S
)

Check for
updates

Publications of the Astronomical Society of Australia (2025), 42, €066, 11 pages
doi:10.1017/pasa.2025.10040

CAMBRIDGE

UNIVERSITY PRESS

Research Article

Revisiting the bimodality of galactic habitability in IllustrisTNG

Ana Mitrainovi¢X®, Branislav Vukoti¢!@®, Teodora Zizak 2, Miroslav Micic®, and Milan M. Cirkovi¢t

! Astronomical Observatory, Belgrade, Serbia and 2Faculty of Mathematics, University of Belgrade, Belgrade, Serbia

Abstract

The potential of a galaxy to host habitable planets is one of the most important questions in astrobiology. It is tightly connected to the
evolution of galaxy-scale properties and the underlying cosmological processes. Using the improved cosmological simulation IlustrisTNG,
we revisit the claim that a population of small, metal-rich, star-forming galaxies (‘Cloudlet’), forms a local peak on the mass-metallicity
relation, reflecting an enhanced galactic habitability potential. We refine the earlier analysis by applying updated filtering criteria to identify
a more refined sample, further selecting objects based on their history. This process resulted in a confirmed sample of 97 dwarf galaxies,
alongside 519 additional structures of uncertain origin, potentially comprising both numerical artefacts and unrecognised physical systems.
Under these stricter conditions, the proposed bimodality in galactic habitability is strongly diminished. However, the astrobiological poten-
tial of metal-rich dwarfs, most of which are compact remnants of more massive galaxies that underwent tidal stripping, is a thrilling area of
exploration. Although dense stellar environments are traditionally seen as inhospitable, recent studies highlight the role of dynamic environ-
ments in enhancing the distribution of biological material. Furthermore, the potential habitability of tidal structures formed in the aftermath
of galactic interactions is a fascinating possibility. Our findings suggest that non-traditional structures support conditions favourable for life,
opening up exciting new avenues for astrobiological research. This research underscores the need for a holistic approach to studying hab-
itability that moves beyond planetary and stellar-focused frameworks to incorporate the broader galactic environment. Understanding the
interactions between galaxies, their evolution, and the influence of their surroundings is essential to developing a more comprehensive
model of how and where life might emerge and persist across the Universe.
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1. Introduction the habitability of our closest massive neighbour, the Andromeda
galaxy, M31.

Early studies of exoplanet samples found that the giant exo-
planet abundance is higher around stars with higher metallicity
(e.g. Santos, Israelian, & Mayor 2001; Fischer & Valenti 2005;
Santos et al. 2005). Subsequent studies of more numerous samples
of exoplanets argued that even the smaller planets are likely more
common around metal-rich hosts (Buchhave & Latham 2015;
Wang & Fischer 2015; Zhu 2019; Lu, Schlaufman, & Cheng 2020).

In the study of Suthar & McKay (2012), the authors have taken
a more holistic and general approach to assessing the habitabil-
ity of galaxies. They used a metallicity-based methodology as a
precursor for the formation of planets with habitable potential
(Lineweaver 2001) and applied it to two elliptical galaxies (specif-
ically, M87 and M32). They found that both of them meet the
criteria for habitability and argued that many galaxies, regard-
less of their morphological type, should support wide habitable
zones. A study investigating the likelihood of different morpho-
logical types of galaxies hosting complex life (Dayal et al. 2015)
determined that giant elliptical galaxies are the most probable hab-
itable hosts. Similarly, according to the findings of Zackrisson et al.
(2016), spheroid-dominated galaxies are more likely to host terres-
trial planets. However, for a dissenting view about large early-type
galaxies, see Whitmire (2020).
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Habitability is the foundational concept of modern astrobiology,
with the main research focus on the discovery and habitable con-
ditions of Earth-like planets around nearby stars. As a natural
extension of such research, there is a growing interest in habit-
ability studies of galaxies as the building blocks of the Universe.
Although the idea that different spatial locations within a galaxy
might be more habitable than others is already prominent in the
literature, the seminal work of Gonzalez, Brownlee, & Ward (2001)
was the first to fully conceptualise the Galactic Habitable Zone
(GHZ), initially only for our own Galaxy. The concept was fur-
ther refined shortly afterward by Lineweaver, Fenner, & Gibson
(2004), and many more studies have followed (e.g. Prantzos 2008;
Gowanlock, Patton, & McConnell 2011; Spitoni, Matteucci, &
Sozzetti 2014; Gobat & Hong 2016; Vukotic et al. 2016; Forgan
et al. 2017; Spitoni, Gioannini, & Matteucci 2017; Gowanlock &
Morrison 2018; Kokaia & Davies 2019; Cai et al. 2021; Spinelli
et al. 2021; MitraSinovic et al. 2023). The vast amount of avail-
able observational data has allowed for the precise refinement
of habitability-related constraints, with these studies focusing on
the Milky Way. Some authors (Carigi, Garca-Rojas, & Meneses-
Goytia 2013; Spitoni, Matteucci, & Sozzetti 2014) also considered
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and their interactions within galaxy clusters, among other scien-
tific advances. Naturally, they have already made their way into
the galactic habitability studies (e.g. Vukotic et al. 2016; Forgan
etal. 2017; Vukotic 2018; Stanway et al. 2018; Stojkovic et al. 2019;
Stojkovic, Vukotic, & Cirkovic 2019). Understandably, cosmolog-
ical simulations offer a unique window into how different factors
and effects co-evolve on galaxy scales, helping to inform target
selection strategies for future exoplanet and technosignature mis-
sions. As the search for life progresses from individual planetary
systems to statistical astrobiology across galactic environments,
it becomes increasingly important to understand which types of
galaxies are likely to host habitable planets.

Cosmological simulations, in particular, and their merger
trees were first applied in astrobiology by Stanway et al. (2018)
and were further explored by Stojkovic, Vukotic, & Cirkovic
(2019), Stojkovic et al. (2019). More specifically, Stojkovic et al.
(2019) analysed the original Illustris cosmological simulation, with
emphasis on the Fundamental plane (Mannucci et al. 2010), that
is, the relation between stellar mass M,, gas-phase metallicity,
and star formation rate (SFR). One specific manifestation of the
Fundamental Plane is the mass-metallicity relation observed in
the Local Universe (MZR, first reported in the seminal work
of Lequeux et al. 1979; see also Djorgovski & Davis 1987). The
authors discovered a significant number of dwarf galaxies that
were metal-rich and located above the main sequence of this rela-
tion. They referred to this population as ‘the Cloudlet,” a term we
will adopt for the present study. The previous study used the orig-
inal llustris simulation, the only one publicly available at the time,
which satisfied the volume and resolution criteria. However, the
original Illustris simulation suite had issues with galaxy popula-
tions and tensions with observational data (for a summary, see
Nelson et al. 2015, Section 6), with one of the inconsistencies
related to the crucial parameter of metallicity. The latter is also
evident in this study.

Moreover, some lower-mass objects might have formed
through baryonic processes in already formed galaxies rather
than due to structure formation and collapse, or they might
have formed relatively late in the proximity of a more massive
host, making them satellites at formation time with little to no
dark matter content. These objects typically appear as outliers
in most galaxy scaling relations, and it is advised that they be
considered with caution (Nelson et al. 2015). Since the Cloudlet
embodies the population of outliers in the well-established scaling
relation, we will revisit this result using an updated cosmologi-
cal simulation suite. In the meantime, the collaboration behind
the Illustris project performed the so-called next-generation suite
of cosmological simulations, commonly known as HlustrisTNG*
(Weinberger et al. 2017; Pillepich et al. 2018; Nelson et al. 2019).
As the successor to the original Illustris simulation, it uses an
updated model with refinements that alleviated previous deficien-
cies and tensions with empirical data. Additional physics is also
included, significantly expanding the scope and possibilities of this
simulation suite.

Thus, revisiting the bimodality of galactic habitability using
MlustrisTNG can help us determine the validity and physical basis
of the previous result. Rather than seeking to identify additional
candidates, our goal is to assess whether the Cloudlet population
proposed in the previous work withstands more rigorous analysis

*Publicly available at https://www.tng-project.org/data/.
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and whether it represents a physically significant class of habit-
able galaxy hosts. We will revisit the hypothesis of the bimodality
of galactic habitability using a stricter, more physically motivated
set of filters that account for both dynamical reliability and evolu-
tionary history. By correcting for known numerical artefacts and
pitfalls, as well as by applying astrophysically grounded criteria,
our study aims to clarify whether such a population of galaxies
genuinely contributes to a second mode of galactic habitability.
While simulations such as IllustrisTNG have advanced our abil-
ity to model galaxy populations and their internal properties, they
are subject to mass resolution limits, numerical artefacts, and
sub-grid modelling assumptions (e.g. Vogelsberger et al. 2020;
Crain & van de Voort 2023). A critical examination of habit-
ability trends in such simulations must account for these caveats.
Additionally, it will enable us to consider metal-rich dwarf galaxies
in a more nuanced manner, leading to new, valuable insights into
the habitability of galaxies and larger-scale structures in general.

This work is organised as follows. In Section 2, we pro-
vide an overview of the fundamental parameters of the chosen
MustrisTNG simulation box and describe the criteria applied to
filter our data sample. We also compare our selected sample
with the previous study (Stojkovic et al. 2019) and highlight the
differences between the two samples, focusing on some numer-
ical parameters and technical issues arising from the differences
between the two simulation suites. Section 3, representing the
central quantitative part of our work, is focused on separating a
subset of metal-rich dwarf galaxies and the necessary analysis of
their relevant properties. In Section 4, we qualitatively explore the
implications of our results on habitability by comparing them with
previous work. We emphasise the need for a broader examination
of habitability on a larger scale. Finally, in Section 5, we summarise
our work and give concluding remarks.

2. Simulation and sample

The MlustrisTNG cosmological hydrodynamical simulations of
galaxy formation were performed using the Arepo code (Springel
2010) and Planck Collaboration et al. (2016) cosmological
parameters: matter density 2, =0.3089, baryon density Q}, =
0.0486, dark energy density €2, =0.6911, Hubble constant Hy =
0.6774km s~! Mpc™', power spectrum normalisation og = 0.8159
and a primordial spectral index ng = 0.9667. The simulations were
initialised at redshift z=127, and the results are stored in 100
snapshots from z=20 to z=0. The simulation suite consists
of three flagship runs: TNG50, TNG100, and TNG300, named
roughly after the side length of the simulation box (that is, 50,
100, and 300 Mpc, respectively). In addition to differences in
cubic volume, the three boxes also vary in particle resolution, serv-
ing different research purposes. The IllustrisTNG team notes that
TNG100 (Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2015; Pillepich et al. 2018; Springel et al. 2018) provides a per-
fect balance of volume and resolution. The mass resolution for
the TNG100 simulation box is 7.5 x 105 Mg, for dark matter and
1.4 x 10° M, for baryonic particles. The volume, mass resolution,
and the number of detected subhaloes (i.e. galaxies) at redshift
z =0 are almost indistinguishable from the original Illustris sim-
ulation used in Stojkovic et al. (2019), which makes it the most
suitable option for this study.

Using the same filtering criteria as in the previous study, we will
secure a reliable comparison that will enable us to draw accurate
conclusions. This approach is essential to ensure that our findings
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Figure 1. Colour-coded number of subhaloes in the stellar metallicity - gas metallic-
ity plane for the whole sample. The dashed black line represents the y = x line, while
the red ellipse highlights the non-negligible sub-population that is expected to reside
below the observationally constrained MZR.

are robust. Therefore, our filtering criteria are as follows. We con-
sider only subhaloes with total mass M < 10'* Mg, stellar mass
M, > 107 My and non-zero values of SFR and stellar metallicity.
Our sample size is nearly half the sample size of the previous work,
with 62262 subhaloes. The disparity is likely due to the refined
recipes in the IllustrisTNG model for star formation, chemical
enrichment, and feedback, which affected SFR and metallicity fil-
tering criteria. For instance, the original Illustris simulation had
an issue with inefficient quenching of galaxies, leading to a high
cosmic SFR density at lower redshifts, z <1 (Genel et al. 2014;
Vogelsberger et al. 2014).

This work will focus on stellar metallicity rather than gas-phase
metallicity. The choice should not affect the results in any mean-
ingful way, as there is an almost perfect linear correlation between
the metallicities. Calculated for our sample, the Pearson correla-
tion coefficient between these two variables is p, 2~ 0.95 with a zero
p-value. Figure. 1 shows the visual representation of the correla-
tion in the stellar metallicity — gas metallicity plane for the whole
sample.

There is a distinct group of subhaloes with higher stellar metal-
licities and a range of lower, most likely sub-MZR, gas metallicities,
which suggests a recent influx of metal-poor gas. A new study
suggests that the inflow of metal-poor gas is primarily due to
mergers (Pérez-Diaz et al. 2024), although it can occur for various
other reasons, depending on the environment. For astrobiological
purposes and exploration of the present-day habitable potential,
we are interested in the metallicity of an already formed stellar
population and its planetary systems. Hence, focusing on stellar
metallicity is not only justified, but also more suitable for our goals.
When exploring the relationship between stellar mass and stellar
metallicity, we will refer to it as MZ,R to avoid confusion and mis-
understanding with the observationally determined MZR based
on gas-phase metallicity.

2.1 SubhaloFlag parameter

The SUBFIND algorithm (Springel et al. 2001) is widely used to
identify gravitationally bound structures known as ‘subhaloes,’
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which typically represent galaxies. However, as previously men-
tioned, not all these objects qualify as traditional galaxies formed
due to structure formation and collapse. Special care is neces-
sary for the original Illustris simulation, as it is impossible to
differentiate between these genuine galaxies and potentially suspi-
cious identified structures, mainly when dealing with lower-mass
objects. Adding a new classifier® called SubhaloFlag has vastly
improved the analysis process in IllustrisTNG. With this addi-
tional parameter, the team has simplified the filtering of objects
to be more reliable.

The classifier can have two values: 0 (False) and 1 (True). The
subhalo is flagged as False (or of non-cosmological nature) if all
of the following criteria are satisfied:

e At its formation time, the subhalo is a satellite.
e The subhalo forms within the virial radius of its host.

o The dark matter fraction of the subhalo at formation is less
than 0.8.

The Hlustris team emphasises that these are relatively con-
servative criteria adopted to ensure a low false-positive rate. As
a result, some spurious subhaloes may not be flagged as False
(these would be false negatives), and a more rigorous approach
may require checking the history of the subhalo. It is essential to
highlight that flagged subhaloes should not necessarily be treated
as numerical artefacts. Strictly speaking, numerical artefacts stem
from issues related to the code and other numerical recipes and
solutions. Although some flagged subhaloes can fall under this
category, others may represent genuine structures, although not
galaxies (e.g. tidal debris or kinematically distinct substructures
of larger galaxies). Another physically grounded possibility is that
some of these flagged subhaloes represent genuine but exotic types
of dark matter-deficient galaxies formed in the aftermath of a
high-velocity head-on collision between two gas-rich galaxies (Silk
2019; Shin et al. 2020; Lee, Shin, & Kim 2021; van Dokkum et al.
2022; Lee et al. 2024). In our qualitative analysis, we must acknowl-
edge all possibilities when interpreting the results and avoid the
hasty dismissal of flagged subhaloes (Section 4).

Since our sample includes subhaloes with both values of
SubhaloFlag parameter, we show the colour-coded number of
subhaloes in the stellar mass-(stellar) metallicity plane in Figure 2
for the whole sample (upper panel) and additionally filtered True
subhaloes (lower panel). The Cloudlet population is discernible
in the upper panel, albeit appearing differently than in the pre-
vious work (i.e. there is a distinct second prong above the main
sequence, but there is no noticeable, more significant gap between
the two at lower masses). The additional filter clearly shows
that this population predominantly comprises False subhaloes.
However, even if we consider only genuine galaxies (lower panel),
some scatter above the main sequence is still noticeable, although
less significant.

As one of the primary aims of the present work is to revisit the
previous result and reassess the habitability of genuine metal-rich
dwarf galaxies in more detail, we will focus on this sub-population
of the Cloudlet in the following. Naturally, we will also qual-
itatively discuss the possible habitability-related implications of
the whole Cloudlet, including False subhaloes. A more detailed
assessment of the habitability of the entire Cloudlet population

®Detailed info is available at https://www.tng-project.org/data/docs/background in the
’Numerical Considerations and Issues’ subsection.


https://www.tng-project.org/data/docs/background
https://doi.org/10.1017/pasa.2025.10040

11.0
. 10?
N* 10.0
%D 9.5
T 1
% 10
— 9.0
85 No SubhaloFlag filter
8.0 10°
7 8 9 10 11 12
log(M*/M(D)
102
N
20
=
% 10!
—
858 SubhaloFlag = 1
8.0 100
7 8 9 10 11 12
log(M*/M@)

Figure 2. Colour-coded number of subhaloes in the stellar mass-metallicity plane for
the whole sample (upper panel) and the filtered sample for SubhaloFlag =1 (lower
panel).

requires a robust and precise classification of False subhaloes,
which is beyond the scope of this work.

2.2 Habitability: Bimodal distribution of galaxies?

Previous work by Stojkovic et al. (2019) has found and named
the Cloudlet population of metal-rich low-mass galaxies, implicat-
ing that it might be significant for its possible habitability aspect.
Until then, studies of galactic habitability were indicating that
large elliptical (and spiral) galaxies are most suitable for hosting
habitable planets (e.g. Dayal et al. 2015; Zackrisson et al. 2016),
and the Cloudlet population presented a new and interesting pos-
sibility for life at the other end of the morphological spectrum. The
significance of this hypothetical population of metal-rich dwarfs
stemmed from their low SFR coupled with high (above-MZR)
metallicity. The authors used the indicator given by Dayal et al.
(2015), the quantity N, which is widely used to assess the num-
ber of potentially habitable planets in different types of galaxies.
This quantity scales with metallicity, which in general amplifies
the probability of a habitable planet or moon forming, and is
inversely proportional to SFR. Therefore, at a given (high) metal-
licity, Cloudlet galaxies have the distinct advantage of a lower SFR
than their high-mass counterparts. The low mass of the Cloudlet
galaxies decreases their overall number of potentially habitable
planets or moons. Still, the expected high frequency of this type
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of galaxy was thought to compensate for the small number of
habitable planets or moons hosted by each individual system.

While this earlier work presented a valuable concept, we revisit
and expand upon their analysis using the updated IllustrisTNG
simulation, which, as previously mentioned, features improved
hydrodynamics, feedback models, and sub-grid prescriptions.
Moreover, it offers improved agreement with observational con-
straints across a wide mass range. However, previous work con-
tains several methodological limitations that significantly affect
the interpretation of their results. Although the SubhaloFlag
classifier, described previously, was not available at the time
and was only introduced in the newer IllustrisTNG simulations,
Cloudlet galaxies could have been systematically assessed for
their physical nature or environmental conditions, which was
not included in the study. For example, tracking the history of
Cloudlet galaxies could have revealed that the majority of those
objects formed extremely late during the simulation, perhaps even
in the last few snapshots, which would point to the conclusion that
those objects are not necessarily galaxies in a traditional sense.
Examining the dark matter content and distances to larger and
more massive galaxies could have also proven useful. Such met-
rics could have revealed whether a Cloudlet galaxy might in fact
be a satellite, a substructure, or even a transient tidal feature. In
summary, while the identification of a bimodality in galactic hab-
itability was an intriguing result, we argue that the conclusions of
Stojkovic et al. (2019) cannot be validated and should have been
subjected to more rigorous scrutiny. In particular, the lack of an
environmental, structural, and evolutionary context for Cloudlet
galaxies undermines the robustness of the inferred bimodality.
Our current study revisits this issue using a higher-fidelity sim-
ulation and a more stringent classification of galaxies.

3 Metal-Rich dwarfs

As this subsection should represent the central quantitative part
of this work, we will have to carefully deal with the sub-sample
of metal-rich dwarf galaxies, their significance, and their basic
relevant properties. First, we will address the significance ques-
tion using the leave-one-out cross-validation scheme in kernel
density estimation in Section 3.1, which will give us insight into
whether this scattered sub-sample is statistically significant to
be considered further. Then, in Section 3.2, we will employ the
density-based clustering algorithm to isolate this sub-sample and
clean it by checking the history of each subhalo and filtering out
late-forming ones. In Section 3.3, we will present some of the basic
properties of the clean sub-sample, including but not limited to -
their compactness and the global rate of close encounters, their
mass history, and morphological classification (where possible).

3.1 Kernel density smoothing

We applied kernel density smoothing to investigate the statistical
significance of the separation between the high metallicity popula-
tion and the bulk of the sample. Using a simple product Gaussian
2D kernel, the optimal smoothing bandwidths are calculated from
the maximum likelihood cross-validation (Duin 1976).

Figure 3 shows the resulting probability density distributions.
The total sample and sub-sample cases show a similar distri-
bution in the bulk of the sample. At the same time, the high-
metallicity segment is separated from the rest of the sample for
log (M, /Mg) > 8.5 and 12 + log Z, > 10. The separation is visible
at the first contour level of 0.01 for the subhalo sub-sample, while
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Figure 3. Kernel density smoothing and the resulting probability density distribution
for the selected sample in the metallicity-mass plane. Contour levels are at 0.01, 0.05,
0.5, and 1.5. Black - all data points (kernel widths hiogy = 0.029, hiog; = 0.016), grey
(kernel widths hiogy = 0.029, hiogz = 0.017) - points with subhalo flag value 1.

the whole sample indicates the separation even at the 0.05 con-
tour level. The subhalo objects, therefore, have less pronounced
separation compared to the rest of the data points from the sample.

Given that the highest contour value is 1.5, the separation
occurs at best at the few per cent level for the whole sample and
up to the 1% level for the subhalo objects. In the log (M, /Mg) <
8.5 and 12 + log Z, < 10 region, there is no clear separation, and
the high-metallicity population can rather be considered as the
extended tail of the main population. Given that there are no other
visible separations within the sample, it is evident that apart from
the main branch of the sample, there is a significantly smaller
branch, yet visible at a per cent level, in the log (M, /Mg) > 8.5
and 12 +log Z, > 10 region.

3.2 Density-based clustering

To identify metal-rich dwarf galaxies scattered above the main
sequence of the mass-metallicity relation, we used a density-based
clustering algorithm called DBSCAN (Ester et al. 1996; Schubert
et al. 2017) included in the scikit-learn package® (Pedregosa
et al. 2011). The algorithm has two crucial input parameters: eps
and min_samples. The former defines the maximum distance
between two samples that should be considered neighbouring
points. The latter sets a threshold for the minimum number of
samples in a neighbourhood. Although eps is considered the
most critical parameter in determining the outcome for a given
dataset, min_samples controls the average density of the result-
ing detected clusters (the higher the value of min_samples, the
denser the detected clusters will be, and vice versa). This algorithm
is most effective for datasets with distinct clusters of similar den-
sity, which is not the case with our sample. However, alternative
algorithms that can detect clusters of various densities and sizes

For full documentation, see https://scikit-learn.org/stable/modules/generated/sklearn.
cluster. DBSCAN.html.
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Table 1.Snapshot number (i.e. SnapNum) and redshift z at formation time of each
subhalo in the sub-sample of metal-rich dwarfs. The total number of subhaloes
(i.e. Count) is given per bin.

SnapNum 1-9 66 81 —-90 91 —-98 99
Redshift z 1499 —-17.6 0.52 0.24 -0.11 0.1-0.01 0
Count 97 1 9 48 461
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Figure 4. Results of the DBSCAN algorithm application in the stellar mass-metallicity
plane. Contours represent the main sequence, while the scatter points represent
detected clusters, whose labels are indicated in the legend.

failed to detect the sub-sample of metal-rich dwarf galaxies as a
single cluster, which was our desired outcome. We describe our
procedure in the following and show the results in Figure 4.

First, we apply the DBSCAN algorithm using eps =0.1 and
min_samples = 50 as input parameters. This allows us to isolate
the main sequence of the stellar mass—(stellar) metallicity relation,
MZ,R. The results revealed a single cluster (covering almost the
entire main sequence) and outliers. Objects in the sparse regions of
the main sequence (i.e. its higher and lower ends) are recognised as
outliers. We then apply the algorithm to a sub-sample of outliers,
with eps =0.2 and min_samples = 10, which were adjusted to
the new data. This revealed new data clusters: higher and lower
ends of the main sequence, metal-rich dwarf galaxies scattered
above, and true outliers. The results are shown in Figure 4, and the
sub-sample of metal-rich dwarf galaxies contains 616 subhaloes,
about 1% of the whole sample.

To ensure that the sub-sample is composed of genuine metal-
rich dwarf galaxies, we also trace the history of each subhalo and
record the snapshot in which the subhalo was formed (i.e. when it
first appeared). The results, with the subhalo counts per snapshot
bin, are listed in Table 1. Interestingly, most of the subhaloes in
this sub-sample appear for the first time in the last snapshot at
redshift z= 0. This makes them false negatives of the procedure
that assigns the SubhaloFlag described in Section 2.1. Only 97
subhaloes have formed sufficiently early, at redshifts z > 7.6. We
consider them genuine metal-rich dwarf galaxies and will explore
their relevant basic properties in the following.
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Figure 5. Mass-size relation in the TNG100 simulation box, determined considering all
the galaxies in the stellar mass range 7 < log (M, /My) < 11. The expected boundaries
of the relation are represented with black dashed lines, while early-formed metal-rich
dwarf galaxies are marked with green diamonds.

3.3 Basic properties of Metal-Rich dwarfs

One of the crucial conditions for habitability is the continu-
ity of habitable-friendly conditions, the so-called ‘habitable time’
defined by Vukotic et al. (2016). Close stellar encounters can dis-
rupt this continuity if they are catastrophic enough to alter the
orbits of planets located in circumstellar habitable zones. The rate
of close encounters I' is calculated as I' = n, (v) (o), where n, is
stellar number density, (v) relative stellar velocity, and (o) cross-
section of the encounter having adverse consequences. Although
the formula is quite simple, its application to numerical sim-
ulations is not entirely straightforward. This is mainly due to
the stellar number density, which is not readily available and
requires assumptions about the average stellar mass (as discussed
by Mitrasinovic et al. 2023). We can thus roughly estimate the
average global rate of close encounters for each metal-rich dwarf
galaxy if we make the appropriate assumptions. Alternatively,
we can first check how compact these galaxies are. One solu-
tion would be to use one of the well-known and observationally
determined criteria (e.g. Barro et al. 2013; Damjanov et al. 2015).
However, these observationally-based criteria may be too restric-
tive, and an alternative approach would be more appropriate. This
approach is based on the idea that compact galaxies are outliers
on the mass-size relation (used by, e.g. Lohmann et al. 2023), the
relation which is well reproduced by IllustrisTNG (Genel et al.
2018).

The mass-size relation in the TNG100 simulation box, along
with its boundaries and metal-rich dwarf galaxies, is shown in
Figure 5. With a few exceptions, most of the early-formed metal-
rich dwarf galaxies are indeed compact. Such systems are densely
populated, which in turn should give a high rate of close encoun-
ters I'. What is expected to affect and increase the rate of close
encounters even further is the fact that these systems are metal-
rich, making average stellar mass most likely sub-solar, which
would result in higher stellar number density. Hence, it is likely
that, in these galaxies, the rate of close encounters is too high.

Since most of the galaxies in our clean sub-sample of metal-
rich dwarfs are compact, the next question is how these systems
evolved to become compact. To answer this, we start by look-
ing into the mass history of each galaxy in this clean sub-sample.
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Figure 6. History of the total mass of metal-rich dwarf galaxies, where the x-axis
represents the redshift when the galaxy reached its maximum total mass, and the
y-axis represents present-day total mass as a percentage of the maximum total mass.
Histogram counts are given for each axis, with the corresponding probability density
function.

In Figure 6, we show present-day total mass (thus, including the
gaseous and dark matter components) as a percentage of the
maximum total mass and the redshift when the galaxy has reached
its maximum mass. By redshift z = 0, all of the galaxies in this sub-
sample have retained very little of their maximum acquired mass.
This suggests that the whole sub-sample is composed of compact,
or almost compact, dwarf galaxies that have formed through the
tidal stripping process, a highly plausible formation pathway, as
demonstrated by numerous studies (e.g. Bekki et al. 2001; 2003;
Pfeffer & Baumgardt 2013; Pfeffer et al. 2014; Martinovic & Micic
2017; Ferré-Mateu et al. 2018; Kim et al. 2020; Deeley et al. 2023;
Lohmann et al. 2023; Moura et al. 2024). The stripping forma-
tion pathway implies that the compact dwarf galaxies are tidally
stripped remnants of much more massive galaxies processed by
dense environments (e.g. galaxy clusters). Moreover, since the
tidal stripping is an outside-in process (e.g. Diemand, Kuhlen, &
Madau 2007; Choi, Weinberg, & Katz 2009), it primarily affects
the extended dark matter halo component of galaxies, resulting
in lower dark matter fractions in these galaxies in general. In
the clean sub-sample, the median dark matter fraction is about
fom = 0.5, and as many as 92 out of 97 galaxies have dark mat-
ter fractions lower than the cosmic average of about fpy >~ 0.84
(Planck Collaboration et al. 2016). Hence, the fact that the galaxies
in the clean sub-sample are outliers on the mass-metallicity rela-
tion can be interpreted from an evolutionary point of view. The
galaxies were, most likely, not always outliers but moved out of
the main sequence as they lost a portion of their mass while retain-
ing generally higher metallicities. According to Paul et al. (2017),
clusters of galaxies are groups more massive than 8 x 10'* Mg,
Following that definition and setting a lower mass threshold for
a galaxy group of 5 x 10'?> Mg, we find that only 4 galaxies in our
sample are located in clusters, 17 are members of groups, while
the rest (majority of the sample, 76 galaxies) are satellites of more
massive galaxies.
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Figure 7. Star-forming main sequence (Renzini & Peng 2015, black dashed line, where
the dotted lines represent the boundaries A = £0.5), and the metal-rich dwarf galaxies
in the stellar mass - SFR plane, colour-coded for the baryonic fraction of gas.

The present-day stellar photometric data for the SDSS bands,
particularly of interest g and r, are available in the supplementary
catalogue (Nelson et al. 2015). The median colour of the clean
sub-sample is quite blue (g — r) > 0.2, while 78 out of 97 galaxies
can be classified as blue with (g —r) < 0.4, indicating a signifi-
cant population of younger stars. Morphological information is
also available in one of the supplementary catalogues (Genel et al.
2015), allowing at least a rough classification corresponding to the
Hubble sequence. However, for the TNG100 simulation box, the
catalogue is restricted to galaxies that are sufficiently well resolved
for a task, with stellar mass M, > 3.4 x 10® M. The information
on morphological decomposition is, thus, only available for 45
out of 97 galaxies in the clean sub-sample. Most of them can be
classified as elliptical as the median fraction of the spherical com-
ponent is high, fiherical = 0.74, while 6 of them can be classified
as irregular due to a relatively high fraction of the stellar mass
that is not accounted for (i.e. it is neither part of the spherical
components nor a thin disc). We emphasise that most galaxies
are elliptical, not necessarily perfectly spherical, since their flat-
ness, calculated based on the provided eigenvalues of the mass
tensor, ranges between ~ 0.68 and ~ 1, where perfectly spherical
galaxies have flatness equal to 1. This implies that various sub-
classes of elliptical galaxies are present in the sub-sample. One
of the galaxies, which has a sufficiently high thin disc fraction,
fihin 2 0.19, and the lowest flatness, can arguably be classified as
lenticular, depending on the definition Figure 7 shows where the
metal-rich dwarf galaxies are positioned in the stellar mass — SFR
plane, concerning the observationally determined star-forming
main sequence (Renzini & Peng 2015). The galaxies are colour-
coded based on their baryonic fraction of gas, most of which lie
within the main sequence (within the boundaries of A = £0.5).
A fraction of mostly gas-rich galaxies are barely above, while the
quenched galaxies scattered below the main sequence are typically
gas-poor.

4 Habitability implications

The present analysis implies that a small population of low-mass
galaxies is more metal-rich than those that form the main mass-
metallicity correlation. The high-mass end of this population is
separated from the main part of the sample, while the lower-mass
end is connected to the main sample as if it is the extended tail of
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the main distribution. The members of this metal-rich Cloudlet
with masses 2 10° Mg can be considered as a separate branch
and, as such, might provide habitability traits that differ from the
main branch of galaxies, especially since metallicity is one of the
main habitability agents and a necessary building block for Earth-
like planets, which are also likely to exist around metal-rich stellar
hosts.

However, whether or not this relatively small population of
dwarf galaxies might be considered superior in habitability terms
in comparison to the majority of galaxies is a complex question.
In this section, we will discuss the galactic habitability assessment
as it relates to this study, attempt to re-evaluate the habitability of
metal-rich dwarfs, and qualitatively discuss the implications of this
study in a broader perspective, taking into account the Cloudlet in
its entirety.

4.1 The complexity of galactic habitability

Galactic habitability is a multifaceted concept, shaped by both
intrinsic properties of galaxies, essentially unknowable initial
conditions at their formation, and their evolutionary history.
Typically, the evolution of galaxies strongly depends on their
immediate environment and external factors. Thus, galactic hab-
itability depends on a number of properties that may bolster or
hinder habitable conditions, and these effects are often strongly
interrelated.

External factors often influence crucial internal properties of
galaxies. This is the most evident in dense environments, such as
galaxy clusters, where close interactions and mergers are the most
frequent, disrupting the stability of stellar systems, causing star-
bursts, multiple reignitions of the nuclear engine, and other per-
turbing phenomena. However, even in a quiescent environment,
stellar orbits in a Milky Way-like spiral galaxies are subject to per-
turbations within the broad stellar neighbourhood; and even stars
with nearly circular and stable orbits are partly coming from pop-
ulations that have radially migrated from other parts of the galactic
disk (Mitrasinovic et al. 2023). Tidal stripping and dynamical
changes due to galactic flybys and interactions, which also occur
in isolated environments, although less frequently, can produce a
wealth of substructures (e.g. Kim et al. 2014; Pettitt & Wadsley
2018; Mitrasinovic & Micic 2023), making the habitability assess-
ment much more complex than the original zonal habitability
concept (Gonzalez, Brownlee, & Ward 2001). Similarly, strong
tidal stripping (associated with dense environments, interactions,
or massive neighbouring galaxies) can indicate a dynamically
unstable environment, further reducing the potential for sustained
habitability.

As mentioned previously, tidal stripping can lead to the for-
mation of ultra-compact dwarf galaxies. In such densely packed
stellar systems (i.e. compact dwarf galaxies in this case), close
interactions between individual stars occur frequently, signifi-
cantly impacting the potential habitability of planets. These inter-
actions make it less likely for planets to maintain stable orbits
within the habitable zones around their host stars. On the other
hand, a high density of the stellar system offers potential for
interplanetary transport of biological material (lithopanspermia,
Wesson 2010), as argued by Balbi, Hami, & Kovacevic (2020) and
interstellar panspermia in general (Vukotic, Seckbach, & Gordo
2021).

While proxies such as high stellar metallicity and low SFR
have been historically used to infer favourable conditions for
planet formation and long-term stability (e.g. Lineweaver 2001;
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Lineweaver, Fenner, & Gibson 2004; Dayal et al. 2015), such an
interpretation is perhaps overly simplified. On the one hand, the
high SFR could be considered a habitability risk factor: a higher
SER would imply a higher rate of supernova and gamma-ray burst
explosions, which could be detrimental to the development and
survival of life on a planet’s surface. Additionally, a high SFR
coupled with generally low gas content might imply that the gas
reservoir in these galaxies will soon be depleted, resulting in a
smaller number of newly formed habitable systems. However, the
effects of a high SFR could be positive: high-energy radiation,
stemming from supernova explosions, while potentially danger-
ous, is highly unlikely to completely wipe out all life on the surface
of a planet (Sloan, Alves Batista, & Loeb 2017); however, it could
provide the necessary energy for complex prebiotic chemistry, or
fuel photosynthesis (Lingam & Loeb 2019), or even trigger genetic
mutations in surface life that would allow more complex life forms
to arise. Moreover, studies of mass extinction events on Earth
(e.g. McElwain & Punyasena 2007; Alroy 2008; Filipovic et al.
2013) have led to the conclusion that these catastrophic events
can lead to even greater biodiversity and may be necessary for the
development of complex life.

Ultimately, any claim about habitability advantages must
account for this multi-dimensional complexity. However, we have
to specify what we are considering when discussing habitability:
the emergence of life and development of complex life forms, or
their sustainability and persistence. At first glance, these concepts
appear very similar, but they can be entirely different. Factors that
are considered detrimental to life development and sustainability
are sometimes the same ones that can lead to the formation of
complex life forms and the transportation of biological material
across planetary or stellar systems.

4.2 Re-evaluating the habitability of metal-rich dwarfs

While the original Cloudlet population appeared promising due
to its high metallicity and relatively low SFR, our refined anal-
ysis reveals a more nuanced picture. In light of the discussion
above, we revisit the potential habitability of galaxies identified
in our final filtered sample. Genuine dwarf galaxies examined in
this work are metal-rich, which could imply superior habitabil-
ity conditions, and the effects of their star-formation rates suggest
considerable habitable potential. However, these galaxies are over-
whelmingly compact, exhibit signs of strong mass loss over time,
and typically represent remnants of formerly more massive sys-
tems that experienced tidal stripping. In many cases, they lie near
massive host galaxies, suggesting that environmental processes
played a dominant role in shaping their present-day properties.
Although such galaxies may, on average, show favourable values
in habitability proxies such as high metallicity and low SFR, these
alone do not guarantee suitability for life. The stellar encounter
rate, which scales with stellar density and internal dynamics, is
generally high for these compact systems. This points to poten-
tially disruptive environments, where planetary orbits may be
unstable on longer timescales, which may inhibit long-term hab-
itability. The existence of high metallicity alone is not sufficient to
conclude a habitable advantage, especially in dynamically violent
environments.

As discussed previously, dynamically challenging environ-
ments are not necessarily inhospitable to life. Various factors that
affect habitability are intertwined, but they can also have opposing
effects individually. Further studies of metal-rich dwarf galaxies
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are required to closely examine these opposing effects and their
joint effect on habitability. Unfortunately, this is beyond the scope
and possibilities of the present work. Due to resolution limitations,
the explored galaxies contain only a few hundred stellar parti-
cles at the very most, making robust orbital perturbation analysis
unfeasible. Future work exploring this interesting avenue should
be done using detailed analysis based on higher-resolution data or
tailored zoom-in simulations.

For the sake of argument, we will assume that the sample of
Cloudlet galaxies examined in this work is indeed superior in their
habitable potential. Compared to the original Cloudlet population,
which probably included many young or dynamically inconsistent
objects, these galaxies represent a much smaller and more physi-
cally meaningful subset. Importantly, even if these systems offered
favourable conditions, their relative abundance is extremely low.
Only 97 early-forming, filtered metal-rich dwarf galaxies remain
in our final sample out of tens of thousands of subhaloes. This
suggests that, even under optimistic assumptions about plane-
tary formation, the global contribution of such systems to cosmic
habitability is negligible.

These results stand in contrast to the conclusions of the previ-
ous study (Stojkovic et al. 2019), which suggested that our search
for extraterrestrial life should not be limited to galaxies similar
to the Milky Way, but should also include these high-metallicity
dwarfs. Genuine dwarf galaxies, as they are conventionally under-
stood and examined in the present study, constitute only a small
fraction of the Cloudlet population. This could lead us to the con-
clusion that previous assumptions about these objects may have
been overly optimistic. Instead, we find that the Cloudlet is not a
distinct secondary peak in the galactic habitability landscape, but
a sparse tail shaped by extreme evolutionary pathways. We there-
fore conclude that the bimodality of galactic habitability reported
in earlier work does not persist when evaluated in a more phys-
ically consistent simulation framework. Although some systems
may retain marginally habitable properties, they do not constitute
a distinct or significant population.

4.3 Perspective beyond conventional hosts

In this study, we focused on clearly defined and dynamically
coherent galaxies. Our results suggest that the previously identi-
fied Cloudlet population, when carefully filtered for reliability and
formation history, does not represent a robust or dominant com-
ponent of the habitable galaxy population. However, this naturally
raises the question of what kinds of structures were excluded by
our conservative criteria. In particular, the unfiltered Cloudlet of
metal-rich low-mass objects is predominantly composed of struc-
tures that are not considered galaxies in a traditional sense. It is
quite possible that a significant portion of this unfiltered popula-
tion, much larger in numbers than our analysed sample, represents
distinct substructures of larger, more massive galaxies. As such,
it provides an additional strong argument for the complex habit-
ability assessment that differs from the pioneering annular zone
concept (Gonzalez, Brownlee, & Ward 2001). The complexity
should be intuitively understandable, given that galaxies are not as
centrally influenced (in terms of radiation and motion) as individ-
ual planetary systems and their host stars. More detailed models
of galactic habitability, especially focusing on galaxy dynamics
and taking into account different sources of high-energy radia-
tion, coupled with exoplanet hunt observations in nearby Milky
Way satellites and other members of our Local Group, are crucial
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to provide better insights in future research on this subject. The
localised nature of habitable regions within galaxies is already
accepted and commonly discussed qualitatively, although the tra-
ditional view of the GHZ as a simple annular region (Gonzalez,
Brownlee, & Ward 2001; Lineweaver, Fenner, & Gibson 2004)
remains a norm in quantifiable terms (e.g. when the study aims to
constrain habitable regions of a galaxy). Thus, it should not be con-
troversial that distinct substructures of larger galaxies may show
more habitable-friendly conditions. In fact, this could be an addi-
tional argument that challenges the traditional model, urging us to
re-examine our approach to large-scale habitability.

At the same time, the remaining Cloudlet population is com-
posed of diverse objects, not just substructures of larger, more
massive galaxies. Although some of these objects may be numer-
ical artefacts, it is highly plausible that most of them are either
dense, weakly bound tidal debris or previously mentioned, kine-
matically distinct substructures of larger galaxies. Both possibili-
ties offer exciting and fresh insights, providing a new perspective
on the holistic approach to habitability. Regarding tidal struc-
tures, their habitable potential was already speculated, although
not thoroughly investigated, by Forgan et al. (2017). It should be
noted that all of the above-mentioned objects are dynamically and
evolutionarily challenging, which could affect the habitable poten-
tial by influencing the long-term stability of orbits. However, as
we discussed previously, it should not be considered detrimental
to life as it might appear at first glance. There is clearly a balance
between the long-term stability required for life to develop and
thrive and the dynamic, maybe even violent, nature of an environ-
ment required for spreading biological material across the galaxy
and over larger scales in general.

Finally, these structures merit further investigation, and a
broader follow-up will be needed to explore whether these
ambiguous objects and structures might nonetheless host condi-
tions conducive to life. In follow-up work, we plan to analyse these
ambiguous or transitional structures and objects in more detail,
incorporating, perhaps, if possible, particle-level dynamics and
environmental analysis. This will help us better understand their
origin, nature, degree of perturbation, and survival. It might very
well be that, instead of genuine metal-rich dwarf galaxies, these
ambiguous or transient structures are the ones that the previous
study identified as possible cradles of life. Even if they prove to be
unstable environments for life to persist and develop, they could
hold a key to spreading life across large scales.

5 Summary and conclusion

We have revisited the interpretation of metal-rich dwarf galaxies
in cosmological simulations as potential cradles of life, focusing on
the population previously identified as the Cloudlet in the original
lustris cosmological simulation. This study employs the use of
the improved IllustrisTNG, which gave an updated sample based
on refined filtering criteria; further filtering of our own, based on
the history of each subhalo in the sample, left us with 97 genuine
dwarf galaxies, vastly outnumbered by the remaining 519 struc-
tures whose physical origin remains uncertain. We expect a certain
percentage of them to be numerical artefacts; however, some (per-
haps even the majority) could be genuine physical structures, and
their origin calls for further investigation.

The final sample suggests the existence of a separate pop-
ulation of metal-rich dwarf galaxies above the main sequence
of the mass-metallicity plane; these galaxies appear to branch
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away as the mass increases. Most of them will likely have more
massive progenitors stripped of their gas content in galactic
interactions, resulting in a lower-than-average gas content with
varying star formation. Dark matter fractions are much lower
than the cosmic average and further support the tidal stripping
scenario.

The habitability assessment of these objects is not straightfor-
ward. Higher SFRs and dense stellar environments traditionally
point to lower habitable potential; however, recent studies of
habitability of densely populated regions, as well as research on
the impact of metallicity on the formation of habitable plan-
ets, suggest an altogether different possibility. Rocky, Earth-like
planets could be relatively common in these galaxies, and their
dynamical environment may serve to their advantage when it
comes to the transportation of biological material. Similar rea-
soning could be applied to tidal structures, objects that we did
not examine in detail in the present study, that formed recently
in the aftermath of highly dynamic and violent events (e.g. inter-
actions or mergers of galaxies). This is not the first time tidal
structures have emerged as possible habitats, so it might be the
perfect time to finally entertain the idea that structures other
than conventional galaxies may be suitable for life hosting and
development.

Our results suggest that the metal-rich Cloudlet population
identified in a prior study is not representative of a large,
habitability-favourable galaxy class. The majority of genuinely
compact, metal-rich dwarfs are remnants of tidal stripping and are
dynamically challenging environments for life. Moreover, these
galaxies are exceedingly rare when proper filtering is applied.
The apparent bimodality in galactic habitability suggested by
Stojkovic et al. (2019) does not hold up under closer scrutiny
using improved simulations and methodology. Thus, we con-
clude that there is no robust evidence for a second peak in
galactic habitability associated with metal-rich dwarf galaxies.
Although such systems may still host habitable planets in spe-
cific cases, they are not statistically significant compared to mas-
sive spirals or ellipticals in both their overall number and in
the number of hosted habitable stellar systems. These findings
refine our understanding of how habitability is distributed across
galaxy types and highlight the importance of careful simulation-
based filtering. Future work will examine the broader popu-
lation of metal-rich but unbound or ambiguous substructures,
which may provide further insight into non-traditional hosts
of life.

Evidently, addressing the question of habitability in the
Universe requires a shift beyond planetary or stellar-centric frame-
works, embracing a holistic approach that incorporates the full
complexity of galaxies, their structure, interaction between their
components, and their wider environments. The interactions
between galaxies, their evolution over cosmic time, and the influ-
ence of their immediate environment play a pivotal role in shaping
the regions with conditions for life development. Only by inte-
grating these broader astrophysical factors can we form a truly
comprehensive understanding of the processes that govern the
emergence and sustainability of life.

Acknowledgement. The authors thank the IllustrisTNG team for mak-
ing their simulations publicly available. The authors also thank the reviewer
for their thoughtful and constructive feedback, which helped significantly
improve the clarity, structure, and impact of a previous version of this
manuscript.


https://doi.org/10.1017/pasa.2025.10040

10

Data availability statement. The simulation data underlying this article
were accessed from the publicly available IllustrisTNG simulation, available at
https://www.tng-project.org/data. Although the study should be easily repro-
duced using publicly available data, the derived data generated in this study
are available from the corresponding authors, A.M. and B.V., upon reasonable

request.

Funding statement. This research was supported by the Ministry of Science,
Technological Development, and Innovation of the Republic of Serbia
(MSTDIRS) through contract no. 451-03-136/2025-03/200002 made with the

Astronomical Observatory (Belgrade).

Competing interests. None.

References

Alroy, J. 2008, PNAS, 105, 11536. https://doi.org/10.1073/pnas.0802597105.
Balbi, A,, Hami, M., & Kovacevic, A. 2020, Life, 10, 132. https://doi.org/

10.3390/1ife10080132.  arXiv: https://arxiv.org/abs/2008.01419
ph.EP].

Barro, G., et al. 2013, ApJ, 765, 104. https://doi.org/10.1088/0004-637X/

765/2/104. arXiv: https://arxiv.org/abs/1206.5000 [astro-ph.CO].

Bekki, K., Couch, W. J., Drinkwater, M. J., & Shioya, Y. 2003, MNRAS,
344, 399. https://doi.org/10.1046/j.1365-8711.2003.06916.x. arXiv: https://

arxiv.org/abs/astro-ph/0308243 [astro-ph].

Bekki, K., Couch, W. ], Drinkwater, M. ], & Gregg, M. D. 2001,
Ap], 557, L39. https://doi.org/10.1086/323075. arXiv: https://arxiv.org/abs/

astro-ph/0107117 [astro-ph].

Buchhave, L. A., & Latham, D. W. 2015, Ap], 808, 187. https://doi.org/
10.1088/0004-637X/808/2/187.  arXiv: https://arxiv.org/abs/1507.03557

[astro-ph.EP].

Cai, X,, Jiang, J. H., Fahy, K. A., & Yung, Y. L. 2021, Galaxies, 9, 5. https://
doi.org/10.3390/galaxies9010005. arXiv: https://arxiv.org/abs/2012.07902

[astro-ph.GA].

Carigi, L., Garca-Rojas, J., & Meneses-Goytia, S. 2013, RMxAA, 49, 253.

https://doi.org/10.48550/arXiv.1208.4198.

Choi, J.-H., Weinberg, M. D., & Katz, N. 2009, MNRAS, 400, 1247.
https://doi.org/10.1111/j.1365-2966.2009.15556.x. arXiv: https://arxiv.org/

abs/0812.0009 [astro-ph].

Crain, R. A, & van de Voort, F. 2023, ARA&A, 61, 473. https://
doi.org/10.1146/annurev-astro-041923-043618. arXiv: https://arxiv.org/

abs/2309.17075 [astro-ph.GA].

Damjanov, I, Geller, M. J., Jabran Zahid, H.,, & Hwang, H. S. 2015,
ApJ, 806, 158. https://doi.org/10.1088/0004-637X/806/2/158. arXiv: https://

arxiv.org/abs/1501.04976 [astro-ph.GA].

Dayal, P., Cockell, C., Rice, K, & Mazumdar, A. 2015, Ap], 810,
L2. https://doi.org/10.1088/2041-8205/810/1/L2. arXiv: https://arxiv.org/

abs/1507.04346 [astro-ph.GA].

Deeley, S., Drinkwater, M. J., Sweet, S. M., Bekki, K., Couch, W. J., & Forbes,
D. A. 2023, MNRAS, 525, 1192. https://doi.org/10.1093/mnras/stad2313.

arXiv: https://arxiv.org/abs/2308.00305 [astro-ph.GA].

Diemand, J., Kuhlen, M., & Madau, P. 2007, Ap], 667, 859. https://
doi.org/10.1086/520573.  arXiv: https://arxiv.org/abs/astro-ph/0703337

[astro-ph].

Djorgovski, S., & Davis, M. 1987, Ap], 313, 59. https://doi.org/10.1086/164948.
Duin, R. 1976, IEEE TC (Los Alamitos, CA, USA), 25, 1175. issn: 1557-9956.

https://doi.org/10.1109/TC.1976.1674577.

Ester, M., Kriegel, H.-P., Sander, J., & Xu, X. 1996, in Knowledge Discovery
and Data Mining. https://api.semanticscholar.org/CorpusID:355163.

Ferré-Mateu, A., Forbes, D. A., Romanowsky, A. J., Janz, J., & Dixon, C.
2018, MNRAS, 473, 1819. https://doi.org/10.1093/mnras/stx2442. arXiv:

https://arxiv.org/abs/1709.07012 [astro-ph.GA].

Filipovic, M. D., Horner, J., Crawford, E. J., Tothill, N. F. H., & White,
G. L. 2013, SerAJ, 187, 43. https://doi.org/10.2298/SAJ130819005F. arXiv:

https://arxiv.org/abs/1309.4838 [astro-ph.GA].

Fischer, D. A., & Valenti, J. 2005, ApJ, 622, 1102. https://doi.org/10.1086/

428383.

https://doi.org/10.1017/pasa.2025.10040 Published online by Cambridge University Press

A. Mitrasinovic et al.

Forgan, D., Dayal, P, Cockell, C., & Libeskind, N. 2017, IJA, 16,
60. https://doi.org/10.1017/S1473550415000518. arXiv: https://arxiv.org/
abs/1511.01786 [astro-ph.GA].

Genel, S., Michael Fall, S., Hernquist, L., Vogelsberger, M., Snyder,
G. F.,, Rodriguez-Gomez, V., Sijacki, D., & Springel, V. 2015,
Ap], 804, L40. https://doi.org/10.1088/2041-8205/804/2/L40. arXiv:
https://arxiv.org/abs/1503.01117 [astro-ph.GA].

Genel, S., et al. 2018, MNRAS, 474, 3976. https://doi.org/10.1093/mnras/
stx3078. arXiv: https://arxiv.org/abs/1707.05327 [astro-ph.GA].

Genel, S., et al. 2014, MNRAS, 445, 175. https://doi.org/10.1093/mnras/
stul654. arXiv: https://arxiv.org/abs/1405.3749 [astro-ph.CO].

Gobat, R, & Hong, S. E. 2016, A&A, 592, A96. https://doi.org/
10.1051/0004-6361/201628834. arXiv: https://arxiv.org/abs/1605.06627
[astro-ph.GA].

Gonzalez, G., Brownlee, D., & Ward, P. 2001, Icar, 152, 185. https://doi.org/
10.1006/icar.2001.6617.  arXiv:  https://arxiv.org/abs/astro-ph/0103165
[astro-ph].

Gowanlock, M. G., Patton, D. R, & McConnell, S. M. 2011,
Astrobiology, 11, 855. https://doi.org/10.1089/ast.2010.0555.  arXiv:
https://arxiv.org/abs/1107.1286 [astro-ph.EP].

Gowanlock, M. G., & Morrison, I. S. 2018, in Habitability of the Universe
Before Earth, Astrobiology Exploring Life on Earth and Beyond, ed.
R. Gordon, & A. A. Sharov (Academic Press), 149. isbn: 978-0-12-811
940-2. https://doi.org/https://doi.org/10.1016/B978-0-12-811940-2.00007-1.
https://www.sciencedirect.com/science/article/pii/B9780128119402000071.

Kim, J. H., Peirani, S., Kim, S., Ann, H. B, An, S.-H., & Yoon, S.-J.
2014, Ap], 789, 90. https://doi.org/10.1088/0004-637X/789/1/90. arXiv:
https://arxiv.org/abs/1406.6074 [astro-ph.GA].

Kim, S., Jeong, H., Rey, S.-C,, Lee, Y., Lee, J., Joo, S.-J., & Kim, H.-S.
2020, ApJ, 903, 65. https://doi.org/10.3847/1538-4357/abaef5. arXiv:
https://arxiv.org/abs/2008.10686 [astro-ph.GA].

Kokaia, G., & Davies, M. B. 2019, MNRAS, 489, 5165. https://
doi.org/10.1093/mnras/stz813.  arXiv:  https://arxiv.org/abs/1903.08026
[astro-ph.GA].

Lee, ], Shin, E.-J, & Kim, J.-h. 2021, Ap], 917, 15. https://doi.org/
10.3847/2041-8213/ac16€0. arXiv: https://arxiv.org/abs/2108.01102 [astro-
ph.GA].

Lee, J., Shin, E.-J, Kim, J.-h,, Shapiro, P. R, & Chung, E. 2024,
Ap], 966, 72. https://doi.org/10.3847/1538-4357/ad2932. arXiv: https://
arxiv.org/abs/2312.11350 [astro-ph.GA].

Lequeux, J., Peimbert, M., Rayo, J. F., Serrano, A., & Torres-Peimbert, S. 1979,
A&A, 80, 155.

Lineweaver, C. H. 2001, Icar, 151, 307. https://doi.org/10.1006/icar.2001.6607.
arXiv: https://arxiv.org/abs/astro-ph/0012399 [astro-ph].

Lineweaver, C. H., Fenner, Y., & Gibson, B. K. 2004, Sci, 303, 59.
https://doi.org/10.1126/science.1092322.  arXiv:  https://arxiv.org/abs/
astro-ph/0401024 [astro-ph].

Lingam, M., & Loeb, A. 2019, MNRAS, 485, 5924. https://doi.org/10.1093/
mnras/stz847. arXiv: https://arxiv.org/abs/1901.01270 [astro-ph.EP].

Lohmann, F. S., Schnorr-Miiller, A., Trevisan, M., Ricci, T. V., &
Slodkowski Clerici, K. 2023, MNRAS, 524, 5266. https://doi.org/10.1093/
mnras/stad2176. arXiv: https://arxiv.org/abs/2307.08911 [astro-ph.GA].

Lu, C. X, Schlaufman, K. C., & Cheng, S. 2020, AJ, 160, 253.
https://doi.org/10.3847/1538-3881/abb773. arXiv: https://arxiv.org/abs/
2009.06638 [astro-ph.EP].

Mannucci, F., Cresci, G., Maiolino, R., Marconi, A., & Gnerucci, A. 2010,
MNRAS, 408, 2115. https://doi.org/10.1111/j.1365-2966.2010.17291.x.
arXiv: https://arxiv.org/abs/1005.0006 [astro-ph.CO].

Marinacci, F., et al. 2018, MNRAS, 480, 5113. https://doi.org/10.1093/
mnras/sty2206. arXiv: https://arxiv.org/abs/1707.03396 [astro-ph.CO].

Martinovic, N., & Micic, M. 2017, MNRAS, 470, 4015. https://doi.org/
10.1093/mnras/stx1480. arXiv: https://arxiv.org/abs/1706.04022 [astro-
ph.GA].

McElwain, J. C., & Punyasena, S. W. 2007, TEE, 22, 548. https://
doi.org/10.1016/j.tree.2007.09.003.

Mitradinovic, A., & Micic, M. 2023, PASA, 40, e024. https://
doi.org/10.1017/pasa.2023.23.  arXiv:  https://arxiv.org/abs/2304.07751
[astro-ph.GA].


https://www.tng-project.org/data
https://doi.org/10.1073/pnas.0802597105
https://doi.org/10.3390/life10080132
https://arxiv.org/abs/2008.01419
https://doi.org/10.1088/0004-637X/765/2/104
https://arxiv.org/abs/1206.5000
https://doi.org/10.1046/j.1365-8711.2003.06916.x
https://arxiv.org/abs/astro-ph/0308243
https://doi.org/10.1086/323075
https://arxiv.org/abs/astro-ph/0107117
https://doi.org/10.1088/0004-637X/808/2/187
https://arxiv.org/abs/1507.03557
https://doi.org/10.3390/galaxies9010005
https://arxiv.org/abs/2012.07902
https://doi.org/10.48550/arXiv.1208.4198
https://doi.org/10.1111/j.1365-2966.2009.15556.x
https://arxiv.org/abs/0812.0009
https://doi.org/10.1146/annurev-astro-041923-043618
https://arxiv.org/abs/2309.17075
https://doi.org/10.1088/0004-637X/806/2/158
https://arxiv.org/abs/1501.04976
https://doi.org/10.1088/2041-8205/810/1/L2
https://arxiv.org/abs/1507.04346
https://doi.org/10.1093/mnras/stad2313
https://arxiv.org/abs/2308.00305
https://doi.org/10.1086/520573
https://arxiv.org/abs/astro-ph/0703337
https://doi.org/10.1086/164948
https://doi.org/10.1109/TC.1976.1674577
https://api.semanticscholar.org/CorpusID:355163
https://doi.org/10.1093/mnras/stx2442
https://arxiv.org/abs/1709.07012
https://doi.org/10.2298/SAJ130819005F
https://arxiv.org/abs/1309.4838
https://doi.org/10.1086/428383
https://doi.org/10.1017/S1473550415000518
https://arxiv.org/abs/1511.01786
https://doi.org/10.1088/2041-8205/804/2/L40
https://arxiv.org/abs/1503.01117
https://doi.org/10.1093/mnras/stx3078
https://arxiv.org/abs/1707.05327
https://doi.org/10.1093/mnras/stu1654
https://arxiv.org/abs/1405.3749
https://doi.org/10.1051/0004-6361/201628834
https://arxiv.org/abs/1605.06627
https://doi.org/10.1006/icar.2001.6617
https://arxiv.org/abs/astro-ph/0103165
https://doi.org/10.1089/ast.2010.0555
https://arxiv.org/abs/1107.1286
https://doi.org/https://doi.org/10.1016/B978-0-12-811940-2.00007-1
https://www.sciencedirect.com/science/article/pii/B9780128119402000071
https://doi.org/10.1088/0004-637X/789/1/90
https://arxiv.org/abs/1406.6074
https://doi.org/10.3847/1538-4357/abaef5
https://arxiv.org/abs/2008.10686
https://doi.org/10.1093/mnras/stz813
https://arxiv.org/abs/1903.08026
https://doi.org/10.3847/2041-8213/ac16e0
https://arxiv.org/abs/2108.01102
https://doi.org/10.3847/1538-4357/ad2932
https://arxiv.org/abs/2312.11350
https://doi.org/10.1006/icar.2001.6607
https://arxiv.org/abs/astro-ph/0012399
https://doi.org/10.1126/science.1092322
https://arxiv.org/abs/astro-ph/0401024
https://doi.org/10.1093/mnras/stz847
https://arxiv.org/abs/1901.01270
https://doi.org/10.1093/mnras/stad2176
https://arxiv.org/abs/2307.08911
https://doi.org/10.3847/1538-3881/abb773
https://arxiv.org/abs/2009.06638
https://doi.org/10.1111/j.1365-2966.2010.17291.x
https://arxiv.org/abs/1005.0006
https://doi.org/10.1093/mnras/sty2206
https://arxiv.org/abs/1707.03396
https://doi.org/10.1093/mnras/stx1480
https://arxiv.org/abs/1706.04022
https://doi.org/10.1016/j.tree.2007.09.003
https://doi.org/10.1017/pasa.2023.23
https://arxiv.org/abs/2304.07751
https://doi.org/10.1017/pasa.2025.10040

Publications of the Astronomical Society of Australia

Mitradinovic, A., Vukotic, B., Micic, M., & Cirkovic, M. M. 2023,
PASA, 40, e054. https://doi.org/10.1017/pasa.2023.54. arXiv: https://
arxiv.org/abs/2310.16227 [astro-ph.GA].

Moura, M. T., Chies-Santos, A. L., Furlanetto, C., Zhu, L, &
Canossa-Gosteinski, M. A. 2024, MNRAS, 528, 353. https://
doi.org/10.1093/mnras/stae013. arXiv: https://arxiv.org/abs/2401.02798

[astro-ph.GA].

Naiman, J. P., et al. 2018, MNRAS, 477, 1206. https://doi.org/10.1093/
mnras/sty618. arXiv: https://arxiv.org/abs/1707.03401 [astro-ph.GA].

Nelson, D., et al. 2015, A&C, 13, 12. https://doi.org/10.1016/j.ascom.
2015.09.003. arXiv: https://arxiv.org/abs/1504.00362 [astro-ph.CO].

Nelson, D., et al. 2018, MNRAS, 475, 624. https://doi.org/10.1093/
mnras/stx3040. arXiv: https://arxiv.org/abs/1707.03395 [astro-ph.GA].

Nelson, D, et al. 2019, CoAG, 6, 2. https://doi.org/10.1186/s40668-019-0028-x.
arXiv: https://arxiv.org/abs/1812.05609 [astro-ph.GA].

Paul, S., John, R. S., Gupta, P, & Kumar, H. 2017, MNRAS, 471, 2.
https://doi.org/10.1093/mnras/stx1488. arXiv: https://arxiv.org/abs/1706.
01916 [astro-ph.CO].

Pedregosa, F., et al. 2011, JMLR, 12, 2825. http://jmlr.org/papers/v12/
pedregosalla.html.

Pérez-Daz, B., Pérez-Montero, E., Fernandez-Ontiveros, J. A., Vichez, ]J. M.,
& Amorn, R. 2024, NatAs, 1-9. issn: 2397-3366, accessed January 21, 2024.
https://doi.org/10.1038/s41550-023-02171-x.

Pettitt, A. R, & Wadsley, J. W. 2018, MNRAS, 474, 5645. https://
doi.org/10.1093/mnras/stx3129. arXiv: https://arxiv.org/abs/1712.00882
[astro-ph.GA].

Pfeffer, J., & Baumgardt, H. 2013, MNRAS, 433, 1997. https://
doi.org/10.1093/mnras/stt867.  arXiv:  https://arxiv.org/abs/1305.3656
[astro-ph.GA].

Pfeffer, J., Griffen, B. F., Baumgardt, H., & Hilker, M.
MNRAS, 444, 3670. https://doi.org/10.1093/mnras/stul705.
https://arxiv.org/abs/1408.4467 [astro-ph.GA].

Pillepich, A., et al. 2018, MNRAS, 475, 648. https://doi.org/10.1093/
mnras/stx3112. arXiv: https://arxiv.org/abs/1707.03406 [astro-ph.GA].

Pillepich, A., et al. 2018, MNRAS, 473, 4077. https://doi.org/10.1093/
mnras/stx2656. arXiv: https://arxiv.org/abs/1703.02970 [astro-ph.GA].

Planck Collaboration, et al. 2016, A&A, 594, Al3. https://doi.org/
10.1051/0004-6361/201525830. arXiv: https://arxiv.org/abs/1502.01589
[astro-ph.CO].

Prantzos, N. 2008, SSR, 135, 313. https://doi.org/10.1007/s11214-007-9236-9.
arXiv: https://arxiv.org/abs/astro-ph/0612316 [astro-ph].

Renzini, A., & Peng, Y.-J. 2015 ApJ, 801, L29. https://doi.org/
10.1088/2041-8205/801/2/L29.  arXiv: https://arxiv.org/abs/1502.01027
[astro-ph.GA].

Santos, N. C., Israelian, G., & Mayor, M. 2001, A&A, 373, 1019.

2014,
arXiv:

https://doi.org/10.1051/0004-6361:20010648.  arXiv:  https://arxiv.org/
abs/astro-ph/0105216 [astro-ph].

Santos, N. C. Israelian, G., Mayor, M. Bento, J. P, Almeida,
P. C, Sousa, S. G., & Ecuvillon, A. 2005, A&A, 437, 1127.
https://doi.org/10.1051/0004-6361:20052895.  arXiv:  https://arxiv.org/
abs/astro-ph/0504154 [astro-ph].

Schubert, E. Sander, J., Ester, M. Kriegel, H. P, & Xu, X

2017, ACM TDS (New York, NY, USA), 42, issn: 0362-5915.
https://doi.org/10.1145/3068335.https://doi.org/10.1145/3068335.

Shin, E.-J,, Jung, M., Kwon, G., Kim, J.-h,, Lee, ], Jo, Y., & Oh, B.
K. 2020, ApJ, 899, 25. https://doi.org/10.3847/1538-4357/aba434. arXiv:
https://arxiv.org/abs/2007.09889 [astro-ph.GA].

Silk, J. 2019, MNRAS, 488, L24. https://doi.org/10.1093/mnrasl/slz090. arXiv:
https://arxiv.org/abs/1905.13235 [astro-ph.GA].

Sloan, D., Alves Batista, R., & Loeb, A. 2017, SciRep, 7, 5419.
https://doi.org/10.1038/s41598-017-05796-x. arXiv: https://arxiv.org/abs/
1707.04253 [astro-ph.EP].

https://doi.org/10.1017/pasa.2025.10040 Published online by Cambridge University Press

11

Spinelli, R., Ghirlanda, G., Haardt, F., Ghisellini, G., & Scuderi, G.
2021, A&A, 647, A41. https://doi.org/10.1051/0004-6361/202039507. arXiv:
https://arxiv.org/abs/2009.13539 [astro-ph.HE].

Spitoni, E., Gioannini, L., & Matteucci, F. 2017, A&A, 605, A38.
https://doi.org/10.1051/0004-6361/201730545.  arXiv: https://arxiv.org/
abs/1705.01297 [astro-ph.GA].

Spitoni, E., Matteucci, F., & Sozzetti, A. 2014, MNRAS, 440, 2588.
https://doi.org/10.1093/mnras/stu484. arXiv: https://arxiv.org/abs/1403.
2268 [astro-ph.GA].

Springel, V. 2010, MNRAS, 401, 791. https://doi.org/10.1111/j.1365-2966.2009.
15715.x. arXiv: https://arxiv.org/abs/0901.4107 [astro-ph.CO].

Springel, V., et al. 2018, MNRAS, 475, 676. https://doi.org/10.1093/
mnras/stx3304. arXiv: https://arxiv.org/abs/1707.03397 [astro-ph.GA].

Springel, V., White, S. D. M., Tormen, G., & Kauffmann, G. 2001,
MNRAS, 328, 726. https://doi.org/10.1046/j.1365-8711.2001.04912.x. arXiv:
https://arxiv.org/abs/astro-ph/0012055 [astro-ph].

Stanway, E. R, Hoskin, M. J., Lane, M. A., Brown, G. C, Childs, H.
J. T., Greis, S. M. L., & Levan, A. J. 2018, MNRAS, 475, 1829.
https://doi.org/10.1093/mnras/stx3305. arXiv: https://arxiv.org/abs/1710.
03033 [astro-ph.GA].

Stojkovic, N., Vukotic, B., & Cirkovic, M. M. 2019, SerA], 198, 25.
https://doi.org/10.2298/SAJ1998025S. arXiv: https://arxiv.org/abs/1908.
05935 [astro-ph.GA].

Stojkovic, N., Vukotic, B., Martinovic, N., Cirkovic, M. M., & Micic, M.
2019, MNRAS, 490, 408. https://doi.org/10.1093/mnras/stz2519. arXiv:
https://arxiv.org/abs/1909.01742 [astro-ph.GA].

Suthar, F., & McKay, C. P. 2012, IJA, 11, 157. https://doi.org/10.1017/
S1473550412000055.

van Dokkum, P., et al
10.1038/541586-022-04665-6.
[astro-ph.GA].

Vogelsberger, M., et al. 2014, MNRAS, 444, 1518. https://doi.org/10.1093/
mnras/stul536. arXiv: https://arxiv.org/abs/1405.2921 [astro-ph.CO].

Vogelsberger, M., Marinacci, F., Torrey, P, & Puchwein, E. 2020,
NatRvPh, 2, 42. https://doi.org/10.1038/s42254-019-0127-2.  arXiv:
https://arxiv.org/abs/1909.07976 [astro-ph.GA].

Vukotic, B., Seckbach, J., & Gordon, R. eds. 2021, Astrobiology
Perspectives on Life in the Universe, ed. R. Gordon, & J. Seckbach
(Beverly, MA: Wiley-Scrivener). isbn: 9781119640394. https://books.
google.rs/books?id=UORFEAAAQBA].

Vukotic, B., Steinhauser, D., Martinez-Aviles, G., Cirkovic, M.
M., Micic, M., & Schindler, S. 2016, MNRAS, 459, 3512.
https://doi.org/10.1093/mnras/stw829. arXiv: https://arxiv.org/abs/1604.
01664 [astro-ph.GA].

Vukotic, B. 2018, in Habitability of the Universe before Earth, Astrobiology
Exploring Life on Earth and Beyond, ed. R. Gordon and A. A.
Sharov (Academic Press), 173. isbn: 978-0-12-811940-2. https://doi.org/
10.1016/B978-0-12-811940-2.00008-3.

Wang, J., & Fischer, D. A. 2015, AJ, 149, 14. https://doi.org/
10.1088/0004-6256/149/1/14.  arXiv:  https://arxiv.org/abs/1310.7830
[astro-ph.EP].

Weinberger, R., et al. 2017, MNRAS, 465, 3291. https://doi.org/10.1093/
mnras/stw2944. arXiv: https://arxiv.org/abs/1607.03486 [astro-ph.GA].

Wesson, P. S. 2010, SSR, 156, 239. https://doi.org/10.1007/s11214-010-9671-x.
arXiv: https://arxiv.org/abs/1011.0101 [astro-ph.EP].

Whitmire, D. P. 2020, MNRAS, 494, 3048. https://doi.org/10.1093/
mnras/staa957. arXiv: https://arxiv.org/abs/2003.13643 [astro-ph.EP].

Zackrisson, E., Calissendorff, P., Gonzélez, J., Benson, A., Johansen, A.,
& Janson, M. 2016, Ap], 833, 214. https://doi.org/10.3847/1538-4357/
833/2/214. arXiv: https://arxiv.org/abs/1602.00690 [astro-ph.GA].

Zhu, W. 2019, ApJ, 873, 8. https://doi.org/10.3847/1538-4357/ab0205. arXiv:
https://arxiv.org/abs/1808.09451 [astro-ph.EP].

2022,
arXiv:

Natur, 605, 435. https://doi.org/
https://arxiv.org/abs/2205.08552


https://doi.org/10.1017/pasa.2023.54
https://arxiv.org/abs/2310.16227
https://doi.org/10.1093/mnras/stae013
https://arxiv.org/abs/2401.02798
https://doi.org/10.1093/mnras/sty618
https://arxiv.org/abs/1707.03401
https://doi.org/10.1016/j.ascom.2015.09.003
https://arxiv.org/abs/1504.00362
https://doi.org/10.1093/mnras/stx3040
https://arxiv.org/abs/1707.03395
https://doi.org/10.1186/s40668-019-0028-x
https://arxiv.org/abs/1812.05609
https://doi.org/10.1093/mnras/stx1488
https://arxiv.org/abs/1706.01916
http://jmlr.org/papers/v12/pedregosa11a.html
https://doi.org/10.1038/s41550-023-02171-x
https://doi.org/10.1093/mnras/stx3129
https://arxiv.org/abs/1712.00882
https://doi.org/10.1093/mnras/stt867
https://arxiv.org/abs/1305.3656
https://doi.org/10.1093/mnras/stu1705
https://arxiv.org/abs/1408.4467
https://doi.org/10.1093/mnras/stx3112
https://arxiv.org/abs/1707.03406
https://doi.org/10.1093/mnras/stx2656
https://arxiv.org/abs/1703.02970
https://doi.org/10.1051/0004-6361/201525830
https://arxiv.org/abs/1502.01589
https://doi.org/10.1007/s11214-007-9236-9
https://arxiv.org/abs/astro-ph/0612316
https://doi.org/10.1088/2041-8205/801/2/L29
https://arxiv.org/abs/1502.01027
https://doi.org/10.1051/0004-6361:20010648
https://arxiv.org/abs/astro-ph/0105216
https://doi.org/10.1051/0004-6361:20052895
https://arxiv.org/abs/astro-ph/0504154
https://doi.org/10.1145/3068335.https://doi.org/10.1145/3068335
https://doi.org/10.3847/1538-4357/aba434
https://arxiv.org/abs/2007.09889
https://doi.org/10.1093/mnrasl/slz090
https://arxiv.org/abs/1905.13235
https://doi.org/10.1038/s41598-017-05796-x
https://arxiv.org/abs/1707.04253
https://doi.org/10.1051/0004-6361/202039507
https://arxiv.org/abs/2009.13539
https://doi.org/10.1051/0004-6361/201730545
https://arxiv.org/abs/1705.01297
https://doi.org/10.1093/mnras/stu484
https://arxiv.org/abs/1403.2268
https://doi.org/10.1111/j.1365-2966.2009.15715.x
https://arxiv.org/abs/0901.4107
https://doi.org/10.1093/mnras/stx3304
https://arxiv.org/abs/1707.03397
https://doi.org/10.1046/j.1365-8711.2001.04912.x
https://arxiv.org/abs/astro-ph/0012055
https://doi.org/10.1093/mnras/stx3305
https://arxiv.org/abs/1710.03033
https://doi.org/10.2298/SAJ1998025S
https://arxiv.org/abs/1908.05935
https://doi.org/10.1093/mnras/stz2519
https://arxiv.org/abs/1909.01742
https://doi.org/10.1017/S1473550412000055
https://doi.org/10.1038/s41586-022-04665-6
https://arxiv.org/abs/2205.08552
https://doi.org/10.1093/mnras/stu1536
https://arxiv.org/abs/1405.2921
https://doi.org/10.1038/s42254-019-0127-2
https://arxiv.org/abs/1909.07976
https://books.google.rs/books?id$=$\gdef &{$=$}\gdef no{no}\gdef yes{yes}U0RFEAAAQBAJ
https://doi.org/10.1093/mnras/stw829
https://arxiv.org/abs/1604.01664
https://doi.org/https://doi.org/10.1016/B978-0-12-811940-2.00008-3
https://doi.org/10.1088/0004-6256/149/1/14
https://arxiv.org/abs/1310.7830
https://doi.org/10.1093/mnras/stw2944
https://arxiv.org/abs/1607.03486
https://doi.org/10.1007/s11214-010-9671-x
https://arxiv.org/abs/1011.0101
https://doi.org/10.1093/mnras/staa957
https://arxiv.org/abs/2003.13643
https://doi.org/10.3847/1538-4357/833/2/214
https://arxiv.org/abs/1602.00690
https://doi.org/10.3847/1538-4357/ab0205
https://arxiv.org/abs/1808.09451
https://doi.org/10.1017/pasa.2025.10040

	
	Introduction
	Simulation and sample
	SubhaloFlag parameter
	Habitability: Bimodal distribution of galaxies?
	3 Metal-Rich dwarfs
	Kernel density smoothing
	Density-based clustering
	Basic properties of Metal-Rich dwarfs
	4 Habitability implications
	The complexity of galactic habitability
	Re-evaluating the habitability of metal-rich dwarfs
	Perspective beyond conventional hosts
	5 Summary and conclusion

