14, they both
have 3 significant progenitors, but they have stellar masses of
M, = 1.81 x 10" Mg and M. = 1.06 x 10° M, respectively. On

o. The arrow represents the Auriga i5 that dees not have accreted material
iedian [Fe/H] of the accreled stellar halo as a function of the stellar mass
ed stellar halo. All galaxies are colour-coded by their (otal accreted stellar

the nght-hand panel of Fig. 11 we show the progenitors’ contri-
bution to the accreted part of the stellar halo. The galaxies in our
sample have between 1 and 6 significant progenitors in their stel-
lar haloes. Similar to when considening the whole galaxy, there
is no clear correlation between the number of significant progen-
itors that contributed to the stellar halo and the stellar mass of the
galaxies. For 12 galaxies in eur sample (70.6%), we find that all
of the significant progenitors of the stellar hale are also signifi-
cant progenitors when considering the total amount of accreted
material in the whole galaxy. The remaining 5 galaxies (29.4%)
have at least 1 significant progenitor of the stellar halo that is
also a significant progenitor when considering the whole galaxy.
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Fig. 11. Lefi panel: cumulative accreted stellar mass as a function of the progenitors of each galaxy. Right panel: cumulative sum of the accreted
stellar mass located in the stellar halo as a [unction of the progenitors. We only show up to 10 progenitors for the most massive dwarf galaxies, but
some of them have even more. The threshold that marks 90% of the accreted mass is represented with a horizontal dashed line. We do not find a
correlation between the number of significant progenitors and the stellar mass of the galaxies.

In Fig. 12 we show the cumulative accreted stellar mass for
cach galaxy as a function of their significant progenitors’ stellar
mass, colour-coded by the amount of total accreted stellar mass
of the host. We note that the galaxies with more accreted ma-
terial have accreted more massive significant progenitors. Fur-
thermore, in Fig. 13 we show the number of significant progeni-
tors the galaxics have against their total acereted mass to analyse
if there is a relation. However, we do not find any clear corre-
latien between these quantities, as opposed to what it is found
in MW-mass galaxies in which the higher the amount of ac-

creted material is, the fewer significant progenitors the galaxy
had (Monachesi et al. 2019). If any, there secems to be an oppo-
site trend for this stellar mass range: the higher the acereted com-
ponent, the larger the number of significant progenitors. This is
consistent with the results from Gonzalez-Jara et al. (2025). We
note that this lack of cerrelation between total M, and the num-
ber of significant progenitors would persist regardless of the or-
bital parameters of the satellite galaxies. If anything, the orbital
parameters may influcnce the distribution of the accreted stellar
mass, potentially affecting the relation between the number of
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Fig. 12. Cumulative sum of the accreted cemponent provided by each
galaxy’s significant progenilors as a function of their significant progen-
itors” mass. Galaxies with more accreted malerial have accreted mere
massive significant progenitors.

significant progenitors and the accreted mass in our defined stel-
lar halo region. The open circle represents Auriga 15, which is a
galaxy with an accreted stellar mass of M, = 9.74 X 10° M.
Given that the stellar particle resolution of the Auriga simula-
tions is 6 X 103 M, the amount of accreted stellar material in
this galaxy is at the resolution’s limit. Analysing this galaxy in
detail, we find that it has a very low number of accreted particles
and that not all of themn belonged to the same satellite galaxy
before being accreted. This is the reasen why Auriga 15 has 7
significant progenitors, and we highlight that this number must
be taken with caution. If we discard Auvriga 15 when analysing
Fig. 13, we still find no correlation between the number of signif-
icant progenitors of the galaxies and their accreted stellar mass.
This was also quantified with the Spearman correlation coefhi-
cient, for which we obtained a value of p = 0.177 implying that
there is no meaningful correlation between these quantities. The
colour bar shown in Fig. 13 represents the total stellar halo mass
of the galaxies, bul once again we sec a huge spread and we do
nol find any correlation between the mass of the stellar haloes
and the amount of significant progenitors of the galaxies.

3.5. Formation of the in-situ stellar halo in low-mass galaxies

The inner regions of the stellar haloes of the low-mass galax-
ies studied in this work are composed mostly of in-situ stellar
material (see Sec. 3.2). It is therefere interesting to understand
how this in-situ component of the stellar halo was formed. To
do so, we first select the in-situ stellar particles that are part of
the stellar haloes at z = 0, and compute their birth positions
(Rpirn)- These positions correspond to the location the stellar par-
ticles had when they first appeared in the simulation. In Fig. 14
we show the density maps of their ages (which serves as a star
formation history) as a function of their Rpiqn, normalised by
cach galaxy’s R,. The most dense regions are coloured in yellow
while the least dense ones are in blue. There is a wide variety
of stellar ages in all stellar haloes, ranging from ~ 12 Gyr to
~ 0.5 Gyr. We also plotted the age distribution of these particles
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Fig. 13. Number of significant progenitors as a function of each galax-
ies’ accreled mass, colour-coded by their siellar hale mass. We do not
find any clear correlation between these quantities. The open circle rep-
resents Auriga 15 with M, = 9.74 X 10* M, which means that it has a
low amount of accreted particles due to the simulation’s resolution and
hence the number of these particles is insuflicient for a robust result.

on the right side of cach panel. The arrows in hese figures cor-
respond to the time when a merger occurred that satisfied that
the maximum total mass reached (Mpea) by the accreted satel-
lite throughout its evolution was at least ‘1]& times the Map of
the main galaxy. These arrows are colour-coded according to the
M eax of the satellite. The vertical dashed lines represent the 4 Ry,
values at z = 0 and are only shown in the cases where the Ryian
values reach or exceed that distance.

We find that stellar particles in the in-situ halo at z = 0 were
formed in the inner regions of the galaxies and were then ejected
to the stellar haloes for all cases but one (Auriga 6). Additionally,
the most massive merger events shown in Fig. 14 triggered star
formation in the main galaxies. We find that the birth of ~ 8%
(Auriga 13) to ~ 43% (Auriga 4) of the in-situ stellar particles
located in the stellar halees at z = 0 can be associated with a
merger event. If the satellite was gas-rich, these stellar particles
formed during the interactions are born out of the gas provided
by the satellite that mixes with the gas already present in the
main galaxy. Then they are subscquently cjected to greater dis-
tances than their Rpign where they can be found at z = O by cither
the same merger cvent that provided the gas that contributed to
their formation or by a later one. For instance, this is the case
of Auriga 9, where we can see that the galaxy has a consider-
able amount of in-situ stellar particles with ages of ~ 6 Gyr in its
stellar halo and that, at the same time that these particles formed,
the galaxy was interacting with a satellite of Mpex ~ 10192 M,
that ended up merging with it. Fig. 15 shows the gas and stellar
mass fraction (symbolised with circles and stars respectively) of
cach satellite for 3 galaxies of our sample, computed at the time
when these satellites reached their Mpea. As presented in the
right panel of this figure, the satellite involved in the merger that
took place ~ 6 Gyr ago in Auriga 9 had a considerable amount
of gas that contributed to the burst of star formation this galaxy
underwent at approximately that same time. Merger events hap-
pening at different times to a same galaxy help contribute to the
variety of stellar ages found at z = 0 in their in-situ stellar halo.
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Interestingly, as shown in Appendix A, we find a difference
in the star formation history (SFH) between the in-situ stellar
material in the stellar haloes and that within 4 R,. The SFH of
the in-situ halo particles at z = 0 shows bursts of star formation
coinciding with merger events, indicating that these interactions

influenced their formation. In contrast, the SFH of in-situ par-
ticles within 4 R, at z = 0 does not exhibit such pronounced
starbursts during merger events.

This scenario regarding the tnggering of star formation dur-
ing interactions is further corroborated when comparing the me-
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dian [Fe/H] of the in-situ stars generated during the interaction
or as a consequence of the merger event, and the one of all of the
in-situ stellar material of that same age lecated within 4 R, of the
galaxy at z = (0. We computed these values for all galaxies in our
sample and we get that the median [Fe/H] value of the stellar par-
ticles that are part of a same burst of star formation (i.e., green
and yellow over-densities in Fig. 14) is always lower than the
median [Fe/H] value of the in-situ population with the same age
inside 4 Ry, in cach galaxy. The median of the difference between
these metallicity values is of 0.3 dex. Therefore, this indicates
that the gas brought in by the satellite galaxy played a role in
forming stellar material.

We note that the over-density peaks representing bursts of
star formation in the lower mass range of our galaxices are less
pronounced than those of the higher mass end. Nevertheless, we
analysed the median [Fe/H] of the stellar particles born in the
star formation bursts of the particles that now belong to the in-
situ halo and this trend regarding the difference in metallicity is
still obtained in these dwarf galaxies.

However, the contribution of stripped gas, provided by gas-
rich satellites, to the formation of the in-situ halo stars may not
be the same in every main dwarf galaxy. To test this, we analysed
the [Fe/H] distribution of the acereted and in-situ components of
the stellar halo. We find a bimodal distribution in 8 out of 17
galaxies (~ 50%), indicating that in those galaxics the contribu-
tion to the stellar halo of in-situ particles born out of accreted
gas is not significant (sce Appendix B). The remaining galaxies
do not present a bimodality in their [Fe/H] distribution, which
means that the in-situ material born out of accreted gas signifi-
cantly contributes to their in-situ stellar halo. We also find that
it would be suitable to make a cut in [Fe/ll] = —1.5 to obser-
vationally detect the accreted component of the stellar haloes in
low-mass galaxies (see Appendix B for further discussion).

The case of Auriga 6 is quite interesting because, as shown
in Fig. 14, this galaxy formed a lot of the in-situ stellar material
that belongs to the stellar halo at z = 0 already in its outskirts.
The satellites that merged with this galaxy between ~ 12 and
~ 7 Gyr ago provided it with a lot of gas (see middle panel of
Fig. 15), but it was not used to ferm this in-situ component be-
cause the [Fe/H] distribution of this material does not match the
one of the acereted component in the stellar halo (sce Fig. B.1).
Given the fact that Auriga 6 is a very compact galaxy (see Fig.
3), even though the majority of the stars formed during these

mergers were bom at Ryqn = 5 — 7 kpe, their birth locations
are considered as part of the stellar halo according to our defi-
nition. Hence, it is also possible for a dwarl galaxy Lo have an
in-situ stellar halo comprised by stellar material that was formed
already in the galaxy’s outskirts if the galaxy is very compact.

We note that, in this work, we have focused on external pro-
cesses (i.e., merger events and interactions) that drag in-situ stel-
lar material into the stellar halo, but there can also be internal
processes that cject this material into the outskirts (e.g., radial
migration, vertical buckling, secular evolution and stellar feed-
back). However, these processes are not cffiective in kicking out
in-situ stellar particles te such large radii as are found in this
work, in addition to mostly moving these particles radially in-
stead of vertically. If any, the contnibution to the in-situ stellar
halo due to internal processes is not expected to be dominant.
Morcover, they mostly involve bar-induced instabilities or strong
spiral arms, which are not present in our sample.

4. Discussion

In this section we compare our results with observational works,
aiming to explain properties present in some observed dwarf
galaxics. We also place our results in context with the results
of stellar haloes of MW-mass galaxies.

4.1. Stellar halo characterisation

In this work we find that the stellar haloes of the Auriga low-
mass galaxics arc mostly composed of in-situ stellar material
in the inner regions (4 — 6R,) for all galaxics, and that the
in-situ material even dominates at all regions in the less mas-
sive galaxies. Placing this result in a breader context, this is
diffierent to what 1s found in MW-mass stellar haloes (Ielmi
2008; Pillepich et al. 2015; Bland-Hawthormn & Gerhard 2016;
Harmsen et al. 2017; Helmi et al. 2018; Monachesi ¢t al. 2016b,
2019), where the outskirts of these structures are always dom-
inated by accreted material. The contribution of the accreted
stellar component in the stellar haloes of the lew-mass galax-
ies analysed here dominates always in the higher-mass range
(M, > 1 x 10° M) of our sample beyond ~ 5 R, (see Fig.
5), resembling the behaviour observed in MW-mass galax-
ies (Zolotov ct al. 2009; Font et al. 2011; Tissera ct al. 2012;
Monachesi et al. 2016b, 2019), except for two galaxies (see be-
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low). Interestingly, we find that the Auriga galaxies with a stellar
mass fower than 4.54 X 10° M, have their stellar haloes domi-
nated by in-situ material at all radii. We note, however, that fer
stellar masses between 1.06 x 10° Mg and 8.83 x 10° My, it could
also happen that their outskirts are dominated by in-situ stars.
This is the case of Auriga 6 and Auriga 10, which are both dom-
inated by in-situ material at large radii (sece middle panel of Fig.
5). Auriga 6 is a very compact dwarf galaxy (see Fig. 3) and Au-
riga 10 has accreted a satellite galaxy comparable in mass to its
own, which sunk into its centre (see Sec. 3.2). Therefore, we find
that the outer regions of high-mass dwarf galaxies of our sample
arc dominated by accreted material, but that the in-situ compo-
nent dominates in those of less massive dwarfs, indicating that its
in-situ material is more prone to migrate inte the outskirts. It can
also imply that the satellites they acerete contain very little stel-
lar material because they are very small and mostly comprised
by dark matter, and thus they are unable to contribute to the ac-
creted stellar halo.

Conceming the metallicity of these stellar haloes, the corre-
lation between the mass of these structures and their metallicities
found by Harmsen et al. (2017) in MW-mass galaxies extends to
the Jower mass range analysed in this work, when considering
only the accreted stellar halo. We see in Fig. 9 that galaxies with
a more massive accreted stetlar halo are more metal nich than
those with a less massive accreted stellar halo. However, when
considering the MW-mass regime, this relation implied that their
outskirts are deminated by one to three major accretion events,
and hence we can use the stellar halo mass or its metallicity to
estimate the most massive accretion event that a galaxy has had.
In the low-mass regime we do not observe a correlation between
the number of significant progenitors and the accreted mass of
the galaxics (sce Scc. 4.2 for further discussion). In addition, as
the stellar haloes of low-mass galaxies are dominated by in-situ
material in their inner regions (4 -6 Ry,), analysing their metallic-
ities does not provide such a straightforward link with the satel-
lite galaxies they accreted. This can only be considered beyond
~ 6 R, for more massive dwarf galaxies, where the accreted stel-
lar material dominates.

4.2. Accreted component of the steflar halo

As we analysed the accretion history of these dwarf galaxies, we
found that the most massive ones keep on accreting material until
later times, while the least massive ones typically stop undergo-
ing merger events carlier on (see Fig. 10). The mean formation
time of the accreted component (1gg) of the more massive galax-
ies in our sample is 799 = 4.44 Gyr ago, while in the case of the
less massive galaxies of our sample it is Tog = 8.17 Gyr ago. We
also computed 1go considering only the accreted stellar particles
that belong to the stellar hato (as opposed to the overall accreted
component), to see if this trend is also reflected in this structure.
We found that 799 = 3.93 Gyr ago for the accreted stellar haloes
of the more massive galaxies in our sample, while 790 = 7.03
Gyr ago for those in less massive galaxies. Thus, accreted stel-
lar halocs of mere massive dwarf galaxics keep on forming until
later times than those of less massive dwarfs.

This scenario could apply to the case of the observed iso-
lated dSph galaxy KKs 3 studied by Karachentsev et al. (2015)
and Sharina et al. (2018). This galaxy has a stellar mass M, =
2.3 x 107 Mg and these authors stated that it has not been per-
turbed in the last 10 Gyr. This conclusion is supported by the
lack of star formation in the last Gyr, the galaxy’s isolated posi-
tion (located approximately 2 Mpc from the nearest large galaxy
and 1 Mpc from any known dwarf galaxy), and the absence of

any significant star formation events after the one it experienced
over 12 Gyr ago. Even though the galaxies in our sample do not
reach such a low stellar mass, one could assume that the corre-
lation between 1o and the stellar mass extends to a less massive
regime. If this were the case, our results suggest that KKs 3 did
not interact with satellite galaxies in the last ~ 10 Gyr indeed. A
detailed analysis using high-resolution simulations of less mas-
sive galaxies is needed to corroborate this.

We also found that, regardless of the total stellar mass of
the dwarf galaxy, the number of significant progenitors of the
galaxics in our sample are rather few and ranges from 1 to 7
(see Fig. 11). Our analysis shows no meaningful correlation be-
tween the stellar mass of the dwarfs and the number of signifi-
cant progenitors. We also do net find any clear refation between
the accreted mass of the galaxies and the number of significant
progenitors they have, as shown in Fig. 13. This means that the
correlation found in the MW-mass range between the number of
significant progenitors and the accreted mass of those galaxies
(Monachesi et al. 2019) does not extend to the low-mass regime.
However, when studying the stellar mass that the significant pro-
genitors deposited in the galaxies of our sample, we found that
the galaxies that have a greater amount of accreted material have
obtained it by accreting more massive satellites (see Fig. 12).
This also happens in the mass range of MW-mass galaxies, for
which it has also been found that galaxies with more massive
stellar haloes and with a higher amount of ex-situ stellar mate-
rial have gained it during merger events with larger progenitors,
and that there s normally one massive satellite that dominates
the accreted mass (e.g., Bell et al. 2017; D’Souza & Bell 2018;
Monachesi et al. 2019).

Our results can also help shed light on the recently discov-
ered stellar halo around Ark 227, an isolated dwarf galaxy with
a stellar mass of M, = 5 x 10° My, and the accretion history
of this galaxy. Conroy et al. (2024) found accreted shells that
were likely formed after at least two minor mergers, one with
a galaxy of M. ~ 10* My and another one with a galaxy of
M, ~ 107 M,,. According 1o our results for Auriga 12, which is
the galaxy of our sample closest in stellar mass to Ark 227, it 1s
probable that the observed galaxy accreted this material over ~ 5
Gyr ago, and that the 1o of its stellar halo was around 4.36 Gyr
ago. Conroy ct al. (2024) also estimated Ark 227 (o have a stel-
lar mass of 2 x 108 My, within 10 and 50 kpe from its centre and
of 107 M, at distances larger than 50 kpc. Thus, if we consider
these values as a lower limit of the galaxy’s stellar halo mass, we
can infer fromFig. 13 that Ark 227 has likely had between 2 and
4 significant progenilors.

4.3. in-situ component of the stefiar halo

We explored the formation mechanism of the in-situ compo-
nent of the stellar haloes and found that it consists mostly of
stellar material originally generated in the inner regions of the
main galaxy but is then likely expelled to its outskirts during
interactions with satellite galaxies. Additionally, some of this
in-situ stellar matenial originated as a direct consequence of
merger events, born out of the gas that gas-rich satellites pro-
vide the main galaxy with. This supports the results found in
Stierwalt et al. (2015), who analysed observational data of 60
isolated dwarf pairs and suggested that, in the stellar mass range
107 — 10° M, the interactions between two dwarf galaxies in
this environment can lead to an enhancement in their star ferma-
tion rate, and that starbursts can be triggered throughout these
mergers even in early stages in the interaction. As mentioned
before in Sec. 4.2, along with the gas, satellite galaxies can also
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provide steflar material to the main galaxy and constitute the
accreted part of stellar halo seen together with the in-situ one.
In the context of relative isolation in which the galaxies of our
sample evolve, the interactions between dwarfs lead to their in-
cvitable merger that has this impact in the formation of the main
dwarf’s stellar halo. This idea is also supported by Paudel et al.
(2018) who found that the probability of having dwarf-dwarf in-
teractions and mergers increases in low-density environments,
because in the case that the dwarf galaxics are close to a giant
galaxy, the interaction between them will most likely not take
place, and instead they will both become satellites of the giant
galaxy.

It is important to remark that the R, we took into considera-
tion when analysing Ry, to see if the stellar particles were born
in the stellar halo s the one that the galaxies have at z = 0. The
size of the galaxies will be changing from snapshot to snapshot
as the galaxy grows and cvolves, so the R should be smaller at
carlicr times. As we base our definition of the stellar halo on R,
this means that the beginning of this structure would be closer
to the galaxy’s centre at carlier times than at the present day.
Therefere, some of the stellar particles shown in Fig. 14 may
have been born in the inner stellar haloes of the galaxies.

The outskirts of NGC 5238, a relatively isolated fow-mass
galaxy of M, ~ 10® M, can also be explained by this scenario
where in-situ stars are expelled to the outer regions, matching
the claim of Pascale ct al. (2024). The authors analysed data of
this galaxy taken from the SSH survey and identified low surface
brightness tidal features around it, such as a northern “umbrella”
and a southern plume. Using N-body simulations, Pascale et al.
(2024) tried to reproduce the interactien with a satellite of signif-
icantly lower mass that this galaxy had, which could be respon-
sible for the overdensities of old stars present at large distances
from the centre of NGC 5238 towards its northern and southern
regions. They found that the disc of NGC 5238 was distorted af-
ter the interaction and stellar maternial that belonged to it ended
up located at these farther distances where they are observed
today. We suggest, according to our proposed formation mech-
anism for stelfar haloes acting in dwarf galaxies with slightly
higher stellar mass than NGC 5238, that some of the stellar ma-
terial that was dragged to the outskirts of this galaxy should have
also been born during this interaction. In addition, following our
results for this stellar mass range, we can also suggest that the
outskirts of NGC 5238 are dominated by in-situ stellar materzal
at all radii.

Ouwr results also consider the case of the observed isolated
dwarf IC 1613 Pucha et al. (2019), with a stellar mass of M, =
108 M, (McConnachic 2012). The surface brightness of this
galaxy at ~ 5 R;, reaches as low values as ~ 33.7 mag arcsec2.
According to our analysis presented in Sec. 3.2 and discussed in
Sec. 4.1, it is probable its stellar halo has a considerable amount
of in-situ stellar material that dominates even at its farthest dis-
tances. This structure could have also been built up due to inter-
actions and mergers that the galaxies underwent during its evo-
lution and caused a redistribution of stars that were formed in the
inner regions. Pucha ct al. (2019) claimed that IC 1613 does not
present clear evidence of aceretion events (such as stellar streams
or obvious tidal material), although they do think that some out-
crmost intermediate-age and old stars have structural properties
more consistent with accretion than in-situ formation scenarios.
In most of the least massive galaxies in eur sample, with stel-
lar masses of the order of IC 1613, stellar streams, pronounced
shells or any other trace of accretion events are indistinguishable
(see Fig. 3), but these dwarfs do interact with satellite galaxies
duning their evolution history nonctheless. Thus, our results im-

ply that IC 1613 should have interacted and accreted low-mass
satellite galaxies even though the observational evidence is not
casily perceived in its outskirts.

Our simulations are also in agreement with results in the
Magellanic Clouds’ outskirts, although in this case they are not
isolated dwarfs. These galaxies are interacting with each other,
besides being affected by the MW, which can produce a redis-
tnbution of the stellar material of their inner parts. For instance,
? studied 6 outer regions of the Magellanic Cleuds and found
that there is stellar material that used to belong to the LMC disc
present in the Magellanic Clouds outskirts. Moreover, substruc-
tures in the southern periphery displayed a mix of LMC-like and
SMC-like populations based on their chemical and kinematic
signatures.

It could be natural to consider that the relation discussed in
Sec. 4.1 between the stellar mass of the galaxy and the dom-
inance of the in-situ component in the stellar halo can be ex-
trapolated to low-mass galaxies with M, < 10% M. Lower-mass
galaxies accrete less massive satellites, many of which may not
have been able to form stars, leading to a lower amount of ac-
creted stellar mass (see Fig. 1). In addition to this, the lower the
galaxy’s mass, the more likely it is to be perturbed by subhalo
interactions, which can further promote the formation of stellar
haloes from heated in-situ material. Consequently, if this cor-
relation between the stellar mass and the dominance of the in-
situ component in the outskirts extends to a lower-mass regime,
the stellar haloes found in dwarl galaxies with stellar masses
lower than that of our considered mass range, such as Sagit-
tarius DIG (M, = 1.14 x 10° My, Higgs et al. 2016), DDO
187 (M, = 7.8 x 10° M5, McConnachic 2012) and NGC 3109
(M, = 7.6 x 107 Mg, McConnachie 2012), should also be dom-
inated by in-situ stellar material at all galactocentric distances.
Furthermore, our results suggest that even lower-mass galaxies
may form their in-situ stellar halo component through interac-
tions with smaller ebjects. These encounters could trigger star
fermation while alse heating and kicking out in-situ malterial.
Indeed, Subramanian et al. (2024) performed a UV study of a
sample containing 22 interacting and 36 single gas-rich dwarfl
galaxies and feund that, for the 107 — 10® M,, stellar mass range,
dwarf-dwarf interactions lead to an enhancement in their star for-
mation rate. The authors claim that the interacting systems’ star
fermation rate is enhanced by a factor of 3.4 + 1.2 compared to
single dwarf galaxies.

4.4. Numerical limitations

The numerical simulations used in this work present some limi-
tations when working in the low-mass range. The sub-grid mod-
¢ls were originally designed for higher mass ranges, and while
they provide some insights into the assembly of low-mass galax-
ies, the results obtained in this low-mass regime may be affected
by the subgnd physics involved since the resolution may not be
sufficient to capture all relevant physical processes. For further
details regarding the limitations and technicalities of the Auriga
simulations, see Grand et al. (2024).

Dwarf galaxies in the Auriga low-mass stmulations reach as
low stellar masses as M, = 5 10* M, with a baryonic mass res-
olution of ~ 10° M. Even though the resolution is indeed very
high for cosmological hydrodynamical simulations, the smallest
mass probes leave us just few hundreds to few thousands of par-
ticles per galaxy. Studying the stellar haloes of these galaxies,
which have much fewer particles, is not reliable in this regime.
It is also worth noticing that the resolution limitatton will af-
fect the satellite galaxies involved in the evolution history of our
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simulated sample as well, especially these with very low stellar
masses (M. < 107 M).

5. Summary and Conclusions

In this work we used a new set of very high resolution hy-
drodynamical cosmological simulations from the Auriga project
(Grand et al. 2017, 2024) to characterise and study propertics of
the stellar haloes of low-mass galaxies. We alse studied their
evolution through time and their possible formation mecha-
nisms. The resofution of these new simulations are of 5x 104 M,
in DM mass and ~ 6 x 10 Mg, in baryonic mass, which allows us
to resolve galaxies within a stellar mass range of 3.28x 108 Mg <
M, < 2.08 x 10" M, with more than 10080 particles. We set a
definition for the stetlar haloes in these galaxies, which consid-
ers all the stellar material located outside an ellipsoid with semi-
major axes @ = b = 4R, (being Ry, the half-light radius) to be
part of the stellar halo.

Our sample contains 17 dwarf galaxies. These simulated
galaxies vary significantly in size and their outer regions reach
very low surface brightness values (1 > 32 mag arcsec™2, see
Figs. 3 and 4).

The main conclusions of this work can be listed as follows:

1. The inner stellar haloes (~ 4 — 6 Ry,) of all the galaxies anal-
ysed in this work are dominated by in-situ stellar material
(see Fig. 5 and Table 1).

2. The in-sttu component of the stellar haloes is formed in the
inner regions of the galaxics and subscquently kicked out
into the outskirts as a consequence of interactions and merger
events with satellite galaxies (sce Fig. 14).

3. The stellar haloes (4 — 10R;) of the least massive dwarf
galaxics (M. < 4.54 x 10® M) are dominated by in-situ stel-
lar material at alf radii (see Fig. 5).

4. More masstve dwarfl galaxies have a greater amount of ac-
creted stellar material contained in their stellar haloes, which
dominates beyond ~ 5 Ry, (see Fig. 5).

5. More massive dwarf galaxies (M, > 6.30 X 10° M) keep on
accreting stellar material until later times (mean 1o of 4.44
Gyr ago) than less massive ones (mean 799 of 8.17 Gyr age,
see Fig. 10). The formation time of their accreted stetlar halo
is also later than for less massive galaxies. In the case of the
accreted stellar haloes of more massive dwarfs, this quantity
is 790 = 3.93 Gyr ago, while for those of less massive galax-
ies is 799 = 7.03 Gyr ago.

6. We found a strong correlation between the accreted stellar
halo mass fraction and the total stellar mass of the galaxics,
over a 3 dex range in stellar mass which extends to the MW-
mass regime. Less massive galaxies have lower fraction of
accreted stellar halo material (see Fig. 6).

7. The galaxics that accreted more stellar material have ob-
tained it by accreting more massive satellites (sce Fig. 12).

8. The satellite galaxy that contributed the most to the accreted
component of the stellar halo is also the one that contributed
the most to the overall accreted stellar material of the dwarf
galaxy (sce Sec. 3.3).

9. There are few satellites that contribute to the accreted com-

ponent of these low-mass galaxies. The number of significant

progenitors, defined here as those satellite galaxies that con-
tribute with up te 90% of the accreted stellar material, ranges

from of 1 to 7 (see Fig. 13).

There is no clear correlation between the number of signif-

icant progenitors and the total stellar mass or the accreted

stellar mass of dwar( galaxies (see Fig. 13).

10.

. The correlation found in MW-mass galaxies that indicates

that more massive stellar haloes are also more metal rich than
less massive ones is also present in this mass range, but only
when considering the accreted component of the stellar halos
(sce Fig. 9).

. When comparing with MW-mass galaxics, at a given ac-

creted stellar halo metallicity, galaxies with a larger dark
maltter halo have a more massive acereted stellar halo (see
Fig. 9).

We highlight that these findings are based on a ACDM cos- 1250

mology, the current standard model for structure fermation in the
Universe. As such, they may serve as valuable predictions for
comparison with upcoming observational data. Any significant
discrepancies between these results and ebservations could pro-
vide insight into possible deviations from the ACDM paradigm,
potentially officring constraints on the nature of dark matter and
alternative cosmological models.

In the coming years we will have access to large-scale sur-

veys, such as the Large Synoptic Survey Telescope (LSST) from

the Vera Rubin Observatory, and the Nancy Grace Roman Space 1260
Telescope, which will allow us to reach deeper and fainter sur-
face brightness values, as well as farther regions when observ-

ing dwarf galaxies. All these unprecedented observational data

will help shed light into the composition of the stellar haloes of
low-mass systems, and will also put the numerical models and
hypothesis regarding their formation to the test.
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Appendix A: Star formation history of the in-situ
stellar component

As mentioned in Sec. 3.5, the in-situ stellar particles found in
the stellar haloes of the analysed dwarf galaxies were mainly
ejected into the outskirts due to interactions between the main
galaxy and satellite galaxics. Some gas-rich satellites accreted
by the main dwarl galaxies provided gas that contributed to the
star formation during these merging events. We studied the star
formation history of the in-situ stellar halo of each galaxy to see
if it follows the same star formation history as the in-situ ma-
terial within 4 R, (i.c., the in-situ particies that do not belong
to the stellar halo). We show these results in Fig. A 1. The light-
blue histograms represent the star formation history of the in-situ
stellar particles that are not part of the stellar halo at z = 0, while
the violet histograms represent that of the in-situ stellar haloes.
We note that the star formation history ef the in-situ stellar halo
does not follow that of the in-situ material of the central regions.
In the few cases in which the star formation histories are similar,
the starbursts arc less pronounced when considering the inner
region of the galaxy. This fact corroborates that the formation
of the particles belonging to the in-situ stellar halo was influ-
enced by an external process, rather than solely resulting from
the galaxy’s intrinsic star formation. The arrows shown in cach
panel represent the time at which the galaxies underwent merger
events, and they are colour-coded according to the maximum
total mass reached by the satellites they interacted with. Only
merger cvents that satisfy that the maximum total mass reached
by the satellite was Tg)_o times the Moo of the main galaxy are
shown. We sce that the times at which the galaxies underwent a
merger event correlates with a burst of star formation of the stel-
lar halo material, indicating that the interaction and the merger
event played a role in triggering the star formation of the in-situ
particles found at z = 0 in the stellar haloes.

Appendix B: [Fe/H] distribution of the accreted and
in-situ components of the stellar halo

As mentioned in Scc. 3.5, the in-situ stellar particles found in
the stellar haloes of the analysed dwarf can be formed as a con-
sequence of its interaction with satellite galaxies. In-situ stars
bom from accreted gas should have a similar metallicity to the
accreted material itself. We analysed the [Fe/H] distributions of
both the in-situ (bluc) and accreted (orange) components of the
stellar halo, as shown in Fig. B.1. We also show the overall
[Fe/H] distribution of the stellar halo, colour-coded by the ac-
creted stetlar halo mass. We find a bimodal distribution in 8 out
of 17 galaxies (~ 50% of the samplc), implying that in those
galaxies there is not a significant contribution of in-situ particles
formed out of accreted gas in the stellar halo. The remaining
galaxies do not present a bimodality in their [Fe/H] distribution,
which means that the in-situ material bom out of accreted gas
significantly contributes to their in-situ stellar halo. Addition-
ally, we note that the overall [Fe/H] distribution of the stellar
halo closely resembles that of the in-situ population, indicating
that the in-situ component dominates over the accreted compo-
nent, as discussed in Sec. 3.2.

Morcover, we infer from these disiributions that a cut at
[Fe/H] = 1.5 would be useful for observationally identifying the
accreted component of stellar haloes in low-mass galaxies. Stars
with [Fe/H] < 1.5 can be assumed to be primarily accreted ma-
terial, although we bare in mind that the accreted component is
less abundant than the in-situ one and this classification might
therefore not be so straightforward.
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Fig. A.1. Star formation histery of the in-situ stellar populations of each galaxy in our sample. Light-blue histograms represent the star formation
history of the in-situ stellar particles located within 4 R,,, while violet histograms represent Lhat of the in-situ stellar halo. Arrows represent the lime
at which the galaxies underwent merger events, and only merger events that satisly that the maximum 1otal mass reached by the satellite was 5
times the Mxy, of the main galaxy are being shown. The arrows are colour-coded according to the maximum total mass reached by the satellites.
The galaxies are plotted in order of decreasing stellar mass.
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Fig. B.1. |Fe/H] distributions of the in-situ (blue) and accreted (orange) components of the stellar halo, normalised by the number of particles of
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each population. We also show the overall [Fe/H] distributien of the stellar halo colour-coded by Lhe accreted mass of the stellar halo.





