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ABSTRACT

Context. Dark galaxies are small, dark matter-dominated haloes whose gas remains in hydrostatic and thermal equilibrium and has
never formed stars. These systems are of particular interest because they represent a strong prediction of the Lambda cold dark matter
(ACDM) model. As of today, only a few dark galaxy candidates have been detected so far, the most intriguing of which being Cloud-9.
Aims. Using several state-of-the-art hydrodynamical simulations, we aim to predict the abundance of dark galaxies within our Local
Group, characterise their physical properties, and provide guidance for their potential observational detection.

Methods. We analyse Local Group simulations with constrained initial conditions, each run with different codes, implementing
different baryonic physics, feedback prescriptions, and employing two distinct values of star-formation density threshold, ng = 0.13
and 10 cm™3, to select samples of dark and bright galaxies harboured in haloes of similar mass.

Results. We demonstrate that dark galaxies exist in all such simulations, though their number is larger in simulations that use a higher,
more realistic ny,. These galaxies, whose gas remains diffuse and never forms stars, predominantly inhabit less-concentrated, higher-
spin dark matter haloes than their luminous counterparts. Dark galaxies are typically found in low-density regions at the outskirts of the
Local Group. Their formation and evolution across redshift indicate that both the dark matter and gas densities in the surroundings of
dark galaxies were consistently lower than those found around bright galaxies, making them less susceptible to interactions, mergers,
or gas inflows. We estimate that up to eight dark galaxies should be detectable in H1 emission within 2.5 Mpc of the Milky Way, with
the FAST radio telescope, accounting for its sky coverage and minimum H 1 mass and column density.

Conclusions. Current hydrodynamical simulations of galaxies, combined with upcoming Hr surveys, will offer a direct and powerful

test of ACDM through their ability to predict and measure properties of dark galaxies within and beyond the Local Group.

Key words. Methods: numerical — Galaxies: formation — Galaxies: evolution — Galaxies: Local Group — Galaxies: dwarf —

Cosmology: dark matter

1. Introduction

Within the Lambda cold dark matter (ACDM) model, galaxies
form hierarchically through the gravitational collapse of small
dark matter (DM) structures (White & Rees 1978), which then
merge to form larger systems. This progressive growth of struc-
tures builds the DM haloes in which galaxies are embedded, en-
abling them to accrete gas that later cools and to create stars. In
this framework of cold DM bottom-up assembly of structures,
we expect a large number of low-mass DM haloes. Some of these
haloes may have a low stellar-mass content or even be starless.
These objects are called dark galaxies, due to their expected DM-
dominated nature (e.g. Trentham et al. 2001; Kent et al. 2007).

Being such a strong prediction of the ACDM model, finding
dark galaxies has been one of the main objectives of world-class
radio telescopes such as the Arecibo radio telescope, through

its Arecibo Legacy Fast ALFA (ALFALFA) Survey (Giovanelli
et al. 2005; Haynes et al. 2011), and the more recent Five-
Hundred-Meter Aperture Spherical Telescope (FAST; Zhang
et al. 2024).

Theoretically, it has been demonstrated that only structures
with masses above a certain redshift-dependent critical mass are
able to retain gas in their potential well to form stars and be-
come luminous galaxies (e.g. Hoeft et al. 2006; Okamoto et al.
2008; Benitez-Llambay & Frenk 2020). This critical mass is
M. ~ 5% 10° M, to the present day (Benitez-Llambay & Frenk
2020; Nebrin et al. 2023), and it depends on the time at which
reionisation took place and on the mass assembly rate of each
galaxy. Thus, reionisation plays an essential role in the galaxy
evolution process, as it can quench and avoid star formation (SF)
in small haloes, by photoheating and removing their gas (e.g.
Benitez-Llambay et al. 2017). Those small haloes that are able to
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retain cold and dense gas to form neutral hydrogen (H1) at their
centres but are affected by cosmic reionisation in such a man-
ner (i.e. they currently have zero or few stars) have been dubbed
REionisation-limited H1 clouds or RELHICS (Benitez-Llambay
et al. 2017). These cover a halo mass range between ~ 108 M,
and ~ 5x 10° M,, and are equivalent to the mini-haloes initially
proposed by Rees (1986) and Ikeuchi (1986).

Due to their nature, RELHICs are challenging to observe. In
fact, there are no confirmed dark galaxies, but there are a few
candidates like Cloud-9 (Zhou et al. 2023; Benitez-Llambay &
Navarro 2023), or more recently, Candidate Dark Galaxy-2 or
CDG-2 (Li et al. 2025b), among others (e.g. Minchin et al. 2005;
van Loon et al. 2009; Leisman et al. 2021; Xu et al. 2023; Liu
et al. 2025). As for Cloud-9, these objects can potentially be de-
tected as sources of H1 21 cm emission without an apparent stel-
lar counterpart, using instruments such as FAST.

Cloud-9 is a potential starless dark galaxy, detected as an H1
cloud close to M94, and appears to be devoid of a stellar compo-
nent within the Dark Energy Spectroscopic Instrument Legacy
Imaging Survey (DESI-LS) surface brightness limit (Martinez-
Delgado et al. 2023). It is a gas-rich object with My, ~ 10° M
(Karunakaran & Spekkens 2024; Benitez-Llambay et al. 2024)
and DM halo mass of Mgy ~ 5 x 10° My (Zhou et al. 2023;
Benitez-Llambay & Navarro 2023). Following the predictions
of Benitez-Llambay et al. (2017), it presents a gas temperature
of T ~ 2x10*K. Cloud-9 is estimated to be located at a distance
of d ~ 4.7 Mpc (upper limit of ~ 10 Mpc) and has a halo concen-
tration of cxpw ~ 13 (Benitez-Llambay & Navarro 2023). More-
over, a recent study by Anand et al. (2025) confirms Cloud-9 as
the first detected RELHIC. Using deep Hubble Space Telescope
(HST) Advanced Camera for Surveys (ACS) imaging, the au-
thors derive a new upper limit on its stellar mass of ~ 10°> Mo,

The CDG-2 is also a recently discovered prospective candi-
date for an almost dark ultra-diffuse galaxy, first identified by Li
et al. (2025a) through the faint and diffuse emission of its popu-
lation of globular clusters with HST. It is located in the Perseus
cluster, at a distance of 75 Mpc, and has a total stellar mass of
M, ~ 1.2x107 M, and a halo mass of My, ~ 2—5.7x10'0 M,
which indicates that it resides in a massive DM halo (Li et al.
2025b).

In this context, numerical simulations developed within
ACDM are an important tool that can help us test results and
make predictions on the nature of dark galaxies. In particular,
simulations of the Local Group are key to understanding the
main drivers for the formation and evolution of the galaxies re-
siding within, as well as their environmental dependence.

In the work of Benitez-Llambay et al. (2017), for example,
they analysed the properties of RELHICs in a Local Group envi-
ronment with APOSTLE cosmological zoom-in simulations (Fat-
tahi et al. 2016; Sawala et al. 2016). Their results showed that
these systems harbour gas and reside beyond 500 kpc from the
Milky Way (MW), with most of their gas in an ionised state, ex-
cept for a small nearly spherical H1 core. Moreover, the gas in
these systems was found to be in hydrostatic equilibrium with
the underlying Navarro-Frenk-White halo (NFW; Navarro et al.
1996, 1997), and in thermal equilibrium with the cosmic UV ra-
diation background. However, the original APOSTLE simulations
of the Local Group were affected by an overproduction of stars at
a fixed halo mass (Sawala et al. 2016), which casts doubts about
the predicted number of dark galaxies found within them.

More recently, Lee et al. (2024) used simulations from the
I11ustrisTNG project (e.g. Nelson et al. 2019; Pillepich et al.
2019) to explore the nature of dark galaxies. Within the TNG50
volume, they identify dark galaxies with DM halo masses ~
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10° h~' My, and stellar-to-total-mass ratios M, /M, < 107* at
z = 0. They find that dark galaxies live mainly in voids and tend
to be larger in size and have larger spin parameters than their lu-
minous counterparts (see also Jimenez & Heavens 2020). How-
ever, the TNG50 simulation shares a similar issue of overcooling
with the APOSTLE simulations. More specifically, below a halo
mass of 10'" My, most dwarf galaxies tend to overproduce stars
compared to the expected abundance-matching relations (Moster
et al. 2013; Brook et al. 2014; Girelli et al. 2020). In addition,
Lee et al. (2024) do not require their dark galaxies sample to
explicitly contain gas, thus making it difficult to use their predic-
tions in the light of upcoming H1 surveys. The tendency of dark
galaxies to live in low density regions has also been recently
explored observationally in Kwon et al. (2025), who study the
properties of a selection of prospective dark galaxy candidates
from the ALFALFA Survey (Haynes et al. 2018).

In this work, we move forward by studying the number, dis-
tribution, and characteristics of dark galaxies arising in differ-
ent sets of zoom-in Local Group simulations, and offer con-
crete predictions on their detectability with radio telescopes. For
this analysis, we identify dark galaxies in four simulated Lo-
cal Group runs employing constrained initial conditions: three
from the High-resolutions Environmental Simulations of The
Immediate Area (HESTIA) simulations (Libeskind et al. 2020),
and one from the new Numerical InVestigation of dwARf galax-
ies Including AGN feedback in the Local Group (NIVARIA-LG)
simulation (Contreras-Santos et al., in prep.). In particular, the
three high-resolution HESTIA runs reach down to 1.5 X 10° M
in DM particle mass and 220 pc in spatial resolution. In contrast,
the TNG50 simulations have a DM particle mass resolution of
4.5x 10> My, and a softening length of 330 pc. The NIVARIA-LG
simulations, although lower in resolution than HESTIA, closely
follow the expected abundance-matching relation at all masses,
lending confidence to the reliability of their dark galaxy predic-
tions.

We explore the properties of dark galaxies within these sim-
ulations which are run with different codes, galaxy formation
models, baryonic physics, feedback implementations, resolu-
tions, and SF density thresholds, with the aim of validating
whether dark galaxies can be found across different simulation
setups. Our goal is to characterise the main properties of Hi-
bearing dark galaxies in Local Group-like environments and to
study their evolution over time, shedding light on their nature
and uncovering details of their origin and formation pathways.
To better understand these objects, we compare our dark galaxy
sample with a sample of bright galaxies, i.e. luminous galaxies
within the same halo mass range. Additionally, we treat Cloud-9
as a reference for our simulated dark galaxies and test our results
against the H1 detection limits of the FAST radio telescope.

We describe the simulation sets in detail in Section 2. In Sec-
tion 3, we present the selection criteria and resulting samples of
dark and bright galaxies from each simulation, including prop-
erties of the underlying DM haloes, gas content, environmen-
tal effects, and H1 detectability with FAST. Section 4 provides
a discussion of the results, and Section 5 summarises the main
conclusions.

2. Simulations

We employ two different sets of cosmological hydrodynamical
simulations that reproduce the properties of the Local Group,
including two massive central haloes that are analogues of
MW and M31. These simulation suites consist of the three
high-resolution simulations from the HESTIA project (Libe-
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skind et al. 2020) and a lower-resolution simulation named
NIVARIA-LG (Contreras-Santos et al., in prep.). Both sets are
zoom-in simulations run from an original cosmological box of
size 1004~ Mpc. The simulations adopt the parameters of a
ACDM Planck cosmology (Planck Collaboration et al. 2014),
re. Qn = 0307, Q, = 0.048, Q4 = 0.693, oz = 0.8288,
and Hy = 100hkms™! Mpc™!, where h = 0.6777. They also
employ constrained initial conditions derived from observations
of the peculiar velocity field in the CosmicFlows-2 catalogue
(Tully et al. 2013), which are constructed to replicate the main
large-scale structures of the Local Volume at z = 0 (e.g. a Lo-
cal Group-like pair, a Virgo Cluster-like halo; Hoffman & Ribak
1991; Zaroubi et al. 1999). For both suites, the properties of the
haloes are derived using the Amiga Halo Finder! (AHF; Gill et al.
2004; Knollmann & Knebe 2009), which defines haloes as over-
densities of DM with A ~ 200 times the critical density of the
Universe at z = 0, p. = 3H§ /(87G). We refer hereafter to Mo
and Rjq, given by the AHF code, as Mp,, and Ry, respectively.
Similarly, in this paper we refer to these haloes as ‘galaxies’.
The AHF code is also used to trace haloes across snapshots, i.e.
to construct a merger tree that connects haloes between consec-
utive time steps in the simulations. For the analysis and post-
processing of the simulations, we use the PYNBODY? package
(Pontzen et al. 2013).

Despite the parallels between the two sets of simulations,
they were run with different codes, subgrid physics, feed-
back prescriptions, and SF models. These differences make the
HESTTA and NIVARTA-LG simulations ideal for comparison and
for assessing the robustness of our results. A more detailed de-
scription of the simulations is provided below.

2.1. HESTIA simulations

We use the three highest-resolution simulations from the HESTIA
project, whose initial conditions seeds are named 09_18, 17_11,
and 37_11 (Libeskind et al. 2020). HESTIA is the successor of
the original Constrained Local UniversE Simulations (CLUES)
project 3 (Gottloeber et al. 2010; Libeskind et al. 2010; Carlesi
et al. 2016; Sorce et al. 2016). The high-resolution region con-
sists of two spheres of 3.7 Mpc (2.5 h~! Mpc) of radius centred
on the two main haloes of each run at z = 0. The particle masses
resolution for DM, gas, and stars are mpy = 1.5% 10° M, Mgas =
2.2 x 10* M, and mgy = 2.0 X 10* My, respectively. The soft-
ening length is € = 220 pc. These simulations were run with the
AURIGA galaxy formation model (Grand et al. 2017) employing
the AREPO N-body moving-mesh code (Springel 2010; Pakmor
et al. 2016; Weinberger et al. 2020). The formation model incor-
porates magnetic fields and super-massive black holes (SMBHs)
physics. A spatially uniform UV background is set as an ionis-
ing source of radiation, which completes the reionisation epoch
at z ~ 6 (Vogelsberger et al. 2013). Gas cooling is imple-
mented for primordial gas and metals (Vogelsberger et al. 2013).
Gas is converted into stars stochastically following a Kennicutt-
Schmidt relation (Schmidt 1959; Kennicutt 1998) when its den-
sity reaches values larger than ng, = 0.13 cm™3. Gas that satisfies
this density criterion follows a two-phase subgrid model that dis-
tinguishes between cold and hot components of the interstellar
medium (ISM; Springel & Hernquist 2003). An effective equa-
tion of state is applied to maintain the pressure equilibrium in
the star-forming gas (e.g. Grand et al. 2017).

! http://popia.ft.uam.es/ AHF/
2 https://pynbody.readthedocs.io/latest/
3 www.clues-project.org
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Fig. 1. M,—M,,, relation for isolated galaxies within our simulated Lo-
cal Group analogues, containing gas and stars and with DM halo masses
between 10° M, and 10'>> M. Galaxies from the HESTIA simulations
are coloured in shades of blue, and galaxies from NIVARIA-LG in red.
The M, — M, relations from Moster et al. (2013), Brook et al. (2014),
and Girelli et al. (2020) are shown in dotted-dashed, dashed, and dotted
lines, respectively.

2.2. NIVARIA-LG simulations

The NIVARIA-LG project (Contreras-Santos et al., in prep.), is a
new set of simulations whose initial conditions are drawn from
one of the HESTIA intermediate-resolution runs, and are based on
the galaxy formation model from the NTHAO (Wang et al. 2015)
and MaGICC (Stinson et al. 2012; Brook et al. 2012) projects,
which have been shown to follow well-observed galaxy scaling
relations (e.g. Brook et al. 2012; Wang et al. 2015; Maccio et al.
2016; Dutton et al. 2017; Santos-Santos et al. 2018).

The simulations comprise two analogue runs: one in which
an SMBH is seeded at the centre of haloes that exceed My, ~
10'°M,, and another in which SMBH seeding is disabled. In
this work, we use the run without the SMBH implementation.
The cosmological initial conditions used to generate the Lo-
cal Group environment in NIVARIA-LG are drawn from one of
the HESTIA intermediate-resolution runs, following an approach
similar to that adopted in Arora et al. (2022). The zoom-in region
of NIVARIA-LG consists of a sphere of radius 5 h~'Mpc centred
on the Local Group. The particle masses for DM, gas, and stars
are mpy = 1.6 X 10° Mg, mgss = 3% 10° Mo, myar = 6 X 10* Mo,
respectively. The minimum gravitational softening lengths are
epm = 860 pc for DM and €,,s = 488 pc for gas. This cosmologi-
cal hydrodynamical simulation is run with a modified version of
the smoothed particle hydrodynamics (SPH) code GASOLINE2
(Wadsley et al. 2017). The black hole (BH) implementation is
described in Blank et al. (2019), which is also used in Water-
val et al. (2024), while the chemistry evolution is the same as
in NTHAO-LG (Arora et al. 2022). Gas and metal-line cooling
are implemented for H, He, and several metal species (Shen
et al. 2010), using CLOUDY (Ferland et al. 1998). A uniform UV
background (Haardt & Madau 1996) provides ionising radia-
tion and heating of the medium, modelling reionisation, which
is completed at z ~ 6. The density threshold for SF is set to
nm = 10cm™, consistent with the densities of giant molecu-
lar clouds. The gas is also required to have a temperature be-
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Table 1. Sample of galaxies resulting from the selection described in
Section 3.1 for each simulation.

Sim. Mo Niotal Nbright Ndark  Mstarless
(102 My)

HESTIA 09_18 13.03 187 (27) 84 (18) 32 (0) 17

HESTIA 17_11 10.77 139 (14) 56 (11) 22 (0) 11

HESTIA 37_11 7.67 133 (25) 53(19) 1() 0

NIVARIA-LG 5.51 81 (9) 15@) 59 (5) 59

Notes. The first column lists the label assigned to each simulation. The
second column provides the total mass contained within 2.5 Mpc of the
corresponding MW analogue. The third column reports the total number
of galaxies identified within 2.5 Mpc of the MW and with halo masses
between 10° and 10'° M,, using the selection criteria. The fourth col-
umn shows the number of bright galaxies, while the fifth column lists
the number of dark galaxies in each simulation. The final column dis-
plays the number of dark galaxies from the previous column that are
completely starless. Values in brackets indicate galaxies that are satel-
lites of others (i.e. systems that are not isolated).

low Ty, = 1.5 x 10*K. The SF follows a Chabrier (2003) ini-
tial mass function and the Kennicutt—Schmidt relation (Schmidt
1959; Kennicutt 1998). Supernovae types Ia and II, as well as
early stellar feedback (Stinson et al. 2012), are included to inject
energy and metals into the surrounding medium in both runs.

An important difference arising from the distinct subgrid
models and feedback implementations in the two simulation
suites is that HESTIA tends to form more stars than expected
from observations at fixed halo mass. As a result, HESTIA galax-
ies lie systematically above the empirical stellar-to-halo mass
(M ,—Myy1,) relation, as seen in Fig. 1. This overproduction of
stars, associated with the Springel & Hernquist (2003) model,
has been previously noted (e.g. Benitez-Llambay et al. 2013;
Arjona-Gélvez et al. 2025) and is particularly pronounced for
haloes with masses between 10'° Mg and 10'' M. Conversely,
owing to their different SF criteria and feedback prescrip-
tions, NIVARTA-LG galaxies follow the empirical relations more
closely. In particular, when compared with observational esti-
mates, the NIVARTA-LG simulations reproduce both the stellar-
to-halo mass relation (e.g. the observational points in Read et al.
2017 and the empirically-derived abundance-matching relations
shown in Fig. 1) and the cold gas—to—stellar mass relation (see
Fig. 3 in Arora et al. 2022, based on a companion NIVARTA-like
simulation, with similar resolution and feedback scheme). This
contrast allows us to bracket the expected number of dark galax-
ies providing upper and lower limits from the two simulation
suites as a reference for observational expectations.

3. Results
3.1. Dark galaxies selection sample

We selected samples of dark galaxies and bright galaxies from
each simulation at z = 0. Both samples are defined within a
sphere of 2.5 Mpc in radius centred on the MW analogues to en-
sure the search within the highest-resolution regions of the Lo-
cal Group. We selected only galaxies with a DM halo mass in
the [10° — 10'°] M, range and a fraction of high-resolution DM
particles greater than 0.98. The upper limit of 10'° M, is cho-
sen because we do not expect any galaxy above this halo mass
to remain dark, while the lower limit of 10° M, is dictated by
the resolution and the necessity of having both dark and bright
galaxies within the same halo mass range.
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Fig. 2. Number of galaxies from the four simulations as a function of the
DM halo mass (left panel). The total sample of dark galaxies is shown in
magenta and the total sample of bright galaxies is shown in green. The
right panels show the same distributions separately for HESTIA simu-
lations in blue (fop) and for NIVARIA-LG simulations in red (bottom),
representing dark and bright galaxies with dotted-dashed and solid lines,
respectively.

Here, we define dark galaxies as those haloes that, follow-
ing the conditions described above, have < 10 stellar particles
and > 10 gas particles. This is < 103 My, in stellar mass and
2 10° — 10% M,, in gas mass, depending on the resolution of the
simulations. The number of gas particles was chosen to guar-
antee that the predicted dark galaxies preserve sufficient gas to
remain detectable with radio telescopes. On the other hand, we
select a sample of bright galaxies as those haloes that contain
more than 10 stellar particles. In this case, we do not restrict
ourselves to a minimum number of gas particles. Hence, some
of these galaxies could be gas-free at z = 0 (and hence non-star-
forming), due to gas exhaustion after SF, ram pressure stripping
(Gunn & Gott 1972), or other processes such as interaction with
the cosmic web (e.g. Benitez-Llambay et al. 2013).

Table 1 shows the number of galaxies found after applying
the selection cuts described above. From the second and third
columns we note that, as expected, the total number of galax-
ies depends on the total mass of the simulation within our des-
ignated region, with the most massive simulation containing the
largest number of galaxies. However, the number of bright galax-
ies in the HESTIA simulations is much larger than the number
of dark galaxies, whereas the opposite is true for NIVARTA-LG.
This difference is likely a consequence of the different SF den-
sity thresholds employed in the two simulation sets. Therefore,
we do not apply any mass rescaling to the predicted numbers of
dark and bright galaxies based on the total Local Group mass,
as these numbers depend not only on mass but also on the un-
derlying subgrid physics models of each simulation. Finally, the
number of satellites in each sample is indicated in brackets, i.e.
haloes belonging to a central or host galaxy. In both HESTIA and
NIVARIA-LG, a much higher fraction of bright galaxies are satel-
lites compared to dark galaxies, suggesting that bright galaxies
tend to reside closer to other systems and may experience more
interactions.

It is important to note that the selection cuts for dark galaxies
could be affected by the different particle resolutions of HESTIA
and NIVARIA-LG. In Fig. 1, for halo masses below ~ 5x 10° M,
HESTIA simulations can form less massive isolated galaxies than
NIVARIA-LG. This difference can be attributed to the combina-
tion of lower mass resolution and a more restrictive SF criterion
adopted in NIVARIA-LG. If NIVARIA-LG had the same particle
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lations are coloured in shades of blue and galaxies from NIVARIA-LG
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dicate starless dark galaxies. In the fop panel, the M,—M,, relations
from Moster et al. (2013), Brook et al. (2014), and Girelli et al. (2020)
are shown in dotted-dashed, dashed, and dotted lines, respectively. We
include Cloud-9 as a black diamond in the top and bottom panels.

resolution as HESTIA while preserving its SF density threshold,
we would expect a slightly smaller number of dark galaxies. A
higher resolution would lower the effective halo mass threshold
required for SF, increasing the number of haloes that host stel-
lar particles at a fixed halo mass. In this sense, our predictions

should be regarded as an upper limit to the number of dark galax-
ies expected in the Local Group.

To visualise the distribution of the sample, Fig. 2 shows the
number of dark and bright galaxies as a function of DM halo
mass, combining all the simulation sets in the left panel, from
HESTIA only in the top right panel, and from NIVARTA-LG only
in the bottom right panel. The values in brackets in the legends
correspond to the total number of galaxies for each case. Bright
galaxies dominate the more massive halo region of the plot,
whereas dark galaxies are more abundant in the lower-mass end
of the distribution. This tendency is consistent with the galaxy
sample selection from Lee et al. (2024).

In the top panel of Fig. 3, we show the M,—My,, rela-
tion for dark and bright galaxies at z = 0 (referred as DGs
and BGs in legends hereafter, respectively), in tandem with the
semi-empirical relations from Moster et al. (2013), Brook et al.
(2014), and Girelli et al. (2020). Similarly, we show the rela-
tion between the gas and the halo masses in the central panel,
and the relation between the H1 gas and the halo masses at the
bottom (see Sec. 3.5 for details on how Hr is computed in each
simulation). Cloud-9 is included in the top and bottom panels
for reference, assuming Moy ~ 5 X 10°M, (Benitez-Llambay
& Navarro 2023), an upper stellar mass limit of 10°M, (Zhou
et al. 2023; Benitez-Llambay et al. 2024), and My, ~ 10°M,
(Benitez-Llambay et al. 2024). It falls within the massive end of
our dark galaxies region.

In the top panel of the figure, we see a clear separation be-
tween dark and bright galaxies in the y-axis, around 10° M, in
stellar mass and a large number of starless galaxies, especially
for NIVARTA-LG, which we show as squares. More specifically,
the number of starless dark galaxies in our sample is 17 for the
HESTIA 09 _18 run, 11 for HESTIA 17_11, O for HESTIA 37_11,
and 59 for the NIVARIA-LG simulation (see Table 1). That is,
the whole sample of NIVARTA-LG dark galaxies is composed of
completely starless objects.

However, in the central panel, the total gas mass exhibits a
clear correlation with the DM halo mass, and the dark and bright
galaxy samples appear broadly similar in this respect. Some
bright galaxies, however, have no gas content and are there-
fore non-star-forming at the present time. In contrast, in the bot-
tom panel of Fig. 3, the Hr gas content differs between the two
samples: only the most massive dark galaxies have H1 masses
comparable to their bright counterparts, i.e. My, > 10° M, for
Mhalo > 109'5 M@.

3.2. Dark matter halo properties

In this section, we tackle the evolution of the DM halo mass and
its relation to reionisation, as well as intrinsic properties of the
haloes, such as the concentration and the spin parameter.

In order to analyse the impact of reionisation, we need to es-
timate the evolution with time of the minimum critical halo mass
needed for gas to collapse and form stars. Following the scheme
given in Benitez-Llambay & Frenk (2020), before reionisation
the critical DM halo mass corresponds to the one above which
atomic hydrogen can cool efficiently to form stars

1+z)3/2

M ~ (4 x 107 MO)(T e))
On the other hand, after the reionisation sets off, the critical DM
halo mass for which gas can collapse within haloes is

3/2
b)) e P

Mg, ~ (10 Mo) (55 —ee
( 2\32x10° K

crit
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Fig. 4. Evolution of the median DM halo masses of dark galax-
ies (dotted-dashed lines) and bright galaxies (solid lines) as a func-
tion of redshift. Red lines represent the median of all galaxies of the
NIVARIA-LG simulation, whilst blue lines correspond to the median of
all galaxies for the HESTTIA runs. The red and blue dots indicate the red-
shifts at which the galaxies reach half of their final halo mass. Following
the scheme from Benitez-Llambay & Frenk (2020), we show with the
dotted-dashed grey line the critical mass needed for gas to collapse. In
addition, the dashed cyan line shows the critical halo mass for a fixed
virial temperature of T}, = 2 x 10* K. The dashed orange line represents
the halo mass above which atomic hydrogen cooling is efficient.

where Ty, refers to the virial temperature of the halo.

In Fig. 4, we show such a critical mass as a function of z. We
compare the median halo mass evolution of our dark (dotted-
dashed lines) and bright (solid lines) galaxies for HESTIA sim-
ulations in blue and NIVARIA-LG in red, together with theoreti-
cal predictions. Here, the cyan dashed line represents M, for a

fixed halo with T, = 2 x 10*K, and the orange line represents
M. By combining the two relations prior to and after reionisa-
tion, Benitez-Llambay & Frenk (2020) show the global critical
mass for which the gas can collapse across redshift, represented
in Fig. 4 by the black dotted-dashed line, leading to a minimum
halo of My ~ 5 x 10° My, at z = 0. Thus, a halo that lies below
the black dotted-dashed line should remain completely dark (see
also Pereira-Wilson et al. 2023). This plot displays a substantial
difference between dark and bright galaxies, where the former
tend to lie close to or below the critical mass, whilst the latter
are well above the black line at all z, indicating their luminous
nature.

We can observe that dark galaxies generally form later on
than bright galaxies, their half-mass accretion time being zg, =
2.0 and zgyk = 1.7 for NIVARIA-LG and HESTIA, respectively,
while the formation time of the corresponding bright galaxies is
between Zpright = 3.2 and Zprigh = 2.6. This result is in agreement
with the findings presented in Lee et al. (2024) (their Fig. 5 and
discussion therein). In Fig. 4 it is also clear that bright galaxies,
which are overall more massive than dark galaxies (see Fig. 2),
were already more massive prior to reionisation, making them
less vulnerable to the effects of an ionising background. The
later formation times of dark galaxies should be reflected in the
concentration parameters of their DM haloes, as these systems
formed in a less dense Universe.
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Fig. 6. Probability density distribution of the spin parameter of the DM
halo, P(Q), for dark galaxies in magenta and bright galaxies in green in
all four simulations. The vertical dashed lines indicate the median val-
ues for each distribution, being Ay, = 0.036 = 0.003 for dark galaxies,
and Aprigne = 0.026 + 0.002 for bright galaxies. The solid grey line rep-
resents the log-normal fiducial distribution from Bullock et al. (2001),
and the dashed grey line indicates its median, i.e. 1y = 0.035 + 0.005.

Figure 5 shows the relation between the halo mass and the
concentration corresponding to the DM haloes with an NFW
profile at z = 0, where the dashed black line represents the
c200 — My relation from Dutton & Maccio 2014, following a
Planck cosmology. In this figure, the dotted-dashed grey line cor-
responds to the lineal fit of the data (both dark and bright galax-
ies), and the shaded region is the 30 scatter between this fit and
the Dutton & Maccio (2014) relation. As expected, we see that
the dark galaxy sample has less concentrated DM haloes than
bright galaxies at a fixed halo mass. Quantitatively, dark galaxies
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Fig. 7. Temperature-density diagram for gas particles in all dark (fop row) and all bright (bottom row) galaxies. Each column corresponds to
a different simulation, from left to right HESTIA 09_18, 17_11, 37_11, and NIVARIA-LG. The horizontal dashed line indicates the threshold
temperature below which gas is able to form stars in NIVARTA-LG, whilst the vertical cyan and white lines show the corresponding density
thresholds to set off SF in HESTIA (ng, = 0.13 cm™) and NIVARTA-LG (ng, = 10 cm™3), respectively. The continuous red line in the 7 — p diagrams
of dark galaxies corresponds to the predicted temperature-density relation expected in RELHICs, as derived in Benitez-Llambay et al. (2017).
Note that the dark galaxy histogram corresponding to HESTIA 37_11 is rather sparse, as only one object of this type is found in that simulation.

have a median value of cNpwdark = 11.1£0.5, and bright galaxies
amedian value of cnpwbrighe = 18.6 £0.5. Cloud-9, also added in
the plot, lies close to the Dutton & Maccio (2014) relation.

We then study the spin parameter of the DM haloes in both
samples, shown in Fig. 6. The spin parameter, A, is defined by
the following expression (Bullock et al. 2001)

_
V2MRV’

where J is the angular momentum of a sphere with mass M and
radius R, and V is the circular velocity at R.

We compare the resulting distributions of the spin parame-
ters with the log-normal distribution from Bullock et al. (2001)
as a reference. Dark galaxies (coloured magenta) show larger
spin parameters than bright galaxies (coloured green), with me-
dian values of Agax = 0.036 + 0.003 and Aprigne = 0.026 + 0.002,
respectively. The significance in the difference between both dis-
tributions is confirmed by applying the Kolmogorov-Smirnov
(KS) test, which results in a p-value of ~ 1073, Interestingly, the
spin-parameter distribution of dark galaxies matches the Bullock
et al. (2001) model more closely than that of bright galaxies.
This likely reflects the fact that these haloes have experienced
little baryonic processing, preserving the ‘pristine’ angular mo-
mentum distribution predicted by N-body simulations, whereas
SF and feedback in bright galaxies can alter the spin of their
host haloes. The larger spin parameters of dark galaxies are di-
rectly related to their lower concentrations and may hinder the
retention and condensation of gas to form stars, leading to lower
gas densities as well (see also Jimenez & Heavens 2020 and Lee
et al. 2024).

3

3.3. Gas content and thermodynamic properties

We study the temperature and density of the gas in both dark
and bright galaxies. The relation between these two properties at
z = 0is shown in Fig. 7 as a 2D histogram of gas particles aggre-
gated over all galaxies in each sample. The top row corresponds

to dark galaxies, while the bottom row shows bright galaxies.
Each column corresponds to a different simulation, from left to
right HESTIA 09_18, 17_11, 37_11, and NIVARIA-LG. Regard-
less of the particular simulation, dark galaxies do not exhibit
characteristic star-forming regions in the 7—p phase diagram, as
they lack gas at densities above the threshold required for SF,
indicated by the vertical cyan and white line, for HESTIA and
NIVARIA-LG, respectively. Bright galaxies contain on average a
significant amount of dense gas, while dark galaxies have little
to no gas at densities larger than ng,.

In HESTIA simulations, bright galaxies display a region of
dense gas in the upper-right part of the plots, owing to the imple-
mentation of an effective equation of state (EOS) that imposes an
artificial pressure for gas above the SF density threshold (Grand
et al. 2017, following the Springel & Hernquist 2003 model).
This feature is instead absent in NIVARIA-LG, where the gas is
treated as an ideal gas at all densities and a polytropic effec-
tive EOS for star-forming gas is not imposed (e.g. Stinson et al.
2012; Wang et al. 2015). In NIVARIA-LG, the more restrictive
SF criterion (ng, > 10 cm™) makes it more difficult for galax-
ies to convert their gas into stars: as a consequence, a given
dark galaxy might be able to form some stars in HESTIA, but
not in NIVARIA-LG. It should be noted that the absence of gas
particles above the SF density threshold in the T—p diagram for
NIVARIA-LG bright galaxies simply indicates that these systems
are not currently forming stars at z = 0. However, they did ex-
perience SF at earlier epochs, in contrast to bright galaxies in
HESTIA, which are predominantly star-forming at z = 0%,

As demonstrated in Benitez-Llambay et al. (2017), gas
within dark galaxies should exhibit a characteristic tempera-
ture—density relation arising from the combined effects of gas
cooling at high densities and photoheating at low densities. This
relation has a peak at T ~ 4 x 10*K and p ~ 107*8 cm=3. This

4 We note that, in the current NIVARIA-LG sample, all bright galaxies
appear quenched at z = 0. This may reflect environmental effects within
the Local Group volume (e.g. cosmic-web stripping or backsplash ob-
jects), and will be explored in future higher-resolution NIVARIA-LG
simulations.
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Fig. 8. Projected positions of dark (magenta) and bright (green) galaxies in the x—y (top row) and x—z (bottom row) planes at z = 0, within a sphere
of 2.5 Mpc of radius from the MW. From the left to right, we present the three HESTIA simulations (09_18, 17_11, and 37_11) and NIVARTA-LG.
Circles indicate dark galaxies with stars, whereas squares indicate the starless dark galaxies. The background shows the density of DM in orange
and the gas density in yellow. The region is centred on the MW, shown as a blue triangle, while M31 is represented as a blue cross mark.
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Fig. 9. Cumulative distribution of the radial distances of dark (magenta)
and bright (green) galaxies with respect to the MW analogues for all
four simulations at z = 0. The horizontal grey line marks the mean
of the distributions, while the two vertical lines indicate the distances
within which 50% of dark and bright galaxies are found, corresponding
to ryw = 1.9 Mpc and ryw = 1.3 Mpc, respectively.

prediction, shown in the dark galaxies top panels of Fig. 7 as a
solid red line, is in very good agreement with the results from
our simulations. This relation reflects an approximate hydro-
static equilibrium between the gas and the halo gravitational po-
tential, as well as thermal equilibrium with the UV background
under the assumption of spherical symmetry. The gas proper-
ties of dark galaxies thus establish the conditions for little to no
SF and are consistent with the characteristics of their underly-
ing DM haloes. Lower halo concentrations, lower halo masses
at the epoch of reionisation, and higher spin parameters com-
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pared to bright galaxies of similar mass promote under-dense
gas to remain in hydrostatic and thermal equilibrium within its
DM matter halo and to never form stars.

3.4. Spatial distribution and environment

In order to assess the impact of the intergalactic medium on the
properties of dark galaxies, in this section we analyse whether
dark and bright galaxies inhabit different environments and how
the density of these surroundings evolves over time. Figure 8
shows the distribution of dark (magenta) and bright (green)
galaxies in both the x—y and x—z projections for the four simula-
tion runs at the present epoch. The figure displays a region cen-
tred on the MW analogue and extending to a radius of 2.5 Mpc.
The background represents the superimposed DM and gas den-
sity fields. Bright galaxies are generally more concentrated in
high-density regions, closer to the two main central galaxies. In
contrast, the distribution of dark galaxies appears to be more spa-
tially extended, occupying larger radial distances, and residing
predominantly farther from the central regions and the bulk of
the main filament. This trend is less evident in NIVARIA-LG, be-
cause the sample of bright galaxies is significantly smaller than
that of dark galaxies; nevertheless, the trend is still present.

The larger distances from the MW at which dark galaxies are
found are further illustrated in Fig. 9, which shows the cumula-
tive distribution of the radial distances of all dark (magenta) and
bright (green) galaxies from the MW analogues. The difference
between the two radial distributions is again confirmed by a KS
test, yielding a p-value of ~ 1070, This low value indicates that
the two samples are statistically distinct. We find that 50% of the
dark galaxy sample lies within 1.9 Mpc of the MW, whereas 50%
of bright galaxies are located within 1.3 Mpc. Consequently, we
expect a large fraction of dark galaxies to be found on the out-
skirts of the Local Group.
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We take a step further and examine the evolution of the DM
and gas densities within a spherical shell extending from 1 R ;;
to 7R i around each dark and bright galaxy identified at dif-
ferent redshifts. The results are shown in Fig. 10, where the
median densities of all dark and bright galaxies from the four
simulations are displayed in magenta and green, respectively.
The shaded background regions represent the 16" and 84" per-
centiles of each distribution. Consistent with the results shown
in Fig. 8, bright galaxies reside in environments with higher DM
and gas densities than dark galaxies. These results indicate that
dark galaxies originate in lower-density regions within the Lo-
cal Group and remain in such environments throughout their
lifetime. Their persistently lower DM and gas density environ-
ment make dark galaxies less susceptible to galaxy interactions,
mergers, and gas inflows, allowing their gas to remain diffuse
and in equilibrium within their DM halo rather than collapsing.
These results are in agreement with previous work by Benitez-
Llambay et al. (2017), who showed that gas-rich RELHICs in-
habit the under-dense outskirts of the APOSTLE simulations. In
Appendix A, we present the same density evolution as shown in
Fig. 10, but separately for each simulation. We also include the
evolution of the median R,;; of all dark and bright galaxies in the
upper panels of Fig. A.1, as a reference to the physical scales
involved with respect to the defined environment.

3.5. H1 detectability with FAST

Objects such as dark galaxies, which exhibit little to no luminous
matter, are inherently difficult to identify observationally. Nev-
ertheless, if they contain a substantial reservoir of H1 they may
be detectable as gas clouds via their 21 cm line emission, using
facilities such as the FAST radio telescope. In this section, we
present estimates of the detectability of dark galaxies based on
their H1 content, selecting FAST as the instrument of choice due
to its large sky coverage and high sensitivity.

We estimate the amount of neutral atomic hydrogen in the
HESTIA sample by adopting the empirical approach presented
in Arjona-Géalvez et al. (2024). This method builds on the
phenomenological prescription introduced by Marinacci et al.
(2017), itself based on Leroy et al. (2008). In this framework,
the ratio between the densities of molecular and atomic hydrogen
columns is fitted with a functional form that depends on the gas
mid-plane pressure, which then allows us to infer the H1 atomic
fraction. On the other hand, the Hr1 fraction in NIVARIA-LG is
measured following the self-shielding approximation detailed in
Rahmati et al. (2013), which uses the radiative transfer model
from Pawlik & Schaye (2008, 2011).

6 8 10 12
Time/Gyrs

environment is defined as a spherical
shell between 1 R,;; and 7 R,;; of each
halo, at each redshift.

Figure 11 shows the H1 masses of the dark galaxy sample
in the HESTIA simulations (blue shades) and NIVARIA-LG (red),
as a function of their DM halo masses. We include Cloud-9 as
a reference’. We can observe a very strong correlation between
the halo mass and the H1 gas in each dark galaxy. We performed
an exercise to furnish a quick estimate on the detectability of
these dark galaxies with FAST. Details on how the FAST lim-
its are calculated can be found in Appendix B. The two shaded
areas in Fig. 11 represent the detectability region within 1 Mpc
and 2.5 Mpc, according to the values obtained for the minimum
H1mass detectable with FAST. Here, it can be seen that up to 18
of our dark galaxies fall in the region corresponding to distances
within 1 Mpc, and up to ten of those fall in the region within
2.5Mpc. These maximum values are set by the NIVARIA-LG
simulation, which contributes the largest number of dark galax-
ies within the detectability region compared to the rest of the
simulations. It is also clear that several dark galaxies are below
the detection limits for such distances.

In Fig. 12 we further clarify the distance dependence by
showing the H1 masses of dark galaxies with respect to their
distance from the simulated MW analogues. The dotted-dashed
grey line represents the H1 mass limit with respect to the dis-
tance, as given by Eq. B.3. All dark galaxies located above this
line should be detectable by FAST in terms of their total Hi1
mass and distance. The area of detectability is shown as the grey
shaded region. In this case, the number of dark galaxies falling
within this region is between 0 and 18, according to each of the
simulation runs used (where NIVARIA-LG provides the largest
estimate and HESTIA 37_11 the lowest).

We further explore the detectability of these galaxies by
analysing their H1 column density profiles, which are shown in
Fig. 13, for HESTIA in the left panel and for NIVARIA-LG in
the right panel. The profiles are coloured according to the H1
mass of each dark galaxy, where darker colours indicate larger
H1 masses. The coloured vertical dotted-dashed lines indicate
the softening length of each simulation, below which profiles
are not well resolved. Since FAST can reach a median 30 col-
umn density of Ny, = 2 x 10"7cm™2 (Pan et al. 2024), we show
this limit in the panels as a horizontal dotted-dashed grey line.
Hence, all galaxies whose profiles lie above this threshold and
within the grey shaded area would be detectable by FAST. We
can see that all profiles with values that exceed the FAST col-
umn density detection limit (and beyond the softening length)
have Hr1 masses > 10* M. These results are added to Fig. 11
and Fig. 12, where we now indicate the galaxies corresponding

5 Note that here Cloud-9 is not within the range of distances of our
analysis, i.e. dcioug—9 ~ 4.7 Mpc.
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Fig. 11. Mass of H1 versus DM halo mass for dark galaxies in each
simulation, with HESTIA indicated as blue shades, while NIVARTA-LG
is shown in red. Squares denote starless dark galaxies. The grey shaded
regions represent galaxies with H1masses that could be detectable with
FAST in 1 hour of integration time and at distances of < 1 Mpc and
< 2.5 Mpc from the MW analogues. The concentric circles indicate dark
galaxies whose central H1 column densities exceed the FAST detection
limit, Ny,. We include Cloud-9 as a black diamond.

to these minimum detectable column densities using concentric
circles. Therefore, there is a trend in which the most massive
dark galaxies in DM are generally those that can be detectable,
in agreement with results from Benitez-Llambay et al. (2017).
On the other hand, since the simulated dark galaxies have been
centred and set in a face-on orientation, the Ny, values shown
in Fig. 13 are actually a lower limit and could be slightly larger
when placing the galaxies edge-on.

However, the total number of dark galaxies with both suffi-
cient H 1 mass and column densities to be detectable by FAST is
up to 14 when using the NIVARIA-LG simulation, which there-
fore provides an upper limit: these galaxies are indicated as red
symbols with concentric circles within the shaded grey region in
Fig. 12. Conversely, only five and seven dark galaxies would be
detectable by FAST, according to the HESTIA simulations (seeds
09_18 and 17_11). Since the simulations consider the whole sky,
these values are effectively smaller when we account for the fact
that FAST is located in the northern hemisphere and covers only
~ 58% of the total sky (e.g. Qian et al. 2020).

Consequently, the upper limit on the number of dark galaxies
detectable within 2.5 Mpc from the MW, taking into account the
FAST sky coverage and minimum H1 mass and column density,
is eight. This is our preferred value, based on the more realis-
tic NIVARIA-LG simulations, which, notably, produce all starless
dark galaxies.

4. Discussion

We find that bright galaxies in our sample include a substantially
higher fraction of satellites than dark galaxies, indicating that lu-
minous systems are more frequently bound to larger hosts, while
dark galaxies preferentially reside in isolation. This environmen-
tal distinction also appears in the satellite statistics of Lee et al.
(2024), where star-rich galaxies exhibit higher satellite fractions
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Fig. 12. H1 mass versus radial distance of dark galaxies with respect
to the MW analogues in each simulated run, with HESTIA indicated as
blue shaded symbols and NIVARIA-LG as red symbols. Squares cor-
respond to starless dark galaxies. The dotted-dashed grey line repre-
sents the minimum H1 mass that galaxies must have to be detectable
by FAST, as a function of their distance from us. Dark galaxies likely
to be detectable by FAST are those that fall within the shaded region.
The concentric circles indicate dark galaxies whose central H1 column
densities Ny, exceed the FAST detection limit. Cloud-9 is included as a
black diamond at d = 4.7 Mpc.

than star-poor or starless systems. In our simulations, these dif-
ferences naturally place bright and dark galaxies in contrasting
environments: bright galaxies experience more mergers, inter-
actions, and tidal capture, whereas dark galaxies remain largely
detached from dense environments and massive hosts. This is
fully consistent with the environmental-density trends presented
in Sec. 3.4, which show that dark galaxies lie farther from the
main filaments and central regions of the Local Group. More-
over, as shown in Fig. 10, not only do dark galaxies inhabit
lower-density regions today, but they also originate in under-
dense environments, which can directly suppress SF by limiting
gas accretion. Although at very high redshift this scenario holds
uncertainties due to the much higher and uniform global density
of the Universe and the limitations of the simulations, the me-
dian trends in Fig. 10 still show a difference of the order of ~ 0.1
dex in both DM and gas density at early epochs. This picture is
also supported by observational results from Kwon et al. (2025),
who find that potential dark galaxy candidates in the ALFALFA
survey preferentially occupy low-density environments.

The distinct formation histories of bright and dark galax-
ies further reinforce this scenario. As shown in Fig. 4, dark
galaxies assemble later (zgork = 1.7 — 2.0) than bright galaxies
(Zbright = 2.6 — 3.2), resulting in systematically lower concentra-
tions (Fig. 5). Combined with their higher spin parameters, this
implies that dark galaxies inhabit more extended, less concen-
trated haloes that retain under-dense gas, below the SF threshold.

These findings are in excellent agreement with results from
Benitez-Llambay et al. (2017) and Lee et al. (2024), even though
their studies employed a different simulation suite, numerical
methods, resolution, and initial conditions. An important differ-
ence from the work of Lee et al. (2024), however, is that they
do not require their sample of dark galaxies to necessarily con-
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Fig. 13. H1 column density profiles of
dark galaxies for the HESTIA simula-
tions (left) and the NIVARTA-LG sim-

FAST Ny limit
ulations (right), coloured by H1 mass.
The dotted-dashed grey line represents
the minimum H1 column density value
that FAST can reach, which is Ny, =
2 x 107 cm™. The coloured shaded
area in each panel shows the soften-
ing length corresponding to each simu-
lation. A smaller number of dark galax-

tain H1 gas, while in our selection we explicitly require H1 gas
to be present, in order to assess the detectability of dark galax-
ies with observational surveys. The comparison with Lee et al.
(2024) should therefore be considered qualitative, since the dark
galaxy samples in our work and theirs are selected using differ-
ent underlying criteria.

In a recently submitted work, Zheng et al. (2025) studied a
sample of dark galaxies in the HESTIA and AURIGA simulations,
focusing on faint systems with M, > —10 and My, > 10°> M.
In their sample, only one completely starless object is identi-
fied, found in AURIGA. As shown in our Fig. 11, we also do not
find any starless dark galaxies in HESTIA with My, > 105 M,
although such objects do appear in NIVARIA-LG, which we at-
tribute to the more restrictive SF conditions adopted in this
simulation. Despite the different selection criteria, our results
are broadly consistent with those of Zheng et al. (2025). Their
study primarily examines simulations that employ similar sub-
grid physics (HESTIA and AURIGA), whereas we compare dark
and luminous galaxies across two Local Group simulations that
adopt different physical models and SF prescriptions, allowing
us to assess the robustness of dark galaxy predictions across dis-
tinct simulation setups. Zheng et al. (2025) also provide predic-
tions for the number density of dark galaxies within a given vol-
ume. However, differences in selection criteria make direct com-
parisons non-trivial.

5. Conclusions

In this work, we analysed the three high-resolution HESTIA sim-
ulation runs (Libeskind et al. 2020) and the new NIVARIA-LG
simulation (Contreras-Santos et al., in prep.) to derive the prop-
erties of H1-rich dark galaxies within Local Group-like volumes
simulated with the same constrained initial conditions but with
different numerical codes and galaxy-formation models (AREPO
for the HESTIA simulation, GASOLINE2 for NIVARIA-LG).
Across the four runs, we identified a total of 114 dark galaxies
in the DM halo mass range 10° — 10'° M, of which only six are
satellites of larger galactic systems at z = 0. We then compared
their properties with those of a control sample of bright galaxies
within the same halo mass range. Our main conclusions are
summarised below.

Dark galaxies:

— exist in Local Group simulations run with different codes
and feedback models, with their abundance depending on the

107 ies could be detected by the less sensi-
tive ALFALFA Survey, whose sensitiv-
ity is Ny, 2 10" cm™.

r/kpc

mass of the Local Group itself and, critically, on the adopted
SF density threshold ny,. Simulations that employ a more re-
alistic, higher ny,, produce significantly more dark galaxies
than those that do not (up to ~ 60 in the NIVARIA-LG run,
compared to 17, 11, and O starless dark galaxies arising, re-
spectively, in the three HESTIA runs, as shown in Table 1);

— contain a similar total amount of gas as their bright-galaxy
counterparts, although only the most massive dark galaxies,
with My > 10%3 My, have large H1 gas reservoirs compa-
rable to those found in bright galaxies, i.e. My, > 10° M,
(Fig. 3). Such a gas cannot form stars efficiently because of
its low density, being in hydrostatic equilibrium within the
gravitational potential of its halo (Fig. 7);

— have lower masses than bright galaxies at the epoch of reion-
isation, and throughout cosmic time (Fig. 4), which render
them dark, since galaxy formation can occur only in haloes
whose masses exceed a critical threshold (Benitez-Llambay
& Frenk 2020);

— have z = 0 halo masses peaking at ~ 2 x 10° My, (Fig. 2),
higher spin parameters (Fig. 6), and lower concentrations
(Fig. 5) than bright galaxies, consistent with their late for-
mation times (Fig. 4);

— are located farther from the MW than luminous galaxies
(Fig. 9), with about 80% residing at distances greater than
1.5Mpc, and inhabit lower-density regions of the Local
Group (Fig. 8);

— formed and evolved across redshift within regions charac-
terised by persistently lower DM and gas densities compared
to the environments of bright galaxies, making them less
susceptible to galaxy interactions, mergers, and gas inflows
(Fig. 10);

— can be detected via their Hr1 emission. Using the sky cover-
age of the new FAST radio telescope, along with its mini-
mum detectable H1 mass and column-density sensitivity, we
predict that up to eight dark galaxies should be detectable in
H1 within 2.5 Mpc of the Local Group (Figs. 11 and 12).

The NIVARIA-LG simulation adopts an SF density threshold,
ngm = 10cm™, which is more realistic than the HESTIA sim-
ulation, reflecting the densities of clumps within typical giant
molecular clouds (10 — 100cm™3). It produces a great match
of the M,—My,, relation over several orders of magnitude in
halo mass (Fig. 1) and is the only simulation able to generate
completely starless dark galaxies with substantial H1 masses,
My, > 10* M, (Fig. 11 and Fig. 12). Thanks to its physi-
cally motivated SF recipe, NIVARIA-LG is likely to provide the
most reliable predictions for dark galaxies with sufficient Hr1 to
be detectable. Indeed, while all dark galaxies remain completely
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starless in NIVARIA-LG, the low SF density threshold adopted
in HESTIA allows some dark galaxies to form a small number of
stars.

The study of dark galaxies is currently a highly active field
of research, driven by the increasing availability of both obser-
vational data and theoretical predictions. Improvements in ob-
servational techniques are expanding the number of dark galaxy
candidates, while advances in numerical simulations, now able
to reproduce many of the key processes governing galaxy for-
mation and evolution, are proving essential for interpreting these
systems. Together, these developments are pushing the field for-
ward and bringing us closer to a robust confirmation of genuine
dark galaxies. Such objects would serve as powerful cosmo-
logical probes of the ACDM model, and their detection would
provide strong support for it. We expect upcoming observations
with FAST, along with other radio telescopes, to aid in the de-
tection of H1 sources harboured within a DM halo. Future work
should focus on measuring the gas metallicity within dark galax-
ies, to determine whether truly starless systems indeed contain
primordial, metal-free gas, and to assess whether any past SF
episodes may have occurred.
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Fig. A.1. Evolution of median DM (left bottom panel) and gas (right bottom panel) density of the environment around dark and bright galaxies.
Dark galaxies are shown as dotted-dashed lines, and bright galaxies as solid lines. Each colour represents a different simulation, blue shades for
HESTIA and red for NIVARIA-LG. The shaded and striped backgrounds are the regions limited by the 16™ and 84™ percentiles of the distributions.
The environment is defined as a spherical shell between 1 Ry;; and 7 R,;; of each halo at each time. The evolution of the median Ry;, of all dark and
bright galaxies is shown in the top panels as a solid black line, along with the 16" and 84" percentiles as a shaded region.

Appendix A: Evolution of the density of the
environment

We present in Fig. A.1 the median densities of the environment
around dark and bright galaxies for each simulation individu-
ally. In this figure, dark galaxies are represented as dotted-dashed
lines and bright galaxies as solid lines. Here, the peaks are ow-
ing to pericentric passages of galaxies that become satellites of
other galaxies at different times, and therefore the density of their
environment rises steeply because of the presence of a larger
galaxy. Note that the dotted-dashed cyan line refers to the only
dark galaxy found in the HESTIA run 37_11, which is currently
a satellite galaxy (see Table 1).

Appendix B: FAST detection limits

We follow the procedure presented in Li et al. (2018), done to
obtain the integration time and number of detectable galaxies.

Firstly, we need the thermal noise associated to the instru-
ment (Duffy et al. 2008)

kTgs 1
O noise = \/E_ys_

, (B.1)
Acr VAvt

where k = 1380Jy m? K~! is the Boltzmann constant, Tys is the
temperature of the system, A.g is the aperture efficiency of the
telescope, Av is the frequency bandwidth, and ¢ is the integration
time.

Once the thermal noise is obtained, we can compute the min-
imum observed flux limit at which a galaxy can be detected at

z = 0. This threshold is given by the following expression (Dufty
et al. 2008)

Stim = (S/N) O noise» (B2)

where S/N is the signal-to-noise ratio.

Now, the minimum H1 mass that a galaxy needs to have in
order to be detectable by FAST at z = 0 can be directly derived
as follows (e.g. Roberts 1975; Meyer et al. 2017)

2
Mus _ 5355105 (4| (Sim
Mo Mpc Jy

AVo ) (B.3)

kms™!

where d is the luminosity distance, and AVj is the velocity
linewidth.

We adopt the same parameters as in Li et al. (2018). This
is an aperture efficiency of Ay = 5 X 10*m? for the spherical
main reflector of FAST; a system temperature of T = 25K,
correspondent to the 21 cm line at 1.4 GHz within the L-band;
a frequency bandwidth of Av = 10° Hz; a velocity linewidth of
AV, =200kms ';anda signal-to-noise ratio of S/N = 6. Lastly,
we set z = 0, assume 1 hour of observing time, and obtain My,
for two different distances, namely ~ 1 Mpc and ~ 2.5 Mpc. This
setup results in minimum masses of My, (1 Mpc) = 4.6x103 M,
and My, (2.5Mpc) = 2.9x 10* M,, for galaxies within 1 Mpc and
2.5 Mpc®, respectively.

6 Note that d in Eq. B.3 refers to luminosity distance from Earth, whilst
our distances are measured with respect to the AHF centre of the MW
analogues.
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