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A B S T R A C T 

We combine deep photometric data in the COSMOS and XMM-LSS fields with high-resolution cosmological hydrodynamical 
simulations to explore two key questions: (1) how does the galaxy stellar mass function, particularly in the dwarf ( M� < 

109 . 5 M�) regime, vary with environment, defined as the distance from large-scale structure (LSS) traced by nodes and filaments 
in the cosmic web? (2) is there a generic ‘missing dwarfs’ problem in Lambda cold dark matter ( � CDM) predictions when all 
environments – and not just satellites around Milky Way like galaxies – are considered? The depth of the observational data 
used here enables us to construct complete, unbiased samples of galaxies, down to M� ∼ 107 M� and out to z ∼ 0 . 4. Strong 

environmental differences are found for the galaxy stellar mass function when considering distance from LSS. As we move 
closer to LSS, the dwarf mass function becomes progressively flatter and the knee of the mass function shifts to larger stellar 
masses, both of which result in a higher ratio of massive to dwarf galaxies. While the stellar mass functions from the three 
simulations ( NEWHORIZON , TNG50, and FIREBOX ) considered here do not completely agree across the dwarf regime, there is 
no evidence of a generic missing dwarfs problem in the context of � CDM, akin to the results of recent work that demonstrates 
that there is no missing satellites problem around Galactic analogues. 

Key words: galaxies: dwarf – galaxies: evolution – galaxies: formation – galaxies: luminosity function, mass function. 
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 I N T RO D U C T I O N  

n the hierarchical Lambda cold dark matter ( � CDM) paradigm,
warf ( M� < 109 . 5 M�) galaxies represent an important population
f astrophysical objects. Their numerical dominance enables this
opulation to bring about macroscopic evolutionary changes, such as
aking a large contribution to the re-ionization of the Universe (e.g.
. Atek et al. 2015 ; S. Salvadori, Á. Skúladóttir & E. Tolstoy 2015 ).
he shallow gravitational potential wells of these systems makes

hem sensitive laboratories for studying both internal processes, such
s baryonic feedback (S. Dong, D. N. C. Lin & S. D. Murray 2003 ; G.
artin et al. 2025 ), and external, environmentally-driven processes

ike tidal perturbations (e.g. A. Koch et al. 2012 ; H. Martel, P. Barai &
. Brito 2012 ; A. Fattahi et al. 2018 ; R. A. Jackson et al. 2021a ; A.
. Watkins et al. 2023 ) and ram pressure stripping (e.g. M. Mori & A.
urkert 2000 ; L. Mayer et al. 2006 ; P. Steyrleithner, G. Hensler & A.
 E-mail: i.lazar@herts.ac.uk 

 

e  

Published by Oxford University Press on behalf of Royal Astronomical Societ
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), whi
oselli 2020 ; A. Boselli, M. Fossati & M. Sun 2022 ). Their high ratio
f dark to baryonic mass also makes dwarf galaxies good testbeds
or the study of dark matter (e.g. R. A. Jackson et al. 2021b ; G.
attaglia & C. Nipoti 2022 ). 
Despite their significance, the dwarf population remains much
ore poorly understood than massive galaxies. In the nearby
niverse, dwarfs have been studied in detail largely in our local
eighbourhood (and in relatively high-density environments), such
s in the Local Group (e.g. E. Tolstoy, V. Hill & M. Tosi 2009 ), around
earby massive galaxies (e.g. M. Poulain et al. 2021 ; I. Trujillo et al.
021 ; M. Geha et al. 2024 ) or in nearby galaxy clusters (e.g. J. A. L.
guerri et al. 2005 ; A. Boselli et al. 2008 ; N. Choque-Challapa et al.
021 ). Such studies have either employed deep targeted observations
r have observed regions which are close enough that relatively
omplete samples of dwarfs can be assembled using the data available
rom existing surveys. 

It is worth noting, however, that typical dwarfs are not bright
nough to be detectable outside the local Universe in past wide
© The Author(s) 2025.
y. This is an Open Access article distributed under the terms of the Creative
ch permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

http://orcid.org/0009-0000-1797-0300
http://orcid.org/0000-0002-5601-575X
http://orcid.org/0000-0003-2939-8668
http://orcid.org/0000-0002-2603-2639
http://orcid.org/0000-0002-5383-4389
http://orcid.org/0000-0001-6180-0245
mailto:i.lazar@herts.ac.uk
https://creativecommons.org/licenses/by/4.0/


The dwarf stellar mass function 3937

a  

l
a  

r
r
d  

d  

b
e  

u
n
m
t
t

e
s  

p  

2  

2
e  

a
t
o
a
t
s
a  

e
U  

e  

l
c
p

t
f
s
t
t  

g
g
i  

a
M  

1  

m
o
a
e  

t
t  

t

t  

i  

F  

u

1

s

d  

g  

D  

d
t  

K  

S  

r
i  

c
 

g
∼  

w
g  

t  

m
l
t  

t
s
w  

w
g
a
n  

A  

B  

2  

p
H  

t  

m
a
o
m  

p
 

t  

e
s
t  

m  

c
d  

f  

m
f  

w  

d
S  

o

2

I
d

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/3936/8306860 by Q
ueen's C

ollege Library user on 05 M
arch 2026
rea surveys like the Sloan Digital Sky Survey (SDSS), which offer
arge footprints (that facilitate statistical studies at low redshift) but 
re relatively shallow. Dwarfs that do appear in such data sets and
eside outside the local neighbourhood have high star formation 
ates (SFRs), which are needed to boost their luminosities above the 
etection limits of the shallow images. Thus, while large samples of
warfs do exist in surveys like the SDSS, they represent a biased,
lue star-forming subset of the dwarf population (e.g. S. Kaviraj 
t al. 2025 ). This bias may lead to erroneous conclusions, such as
nderestimated red/quenched fractions, fractions of active galactic 
uclei (AGN) that are too low (because the strong star formation 
ay swamp the signatures of an AGN) and a morphological mix 

hat is likely skewed towards late-type galaxies (because late-types 
ypically host stronger star formation). 

Assembling unbiased, statistical samples of dwarfs in low-density 
nvironments has traditionally been challenging because it requires 
urveys that are both deep and wide. While this will become routinely
ossible in the new era of surveys like LSST (e.g. Ž. Ivezić et al.
019 ) and Euclid (R. Laureijs et al. 2011 ; J. C. Cuillandre et al.
025 ), some deep multiwavelength data sets do now exist which 
nable such studies, albeit over relatively small areas of the sky. The
bility to access large, complete samples of dwarf galaxies outside 
he local Universe offers the opportunity for unbiased explorations 
f many properties (e.g. star formation, quenching, morphology, 
nd the presence of AGN) that we were, until recently, limited 
o exploring largely in massive galaxies only. For example, in a 
eries of recent studies, we have used the deep photometric data 
vailable in the 2 deg2 COSMOS field (N. Scoville et al. 2007 ) to
xplore the properties of the dwarf population outside the very local 
niverse (B. Bichang’a et al. 2024 ; I. Lazar et al. 2024a , b ; S. Kaviraj

t al. 2025 ). Notwithstanding the relatively modest area of a field
ike COSMOS, the shape of the galaxy mass function 1 means that 
omplete, statistical samples of dwarfs can be constructed in these 
arts of the sky out to moderate redshift ( z ∼ 0 . 4). 
These papers have demonstrated interesting differences between 

he properties of dwarfs and massive galaxies, which often diverge 
rom the results of past dwarf studies underpinned by shallow 

urveys, due to the biases described above. For example, while 
he well-known ‘early-type’ and ‘late-type’ morphological classes 
hat dominate the Hubble sequence (E. P. Hubble 1936 ) in massive
alaxies also exist in dwarfs, a progressively larger fraction of 
alaxies appears to be ‘featureless’ towards lower stellar masses 
n the dwarf regime (I. Lazar et al. 2024a ). This featureless class is
kin to galaxies which are described as ‘dwarf spheroidals’ near the 
ilky Way and in nearby clusters (e.g. H. Shapley 1938 ; G. Reaves

956 ; S. den Bergh 1959 ; J. Kormendy 1985 ). In contrast to their
assive counterparts, dwarf early-types exhibit a lower incidence 

f interactions, are less concentrated, show positive colour gradients 
nd share similar rest-frame colours as dwarf late-types (I. Lazar 
t al. 2024b ). This suggests that their formation histories are likely
o be shaped by secular processes (rather than by interactions) and 
hat they grow ‘outside in’ rather than ‘inside out’, in contrast with
heir massive counterparts. 

Interactions in dwarfs appear to enhance star formation across 
he entire body of the galaxy (I. Lazar et al. 2024b ), rather than
n the galaxy centres, as is often the case in massive galaxies.
inally, contrary to what has been suggested by dwarf studies that are
nderpinned by shallow surveys like the SDSS, the AGN fractions in 
 The mass function measures the number density of galaxies as a function of 
tellar mass. 

t
t  

e
t

warfs appear similar (or perhaps even higher) than those in massive
alaxies (e.g. B. Bichang’a et al. 2024 , see also M. Mezcua & H.
omı́nguez Sánchez 2024 ). This suggests that the role of AGN in
warfs – which remains poorly understood – may be important in 
he low-mass regime (e.g. J. Silk 2017 ; G. Dashyan et al. 2018 ; S.
oudmani, N. A. Henden and D. Sijacki 2021 ; F. Davis et al. 2022 ;
. Koudmani, D. Sijacki & M. C. Smith 2022 ). Together with the
ecent literature, these studies demonstrate that significant advances 
n our understanding of galaxy evolution can be made by studying
omplete, unbiased samples of galaxies in the dwarf regime. 

In this paper, we use deep, multiwavelength data to probe the
alaxy stellar mass function in the nearby Universe down to M� 

107 M� and out to z ∼ 0 . 4, which represents the parameter space
ithin which mass-complete samples of galaxies can be constructed, 
iven the depth of the available data (see S. Kaviraj et al. 2025 and
he discussion in Section 3 ). We first study how the galaxy stellar

ass function varies with environment, defined as the distance from 

arge-scale structure (LSS) traced by the nodes and filaments in 
he cosmic web. We then compare our observed mass functions to
hose predicted by high-resolution cosmological hydrodynamical 
imulations ( NEWHORIZON , TNG50, and FIREBOX ), to explore 
hether there is a ‘missing dwarfs’ problem in � CDM predictions
hen galaxies across all environments are considered. This is a 
eneralized version of the ‘missing satellites’ problem, which is 
 longstanding potential tension between the predicted and observed 
umber densities of low mass galaxies in the standard paradigm (e.g.
. Klypin et al. 1999 ; B. Moore et al. 1999 ; M. Boylan-Kolchin, J. S.
ullock & M. Kaplinghat 2011 ; J. S. Bullock & M. Boylan-Kolchin
017 ). The issue of missing dwarfs has so far been probed in satellite
opulations around the Milky Way or other local massive galaxies. 
owever, if such a problem does exist, it will not be restricted just to

he Milky Way neighbourhood but rather manifest itself as a generic
issing dwarfs problem across all environments. The deep data now 

vailable enables just such an extended exploration of missing dwarfs 
utside the local neighbourhood, albeit restricted to larger stellar 
asses than has been probed in the context of the missing satellites

roblem. 
The plan for this paper is as follows. In Section 2 , we describe

he data sets used in this study, the algorithm used for calculating
nvironmental parameters and the cosmological hydrodynamical 
imulations that we compare to the mass functions derived from 

he observational data. In Section 3 , we calculate the lower stellar
ass and upper redshift limits out to which we can construct

omplete galaxy samples, given the depth of the observational 
ata. In Section 4 , we describe how the uncertainties on the mass
unctions are calculated. In Section 5 , we study how the stellar
ass function, particularly in the dwarf regime, varies with distance 

rom LSS traced by the nodes and filaments that define the cosmic
eb. In Section 6 , we probe whether there is a generic missing
warfs problem as described above. We summarize our findings in 
ection 7 . Throughout this work, we assume a Hubble constant ( H0 )
f 70.5 km s−1 Mpc−1 . 

 DATA  

n this study, we use deep multiwavelength observational survey 
ata in the COSMOS and XMM-LSS fields, in conjunction with 
hree high-resolution cosmological hydrodynamical simulations. In 
he sections below we describe each data set and the extraction of
nvironmental parameters and briefly outline the characteristics of 
he simulations. 
MNRAS 544, 3936–3948 (2025)
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Figure 1. An example number density map in the COSMOS field at 0 . 210 < 

z < 0 . 235 created using D IS P ER SE. The colours indicate the local density (see 
colour bar), while the solid black lines show the locations of the filaments. 
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.1 The COSMOS field 

e use the Classic version of the COSMOS2020 catalogue (J. R.
eaver et al. 2022 ), which provides physical parameters, such as

hotometric redshifts, stellar masses and SFRs for around 1.7 million
ources in the ∼2 deg2 COSMOS (N. Scoville et al. 2007 ) field
centred at 10h, + 02◦). The physical parameters are calculated using
eep photometry in around 40 broad and medium band filters, from
he UV through to the mid-infrared, from the following instruments:
ALEX (M. A. Zamojski et al. 2007 ), MegaCam/CFHT (M. Sawicki

t al. 2019 ), ACS/ HST (A. Leauthaud et al. 2007 ), Hyper Suprime-
am (H. Aihara et al. 2019 ), Subaru/Suprime-Cam (Y. Taniguchi
t al. 2007 , 2015 ), VIRCAM/VISTA (H. J. McCracken et al. 2012 )
nd IRAC/ Spitzer (M. L. N. Ashby et al. 2013 ; C. L. Steinhardt et al.
014 ; M. L. N. Ashby et al. 2015 , 2018 ). 
The detection image used for object identification in COS-
OS2020 includes optical ( i, z) images from the Ultradeep layer

f the HSC Subaru Strategic Programme (HSC-SSP), which has
 point-source depth of ∼28 mag (H. Aihara et al. 2019 ). As a
omparison, this is ∼10 mag fainter than the magnitude limit of the
DSS spectroscopic main galaxy sample (e.g. S. Alam et al. 2015 ).
he optical and infrared aperture photometry is extracted using the
EXTRACTOR (E. Bertin & S. Arnouts 1996 ) and IRACLEAN (B.-C.
sieh et al. 2012 ) codes, respectively. Parameter estimation is then
erformed using the LEPHARE SED-fitting algorithm (S. Arnouts
t al. 2002 ; O. Ilbert et al. 2006 ) run on all broad and medium
and filters from UV through to IRAC Channel 2 (which has a
entral wavelength of 4.5μm). The deep data, combined with the
arge number of photometric filters, results in photometric redshift
ccuracies better than ∼1 and ∼4 per cent for bright ( i < 22 . 5 mag)
nd faint (25 < i < 27 mag) galaxies, respectively. In our analysis
elow, we use the redshifts and stellar masses directly from the
OSMOS2020 catalogue. 

.2 The XMM-LSS field 

e use deep u band to near-infrared photometry, produced using
EXTRACTOR , from the CLAUDS XMM-LSS catalogue (G. Desprez
t al. 2023 ; V. Picouet et al. 2023 ), which is based on data within a
.1 deg2 footprint in the XMM-LSS field (centred at 02h, −04◦)
rom the following instruments: MegaCam/CFHT (M. Sawicki
t al. 2019 ), Hyper Suprime-Cam (H. Aihara et al. 2019 ), and
IRCAM/VISTA (H. J. McCracken et al. 2012 ). 
The detection image used for object identification in this data

et includes optical ( i, z) images from the Deep layer of the HSC-
SP, which has a point-source depth of ∼27 mag (1 mag shallower

han the HSC-SSP images in COSMOS). Photometric redshifts and
tellar masses are calculated in an identical fashion to COSMOS2020
ia LEPHARE , using the broad-band ugri zy Y J H K photometry
vailable in this catalogue. The accuracy of the physical parameters
re comparable to the ones obtained for the COSMOS2020 catalogue.
he different locations and sizes of the COSMOS and XMM-LSS
elds aids in reducing the uncertainties related to cosmic variance
hen considering the galaxy stellar mass function. 

.3 D IS P ER SE: measuring environmental parameters 

n the sections below, we study how the stellar mass function varies
ith environment, defined as the distance from LSS. To perform this

nalysis, we measure the projected distances of our dwarf galaxies
rom the nodes and filaments that define the cosmic web using the
 IS P ER SE algorithm (T. Sousbie 2011 ). We follow I. Lazar et al.
NRAS 544, 3936–3948 (2025)
 2023 ) and B. Bichang’a et al. ( 2024 ), who have performed an iden-
ical density analysis using the COSMOS2020 catalogue. D IS P ER SE
tarts by producing a density map using Delaunay tessellations,
hich is calculated using the spatial positions of galaxies (W. E.
chaap & R. van de Weygaert 2000 ). Stationary (critical) points in

he density map (i.e. the maxima, minima, and saddles) correspond to
ocal nodes, voids and the centres of filaments respectively. Segments
re used to connect the local maxima with saddle points, forming a
et of ridges that defines the network of filaments that describes the
osmic web. A ‘persistence’ parameter ( N ) is used to set a threshold
alue for defining pairs of critical points that are used to produce
he final density map. Only critical pairs with Poisson probabilities
bove N σ from the mean are retained. Following I. Lazar et al. ( 2023 )
nd B. Bichang’a et al. ( 2024 ) we use a persistence value of 2 in our
tudy, which removes ridges close to the noise level, where structures
ould be spurious. 

We use massive ( M� > 1010 M�) galaxies to construct the density
aps because they exhibit the smallest redshift errors ( δz ∼ 0 . 008 at
 ∼ 0 . 2) and dominate their local gravitational potential wells. The
ccuracy of the COSMOS2020 and CLAUDS XMM-LSS redshifts
nables us to employ well-defined and relatively narrow redshift
lices within which we build our 2D density maps. When constructing
ach map, individual galaxies are weighted by the area under their
edshift probability density function that is contained within the slice
n question. This ensures that the uncertainties in the photometric
edshifts are propagated through the construction of the maps. Once
he maps have been constructed and the stationary points located, we
alculate the projected distances from the nearest nodes and filaments
or each galaxy in our catalogues. Finally, as noted in I. Lazar et al.
 2023 ), the low number counts of massive galaxies at z < 0 . 2 makes
t difficult to create density maps at these redshifts. Our analysis of
ow the mass function varies as a function of location in the cosmic
eb therefore focuses on the redshift range 0 . 2 < z < 0 . 4. Fig. 1

hows an example density map from our analysis. 
We complete this section by considering the types of environments

hat are likely to be present in our COSMOS and XMM-LSS
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Table 1. Key characteristics of the cosmological hydrodynamical simulations used in this study. 

NEWHORIZON TNG50 FIREBOX 

Code RAMSES (R. Teyssier 2002 ) AREPO (V. Springel 2010 ) GIZMO (P. F. Hopkins 2015 ) 
Volume Zoom of 20 Mpc spherical region 50 Mpc box 22 Mpc box 
Spatial resolution 34 pc 100–140 pc 20 pc 
Mass resolution m� = 1 . 3 × 104 M� m� = 8 . 5 × 104 M� m� = 6 × 104 M�
Environment Maximum halo mass ∼ 1013 M� Maximum halo mass ∼ 1014 M� Maximum halo mass ∼ 1013 M�
Star formation Dense, self-gravitating gas; efficiency 

modulated by turbulence 
Schmidt law in two-phase ISM; density threshold- 
based (V. Springel & L. Hernquist 2003 ) 

Cold, dense, self-gravitating gas; 100% efficiency per 
freefall time (P. F. Hopkins et al. 2018 ) 

SN feedback Mechanical feedback from SN Type II (T. 
Kimm & R. Cen 2014 ) 

Direct heating and delayed kinetic winds from SNe I/II 
and stellar winds (V. Springel & L. Hernquist 2003 ) 

Mechanical feedback from SNe I/II, stellar winds and 
radiation (P. F. Hopkins et al. 2018 ), no AGN feedback 

ISM physics Partially resolved multiphase ISM Idealized two-phase model with effective equation of 
state 

Partially resolved multiphase ISM 
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ootprints in the redshift range 0 . 2 < z < 0 . 4, by considering the
200 values (which are proxies for the virial masses) of groups 

dentified in the literature (A. Finoguenov et al. 2007 ; M. R. George
t al. 2011 ; G. Gozaliasl et al. 2014 , 2019 ). The virial masses of
roups in COSMOS lie in the range 1013 M� < M200 < 1014 . 5 M�, 
ith a median value of 1013 . 4 M�. The virial masses of groups in
MM-LSS lie in the range 1013 . 3 M� < M200 < 1014 . 1 M�, with a 

imilar median value of 1013 . 6 M�. For comparison, a small cluster 
ike Fornax has a virial mass of ∼1013 . 9 M� (M. J. Drinkwater, M. 
. Gregg & M. Colless 2001 ), while large clusters like Virgo and
oma have virial masses of ∼1015 M� (e.g. P. Fouqué et al. 2001 ; R.
avazzi et al. 2009 ). The galaxy population considered in this study

herefore resides mainly in relatively low-density environments (i.e. 
roups and the field) and not in rich clusters. It is worth noting that
he simulations used in Section 6 bracket the types of environments 
n the observations and are also not focused on clusters, making the
omparisons between data and theory consistent. 

.4 Cosmological hydrodynamical simulations 

e briefly describe the cosmological hydrodynamical simulations 
hat are compared to the observational data in Section 6 below. 
able 1 summarizes the properties of each simulation, while the 
ections below provide a brief outline of their key characteristics. 

.4.1 NEWHORIZON 

EWHORIZON (Y. Dubois et al. 2021 ) is a high-resolution zoom-in 
f a 20 Mpc diameter spherical volume of the parent Horizon-AGN 

imulation (Y. Dubois et al. 2014 ; S. Kaviraj et al. 2017 ), which uses
he adaptive mesh refinement code RAMSES (R. Teyssier 2002 ). 

EWHORIZON achieves a maximum spatial refinement of 34 pc and 
 stellar mass resolution of 1 . 3 × 104 M� (Y. Dubois et al. 2021 ). It is
ot calibrated to match specific observational data, except for AGN 

eedback, whose efficiency is calibrated using the local MBH –M∗
elation. Star formation is based on dense, self-gravitating gas, with 
n efficiency regulated by local turbulence. Feedback is implemented 
ia mechanical supernova feedback from Type II supernovae (T. 
imm & R. Cen 2014 ) and the interstellar medium (ISM) is partially

esolved, allowing for multiphase structure to emerge. 

.4.2 TNG50 

NG50 (D. Nelson et al. 2019a ; A. Pillepich et al. 2019 ) is part of the
llustrisTNG suite (A. Pillepich et al. 2018 ; V. Springel et al. 2018 ;
. Nelson et al. 2018 ; J. P. Naiman 2018 ; F. Marinacci et al. 2018 ;
. Nelson et al. 2019b ) and simulates a 50 Mpc cosmological box
sing the moving mesh code AREPO (V. Springel 2010 ). It includes
agneto-hydrodynamics and is explicitly calibrated to match a range 
f low-redshift observables, such as the stellar mass function and 
alaxy sizes in the intermediate and high-mass regime. Star formation 
ollows a Kennicutt–Schmidt relation (R. C. Kennicutt 1998 ) within 
n idealized two-phase ISM governed by an effective equation of 
tate (V. Springel & L. Hernquist 2003 ). Feedback from AGN, Type
 and Type II supernovae, and stellar winds is implemented through
 combination of thermal and kinetic modes. Stellar feedback is 
njected as kinetic winds and initially decoupled from the dense ISM.
GN feedback includes both thermal energy injection in the high- 
ccretion regime and decoupled kinetic winds in the low-accretion 
egime. 

.4.3 FIREBOX 

IREBOX (R. Feldmann et al. 2023 ) simulates a 22 Mpc cosmolog-
cal box based on the FIRE-2 model, which is run using the mesh-
ree finite mass code GIZMO (P. F. Hopkins 2015 ) and provides high
patial (20 pc) and mass ( m� = 6 × 104 M�) resolution. The code is
esigned to minimize the number of tunable parameters, eschewing 
mpirical calibration in favour of a physics-based approach that aims 
o model well-understood physical processes at sufficient resolution. 
tar formation occurs in explicitly cold, dense, self-gravitating gas 
ith an assumed 100 per cent efficiency per local freefall time

P. F. Hopkins et al. 2018 ). Feedback includes mechanical energy
nd momentum from both Type I and Type II supernovae, stellar
inds and radiation, but omits AGN feedback. The ISM is partially

esolved, allowing for multiphase gas dynamics. 

 COMPLETENESS  

e begin by quantifying the mass and redshift ranges within which
ass-complete samples of galaxies can be constructed, building on 

ur previous work. Using complete samples is desirable because 
t avoids the need to apply completeness corrections which carry 
ssociated uncertainties and biases (see e.g. A. K. Weigel, K. 
chawinski & C. Bruderer 2016 ). In S. Kaviraj et al. ( 2025 ), we
ave used a purely old simple stellar population (SSP), that forms at
 ∼ 2, to estimate the redshifts at which galaxy populations are likely
o be complete as a function of stellar mass. An SSP is defined as one
here all stars form simultaneously. Assuming that this hypothetical 

tellar population is a faintest limiting case, it follows that, if this
opulation is detectable in a given survey, then all galaxies will
lso be detectable and the galaxy population will therefore be mass-
omplete. 

For example, S. Kaviraj et al. ( 2025 ) estimate that galaxies down
o 108 M� should be complete out to at least z ∼ 0 . 4 at the depth
f the HSC data in the COSMOS field (see their Fig. 4 ). Note that
MNRAS 544, 3936–3948 (2025)
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M

Figure 2. Total magnitudes (left) and effective surface brightnesses (right) versus rest-frame ( u − r) colours of COSMOS2020 galaxies in the stellar mass and 
redshift ranges of 107 M� < M� < 107 . 25 M� and 0 . 15 < z < 0 . 18, respectively. The black points indicate the COSMOS2020 galaxies. The grey shaded region 
indicates the location of a purely old SSP that forms at z = 2 (assuming half solar metallicity). The upper and lower limits of the grey shaded region indicate 
the rest-frame ( u − r) colour of this SSP with and without a reddening of E( B − V ) = 0.1, respectively. The solid grey vertical line indicates the mid-point of 
the grey shaded region. The red and blue horizontal lines indicate the detection limits of the Deep and Ultradeep layers of the HSC-SSP imaging. 

J  

d  

t  

v  

d  

t  

F  

t
 

b  

t  

0  

K
a  

t  

l  

s  

r  

r  

T  

r  

o
 

d  

t  

g  

b  

h  

s  

o  

H  

z  

w  

t
 

p  

r  

s  

c  

o  

s  

c

4
U

T  

i  

u  

(  

W

4

T  

(  

c  

d  

t  

w  

r

4

W  

i  

c  

m  

a  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/3936/8306860 by Q
ueen's C

ollege Library user on 05 M
arch 2026
. R. Weaver et al. ( 2022 ) come to an identical conclusion using a
ifferent technique. However, S. Kaviraj et al. ( 2025 ) also note that
he completeness redshifts thus derived are pessimistic because the
ast majority of galaxies at any stellar mass (but particularly in the
warf regime) do not consist of purely old stellar populations (see
heir Fig. 5 ). Here we refine the completeness redshifts presented in
ig. 4 in S. Kaviraj et al. ( 2025 ) using observed dwarf galaxies from

he COSMOS2020 catalogue. 
In Fig. 2 , we plot the total magnitudes and effective surface

rightnesses versus the rest-frame ( u − r) colours of galaxies in
he stellar mass and redshift ranges of 107 M� < M� 107 . 25 M� and
 . 15 < z < 0 . 18, respectively. We select these galaxies because S.
aviraj et al. ( 2025 ) demonstrate that dwarfs with M� ∼ 107 M�

re complete out to at least z ∼ 0 . 18. The black points indicate
he COSMOS2020 galaxies. The grey shaded region indicates the
ocation of a purely old SSP that forms at z = 2 (assuming half
olar metallicity). The lower and upper limits of the grey shaded
egion indicate the rest-frame ( u − r) colour of this SSP without any
eddening and with a reddening of E( B − V ) = 0.1, respectively.
he solid grey vertical line indicates the mid-point of the grey shaded

egion. The red and blue horizontal lines indicate the detection limits
f the Deep and Ultradeep layers of the HSC-SSP imaging. 
As already noted by S. Kaviraj et al. ( 2025 ), less than 1 per cent of

warfs are actually consistent with a purely old SSP (i.e. reside inside
he grey shaded region). It is also apparent that the vast majority of
alaxies in this mass range are brighter than the detection limit of
oth the HSC Deep and Ultradeep imaging. The orange points show
ow our COSMOS2020 galaxy population moves in this parameter
pace if they are redshifted to z = 0 . 4. The shift, indicated by the
range arrows, includes both distance dimming and a k-correction.
ere we apply the k-correction from our purely old SSP that forms at
 = 2, which produces a larger k-correction than stellar populations
ith younger ages. In other words, the k-correction, and therefore

he shift in the galaxies applied here, is likely to be maximal. 
We find that, while S. Kaviraj et al. ( 2025 ) show that the galaxy

opulation at M� ∼ 107 M� is complete to at least z ∼ 0 . 18, in
eality, since hardly any galaxies are consistent with purely old
NRAS 544, 3936–3948 (2025)

fi  
tellar populations, galaxies with M� ∼ 107 M� are likely to remain
omplete out to around z ∼ 0 . 4 in both the Deep and Ultradeep layers
f the HSC imaging. In these mass and redshift ranges complete
amples of galaxies can be constructed, removing the need to apply
ompleteness corrections. 

 MEASUREMENT  O F  MASS  F U N C T I O N  

NCERTAI NTI ES  

he uncertainty associated with the galaxy stellar mass function ( σ� 

)
s estimated by adding, in quadrature, the Poisson noise ( σP ), the
ncertainties on the stellar masses that are calculated via SED fitting
 σM 

) and cosmic variance ( σCV ), such that σ� 

=
√ 

σ 2 
P + σ 2 

M 

+ σ 2 
CV .

e briefly describe each contribution to the uncertainty below. 

.1 Poisson noise 

he Poisson noise measures the uncertainty in the number counts
for low number counts the Poisson noise can make a significant
ontribution to the overall uncertainty in the mass function). We
efine the Poisson uncertainty as σP =

√ 

N /V where N represents
he number count in a given mass bin and V is the maximum volume
ithin which objects in that mass bin can be detected, given the

edshift range and mass completeness of the sample. 

.2 Uncertainty on the stellar mass estimated via SED fitting 

e calculate σM 

via a Monte Carlo approach, in which 1000
ndependent realisations of the galaxy stellar mass function are
onstructed, by drawing a random stellar mass value from the stellar
ass likelihood distribution of each object in each realization. We

ssume a Gaussian likelihood distribution with a standard deviation
hat is equal to the stellar mass uncertainty measured by the SED
tting (in log stellar mass space). We estimate σM 

by calculating
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Figure 3. The galaxy stellar mass function for the COSMOS and XMM-LSS 
fields in different environments. Galaxies at small distances from LSS (i.e. 
nearest to LSS) are defined as those that reside in the lower tercile (0th –33rd 
percentile values) of both the distances to nodes and the distances to filaments. 
Galaxies at intermediate and large distances from LSS are defined as those 
that reside in the middle (33rd –66th percentile values) and upper (66th –100th 
percentile values) terciles of both the distances to nodes and the distances to 
filaments, respectively. 
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he standard deviation of � in each stellar mass bin across all
ealizations. 2 

.3 Cosmic variance 

osmic variance refers to the fact that the statistical properties of
alaxies (e.g. the distribution of stellar masses) are affected by 
SS. This can lead to field-to-field differences in different parts 
f the sky, which are larger than the Poisson noise. Larger sky areas
ead to smaller cosmic variance and vice-versa. We estimate the 
ncertainties due to cosmic variance using the PYTHON version of the 
osmic Variance Cookbook (C. K. Jespersen et al. 2025 ), originally 
eveloped in IDL by B. P. Moster et al. ( 2011 ). 

 T H E  DWA R F  STELLAR  MASS  F U N C T I O N  IN  

IFFER ENT  ENVIRO NMENTS  

t has been shown in a variety of studies, using both simulations and
bservations, that galaxy properties such as SFR, colour and stellar 
ass, at least in the massive-galaxy regime, change as a function of

istance from LSS traced by the nodes and filaments of the cosmic
eb. For example, galaxies that are more massive and more quiescent 

ypically reside closer to nodes and filaments, while environments 
urther away from LSS typically host lower mass galaxies with higher 
evels of star formation. This dependence on the distance from LSS
as been demonstrated both in observational (e.g. C. Laigle et al. 
018 ) and theoretical (e.g. K. Kraljic et al. 2018 ; F. Hasan et al. 2023 )
ork, at least in the low and intermediate redshift Universe ( z < 2).

ndeed, galaxy properties may change more noticeably with varying 
istance to LSS than with just the numerical value of local density
e.g. C. Laigle et al. 2018 ). Recent empirical work using the SDSS
S. Zarattini & J. A. L. Aguerri 2025 ) suggests that galaxy SFRs
egin to show statistical differences, compared to those in the field, 
or galaxies located within 5 Mpc of filaments. Galaxy colours show 

imilar changes for galaxies located within ∼1 Mpc of filaments. 
his suggests that distance from LSS, on scales of around 5 Mpc or

ess, plays an important role in influencing the physical properties of
alaxies, at least in the massive-galaxy regime. 

In light of these results we use the distance from LSS as our metric
or environment. We note first that, while we explore the COSMOS
ata set down to stellar masses of 107 M�, we restrict the XMM-
SS data set to stellar masses above 108 M�. This is because the
ass function in XMM-LSS shows an unexpected downturn at M� 

 108 M�, which is not shared by its COSMOS counterpart (see 
he discussion in Appendix D and Fig. D1 ). We speculate that this
nconsistency between XMM-LSS and COSMOS may be driven by 
he availability of medium-band filters in the SED fitting process, 
ince the SED fitting in COSMOS benefits from the presence of
edium-band filters while the XMM-LSS data set does not. Indeed, 
hen we use the same filter set as that employed for the SED fitting

n XMM-LSS (i.e. broad-band ugri zy J H K only) on COSMOS
ata, we obtain a similar downturn in the COSMOS mass function 
see Fig. D1 ). This suggests that the lack of medium-band filters
 It is worth noting here that the systematic statistical bias induced by more low 

ass galaxies scattering to high masses than vice versa, due to the intrinsic 
hape of the mass function (Eddington bias, see e.g. D. Obreschkow et al. 
018 ), is negligible in this work. Appendix E demonstrates this by showing 
hat the mean galaxy stellar mass functions obtained from the perturbed stellar 
asses are very similar (within ∼0.01 dex) of the unperturbed mass functions 

n both the COSMOS and XMM-LSS fields. 

t

b  

(  

m  

L
i  

d  

t  
ay lead to a poorer sampling of the SED which appears to affect
ery low mass ( M� < 108 M�) galaxies. Note that this downturn
as also been noted in previous work that has only used broad-band
lters for measuring SED fitted stellar masses in the XMM-LSS and
OSMOS fields (e.g. N. J. Adams et al. 2021 ). Thus, as a precaution
e consider the XMM-LSS data set only down to M� = 108 M�
here the XMM-LSS mass function shows good consistency with 

ts COSMOS counterpart, regardless of the filters used in the SED
tting. This issue is discussed further in Appendix D . 

.1 Variation of the mass function with distance from LSS 

e proceed by using the outputs from D IS P ER SE to explore the rela-
ionship between the galaxy stellar mass function and the proximity 
f galaxies to LSS. We first split our galaxies into three terciles in
erms of their projected distances from the nearest node and three
erciles in terms of their projected distances from the nearest filament.

e then define three galaxy populations that reside at ‘small’, 
intermediate’ and ‘large’ distances from LSS as follows. Galaxies 
t small distances from LSS (i.e. nearest to LSS) are defined as
hose that reside in the lowest tercile (0th –33rd percentile values) of 
oth the distances to nodes and the distances to filaments. Similarly,
alaxies at intermediate and large distances from LSS are defined 
s those that reside in the middle (33rd –66th percentile values) and 
pper (66th –100th percentile values) terciles of both the distances to 
odes and the distances to filaments, respectively. In Fig. 3 , we show
he galaxy stellar mass function for these three populations. 

Two clear differences arise when studying how the mass function 
ehaves with respect to distance from LSS, regardless of the field
i.e. COSMOS or XMM-LSS) being considered. First, the knee of the
ass function becomes more pronounced in regions that are closer to
SS. The galaxy number density around the knee of the mass function 

s ∼0.4 dex larger in galaxies that are in the lower tercile in their
istance to both nodes and filaments (i.e. nearest to LSS) compared
o those that are in the upper tercile (i.e. furthest from LSS). In other
MNRAS 544, 3936–3948 (2025)
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Figure 4. Best-fitting parameter values and their uncertainties for M� and 
α1 from the double Schechter fits to the mass functions in the COSMOS and 
XMM-LSS fields in different environments. Galaxies at small distances from 

LSS (i.e. nearest to LSS) are defined as those that reside in the lower tercile 
(0th –33rd percentile values) of both the distances to nodes and the distances to 
filaments. Galaxies at intermediate and large distances from LSS are defined 
as those that reside in the middle (33rd –66th percentile values) and upper 
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ords, the number density of massive systems increases as we move
loser to LSS. Second, the mass function in the dwarf galaxy regime
t M� < 108 . 5 M� becomes flatter – i.e. there are fewer dwarfs per unit
olume – as we move closer to LSS. The net effect is that the ratio of
assive to dwarf galaxies increases with greater proximity to LSS.
or completeness, we note that these trends also exist (although with
arying significance) when considering the stellar mass function for
ifferent terciles in the distances to filaments and nodes separately
see discussion in Appendix C and Fig. C1 ). Fig. C1 demonstrates
hat the environmental trends are driven principally by the distances
f galaxies from filaments, rather than their distances from nodes. 
The trends described above are consistent with the predictions

f the � CDM paradigm. The galaxy stellar mass distribution is
redicted to depend on the surrounding large-scale environment due
o biased clustering (N. Kaiser 1984 ), with the non-linear collapse
f over-dense regions and their location within the cosmic web
etermining where and how halos form (e.g. J. R. Bond, L. Kofman &
. Pogosyan 1996 ). The galaxy bias – particularly in terms of the

ocation of galaxies with respect to filaments (M. Musso et al. 2018 )
is related to the distribution of dark matter, as a consequence of

he large-scale tides that influence the assembly history of halos.
. Kraljic et al. ( 2019 ) have used a cosmological hydrodynamical

imulation to demonstrate that the overall impact of this process
s two-fold. The stellar mass of galaxies increases with decreasing
istance from the cosmic web (in the transverse and longitudinal
irections with respect to the filament-type saddle point) while the
umber density of massive galaxies is higher closer to filaments
ompared to the number density of lower-mass galaxies (see also H.
ong et al. 2021 ), in good agreement with our empirical results. 
We continue by performing a quantitative analysis of the dif-

erences that are observed in the mass function in different en-
ironments. Galaxy mass functions have often been parametrized
sing a Schechter function (P. Schechter 1976 ). An extension of this
rocedure is to use a double Schechter function, which provides
 better representation of the observed upturn in galaxy number
ensities when low mass galaxies are included, at least at low and
ntermediate redshift (e.g. I. K. Baldry et al. 2012 ; J. R. Weaver et al.
022 ). The double Schechter function is expressed as follows: 

� d log M = ln(10) e−10log M−log M� 

×[ �� 
1 (10log M−log M� 

)α1 + 1 

+ �� 
2 (10log M−log M� 

)α2 + 1 ] d log M. 

(1) 

Here, M∗ represents a characteristic mass scale (which corre-
ponds to the knee of the mass function) beyond which there is
n exponential decline in galaxy number densities at high stellar
asses. α1 and α2 are the slopes of the two Schechter functions
hich have normalizations �� 

1 and �� 
2 , respectively. The slope of the

tted function at stellar masses much lower than the knee of the mass
unction is controlled by the more negative α value, while the slope
earer the knee is controlled by the more positive α value. 
We fit this double Schechter function to our mass functions in

ifferent environments. In Fig. 4 , we present the values of M∗

nd α1 (the more negative of the α values, which represents the
lope of the mass function in the dwarf regime) for the three galaxy
opulations defined above. Depending on the field in question, the
alues of M∗ and α1 become more positive by 0.3–0.4 and 0.1–
.2 dex, respectively, in galaxies that are in the lower tercile in their
istances to both nodes and filaments (i.e. nearest to LSS), compared
o those that are in the upper tercile (i.e. furthest from LSS). In other
ords, the knee of the mass function moves to larger stellar masses

nd the slope in the dwarf regime becomes flatter as we move closer
NRAS 544, 3936–3948 (2025)
o LSS (as is evident from visual inspection of Fig. 3 ). The best-fitting
arameters of our Schechter fits are presented in Table B1 . 

.2 Comparison with the observational literature 

e complete this section by comparing our results to the recent ob-
ervational literature. It is worth noting first that complete consensus
bout the role of environment on the shape of the mass function,
specially in the dwarf regime, does not yet exist. This is likely to
e due – at least partly – to the heterogeneity of methods that are
mployed to define environment in the literature and the effects of
osmic variance. Nevertheless, our results are in good agreement with
ome recent studies that also use deep photometric data to extract
ass functions (typically via SED fitting) and probe its evolution as
 function of environment. 

For example, N. Malavasi et al. ( 2017 ) find that, in the
ltraVISTA-COSMOS field in our redshift range of interest, denser

nvironments exhibit a larger number density of massive galaxies and
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Figure 5. The distribution of projected distances from the nearest filaments 
for galaxies in the COSMOS and XMM-LSS fields. The median distance is 
shown using the dashed blue vertical line. 
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 smaller number density of dwarfs. A very similar result is found by
. Etherington et al. ( 2017 ), using a statistical sample of ∼3.2 million
alaxies observed as part of the Dark Energy Survey (DES). They find
hat the number density of dwarfs in denser environments is lower 
han that in more sparse environments by ∼0.4 dex and that massive
alaxies in denser environments outnumber their counterparts in 
parse environments by a similar amount. The results of both these 
tudies are very similar to the results of this study, shown in Fig. 3 .
imilarly, A. Mortlock et al. ( 2015 ) use deep HST observations in the
OODS and UDS fields to show that more massive galaxies exist 
er unit volume in denser environments at our redshifts of interest 
but interestingly do not report significant differences in the dwarf 
egime in different environments). 

All three studies described above define environment by calculat- 
ng galaxy number counts within cylinders or conical frusta, where 
he projected radii of these shapes is around 1 Mpc or less, indicating
hat they trace local environment on relatively small spatial scales. 
s a comparison we show, in Fig. 5 , the distribution of distances

rom the nearest filaments for the galaxy population studied here. 
he median value of this distribution, shown using the vertical blue 

ine, lies close to 1 Mpc while the distances reach a maximum value
f ∼6 Mpc. The spatial scales probed here are therefore similar to
hose in the studies described above, which explains the consistency 
etween our results. 

Together with the literature, our results suggest that distance from 

SS has a strong influence on galaxy stellar mass, on physical scales
f around ∼1 Mpc or less. Interestingly, both N. Malavasi et al.
 2017 ) and S. Zarattini & J. A. L. Aguerri ( 2025 ), as discussed above,
uggest that these effects start to diminish once physical scales larger 
han around 4–5 Mpc are probed. 

 IS  T H E R E  A  MISSING  DWARFS  PROBLEM  IN  

H E  C O N T E X T  O F  T H E  � C D M  PA R A D I G M ?  

s noted in the introduction, the missing satellites problem is a 
ongstanding potential tension in the � CDM paradigm between 
he predicted and observed number densities of low mass galaxies. 
pecifically, it has been claimed that observational data may show a 
eficit of dwarfs compared to the predictions of simulations, which 
akes the observed stellar mass function of low-mass galaxies in 
ur local neighbourhood much flatter than its theoretical counterpart 
e.g. A. Klypin et al. 1999 ; B. Moore et al. 1999 ). However, detailed
xplorations of this issue are largely restricted to dwarfs around either 
he Milky Way or other local massive galaxies (e.g. A. Smercina et al.
018 ; M. Tanaka et al. 2018 ; P. Bennet et al. 2020 ; M. Nashimoto et al.
022 ; Y. Mao et al. 2024 ; E. Kado-Fong et al. 2025 and references
herein). 

A potential solution to the missing satellites problem involves 
nvoking warm or fuzzy dark matter, which suppresses the formation 
f low-mass halos and therefore the number density of dwarf galaxies
e.g. W. Hu, R. Barkana & A. Gruzinov 2000 ; E. Polisensky &

. Ricotti 2011 ; M. R. Lovell et al. 2012 ; D. J. E. Marsh 2016 ).
lternatively, the inclusion of baryonic physics can also reduce 

he number density of dwarf galaxies within the framework of the
 CDM paradigm, without altering the properties of dark matter, 

argely through the reduction of galaxy SFRs via star formation 
eedback (e.g. S. Geen, A. Slyz & J. Devriendt 2013 ; R. Hazenfratz
t al. 2024 ) and AGN (e.g. G. Dashyan et al. 2018 ; S. Kaviraj, G.
artin & J. Silk 2019 ; S. Koudmani et al. 2021 ; F. Davis et al. 2022 )

nd ionising UV radiation (e.g. J. C. Forbes et al. 2016 ; A. Emerick,
. L. Bryan & M.-M. Mac Low 2019 ). Recent work using high-

esolution hydrodynamical simulations suggests that, when such 
ealistic baryonic physics is implemented, the number densities of 
ow-mass galaxies around Milky Way like galaxies in � CDM-based 
imulations can be consistent with their observed counterparts (e.g. 
. Sawala et al. 2016 ; I. M. E. Santos-Santos et al. 2022 ; M. Jung et
l. 2024 ; S. Jeon et al. 2025 ). 

It is worth noting that dwarfs in close proximity to the Milky
ay are, by construction, satellites. This is why past explorations of

his issue have been crafted in terms of missing satellite galaxies.
owever, if such a problem does indeed exist, it cannot be restricted

o just the vicinity of massive galaxies like the Milky Way. In other
ords, a discrepancy between the predicted and observed number 
ensities should manifest itself as a missing dwarfs problem in 
he context of the � CDM paradigm. The deep data now available
rovides an unprecedented opportunity to explore this issue in the 
eneral dwarf population across all environments selected from a 
eep-wide survey, rather than in only the relatively high-density 
eighbourhoods of very nearby massive Milky Way like galaxies. 
ote, however, that in our case, this exercise is restricted to M� 

 107 M� and z < 0 . 4, where we can construct complete galaxy
amples. 

We complete our study by exploring whether a comparison 
etween the observed and theoretical stellar mass functions suggests 
he presence of a generic missing dwarfs problem in the context
f � CDM. In Fig. 6 , we compare the observed mass functions in
he COSMOS and XMM-LSS fields, and an ensemble of empirical 
esults drawn from the literature, to the predicted mass functions 
rom three cosmological hydrodynamical simulations ( NEWHORI- 
ON , TNG50, and FIREBOX ). For this exercise, we study the total
ass function, constructed from all galaxies in both the observations 

nd the simulations in our mass and redshift ranges of interest.
here is excellent agreement between the observed mass functions 
alculated in this study and their empirical counterparts from the 
iterature. 

We note that the mass functions from the three simulations do not
ompletely agree with each other. While there is good agreement at
he low mass end of the galaxy population considered in this study
 M� < 108 M�), the disagreement between the different theoretical 
ass functions can be as large as ∼0.5 dex at some points within

he dwarf regime. The survivability and evolution of galaxies at 
MNRAS 544, 3936–3948 (2025)
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Figure 6. The observed galaxy stellar mass function in the nearby Universe 
in the COSMOS and XMM-LSS fields and an ensemble of observations 
from the literature, compared to theoretical mass functions from three 
high resolution cosmological hydrodynamical simulations ( NEWHORIZON , 
TNG50, and FIREBOX ). The mass functions from the literature are taken 
from S. P. Driver et al. ( 2022 ), I. K. Baldry et al. ( 2012 ), R. Bielby et al. 
( 2012 ), A. Borch et al. ( 2006 ), A. R. Tomczak et al. ( 2014 ), A. Fontana et al. 
( 2004 ), J. Moustakas et al. ( 2013 ), and L. Pozzetti et al. ( 2007 ). 
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warf masses can depend on simulation resolution, particularly in
luster environments (G. Martin et al. 2024 ). But, given the low-
ensity environments probed by these simulations and the similar
ass/spatial resolutions and cosmology adopted by each model,

hese discrepancies are more likely to be driven by differences in
he implementation of baryonic physics, such as baryonic feedback
nd ISM gas physics (e.g. G. Martin et al. 2025 ). 

It is also worth noting that the recent literature suggests that stellar
asses derived from SED fitting systematically underestimates the

rue stellar masses of galaxies (e.g. C. Laigle et al. 2019 ; M. A.
. de los Reyes et al. 2025 ). In particular, C. Laigle et al. ( 2019 )
emonstrate that performing SED fitting using the same filters as
hose used in this study underestimates the stellar mass by ∼0.12 dex
t M� ∼ 109 M�, with the discrepancy increasing with decreasing
tellar mass. Extrapolation of the results of their study suggests
hat the underestimate could be ∼0.25 dex at M� ∼ 107 M�, with
n average value of ∼0.2 dex in the dwarf regime. While Fig. 6
lready demonstrates reasonable consistency between theory and
ata, raising the observed mass function by ∼0.2 dex improves the
onsistency between the observed and theoretical mass functions
ven further. To illustrate this point we show, in Fig. A1 , a version of
ig. 6 where the observed mass functions in the dwarf regime have
een shifted upwards by 0.2 dex. 

Given these two points, we do not find evidence that there is
 missing dwarfs problem in the observational data, in line with
ecent work that suggests that the missing satellites problem is also
olved when baryonic physics is employed in a realistic manner in
imulations. Nevertheless, further work is desirable to fully explore
his issue in low density environments, using both higher resolution
imulations in larger volumes, in order to probe the dwarf regime
own to lower stellar masses, and data from forthcoming surveys
ike LSST (Ž. Ivezić et al. 2019 ) which offer large footprints that can
lleviate the effect of cosmic variance. 
NRAS 544, 3936–3948 (2025)
 SUMMARY  

e have combined deep photometric data in the COSMOS and
MM-LSS fields with high resolution cosmological hydrodynamical

imulations to explore two key open questions in our understanding
f dwarf-galaxy evolution: (1) how does the stellar mass function,
articularly in the dwarf regime, vary with environment, defined
ere as the distance from LSS? (2) is there a generic ‘missing
warfs’ problem in the context of the � CDM paradigm, when
ll environments – and not just the regions around Milky Way
ike galaxies – are considered? The unprecedented depth of the
bservational survey data now available in COSMOS and XMM-LSS
acilitates the construction of mass-complete galaxy populations,
own to M� ∼ 107 M� and out to z ∼ 0 . 4. This enables us to
ackle these questions in an unbiased manner, without the need for
ompleteness corrections. Our main conclusions are as follows: 

(i) Distance from LSS has a strong influence on the shape of the
alaxy stellar mass function at both the dwarf and massive-galaxy
nds. As we move closer to LSS, the number densities of massive
nd dwarf galaxies increase and decrease respectively, resulting in a
igher ratio of massive to dwarf galaxies. 
(ii) Depending on the field in question (i.e. COSMOS or XMM-

SS), the values of M∗ and α1 become more positive by 0.3–0.4
nd 0.1–0.2 dex, respectively, in galaxies that are nearest to LSS (i.e.
n the lower tercile in their distances to both nodes and filaments)
ompared to those that are furthest from LSS (i.e. in the upper tercile
n their distances to both nodes and filaments). In other words, the
nee of the mass function moves to larger stellar masses and the
lope in the dwarf regime becomes flatter as we move closer to LSS.

(iii) While there is reasonable agreement between the predicted
tellar mass functions of the TNG50, FIREBox, and NewHorizon
imulations in the stellar mass range M� < 108 M�, the disagreement
etween the different theoretical mass functions can be as large as
0.5 dex at some points within the dwarf regime (e.g. just below the

nee). These discrepancies are likely to be driven by differences in
he implementation of baryonic physics in the different simulations.

(iv) A comparison between the observed and theoretical stellar
ass functions suggests that there is no generic missing dwarfs

roblem in � CDM, when all environments – and not just the regions
round Milky Way like galaxies – are considered. This is a broader,
eneralized version of recent results which have shown that there is
o missing satellites problem in � CDM when satellite populations
round massive galaxies like the Milky Way are considered. 
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Figure A1. The observed galaxy stellar mass function in the nearby 
Universe in the COSMOS and XMM-LSS fields compared to theoretical 
mass functions from three high resolution cosmological hydrodynamical 
simulations ( NEWHORIZON , TNG50, and FIREBOX ). The original observed 
mass functions in the COSMOS and XMM-LSS fields, from Fig. 6 , are 
shown in grey. The observed mass functions in red and blue show the original 
mass functions, in the dwarf regime only, shifted upwards by 0.2 dex, the 
approximate offset induced by the fact that SED-fitted stellar masses are 
typically underestimated in this regime (see text in Section 6 and Appendix A 

for more details). 
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Table B1. Best-fitting parameters and their associated uncertainties from double Schechter fits to the mass functions in the COSMOS and XMM-LSS fields in 
different environments. Galaxies in the lower tercile in the distance from LSS are defined as those that reside in the lowest tercile (0th –33rd percentile values) of 
both the distances to nodes and the distances to filaments. Similarly, galaxies in the middle and upper terciles in the distance from LSS are defined as those that 
reside in the middle (33rd –66th percentile values) and upper (66th –100th percentile values) terciles of both the distances to nodes and the distances to filaments 
respectively. Galaxies in the lower tercile in the distance from LSS are the ones nearest to LSS, while galaxies in the upper tercile in the distance from LSS are 
furthest away from LSS. 

Field Environment Log10 M� α1 �1 × 10−3 α2 �2 × 10−3 

(M�) (Mpc−3 dex−1 ) (Mpc−3 dex−1 ) 

COSMOS Lower tercile in dist. from LSS 10.96 ± 0.06 −1.24 ± 0.03 2.37 ± 0.72 −0.68 ± 0.31 2.39 ± 0.83 
Middle tercile in dist. from LSS 10.59 ± 0.07 −1.34 ± 0.02 1.68 ± 0.22 1.01 ± 0.35 1.26 ± 0.25 
Upper tercile in dist. from LSS 10.53 ± 0.07 −1.40 ± 0.02 1.32 ± 0.18 1.41 ± 0.40 0.41 ± 0.13 

XMM-LSS Lower tercile in dist. from LSS 10.95 ± 0.08 −1.22 ± 0.07 2.01 ± 1.01 −0.56 ± 0.36 3.51 ± 1.24 
Middle tercile in dist. from LSS 10.71 ± 0.06 −1.28 ± 0.03 1.93 ± 0.31 0.20 ± 0.39 1.54 ± 0.34 
Upper tercile in dist. from LSS 10.62 ± 0.08 −1.34 ± 0.02 1.55 ± 0.22 0.66 ± 0.37 0.91 ± 0.18 
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Figure C1. The galaxy stellar mass function for different terciles in the 
distances to filaments (top) and nodes (bottom) separately. These panels show 

versions of Fig. 3 where the distances to nodes and filaments are considered 
separately. 
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PPEN D IX  B:  D O U B L E  SCHECHTER  FITS  A N D  

SSOCIATED  PA R A M E T E R S  

able B1 presents the parameters derived from the double Schechter 
ts to the stellar mass functions discussed in Section 5.1 . 

PPEN D IX  C :  VA R I AT I O N  O F  T H E  MASS  

U N C T I O N  WITH  DISTANCE  F RO M  N O D E S  

N D  F ILA M ENTS  

ig. C1 shows the observed stellar mass function for different terciles 
n the distances to filaments (top panel) and nodes (bottom panel) 
eparately. In other words, these panels show versions of Fig. 3 where
he distances to nodes and filaments are considered separately. Fig. 
1 demonstrates that the differences between galaxies in the different 
istance terciles are much more significant when considering the 
istances to filaments than the distances to nodes. Thus, the overall 
rends seen in Fig. 3 are driven predominantly by the distances of
alaxies from filaments rather than their distances to nodes. 
MNRAS 544, 3936–3948 (2025)
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igure D1. The observed galaxy stellar mass functions in the COSMOS and
MM-LSS fields for z < 0 . 4 derived using different filter combinations. The
lue curve uses stellar masses in COSMOS that are derived using broad and
edium band photometry from the COSMOS2020 catalogue. The red curve

ses stellar masses in XMM-LSS that are derived using only broad-band
gri zy J H K filters. The dashed cyan curve uses stellar masses in COSMOS
hat are derived using only broad-band ugri zy J H K filters like in XMM-LSS.

PPENDIX  D :  SED-FITTED  STELLAR  MASSES  

ITH  A N D  W I T H O U T  MEDIUM-BAND  FILTERS

n this section, we further explain our reasoning for exploring the
OSMOS data set down to stellar masses of 107 M� but restricting

he XMM-LSS data set to stellar masses above 108 M�. The mass
unction in COSMOS, derived using both broad-band and medium
and filters, is shown using the blue curve. The mass function
n XMM-LSS, derived using the nine available broad-band filters
panning the u -band to rest-frame near-infrared ( ugri zy J H K), is
hown using the red curve. The XMM-LSS mass function shows
ood consistency with the COSMOS mass function down to M� ∼
08 M�, after which it shows a downturn which is not shared by its
OSMOS counterpart. 
The dashed cyan curve shows the mass function in COSMOS

roduced by an identical SED fitting procedure to that used to
reate the red (XMM-LSS) curve, i.e. using ugri zy J H K only
ith the medium band filters omitted. Interestingly, this version of

he COSMOS mass function also shows a downturn which closely
ollows that in XMM-LSS (which, recall, does not have any medium
and filters). Thus, we speculate that the inconsistency, at M� <

08 M�, between the blue curve (which employs SED fitting on
road and medium band filters) and its red and cyan counterparts
which employ SED fitting on broad-band filters only) could be
NRAS 544, 3936–3948 (2025)

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reus
riven by the unavailability of medium band filters. This leads to
 poorer sampling of the SED that seems to affect very low mass
alaxies ( M� < 108 M�). Due to this, as a precaution, we consider
he XMM-LSS data set only down to M� = 108 M� where it shows
ood consistency with the COSMOS mass function that is derived
sing both broad and medium band filters. 

PPENDI X  E:  E D D I N G TO N  BI AS  EFFECTS  O N  

H E  G A L A X Y  STELLAR  MASS  F U N C T I O N  

n this section, we show that the systematic Eddington bias has a
egligible influence on the shape of the galaxy stellar mass functions
erived in this work. In particular, the COSMOS (blue curve) and
MM-LSS (red curve) stellar mass functions are very similar to the
ean of the galaxy stellar mass functions derived using the perturbed

tellar masses as described in Section 4.2 . As shown in Fig. E1 , they
re typically within ∼0.01 dex until M� ∼ 1011 M�, with a maximum
eviation of ∼0.08 dex at the very massive end of the XMM-LSS
ass function ( M� ∼ 1011 . 5 M�). 

igure E1. The blue and red curves show the difference between the
nperturbed galaxy stellar mass functions in the COSMOS and XMM-LSS
elds, respectively, for z < 0 . 4 (same as in Fig. 6 ) and the mean of the galaxy
tellar mass function derived using the perturbed stellar masses via the Monte
arlo approach described in Section 4.2 . The perturbed and unperturbed mass

unctions are denoted using �Pert and �Unpert , respectively. 
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