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ABSTRACT

Context. Satellite dwarf galaxies provide key constraints on galaxy formation and evolution, since their abundance and spatial distri-
bution reflect both the host properties and the large-scale environment.
Aims. This study quantifies the dependence of satellite populations on the host stellar mass, morphology, and star formation activity
across different environments, and traces their evolution with cosmic time within the ΛCDM framework.
Methods. The Millennium-II simulation combined with the G11 semi-analytic model is used to construct consistent samples of host
galaxies brighter than Mr < −16 and their satellites (M∗ ≥ 3 × 105 M�, Mr < −9) within the virial radius. Satellite abundance and
radial profiles are analysed in cluster, group, and void environments, and their evolution is traced from z = 2 to z = 0 across three host
stellar mass bins.
Results. Satellite abundance is correlated strongly with host stellar and bulge mass, whereas host morphology has little independent
effect once stellar mass is accounted for. Dense environments suppress satellite populations relative to voids. Correlations between
satellite abundance, specific star formation rate, and disk scale length become evident only in groups and clusters. At z = 0, radial
profiles show strong central concentrations in voids, flattened distributions in clusters, and intermediate trends in groups. Their redshift
evolution reveals progressive flattening for low- and intermediate-mass hosts in dense environments, stability for massive hosts, and
increasing central concentration in voids. The cosmic evolution of satellite abundance further highlights distinct pathways: gradual
accumulation in voids, mass-dependent trends in groups, and strong late-time suppression in clusters.
Conclusions. The distribution and abundance of satellite galaxies are governed primarily by environment, with the host stellar mass
and cosmic epoch acting as secondary modulators. From the dense interiors of clusters to the isolation of voids, large-scale structure
imprints systematic signatures on satellite system assembly. Forthcoming wide-field surveys such as the Legacy Survey of Space
and Time (LSST), the ESA Euclid mission (Euclid), and the Nancy Grace Roman Space Telescope are expected to provide stringent
tests of these predictions and advance our understanding of the interplay between host properties, environment, and satellite evolution
across cosmic time.
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1. Introduction

Dwarf galaxies are the smallest and most abundant build-
ing blocks of the universe and rank among the most dark
matter-dominated systems known (Salucci (2019)). Their abun-
dance, spatial distribution, kinematics, and internal dynamics
make them powerful probes for testing cosmological mod-
els (e.g. Moore et al. (1999); Boylan-Kolchin et al. (2011);
Kroupa et al. (2010); Ibata et al. (2014); Van Dokkum et al.
(2018); Müller et al. (2019)). Consequently, studying the proper-
ties of dwarf galaxies is essential for advancing our understand-
ing of galaxy formation and evolution.

However, due to their low luminosities and surface bright-
nesses, dwarf galaxies are challenging to detect at large dis-
tances (Martin et al. (2019)). Consequently, our current under-
standing is predominantly based on observations within the Lo-
cal Group (LG), where the majority of known dwarfs are satel-
lites of the Milky Way (MW) and the Andromeda galaxy (M31)
(Metz et al. (2007)). The population, intrinsic properties, and
spatial distribution of LG satellites have provided a critical test-
ing ground for galaxy formation models, revealing several chal-
lenges to the prevailing Λ cold dark matter (ΛCDM) cosmo-

? Corresponding Author: stavasoli@khu.ac.ir

logical paradigm. These challenges include the missing satel-
lites problem (Klypin et al. (1999)), the too-big-to-fail problem
(Boylan-Kolchin et al. (2011)), and the planes of satellites prob-
lem (Pawlowski & Kroupa (2013); Müller et al. (2018)).

While the ΛCDM model successfully explains the forma-
tion of large-scale structures (Eisenstein et al. (2005)), its pre-
dictions on galactic and sub-galactic scales remain under ongo-
ing evaluation (Bullock & Boylan-Kolchin (2017)). A more re-
cent challenge has arisen from the discovery of empirical cor-
relations that appear inconsistent with a purely dark matter-
driven hierarchy. Notably, correlations have been found between
the number of satellites (Nsat) and the bulge mass (Mbulge) and
the bulge-to-total mass ratio (Mbulge/M∗) of their host galaxies
(Lopez-Corredoira & Kroupa (2016); Javanmardi et al. (2019);
Javanmardi & Kroupa (2020)). Such correlations are unexpected
within the ΛCDM framework, where the satellite population
should correlate primarily with the host’s dark matter halo mass
and, by extension, its total dynamical mass or rotation velocity,
not with the baryonic sub-structure (Kravtsov (2010)).

In the ΛCDM framework, galaxies form through the con-
densation of baryons at the centres of dark matter halos
(White & Rees (1978)). Major galaxies grow hierarchically
via the mergers of earlier dwarf-sized progenitors (Cole et al.
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(2000)). Accordingly, the majority of dwarf satellites are pre-
dicted to be primordial, dark matter-rich objects, with a minority
population comprised of younger, tidal debris-born systems that
may be significantly deficient in dark matter (e.g. McConnachie
(2012)).

Recent observational campaigns have substantially expanded
the census of dwarf satellites surrounding galaxies beyond the
Local Group (LG) (e.g. Gülzow et al. (2024)). These new data
offer valuable opportunities to investigate the satellite popula-
tion, its dependence on host galaxy properties, and the influence
of the large-scale environment. To date, the role of environment
in shaping the number of dwarf satellites and their correlation
with the host properties remains one of the least explored facets
of these phenomena.

The potential relationship between the properties of galaxies
in different large-scale environments, such as voids, groups, and
clusters, and their dwarf satellite populations has not been quan-
titatively investigated within the standard cosmological model.
In this work, this question is addressed using data from the
Millennium-II simulation (Boylan-Kolchin et al. (2009); here-
after MS-II), combined with the semi-analytic galaxy forma-
tion model of Guo et al. (2013) (hereafter G11). The MS-II
simulation provides sufficient resolution for a detailed study of
dwarf satellite galaxies. For example, it has been successfully
employed in previous statistical analyses of satellite popula-
tions around Andromeda-like galaxies within the ΛCDM frame-
work, such as those conducted by Bahl & Baumgardt (2014) and
Javanmardi et al. (2019). This analysis aims to provide new ob-
servational constraints on galaxy formation models by testing
whether the satellite population is shaped primarily by the host’s
dark matter halo, as predicted by ΛCDM, or whether baryonic
processes and environmental history play a more significant role.

This paper is organized as follows. Section 2 describes the
dataset used in this study, the cosmic-web classification proce-
dure, and the identification of satellite galaxies across different
environments. The results and their analysis are presented in
Section 3. Finally, Section 4 provides a summary of the main
findings and the concluding remarks.

2. Method

2.1. Millennium-II simulation

To study the effect of environment on dwarf satellite galaxies,
the sample of host halos and their satellite populations is se-
lected from the semi-analytic model of galaxy formation de-
veloped by Guo et al. (2011), applied to the MS-II simulation
( Boylan-Kolchin et al. (2009)).

In the G11 SAM model, baryonic matter is assigned to dark
matter halos according to the cosmological baryon fraction de-
rived from the first–year WMAP results (Spergel et al. (2003)).
The effective baryon fraction that collapses into halos depends
on the halo mass and the redshift and is described using the
fitting function proposed by Gnedin (2000), with the redshift-
dependent characteristic halo mass taken from Okamoto et al.
(2008). This prescription accounts for the suppression of baryon
accretion in low-mass halos caused by photoheating from the
ultraviolet background after reionization (Doroshkevich et al.
(1967); Efstathiou (1992)).

Within each halo, the baryonic matter is distributed among
several components: a hot gas halo, a cold gas disk, a stel-
lar disk, a stellar bulge, and an ejecta reservoir (Springel et al.
(2005); Croton et al. (2006)). The baryons that do accrete into
halos are initially assumed to form a diffuse hot gas atmosphere

(Dekel et al. (2009)), and in this model, satellite galaxies are also
allowed to retain their own hot gas halos, which can be dynami-
cally stripped by tidal and ram-pressure effects, although this gas
may continue to cool onto the satellite galaxy and supply addi-
tional fuel for star formation. Gas cools radiatively from the hot
halo and settles into a rotationally supported cold gas disk, where
stars form according to a simplified version of the empirical rela-
tion proposed by Kennicutt (1998), building the stellar disk. The
rate at which gas accretes onto the central galaxy depends on the
gas cooling time (Springel et al. (2001b)) and the halo dynami-
cal time (De Lucia et al. (2004)). Feedback from star formation,
particularly supernova feedback (Larson (1974)), can reheat cold
gas and return it to the hot halo or eject it into the ejecta reservoir,
significantly influencing the evolution of low-mass galaxies and
their metallicities. The bulge component grows through galaxy
mergers and disk instabilities, with three main channels included
in the model: major mergers, minor mergers, and disk buckling.
Major mergers transfer all stellar material from the progenitors
into a spheroidal remnant, whereas in minor mergers the disk of
the larger galaxy remains intact while its bulge accretes the stars
from the smaller progenitor. The continuous exchange of mass
between the different baryonic reservoirs through cooling, star
formation, feedback, mergers, and disk instabilities ultimately
drives the structural evolution of the model galaxies.

Galaxy luminosities and magnitudes are computed from the
star formation and chemical enrichment histories predicted for
each galaxy. At each time-step, newly formed stellar populations
are recorded with their corresponding ages and metallicities, and
the integrated spectral energy distribution (SED) is constructed
using stellar population synthesis models (Bruzual & Charlot
(2003)) together with a Chabrier initial mass function (IMF),
which provides a reduced fraction of low-mass stars and bet-
ter agreement with observational constraints (De Lucia et al.
(2004)). Dust attenuation is then applied using a slab model
that depends on the cold gas content, metallicity, and geome-
try of the galaxy (Guo & White (2009)). In addition, a redshift
dependence is included, so that, for galaxies with a given gas
metallicity, the gas-to-dust ratio is assumed to be higher at ear-
lier cosmic times than in the local universe (Steidel et al. (2004);
Quadri et al. (2008)). The resulting SEDs are used to compute
galaxy magnitudes in various observational filter systems, en-
abling direct comparisons with observational surveys. Further
details of these procedures are provided in Sections 2, 3, and
4 of Guo et al. (2011).

The MS-II simulation traces galaxy formation within a cu-
bic volume of 100 h−1 Mpc on each side, using 21603 dark
matter particles with a mass resolution of 9.45 × 106 M�. It
adopts a flat ΛCDM cosmology consistent with the WMAP1
data Spergel et al. (2003), with parameters: ΩΛ = 0.75, Ωm =
0.25, Ωb = 0.045, h = 0.73, n = 1, and σ8 = 0.9.

Within MS-II, subhalos with masses as low as 2 × 108 M�
can be resolved (Boylan-Kolchin et al. (2009)). As demonstrated
by Guo et al. (2011), this resolution renders the simulation well
suited for investigating dwarf satellite populations across diverse
cosmic web environments.

2.2. Environments

To investigate the role of a large-scale environment, the galaxy
sample is classified into three categories based on local den-
sity: clusters, groups, and voids. The classification begins with
the linking of dark matter halos. In MS-II, friends-of-friends
(FoF) halos are linked by connecting dark matter particles sep-
arated by less than 0.2 times the mean inter-particle separation
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Davis et al. (1985). Within these FoF halos, self-bound subhalos
are identified using the subfind algorithm Springel et al. (2001a).
In the semi-analytic model, each subhalo is associated with a
galaxy whose dynamics is governed by the underlying dark mat-
ter structure Guo et al. (2011).

Cluster environments, defined as extremely high-density re-
gions, correspond to FoF groups containing at least 100 galaxy
members with Mr < −16 at z = 0. This criterion yields
44 distinct galaxy clusters. Group environments, representing
intermediate-density regions, are defined as FoF groups contain-
ing four to eight galaxy members (with Mr < −16 at z = 0),
resulting in 2206 galaxy groups.

Since the dominant physical mechanisms driving galaxy
evolution in dense environments (e.g. ram-pressure stripping
(Boselli et al. (2022)), tidal interactions(Hahn et al. (2009))) op-
erate most effectively within the deep gravitational potential
wells of such systems (Wetzel et al. (2012)), only galaxies re-
siding within the virial radius of their host cluster or group are
considered in the analysis. After applying this spatial constraint,
the resulting samples comprise approximately ∼ 4000 galaxies
in clusters and ∼ 6500 galaxies in groups.

For under-dense regions, the void catalogue of Tavasoli et al.
(2013) is employed, constructed from MS-II using the method of
Aikio & Mähönen (1998). This algorithm identifies large under-
dense regions in the cosmic web with effective radii greater than
7 Mpc. From this catalogue, all galaxies residing in voids with
Mr < −16 at z = 0 are selected, yielding 2356 galaxies within
179 distinct cosmic voids. This methodology yields robust and
statistically significant samples, enabling comparative analysis
across the full spectrum of cosmic density environments.

2.3. Dwarf satellite

The integrity of the results relies on the rigorous and consis-
tent identification of satellite galaxies across diverse cosmic en-
vironments, ranging from dense clusters to sparse voids. To
enable robust comparative analysis, a unified methodology for
catalogue construction is adopted, following the framework of
Javanmardi et al. (2019), who similarly used a Millennium-II-
based galaxy catalogue to investigate satellite systems. The se-
lection criteria used to construct a uniform and unbiased satellite
catalogue across clusters, groups, and voids are as follows:

i) All halos containing any galaxy with a stellar mass exceed-
ing 0.8 times that of the central galaxy are excluded. This
criterion ensures that the identified central galaxy serves as
the dominant gravitational anchor of its host halo.

ii) Only satellite galaxies (i.e. those residing in subhalos) lo-
cated within the virial radius (Rvir) of the central galaxy
and exhibiting an r-band absolute magnitude of Mr < −9
are considered. These selection criteria are adopted from
typical conditions employed in observational studies of
classical satellites (e.g. Martin et al. (2009); Carlsten et al.
(2021)).

iii) Only satellites with stellar masses M∗ > 3 × 105 M� are
retained, matching the luminosity cut of LV > 2 × 105 used
by Kroupa et al. (2010) and assuming a mass-to-light ratio
of 1.5 (Dabringhausen & Fellhauer (2016)).

Thus, gravitationally bound satellite galaxies are systematically
identified by analyzing their spatial distribution, kinematic prop-
erties, and dark matter halo membership relative to a central host
galaxy. This procedure enables a consistent census of satellite
populations in environments of varying density, thereby mitigat-
ing potential selection biases.

In the semi-analytic model, each satellite is defined as a
galaxy hosted by a resolved subhalo, ensuring that the satellite
classification remains physically motivated and consistent with
the underlying dark matter structure.

Applying these criteria to the z = 0 snapshot of the MS-
II simulation yields approximately 2000, 3600, and 2800 host
galaxies in void, group, and cluster environments, respectively,
accompanied by a total of 2400, 17200, and 5200 satellites.
The substantial population statistics obtained serve as a reliable
foundation for investigating correlations between satellite galaxy
properties and their surrounding environmental context.

3. Analysis and results

This section presents the principal findings of the investigation
into the environmental dependence of satellite galaxy popula-
tions. The analysis explores how satellite abundance and spa-
tial distribution vary with key host galaxy properties across clus-
ters, groups, and voids. The results underscore the interplay be-
tween intrinsic host characteristics and external environmental
factors in shaping satellite systems. The study is organized into
two complementary components. First, statistical scaling rela-
tions between satellite abundance and host properties are estab-
lished across distinct environments (3.1). Second, the spatial dis-
tribution of satellites is examined around hosts of varying masses
and across multiple redshifts (3.2), and the assembly history of
satellite systems is traced by following host galaxies backward in
time, thereby offering a dynamic perspective on their evolution
across cosmic epochs.

3.1. Satellite abundance versus host properties

The analysis now turns to the dependence of satellite abundance
on the intrinsic properties of host galaxies. Specifically, correla-
tions are examined with stellar mass (3.1.1), bulge mass (3.1.1),
morphological type (3.1.2), star formation activity (3.1.3), and
disk scale length (3.1.3). These complementary diagnostics fa-
cilitate the assessment of the host characteristics that most
strongly influence the richness of satellite systems.

3.1.1. Dependence on stellar mass and bulge mass

The analysis begins with an examination of the relationship be-
tween satellite galaxy abundance and fundamental host mass
properties. Figure 1 presents the mean number of satellites as a
function of total stellar mass M∗ (left panel) and bulge mass Mbul
(right panel) for host galaxies in voids (blue), groups (orange),
clusters (green), and the full population (black).

The results reveal a strong linear correlation between satellite
abundance and both host stellar mass and bulge mass across all
environments. Satellite counts increase systematically from ∼0.3
for low-mass hosts (log10(M∗/M�) ∼ 8) to ∼40 for the most mas-
sive systems (log10(M∗/M�) ∼ 11). A similar trend is observed
for the bulge mass, with satellite numbers increasing from ∼0.5
at log10(Mbul/M�) ∼ 5 to ∼40 at log10(Mbul/M�) ∼ 11. The lin-
earity of these relations over nearly three orders of magnitude
indicates that the processes governing satellite system formation
and evolution scale uniformly with host mass, largely indepen-
dent of environmental context.

Environmental trends remain consistent in both mass defini-
tions. Cluster hosts (green) systematically contain fewer satel-
lites at all stellar masses, whereas group hosts (orange) and
void hosts (blue) exhibit statistically similar abundances, as in-
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Fig. 1: Mean trends in satellite number (Nsat.) and associated 1σ
errors are shown as a function of stellar mass (left) and bulge
mass (right). Different environments are indicated by colour:
voids in blue, groups in orange, clusters in green, and the full
population in black.

dicated by overlapping error bars. The persistent offset of cluster
galaxies below the group and void relations suggests that dense
environments via mechanisms such as ram-pressure stripping
(Boselli et al. (2022)), and satellite harassment (Bialas et al.
(2015)) systematically suppress satellite populations beyond
what is expected from host mass alone. The parallel trends ob-
served in groups and voids, despite their contrasting large scale
densities, imply that satellite systems in these environments
share similar formation histories and undergo relatively limited
environmental disruption.

When considering the bulge mass, a distinct pattern emerges.
Above log10(Mbul/M�) ∼ 8, group environments host sig-
nificantly more satellites than both void and cluster environ-
ments. This enrichment becomes increasingly pronounced at
higher bulge masses, indicating that groups provide particularly
favourable conditions for sustaining satellite systems around
bulge-dominated galaxies. By contrast, cluster hosts consistently
show suppressed satellite populations across the entire bulge
mass range, underscoring the efficiency of cluster-specific pro-
cesses in limiting satellite abundance irrespective of bulge prop-
erties.

Clarification is warranted regarding the enhancement of
satellite counts in group environments at high bulge masses
(Mbul > 108M�). Given the natural correlation between total stel-
lar mass and bulge mass (e.g. Méndez-Abreu et al. (2021)), one
might suspect that this enhancement simply reflects the higher
stellar masses of group galaxies. However, as shown in the left
panel of Figure 1, at fixed total stellar mass, satellite abundances
in groups and voids are statistically indistinguishable across
most of the mass range (only clusters show a systematic deficit).
Even at the highest stellar masses (M∗ > 1010.5M�), where the
groups exhibit a marginal excess over the voids, the difference
is far smaller than the enhancement observed at the fixed bulge
mass. Therefore, the excess satellites in groups at fixed bulge
mass cannot be explained by a simple stellar mass–bulge mass
correlation. Instead, it points to a genuine environmental effect
that specifically enhances satellite populations around bulge-
dominated galaxies in group environments. Furthermore, our re-
sults are consistent with Müller & Crosby (2023), who showed
that at fixed stellar mass, early-type galaxies (which dominate
the high bulge mass regime in groups) host richer satellite popu-
lations than late-type galaxies.

Error analysis shows substantially larger scatter for low
bulge mass hosts across all environments, reflecting the stochas-
tic nature of satellite system formation around galaxies with un-

derdeveloped bulges. At higher bulge masses, the scatter de-
creases, indicating more stable and predictable satellite popu-
lations.

These results demonstrate that environmental effects on
satellite systems manifest differently when considering bulge
mass versus total stellar mass. The particularly rich satellite sys-
tems in group environments with massive bulges may reflect
a balance between sufficient density to promote accretion and
the absence of the destructive processes prevalent in clusters.
Conversely, consistent suppression in clusters suggests that tidal
stripping and harassment efficiently reduce satellite numbers re-
gardless of bulge properties, while the larger scatter at low bulge
masses points to more stochastic assembly histories.

Fig. 2: Mean trend of satellite number (Nsat.) is illustrated with
respect to the stellar mass of the host galaxy for pure-disk (left)
and bulge-dominant (right) galaxies. Various environments are
shown in distinct colours.

3.1.2. Dependence on morphology

The connection between satellite abundance and host morphol-
ogy has been extensively examined in previous studies (e.g.
Kroupa et al. (2010); Javanmardi & Kroupa (2020)), which re-
port that galaxies with negligible bulges tend to host very few
or no satellites, based on both observational data and simula-
tions. The present analysis examines the satellite populations of
negligible-bulge (pure-disk) and large-bulge (bulge-dominated)
galaxies across cluster, group, and void environments.

Two sub-samples are defined based on the bulge-to-total
mass ratio, following Guo et al. (2011): pure-disk galaxies with
(Mbulge/MTotal < 0.03) and bulge-dominated galaxies with
(Mbulge/MTotal > 0.7). The final sample includes 939, 1472,
and 1272 pure-disk galaxies in void, group, and cluster envi-
ronments, respectively, and 125, 199, and 122 bulge-dominated
galaxies in the same environments.

As shown in Figure 2, satellite abundance increases with host
stellar mass for both pure-disk (left panel) and bulge-dominated
(right panel) systems across all environments. A clear environ-
mental dependence is evident: at fixed stellar mass, cluster hosts
consistently contain fewer satellites than group and void hosts,
irrespective of the morphological type.

To quantitatively assess the apparent differences at the high-
mass end visible in Figure 2, we performed non-parametric
Mann-Whitney U tests (Mann & Whitney (1947); see also
Kumamoto et al. (2019) for an application in astrophysics) for
each mass bin (width 0.5 dex) and environment separately. Ta-
ble 1 reports the resulting p-values. In voids, the number of high-
mass galaxies in the two morphological classes is insufficient
for a robust test (marked as ‘non’). In clusters, all p-values ex-
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ceed 0.05, indicating no statistically significant difference be-
tween pure-disk and bulge-dominated galaxies across the entire
mass range. In groups, however, for the highest two mass bins
(10.0–10.5 and 10.5–11.0), we obtain p-values of 0.009 and <
0.001, respectively. These values reveal a significant difference
between the two morphological types in group environments at
high stellar masses: bulge-dominated group galaxies host sys-
tematically more satellites than pure-disk galaxies of the same
stellar mass. This finding is consistent with Müller & Crosby
(2023), who showed that early-type galaxies (which typically
have large bulges) possess richer satellite populations. The lack
of morphological dependence in clusters suggests that dense-
environment processes (e.g. ram-pressure stripping, harassment)
efficiently suppress satellite populations regardless of host mor-
phology. In contrast, the significant morphological dependence
in groups at high masses implies that in less extreme environ-
ments, the host’s internal structure (specifically bulge growth)
plays a role in shaping satellite abundance. These results indicate
that the influence of host morphology on satellite populations is
environment-dependent, detectable only in groups and at high
stellar masses, while clusters erase this signal through efficient
environmental quenching.

Table 1: p-values from the Mann-Whitney U test comparing
pure-disk vs bulge-dominated satellite counts per mass bin and
environment.

Mass bin (log10 M∗/M�) Void Group Cluster
8.0 – 8.5 0.105 0.121 0.340
8.5 – 9.0 0.082 0.034 0.209
9.0 – 9.5 0.377 0.381 0.560
9.5 – 10.0 non 0.607 0.631
10.0 – 10.5 non 0.009 0.251
10.5 – 11.0 non <0.001 0.288

Note. ’non’ indicates fewer than three galaxies in at least one
morphological sample, preventing a reliable test.

3.1.3. Dependence on specific star formation rate and stellar
disk scale length

The relationship between the specific star formation rate (sSFR)
and satellite abundance reveals pronounced environmental de-
pendencies. As shown in Figure 3, group and cluster environ-
ments exhibit a significant anti-correlation: quiescent host galax-
ies with lower sSFR systematically host richer satellite systems
than their star-forming counterparts. This trend intensifies with
decreasing sSFR, indicating that the cessation of star formation
in central galaxies is closely associated with the buildup of more
abundant satellite populations. The clear monotonic relation sug-
gests that satellite abundance may serve as a reliable tracer of the
host galaxy evolutionary stage in dense environments.

In contrast, void environments display fundamentally differ-
ent behavior, showing no significant correlation between sSFR
and satellite abundance. Across the limited dynamic range of
sSFR values in these underdense regions, where galaxies are
predominantly star-forming, the number of satellites remains ap-
proximately constant. This absence of correlation suggests that
the mechanisms connecting star formation quenching and satel-
lite system assembly in dense environments are either absent or
substantially weakened in voids.

Because satellite abundance is known to correlate strongly
with host stellar mass, we first divided the sample into three
stellar mass bins to isolate the effect of disk scale length: 8 <

Fig. 3: Mean satellite number (Nsat) as a function of specific star
formation rate (sSFR). Different environments are indicated by
colours: voids (blue), groups (orange), clusters (green), and the
full population (black). Error bars represent 1σ uncertainties.

log10(M∗/M�) < 9, 9 < log10(M∗/M�) < 10, and 10 <
log10(M∗/M�) < 11. Figure 4 presents the mean satellite num-
ber as a function of disk scale length for voids (blue), groups
(orange), and clusters (green) in each mass bin. In the lowest
mass bin (left panel), void galaxies show a flat relation: satel-
lite abundance remains constant with disk size. Group galaxies
exhibit a very weak positive trend, but the slope is shallow. In
the intermediate mass bin (middle panel), all three environments
display a positive correlation, albeit with considerable scatter.
In the highest mass bin (right panel), a strong positive correla-
tion is evident in all environments: larger disks host more satel-
lites. Strikingly, group galaxies dominate the satellite population
across the entire disk size range, hosting significantly more satel-
lites than both void and cluster galaxies. This enhancement in
groups is robust and becomes increasingly pronounced at higher
masses. We conclude that the environmental dependence of the
disk size–satellite relation is genuine and mass-dependent. The
particularly rich satellite systems of massive group galaxies with
large disks suggest that groups provide an optimal environment
for satellite accretion and survival, balancing sufficient gravita-
tional potential with reduced disruptive processes compared to
clusters.

The environmental dependence of both relationships pro-
vides valuable constraints on galaxy formation models. The
strong anti-correlation with sSFR in dense environments sup-
ports scenarios in which environmental processes (e.g. strangu-
lation, Peng et al. (2015); ram-pressure stripping, Boselli et al.
(2022); and galaxy harassment, Bialas et al. (2015)) simultane-
ously quench star formation in central galaxies and shape their
satellite populations through ongoing accretion. Likewise, the
positive correlation between disk size and satellite abundance
in groups and clusters suggests that disk growth and satellite
system assembly are influenced by similar processes, including
mergers and accretion.

3.2. Environmental and cosmic evolution of satellite systems

This section examines the evolution of satellite systems as a
function of both a large-scale environment and cosmic time.
Analysis of radial profiles and abundances across different host
mass bins reveals systematic trends that reflect the combined in-
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Fig. 4. Mean satellite number (Nsat) as
a function of stellar disk scale length,
shown for three stellar mass bins: left:
8 < log10(M∗/M�) < 9, middle:
9 < log10(M∗/M�) < 10, right: 10 <
log10(M∗/M�) < 11. Colours indicate
environments: voids (blue), groups (or-
ange), clusters (green), and the full pop-
ulation (black). Error bars represent 1σ
uncertainties.

fluence of environment and redshift on the assembly and evolu-
tion of satellite populations.

3.2.1. Environmental trends in radial profiles

To investigate the spatial distribution of satellite galaxies rela-
tive to their hosts, radial profiles were computed by normalizing
satellite distances to the virial radius of each central galaxy. A
stacking method was then applied, combining the profiles of all
galaxies within each environment (clusters, groups, and voids)
and normalizing the cumulative satellite counts in each radial
bin by the total number of satellites in that environment. This ap-
proach enables a direct comparison of relative satellite distribu-
tions across environments. The analysis was carried out in three
stellar mass bins: 8 < log(M∗/M�) < 9, 9 < log(M∗/M�) < 10,
and 10 < log(M∗/M�) < 11, separately for three morpholog-
ical classes: all morphologies, pure disk, and bulge dominated
(see Section 3.1.2 for definitions). All results presented here are
based on the z = 0 snapshot of the simulation (Section 2.1).

As shown in Figure 5, the resulting profiles reveal systematic
environmental trends that persist across all mass bins. In this fig-
ure, cluster profiles are shown in green, group profiles in orange,
void profiles in blue, and the full galaxy sample in black.

For all morphologies, void environments exhibit a markedly
stronger central concentration, with a larger fraction of satel-
lites residing close to the host galaxy centre. This enhanced
concentration suggests that satellite systems in voids experi-
ence relatively little environmental disruption, thereby preserv-
ing their initial radial distributions. In contrast, cluster environ-
ments display substantially flatter profiles. At larger radii, the
relative abundance of satellites in clusters exceeds that in both
groups and voids. This flattening indicates that cluster-specific
processes (e.g. tidal stripping, galaxy harassment, and dynami-
cal friction) redistribute satellites towards larger radii or prefer-
entially disrupt those in the inner regions. Group environments
consistently show intermediate behaviour, with radial profiles ly-
ing between those of clusters and voids across all stellar mass
ranges. This systematic progression — from centrally concen-
trated void profiles through intermediate group profiles to flat-
tened cluster profiles — demonstrates a continuous environmen-
tal influence on satellite spatial distributions.

For bulge-dominated galaxies in the lowest mass bin (8− 9),
the radial profiles show considerable scatter due to the limited
number of objects. Nevertheless, void environments consistently
exhibit a more concentrated satellite distribution compared to
groups and clusters. In clusters and groups, the profiles are flat-
ter, with satellite abundance becoming more prominent at larger
radii. As we move to intermediate (9 − 10) and high (10 − 11)
mass bins, the central concentration in the voids becomes less
pronounced than in the low-mass bin, but the voids still retain a

more concentrated profile than clusters and groups. Cluster pro-
files remain the flattest across all mass bins, and the excess of
satellites at large radii is clearly visible in clusters, especially at
high masses.

For pure-disk galaxies, the radial profiles follow the same
environmental trends as pure--disk hosts in all three mass bins.
However, a notable difference is the much steeper contrast be-
tween clusters and the other environments: in clusters, the flat-
tening of the profile is more pronounced, and the excess of satel-
lites at large radii is significantly stronger than in pure--disk sys-
tems. This difference is evident across the entire mass range and
becomes more prominent at higher masses.

Importantly, these environmental trends are robust across
all three stellar mass bins, implying that the large-scale envi-
ronment is the primary driver of satellite spatial redistribution.
The consistency of these patterns suggests that environmental
mechanisms act in a broadly similar manner across different
host mass scales, though with varying efficiency. The concen-
trated distributions in voids likely reflect relatively undisturbed
systems, where satellites retain their initial radial distribution.
The flatter profiles in groups, and even more so in clusters, point
to efficient environmental processing. In particular, the stronger
flattening and the enhanced outer--radius satellite excess in
bulge-dominated cluster hosts compared to pure-disk ones may
be explained by their older assembly histories and deeper poten-
tial wells, which make them more susceptible to tidal stripping
and harassment over cosmic time. Conversely, less pronounced
flattening in pure-disk cluster hosts suggests that their shallower
potential wells and younger dynamical ages result in a milder
modification of their satellite radial profiles. Overall, the radial
profiles demonstrate that environmental mechanisms (tidal strip-
ping, dynamical friction, and harassment) preferentially affect
inner satellites or redistribute them outward, with an efficiency
that depends on both the environment and the host morphology.

3.2.2. Redshift evolution of satellite radial profiles

The evolutionary pathways of satellite radial profiles were in-
vestigated through their redshift dependence across different en-
vironments and host mass regimes. Figure 6 illustrates how
the profiles vary systematically with both environment and cos-
mic epoch, enabling a direct comparison of evolutionary trends
between clusters, groups, and voids. The analysis was carried
out in three host stellar mass bins (8 < log(M∗/M�) < 9,
9 < log(M∗/M�) < 10, and 10 < log(M∗/M�) < 11), with
profiles shown at four redshifts: z = 0 (red), z = 0.5 (blue), z = 1
(green), and z = 2 (black).

In cluster and group environments, low- and intermediate-
mass hosts (8 < log(M∗/M�) < 10) display clear evolutionary
trends. As the redshift decreases from z = 2 to z = 0, the radial
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Fig. 5. Normalized radial profiles of
satellite number as a function of normal-
ized distance to the host galaxy, shown
for three morphological classes (all mor-
phologies, bulge dominated, pure disk)
and three stellar mass bins (low, interme-
diate, high). Different environments are
depicted using distinct colours.

profiles become progressively less concentrated, with satellites
distributed more broadly around their hosts. This flattening in-
dicates that dense environment processes such as tidal stripping
(Hahn et al. (2009)), dynamical friction (Fujii et al. (2006)), and
galaxy harassment (Bialas et al. (2015)), redistribute satellites
toward larger radii or preferentially deplete the inner regions
over time.

By contrast, high-mass hosts (10 < log(M∗/M�) < 11) in
clusters and groups show remarkable stability. Their radial pro-
files remain nearly unchanged across the full redshift range, sug-
gesting that satellite systems around massive centrals in dense
environments reach a dynamically evolved configuration early,
with subsequent evolution producing only minor modifications.

Void environments reveal the opposite evolutionary be-
haviour. Across all mass bins, satellites are consistently more
centrally concentrated than in dense environments, and this con-
centration increases further towards a lower redshift. This trend
implies that in the absence of disruptive external mechanisms,
satellite systems in voids evolve primarily through internal pro-
cesses such as dynamical friction and mergers, leading to a grad-
ual buildup of satellites near the host centre.

The contrast between dense and underdense environments
underscores the decisive role of the large-scale environment in
shaping satellite system evolution. While clusters and groups
drive satellites outwards and flatten radial profiles over time,
voids promote increasing central concentration through quies-
cent internal pathways. These environment-driven evolutionary
patterns persist across all stellar mass bins, though with vary-

ing amplitude. The stability of profiles around massive hosts in
dense environments further suggests that the efficiency of envi-
ronmental processing depends jointly on host mass and environ-
mental density.

3.2.3. Cosmic evolution of satellite abundance

The evolutionary history of satellite systems was traced by fol-
lowing host galaxies from redshift z = 2 to z = 0 across different
environments and stellar mass regimes. Figure 7 shows the evo-
lution of the mean satellite abundance for hosts in three stellar
mass bins (low-mass: 8 < log(M∗/M�) < 9, intermediate-mass:
9 < log(M∗/M�) < 10, and high-mass: 10 < log(M∗/M�) < 11)
within cluster (green), group (orange), and void (blue) environ-
ments.

In voids, the satellite abundance gradually increases and
monotonically from z = 2 to z = 0 across all mass ranges. This
slow accumulation suggests steady growth through continuous
accretion and in situ formation, largely unaffected by disruptive
environmental processes.

Groups display more complex, mass-dependent trends. For
low- and intermediate-mass hosts, satellite abundance increases
from z = 2 to z = 1 and then declines towards z = 0, indicat-
ing a transition from net accretion to disruption or mergers at
later epochs (Martin et al. (2021)). In contrast, high-mass hosts
show a continuous increase from z = 2 to z = 0, implying that
massive group hosts continue to accumulate satellites efficiently
throughout cosmic time.
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Fig. 6. Evolution of normalized ra-
dial profiles of satellite number (Nsat)
as a function of normalized distance
to the host galaxy (dsat/Rvir). Columns
correspond to stellar mass bins: low-
mass (left), intermediate-mass (middle),
and high-mass (right). Rows correspond
to environments: clusters (top), groups
(middle), and voids (bottom).

Fig. 7. Mean trend of satellite num-
ber (Nsat.) as a function of redshift (z) is
shown for low-, intermediate-, and high-
mass host galaxies in left, middle and
right panels, respectively. Different en-
vironments are illustrated using distinct
colours.

Clusters exhibit the most dramatic evolution. Across all mass
bins the satellite abundance remains nearly constant or increases
slightly from z = 2 to z = 1, followed by a sharp decline towards
z = 0. This pronounced decrease points to intense environmental
processing during the last ∼8 Gyr, where tidal disruption, ha-
rassment, and mergers strongly reduce satellite populations. The
suppression is far more severe in clusters than in groups or voids.

These contrasting evolutionary pathways highlight the deci-
sive role of the environment in shaping satellite system assem-
bly. Although voids enable gradual accumulation, clusters drive
strong late-time depletion, and groups occupy an intermediate
regime where outcomes depend sensitively on host mass. These
results demonstrate that environmental processes determine not
only present-day satellite abundances but also govern their full
assembly histories across cosmic time.

4. Summary and conclusion

This study investigated the environmental dependence of dwarf
satellite galaxy populations using the Millennium-II simulation
combined with the semi-analytic model of Guo et al. (2011)
(2.1). Consistent samples of host galaxies and their satellites
were constructed across cluster, group, and void environments
(2.2) to quantify how satellite abundance and spatial distribution
scale with host properties and vary across the cosmic density
spectrum (2.3).

Satellite abundance is found to be primarily governed by
the stellar and bulge mass of the host (3.1.1), with cluster en-
vironments consistently suppressing satellite populations rel-
ative to groups and voids through mechanisms such as tidal
and ram-pressure stripping. Interestingly, at fixed total stellar
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mass, groups and voids host similar numbers of satellites, but at
fixed bulge mass, groups exhibit a significant excess over voids.
This demonstrates that the enhancement of satellite populations
around bulge-dominated galaxies in groups is a genuine envi-
ronmental effect, not merely a reflection of stellar mass. Once
the stellar mass is accounted for, host morphology (3.1.2) exerts
minimal additional influence, underscoring the dominant role of
the gravitational potential. Correlations with specific star forma-
tion rate and disk scale length (3.1.3) arise only in dense envi-
ronments, indicating that group and cluster conditions link host
galaxy evolution to the assembly of satellite systems, whereas
such connections are absent in voids.

At z = 0, the radial profiles (3.2.1) confirm that the environ-
ment dominates the host mass in shaping satellite distributions:
the voids show strong central concentrations, the clusters exhibit
flattened profiles due to intense processing, and the groups dis-
play intermediate behaviour. These trends are consistently ob-
served for both pure-disk and bulge-dominated hosts. Notably,
in clusters, bulge-dominated galaxies show a stronger flattening
and a greater excess of satellites at large radii than pure-disk sys-
tems, pointing to more efficient tidal processing of older, deeper
potential wells. These robust patterns across all mass bins and
morphological classes emphasize the universal influence of en-
vironment on satellite system evolution. Their redshift depen-
dence (3.2.2) further reveals the interplay between environment,
host mass, and cosmic time: low- and intermediate-mass hosts
in clusters and groups show progressive flattening from z = 2 to
z = 0, while massive hosts remain nearly stable, suggesting early
dynamical maturity. In voids, satellites become increasingly con-
centrated toward lower redshift, consistent with quiescent inter-
nal growth.

The cosmic evolution of satellite abundance (3.2.3) high-
lights distinct environment-dependent pathways. Voids foster
gradual accumulation, groups show mass-dependent trends with
late-time depletion for lighter hosts but continued growth for
massive ones, and clusters undergo the strongest suppression af-
ter z = 1. These contrasting patterns demonstrate that the envi-
ronment is the primary driver of satellite system evolution, with
outcomes modulated by host mass and cosmic epoch.

Overall, the results underscore the decisive role of cosmic
structures and galactic environments in governing the distribu-
tion and abundance of satellite galaxies. From the dense interi-
ors of clusters to the relative isolation of voids, the large-scale
environment imprints systematic signatures on the assembly and
evolution of satellite systems. Thus, satellite populations cannot
be fully characterized based solely on host galaxy properties;
rather, they must be interpreted within the broader cosmologi-
cal context, wherein the interplay between structure formation
and environmental processes governs their abundance and spa-
tial configuration over time.

Future wide-field surveys will offer unprecedented opportu-
nities to test the predictions presented in this work. Deep imag-
ing from the Vera C. Rubin Observatory’s LSST (Thomas et al.
(2020)) will significantly expand the census of faint dwarf satel-
lites around Milky Way-like hosts, while space-based missions
such as Euclid (Racca et al. (2016)) and the Nancy Grace Ro-
man Space Telescope (Wang et al. (2022)) will systematically
map satellite systems across diverse environments with uniform
depth and coverage. Moreover, observational data on satellite
populations at higher redshifts will provide critical tests of their
evolutionary dependence on host galaxy environments.

In parallel, cosmological simulations incorporating diverse
gravo-magnetohydrodynamic frameworks (e.g. IllustrisTNG
(Nelson et al. (2019))) and semi-analytical models, updated with

cosmological parameters from Plank-2016 (Ade et al. (2016))
rather than the WMAP-based values adopted in this work, will
enable stringent validation of these results.

In addition, applying a range of cosmic-web classification
techniques including alternative group and cluster finders (e.g.
Graham & Cappellari (2023)), void identification methods (e.g.
Ghafour et al. (2025)), and complementary approaches that in-
corporate other environments such as filaments and walls (e.g.
Ghafour & Tavasoli (2025); Cautun et al. (2013)), would allow
these environmental trends to be examined in greater depth. Such
an analysis would further refine our understanding of how host
properties and the surrounding large-scale structure jointly influ-
ence the assembly of satellite systems across cosmic time.
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