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A B S T R A C T 

Dark matter haloes and subhaloes that host no luminous counterpart are predicted within our current understanding of 
galaxy formation within a �CDM ( � cold dark matter) paradigm. Observational tests, such as gravitational lensing, have 
made potential detections of such objects around individual galaxies as well as in galaxy groups and clusters. The question 

of whether or not a dim counterpart might reside in these objects remains an open question. We inv estigat e this point 
using the TNG50-1 simulation of the IllustrisTNG project. Under the assumption of TNG50’s galaxy formation model, we 
do not find haloes or subhaloes above a total mass of 10 

9 . 7 M � that are entirely dark. How ev er, under realistic effective 
surface brightness cuts of ≤29 mag arcsec −2 , the inference of the most massive dark subhalo in galaxy groups and clusters 
becomes M DM 

� 2 × 10 

10 M �. Concentrating on g alaxy gr oups and clust ers, w e find that dark subhaloes are ubiquitous, 
with more massive dark subhaloes tending to pr efer entially r eside further fr om the centr es of clusters. Subhaloes in the 
mass range of 4 . 5 × 10 

7 ≤ M DM 

/ M � ≤ 2 . 1 × 10 

8 t end t o be the most likely to reside in the strong lensing regions of galaxy 

groups and clusters, and argue that future dark subhalo searches should inv estigat e this mass range. 

Key wor ds: g alaxies: clusters: general – galaxies: dwarf – galaxies: haloes. 
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 INTRODUCTION  

cold dark matter ( �CDM; e.g. S. D. M. White & M. J. Rees 1978 ;
. D. M. White & C. S. Frenk 1991 ) has proven one of the most
uccessful cosmological frameworks to date (e.g. L. V. Sales, A. 

etzel & A. Fattahi 2022 ; M. Gámez-Marín et al. 2024 ; I. S. Sands
t al. 2024 ). It predicts the hierarchical formation of structure
rom tiny, low-mass haloes that merge into the g alaxies, g alaxy
r oups, and g alaxy clust ers that w e see t oday. Adding model of 
alaxy formation onto the predictions of �CDM suggests that 
here should be dark matter haloes in which galaxies are unable 
o form (e.g. M. J. Rees 1986 ; G. Efstathiou 1992 ; T. Quinn, N.
atz & G. Efstathiou 1996 ; A. A. Thoul & D. H. Weinberg 1996 ;
. Barkana & A. Loeb 1999 ), leading to a population of aptly
amed dark subhaloes in semi-analytical and semi-empirical 
odels (e.g. J. S. Bullock, A. V. Kravtsov & D. H. Weinberg 2000 ;
. J. Benson et al. 2002 ; E. O. Nadler et al. 2020 , 2024 ; E. O.
adler 2025 ) and cosmological hydrodynamical simulations (e.g. 
. Sawala et al. 2016 ; E. D. Jahn et al. 2019 ; V. J. Forouhar Moreno
t al. 2022 ; G. Lee et al. 2024 ). Under different model assumptions
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and resolutions) in these scenarios, the mass at which haloes 
ease to form galaxies varies (e.g. T. Sawala et al. 2013 , 2016 ; A.
enitez-Llambay & C. Frenk 2020 ; F. Munshi et al. 2021 ; S. Y. Kim
t al. 2024 ). Thus, it is an open question at what scale one should
xpect to see haloes that are entirely dark. 

Testing the predictions for the exist ence of dark-matt er-only 
bjects observationally is, how ev er, e x ceedingly difficult. Cur-
 ently, dir ect detections of dark matter have remained elusive (see
. E. Strigari 2013 , for a review). Thus, only indirect methods are
vailable to infer the existence of such substructures. At different 
cales and distances, different observational techniques must be 
n vok ed. Around the Milky Way, particularly in the solar neigh-
ourhood, instruments such as Gaia (Gaia Collaboration 2016 ) 
llow for the observation of the full 6D phase space of individual
tars. This facilitates the use of dynamical methods to potentially 
onnect the gaps with past interactions with dark substructures 
r, perhaps, with luminous objects of similar mass (see e.g. W.
ehnen et al. 2004 ; J. H. Yoon, K. V. Johnston & D. W. Hogg 2011 ;
. G. Carlberg 2012 ; A. Bonaca et al. 2019 ). 
For e xtrag alactic targets, wher e full phase-space information 

annot be obtained, a different sort of methodology is necessary 
o search for dark objects. One such method inv olv es the use of 
trong gravitational lensing (e.g. P. Natarajan et al. 2024 ). The way
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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n which images of back gr ound g alaxies ar e multiplied, deflected,
ist ort ed, and magnified by a for egr ound g alaxy or g alaxy cluster
an be used to infer the mass distribution of that galaxy (cluster)
e.g . M. J auzac et al. 2014 ; J. M. Diego et al. 2018 ; G. Mahler et al.
023 ; C. Cerny et al. 2025 ). Additional distortions to images or
nomalies in magnification can be used t o det ect the presence
f nearby substructure. Potential (dark) subhalo detections have
een made using galaxy-scale lenses (e.g. S. Vegetti et al. 2010 ,
012 ; A. M. Nierenberg et al. 2014 ; Y. D. Hezaveh et al. 2016 ; S.
. Lange et al. 2025 ) and within galaxy clusters (e.g. J. M. Diego
t al. 2022 , 2023 ). These det ect ed objects hav e masses betw een
10 8 and 10 9 M � (with the e x ception of J. M. Diego et al. 2023 ,
hich finds a subhalo mass of 2 . 5 × 10 6 M �), which puts them

n the r egime wher e it may be possible to host faint dwarf galax-
es that would r equir e very deep and high-resolution imaging to
etect. 
Given both the richness of galaxy clusters, as well as the influx

f new r esults fr om str ong lensing cluster surveys fr om, e.g . J ames
ebb Spac e Telesc ope (e.g. C. Cerny et al. 2025 ) and E uclid (E uclid
ollaboration 2025 ), these systems are positioned as e x cellent

argets for subhalo searches. The majority of lensing clusters tend
o reside between z ∼ 0 . 1 and 0 . 6 (see e.g. M. Postman et al. 2012 ;
. E. Bleem et al. 2015 ; D. Coe et al. 2019 ; K. Sharon et al. 2020 ; J.
ichard et al. 2021 ; C. Fox et al. 2022 ), with a handful of such
lust ers residing abov e z � 1 (E. J. Gonzalez et al. 2015 ). It is
bservationally challenging in this redshift range t o det ect low-
ass galaxies, as both very deep imaging and very high spatial

 esolution ar e necessary to detect subhaloes using strong lensing.
his adds a complicating fact or t o the detection of truly dark
ubhaloes: are they truly dark, or do they contain tiny galaxies? In
he last decade (or so), there has been an influx of observations of 
ocal Group dwarf and ultrafaint sat ellit es (see J. D. Simon 2019 ,
nd r efer ences ther ein). Ther e is substantial overlap between the
redict ed dark matt er masses of these tiny g alaxies fr om abun-
ance matching studies (e.g. R. H. Wechsler & J. L. Tinker 2018 ;
. Shuntov et al. 2022 , 2025 ; J. S. Monzon, F. C. van den Bosch
 K. Mitra 2024 ) and simulations (e.g. N. Ahvazi et al. 2024 ;
. Y. Kim et al. 2024 ; M. P. Rey et al. 2025 ), and the masses of 
ubhaloes possibly det ect ed from lensing studies ( M sub ∼ 10 9 M �;
.g. S. Vegetti et al. 2014 ). 

In order to understand the dwarf and dark (sub)halo popu-
ations in galaxy clusters and in the field, we need to turn to
osmological hydrodynamical simulations of large cosmological
 olumes. Ideally, inv estigating large enough volumes to contain
assiv e syst ems like lensing clust ers at z � 1 w ould provide the
ost direct comparison. How ev er, simulations that fit this crite-

ion often have particle masses > 10 6 M � (e.g. S. Genel et al. 2014 ;
. Vog elsberg er et al. 2014 ; R. A. Crain et al. 2015 ; J. Schaye et al.

015 , 2023 ; A. Pillepich et al. 2018 ); thus, low -mass dw arfs and
ark subhaloes cannot be reliably resolved in these simulations.
e ther efor e opt to use the IllustrisTNG50 simulation (D. Nelson

t al. 2019a , b ; A. Pillepich et al. 2019 ), as it has a high enough res-
lution ( m DM 

= 4 . 5 × 10 5 M �, m baryon = 8 . 4 × 10 4 M �) to study
he low-mass objects in question in realistic galaxy group and
luster environments. 

This paper is organized as follows. In Section 2 , we briefly
iscuss the simulation and the selection criteria. In Section 3 , we
iscuss the expected mass function of dark subhaloes, the halo
ccupation fraction, and the distribution of dark substructures in
alaxy clusters. We present a brief discussion of the interpretation
f our results in strong-lensing-based subhalo searches in Section
NRAS 547, 1–11 (2026) 

o

 . Finally, we conclude with a summary of our results in Section
 . 

 METHODS  

.1 Simulations 

e use the highest resolution run of the cosmological h ydrody -
amical simulation TNG50 (D. Nelson et al. 2019b ; A. Pillepich
t al. 2019 ) due to its ability to simultaneously resolve low-mass
bjects and galaxy cluster environments. TNG50 is the smallest
olume of the larger IllustrisTNG project (F. Marinacci et al.
018 ; J. P. Naiman et al. 2018 ; D. Nelson et al. 2018 , 2019a ; A.
illepich et al. 2018 ; V. Springel et al. 2018 ), featuring a box size
f 51.7 Mpc on one side and 2 × 2160 3 gas cells and dark matter
articles. The simulation is ev olv ed from a flat, �CDM cosmology
sing cosmological parameters from Planck Collaboration XIII
 2016 ). The simulation has a mass resolution of 4 . 5 × 10 5 M � for
ndividual dark matter particles, an average mass of 8 . 4 × 10 4 M �
or star and gas particles, and a gravitational softening length of 
88 pc at z = 0 . 

Gravity and hydrodynamics in TNG50 are solved using arepo .
eating and cooling of gas is followed down to 10 4 K in an

ffectiv e equation of stat e int erst ellar medium (ISM). TNG50’s
alaxy formation model includes star formation in the dense ISM
t ellar ev olution (including supernova and chemical enrichment
f the ISM). Heating of the gas occurs via back gr ound radiation,
nd cooling includes metal line cooling and primordial cooling.
dditionally, the model includes the seeding and growth of su-
ermassive black holes, active galactic nuclei feedback from both

ow- and high-accretion modes, and magnetic fields (R. Pakmor,
. Bauer & V. Springel 2011 ; R. Pakmor & V. Springel 2013 ; R.
einberger et al. 2017 ; A. Pillepich et al. 2018 ). 

.2 Galaxy and subhalo selection 

aloes are identified in TNG50 using the friends-of-friends al-
orithm (FoF; M. Davis et al. 1985 ) with a linking length of 0.2
imes the mean interparticle separation, and subhaloes within
hose haloes are further identified using subfind (V. Springel
t al. 2001 ; K. Dolag et al. 2009 ). Halo masses and radii are char-
cterized by the total mass enclosed within a radius containing
00 times the critical density of the Universe. 

In order to remain as close as possible to studies of dark
ubstructures in galaxy clusters (e.g. using strong gravitational
ensing; see D. J. Lagattuta et al. 2023 ; G. Mahler et al. 2023 ),
e chose to investigate the progenitors of the three most mas-

ive galaxy clusters at z = 0 . The most massive cluster ( M 200 , c =
 . 83 × 10 14 M �) is roughly consistent with low-end mass esti-
ates of the Virgo Cluster ( M 200 , c ∼ 2 × 10 14 M �; S. M. Wein-
ann et al. 2011 ), with the other two ( M 200 , c = 9 . 41 × 10 14 M �

nd M 200 , c = 6 . 46 × 10 13 M �) on par with massive g alaxy gr oups,
uch as Fornax ( M 200 , c ∼ 10 14 M �; M. J. Drink w ater, M. D. Gregg
 M. Colless 2001 ) at z = 0 . We follow the main-branch progen-

tors of these objects through in time using the sublink merger
ree (V. Rodriguez-Gomez et al. 2015 ). We consider the progeni-
ors of these objects beginning at z = 2 , and follow them at inter-
als of d z ∼ 0 . 2 . This allows us to understand how the population
f low-mass subhaloes associated with these structures changes
ver time. 
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Figure 1. Stellar half-mass radius ( r h , ∗) as a function of stellar mass 
( M ∗). Each point r epr esents an object at the redshift indicated by the 
colour bar. Median lines are shown for redshifts 0, 1, and 2. We note the 
presence of a few extremely compact objects that reside in the field at z = 0 
that pull the median line down in the range 10 8 ≤ M ∗/ M � ≤ 10 9 . Taking 
that int o account, w e can see that the surface brightness cut of 〈 μV 〉 h = 29 
mag ar csec −2 intr oduces a bias towar ds detecting only the more compact 
systems at fixed stellar mass for particularly low-mass galaxies. 
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While it should be noted that these systems are less massive
han strong lensing clusters, they allow us to probe the population 

f low-mass subhaloes that cannot be inv estigat ed in the simu-
ations that resolve more massiv e syst ems. We therefore opt to
eave results normalized by virial quantities when possible. Given 

he self-similarity predicted by �CDM, this allows for our results 
o be extrapolated to more massive systems, noting that only a 
hange in normalization in each of our relations should occur as
alo mass changes (e.g. J. Han et al. 2016 ). 
Within the select ed clust ers, their progenit ors, and the field, we

hoose (sub)haloes that have a total dark matter mass – the sum
f all dark matter particles considered associated with an object 
ia subfind – of at least M DM 

= 4 . 54 × 10 7 M �, ensuring that
hey are resolved by at least 100 particles. We in vok e an upper
ark matter mass limit of M DM 

= 2 × 10 10 M �. The luminous
omponents are considered resolved if they have 100 star parti- 
les associated with them, resulting in an average stellar mass of 
 ∗ � 8 × 10 6 M �. 

.3 Surface brightness calculation 

e additionally consider an ‘observationally’ resolved limit, 
hich is made in addition to the aforementioned star particle 
umber cut. We make this cut based on brightness limits as they
re observed at z = 0 , which we take to be 29 mag arcsec −2 . This

s roughly on par with the brightness limit of the Frontier Fields
urvey (D. Coe, L. Bradley & A. Zitrin 2015 ; J. M. Lotz et al.
017 ), which is considered state of the art for the Hubble Space
elescope , although it is larger than the brightness limits from
.g. the GLIMPSE (Galactic Legacy Infrared Mid-Plane Survey 
xtraor dinair e) deep fields (H. Atek et al. 2025 ). 
We make the assumption that half of the light (as r ecor ded

y the subfind catalogues) is contained within the stellar half- 
ass radius, R h , ∗, projected = 0 . 75 r h , ∗, 3D , of a g alaxy. We have e x-

licitly checked using particle data that this assumption holds 
or most target galaxies. We then take the average surface bright-
ess within r h , ∗ and make a ‘mock observation’ of the galaxy 
t its given redshift. We assume a flat �CDM cosmology, with
he cosmological parameters used by the simulation, i.e. �ma , 0 = 

 . 3089 , ��, 0 = 0 . 6911 , and h = 0 . 6774 . We additionally utilize
he r ecor ded r edshift and scale factor of the r elevant snapshots
 o calculat e cosmological distances. We calculat e the comoving 
adial distance to each object using 

 = 

c 
H 0 

∫ z 

0 

d z ′ √ 

�M 

(1 + z ′ ) 3 + ��

, (1) 

sing the simulation parameters mentioned above. To calculate 
he angular size of our object, we first calculate the angular di-
meter distance, d A , at the given redshift following: 

 A = 

r 
(1 + z) 

. (2) 

e can then find the angle subtended by the half-mass radius of 
he galaxy: 

= R h , ∗, proj /d A . (3) 

o find surface brightness in terms of mag arcsec −2 , we calculate
he cosmological distance modulus using 

 = M + 5 log (d L ) + 25 , (4) 
10 
a

here d L = d A (1 + z) 2 is the luminosity distance. For galaxies at
 = 0 , we assume they sit at the distance of the Virgo Cluster (16.5

pc; e.g. S. Mei et al. 2007 ). 
Imposing a surface brightness cut effectively introduces a bias 

nto our sample, which is illustrated by the (physical) size–mass 
 elation in Fig . 1 . We show median relations betw een st ellar half-

ass radius ( r h , ∗) and stellar mass ( M ∗) as lines coloured by their
 espective r edshifts for z = 0 , 1 , 2 , At low redshift, the surface
rightness cut accounts for all resolved dwarfs within our selected
ass r ange. A t fixed particle number (st ellar mass), w e select for
ore compact objects or objects. The relationship between stellar 
ass and stellar half-mass radius agrees reasonably well with 

bservations at z = 0 (A. Pillepich et al. 2019 ). It should be noted
hat we do not resolve the scales of e.g. nuclear star clusters and
ltr acompact dw arfs that could help in the identification of lower
ass galaxies that otherwise are not picked up by the surface

rightness cut. 
At z = 0, the brightness cut identifies all but 155 targeted,

article-number-selected galaxies, 130 of which have M ∗ ≤ 1 . 2 ×
0 7 M �, and account for 10 per cent of the galaxies in that mass
in. Higher mass bins are not significantly affected by the cut.
iven that observed surface brightness decreases with redshift 
y a factor of (1 + z) −4 in our assumed cosmology, we should
xpect the lower mass bins in particular to be more significantly
mpacted at higher z . At z = 1 , within the same stellar mass bin
s examined previously ( M ∗ ≤ 1 . 2 × 10 7 M �), only 32 per cent of 
alaxies meet the surface brightness crit eria. Int erestingly, there 
r e only thr ee ‘visible’ g alaxies within the selected gr oup pr o-
enitors in this mass bin. Of all galaxies at z = 1 that satisfy the
article cut, 18 per cent do not satisfy the surface brightness cut.
y z = 2 , 8 out of 2760 resolved galaxies in this lowest mass bin
ass the surface brightness r equir ement, with only 47 per cent of 
he total set of r esolved g alaxies meeting the r equir ement acr oss
ll mass bins. 
MNRAS 547, 1–11 (2026) 
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M

Figur e 2. Top thr ee panels: Subhalo mass functions for the thr ee g alaxy 
groups and clusters considered in this study over the redshift range z = 

0 –2 . We consider only the subhaloes associated with these systems in the 
subfind catalogues. Bottom panel: Halo mass functions for field haloes, 
i.e. those that are considered their own centrals. In all panels, the mass 
functions of all (sub)haloes are shown in the dashed lines, and for the 
entirely dark (sub)haloes ( M ∗ = 0 and M gas = 0 ) in the solid lines. All 
lines are coloured by the redshift at which they are measured, with lighter 
colours indicating higher redshift and darker colours lower redshift. For 
comparison, we show the expected slope of the halo mass function in 
the black dotted line (see J. S. Bullock & M. Boylan-Kolchin 2017 , and 
r efer ences ther ein), and we print the best-fitting slopes of the simulation’s 
mass function at z = 0 and z = 2 . 
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Finally, we do note that the choice of an observational cut
as made to be on par with relatively deep surveys, and was not

hosen to mimic any one instrument or any specific survey. The
mock observations’ are therefore intended as a toy model meant
o impose a more physical limit on our selection. We do not take
nto account confusion, etc., because the intent is not to be a
igorous mock observation, but to understand the distribution of 
ark and light objects in realistic galaxy cluster environments. We
o, how ev er, discuss the impacts of such surface brightness cuts

n Sections 3 and 5 . 

 R E S U LT S  

.1 Dark matter (sub)halo mass function 

o begin to characterize the dark objects that reside within the
imulation v olume, w e first consider the mass function of all low-
ass subhaloes considered in this study. The top three panels

f Fig. 2 show the subhalo dark matter mass functions for the
hr ee g alaxy gr oups and clusters consider ed in this study (Groups
NRAS 547, 1–11 (2026) 
, 1, and 2) and their main progenitors at higher redshift, with
he bottom panel showing the same but for field haloes within
he consider ed r edshift range. Of the objects investig ated in this
tudy, roughly 3 per cent of them reside in our target clusters at
 = 0 . 

In Fig. 2 , we can see the expected slopes in the mass func-
ions for subhaloes in both the groups and clusters and haloes in
he field (dashed lines colored by redshift). Following previous
tudies (e.g. S. Ghigna et al. 1998 ; R. K. Sheth, H. J. Mo & G.
ormen 2001 ) and as discussed in J. S. Bullock & M. Boylan-
olchin ( 2017 ), we find that subhaloes in clusters follow a shal-

ower slope than field haloes, which are theoretically expected to
ollow d n/ d( log 10 (M DM 

) ∝ M 

α
DM 

, where α = −1 . We do not see a
ignificant flattening out of the slope in the low-mass end that
 ould indicat e the pr esence of r esolution effects. 
Focusing on what is entirely dark ( M ∗ = 0 , M gas = 0 ), we can

ee some slight differences between the mass functions of the
ubhaloes and field haloes. While these are not volume densities
f (sub)haloes, we do find lower upper-end mass cut-offs and an
arlier deviation from the total mass function in clusters than in
he field. As haloes enter cluster environments, what substruc-
ure finders designate as the ‘edge’ of a subhalo becomes less clear
han for the same object in the field (see e.g. F. C. den Bosch et
l. 2018 ; V. J. Forouhar Moreno et al. 2025 ). Across all masses
nv estigat ed in this w ork, w e find a median of 6 per cent dark

atter mass loss between the time of infall and the following
napshot in the simulation. Additionally, in the field, a dark halo
an continue to accr ete mass, wher eas within a cluster environ-
ent, high velocities within the cluster potential make it very

ifficult for subhaloes to continue to gr ow (e.g . S. Ghigna et al.
998 ). The dark subhaloes will, as expected, only lose mass as they
ontinue t o int eract with the clust er envir onment (e.g . B . Moor e
t al. 1996 ; O. Y. Gnedin 2003 ; D. N ag ai & A. V. Kravtsov 2005 ; R.
mith et al. 2016 ; A. Niemiec et al. 2019 ). For all dark subhaloes
n our target clusters at z = 0 , for example, we find a median
nfall redshift of z ∼ 0 . 16 and a retained dark matter fraction of 
 DM ,z=0 /M DM , infall = 0 . 72 . The difference between the upper-end

ut-off in the mass function between the cluster and the field can
her efor e be explained with a combination of numerical mass
uctuations, the lack of subhalo growth, and tidal stripping after
ntering a cluster. 

Finally, we do not find the stripping of luminous components,
.g. stars and gas, to be a driving factor for the emergence of the
opulation of dark subhaloes. In fact, within the lowest mass bin
 xplor ed in Section 3.5 ( 7 . 62 ≤ M DM 

≤ 8 . 32 ), only 6 per cent of 
ark subhaloes hav e ev er host ed a st ellar component, none of 
hich have been considered resolved by this study. This is in line
ith results from G. Lee et al. ( 2024 ), who find that their sample

f dark galaxies tends to originate in voids and possesses little to
o star-forming gas. 

.2 Galaxy occupation fraction 

ne aspect that should be noted in the interpretation of entirely
ark subhaloes in TNG50 (or a similar sort of simulation) is that
he stellar mass of the galaxies that they could contain may be
maller than the mass of the baryonic resolution element within
he simulation. It could be argued that these dark objects simply
ost an unresolved stellar component. In order to circumvent this

imitation, w e inst ead turn our focus t o what is observationally
ark. As mentioned in Section 2 , we consider a galaxy resolved if 

t has at least 100 star particles, and we place an additional surface
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Figure 3. Occupation fraction of dark matter subhaloes at different redshifts. We show the occupation fraction of dark matter haloes for three different 
sets of galaxies: those that are resolved by particle number (solid lines), those that are above a surface brightness limit of 29 mag arcsec −2 (dotted lines), 
and those that contain at least one star particle (dashed lines). Each curve is coloured by redshift, with lighter colours indicating higher redshifts and 
darker colours indicating lower r edshifts. N ote that the range over which we show the field occupation fraction (right) is smaller than for subhaloes 
in clusters (left). We can see that a small number of subhaloes on the upper end of our probed mass range would be considered observationally 
dark. 
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rightness cut (as observed at z = 0 ) of 〈 μV 〉 = 29 mag arcsec −2 

o mimic an observational cut. 
To illustrate the impact of these cuts, we show in Fig. 3 the oc-

upation fraction ( f occ ) of dark matter subhaloes (left) and haloes
right) as a function of total dark matter mass. We define f occ 
o be the fraction of (sub)haloes at fixed dark matter mass that
ost a galaxy. We calculate f occ considering three different cuts on
aryonic properties: those with at least 100 star particles or M ∗ ≥
 × 10 6 M � (solid lines coloured by redshift), those satisfying the
urface brightness r equir ement (dotted lines colored by redshift), 
nd those that host at least one star particle or gas cell (unresolved
aryonic component, dashed lines coloured by redshift). 

At z = 0 (dark, purple curves), the surface brightness cut im-
lies a very slightly lower occupation fraction for subhaloes 
ith M DM 

� 10 9 . 5 M �. In the field, we find that the surface bright-
ess cuts give an occupation fraction that is much less different

rom what is found in clusters using particle counts, suggest- 
ng that these galaxies should be more luminous or, at least,

or e compact. A dditionally, the closeness between the occupa- 
ion fraction inferred from particle counts and surface brightness 
uts at z = 0 is expected in both the field and in clusters, as the
urface brightness cut is on par with relatively deep imaging from
ubble (see e.g. the Frontier Field; D. Coe et al. 2015 ; J. M. Lotz

t al. 2017 ). 
We do see more of a deviation in the occupation fractions
easur ed fr om particle counts and surface brightness as r edshift

ncreases. This is additionally to be expected, as it becomes more
bservationally challenging to observe low surface brightness 
alaxies at higher z . This being said, the surface brightness limits
r esented her e ar e affect ed by the t oo large g alaxy sizes pr edicted
y the TNG model at low masses (see A. Pillepich et al. 2018 , for a
ore detailed discussion). The occupation fraction, as measured 
y surface brightness limits within the simulation, should thus 
e taken as a conservative upper limit on what is considered
bservationally resolved. 

Investigating f occ , including (sub)haloes that possess an unre- 
olv ed bary onic component (dashed lines in Fig. 3 ), we see much
ower mass objects hosting a potentially luminous component. 
his is expected and serves simply to show the impact of mov-

ng the ‘luminous’ or resolved threshold in this study. It does,
ow ev er, show the additional interpretation that many more low-
ass galaxies may exist than what our surface brightness limit 

an probe. In some respects, we could regard this as a manifesta-
ion of something like a missing sat ellit es pr oblem, which r ecent
ork shows is no longer in tension with �CDM (e.g. L. V. Sales

t al. 2022 , and r efer ences ther ein). 
Keeping these limitations in mind, and combining these results

ith those presented in Fig 2 , we find a conservative upper limit
f the most massiv e complet ely dark subhalo of M DM 

∼ 10 9 . 5 M �
n the considered galaxy groups and clusters. These more mas- 
ive dark objects are exceedingly rare, and t end t o only exist at
 elatively low r edshift ( z � 0 . 2 ). Within the observationally dark
imit ( 〈 μV 〉 h � 29 mag arcsec −2 ) in the same environments, we
lace a similarly conservative upper limit of M DM 

∼ 2 × 10 10 M �,
hich ar e pr edominantly pr esent at z � 1 . Ext ending t o the entire
NG50 v olume, w e find that massiv e ( M DM 

� 10 10 M �), observa-
ionally dark objects ar e mor e pr esent at all z . We find the most

assive entirely dark field object appears at z = 0 , and has a mass
f M DM 

∼ 10 9 . 75 M �. 
These results may be volume limited. Investigating dark field 

aloes in the TNG100 simulation (D. Nelson et al. 2018 ; A.
illepich et al. 2018 , which features the same galaxy formation
odel as TNG50, but with ∼16 × lower resolution), we find the
ost massive entirely dark object of M DM 

= 3 . 5 × 10 10 M �. Some
MNRAS 547, 1–11 (2026) 
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Figure 4. Top panels: The median number density profiles of subhaloes as a function of r/r 200 , c in our targeted galaxy groups and clust ers ov er time 
for subhaloes in the mass range 7 . 62 ≤ log 10 (M DM 

) ≤ 8 . 32 (leftmost panel), 8 . 32 ≤ log 10 (M DM 

) ≤ 8 . 98 (middle-left panel), 8 . 98 ≤ log 10 (M DM 

) ≤ 9 . 64 
(middle-right panel), and 9 . 64 ≤ log 10 (M DM 

) ≤ 10 . 30 (rightmost panel). Lower panels: Number of subhaloes per log 10 ( r/ kpc ) , d N/ d log 10 ( r) as a 
function of r/r 200 , c for the same mass bins. Each lower panel shows a different component of subhaloes: M ∗ = 0 , M gas = 0 (opaque dot–dashed lines 
colour ed by r edshift), those with an unr esolv ed bary onic component (translucent dashed lines), those with M ∗ ≥ 8 × 10 6 M � (transparent lines), and 
those with 〈 μV 〉 h ≤ 29 mag arcsec −2 (translucent dotted lines). Each line in each panel r epr esents the median value of the number (density) between 
the three target clusters at each radial bin at each redshift. For comparison, we show the median half-number radii and their 25–75 per centile spr eads in 
the verticle orange dashed line and corresponding shaded r egion, r espectively. We can see that while they have a greater half-number radius, dark and 
observationally dark subhaloes of mass log 10 (M DM 

/ M �) ≤ 8 . 98 are most likely, by number, to reside in the strong lensing region of our target groups 
and clusters at all redshifts. 
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esolution effects are likely to play a role in this difference as well,
o higher resolution studies in larger volumes are necessary to
isentangle these effects. 
Finally, at any redshift, we e xpect ther e to be many more sub-

aloes that host a low-mass luminous component than what is
bserv ed. With bett er t elescopes and deeper surv eys, w e may y et
nd that the detection of subhaloes thought to be dark actually
ontains low-luminosity galaxies. For the upcoming Habitable
orlds Observatory , for example, using a set -up in volving a 6.5-
 mirror, it would be possible to observe even lower surface

rightnesses than what is presented in this study. For example,
or an object of surface brightnesses of 30 mag arcsec −2 could be
bserved in a ∼1 h e xposur e with a signal-to-noise ratio of ∼10 in
he V band. 1 

.3 Distribution of dark subhaloes in galaxy clusters 

e characterize the 3D distribution of subhaloes belonging to
ur target clusters and their progenitors in Fig. 4 . The top pan-
ls show the median normalized number density of our target
ystems’ subhaloes as a function of radius at each considered
 edshift. Fr om left to right, we show this for equally spaced
NRAS 547, 1–11 (2026) 
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m  

i  

a

ins of increasing mass, with the leftmost panel showing sub-
aloes with 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 32 , the middle-left panel
howing 8 . 32 ≤ log 10 (M DM 

/ M �) ≤ 8 . 98 , the middle-right panel
howing 8 . 98 ≤ log 10 (M DM 

/ M �) ≤ 9 . 64 , and the rightmost panel
howing 9 . 64 ≤ log 10 (M DM 

/ M �) ≤ 10 . 30 . As in Section 3.2 , we
nv estigat e three different sets of objects: galaxies resolved by at
east 100 star particles (transparent solid lines), those that exceed
n average surface brightness within the stellar half-mass ra-
ius of 29 mag ar csec −2 (transpar ent dotted lines), and those that
ossess an unresolved baryonic component (transparent dashed

ines). A dditionally consider ed her e ar e subhaloes that ar e en-
irely dark ( M ∗ = 0 , M gas = 0 , dash–dotted lines). All sets of 
umber density profiles are arbitrarily normalized for ease of 

nterpretation. 
Of note in Fig. 4 is that we see some consistency in the slope

nd shape of each set of luminous or dark subhaloes as a func-
ion of redshift. This is expected given the self-similar nature
f �CDM. Indeed, as found in previous w orks inv estigating the
istribution of subhaloes in galaxy clusters (e.g. H.-Y. Wu et al.
013 ; J. Han et al. 2016 ), only the normalization of the mass
rofiles changes between mass bins. While there is some variance

n the shape due to the small number statistics in the lowest
ass bin, this is insufficient on its own to explain the discrepancy

n slope seen in higher mass bins. See Sections 3.4 and 3.5 for
dditional discussion. 

https://hwo.stsci.edu/camera_etc
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The bottom four rows of Fig. 4 show the number of subhaloes
n given bins of log 10 (r) as a function of r/r 200 , c . No normal-
zation has been applied to these curves. Within the inner re-
ions of our selected systems over time, we can see that the
ubhaloes with 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 98 are particularly
rev alent. The v ast majority of these objects are observation-
lly dark in some way, in that they either possess some unre-
olv ed bary onic component or no bary ons at all. In the low est
ass bins, very few resolved ( M ∗ ≥ 8 × 10 6 M �) or luminous

 〈 μV 〉 h ≤ 29 mag arcsec −2 ) subhaloes are present, but they tend
 o distribut e at all radii in the clust ers. As discussed in Sections
.1 and 3.2 , entirely dark objects with masses M DM 

� 10 9 . 5 M � are
 x ceptionally rar e in clusters (and in the field). While there are a
andful of dark subhaloes around this dark matter mass in the
ost massiv e clust ers in the simulation, the median case is that

her e ar e no massive dark subhaloes at any radius within the clus-
er at any redshift. We do emphasize that only one relatively mas-
iv e clust er exists in TNG50, so as a limiting case, the presence
f massive dark subhaloes in cluster environments can be more 
onservativ ely denot ed as e x ceptionally rar e in the TNG model. 

More quantitativ ely, w e inv estigat e the half-number radius of 
ubhaloes, which we define as the radius that contains half the
umber of subhaloes in a mass bin within a given group or
lust er (denot ed by the v ertical orange dashed line and corre-
ponding shaded region). While we do find that low-mass (ob- 
ervationally) dark subhaloes tend to be more numerous in the 
entr es of gr oups and clusters, the half-number radius of these
ubhaloes t ends t o be 0.8–0.9 r 200 , c for dark subhaloes and 0.5–
.8 r 200 , c for observationally dark objects that host an unresolved 

aryonic component. For subhaloes with resolved and luminous 
ary onic components, w e find much closer half-number radii, 
etween ∼0 . 2 and 0 . 5 r 200 , c for the two lowest mass bins, and
0 . 5 and 0 . 8 r 200 , c for higher mass objects. This mass segr eg ation

s expected and can be explained through the mass-dependent 
ime-scale of disruption (e.g . thr ough dynamical friction; see D. 
 ag ai & A. V. Kravtsov 2005 ; J. Binney & S. Tremaine 2008 ; F. C.
en Bosch et al. 2016 ; J. Han et al. 2016 ; T. M. O’Shea et al. 2025 ).
dditionally, the most massive dark subhaloes found within the 
roups and clusters themselves are very close in mass (within a 
actor of 2–3) to the most massive dark haloes in the field. Thus,
hey tend to be the result of recent infall. 

.4 The effect of small number statistics 

 mor e stark disagr eement with the pr edictions fr om the simula-
ions presented in e.g. D. Nagai & A. V. Kravtsov ( 2005 ) and J. Han
t al. ( 2016 ) is the shape/slope between the two luminous cuts,
he observationally dark sample, and the truly dark subhaloes, 
articularly in the lower mass bins (those in the range 7 . 62 ≤

og 10 (M DM 

/ M �) ≤ 8 . 98 ). The origin of this discrepancy in the
hape of this profile is not entirely trivial. There is, for such low-
ass objects, some impact of our choice in what we consider

esolved. We can see in Fig. 4 that there are very few luminous
bjects that are present at any radius within the selected clusters.

We take this as the first test in understanding the discrepant
adial distributions in the lowest mass bin. For subhaloes with 

ark matter masses 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 32 that belong to
roup 0 at z = 0 , we subsample a fraction equal to the average
ccupation fraction within that mass bin 5 per cent to be our new 

luminous’ sample. We show the resulting radial number density, 
N 

(r) , of this subsampled population in the teal dot–dashed line 
n the top-left panel of Fig. 5 . The nearly power -la w relation that is
een in the actual radial distribution of luminous subhaloes is not
resent in this t est. Rather, w e find a distribution that agrees well
ith the distribution of observationally dark subhaloes within 

he cluster. In the bottom-left panel of Fig. 5 , we show the location
f the selected subhaloes in the stellar mass–halo mass relation as
eal squares. It is perhaps unsurprising that the random selection 

oes not return the same set of (or even a substantial overlap in)
ubhaloes that actually host a resolv ed st ellar component. It is
her efor e not e x clusiv ely small number statistics that giv e us the
teeper radial distribution of luminous subhaloes in this bin. 

.5 The effect of resolution and mass cuts 

hile we cannot increase the resolution of the TNG50 simula- 
ion, we can turn to a larger volume of the same suite to test
he impact of resolution on our results. For this, we in vok e the
NG100 simulation (F. Marinacci et al. 2018 ; J. P. Naiman et al.
018 ; D. Nelson et al. 2018 ; A. Pillepich et al. 2018 ; V. Springel
t al. 2018 ), which features a (110.7 Mpc) 3 box with a baryonic
esolution element having m baryon = 1 . 4 × 10 6 M � and dark mat-
er particle mass of m DM 

= 7 . 5 × 10 6 M �. Within the simulation,
 e inv estigat e a galaxy clust er of similar mass t o Group 0 within
NG50 with M 200 , c = 1 . 73 × 10 14 M �. Keeping the same assump-

ion that a minimum of 100 star and/or dark matter particles is
onsider ed r esolv ed, w e consider subhaloes with a stellar mass of 
 ∗ ≥ 1 . 4 × 10 8 M � to be luminous. 
The rightmost panel of Fig. 5 shows the resulting radial num-

er density distributions in the lowest dark matter mass bin that
e can consider with TNG100 ( 8 . 98 ≤ log 10 (M DM 

/ M �) ≤ 9 . 64 ).
e can see a very similar behaviour to the lowest mass bin of 

NG50, with the luminous subhaloes (light orange solid line) and 

hose with an unresolv ed bary onic component (pink dashed line)
ollowing a steeper distribution than the entirely dark (purple 
otted line) subhaloes. Taking the same cuts stellar and dark 

atter mass cuts in TNG50, how ev er, rev eals the same behaviour
espite the subhaloes being resolved in this case (see middle 
anel of Fig. 5 ). This begs the question: Is this behaviour entirely
he r esult of r esolution? Or ar e we intr oducing an additional bias
n our mass cuts? 

It has been noted in the literature that constructing radial dis-
ribution by selecting subhaloes based on total mass rather than, 
or example, infall mass (e.g. M 200 , c ) or, by proxy, stellar mass
an indeed result in both biases and non-NFW (Nav arro–F renk–
hite) shapes for radial distributions (e.g . J. Diemand, B . Moor e
 J. Stadel 2004 ; L. Gao et al. 2004 ; D. N ag ai & A. V. Kravtsov 2005 ;

. M. Budzynski et al. 2012 ; J. Han et al. 2016 ; B. McDonough &
. G. Brainerd 2022 ). How ev er, as many of the aforementioned
tudies not e, infall paramet ers cannot be directly observ ed. Giv en
hat cuts in brightness are inevitable in observational studies, it is
mportant to understand whether or not there is a physical bias in
he types of objects that we might be inadv ert ently selecting for
n studies of low-mass galaxies or dark subhaloes in clusters. 

Returning to the luminous galaxies in the leftmost panels of 
ig. 5 , we find that this mass cut biases us to tracing only the
ubhaloes that have particularly high fractions of stellar mass to 
ark matter mass ( M ∗,z=0 /M DM ,z=0 = 0 . 24 ), meaning that these
bjects tend to be quite tidally stripped of both dark matter
 M DM ,z=0 /M DM , infall = 0 . 007 ) and stars ( M ∗,z=0 /M ∗, infall = 0 . 21 ),
nd have relatively early infall time ( t infall = 2 . 46 Gyr) in the
edian case. For comparison, if we consider the median of all

ubhaloes with an unresolved baryonic component in this lowest 
ass bin, we would find much lower fractions of stellar mass to
MNRAS 547, 1–11 (2026) 
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Figure 5. Top: Radial number density profiles that have been normalized to their maximum value. In the leftmost panel of this row, we show the 
radial number density for the lowest mass bin that we consider in TNG50 ( 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 32 ) using only dark objects (purple dotted line), 
subhaloes with an unresolved baryonic component (pink dashed line), those with a resolved baryonic component (solid light orange line), and using 
the occupation fraction selection from Section 3.2 . We can see that the small number statistics in this case are insufficient to r ecr eat e the st eepness of 
the slope of subhaloes with a resolved stellar component. For the middle and rightmost bins, w e inv estigat e the lowest mass bin that TNG50 (middle) 
and TNG100 (right) have in common ( 8 . 98 ≤ log 10 (M DM 

/ M �) ≤ 9 . 64 ). We can see similar behaviour adopting the same mass cuts in both simulations, 
meaning that resolution is not the only factor in determining the steep slope of the subhaloes with a resolved stellar component. Bottom: Stellar mass–
halo mass relation for the lowest mass bin in TNG50 (left), for the more stringent mass cuts in TNG50 (middle) based on the mass cuts in TNG100 (right). 
The fact that there is a stellar mass cut that interrupts the stellar mass–halo mass relation in each of these bins introduces a bias towards sampling only 
the highest values of stellar mass from the relation. 
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ark matter mass ( M ∗,z=0 /M DM ,z=0 = 0 . 01 ), much higher retained
ark matter content ( M DM ,z=0 /M DM , infall = 0 . 42 ), less stellar strip-
ing by about a factor of 3 ( M ∗,z=0 /M ∗, infall = 0 . 64 ), and much

ater infall times ( t infall = 8 . 08 Gyr). As we move to higher dark
att er mass bins, w e find that the fraction of stellar mass to dark
atter mass for luminous objects until it levels out around 0.02;

he fraction of dark matter and stellar mass retained after infall
ncreases; and the median infall time increases. We therefore
onclude that in a dark matter mass bin that contains an imposed
tellar mass cut, the resulting luminous galaxies will be among
he oldest and most tidally stripped within the cluster. 

 DISCUSSION:  I M P L I C AT I O N S  FOR  DARK  

UBHALO  S E A RC H E S  

he previous sections have illustrated that ther e ar e several com-
licating factors in understanding truly dark subhaloes in galaxy
roups and clusters. Within the target syst ems w e trace ov er
ime in TNG50, and at all redshifts, we find very few massive
ark (sub)haloes. This is not une xpected: g alaxy formation theory
NRAS 547, 1–11 (2026) 
sserts that all haloes with a virial temperature, T vir ∼ 2000 K ,
r, equivalently, a mass M 200 , c � 10 9 . 7 M �, can cool gas and form
tars (see e.g. M. J. Rees 1986 ; G. Efstathiou 1992 ; T. Quinn et al.
996 ; A. A. Thoul & D. H. Weinberg 1996 ; R. Barkana & A.
oeb 1999 ; T. Sawala et al. 2016 ; A. Benitez-Llambay & C. Frenk
020 ). This is reflected quite clearly in the occupation fraction
f r esolved g alaxies in field haloes (see Fig. 3 ). These objects are
xpect ed t o lose mass after they infall into their present-day group
r cluster (e.g. D. Nagai & A. V. Kravtsov 2005 ; J. Binney & S.
remaine 2008 ; J. Han et al. 2016 ; T. M. O’Shea et al. 2025 ), so
assive dark objects are expected to be rarer in clusters. 
Our conclusions have, thus far, been inv estigat ed in 3D space

ather than in projection. The effects of (dark) objects on a
trongly lensed image are cumulative; objects in the field along
he line of sight need to be taken into account. As an albeit sim-
listic test of the impact of line- of- sight haloes on our previous
esults, w e hav e taken ‘observations’ of our target groups and
lusters as though they are centred in a cylinder the length of 
he simulation volume ( L = 51 . 7 Mpc ) with a radius 2 R 200 , c from
heir centres along a grid of 36 different sightlines. We show
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Figur e 6. Median pr ojected number density pr ofiles of subhaloes along 36 differ ent sightlines centr ed on our target clusters in TNG50 over time. For 
clarity, we show this for only z = 0, 1, and 2. The profiles have been arbitrarily normalized to highlight their differences in shape. Each panel r epr esents 
a different mass bin as in Fig. 4 . We can see, as expect ed, qualitativ ely flatt er shapes, due to the effects of projection. Given the int egrat ed nature of 
gr avitational lensing, low -mass subhaloes both from the cluster itself and from the field ar e mor e likely to be found ar ound the str ong lensing r egion 
than suggested by the 3D profiles. 
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Figure 7. Median half-number radius for dark (t op), unresolv ed (panel 
2), resolved (panel 3), and luminous (bottom) of 36 projected directions 
centred on each cluster progenitor . W e can see that even in projected 
space, we are more likely to find lower mass subhaloes (circles and 
squares) closer to the centres of their hosts than higher mass subhaloes 
(stars and plus signs). Interestingly, the half-number radius of dark things 
is roughly half the radius of the projected area, illustrating that these 
objects are roughly uniformly distributed in a projected configuration. 

c
m  

q  
he resulting inferred median projected radial profiles of each 

omponent in Fig. 6 . We can see that the profiles, particularly in
he lowest mass bins, tend towards flatter shapes than in their
D, cluster-only counterparts. For r efer ence, we show an appr o x-
mate strong lensing region as the dotted black line in each panel
f the plot, which corresponds to the same mass bins as in Fig. 4 .

Fig. 7 shows the resulting median projected half-number 
adius of (sub)haloes, their respective mass bins, and popu- 
ations – those that are dark ( M ∗ = 0 , M gas = 0 ), those that
ave an unresolved baryonic component, those that are resolved 

ith M ∗ ≥ 8 × 10 6 M �, and those that are luminous ( 〈 μV 〉 h ≤
9 mag arcsec −2 ) – as a function of the host’s halo mass, M 200 , c .
s in Fig. 4 , we see a similar, though e xpected, tr end that lower
ass subhaloes (circles and squares coloured by redshift of the 

ost group) t end t o reside closer to the centres of their hosts
han higher mass subhaloes (stars and plus signs). We do, how- 
ver, though somewhat unsurprisingly, find that the half-number 
adii, when deprojected (assuming R proj = 0 . 75 r 3D as in e.g. L.
ernquist 1990 ; J. Wolf et al. 2010 ; R. S. Somerville et al. 2018 ) are

arger for the set of entirely dark objects (top panel of Fig. 7 ) and
hose with an unresolv ed bary onic component (following panel 
f Fig. 7 ) than would be expected of the distribution of subhaloes
hen considering groups and clusters in isolation. Conversely, 
e see smaller half-number radii for objects that host a resolved

tellar component ( M ∗ ≥ 8 × 10 6 M �, next to last panel of Fig. 7 ),
nd those that are luminous ( 〈 μV 〉 h ≤ 29 mag arcsec −2 , bottom
anel of Fig. 7 ). 
Both of these effects can be traced to the differing occupation 

raction of subhaloes in groups and clusters and field haloes. As
an be seen in Fig . 3 , ther e is a higher mass turnover in the
ccupation fraction for all considered sets of galaxies. Thus, for 
observationally) dark objects, the increase of line- of- sight objects 
auses a flattening out of the radial distribution. This acts to pull
he half-number radii further out. For (sub)haloes that satisfy the 
tar particle number cut and surface brightness cut, we find radial
r ofiles that ar e steeper than e xpected considering only the target
 b
luster in isolation. This is particularly prevalent in the lowest 
ass bin (circles in Fig. 7 ), where the radial profiles are already

uit e st eep as a result of our chosen st ellar mass and surface
rightness cuts. 
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The detection of a truly dark subhalo could provide a test of 
oth �CDM and our curr ent g alaxy formation framework. In
rder for such objects to be (indirectly) observationally det ect ed
t g alaxy gr oup or clust er scales by inv oking strong gravitational
ensing, a dark subhalo would need to exist very near the strong
ensing region ( R ∼ 10 –250 kpc from the centre of a cluster). We
how a radius of 250 kpc for the most massive cluster in TNG50
t z = 0 by the vertical black dotted line in Fig. 6 . Investigating
he number of subhaloes at this radius at z ∼ 0 , we find a total
f ∼100 entirely dark subhaloes that mostly reside in the mass
ange 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 32 , with a similar total num-
er of subhaloes with an unresolved baryonic component, most
f which exist in the range 7 . 62 ≤ log 10 (M DM 

/ M �) ≤ 8 . 98 . There
re ∼20 total subhaloes that host a resolved or luminous galaxy.
hus, as expected from a �CDM fr amework, low -mass objects,

n particular those that are found to be (observationally) dark in
his study, are most likely to be found in this region. 

 SUMMARY  

n this study, we have utilized the three most massive galaxy
roups and clusters, as well as their progenitors from 0 ≤ z �
 , in the TNG50 simulation t o inv estigat e their populations
f low-mass subhaloes ( 4 . 54 × 10 7 ≤ M DM 

/ M � ≤ 2 × 10 10 ). We
nd that: 

(i) Massive dark (sub)haloes ( M DM 

� 10 9 . 7 M �) are rare, which
s e xpected fr om g alaxy formation theory, which places a mass
imit of M 200 , c � 10 10 M � on objects that will always form stars. 

(ii) While it is unsurprising that faint objects are not easily
et ect ed at any redshifts, they are particularly relevant to consider

n subhalo studies. With an inferred occupation fraction of f occ (<
) still by M DM 

= 10 10 M � at z ∼ 2 , it is entirely feasible that a
aint dwarf galaxy may reside in det ect ed massiv e subhaloes. This
iscrepancy alleviates itself at lower redshift, simply by the nature
f an increased ease of observation of low-mass objects. 

(iii) Both dark and observationally dark subhaloes reside at
ll radii in g alaxy gr oups and clusters. It is low-mass, M DM 

�
0 8 . 32 M �, subhaloes that are most likely, by number, to be dark
nd reside in the strong lensing regions of galaxy groups and
lusters. 

(iv) Taking into account the effects of line- of- sight haloes and
ubhaloes, w e find flatt er distributions of dark and observation-
lly dark subhaloes within 2 R 200 , c of their host groups and clus-
ers at all redshifts. However, we similarly find it rare for dark
ubhaloes with masses M DM 

� 10 9 M � to exist in the strong lens-
ng regions of groups and clusters. 

It is important to note that the above results are conservative
stimates for the expected properties of dark and observationally
sub)haloes. First, w e hav e sacrificed working with larger vol-
mes with higher mass galaxy clusters in favour of increased res-
lution in this study. There may be volume effects that are outside
f the scope of this study to investigate. Second, low-mass galaxies
n the TNG galaxy formation model tend to be puffier than ex-
ected, meaning that the predicted surface brightnesses are likely

ower than expected as well. We thus expect an overprediction
f observationally dark objects (see A. Pillepich et al. 2018 ). The
esolution limit may imply that the absence of stars and gas in
ntirely dark objects is rather indicative of simply possessing a
tellar or gaseous component that is below the resolution limit
f the simulation. Finally, we thus emphasize that our results
NRAS 547, 1–11 (2026) 
hould be taken as upper limits for both mass and the number
f dark and observationally dark objects. 

Observational tests are, of course, necessary to confirm the pre-
ictions set forth in this w ork. Sev eral studies have made poten-
ial detections of subhaloes with masses greater than 10 9 M � (e.g.
. Vegetti et al. 2010 , 2012 ; S. C. Lange et al. 2025 ). Assuming the
onditions e xplor ed in this study, it is unlikely that they should
e dark. Ther efor e, to pr obe the low-mass objects that should
e numerous in the strong lensing regions of galaxy clusters,
 xtr emely high-r esolution imaging and e xtr emely deep observa-
ions are necessary, such as those anticipated for the Habitable

orlds Observatory . 
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