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A B S T R A C T 

We introduce a suite of Lambda cold dark matter ( �CDM) cosmological, hydrodynamical simulations that track the evolu- 
tion of a large population of dwarf galaxies. The suite comprises zoom-in simulations of 25 spherical, underdense regions of 
r = 5 cMpc , selected to span≈1 . 5 dex in mean enclosed density, covering voids to filamentary structures, whilst excluding 
haloes of Milky Way-mass or larger. The simulations achieve a mass resolution of ∼105 M� with a galaxy formation model 
including cold, dense interstellar gas and whose subgrid stellar feedback efficiency reproduces the z = 0 galaxy stellar mass 
function. We investigate the impact of the cosmic environment on dwarf galaxy formation and evolution. We find that the 
5 cMpc environment influences the normalization of the halo and galaxy mass functions, but does not significantly affect 
the stellar mass–halo mass (SMHM) relation and halo occupation fraction for galaxies with M� = 106 −109 M�. Instead, 
host halo concentration, estimated from DM-only counterparts, is more important: both the fraction of haloes hosting a 
resolved galaxy and the scatter about the SMHM relation correlate positively with concentration. Owing to halo assembly 
bias, concentration also influences galaxy formation times, such that at fixed halo mass more concentrated haloes host 
galaxies that are both older and more massive. The offset from the mean SMHM relation also anticorrelates with t90 , the 
time at which 90 per cent of a galaxy’s stellar mass has assembled. These correlations between halo properties and galaxy 
star formation histories present testable predictions for forthcoming observational surveys. 

Key words: methods: numerical – galaxies: dwarf – galaxies: evolution – galaxies: formation – galaxies: haloes. 
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 INTRODUCTION  

nderstanding the formation and evolution of dwarf galaxies is 
 problem at the frontiers of both cosmology and astrophysics. A 

umber of outstanding challenges to the prevailing Lambda cold 
ark matter ( �CDM) cosmogony on dwarf galaxy scales are still
ebated in the literature, such as the the ‘missing satellites’ (A. 
lypin et al. 1999 ; B. Moore et al. 1999 ), ‘cusp-core’ (e.g. R. A. Flo-
es & J. R. Primack 1994 ), and ‘too big to fail’ (M. Boylan-Kolchin,
. S. Bullock & M. Kaplinghat 2011 ) problems (see J. S. Bullock &
. Boylan-Kolchin 2017 , for a review). These open questions are 
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u.se (AF); R.A.Crain@ljmu.ac.uk (RAC) 

t
(
r
m  

The Author(s) 2026.
ublished by Oxford University Press on behalf of Royal Astronomical Society.
reative Commons Attribution License (https://creativecommons.org/licenses
eproduction in any medium, provided the original work is properly cited.
ften cited as an indication that the �CDM paradigm requires 
evision or extension, but their solution may also follow from an
mproved understanding of how dwarf galaxies form and evolve, 
nd the concomitant influence of these processes on the structure
f dwarf galaxy dark matter (DM) haloes (see e.g. L. V. Sales, A.
etzel & A. Fattahi 2022 ). 
Dwarf galaxies are of particular interest as ‘laboratories’ for 
tudying the astrophysics of galaxies, as their early formation 
imes and shallow gravitational potentials render them partic- 
larly sensitive to the physical processes that regulate galaxy 
rowth. These include both internal mechanisms such as radia- 
ive and mechanical feedback from young stars and supernovae 
SNe), and external influences such as the ultraviolet (UV)/X- 
ay ionizing background radiation or interactions with a more 
assive host galaxy. SN feedback has long been shown to play a
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articularly important role in removing baryons from low mass
aloes and hence reconciling the steep mass function of dark
atter haloes with the shallower galaxy stellar mass function
GSMF; e.g. A. Dekel & J. Silk 1986 ; C. Lacey & J. Silk 1991 ; R.
. Bower, A. J. Benson & R. A. Crain 2012 ) in the dwarf galaxy
egime. The UV/X-ray ionizing background radiation is expected
o evaporate gas from low-mass haloes (those with maximum
ircular velocity, Vmax � 30 km s −1 ) leaving a significant fraction
f them devoid of baryons at the present day (T. Quinn, N. Katz &
. Efstathiou 1996 ; P. R. Shapiro, I. T. Iliev & A. C. Raga 2004 ;
. A. Crain et al. 2007 ) and quenching star formation in the
mall fraction of haloes of this scale that were able to initiate star
ormation prior to the epoch of reionization (e.g. M. Ricotti & N.
. Gnedin 2005 ). 
Almost all ultra-faint dwarf galaxies (those with M� � 105 M�)
re believed to be relics of the early Universe, having formed
lmost entirely prior to the epoch of reionization (see J. D. Simon
019 , for a review). More massive dwarf galaxies are believed
o ‘reignite’ after reionization (A. Benítez-Llambay et al. 2015 ).
hese predictions are consistent, at face value, with observa-
ions of dwarf galaxies in and around the Local Group. Indeed,
ltra-faint dwarf galaxies are mostly old and metal-poor, whereas
righter dwarf galaxies exhibit diverse star formation histories (D.
. Weisz et al. 2011 , 2014 ; C. Gallart et al. 2015 ). 
The sensitivity of Local Group dwarf galaxies to their environ-
ent is apparent in the dichotomy of the morphology of dwarf 
atellite galaxies and more isolated counterparts. The majority of 
he satellites of the Milky Way (MW) and M31 are gas-poor dwarf 
pheroidal galaxies, but the isolated dwarf galaxies beyond the
mmediate environment ( r � 300 kpc ) of the Milky Way and M31
xhibit significant neutral hydrogen reservoirs and are star form-
ng (see A. W. McConnachie 2012 , and references therein). These
rends extend to galaxies beyond the Local Group. M. Geha et al.
 2012 ) find a correlation between the fraction of quenched dwarf 
alaxies and the distance to the nearest massive galaxy using
loan Digital Sky Survey (SDSS) data, finding that isolated dwarf 
alaxies in the mass range 107 M� < M� < 109 M� are seldom
uenched. 1 On the other hand, satellite dwarf galaxies around
W-like hosts are efficiently quenched, as shown by recent re-
ults from the Satellites Around Galactic Analogs (SAGA) survey
M. Geha et al. 2024 ). 
Aside from the immediate neighbourhood, the environment
efined on larger scales has also been shown to influence prop-
rties of galaxies and DM haloes. The clustering of DM haloes
epends on secondary halo properties such as their concentration
nd formation time, in particular for low mass haloes, with more
oncentrated and older low mass haloes more likely to be found
n denser environments, as demonstrated in simulations (L. Gao,
. Springel & S. D. M. White 2005 ; R. H. Wechsler et al. 2006 ). Sim-
larly, W. A. Hellwing et al. ( 2021 ) predict that low mass ( M200 �
011 M�) haloes in voids exhibit systematically lower concentra-
ions than is typical at fixed mass. The observable properties of 
alaxies also have been shown to depend on the larger scale
nvironment. For example, I. Zehavi et al. ( 2011 ) find that red
alaxies in the SDSS redshift survey are more clustered, i.e. live in
igher density environments. Additionally, semi-analytical and
ydrodynamical simulations show that the overdensity in which
 halo resides (on � 5Mpc scales) correlates with the residual of 
NRAS 550, 1–26 (2026)

 The study stops at lower mass end of M� ∼ 107 M� due to incomplete- 
ess of data. 
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he stellar mass–halo mass (SMHM) relation about the mean (M.
. Artale et al. 2018 ; I. Zehavi et al. 2018 ). 
The degree to which environmentally driven biases of DM
aloes influence the observable properties of dwarf galaxies re-
ains poorly understood, due to both observational and theoret-
cal challenges. The majority of known low-mass dwarf galaxies
re located in the Local Group with the completeness dropping
harply beyond∼3 Mpc. The structural properties of dwarf galax-
es beyond the Local Group are also poorly constrained owing
o their intrinsic faintness. Recent attempts to extend the ob-
erved dwarf galaxy sample, such as the SAGA (M. Geha et al.
017 ; Y.-Y. Mao et al. 2021 ) or Exploration of Local VolumE
atellites (ELVES; S. G. Carlsten et al. 2022 ) surveys, have fo-
used on satellites of MW-like systems, where interaction with
he host may significantly influence their properties and hinder
nvestigation of the role of other internal or external physical
rocesses. These observational hurdles have resulted in limited
nderstanding of dwarf galaxies as a population, and even fun-
amental scaling relations, such as the average stellar mass as
 function of halo mass, are poorly constrained below M� <

08 M� (e.g. J. I. Read et al. 2017 ). Nevertheless, this situation is
apidly changing. For example, the Euclid Deep Field, DR1, and
he Euclid Wide Survey are estimated to identify approximately
900, 470 000, and 2.6 million dwarf galaxy candidates (F. R.
arleau et al. 2025 ), respectively. These developments make it

ncreasingly important to understand the formation of isolated
warf galaxies in diverse environments, and to develop theo-
etical predictions that can be confronted with these new data
ets. 
Cosmological hydrodynamical simulations have proven a pow-
rful means of obtaining insight into the mechanisms that govern
he formation and evolution of dwarf galaxies, offering plausi-
le solutions to some of the small-scale tensions faced by the
CDM cosmogony (L. V. Sales et al. 2022 ). Simulations of rep-
esentative cosmic volumes (side length L ∼ 100 comoving Mpc,
ereafter cMpc) have, over the last decade, matured such that
hey yield galaxy populations with average properties that broadly
orrespond to those of the observed population (see e.g. R. A.
rain & F. van de Voort 2023 ). However, the numerical study of 
warf galaxies necessitates high resolution in order to capture the
hysical mechanisms that govern their evolution and to sample
heir structure and star formation history (SFH). This unavoid-
bly restricts simulations to small volumes and therefore limits
he size of simulated dwarf galaxies samples and the diversity of 
he simulated environments they are found in. 
To achieve high resolution in simulations at a reasonable com-
utational cost, the zoom-in method is commonly adopted (e.g.
. Katz & S. D. M. White 1993 ), wherein the immediate envi-
onment of an individual galaxy is followed with gas dynamics
t high resolution, and the remaining cosmological volume is
volved with collisionless dynamics at reduced resolution to en-
ure the galaxy experiences the correct tidal forces. This method
as been used to resimulate Milky-Way and Local Group-like ana-
ogues, including populations of field and satellite dwarf galaxies
n these environments, in projects such as (but not limited to) Eris
J. Guedes et al. 2011 ), APOSTLE (T. Sawala et al. 2016 ), Auriga
R. J. J. Grand et al. 2017 ), ARTEMIS (A. S. Font et al. 2020 ),
he D.C. Justice League Simulations (E. Applebaum et al. 2021 ),
IHAO-UHD (T. Buck et al. 2020 ), Latte (A. R. Wetzel et al. 2016 ),
nd ELVIS (S. Garrison-Kimmel et al. 2014 ). Zoom simulations
ave also been widely used to follow individual dwarf galaxies in
solation at extremely high resolution, enabling ultra-faint dwarf 
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alaxies to be simulated e.g. the EDGE project (M. P. Rey et al.
019 , 2020 ), LYRA (T. A. Gutcke et al. 2021 ), and dwarf galaxies
rom FIRE (C. Wheeler et al. 2019 ). 
However, due to their small volume, zoom simulations of in- 
ividual dwarf galaxies are ill-suited to the study of the influ-
nce of diverse cosmic environments. This limitation is best over- 
ome with zoom simulations of regions that are significantly 
arger than individual galaxies, without incurring an infeasi- 
le computational cost and memory footprint. This approach 
as adopted for the general galaxy population by the Galaxies- 
ntergalactic Medium Interaction Calculation (GIMIC) simula- 
ions (R. A. Crain et al. 2009 ), which follow the evolution of galax-
es within five roughly spherical regions of comoving radius r = 

8 − 25 h−1 cMpc drawn from the L = 500 h−1 cMpc Millennium 

imulation volume. The regions were chosen to have overdensi- 
ies of (−2 , −1 , 0 , +1 , +2) times the root-mean-square deviation
rom the mean overdensity, and thus span � 95 per cent of the
verdensity range in the parent volume whilst simulating only 
.13 per cent of its volume. A similar approach was adopted by
he First Light And Reionization Epoch Simulations (FLARES) 
roject (C. C. Lovell et al. 2021 ) to examine diverse environments
n simulations of the epoch of reionization, and by the MARVEL-
us project to study dwarf galaxies in the environment defined by 
 cosmic ‘sheet’ (J. M. Bellovary et al. 2019 ; F. Munshi et al. 2021 ).
Here, we introduce the Columba suite of simulations of galaxy 

ormation in the �CDM cosmogony, which are designed primar- 
ly to examine the influence of large-scale cosmic environment 
n the evolution of isolated dwarf galaxies, i.e. those not in close
roximity to larger structures at the present day. We focus on
his subset of dwarf galaxies in order to explore the influence of 
arge-scale environment, and the intrinsic properties of host DM 

aloes, on the evolution of dwarf galaxies, in the absence of tidal
nd ram pressure forces exerted by nearby neighbouring galaxies. 
Columba adopts a similar approach to GIMIC; the Columba 

uite comprises zoom simulations of 25 spherical regions of 
adius r = 5 cMpc drawn from a large parent volume of L =
00 cMpc . The main motivation for these simulations is studying 
solated dwarf galaxies in various environments such as voids and 
laments. As the simulations focus on isolated dwarf galaxies, 
hese regions do not sample the cosmic density distribution (on 
he 5 cMpc scale of the simulated spheres) uniformly, but pref- 
rentially sample underdense regions. This approach enables a 
arge sample of isolated dwarf galaxies, found in regions spanning 
.5 decades in enclosed density, to be followed with resolution 
etter than galaxy formation simulations of large ( L ∼ 100 cMpc ) 
eriodic volumes such as EAGLE (R. A. Crain et al. 2015 ; J.
chaye et al. 2015 ; S. McAlpine et al. 2016 ), IllustrisTNG (D.
elson et al. 2018 ; A. Pillepich et al. 2018a ; D. Nelson et al. 2019 ),
r SIMBA (R. Davé et al. 2019 ). 
The galaxy formation model used for Columba adopts sev- 
ral subgrid modules developed for the COLd Ism and Better 
Esolution (COLIBRE) project (E. Chaikin et al. 2026 ; J. Schaye 
t al. 2026 ), combined with elements retained from the earlier
volution and Assembly of GaLaxies and their Environments 
EAGLE) model. Columba therefore shares COLIBRE’s treat- 
ents for processes such as turbulence-based star formation, 
re-SN feedback, and black hole (BH) seeding and growth, but 
oes not include all of the new physics implemented in COLI- 
RE. In particular, Columba lacks the live dust model, the tur-
ulent diffusion, and active galactic nucleus (AGN) jet feedback 
dopted in COLIBRE, and it retains the nucleosynthesis yields 
nd Type Ia SN rates from EAGLE. Columba nevertheless fol- 
ows many of the key processes that regulate the formation of 
he cold, dense interstellar medium, including shielding from 

V radiation, the formation and dissociation of molecules, and 
he radiative cooling that such molecules foster (specific differ- 
nces relative to the COLIBRE model are detailed in the next
ection). Cosmological simulations of volumes larger than the 
nvironments of individual galaxies have recently begun to treat 
he cold interstellar medium (ISM) phase explicitly, with no- 
able examples being NewHorizon (Y. Dubois et al. 2021 ) and
IREbox (R. Feldmann et al. 2023 ). Our approach complements 
hese studies with an explicit focus on diversity in cosmological 
nvironments, which cannot currently be achieved with simula- 
ions of uniform resolution (FIREbox) or a single zoom-in region 
NewHorizon). 
This study serves as a reference for the simulation suite, and
resents a number of key findings concerning the connection 
etween the cosmic environment and dwarf galaxy formation 
nd evolution. These findings are in general most clearly demon- 
trated with tailored simulations of this type. The paper is struc-
ured as follows. We begin by presenting in Section 2 our meth-
ds, including our strategy for selecting the simulated regions, the 
eneration of the initial conditions (ICs), the numerical and sub- 
rid galaxy formation components of the model used to evolve the
Cs to the present day, and our techniques for identifying galaxies
nd their parent haloes. In Section 3 , we confront basic properties
f the simulated galaxies with observational measurements to 
alidate our model. We examine the environmental variation of 
ey diagnostics in Section 4 , and explore the origin of scatter in
he SMHM relation in Section 5 . We summarize and discuss our
ndings in Section 6 . 

 METHODS  

n this section, we introduce our methods for selecting the sim-
lated regions (Section 2.1 ) and generating the ICs (Section 2.2 ),
escribe the model we use to evolve the ICs to the present day
Sections 2.3 and 2.4 ), and explain our techniques for identifying
alaxies and their parent haloes (Section 2.5 ). 

.1 Selection of simulated regions 

he primary aim of our simulation design is to follow the evo-
ution of dwarf galaxies ( M� � 1010 M�) that are isolated at the
resent day, and at the same time live in a diverse range of large-
cale cosmic environments. We identify such environments at 
 = 0 within a parent simulation of L = 400 cMpc with periodic
oundary conditions and its mass distribution realized with N = 

0083 composite particles representing baryons and DM. The 
imulation adopts the maximum posterior likelihood cosmolog- 
cal parameter values reported by the Dark Energy Survey team 

rom year three data (T. M. C. Abbott et al. 2022 , their ‘ 3 × 2pt
 All Ext.’ CDM parameters), for which �m 

= 0 . 306 yielding a
article mass of mdm 

= 9 . 22 × 107 M�. This parent simulation
ses the dark matter only initial conditions (ICs) corresponding 
o the COLIBRE L400m7 volume (J. Schaye et al. 2026 ), gener-
ted with the same cosmology and phases but without the 4 ×
ampling of dark matter particles used for the COLIBRE ICs. 
onsequently, the DM particle mass differs from the published 
400m7 run by a factor of ≈4 . The ICs of this simulation were
enerated following the same procedure as that adopted by J. 
chaye et al. ( 2023 , see their section 2.4) for the FLAMINGO sim-
lations, using the third-order Lagrangian perturbation software 
onofonicic (O. Hahn et al. 2020 ), which suppress discreteness 
MNRAS 550, 1–26 (2026)
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M

Figure 1. The distribution of mean enclosed density, relative to the cos- 
mic mean density, of r = 5 cMpc spheres, δ5 ≡ ρ5 /ρ̄, selected from a par- 
ent cubic volume of side length L = 400 cMpc , at z = 0 . The background 
distribution in a lighter shade corresponds to 2 × 105 randomly centred 
spheres, the foreground distribution denotes the subset with no haloes of 
M200 > 5 × 1011 M� within r = 5 cMpc of the region centre, and none of 
mass M200 > 1013 M� within r = 10 cMpc . These criteria necessarily bias 
this subset towards lower density. The vertical bands denote the densities 
of this subset corresponding to the (–2, –1, 0, + 1, + 2) σ percentile rank 
ordering of a Gaussian distribution. The width of the bands corresponds 
to one percentile about these values. 
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oise, coupled to the panphasia (A. Jenkins 2013 ) Gaussian ran-
om noise field. 2 The large-scale phases were fixed to the mean.
s for FLAMINGO, we adopt linear power and transfer functions
omputed with class (J. Lesgourgues 2011 ; J. Lesgourgues &
. Tram 2011 ), with separate transfer functions computed and
pplied for baryons, DM and neutrinos. The ICs were created at
 = 127 . 3 and evolved to z = 0 assuming collisionless dynamics
sing the open-source cosmology, gravity, hydrodynamics, and
alaxy formation software swift (M. Schaller et al. 2024 ). The
hort- and long-range gravitational forces are computed using a
ourth-order fast multipole method and a particle-mesh method
olved in Fourier space. The influence on large-scale matter clus-
ering due to the non-zero density of massive neutrinos (e.g. J.
esgourgues & S. Pastor 2006 ) is modelled with a grid-based lin-
ar response method (e.g. Y. Ali-Haïmoud & S. Bird 2013 ). Haloes
re identified in the parent simulation using the velociraptor
tructure finder (P. J. Elahi et al. 2019 ), which is further described
n Section 2.5 . 
We elect to simulate spherical regions of r = 5 cMpc . The pre-
ise size of the regions is not critical, but we find that this choice
ields a judicious balance between probing the ‘extremes’ of the
ensity distribution populated by isolated dwarf galaxies, whilst
nsuring that even the most underdense regions yield a mean-
ngful population of well-sampled galaxies. A related benefit of 
NRAS 550, 1–26 (2026)

 The phase descriptor of this volume is 
Panph6,L18,(200557,163876,161484),S1,KK1025,CH3518244376, 
OLIBRE400]. 
 Colibre L400m7 ICs are at z = 63 . 

4

b
e
5

d

imulating relatively small volumes (compared to typical periodic
imulations) is that they can usually be accommodated within the
emory footprint (512 gigabytes to 1 terabyte) of the individual
ompute nodes that comprise many modern high-performance
omputing facilities, simplifying parallelism. 
To select the Columba target regions, we sample the z = 0 nor-
alized density 4 , δ5 = ρ5 /ρ̄, where ρ5 is the mean mass density
ithin a sphere of radius r = 5 cMpc and ρ̄ is the mean cosmic
ass density, with 2 × 105 spheres randomly centred within the
arent volume. The total sampled volume is roughly twice the
olume of the parent box and this ensures that most coordinates
ithin the parent volume are sampled at least once. The resulting
ensity distribution is shown as the lightly shaded histogram in
ig. 1 . Note that this unbiased sample yields, for a sufficiently
arge sample of regions, a mean density of ρ̄, but as a volume-
eighted measure the distribution is not symmetric and the me-
ian and peak values are less than unity (log 10 δmedian 5 = −0 . 304 ,
og 10 δ

peak 
5 � −0 . 434 ). 

The darker, foreground histogram shows the density distri-
ution of the subset of regions that are devoid of haloes with
ass comparable to or more massive than that of the Milky
ay, and which are not in close proximity to a massive halo that
ould host a group or cluster of galaxies. Specifically, we require
hat at z = 0 there are no haloes of mass 5 M200 > 5 . 0 × 1011 M�
ithin 5Mpc of the region centre, and no halo of mass M200 >

013 M� within 10Mpc of the centre. These criteria are satisfied
y 5 . 8 × 104 of the initial 2 × 105 regions (29 per cent), and are
ecessarily biased towards lower densities, yielding mean, me-
ian and peak normalized densities of log 10 δ5 = −0 . 653 , −0 . 645 ,
nd −0 . 568 , respectively. Vertical bands on Fig. 1 denote for this
ubsample the densities corresponding to the (–2, –1, 0, + 1, + 2) σ
ercentile rank ordering of a Gaussian distribution, which have
alues log 10 δ5 = (−1 . 064 , −0 . 859 , −0 . 645 , −0 . 449 , −0 . 282) , re-
pectively. The width of the lines corresponds to 1 per-
entile. For reference, the same percentile ranks for the full
ample (lightly shaded histogram) correspond to log 10 δ5 =
(−0 . 954 , −0 . 671 , −0 . 304 , 0 . 162 , 0 . 732) , respectively. 
Despite its inherent bias towards low density regions, the sam-
le of regions with no MW-mass haloes nevertheless exhibits sig-
ificant diversity in the number of haloes enclosed that have dy-
amical mass comparable to that of the Large Magellanic Cloud
LMC). Such haloes are amongst the most massive permitted
y our selection criteria, so the diversity is necessarily greatest
or those regions at the upper end of the density distribution.
ig. 2 shows a two-dimensional histogram of the number of re-
ions as a function of enclosed density, δ5 , and the number of 
MC-mass haloes, NLMC , where the latter is defined as 7 × 1010 ≤
200 /M� ≤ 5 × 1011 . NLMC correlates positively with δ5 , varying
etween zero and 22 in the 5 . 8 × 104 regions defining our MW-
ree sample, but with large scatter overall. We characterize the
iversity of NLMC as a function of δ5 for the MW-free sample of 
egions by computing, for haloes within the 1 percentile-wide
ensity bins denoted by the vertical bands (repeated from Fig. 1 ),
he values corresponding to the Gaussian (–2, –1, 0, + 1, + 2) σ per-
entile rank ordering of NLMC . These values are denoted by white
 Note that δ is often used to represent the overdensity , i.e. δ = (ρ − ρ̄) /ρ̄, 
ut here we use δ = ρ/ρ̄ because the large dynamic range of densities we 
xplore is conveniently expressed logarithmically, requiring that δ ≥ 0 . 
 Spherical overdensity masses are defined relative to the critical 
ensity, ρc . 
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Figure 2. The number of LMC-mass objects ( M200 ∼ 1011 M�) at z = 

0 within the r = 5 Mpc underdense spheres comprising the darker his- 
togram of Fig. 1 , as a function of the regions’ normalized density, δ5 . 
Hexbins are colour-coded by the number of regions. Denser regions tend 
to host more LMC-mass haloes, but there is significant scatter in NLMC 
at fixed density. The vertical bands are repeated from Fig. 1 , and indicate 
the bands of overdensity in which we select our target regions. The white 
circles show the values of NLMC that correspond to (−2 , −1 , 0 , +1 , +2) σ
percentiles for the distribution of this quantity within each band. Where 
fewer than five circles per band are shown, more than one of them 

overlap. 
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ots overlaid on the vertical bands (where fewer than five dots
re visible, two or more of the lowest- σ percentiles correspond 
o NLMC = 0 ). For example, in the regions comprising the +2 σ
ensity sample, the number of LMC-like haloes corresponding to 
–2, –1, 0, + 1, + 2) σ are NLMC = (4 , 6 , 8 , 11 , 13) , respectively. 
We select five regions from each of the (–2, –1, 0, + 1, + 2) σ
ensity bands, requiring that for each band the five regions ex- 
ibit NLMC corresponding to the (–2, –1, 0, + 1, + 2) σ values of 
he corresponding NLMC distribution. For any pair of overdensity 
nd NLMC , we pick a region at random. Our sample therefore
omprises 25 spherical regions of r = 5 cMpc selected from the 
 = 400 cMpc parent volume, and thus follows a total volume 
omparable to that of a periodic cube of side L = 23 . 5 cMpc . None
f the selected spheres overlap. The centres of the 25 spheres are
isted in Table A1 , and their projected total mass density 6 is shown
n Fig. 3 , with the rows, from top to bottom, corresponding to (–
, –1, 0, + 1, + 2) σ in density, and the columns, from left to right,
orresponding to (–2, –1, 0, + 1, + 2) σ in NLMC . The increasing
verage density from top to bottom is clearly evident. 

.2 Generation of zoomed initial conditions 

e generate multiresolution ‘zoomed’ initial conditions of the 
elected regions embedded within the parent volume using the 
econd-order Lagrangian perturbation theory (2LPT) software 
 For superior clarity we show the surface mass density from the resulting 
M-only zoom simulations, rather than the low-resolution parent vol- 
me. 

7

t
f

c_2lpt_gen (A. Jenkins 2010 ), again coupled to panphasia . 
he ic_2lpt_gen software assumes that the cosmic matter den- 
ity is comprised only of baryons and DM, therefore the zoomed
Cs are generated with cosmological parameters that differ very 
lightly from those of the parent box, subsuming the matter den-
ity of massive neutrinos into that of the dark energy. The cos-
ological parameters of the zoomed ICs are therefore: �CDM 

= 

 . 256 , �b = 0 . 0486 , �� = 0 . 695 , h = 0 . 681 , σ8 = 0 . 807 , and Y =
 . 244 . We also make the simplifying assumption that baryons
nd DM follow the same total matter power spectrum, which is
ustified as we focus on spatial scales shorter than that on which
he baryon power spectrum is suppressed (e.g. M. P. van Daalen
t al. 2011 ). We generate the linear power spectrum with these
arameters using class . 
The ICs of each selected region are generated by creating a
niform but multiresolution particle distribution that represents 
he unperturbed matter field, to which we apply the (linear +
LPT) density perturbations of the parent volume supplemented 
y additional small-scale power down to the appropriate Nyquist 
requency. The high-resolution component of each particle dis- 
ribution has the morphology of the z = 0 matter distribution
ithin a sphere of r � 6 . 5 cMpc with the same centre as the
elected region, when traced back to z = ∞ . The high-resolution
omponent therefore includes a padding region, corresponding 
o a spherical annulus of approximate 7 width r = 1 . 5 cMpc , that
protects’ the selected region from (i) contamination by low- 
esolution composite particles and (ii) the influence of the ar- 
ificial pressure gradient at the boundary of the high-resolution 
omponent. The high-resolution component is populated with 
our DM particles for every gas particle, in a face-replicating grid
imilar to that adopted by J. Richings et al. ( 2021 ). This yields
as and DM particles of approximately equal mass, suppressing 
he spurious transfer of kinetic energy that can artificially heat 
alaxy discs (A. D. Ludlow et al. 2019 ). The remainder of the
 = 400 cMpc cube is populated with collisionless composite par- 
icles representing baryons and DM, whose mass increases with 
istance from the high-resolution region (a detailed explanation 
f this step is given in appendix A1.2 of R. A. Crain et al. 2009 ).
he z = 127 density perturbations are applied by displacing the
articles from their unperturbed coordinates using the method 
escribed by A. Jenkins ( 2010 , 2013 ). We generate ICs for all
5 selected regions at two resolutions, corresponding to high- 
esolution particle masses of ∼105 M� (‘m5’) and∼106 M� (‘m6’), 
o enable convergence testing. The initial H and He mass frac-
ions are assumed to be XH = 0 . 756 and XHe = 0 . 244 , respectively.
iven the changes between cosmology and IC code, we verified 
hat the zoom ICs faithfully reproduce the structures identified in 
he parent simulation and preserve the rank ordering of regions 
y δ5 and NLMC . We also compare the total enclosed mass in
 = 5Mpc at z = 0 between the parent volume and ‘m5’ DM-only
oom simulations and find an average agreement of 0.7 per cent
nd up to 5 per cent across all regions. 

.3 Gravity and hydrodynamics 

he zoomed ICs are evolved to z = 0 with swift . As per the
ollisionless simulation of the parent volume, gravitational forces 
MNRAS 550, 1–26 (2026)

 The high-resolution component’s geometry cannot be specified to arbi- 
rary precision in the unperturbed particle distribution, as it is formed 
rom tiles of particles each in a periodic grid arrangement. 
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M

Figure 3. Projections of the total surface mass density in the dark matter only simulations for the 25 selected spherical regions of r = 5 cMpc at z = 0 . 
From top to bottom each row corresponds to the (−2 , −1 , 0 , +1 , +2) σ density band, respectively. From left to right, each column corresponds to the 
(−2 , −1 , 0 , +1 , +2) σ value of NLMC . For example, the bottom row shows the highest density regions that we simulate (the +2 σ sample), with median 
density log 10 δ5 = −0 . 282 and these regions exhibit, from left to right, NLMC = (4 , 6 , 8 , 11 , 13) , respectively. 
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ere solved using a split fast multipole plus particle-mesh ap-
roach. The hydrodynamical equations of motion of the gas were
olved using the sphenix (J. Borrow et al. 2021 ) density-energy
ormulation of smoothed particle hydrodynamics (SPH) adopting
he quartic spline kernel with 65 weighted neighbours within
he kernel support radius (resolution parameter η = 1 . 2348 ). The
PH solver includes artificial viscosity and conduction terms,
ith built-in limiters to mitigate numerical energy losses. The
ime-step limiter of F. Durier & C. Dalla Vecchia ( 2012 ) is
sed to ensure accurate evolution of the fluid even during ex-
NRAS 550, 1–26 (2026)
reme shock events. Time integration uses a leapfrog scheme in
hich a particle’s time-step is the minimum of its gravitational
ime-step or, if applicable, that dictated by the hydrodynami-
al Courant–Friedrichs–Lewy condition with parameter CCFL =
 . 2 . The gravitational time-step of a particle with acceleration
 is 	t = (0 . 025 ε/a )1 / 2 , where ε is the gravitational softening
ength. The time-steps of gas particles cannot exceed that of 
ny of their neighbours by more than a factor of 4. All high-
esolution particles adopt the same softening length (see Table 1 ),
nd the smoothing length is limited to a minimum hmin /εgas =
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Table 1. The target masses of gas and DM particles at each of the resolution levels we adopt, with corresponding 
Plummer-equivalent gravitational softening ( εcom 

) length and maximum proper value ( εmax ). 

Resolution mgas mDM 

εcom , gas εmax, gas εcom , DM 

εmax, DM 

(M�) (M�) (ckpc ) (pkpc ) (ckpc ) (pkpc ) 

m6 1 . 84 × 106 2 . 42 × 106 1.790 0.700 2.091 0.819 
m5 2 . 30 × 105 3 . 03 × 105 0.895 0.350 1.046 0.410 
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0−5 to avoid artificial runaway collapse in high-density gas (S. 
loeckinger et al. 2024 ). 
Stellar and BH particles that form during the simulations do 
ot experience hydrodynamical forces but use an SPH-like kernel 
o find their neighbours during the operation of subgrid models. 
Hs use the same η = 1 . 2348 kernel as gas particles, whilst stellar
articles use a slightly shorter smoothing length ( η = 1 . 1642 ).
he mass of gas particles can increase due to the donation of 
ass by neighbouring stellar populations or decrease due to the 
ccretion of mass by neighbouring BHs. Gas particles that exceed 
heir initial mass by a factor of 4 are split into two particles of 
qual mass, whilst any reaching half of their initial mass become 
neligible for mass accretion onto BHs. 

.4 Subgrid models 

he simulations appeal to subgrid models to approximate the 
acroscopic effects of unresolved physical processes. Although 
e use the same methods as the EAGLE simulations to treat stel-
ar evolution and mass loss, originally developed for the OWLS 
imulations (J. Schaye et al. 2010 ), the suite of subgrid models
sed here otherwise represents a substantial advance with respect 
o the EAGLE model, with several methods in common with the
OLIBRE simulations (E. Chaikin et al. 2026 ; J. Schaye et al.
026 ). In particular, the methods used for star formation and 
re-SN feedback, and the seeding and growth of supermassive 
Hs, are those developed for COLIBRE, and radiative cooling 
nd heating follow a scheme that allows gas to cool to T = 10 K .
he injection of kinetic and thermal energy from SNe also pro-
eeds similarly to COLIBRE, but differs insofar that a constant 
raction of the energy liberated by SNe is coupled to the ISM
nd a slightly different range of permitted heating temperatures 
s adopted. Thermal energy from AGN feedback is injected in 
he same fashion as in COLIBRE, except for the use here of a
xed heating temperature. In contrast to COLIBRE, this model 
oes not include a live dust model, turbulent diffusion, the up-
ated nucleosynthetic yields and SNIa rate prescriptions, nor the 
et-mode AGN feedback. 
In this section we describe the models used to treat radiative 
ooling and heating (Section 2.4.1 ), star formation and the ISM
Section 2.4.2 ), the evolution of stellar populations and Type Ia
Ne (Section 2.4.3 ), feedback from young stars (Section 2.4.4 ) and
ore collapse SNe (Section 2.4.5 ), the seeding and growth of BHs
Section 2.4.6 ) and feedback from AGN (Section 2.4.7 ). As many
f the adopted methods are common to the EAGLE and COLI- 
RE projects and are described in detail elsewhere, we present 
ere only concise descriptions, with an emphasis on differences 
ith respect to the COLIBRE model. 

.4.1 Radiative cooling and heating 

adiative cooling and heating rates for hydrogen, helium, free 
lectrons from these species and H2 molecules are computed 
n-the-fly with the non-equilibrium thermochemistry solver 
himes (A. J. Richings, J. Schaye & B. D. Oppenheimer 2014a ,
 ). The radiative cooling and heating rates of nine metal species
C, N, O, Ne, Mg, Si, S, Ca, and Fe) and dust are pre-computed and
abulated using cloudy version 17.03 (G. J. Ferland et al. 2017 ),
ssuming chemical equilibrium. We largely adopt the treatment 
f the radiation fields (redshift-dependent UV/X-ray background 
nd interstellar radiation field), cosmic ray rates, and shielding 
olumn densities of the fiducial model of S. Ploeckinger & J.
chaye ( 2020 ), but adopt three changes. First, motivated by the
bservations of B. C. Lacki, T. A. Thompson & E. Quataert ( 2010 ),
e use a shallower power-law scaling of the cosmic ray ionization
ate as a function of the reference column density assumed by
he simulations, ζCR ∝ N1 

ref , rather than ζCR ∝ N1 . 4 
ref . Second, we 

dd a turbulent pressure component (with a one-dimensional 
urbulent velocity dispersion of 6 km s −1 ) to the thermal pressure 
hen computing the Jeans column density. Third, we boost the 
ate of H2 formation on dust grains by a factor that increases
rom 1 to 100 over the density range nH = 1 − 100 cm 

−3 . This
s motivated by the simulation’s inability to resolve very high 
ensity gas clumps in which H2 would form very efficiently. This 
oost factor for the H2 formation rate is not part of the COLIBRE
odel, which instead tracks the dust abundance using the live 
ust model of J. W. Trayford et al. ( 2026 ) and enhances H2 via dust
rowth by accretion. The impact of these changes on the thermal
quilibrium temperatures is discussed in detail in S. Ploeckinger 
t al. ( 2025 ). We do not impose an artificial pressure floor, and gas
s allowed to cool to a minimum temperature of 10 K . 

.4.2 Star formation 

e adopt the COLIBRE star formation model detailed by F. S. J.
obels et al. ( 2024 ), with the full set of parameters and imple-
entation as detailed in Section 3.3 by J. Schaye et al. ( 2026 ). Gas
cquires a non-zero star formation rate (SFR) when it becomes 
ocally unstable against gravitational collapse, specifically when 
he Jeans mass is smaller than the mass within the SPH kernel.
he model has been shown to reproduce the spatially resolved 
bserved Kennicutt–Schmidt relations for neutral, atomic, and 
olecular gas, and exhibits good convergence over a wide dy- 
amic range in adopted gas mass resolution. Gas is considered 
nstable when it satisfies the gravitational instability criterion 
iven by equation (6) in J. Schaye et al. ( 2026 ) which reduces to
< αcrit = 1 , where α accounts for thermal and turbulent dis-
ersions. Unstable gas particles are assigned an SFR that follows 
rom the M. Schmidt ( 1959 ) law implemented via equation (9)
n J. Schaye et al. ( 2026 ), with an efficiency per free-fall time of 
= 0 . 01 following observations of star formation within giant
olecular clouds (GMCs; e.g. M. R. Krumholz & J. C. Tan 2007 ).
he SFR is then used as a probability for the stochastic conversion
f the gas particle into a stellar particle during each time-step of 
uration 	t. 
MNRAS 550, 1–26 (2026)
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.4.3 Stellar evolution and mass loss 

e adopt the same R. P. C. Wiersma et al. ( 2009 ) stellar evolution
nd mass loss model used by EAGLE and originally developed
or the OverWhelmingly Large Simulations (OWLS), in which
tellar particles are treated as simple stellar populations with a
. Chabrier ( 2003 ) stellar initial mass function (IMF) defined
etween the limits 0.1 and 100M�. Stellar particles inherit the
lement abundances of their parent gas particle. We track the
ime-dependent release of 11 species (H, He, C, N, O, Ne, Mg,
i, S, Ca, and Fe) from core collapse and thermonuclear (Type
a) SNe, and the asymptotic giant branch (AGB) phase of evolved
tars. The assumed rate of Type Ia SNe (SNIa) is also very similar
o the EAGLE implementation, differing only in the inclusion of 
n initial delay, tdelay , between the formation of a stellar particle
nd the detonation of the first SNIa. The rate of SNIa per unit
nitial stellar mass formed is therefore: 

˙ SNIa (t ) = H(t − tdelay )
v exp (−2 tdelay /τ ) 

τ
exp 

(
− t − tdelay 

τ

)
, (1) 

here H is the Heaviside step function, ν is the total number of 
NIa per unit initial stellar mass, and exp (−t /τ ) /τ is a normal-
zed, empirical delay time distribution function. We use tdelay =
0Myr , τ = 2Gyr , and ν = 1 . 54 × 10−3 M� yr −1 . J. Schaye et al.
 2015 ) show that these parameters yield a good match to the
bserved evolution of the cosmic SNIa rate. 

.4.4 Early stellar feedback 

he simulations include three pre-SN feedback processes from
assive stars: stellar winds, direct radiation pressure, and H ii re-
ions, using the numerical implementations for COLIBRE which
re fully described by A. Benítez-Llambay et al. ( 2026 , see also sec-
ion 3.6 of J. Schaye et al. 2026 ). These processes are implemented
sing the Binary Population and Spectral Synthesis ( bpass ) stel-
ar evolution and spectral synthesis models (J. J. Eldridge et al.
017 ; E. R. Stanway & J. J. Eldridge 2018 ), adopting a G. Chabrier
 2003 ) IMF defined between 0.1 and 100M�. Stellar winds are
epresented by stochastic momentum transfers to nearby gas,
adiation pressure by exerting photon momentum on to the gas
ased on the local optical depth, and H ii regions by stochastic
onization and heating of surrounding gas which also temporarily
revents star formation in affected particles. 

.4.5 Core collapse supernovae 

he core collapse supernovae (CC SNe) feedback model is
hermal-kinetic and designed for use in cosmological simulations
hat allow gas to cool to T = 10 K, partially resolving the cold
SM and hence not needing to impose an effective equation of 
tate. The model injects feedback energy both thermally and
inetically: this combination of modes generates strong galac-
ic winds and the hot ISM through periodic powerful injections
f thermal energy, and turbulence in the ISM through frequent
ower energy kinetic kicks (E. Chaikin et al. 2023 ). We broadly
ollow the approach of COLIBRE (see section 3.7 of J. Schaye et
l. 2026 ) with the exception that we use a fixed feedback energy
oupling fraction, fE = 1 , rather than a fraction that is a function
f the thermal gas pressure. We elect against tuning the value
f the feedback coupling efficiency due to the limitations of the
urrent observed dwarf galaxy samples. The energy released by
 stellar particle in a time-step is described by equation (15) of 
NRAS 550, 1–26 (2026)
. Schaye et al. ( 2026 ), assuming a G. Chabrier ( 2003 ) IMF. A
raction, fkin = 0 . 1 , of this energy is delivered as stochastic kicks
nd the remainder as thermal energy. The heating temperature
or the thermal feedback is a function of gas density as described
y equation (18) of J. Schaye et al. ( 2026 ) for which we adopt a
ifferent normalization density of nH , pivot = 0 . 25 cm−3 and allow
he temperature to vary between 106 . 5 < 	TSN < 108 K. 

.4.6 Black holes 

ur treatment of the seeding and growth of supermassive BHs
roadly follows the methods for COLIBRE detailed in section 3.8
f J. Schaye et al. ( 2026 ), with the primary difference being that
e retain a fixed BH seed mass across resolutions. The imple-
entation builds on methods introduced by V. Springel, T. Di
atteo & L. Hernquist ( 2005a ) and T. Di Matteo et al. ( 2008 ).
Hs are treated as collisionless particles seeded within haloes
hat reach a specified mass threshold, and which grow via gas
ccretion and mergers with other BH particles. We follow the
OLIBRE seeding procedure whereby BH particles are seeded in
aloes that do not already have a BH particle once their friends-
f-friends (FoF) mass exceeds a mass threshold, for Columba this
s equal to MFOF , seed = 1010 M�. The BH particle is assigned a
ubgrid mass, mBH , used for calculations of BH properties such as
ts accretion rate, whilst gravitational interactions are computed
sing the particle’s dynamical mass, mdyn 

BH . In Columba, the sub-
rid mass is initially set to mBH , seed = 103 M�, irrespective of the
imulation resolution. The BH mass accretion rate is estimated
sing the modified form of the Bondi–Hoyle–Lyttleton formula
roposed by M. R. Krumholz, C. F. McKee & R. I. Klein ( 2006 )
or use in turbulent media with vorticity, see section 3.8.2 of J.
chaye et al. ( 2026 ). 
Per Y. M. Bahé et al. ( 2022 , see also section 3.8.3 of J. Schaye et
l. 2026 ), BH particle pairs are merged instantly if their separation
ecomes less than three gravitational softening lengths, 	rBH <
 εgas , and their relative velocity satisfies 	vBH < 2 G (M + m ) / 	r,
here M and m are the dynamical masses of the two BHs. The less
assive of the BHs transfers its properties to the more massive
H particle and is then removed from the simulation. 
Real BHs are subject to dynamical friction that drains them of 
rbital kinetic energy and causes inspiral towards the centre of 
heir host galaxy. Our simulations lack the resolution required
o accurately model BH dynamical friction, so we model the net
ffect of the BH moving towards the local gravitational potential
inimum following Y. M. Bahé et al. ( 2022 , see also section 3.8.4
f J. Schaye et al. 2026 ). At each time-step the BH particle is
e-positioned to the coordinates of the neighbouring gas parti-
le with the lowest potential. The BH particle is excluded from
he calculation of the gravitational potential to avoid becoming
rapped by its own potential. 

.4.7 Active galactic nucleus feedback 

e use a single injection mechanism for the AGN feedback en-
rgy stemming from gas accretion on BHs that is implemented
y thermal heating (C. M. Booth & J. Schaye 2009 ). This follows
he methodology detailed in section 3.9 of J. Schaye et al. ( 2026 ),
ith the exception that we adopt a fixed heating temperature
ather than scaling it with the BH mass as in COLIBRE. Black
oles accumulate feedback energy at a rate proportional to its gas
ccretion rate (see equation 34 of J. Schaye et al. 2026 ), with a
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yielded unrealistic galaxies, we would clearly have adopted a more refined 
approach. 
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oupling efficiency fraction of εf = 0 . 05 in Columba. This energy
s stored until it is sufficient to heat at least one neighbouring
as particle by a fixed temperature increment of 	TAGN = 109 K, 
t which point the energy is released and the BH reservoir is
educed accordingly. This thermal heating scheme prevents ex- 
essive numerical radiative losses by ensuring that individual 
eedback events are sufficiently energetic. 

.5 Halo and galaxy identification and sampling 

aloes are identified in the simulation outputs using the ve- 
ociraptor structure finder (P. J. Elahi et al. 2019 ), which first
pplies a three-dimensional FoF algorithm to all particles to iden- 
ify haloes, and then applies a six-dimensional (position and ve- 
ocity) FoF algorithm to identify substructures. This approach is 
dvantageous as it enables identification of substructures close to 
alo centres where the density contrast is small. We use the term
central galaxies’ (or haloes) to refer to the main substructure of 
he three-dimensional FoF halo, as identified by velociraptor , 
hile other substructures are considered satellites. Unless other- 
ise stated our results only consider central galaxies. The centres 
f haloes and substructures are defined by the coordinates of their
ost-bound particle. 
The properties of haloes and the galaxies they host are com- 
uted using the Spherical Overdensity and Aperture Processor 
SOAP) (R. McGibbon et al. 2025 ), by aggregating the proper-
ies of the particles of which they are comprised, within various
pherical apertures about the halo/substructure centres. Some 
nalyses require that haloes are matched with their counterpart 
rom a collisionless (often termed ‘DM-only’) version of the corre- 
ponding simulation, which eliminates the influence of baryons 
n halo growth and structure. This matching is achieved using 
he bijective particle matching algorithm which has been previ- 
usly described by M. Velliscig et al. ( 2014 ). 
Analyses in subsequent sections require derived quantities, 
uch as the maximum of the circular velocity profile, Vmax , 
here the circular velocity profile is Vc (r) =

√ 

GM(< r) /r , or 
he circular velocity at the virial radius, V200 ≡ Vc (R200 ) . We also
onsider halo concentration, c , which we define as the dimen-
ionless shape parameter of the Navaro–Frenk–White (NFW) 
ensity profile (J. F. Navarro, C. S. Frenk & S. D. M. White
996 ), where cNFW 

= R200 /Rs and Rs is the NFW scale radius. 
ather than performing parametric density profile fits to recover 
NFW 

, we estimate the (intrinsic) halo concentration using the 
atio of Vmax /V200 from the matched counterpart haloes in the 
ollisionless simulations, via 

V 2 
max 

V 2 
200 

≈ 0 . 216
cNFW 

A (cNFW 

) 
, (2) 

here, 

 (cNFW 

) ≡ ln (1 + cNFW 

) − cNFW 

1 + cNFW 

. (3) 

. S. Bullock et al. ( 2001 ) advocate the use of this relationship as it
nables recovery of a concentration estimate for low-mass haloes 
hat may lack the particle sampling required for a robust density
rofile fit. We use the collisionless simulations to eliminate the 
nfluence of baryon physics on halo concentrations. 
Our analyses consider only those haloes/galaxies that reside 
ithin the central r = 5 cMpc of each region at z = 0 . We have ex-
licitly checked that these regions are uncontaminated by bound- 
ry particles, therefore it is guaranteed that the structures we 
xamine are themselves uncontaminated. Aggregating the galaxy 
opulations of all 25 simulations at the present day yields a pop-
lation of N(M� > 107 M�) = 411 at m6 resolution and N(M� >

07 M�) = 448 at m5 resolution. The m5 resolution simulations
ield N(M� > 106 M�) = 1321 . In this introductory study we do
ot construct galaxy samples at earlier epochs, at which time the
agrangian region of the central z = 0 sphere does not have a
imple morphology, complicating the selection procedure. 

 MODEL  VALIDATION  AND  CONVERGENCE  

he macroscopic efficiencies of feedback mechanisms are gov- 
rned by microphysics acting on spatial scales several orders of 
agnitude below the resolution scale of cosmological simula- 
ions (e.g. S. Orlando et al. 2005 ). These efficiencies must there-
ore be implemented on resolved scales by the adopted subgrid 
odels. The appropriate parametrization of the subgrid models 
s difficult to predict a priori, or to infer from observations, and is
esolution dependent. It has therefore become common practice 
o calibrate the parameters of subgrid feedback models, with the 
im of having simulations reproduce judiciously chosen proper- 
ies of the galaxy population (e.g. M. Hirschmann et al. 2014 ; M.
ogelsberger et al. 2014 ; J. Schaye et al. 2015 ; Y. Feng et al. 2016 ;
. Tremmel et al. 2017 ; N. A. Henden et al. 2018 ; A. Pillepich et al.
018a ; R. Davé et al. 2019 ; R. Kugel et al. 2023 ). Such diagnostics
ommonly include, for example, the galaxy stellar mass function 
r the inferred stellar mass to halo mass relation, and the central
lack hole mass–stellar mass relation. 
In the absence of authoritative observational constraints on the 
alaxy stellar mass function in the low-mass regime (though see 
. M. Sedgwick et al. 2019 ), and similarly for the black hole mass–
tellar mass relation, we have not tuned the feedback efficiencies 
r BH seed mass specifically for these simulations. Instead, we 
dopt fixed values for the fraction of energy from CC SNe ( fE = 1 )
nd AGN that couples to the ISM ( εf = 0 . 05 ), and the BH seed
ass ( mBH , seed = 103 M�), as noted in Section 2 . 8 Although we
id not undertake additional tuning of the parameter choices 
or these simulations, the underlying subgrid prescriptions in- 
erit parameter choices that were iteratively tested and validated 
cross previous EAGLE (R. A. Crain et al. 2015 ) and COLIBRE
E. Chaikin et al. 2026 ) simulations. 
Nevertheless, it is imperative to validate the outcome of the 
imulations via comparison with observational measurements of 
undamental galaxy properties, and to assess how robust these 
xed quantities are to changes of numerical resolution. We there- 
ore defer examination of large-scale environmental influences 
n the dwarf galaxy population to Section 4 , and first combine
he 25 simulations at each resolution to yield a composite galaxy
opulation (albeit one from a collection of regions that are lower
ensity than a random sample, per Section 2.1 ), in order to exam-
ne the GSMF (Section 3.1 ), stellar masses as a function of halo
ass (Section 3.2 ), and galaxy sizes (Section 3.3 ). 
Our convergence testing is achieved by comparison of the prop- 
rties of the galaxy population at m5 and m6 resolution using a
alaxy formation model with fixed parameters. The comparison 
hus constitutes a ‘strong scaling test’ in the terminology of J.
chaye et al. ( 2015 , see their section 2.2). Many of the results we
MNRAS 550, 1–26 (2026)
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Figure 4. The present-day GSMF of the composite galaxy population 
from all 25 regions, at m5 (maroon curve) and m6 (orange curve) resolu- 
tions, representing a ‘strong convergence’ test. The grey hatched region 
indicates the stellar mass regime corresponding to 10 or fewer stellar 
particles (assuming their initial mass) at m5 resolution, the grey arrow 

extends to the corresponding scale at m6 resolution. The curves are drawn 
with a dashed line style for bins sampled by fewer than 10 galaxies. Low 

opacity curves show the GSMFs that result from weighting the number 
density of galaxies by the reciprocal of their normalized density, δ5 , en- 
abling comparison with GSMFs from representative volumes. Grey sym- 
bols show the GSMF and associated error inferred from the GAMA survey 
(S. P. Driver et al. 2022 ). Solid and dashed grey curves show the GSMF of 
the EAGLE (J. Schaye et al. 2015 ) and FIREbox (R. Feldmann et al. 2023 ) 
simulations, respectively. 
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xamine in Section 4 follow from the intrinsic properties of DM
aloes, which do not depend on the implementation of the galaxy
ormation model, therefore we examine the numerical conver-
ence of the DM halo mass function and the inner structure of 
M haloes separately, in Appendix B . Finally, we note that the
nclusion of stochastic processes in the adopted subgrid models,
uch as those governing star formation and feedback, can lead to
ignificant uncertainty in the properties of individual simulated
alaxies (e.g. S. Genel et al. 2019 ; B. W. Keller et al. 2019 ; J. J.
avies, R. A. Crain & A. Pontzen 2021 ; J. J. Davies, A. Pontzen &
. A. Crain 2022 ; J. Borrow et al. 2023 ). When studying popula-
ions of galaxies, as we do here, this uncertainty is manifested
rimarily as a source of scatter in scaling relations. 

.1 The galaxy stellar mass function 

ig. 4 shows the present-day GSMF of the composite galaxy pop-
lation formed from all 25 spherical regions of r = 5 cMpc . Since
e simulate regions that are preferentially low density, one can-
ot make a direct comparison of the resulting GSMF with ob-
ervational measurements, nor with GSMFs recovered from sim-
lations of mean-density volumes. We therefore apply a simple
orrection to the simulated GSMF, rescaling the number density
t fixed mass by the reciprocal of the (normalized) mean density
f the 25 regions. These rescaled GSMFs are drawn with low-
pacity curves, enabling a more meaningful comparison with the
SMF inferred by S. P. Driver et al. ( 2022 ) from the fourth data
NRAS 550, 1–26 (2026)
elease of the Galaxy And Mass Assembly (GAMA) survey, shown
s white circles. For comparison with the GSMF recovered from
 simulation of a large periodic volume, we show the present-day
SMF of the EAGLE Ref-L100N1504 simulation (J. Schaye et al.
015 ) as a solid grey curve, and for comparison with a cosmo-
ogical simulation including an explicit cold ISM phase, we show
he FIREbox z = 0 GSMF (R. Feldmann et al. 2023 ) as a dashed
rey curve. In both cases, the mass function are shown down to a
inimum stellar mass corresponding to 10 stellar particles. 
In the regime where galaxies comprise at least 10 or more
articles at m6 resolution and the stellar mass bins are sampled
y at least 10 galaxies (broadly, 2 × 107 M� � M� � 2 × 109 M�),
he simulated GSMF exhibits very good convergence between m5
nd m6 resolutions, differing by at most 0.22 dex in stellar mass
t fixed number density. This convergence behaviour is superior
o that exhibited by the EAGLE model and is likely driven by
he inclusion of a cold ISM phase, which stabilizes star forma-
ion and feedback efficiency across resolutions (see discussion in
. Schaye et al. 2026 ). The adoption of the thermal-kinetic CC
Ne feedback implementation coupled to the isotropic energy
istribution method (E. Chaikin et al. 2022 , 2023 , 2026 ; J. Schaye
t al. 2026 ) may further contribute to the improved numerical
onvergence. At the high-mass end of the well-sampled regime
f the GSMF (corresponding to an approximate number density
f 5 × 10−3 cMpc −3 ) galaxies reach a slightly greater stellar mass
n the m5 simulations, likely due to star formation in the pro-
enitors of these galaxies being able to begin at an earlier epoch,
nd reflecting the fixed AGN model parameters across resolution,
hich can influence the efficiency of BH growth and feedback
egulation. In the poorly sampled more massive bins, the handful
f galaxies tend to reach greater masses in the lower-resolution
6 simulations. While this may primarily reflect stochastic fluc-
uations, better convergence in this regime could be achieved by
alibrating the BH seed mass as a function of resolution for these
imulations. Given the small number of massive galaxies sampled
n our simulations, we opted against this additional complexity. 
The preferential selection of low density regions leads to the
nscaled GSMFs residing at a lower number density at fixed
tellar mass, relative to the GAMA GSMF. In the regime where
imulated galaxies are well resolved and the stellar mass bins well
ampled, the rescaled GSMFs of the simulations reproduce the
AMA GSMF well, with the stellar mass at fixed number den-
ity differing by � 0 . 22 dex . This is comparable to the agreement
chieved by the EAGLE flagship Ref-L100N1504 simulation, but
ere this level of agreement extends to stellar masses a factor of 
 lower for the m5 simulations. Even after rescaling, the num-
er density of galaxies of mass M� � 3 × 109 M� is significantly
ower than inferred by GAMA: this stems from a paucity of mas-
ive DM haloes in the selected regions by construction, as can be
een by comparison of the halo mass functions of the regions with
hat of mean density volumes (see Fig. B1 ). 

.2 Stellar mass as a function of halo mass 

o first order, the abundance and growth of dark matter haloes
re simply a function of the assumed cosmological parameters.
he stellar mass of the galaxies that forms within them is, how-
ver, very sensitive to the baryonic physics included in the sim-
lation. The SMHM scaling relation has emerged as a popular
iagnostic, in part because it can be considered as a halo mass-
ependent galaxy formation ‘efficiency’ on the scale of individual
aloes. We include the SMHM here as a validation diagnostic
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Figure 5. The present-day stellar mass–halo mass scaling relation of 
central galaxies for the composite population of all 25 regions, at m5 
(maroon curve) and m6 (orange curve) resolutions, representing a ‘strong 
convergence’ test. Line styles and hatching follow the conventions intro- 
duced in Fig. 4 . Shaded regions denote the 10th–90th percentile scatter 
in M� at fixed M200 . Indigo curves show the SMHM relations of the semi- 
empirical models of P. S. Behroozi, R. H. Wechsler & C. Conroy ( 2013 ) and 
B. P. Moster, T. Naab & S. D. M. White ( 2013 ), which transition to solid 
lines in the mass range to which they are fit. Individual central galaxies 
from various models are shown by the grey points, including APOSTLE 
(filled circles, T. Sawala et al. 2016 ), Marvel and DC Justice League (stars, 
E. Applebaum et al. 2021 ), and FIRE2 zoom-in simulations (crosses, C. 
Wheeler et al. 2015 ; A. Fitts et al. 2017 ; P. F. Hopkins et al. 2018 ; C. 
Wheeler et al. 2019 ). 
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s the GSMF can be thought of as a convolution of the DM
MF with the SMHM relation. Moreover, most numerical sim- 
lations in the low-mass dwarf galaxy regime maximise spatial 
esolution by adopting zoomed initial conditions that focus on the 
nvironments of individual galaxies, so the SMHM relation is 
 more useful diagnostic than the GSMF when comparing our 
imulations to others. 
Fig. 5 shows the present-day SMHM of the composite pop- 
lation of field galaxies formed from all 25 simulated regions. 
atellite galaxies, whose evolution is potentially affected by ram 

ressure stripping of gas and mass loss due to tidal stripping,
re excluded 9 in order to illustrate the scatter about the rela-
ion due only to processes ‘internal’ to the galaxy’s parent DM
alo, however we note that we have not attempted to identify
nd exclude ‘backsplash galaxies’, i.e. present-day central galaxies 
hat were satellite galaxies at an earlier time. We do not expect
 significant population of such galaxies, because there are no 
assive haloes in our simulated regions. We show the median 
tellar mass as a function of halo mass in bins of width 0.2 dex,
nd the corresponding 10th–90th percentile scatter. 
The indigo curves denote the present-day SMHM relations 

rom the abundance matching models of P. S. Behroozi et al. 
 Due to the relatively low mass of our field sample and the resolution 
imit of the simulations, the fraction of satellites is small; only 11 per cent 
f all galaxies with M� > 105 M� are satellites. 

t  

1

t
M

 2013 ) 10 and B. P. Moster et al. ( 2013 ). These models are es- 
entially unconstrained for M� � 107 M�, and in this regime we 
imply extrapolate the SMHM relation from the resolved regime, 
rawing the corresponding curves with dotted and dashed line 
tyles, respectively. The uncertainty on the SMHM relation in 
his regime is a hindering factor in testing predictions for the
roperties of dwarf galaxies from numerical simulations. L. V. 
ales et al. ( 2022 ) collate predictions for the SMHM relation
rom various cosmological hydrodynamical simulations of dwarf 
alaxies, revealing similar stellar masses at fixed halo mass (for 
200 � 109 M�, albeit with large scatter) and broad compatibility 
ith extrapolations of the predictions of semi-empirical models. 
owever, the slope and scatter of the SMHM relation recovered 
rom the simulations considered by L. V. Sales et al. ( 2022 ) exhibit
ignificant variance. We therefore plot with grey symbols individ- 
al central galaxies from high-resolution simulations: filled cir- 
les are from the APOSTLE suite (T. Sawala et al. 2016 ) of zoomed
imulations of Local Group (LG)-like environments; open stars 
re from the Marvel and DC Justice League suites (E. Applebaum
t al. 2021 ) that simulate dwarfs in cosmic sheets and MW-like
nvironments, respectively; crosses denote the Latte (A. R. Wetzel 
t al. 2016 ) and ELVIS (S. Garrison-Kimmel et al. 2014 ) zoom
imulations of MW and LG-like environments, in addition to 
oom simulations of isolated dwarf galaxies, all evolved with the 
IRE-2 model (C. Wheeler et al. 2015 , 2019 ; A. Fitts et al. 2017 ; P.
. Hopkins et al. 2018 ). 
The good convergence of the GSMF between the m5 and m6

esolutions evident in Fig. 4 translates into similarly good con- 
ergence of the SMHM relation. In the regime for which galax-
es are resolved by at least 10 stellar particles at m6 resolution
 M� � 2 × 107 M�) and halo mass bins are sampled by at least 10
alaxies ( M200 � 1011 M�), the scaling relation differs in stellar 
ass by at most 0.29 dex at fixed halo mass. As one might infer
rom the analysis of the GSMF, the poorest correspondence is for
he relatively massive galaxies, with the m5 simulations exhibit- 
ng greater stellar masses at fixed halo mass, until one reaches a
ass scale of M200 ∼ 1011 M�. Above this mass, the central BHs 
n these galaxies tend to have greater characteristic masses at m5
esolution, which may contribute to stronger regulation of stellar 
ass relative to the m6 simulations. However, given the small 
umber of objects in this regime, this should be interpreted with
aution. In the low mass regime ( M200 � 1010 M�), simulations
f low-mass dwarf galaxies exhibit significant scatter in stellar 
ass at fixed halo mass, arguably in part owing to the absence of 
uthoritative observational constraints to which the models can 
e calibrated. The SMHM relations produced by our simulations 
oughly bisect the extrapolated semi-empirical relations of B. P. 
oster et al. ( 2013 ) and P. S. Behroozi et al. ( 2013 ), and lie within
he scatter of the relations traced by the APOSTLE, Marvel, DC
ustice League, and FIRE-2 simulations. 

.3 Galaxy sizes 

. A. Crain et al. ( 2015 ) showed that it was possible to reproduce
ccurately the present-day GSMF in a version of the EAGLE sim-
lations adopting an uncalibrated feedback coupling efficiency 
i.e. fE = 1 ), as we adopt here, but at the cost of a poor reproduc-
ion of the scaling relation connecting the size and stellar mass
MNRAS 550, 1–26 (2026)

0 We convert halo masses in this work, which were computed based on 
he virial overdensity criterion of G. L. Bryan & M. L. Norman ( 1998 ), to 
200 assuming M200 = Mvir / 1 . 2 . 
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Figure 6. The present-day galaxy size (three-dimensional half-mass 
radii) – stellar mass scaling relation of the composite galaxy popula- 
tion from all 25 regions, at m5 (maroon curve) and m6 (orange curve) 
resolutions, providing a ‘strong scaling’ test. Shaded regions denote the 
10th–90th percentile scatter in R� at fixed M� . Line styles and hatching 
follow the conventions introduced in Fig. 4 . The median sizes of galaxies 
sampled by 100 or more particles in the EAGLE simulation are shown 
with grey curves (M. Furlong et al. 2017 ). Grey points show observational 
measurements of individual galaxies from I. Trujillo, N. Chamba & J. H. 
Knapen ( 2020 ). Grey star symbols show median measurements from J. A. 
Hardwick et al. ( 2022 ). Circles show medians of the ELVES Local Volume 
dwarf galaxies from S. G. Carlsten et al. ( 2021 ). Crosses show Local Group 
dwarf galaxies from A. B. Pace ( 2025 ). Projected observational sizes have 
been converted to three-dimensional sizes using R3D = 4 

3 R2D . 
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f galaxies. This shortcoming stemmed primarily from spurious
adiative losses in high-density gas, resulting in the formation
f unrealistically compact galaxy nuclei. We therefore consider
alaxy sizes a critical validation diagnostic, and define size as the
hree-dimensional stellar half-mass radius, R� . Fig. 6 shows the
edian size of all present-day galaxies in our composite sample
s a function of stellar mass in bins of width 0.2 dex, and the
orresponding 10th–90th percentile scatter. The solid and dashed
rey curves show the corresponding scaling relations for active
nd passive galaxies, respectively, with mass M� � 109 M� taken
rom the EAGLE Ref-L100N1504 simulation, as presented by M.
urlong et al. ( 2017 ). We also present observed galaxy sizes for
eference, and use the relation R3D = 4 

3 R2D to convert between ob-
erved two-dimensional (projected) and three-dimensional sizes
J. Wolf et al. 2010 ). Faint grey dots denote measurements of pro-
ected galaxy sizes from the IAC Stripe 82 Legacy Project by I. Tru-
illo et al. ( 2020 ), grey stars correspond to size measurements of a
ubsample of xGASS galaxies with robust rotational velocity mea-
urements (J. A. Hardwick et al. 2022 ), grey circles show local vol-
me galaxies from the ELVES survey (S. G. Carlsten et al. 2021 ),
nd grey crosses Local Group field galaxies (A. B. Pace 2025 ). 11 
In the mass regime for which galaxies are well resolved in

he m5 and m6 realizations, the simulations yield a size–mass
NRAS 550, 1–26 (2026)

1 This study used the Local Volume Database, https://github.com/ 
pace7/local_volume_database . 

C  

s  

a  

a  
elation that is broadly monotonic up to a mass scale of M� �
 × 108 M�. In m5, the change in size across two orders of mag-
itude in mass is comparable to that seen in observational sam-
les, although the simulated galaxies are systematically larger
t fixed mass. The visual impression of a flatter relation in the
imulations primarily reflects this vertical offset rather than a
ubstantially different slope. Beyond this scale, at both resolu-
ions galaxies quickly become compact, qualitatively similar to
he unrealistically compact sizes reported by R. A. Crain et al.
 2015 ) for variants of the EAGLE model that do not scale fE 
ith the density of natal gas, leading to numerically inefficient
eedback due to artificial radiative losses. This likely signals that
dditional energy input ( fE > 1 ) is required in the progenitors of 
hese more massive present-day galaxies to offset artificial losses.
he sizes of the most massive galaxies ( M� � 109 M� at m5 and
� � 3 × 109 M� at m6) increase mildly as a function of stellar
ass, possibly indicating that artificial radiative losses from SN
eedback are (at least partially) offset by the onset of effective
GN feedback. 
The m6 simulations yield larger galaxies at fixed mass, a result
ualitatively consistent with the strong convergence test of galaxy
izes in EAGLE reported by M. Furlong et al. ( 2017 , see their
ppendix B). At the mass scale corresponding to 10 particles at m6
esolution, M� � 2 × 107 M�, the median galaxy size at m6 reso-
ution ( 1 . 92 kpc ) is approximately 1.5 times that at m5 ( 1 . 39 kpc ).
he offset declines towards greater masses: at M� = 3 × 108 M�
he corresponding sizes are 2 . 40 kpc at m6 and 2 . 22 kpc at m5.
his highlights that galaxy sizes require significantly better par-
icle sampling to achieve convergence than stellar masses (see
lso e.g. M. Furlong et al. 2017 ; A. Pillepich et al. 2018b ; A. D.
udlow et al. 2019 ; A. D. Ludlow et al. 2020 ), and that they are
ore sensitive to the details of the galaxy formation model than
alaxy (stellar) masses. 
The simulated galaxies are systematically larger than inferred
y S. G. Carlsten et al. ( 2021 ) from observations of dwarf galaxies
n the Local Group. It is not trivial to compare three-dimensional
alf-mass radii with isophotal sizes (see e.g. S. Genel et al. 2018 ;
. de Graaff et al. 2022 ), and although we convert the observed
rojected radii into three-dimensional, this conversion remains
pproximate. Even so, a naïve comparison indicates that in the
ass range 2 × 106 M� < M� < 5 × 108 M�, galaxies in the m5
imulations are up to twice the size of observed counterparts
rom S. G. Carlsten et al. ( 2021 ) and up to a factor of 3.5 times
arger than the binned median of the A. B. Pace ( 2025 ) sample.
his indicates that the simulations do not reproduce the smaller
bserved galaxy sizes; even the 10th percentile simulated sizes
ie well above the more compact Local Group galaxies in the
bservational sample. 
Although the sizes of galaxies with M� � 3 × 108 M� are
learly inconsistent with observational measurements, warrant-
ng care when interpreting related properties such as their SFHs,
he simulations reproduce a size–mass relation with a similar
lope to observations at lower masses. At fixed stellar mass, the
ffset in size between the m5 simulations and the S. G. Carlsten
t al. ( 2021 ) measurements is comparable to, or smaller than, the
ifference between the I. Trujillo et al. ( 2020 ) and S. G. Carlsten
t al. ( 2021 ) measurements (in the mass regime for which these
amples overlap). The simulations therefore differ from the S. G.
arlsten et al. ( 2021 ) measurements by less than what might rea-
onably be inferred as the systematic uncertainty on the latter. We
lso caution that incompleteness of the data can play a role here
s more extended, diffuse dwarf galaxies are harder to discover;

https://github.com/apace7/local_volume_database
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Figure 7. Upper panel : The aggregated present-day halo mass functions 
of the five regions comprising each of the five density bands ( −2 σ ,..., 
+2 σ ) at m5 resolution, with each band denoted by a coloured curve. Only 
field (central) objects are considered. Grey hatching indicates the halo 
mass regime corresponding to fewer than 100 DM particles at m5 resolu- 
tion. Curves are drawn with a reduced opacity for bins sampled by fewer 
than 10 haloes. The grey curve shows the halo mass function of J. Tinker 
et al. ( 2008 ) derived from purely collisionless simulations. Higher density 
regions exhibit a systematically greater number density of haloes at fixed 
halo mass. Centre panel : The ratio of the halo number density at fixed halo 
mass, �(M200 ) , realized in hydrodynamical simulations, to that in their 
purely collisionless counterpart simulations (DMO). The curve is drawn 
for bins sampled by at least 10 haloes. The ratio illustrates the suppression 
of the HMF due to baryonic processes, which systematically reduce the 
mass of haloes. Lower panel : As per the upper panel, but the HMFs have 
been multiplied by M200 to reduce the dynamic range of the y -axis, and 
normalized by δ5 to remove the first-order influence of enclosed density 
on halo number density, highlighting that the offset from the J. Tinker 
et al. ( 2008 ) HMF visible in the upper panel is primarily a consequence of 
each region’s underdensity. The most massive halo formed in each region 
is a strong function of δ5 . 
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.g. ultra diffuse Antlia II around the Milky Way was missing up
ntil recent years and was discovered largely due to Gaia proper
otion measurements (G. Torrealba et al. 2019 ). Moreover, the 
ata in the lower mass range are from dwarf galaxies around
igher mass hosts which is a different environment from our 
ample of simulated dwarf galaxies. Overall, we can conclude 
hat while the simulations reproduce the qualitative trend of 
ncreasing size with stellar mass below M� � 5 × 108 M�, they 
ikely remain systematically too large, particularly relative to 
ocal Group field dwarfs. 

 THE  INFLUENCE  OF  LARGE-SCALE  

NVIRONMENT  ON  ISOLATED  DWARF  

ALAXIES  

n this section, we turn to one of the main questions motivating
he simulation suite: what is the influence of cosmic environment 
n the properties of dwarf galaxies and their parent DM haloes? 
n the light of this question, we examine fundamental proper- 
ies of our simulated dwarf galaxy population as a function of 
heir environment defined by the mass density within r = 5 cMpc 
pheres, δ5 . As illustrated by Fig. 3 , the five bands of δ5 (denoted
y rows in the figure) broadly correspond to differing character- 
stic cosmic environments, from void-like regions to filamentary 
tructures. Unless otherwise stated, we focus exclusively on the 
imulations at m5 resolution in this section. 

.1 The halo mass function 

 fundamental prediction of CDM cosmogonies is that the rate at 
hich a region’s halo population evolves is dependent on its den-
ity (e.g. C. S. Frenk et al. 1988 ; R. K. Sheth & G. Tormen 2002 ). We
herefore show in the upper panel of Fig. 7 the present-day halo
ass functions (HMFs) of our hydrodynamical simulations as a 
unction of δ5 . We amalgamate the halo populations of the five re-
ions comprising each band of δ5 (i.e. −2 σ ,..., +2 σ ), normalizing
y their combined volume. The grey curve is a universal mean 
ensity HMF fit for the adopted cosmogony of our simulations, 
reated with the colossus package (B. Diemer 2018 ) based on
he J. Tinker et al. ( 2008 ) HMFs assuming spherical overdensity
SO) haloes with mean internal density contrast 	crit = 200 . Note 
hat their halo centre definition (density peak) differs slightly 
rom the most bound particle centre used in our simulations. This
MF is based on fits to ensembles of collisionless simulations, 
nd does not account for the influence of galaxy formation on
he mass and internal structure of haloes; such effects are halo 
ass dependent, and are the subject of intense study (see e.g. R.
tanek, D. Rudd & A. E. Evrard 2009 ; A. R. Duffy et al. 2010 ; M.
elliscig et al. 2014 ; M. Schaller et al. 2015 ; S. Bocquet et al. 2016 ;
. R. Lovell et al. 2018 ). 
As expected, given that the enclosed densities of all simulated 

egions are less than the cosmic mean density (i.e. δ5 < 1 ), the
MFs of all five density bands are shifted to lower number den-
ities at fixed M200 than the universal HMFs, with the offset being 
reatest for the lowest-density band. In the low-mass regime, for 
hich the HMF is well approximated by a power law, the offset
n number density at fixed M200 is a monotonic function of en-
losed density: at M200 = 108 M�, the bands are offset by (1.15, 
.81, 0.61, 0.44, 0.31) dex , respectively, for (–2, –1, 0, + 1, + 2) σ
egions, from the J. Tinker et al. ( 2008 ) HMF. The influence of 
he density of the regions is more readily seen in the lower panel,
n which the HMFs of the regions comprising each band have 
MNRAS 550, 1–26 (2026)
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Figure 8. Upper panel : The aggregated present-day central galaxy stellar 
mass functions of the five regions comprising each of the five density 
bands, with each band denoted by a coloured curve. Grey hatching in- 
dicates the stellar mass regime corresponding to fewer than 10 stellar 
particles at m5 resolution. Curves are drawn with a reduced opacity for 
bins sampled by fewer than 10 galaxies. Grey symbols show the GSMF 
inferred from the GAMA survey (S. P. Driver et al. 2022 ). Dotted and 
dashed grey curves show the GSMF of the EAGLE (J. Schaye et al. 2015 ) 
and FIREbox (R. Feldmann et al. 2023 ) simulations, respectively. In anal- 
ogy with the HMF, higher density regions exhibit a systematically greater 
number density of galaxies at fixed stellar mass. Lower panel : As per the 
upper panel, but as in Fig. 7 , the GSMFs have been multiplied by M� , and 
normalized by δ5 to remove the effect of enclosed density on halo number 
density. As with the HMF (Fig. 7 ) the offset from the GAMA GSMF visible 
in the upper panel follows primarily from the deviation of each region’s 
mass density from the cosmic average. 
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een divided by the enclosed density, δ5 , and multiplied by M200 to
educe the y -axis dynamic range, thus better revealing differences
n the ‘specific’ halo number density of the density bands. With
he influence of density ‘normalized out’, the low-mass power-
aw regime of the HMFs ( M200 < 109 M�) more closely resem-
les the universal HMF. There remains some scatter about the
niversal HMF, with a weak systematic trend apparent such that
he higher-density regions tend to exhibit a slightly lower specific
alo number density than lower-density regions (as also found in
he GIMIC simulations; see R. A. Crain et al. 2009 ). However, the
owest-density region retains a low specific halo number density
fter normalization, and fully characterising whether there is a
enuine systematic trend in specific halo number density as a
unction of overdensity would require examination of a larger
ample of regions. The slope of the low-mass end of the HMF
s also broadly insensitive to the density of the region. A. Fattahi,
. F. Navarro & C. S. Frenk ( 2020 ) report similar results, finding
 correlation with little scatter between the number of low mass
aloes and the total mass within a sphere of r = 3 cMpc centred
n the Local Group-like environments. The lower panel of Fig. 7
lso highlights that the characteristic mass above which the HMF
eases to be well described by a power law is broadly a function
f δ5 : more massive haloes in our simulations are only found in
he higher density regions, consistent with prior analytical and
umerical studies of halo growth (e.g. H. J. Mo & S. D. M. White
996 ; R. K. Sheth & G. Tormen 2002 ). 
The scale of the influence of baryonic processes on the HMF

s illustrated by the centre panel, which shows the ratio of the
alo number density (at fixed halo mass) of the hydrodynamical
imulations to that derived from their counterpart simulations
ith purely collisionless dynamics. In the halo mass regime for
hich the HMF is well described by a power law, the ratio of the
alo number density is approximately �Hydro / �DMO � 0 . 8 , where
(M200 ) ≡ d n (M200 ) / d log 10 (M200 ) . Physically, this effect should
ore appropriately be considered as a shift in halo mass at fixed
umber density, i.e. a horizontal rather than vertical shift of the
urves. T. Sawala et al. ( 2013 ) showed that the reduction of the
ass of haloes below∼1012 M� when baryon physics is included
s primarily a consequence of the unbinding of circumgalactic gas
ue to heating by the metagalactic UV/X-ray background radia-
ion that permeates the cosmos after the epoch of reionization,
nd the subsequent reduction in the halo mass accretion rates. 

.2 The galaxy stellar mass function 

he upper panel of Fig. 8 shows the present-day GSMFs at m5
esolution. As in Fig. 7 , each coloured curve denotes the GSMF
f a different density band, δ5 , generated by aggregating the
alaxy populations of the band’s five constituent simulations. The
olid and dashed grey curves show, respectively, the present-day
SMFs of the EAGLE Ref-L100N1504 (J. Schaye et al. 2015 ) and
he FIREbox (R. Feldmann et al. 2023 ) simulations. Open grey
ymbols denote the GSMF recovered from the fourth data release
f the GAMA survey (S. P. Driver et al. 2022 ). 
The systematic offset of the HMFs as a function of δ5 shown

n Fig. 7 translates into a similar offset of the GSMFs of the re-
ions comprising the five density bands, as the formation of fewer
aloes in low-density environments results in the formation of 
ewer galaxies. Just as the HMFs of the simulations are offset
rom the mean density HMFs, their GSMFs are also in general
ffset to lower characteristic number densities than those of the
imulations of mean density volumes, and that from GAMA.
NRAS 550, 1–26 (2026)
e again examine the effect of environment on the GSMF more
losely by showing in the lower panel of Fig. 8 the GSMFs mul-
iplied by the bin mass (in this case, M� ) and normalized by δ5 .
his panel illustrates that the slope of the GSMF in the low-mass
egime is broadly insensitive to the environment defined by δ5 ;
n common with the HMF, by ‘normalizing out’ the enclosed
ensity, the GSMFs of each ensemble of simulations comprising
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Figure 9. The present-day central stellar mass–halo mass scaling rela- 
tion, at m5 resolution, of the aggregated central galaxy populations of the 
five regions comprising each of the five density bands. Coloured curves 
denote, for each density band, the median stellar mass at fixed halo mass, 
and include the contribution of haloes without a resolved galaxy. The 
SMHM relations of the semi-empirical models of P. S. Behroozi et al. 
( 2013 ) and B. P. Moster et al. ( 2013 ) are drawn as dotted and dashed 
indigo curves, respectively, which transition to solid lines in the mass 
region to which they are fit. Colours, line styles, and hatching follow the 
conventions introduced in Fig. 8 . 

t
i
m
o  

s
b  

a  

t
r
h
t  

h  

d
d

4

F
i
m
g
b
t  

a
a
o  

b
t
l

o

r
r
a  

C
t  

s
m  

d
n
F  

e
 

Z  

b
m
e  

M  

E
r
(  

s  

h
F  

s
t

d
n  

p
M
a
d
t
i  

c  

t
g  

m
b  

c  

A  

t  

s
t  

r  

c  

s  

K  

a
c
m

4

T
t  

2  

t
i
b  

c
c

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/2/stag1228/8719319 by Sarah D
akin user on 22 July 2026
he five density bands more closely resembles the GAMA GSMF, 
ndicating that, to first order, the low normalization of the low- 
ass regime of the GSMF in low-density regions is a consequence 
f that lower density. There is however a small residual offset,
uch that the density-normalized GSMFs of the lowest-density 
ands ( −2 σ and −1 σ ) remain offset from those of the 0 σ , +1 σ ,
nd +2 σ bands. The stellar mass formed per unit total mass is
herefore slightly but significantly lower in the lowest density 
egions. This follows primarily from the analogous differences in 
alo abundances at the corresponding halo mass scale, seen in 
he lower panel of Fig. 7 : galaxies of M∗ � 106 M� are hosted by
aloes of mass M200 � 109 M�, the scale at which clear systematic
ifferences between the density bands become apparent in the 
ensity-normalized HMF. 

.3 Stellar mass as a function of halo mass 

ig. 9 shows the present-day SMHM relation of central galaxies 
n the m5 simulations, with each coloured curve denoting the 
edian central stellar mass at fixed halo mass for the aggregated 
alaxy population of the five regions comprising each density 
and, δ5 . The median is computed from all haloes, including 
hose that do not host a galaxy (i.e. M� = 0 ), and is drawn for
ll halo bins sampled by at least 10 galaxies. Individual galaxies 
re also shown as filled symbols, colour-coded according to the δ5 
f their parent region as per the median relation. The horizontal
anding of individual galaxies in the low-mass regime is due 
o discrete numbers of stellar particles becoming visible on the 
ogarithmic vertical scale. 
Aside from the truncation of the curves due to the absence 
f massive haloes in lower density regions, the median SMHM 
elations of the regions comprising each of the δ5 bands are 
emarkably similar, in both amplitude and slope. The scatter 
bout the median stellar mass at fixed halo mass is also similar.
osmological environment on the r = 5 cMpc scale defined by 
he δ5 bands therefore clearly plays little role in shaping the halo-
pecific formation ‘efficiency’ (if one defines this as the stellar 
ass of the central galaxy formed per unit halo mass) of isolated
warf galaxies. The plot further underscores that the differing 
ormalized stellar mass functions (shown in the bottom panel of 
ig. 8 ) are not a consequence of a systematic influence on this
fficiency of the environment defined on this scale. 
At first glance, our findings appear to contradict those of I.
ehavi et al. ( 2018 ), who examined the influence of halo assem-
ly bias on the galaxy population predicted by a semi-analytic 
odel when applied to the Millennium Simulation (V. Springel 
t al. 2005b ), and those of M. C. Artale et al. ( 2018 , see also T.
eshveliani et al. 2024 ) who performed a similar study using the
AGLE Ref-L100N1504 simulation. In both cases, the authors 
eport a significant correlation between the median stellar mass 
at fixed halo mass) and the total mass density measured within a
phere of r = 5 h−1 Mpc , for haloes of mass M200 � 1011 M�. This
alo mass range is effectively unsampled by our simulations (see 
ig. 7 ) so our comparison does not probe the same fixed halo mass
cale examined, nevertheless, we highlight two significant factors 
hat likely contribute to the apparent difference in conclusions. 
First, both studies were able to examine a significantly larger 
ynamic range in density (approximately 3 dex in the Millen- 
ium Simulation and 2 dex in EAGLE) than is the case here (ap-
roximately 0 . 8 dex ). The positive correlation they find between 
� (M200 ) and the environmental density is particularly apparent 
s an elevated formation efficiency for galaxies located in high- 
ensity regions, which are absent from our sample by construc- 
ion. Secondly, those studies measure the environmental density 
n a sphere centred on each galaxy, and thus perform a signifi-
antly different test to that presented in Fig. 9 . This is particularly
rue for low-density regions, since by definition their constituent 
alaxies tend to be located close to the boundary of the region,
aximizing the difference between the enclosed density of an ar- 
itrarily centred sphere, and one centred on a galaxy. More direct
omparison to the findings of I. Zehavi et al. ( 2018 ) and M. C.
rtale et al. ( 2018 ) can be achieved with halo specific properties,
o which we turn to in Section 5 . Here, we simply note that our
imulations indicate an absence of systematic difference in the 
ypical stellar mass of central dwarf galaxies at fixed halo mass in
egions of differing enclosed density on a scale of r = 5Mpc . We
annot rule out an influence of environment, on larger or smaller
cales, on dwarf galaxy evolution, though we note that J. F. Wu, C.
. Jespersen & R. H. Wechsler ( 2024 ) recently concluded from an
nalysis of the IllustrisTNG-300 simulation that the galaxy–halo 
onnection is most significantly influenced by the environment 
easured on a scale of � 3Mpc . 

.4 Halo concentration as a function of halo mass 

he intrinsic concentration of DM haloes is anticorrelated with 
heir mass (e.g. J. F. Navarro et al. 1996 ; A. D. Ludlow et al.
014 ; C. A. Correa et al. 2015 ). This ‘mass–concentration rela-
ion’ arises due to the hierarchical nature of structure formation 
n CDM cosmogonies, with the characteristic density of a halo 
eing proportional to the mean cosmic mass density at its initial
ollapse time. Low mass haloes therefore generally exhibit higher 
oncentrations, reflecting their collapse at earlier cosmic epochs, 
MNRAS 550, 1–26 (2026)
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M

Figure 10. The present-day halo mass–concentration relation, at m5 
resolution, of the aggregated field halo populations of the five regions 
comprising each of the five density bands. Solid coloured curves denote, 
for each density band, the median halo concentration at fixed halo mass, 
and include the contribution of haloes without a resolved galaxy. The dot- 
ted curves show the corresponding relation of only those haloes that host 
a galaxy of stellar mass M� > 106 M�. Halo concentrations are estimated 
from Vmax /V200 ratios, as detailed in Section 2.5 . The grey dashed line is 
the fit to the mass–concentration relation presented in A. D. Ludlow et al. 
( 2016 ) for systems above M200 > 5 × 108 M�. Colours, line styles, and 
hatching follow the conventions introduced in Fig. 7 . There is a systematic 
shift in mass–concentration of haloes between different overdensities, 
especially at the low mass end. Haloes hosting luminous galaxies are more 
concentrated than average. 
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aking concentration a reasonable proxy for the formation time
f a halo (R. H. Wechsler et al. 2002 ; D. H. Zhao et al. 2009 ;
. D. Ludlow et al. 2014 ; C. A. Correa et al. 2015 ). This implies
hat regions of differing enclosed density may exhibit halo mass–
oncentration relations that exhibit systematic offsets from the
elation obtained from mean-density volumes. 
Fig. 10 shows the present-day median halo concentration at
xed halo mass obtained from the m5 simulations. The rela-
ion is shown for the population of field haloes identified in
he hydrodynamical simulations, but we remind the reader that
per Section 2.5 ) concentration is measured from each halo’s
atched counterpart in the corresponding collisionless simula-
ion, to eliminate the influence of baryons on the inner structure
f haloes. Each coloured curve denotes the mass–concentration
elation of the galaxy population aggregated from the five sim-
lations comprising each density band, δ5 , and is drawn with
educed opacity where the 	 log 10 M200 = 0 . 2 bin is sampled by
ewer than 10 haloes. Dotted curves show the relation recov-
red from the subset of haloes that host a galaxy of stellar mass
� > 106 M�, the threshold corresponding to � 10 stellar par-
icles, above which GSMFs of the simulations are reasonably
onverged (see Section 3.1 ). 
Interestingly, we find that the subset of ‘luminous’ low-mass
aloes is strongly biased towards high concentrations, and hence
hese haloes exhibit a very steep mass–concentration relation.
or our choice of stellar mass threshold used to define a ‘lu-
inous’ halo, the mass–concentration relations diverge below
NRAS 550, 1–26 (2026)
200 � 3 × 109 M�, which is the typical mass of haloes hosting
alaxies of stellar mass M� � 106 M�. Low-mass haloes that host
 galaxy therefore have assembly histories that are strongly biased
o early formation times. Despite there being a clear influence of 
nvironment on the mass–concentration relation of the overall
alo population, no such effect is seen for the subset of haloes
osting a galaxy. This implies that halo occupancy is mostly in-
uenced by its assembly history (for which we use concentration
ere as a proxy) rather than its large-scale environment. From
 physical point of view, gas associated with low mass haloes
s readily unbound by heating from the metagalactic UV/X-ray
ackground during and subsequent to the epoch of H i reioniza-
ion. Those present-day low mass haloes whose main progenitor
eached a greater mass prior to reionization (i.e. those with an
arlier formation time) can more readily form a significant mass
f stars by the present day. A similar conclusion was reached by
. Fitts et al. ( 2017 ) and M. P. Rey et al. ( 2019 ) from analysis of 
he FIRE and EDGE simulations, respectively. 
Our choice of the stellar mass threshold used to define what
onstitutes a ‘luminous’ galaxy is clearly arbitrary, and follows
rom resolution considerations. For an alternative choice of 
hreshold, the mass–concentration relations would diverge close
o the halo mass that typically hosts galaxies of that stellar mass
see Fig. B2 ). Relatedly, it is clear that the steep negative gradient
f the mass–concentration relation of luminous haloes can be
ttributed to the steep positive gradient of the low-mass regime
f the SMHM relation (see Fig. 5 ), as small changes in halo mass
orrespond to large changes in stellar mass. As is also clear from
ig. B2 , the inferred mass–concentration relation of luminous
aloes is insensitive to resolution, so long as one adopts a stellar
ass threshold corresponding to at least 10 stellar particles. 

.5 Halo luminous fraction as a function of mass 

n alternative way of viewing the divergence of the mass–
oncentration relations of dark and luminous haloes, is as a
oncentration dependence of the luminous fraction of haloes
s a function of their mass. The upper panel of Fig. 11 shows
he median luminous fraction (where luminous haloes are again
efined as those hosting a galaxy of at least M� = 106 M�) as
 function of halo mass, for the aggregated galaxy populations
orresponding to each density band, δ5 at m5 resolution. The
elations recovered from each density band are similar. All haloes
ith M200 � 1010 M� host a ‘luminous’ galaxy, while there are
o luminous galaxies in any halo of M200 � 109 M�, with the
uminous fraction showing a weak dependence on δ5 close to
200 � 109 M�. We attribute this difference to the systematic shift
n the mass–concentration relation of all haloes at varying δ5 ,
pparent in Fig. 10 . 
The luminous fraction smoothly transitions between

fluminous = 0 and 1, with approximately half of haloes with
ass M200 � 3 × 109 M� being luminous. Unsurprisingly, this is
he same mass below which the mass–concentration relation of 
uminous haloes begins to diverge from the relation of all haloes.
s with the latter relation, the position of these curves shifts in
esponse to an alternative choice of the stellar mass threshold
sed to define a luminous halo (see Fig. B3 ). 
We caution that our definition of the luminous fraction is not
quivalent to the absolute halo occupation fraction, and reiterate
hat our choice of stellar mass threshold ( M� = 106 M�) is guided
y resolution considerations. The luminous fraction based on
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Figure 11. Upper panel: The present-day luminous fraction as a function 
of mass, at m5 resolution, of the aggregated halo population of the five 
regions comprising the five density bands (coloured curves denote each 
density band). We deem haloes to be luminous if they host a galaxy with 
stellar mass M� > 106 M�. The luminous fraction is only weakly sensitive 
to large-scale environment. The grey dashed curve shows the luminous 
fraction of the aggregated halo population of all 25 simulations (i.e. not 
split by density band) recovered if one assumes haloes with galaxies M� > 

105 M� are luminous. The dashed and dot–dashed black curves show 

the halo occupation fractions of the semi-analytic model of A. Benitez- 
Llambay & C. Frenk ( 2020 ), assuming an H i reionization redshift of 
z = 6 and z = 8 . Lower panel: The present-day luminous fraction of the 
total halo population of all 25 simulations at m5 resolution, with haloes 
binned into the low, intermediate, and high terciles of the intrinsic halo 
concentration distribution. 
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his threshold should therefore be considered a lower limit. To 
ighlight the sensitivity of the luminous fraction to a choice of 
 lower stellar mass fraction, we draw with a dashed grey curve
he fraction of haloes, drawn from all 25 simulations at m5 res-
lution, with at least one stellar particle (broadly corresponding 
o a ‘galaxy’ mass of M� = 105 M�), whilst noting that this test
s particularly sensitive to the stochasticity of the simulation’s 
tar formation implementation. We show this curve primarily 
or illustrative purposes, and to enable comparison with predic- 
ions for the absolute halo occupation fraction, which is a highly
ebated topic in the literature. 
Two mass scales influencing the halo occupation fraction are 
ften discussed. Photoheating during the epoch of reionization, 
nd the subsequent presence of a metagalactic UV/X-ray back- 
round, unbinds gas from haloes of present-day mass M200 � 

09 . 5 M�, suppressing the occupation fraction of less massive 
aloes below unity. The other mass scale is that corresponding 
o a halo virial temperature comparable to the hydrogen atomic 
ooling limit ( T � 7000 K ), which is relevant before the epoch of 
eionization. This scale is redshift dependent, M ∝ (1 + z)−3 / 2 , 
nd at the present day is M200 ∼ 109 M�. Gas associated with 
aloes of mass below this limit cannot efficiently cool and form
tars. A large fraction of haloes with present-day mass M200 < 

08 . 5 M� never crossed the atomic hydrogen cooling limit dur- 
ng their formation history and are often predicted to be de- 
oid of stars at the present day. A. Benitez-Llambay & C. Frenk
 2020 , hereafter BLF20 ) construct a semi-analytical model based
n these mass scales and realistic halo growth histories to esti-
ate the absolute halo occupation fraction, with cooling, the UV
ackground, and reionization assumptions that differ from those 
n our simulations. The black dashed and dash–dotted curves in 
he top panel of Fig. 11 show the halo occupation fraction of this
odel when the epoch of reionization is assumed to be zreion = 6
nd 8, respectively, encompassing what is assumed in our simula- 
ions ( zreion = 7 . 5 ). Despite our simulations’ necessary limitation
f a minimum mass threshold of M� > 105 M� (which renders 
his prediction somewhat of a lower limit for the true occupation
raction), the model of BLF20 predicts noticeably lower occupa- 
ion fractions than our simulations. This mismatch can be at- 
ributed to a number of differences between the two models. The
odel of BLF20 assumes gas is in hydrostatic equilibrium within 
pherical dark matter haloes of mean concentration, and that the 
as contributes negligibly to the gravitational potential at all radii, 
.e. gas does not become self-gravitating. Moreover, the gas in the
entre of haloes in their model is assumed to be isothermal at
 ∼ 104 K (no cold phase). Other potentially relevant differences 
re the star formation criteria, assumed cooling rates, and the 
mplitude of the background UV ionizing radiation. Identifying 
he source of the difference between our prediction and that of 
LF20 in more detail is beyond the scope of this paper and an
nteresting topic for future work. 
The weak dependence of the mass–concentration relation on 

5 for luminous haloes seen in Fig. 10 indicates that internal halo
tructure (i.e. assembly-bias related effects) is a more important 
actor than large-scale environment in governing the stellar mass 
f haloes. To test this explicitly, in the lower panel of Fig. 11 , we
evert to our standard threshold of M� = 106 M�, and show the
edian luminous fraction of haloes drawn from all 25 simula- 
ions, binned into the lower, central and upper terciles of the in-
rinsic halo concentration distribution: high concentration haloes 
ave cNFW 

> 18 . 1 , intermediate concentration haloes have 12 . 7 <
NFW 

< 18 . 1 , and low concentration haloes have cNFW 

< 12 . 7 .
he luminous fraction changes significantly and systematically 
ith halo concentration. For example, at M200 = 2 × 109 M�, the 
ccupation fraction changes from � 10 per cent for low concen- 
ration haloes to� 80 per cent for high concentration haloes. The 
alo masses corresponding to 50 per cent occupancy for low, in-
ermediate, and high concentration bins are M50 = 3 . 2 × 109 M�,
 . 1 × 109 M�, and 1 . 7 × 109 M�, respectively. These results fur-
her underscore that the formation and evolution of low-mass 
warf galaxies are closely tied to their halo assembly history, 
ather than the large-scale environment. 

 SCATTER  IN  THE  STELLAR  MASS–HALO  

ASS  RELATION  

he findings presented in the previous section highlight that 
he influence of the large scale (� 5Mpc ) environment on the 
roperties of low-mass central galaxies is driven primarily from 

ifferences in the overall halo population (such as the distribu-
ions of halo concentration or halo formation time) that emerge 
n differing environments. In this section, we therefore examine 
ow these key halo properties that mediate the environmental 
ifferences correlate with the scatter of the SMHM relation. Sec- 
ion 5.1 focuses on halo concentration and Section 5.2 on galaxy
ormation times. 
MNRAS 550, 1–26 (2026)



18 J. M. Briggs et al.

M

Figure 12. Top : The stellar mass versus halo mass ( M200 ) for field galax- 
ies in our 25 simulations at m5 resolution. Each symbol represents an 
individual galaxy and is coloured by the halo concentration, cNFW 

, of 
their dark matter hosts, measured from the Vmax /V200 ratio in the coun- 
terpart collisionless simulations. The grey curve shows the median rela- 
tion computed using the LOWESS method. The scatter at a given halo 
mass shows a clear trend with concentration, with higher stellar masses 
in more concentrated haloes. The grey hatched region indicates where 
galaxies have fewer than 10 star particles. Bottom : The running Spearman 
rank correlation coefficient, ρ, between the residuals 	cNFW 

and 	M� . 
Positive values close to 1 show a strong positive correlation for all well 
resolved objects. The shaded regions indicate when the correlation has 
low significance ( p > 0.01). 
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.1 Correlation with halo concentration 

ig. 12 shows the SMHM relation of the composite galaxy popu-
ation drawn from all 25 regions at m5 resolution. Symbol colour
enotes the intrinsic concentration of the halo, cNFW 

, and the
olid grey curve shows the running median of M� as a function of 
200 , computed using the locally weighted scatter plot smoothing
ethod (LOWESS; W. S. Cleveland 1979 ). We use this method
ather than a binned median as it enables the calculation of a me-
ian value corresponding to the precise mass of each halo. In the
ange M� = [106 −109 ]M� , this curve is well fit by a power law of 
orm M� /M� = β(M200 / 1010 M�)α where (α, β ) = (2 . 17 , 1 . 42 ×
07 ) , as shown in Appendix D . 
Scatter about the SMHM relation at fixed halo mass is strongly
nd positively correlated with halo concentration such that more
oncentrated haloes form more massive galaxies. This relation
as previously been reported elsewhere for large samples of more
assive ( M200 � 1011 M�) simulated galaxies (e.g. J. Matthee
t al. 2017 , see also A. D. Montero-Dorta et al. 2020 ; K. Wang et al.
026 ). To quantify the strength of the correlation as a function
f halo mass, we compute for each galaxy, i , the offset between
he value of M�,i and the LOWESS median of this quantity at
200 ,i , which we define as 	M�,i . We then compute the equiv-
lent metric for halo concentration, 	cNFW ,i , and compute the
pearman rank correlation coefficient, ρ, of the two quantities in
amples defined by a ‘rolling’ window in halo mass. This quantity
s plotted in the subpanel of Fig. 12 . Solid shading in the panel
orresponds to halo mass windows in which the probability of a
NRAS 550, 1–26 (2026)

s  
hance correlation is high, denoted by Spearman p-value greater
han 0.01. A significant positive correlation between stellar mass
nd halo concentration at fixed halo mass is present for M200 �
 × 108 M�, though we note that for M200 � 5 × 109 M�, the finite
esolution of the simulation hinders the sampling of the stellar
ass, as is clear from the diagonal hatching in the main panel of 
he plot. 
J. Matthee et al. ( 2017 ) attributed the correlation between

tellar mass and halo concentration at fixed halo mass to a com-
ination of earlier halo assembly and the increased gravitational
inding energy of more concentrated haloes, which reduces the
macroscopic) efficiency of feedback. More recently, K. Wang
t al. ( 2026 ) argue that, for haloes with M200 ≈ 1011 −1012 M�,
ariations in binding energy are the dominant driver of this cor-
elation. As also noted by A. Fitts et al. ( 2017 ), at the low halo
asses explored here ( M200 � 1010 M�) photoheating during and
fter reionization also has a significant influence on the halo’s
FH. The earlier assembly of more concentrated haloes affords
hem an elevated probability of forming stars prior to the epoch of 
eionization, and owing to their greater binding energy they lose
 smaller fraction of their gas to photoheating. The scatter about
he SMHM relation in the simulations increases towards lower
alo masses, becoming particularly large below M200 � 1010 M�.
uantified in 0 . 2 dex bins, the 10th–90th percentile scatter in M� 

t fixed M200 increases from 0 . 71 dex at M200 = 1 . 7 × 1010 M� to
 . 85 dex at M200 = 4 . 5 × 109 M�. We speculate that this may be
 signature of the role played by reionization in exacerbating
he dependence of M� /M200 on halo concentration and formation
ime. 
It has long been argued that stellar mass and luminosity should
orrelate more strongly with the maximum value of a halo’s cir-
ular velocity profile than with its halo mass (e.g. D. Nagai & A.
. Kravtsov 2005 ; C. Conroy, R. H. Wechsler & A. V. Kravtsov
006 ), as the maximum circular velocity more directly traces the
epth of the central potential well, and hence the ability to retain
as against feedback-driven outflows, independently of the halo’s
uter mass distribution. J. Matthee et al. ( 2017 ), using the EAGLE
imulations, and A. Fitts et al. ( 2017 ), using 15 zoom-in simula-
ions of dwarf galaxies from the FIRE simulations, found this to
ndeed be the case. We therefore show in Fig. 13 the stellar mass,

� , of field galaxies drawn from the composite galaxy population
s a function of the maximum value of their total circular veloc-
ty profile, Vmax . Symbol colour denotes the halo concentration,
NFW 

and, as in Fig. 12 , the solid black curve shows the median
� −Vmax relation computed using the LOWESS method, which
an be fit using the function M� [M�] = m0 ν

α exp(−νγ ) where
= Vmax / 50 km s −1 and ( m0 , α, γ ) = ( 3 . 39 × 108 M�, 7.56, 1.59).
he dashed grey curve shows the corresponding relation inferred
rom the APOSTLE simulations (A. Fattahi et al. 2018 ). The
wo suites yield a similar outcome: over the range 30 < Vmax <
00 km s −1 , the largest difference between the median values of 
� at fixed Vmax is 0 . 41 dex , which is found at the low mass end
here the relation is steep. 
As expected, the scatter in M� at fixed Vmax is far smaller than
t fixed M200 , with the difference most-readily quantified via the
catter in the x-axis quantity at fixed M� : in the interval 107 <

� /M� < 108 , the 10th–90th percentile scatter at fixed Vmax is
 . 14 dex , whilst the corresponding value at fixed M200 is 0 . 47 dex .
he subpanel of Fig. 13 shows that only a small residual correla-
ion between M� and cNFW 

at fixed Vmax remains, and then only
or resolved haloes with Vmax � 50 km s −1 . As previously demon-
trated by J. Matthee et al. ( 2017 ) at larger halo mass scales, halo
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Figure 13. The same as Fig. 12 but showing Vmax instead of halo mass. 
The scatter in stellar mass is smaller, compared to the SMHM rela- 
tion of Fig. 12 . Moreover, unlike the M� −M200 relation, the scatter in 
the M� −Vmax relation shows no clear correlation with concentration. 
The running Spearman rank correlation coefficient is shown in the 
bottom panel. A fit to the median relation is shown in black, follow- 
ing the form M� /M� = m0 ν

αexp(−νγ ) where ν = Vmax / 50 km s–1 and 
( m0 , α, γ ) = ( 3 . 39 × 108 , 7.56, 1.59). A fit to the APOSTLE simulation (A. 
Fattahi et al. 2018 ) data is shown by the dashed grey curve. 
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oncentration (or, equivalently, halo binding energy) accounts for 
he bulk, but not all, of the scatter about the SMHM relation. 

.2 Correlation with galaxy formation time 

aving established that the scatter about the SMHM relation in 
he low-mass regime is strongly and positively correlated with 
alo concentration, a corollary is that the scatter might also corre-
ate with the galaxy’s SFH, owing to the correlation between halo 
oncentration and halo assembly history. We therefore explore 
he influence of halo concentration on the SFHs of our simulated
alaxies by showing the cumulative, normalized SFH of galaxies 
ith present-day stellar mass of 107 < M� /M� < 108 in the left 
anel of Fig. 14 , binned into terciles of present-day intrinsic halo
oncentration. The solid curves and shaded regions denote the 
edian and interquartile range of the cumulative SFHs. There 
s a significant systematic trend such that galaxies hosted by 
ore concentrated haloes typically form their stars earlier. The 
ifference in SFHs is not only present at early times, but persists
hroughout the assembly of the galaxies; e.g. the cosmic time by 
hich 90 per cent of present-day stellar mass has formed, t90 , is
 . 4 , 7 . 4 , and 10 . 4Gyr for the median SFH of galaxies in the high,
ntermediate, and low concentration samples, respectively. These 
imes are denoted by vertical dashed lines on the figure. 
Since halo mass and concentration correlate, we isolate the in- 
uence of concentration alone on the previous trend by showing 
n the right panel of Fig. 14 the SFHs of galaxies hosted by haloes
ithin a narrow range of halo mass, 1010 < M200 /M� < 2 × 1010 . 
he trend between SFH and halo concentration is still evident: 
igh concentration haloes, i.e. earlier-forming haloes host earlier- 
orming galaxies. The average t90 , indicated by the vertical dashed 
ines, shows a systematic shift to earlier cosmic times as the halo
oncentrations increase, corresponding to 5.7, 8.0, and 10 . 8Gyr 
or the high, intermediate, and low concentration bins, respec- 
ively. These results emphasize the link between halo assembly 
nd stellar assembly times. 
The previous finding indicates a likely correlation between 
FH and the scatter about the SMHM relation since, as shown
n Section 5 , the latter correlates with halo concentration. We
xplore this in Fig. 15 where we repeat Fig. 12 , but here colour-
ode the symbols by t90 . In the regime where galaxy masses, and
ence SFHs, are well sampled, there is an evident anticorrelation 
etween the scatter about the SMHM relation and t90 . 12 At fixed
alo mass, galaxies with greater stellar mass have lower t90 and 
orm their stars earlier. The running Spearman rank correlation 
oefficient between the residuals of stellar mass, 	M�,i and t90 , 
t90 ,i , is shown as a function of halo mass in the bottom panel
f Fig. 15 , which highlights the anticorrelation ( ρ < 0 ) for the
alo mass interval 4 × 109 � M200 /M� � 1011 . At greater masses, 
FHs are influenced by AGN feedback and the role of concentra-
ion is more complicated in such galaxies because it can acceler-
te the growth of the central BH (e.g. J. J. Davies et al. 2019 ). 
The aforementioned anticorrelation between M� and t90 may 
ppear to contradict the expectation that higher mass dwarf 
alaxies have more prolonged star formation and hence larger t90 
see e.g. C. M. Simpson et al. 2018 ; R. Digby et al. 2019 ). However,
e emphasize that the anticorrelation applies when considering 
alaxies at fixed halo mass, and does not apply to the average
� − t90 relation where there is a clear overall trend such that 
ore massive galaxies have a later formation time, except for 
hose galaxies hosted by haloes of mass M200 � 1011 M� whose 
roperties are not accurately reproduced by these simulations 
see Section 3 ). The positive correlation between M� and t90 is 
vident in Fig. C1 . 
The star formation history of dwarf galaxies, especially at late 
osmic times, is more readily inferred from observations than 
heir halo concentration. Thus, the correlation of the scatter 
bout the SMHM relation and the t90 −M� relation provides a 
est of our galaxy formation model, one that can, in principle,
e corroborated or falsified by observations. We note that the 
redicted shape of, and scatter about, the SMHM relation are 
ensitive to the details of the adopted galaxy formation model, but
e anticipate that the correlations are reasonably robust to such 
etails because they link properties of DM haloes (halo assembly 
nd concentration) to the coarse-grained stellar assembly history. 
ven though we do not provide detailed comparison of SFHs 
r colour of our simulated dwarfs with observations, as it goes
eyond the scope of the paper, we emphasize that the trends are
xpected to be robust. Indeed, S. Y. Kim et al. ( 2026 ) report that
n the Engineering Dwarfs at Galaxy formation’s Edge (EDGE) 
imulations the halo mass is more strongly correlated with the 
verage star formation rates of dwarfs than with their absolute 
tellar mass. This is also motivated by observational constraints, 
s argued by J. I. Read & D. Erkal ( 2019 ) for dwarf galaxies in the
ocal Group. 

 SUMMARY  AND  DISCUSSION  

e have introduced Columba, a suite of cosmological hydrody- 
amical simulations of the �CDM cosmogony that follow the 
ormation and evolution of isolated dwarf galaxies in diverse 
MNRAS 550, 1–26 (2026)
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Figure 14. The cumulative star formation histories (SFH) of central galaxies in the simulation suite, divided by their stellar mass at z = 0 and their 
dark matter halo concentration. The left panel corresponds to a present-day stellar mass bin ranging between 107 < M� /M� < 108 and the right panel 
corresponds to a present-day halo mass bin of 1010 < M200 /M� < 2 × 1010 . In both panels, the sample is split into three based on the terciles of the halo 
concentration distribution. The cumulative SFHs are normalized to the z = 0 stellar mass first, and then median and scatter (25th–75th percentiles) are 
computed and shown by the solid lines and shaded regions, respectively. The median times at which 90 per cent of the final stellar mass has formed, t90 , 
are shown by the vertical dashed lines. Consistent over the full mass range, higher concentration galaxies have earlier SF, reflected by earlier t90 . Time 
and t90 correspond to cosmic time. 

Figure 15. Similar to Fig. 12 but points are colour-coded according to t90 , 
the cosmic time at which 90 per cent of the total stellar mass of a galaxy 
has formed. 

l  

s  

r  

o  

w  

l  

m  

a  

t  

m  

o  

 

i  

t  

d  

n  

L
 

m  

w  

D  

c  

t  

T  

r  

k  

J  

d  

t  

m  

b  

d  

I  

c  

u  

A  

h  

E  

2  

a  

t  

fl  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/550/2/stag1228/8719319 by Sarah D
akin user on 22 July 2026
ow-density environments. The suite is comprised of 25 zoom-in
imulations that follow the evolution of spherical regions with
adius r = 5Mpc at z = 0 , drawn from a collisionless simulation
f a periodic volume with side length L = 400 cMpc . The regions,
hich span diverse cosmic environments from voids to filament-
ike structures, are devoid of massive haloes with present-day
ass comparable to or larger than that of the Milky Way. The
verage density of the target regions at z = 0 corresponds to
he (–2, –1, 0, + 1, + 2) σ percentiles of the distribution of the
NRAS 550, 1–26 (2026)
ass density of present-day r = 5Mpc spheres that are devoid
f massive haloes. The corresponding overdensities are log 10 δ5 =
(−1 . 064 , −0 . 859 , −0 . 645 , −0 . 449 , −0 . 282) , where δ5 = ρ5 /ρ̄, ρ5
s the mean density within a sphere of radius r = 5Mpc and ρ̄ is
he mean cosmic mass density. The five regions selected at each
ensity, δ5 , were chosen to further sample the distribution of the
umber of haloes with mass broadly corresponding to that of the
arge Magellanic Cloud, NLMC , at the corresponding density. 
The simulations were evolved to the present day with the cos-
ology, gravity, hydrodynamics, and galaxy formation code s
ift (M. Schaller et al. 2024 ), with approximately equal mass
M and gas particles, at two levels of resolutions. The first, ‘m6’,
orresponds to a gas particle mass of mgas = 1 . 8 × 106 M�, while
he flagship ‘m5’ resolution corresponds to mgas = 2 . 3 × 105 M�.
he simulations adopt a galaxy formation model that incorpo-
ates substantial improvements over EAGLE and shares several
ey components with the COLIBRE model (E. Chaikin et al. 2026 ;
. Schaye et al. 2026 ). These include an explicit model of cold,
ense neutral gas, a star formation model that accounts for gas
urbulence, a treatment of pre-SN feedback from massive stars,
ore sophisticated methods of distributing the energy liberated
y SNe and AGNs, and updated treatments of BH growth and
ynamics. While Columba inherits several modules from COL-
BRE, it does not include a live dust model coupled to radiative
ooling, a non-equilibrium H/He network, turbulent diffusion,
pdated chemical enrichment and SNIa schemes, or the jet-mode
GN feedback channel. The underlying subgrid prescriptions in-
erit parameter choices that result from testing performed for the
AGLE (R. A. Crain et al. 2015 ) and COLIBRE (E. Chaikin et al.
026 ) simulation campaigns. As in all cosmological simulations,
dditional implementation choices such as the feedback heating
emperature, and choice of particles selected to be directly in-
uenced by feedback processes also indirectly influence galaxy
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roperties. Unlike COLIBRE, we also do not vary the subgrid effi-
iency of feedback from SNe with resolution. Nevertheless, when 
escaled to account for their preferential sampling of underdense 
egions, the simulations reproduce the present-day GSMF in the 
tellar mass regime they resolve and sample very well, M� = 

06 −109 M�. The galaxies are slightly larger than their similar- 
ass counterparts observed in the Local Group, by approximately 
0 per cent for the m5 resolution simulations. 
We investigate the influence of environment, characterized by 

5 , on the population of simulated dwarf galaxies. Our main 
ndings are as follows: 

(i) Once the difference in the mean densities of the regions 
s accounted for, the low-mass power-law regime of the HMFs 
f the simulated regions are very similar, as shown in the bot-
om panel of Fig. 7 . There is a mild second-order effect, such
hat the density-normalized space-density of haloes at fixed mass 
 φ(M) /ρ5 ) is greater in lower density regions. The characteristic
ass scale at which the HMFs transition from a power law to
n exponential decline changes systematically with δ5 , such that 
ower density regions host fewer high-mass haloes. This charac- 
eristic mass scale is M200 ∼ 109 M� in the lowest density regions, 
ffecting the space density of haloes that host dwarf galaxies. 
(ii) The HMFs are mildly suppressed compared to their colli- 
ionless (‘DM-only’) counterparts in the low-mass regime as illus- 
rated in the middle panel of Fig. 7 . The suppression of the HMF
s insensitive to the overdensity of the region; i.e. φhydro /φDMO � 

 . 8 , for a halo mass of M200 < 109 M�, for all environments. 
(iii) Similar to the HMFs, Fig. 8 shows that the GSMF of re-
ions with different mean density differ in the low-mass regime 
redominantly in their normalization. The lowest density regions 
ave systematically lower density-normalized GSMFs ( φ(M� ) /ρ5 ) 
t all resolved stellar masses. We attribute this difference primar- 
ly to the dependence of the HMF break scale on δ5 . 
(iv) The median SMHM relation over the mass scales exam- 

ned here can be represented by a power law of form M� /M� =
(M200 / 1010 M�)α where (α, β ) = (2 . 17 , 1 . 42 × 107 ) , fitted to the
ange M� = [106 −109 ]M�. Fig. 9 shows that we find no signifi-
ant correlation of the median SMHM relation and δ5 . 
(v) Fig. 10 shows that the median halo concentration at fixed 
alo mass is mildly correlated with δ5 , consistent with the trend
hat haloes in denser regions tend to have higher concentrations 
see also W. A. Hellwing et al. 2021 ). However, the median halo
oncentration of ‘luminous’ haloes (those hosting a galaxy of 
� > 106 M� at m5 resolution) is insensitive to δ5 . The mass–
oncentration relation of this population diverges steeply from 

hat of all haloes for M200 � 3 × 109 M� towards higher concen- 
rations. 
(vi) The fraction of luminous haloes, displayed in Fig. 11 , 
hows a small (< 30 per cent between the regions of highest and
owest δ5 ) but systematic correlation with δ5 , such that the lumi-
ous fraction at fixed mass is greater in higher-density regions. 
e attribute this trend to a strong dependence of the luminous
raction on the intrinsic DM halo concentration, cNFW 

. For ex- 
mple, for haloes of M200 � 2 × 109 M�, the luminous fraction 
iffers by 63 per cent between the upper and lower concentration 
erciles. 

Our study highlights the important and closely linked roles of 
alo assembly and halo concentration on the formation and evo- 
ution of dwarf galaxies. We have shown in Fig. 12 that in the low-
ass regime ( M200 = 109 −1011 M�) the scatter in the M� −M200 
elation correlates strongly and positively with the concentration 
f a galaxy’s host DM halo, when measured using the Vmax /V200 
atio from the matched DM-only counterparts. A corollary of this 
orrelation is that there is less scatter about the M� −Vmax relation 
Fig. 13 ) than about the M� −M200 relation. Scatter about the for-
er relation does not correlate significantly with DM halo con- 
entration. These findings are consistent with those of previous 
tudies examining higher resolution simulations of small samples 
f dwarf galaxies (e.g. A. Fitts et al. 2017 ; M. P. Rey et al. 2019 ). 
Studies based on hydrodynamical and/or semi-analytic simu- 

ations of large periodic volumes have previously revealed the 
trong correlation of scatter about the SMHM relation with the 
ormation time or concentration of galaxy host DM haloes on rel-
tively high stellar mass scales ( Mhalo � 1011 M�; e.g. J. Matthee
t al. 2017 ; M. C. Artale et al. 2018 ; I. Zehavi et al. 2018 ; K. Wang
t al. 2026 ). The large samples yielded by our simulations demon-
trate that these trends extend into the dwarf galaxy regime as
hown in Fig. 12 . 
In Fig. 14 , we show that the SFHs of our simulated dwarf 
alaxies, either at fixed halo mass or fixed stellar mass, correlate
trongly with halo concentrations. Lower concentration haloes, 
hich typically form later, have SFHs delayed by≈5 Gyr in com-
arison to their high concentration counterparts. This link be- 
ween SFH and halo concentration (halo assembly) leaves its 
mprint in the scatter of the SMHM relation. The scatter of the
MHM relation at fixed halo mass is negatively correlated with 
90 ; i.e. higher stellar mass galaxies form the majority of their
tars earlier (smaller t90 ), compared to their lower stellar mass 
ounterparts at any given halo mass. 
C. Gallart et al. ( 2015 ) propose two distinct evolutionary paths,

ast and slow, based on the observed SFHs of Local Group dwarf 
alaxies. They hypothesize that these evolutionary paths are asso- 
iated with the characteristic density of the environment where 
he dwarfs are formed. We find diversity in the SFH of dwarfs as
pposed to two distinct categories. However, we find qualitative 
greement with their proposal about the origin of the difference 
n the SFHs. 
The underlying physics behind the correlation of stellar as- 
embly and halo concentration (halo assembly) is driven by a 
ombination of various processes; the gas accretion rate on to 
aloes, the structure of their gravitational potential, and gas heat- 
ng during and subsequent to the epoch of reionization. The for-
er two are likely more important at higher halo masses ( M200 �
011 M�), whereas processes related to cosmic reionization are 
hought to be important for less massive haloes ( M200 � 109 M�).
he details of these processes and the transition scale between 
arious mechanisms are an interesting subject of investigation 
or future studies, particularly using simulations that explicitly 
odel radiation transport. 
The importance of the correlations we find here between 
� , M200 , cNFW 

, and t90 lies in the fact that they link observable
roperties of dwarf galaxies, i.e. their stellar mass and SFHs, to
heir DM halo properties which are less readily accessible. In 
articular, we make clear observable predictions for the scatter of 
he SMHM relation which can be tested with upcoming measure- 
ents of properties of large samples of isolated dwarf galaxies in
he local Universe, using Euclid , DESI, and the future Rubin and
oman Observatories. 
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Table A1. Key properties of the regions within the L = 400 cMpc parent volume that were targeted for resimulation. The columns are as 
described in the text of Appendix A . A visual impression can be obtained by inspection of Fig. 3 , for which each row corresponds to a band 
of δ5 , and each column to a band of NLMC . 

Region δ5 NLMC log10 δ5 NLMC xc yc zc 
index band band (Mpc) (Mpc) (Mpc) 

1 −2 σ −2 σ −1.044 0 22 .554 61 .397 182 .388 
2 −2 σ −1 σ −1.090 0 285 .056 380 .053 5 .246 
3 −2 σ 0 σ −1.075 0 170 .254 49 .515 378 .008 
4 −2 σ +1 σ −1.084 0 252 .884 61 .142 226 .887 
5 −2 σ +2 σ −1.053 0 303 .710 387 .559 259 .295 
6 −1 σ −2 σ −0.851 0 247 .260 223 .085 118 .065 
7 −1 σ −1 σ −0.829 0 360 .984 370 .986 104 .061 
8 −1 σ 0 σ −0.854 0 113 .541 105 .269 295 .703 
9 −1 σ +1 σ −0.848 1 202 .167 22 .568 326 .103 
10 −1 σ +2 σ −0.859 1 327 .347 244 .685 199 .035 
11 0 σ −2 σ −0.638 0 206 .470 289 .345 337 .098 
12 0 σ −1 σ −0.635 0 164 .727 370 .529 389 .946 
13 0 σ 0 σ −0.651 1 60 .793 270 .998 111 .084 
14 0 σ +1 σ −0.636 2 191 .408 185 .739 41 .606 
15 0 σ +2 σ −0.641 4 382 .208 57 .656 160 .808 
16 +1 σ −2 σ −0.436 1 211 .498 78 .734 381 .412 
17 +1 σ −1 σ −0.432 2 77 .794 100 .334 185 .028 
18 +1 σ 0 σ −0.445 4 236 .746 148 .260 82 .034 
19 +1 σ +1 σ −0.444 6 124 .015 262 .135 382 .086 
20 +1 σ +2 σ −0.442 8 356 .896 181 .048 185 .781 
21 +2 σ −2 σ −0.279 4 134 .931 23 .480 373 .677 
22 +2 σ −1 σ −0.282 6 96 .567 46 .163 314 .870 
23 +2 σ 0 σ −0.298 8 101 .094 182 .843 370 .797 
24 +2 σ +1 σ −0.290 11 211 .361 265 .825 313 .522 
25 +2 σ +2 σ −0.292 13 51 .271 95 .723 98 .979 
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Figure B1. A convergence test of the hydrodynamical HMF with the 
change in resolution between m6, in orange, and m5, in maroon. The 
specific resolution details are given in Table 1 . Each line combines all 
25 regions. At the high-mass end, the lines have lower opacity when 
the bin contains fewer than 10 haloes. For reference, the grey solid line 
corresponds to the halo mass function from J. Tinker et al. ( 2008 ). The 
shaded region indicates 100 m5 resolution DM particles and extends to 
100 m6 resolution DM particles indicated by the arrow. When the low 

mean density of our regions are normalized out, the HMFs shift upwards 
(dashed lines) to match that of J. Tinker et al. ( 2008 ) very well. 
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n Table A1 . The columns of the table give the region index,
he ‘bands’ corresponding to the percentile rank ordering of a
aussian distribution for, respectively, the enclosed normalized
ensity of the r = 5 cMpc sphere ( δ5 ) and the number of LMC-
ass haloes within the region ( NLMC ), the actual values of δ5 
nd NLMC , and the Cartesian coordinates of the region centre,
 xc , yc , zc ), in the coordinate system of the parent volume. 

PPENDIX  B:  NUMERICAL  CONVERGENCE  

ESTS  

n this section, we present simple numerical convergence tests
f the HMF, the halo concentration–mass relation, and the lu-
inous fraction as a function of halo mass, recovered from the
omposite halo populations of all 25 simulations at m5 (maroon
urves) and m6 (orange curves) resolution. 
The convergence of the HMF is shown in Fig. B1 . As noted in
ection 4.1 , the HMFs of the regions are systematically shifted to
ower number density at fixed mass relative to the cosmic mean
MF, owing to their relatively low enclosed density. To enable
omparison with the cosmic mean HMF of J. Tinker et al. ( 2008 ),
enoted by the grey curve, the low opacity curves show the HMF
ecovered when normalizing the number density of haloes from
ach region by the reciprocal of the region’s enclosed density ( δ5 )
rior to constructing the composite HMF. This exercise highlights
hat the renormalized HMFs reproduce the cosmic mean HMF
ccurately in the mass regime that is well sampled by the low den-
ity regions simulated here ( M200 � 109 M�). The figure clearly
ighlights the excellent convergence of the HMF between the
wo adopted resolutions: in the mass regime for which haloes are
NRAS 550, 1–26 (2026)
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Figure B2. A strong convergence test of the halo mass–concentration re- 
lation in the hydrodynamical runs between the m5 resolution, in maroon, 
and m6, in orange. The NFW concentration parameter is estimated from 

the ratio of Vmax /V200 from the matched DMO haloes using equation ( 2 ). 
At the high-mass end, the lines have lower opacity when the bin contains 
fewer than 10 haloes. Colours and hatching follow the conventions in 
Fig. B1 . We show corresponding relations for haloes that host a ‘lumi- 
nous’ component, whilst changing the stellar mass threshold for defining 
luminous: M� > 105 , 106 , and 107 M� shown as dotted, dashed, and dot–
dashed lines, respectively. For the lowest stellar mass threshold, only m5 
results are shown since galaxies with M� < 106 M� cannot form in m6 
simulations due to its particle mass resolution. The mass–concentration 
relation from A. D. Ludlow et al. ( 2016 ) is shown as a grey dashed line, 
for reference. 
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Figure B3. The present-day luminous fraction as a function of halo 
mass, shown at m5 and m6 resolution in maroon and orange, respectively. 
We explore the effect of changing the stellar mass threshold defining 
a ‘luminous’ galaxy: we show M� > 105 , 106 , and 107 M� with dashed, 
solid, and dash–dotted lines. 
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ampled by at least 100 particles at m6 resolution and bins are
ampled by at least 10 haloes, the HMFs differ by a maximum of 
 . 07 dex at fixed halo mass. 
Fig. B2 shows the convergence of the halo mass–concentration 

elation. The relation recovered from the overall halo population 
denoted by solid curves) is generally well converged between res- 
lutions, in the mass regime where haloes are sampled by more
han 100 particles in both resolutions, differing up to 0 . 03 dex .
he figure also shows the relation recovered from ‘luminous’ 
aloes, using different threshold stellar masses to define a lumi- 
ous halo. These are M� > 105 M� (dotted curves), M� > 106 M�
dashed curves), and M� > 107 M� (dot–dashed curves). Using a 
hreshold of M� > 107 M�, which corresponds to galaxies sam- 
led by at least 10 and 100 star particles at m6 and m5 resolu-
ion, respectively, yields a halo mass–concentration relation that 
iffers by no more than 0 . 05 dex at fixed halo mass. Use of a
ower threshold unsurprisingly yields poorer convergence, owing 
o inadequate particle sampling of the galaxies. 
Fig. B3 shows the convergence of luminous fraction as a func-

ion of halo mass, at different resolutions (m5 and m6) and dif-
erent stellar mass thresholds. The dotted lines correspond to a 
luminous’ threshold of M� > 105 M�, the dashed lines represent 

� > 106 M�, and the dash–dotted lines represent M� > 107 M�. 
s previously discussed, a threshold of M� > 106 M� is effectively 
n upper limit for the halo occupation in m6, and similarly M� >

05 M� for m5, formed from one stellar particle. The positions of 
hese curves depend on the choice of stellar mass threshold and
each 100 per cent occupancy at mass scales corresponding to the
ass below which the luminous mass–concentration relations 
iverge from the overall median shown in Fig. B2 . 
For a threshold of M� > 107 M�, the luminous fraction is well
onverged between resolutions, differing by less than 11 per cent 
t fixed halo mass. The convergence for a threshold of M� >

06 M� is much poorer, with m6 simulations exhibiting higher 
uminous fractions differing up to 50 per cent at fixed halo mass.
e see a similar poor convergence of the GSMF between m5
nd m6 at M� < 107 M� (see, Fig. 8 ). In this regime, galaxies are
ampled by fewer than 10 stellar particles in m6, so that the poor
onvergence is not surprising. 

PPENDIX  C:  STAR  FORMATION  HISTORIES  

S  A  FUNCTION  OF  STELLAR  MASS  

s discussed in Section 5.2 , there is an anticorrelation between
he scatter about the median stellar mass at fixed halo mass,
nd duration of star formation quantified by t90 . This may seem
t odds with the expectation that more massive dwarf galaxies 
xhibit more prolonged SFHs. However, this trend applies only 
hen considering galaxies hosted by haloes of fixed mass. Fig. C1
hows t90 as a function of stellar mass for all individual simulated
alaxies regardless of their halo mass, with the median trend 
enoted with a solid curve. The overall trend between stellar mass
nd the duration of the SFH is positive. Each galaxy in the figure
s colour-coded by its halo concentration. Consistent with the 
ndings in Section 5.2 the scatter about the median correlates 
weakly) with halo concentration: at a fixed stellar mass, galaxies 
ith a delayed SFH and hence a greater value of t90 are typically
osted by low concentration, and hence later forming, haloes, 
llustrating how halo concentration drives the scatter in t90 at 
xed halo mass. 
MNRAS 550, 1–26 (2026)
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Figure D1. The present-day stellar mass–halo mass scaling relation of 
central galaxies for the composite population of all 25 regions, at m5 
resolution. The grey hatched region indicates the stellar mass regime cor- 
responding to 10 or fewer stellar particles at m5 resolution. The median 
relation is well fit by a power law of form M� /M� = β(M200 / 1010 M�)α
where (α, β ) = (2 . 17 , 1 . 42 × 107 ) , fitted to the range M� = [106 −109 ]M�
and shown by the grey line. Indigo curves show the SMHM relations of 
the semi-empirical models of P. S. Behroozi et al. ( 2013 ) and B. P. Moster 
et al. ( 2013 ), which transition to solid lines in the mass range to which 
they are fit. All lines are solid for the mass scale they are fit to. 
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igure C1. The time it takes for a galaxy to assemble 90 per cent of its
otal stellar mass, t90 , as a function of its present-day stellar mass, M� .
ach galaxy is coloured by its halo concentration, measured from its DM-
nly counterpart. The median relation is shown by the grey line. 

PPENDIX  D:  STELLAR  MASS–HALO  MASS  

ELATION  FIT  

ig. D1 shows the present-day SMHM relation of the com-
osite population of field galaxies formed from all 25 simu-
ated regions at m5 resolution. The median SMHM relation
an be represented by a power law of the form M� /M� =
(M200 / 1010 M�)α where (α, β ) = (2 . 17 , 1 . 42 × 107 ) , fitted to the
ange M� = [106 −109 ]M�, as is shown by the grey line in Fig. D1 .
he semi-empirical models of P. S. Behroozi et al. ( 2013 ) and B.
. Moster et al. ( 2013 ) are shown in indigo for comparison. 
NRAS 550, 1–26 (2026)
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