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A B S T R A C T 

Dwarf galaxies dominate the galaxy number density, making them critical to our understanding of galaxy e volution. Ho we ver, 
typical dwarfs are too faint to be visible outside the very local Universe in past surveys like the SDSS, which offer large footprints 
but are shallow. Dwarfs in such surv e ys hav e relativ ely high star formation rates, which boost their luminosity, making them 

detectable in shallow surv e ys, but also biased and potentially unrepresentative of dwarfs as a whole. Here, we use deep data to 

perform an unbiased statistical study of ∼7000 nearby ( z < 0 . 25) dwarfs (10 

8 M � < M � < 10 

9 . 5 M �) in the COSMOS field 

which, at these redshifts, is a relati vely lo w-density region. At z ∼ 0 . 05, ∼40 per cent of dwarfs in low-density environments are 
red/quenched, falling to ∼30 per cent by z ∼ 0 . 25. Red dwarfs reside closer to nodes, filaments and massive galaxies. Proximity 

to a massive galaxy appears to be more important in determining whether a dwarf is red, rather than simply its distance from 

nodes and filaments or the mean density of its local environment. Interestingly, around half of the red dwarfs reside outside the 
virial radii of massive galaxies and around a third of those also inhabit regions in the lower 50 per cent in density percentile (i.e. 
re gions of v ery low ambient density). Around half of the red dwarf population is therefore quenched by mechanisms unrelated 

to environment, which are likely to be internal processes such as stellar and active galactic nucleus feedback. 

Key w ords: galaxies: dw arf – galaxies: evolution – galaxies: formation. 
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 I N T RO D U C T I O N  

warf galaxies dominate the galaxy number density in all envi- 
onments and at all epochs (e.g. Wright et al. 2017 ; Martin et al.
019 ), making them central to a complete understanding of galaxy 
volution. Much of our current knowledge of this regime comes 
rom dwarf studies in our local neighbourhood, such as in the Local
roup (e.g. Tolstoy, Hill & Tosi 2009 ) and around nearby massive
alaxies (e.g. Mao et al. 2021 ; Poulain et al. 2021 ). Ho we ver, as
e show in Section 3 , typical dwarfs are not bright enough to be
etectable, outside the very local Universe, in past wide-area surveys 
ike the SDSS (Alam et al. 2015 ), which offer large footprints but are
omparati vely shallo w. The subset of dwarfs that do appear in such
ata sets hav e relativ ely high star formation rates (SFRs), usually
riven by interactions (e.g. fig. 1 in Jackson et al. 2021a ). While
hese high SFRs boost their luminosity, making them detectable in 
hallow surv e ys, it also makes these galaxies biased and potentially
nrepresentative of the dwarf population as a whole. 
This bias could manifest itself in multiple ways. For example, 

he fraction of red or quenched dwarfs could be underestimated 
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n shallow surv e ys, because redder galaxies, which are fainter at a
iven stellar mass, will preferentially move out of the selection at
rogressively higher redshifts. Recent work using the SDSS has 
uggested that, below a stellar mass of 10 9 M �, the quenched
raction in nearby ( z < 0 . 055) dwarfs in low-density environments
hich reside at significant distances ( > 1.5 Mpc) from the nearest
assive galaxy may be close to zero (e.g. Geha et al. 2012 ), a result
hich shows some tension with simulations (e.g. Sharma et al. 2022 ;
eldmann et al. 2023 ; Herzog, Ben ́ıtez-Llambay & Fumagalli 2023 ).
t is worth considering whether at least some of this result could be
riven by the inability of the SDSS to detect quenched dwarfs outside
he very local Universe because they are too faint. 

In this context, it is interesting to note that when an analysis
f SDSS dwarfs is performed at much lower redshift, which reduces
ut does not completely eliminate the bias, the red/quenched fraction 
ppears to be higher. For instance, Barazza et al. ( 2006 ) have shown
hat SDSS dwarfs with stellar masses less than ∼ 10 8 . 5 M � at
 < 0 . 02 exhibit a pronounced red sequence. Since red galaxies
re typically dominated by systems that are quenched (e.g. Kaviraj 
t al. 2007 ), the quenched fraction in dwarfs suggested by this
tudy is significantly higher than zero. Note, ho we ver, that these
warfs are not selected to be at large distances from massive
alaxies, which could partly explain the discrepancy with Geha et al.
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h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-5601-575X
http://orcid.org/0009-0000-1797-0300
http://orcid.org/0000-0003-2939-8668
mailto:s.kaviraj@herts.ac.uk
http://creativecommons.org/licenses/by/4.0/


154 S. Kaviraj et al. 

M

(  

c  

a  

b  

d  

d
 

a  

e  

u  

f  

P  

c  

t  

t  

A  

c  

s  

2  

t  

f  

b  

l  

f
 

s  

o  

t  

S  

t  

o  

I  

w  

a  

m  

s  

2  

e  

g
 

S  

t  

r  

n  

t  

p  

f  

t  

(  

m  

c  

i
 

s  

o  

–  

S  

a  

2  

p  

K  

t  

w  

(  

2  

t  

w
 

s
M  

O  

t  

t  

w
 

d  

w  

W  

a  

b  

d  

w  

s  

e  

t  

b  

e  

n  

o

2

2
s

W  

r  

M  

a  

fi  

(  

T  

m  

b  

(  

A  

(  

2  

(  

 

t  

o  

l  

S  

t  

i  

o  

o  

t  

r  

d  

s  

i  

b

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/538/1/153/8005407 by guest on 20 M
arch 2025
 2012 ). Nevertheless, the conclusions of Barazza et al. ( 2006 ) appear
onsistent with Tanoglidis et al. ( 2021 ), Thuruthipilly et al. ( 2024 ),
nd Lazar et al. ( 2024a , b ), who have studied nearby low-surface-
rightness and dwarf galaxies using surv e ys that are significantly
eeper than the SDSS and also find significant populations of red
warfs in low-density environments out to moderate redshift. 
The identification of interesting sub-populations may also be

ffected by the biased nature of the dwarfs in shallow surv e ys. F or
xample, identifying dwarfs which host active galactic nuclei (AGN),
sing common techniques that attempt to separate AGN from star-
orming systems – e.g. the emission-line ‘BPT’ method (Baldwin,
hillips & Terlevich 1981 ; Veilleux & Osterbrock 1987 ) – may be
omplicated by the fact that dwarfs detected by shallow surv e ys are
ypically star forming. The contribution of star formation to diagnos-
ic features like emission lines may swamp the contribution due to the
GN. This is particularly true when single fibre spectroscopy which
o v ers a significant fraction of the galaxy is utilized, resulting in
puriously low AGN fractions (e.g. Mezcua & Dom ́ınguez S ́anchez
024 , see also Davis et al. 2022 ; Bichang’a et al. 2024 ). In summary,
he results of past dwarf-galaxy studies that are underpinned by data
rom shallow surv e ys need to be interpreted in the context of these
iases. Furthermore, accurate statistical estimates of key properties
ike red and quenched fractions in the dwarf regime benefit greatly
rom surv e ys that are both deep and wide. 

Overall, the issues described above have two important con-
equences for our understanding of galaxy evolution. First, our
bservational picture of how galaxies form and evolve over cosmic
ime is o v erwhelmingly dominated by bright (i.e. massive) galaxies.
econdly, our theoretical models are largely calibrated to reproduce

he properties of massive galaxies (only). Our current understanding
f the physics of galaxy evolution is therefore likely to be incomplete.
n this context, it is worth noting that, given their shallower potential
ells, the impact of many key processes, such as baryonic feedback

nd tidal perturbations, is likely to be stronger in dwarfs than in
assive galaxies. This makes dwarfs more sensitive laboratories for

tudying such processes (e.g. Williamson et al. 2016 ; Martin et al.
019 , 2021 ; Jackson et al. 2021b ; Watkins et al. 2023 ; Uzeirbe go vic
t al. 2024 ), in order to gain a better understanding of how they shape
alaxy evolution. 

Some recent surv e ys, such as MATLAS (Duc et al. 2015 ),
AGA (Geha et al. 2017 ), LIGHTS (Trujillo et al. 2021 ), and

he Fornax Deep Survey (Venhola et al. 2018 ), reach the depths
equired to assemble mass-complete samples of relatively luminous
earby dwarfs. In these surv e ys, dwarfs are identified based on
heir proximity to massive systems. However, as we show below,
roximity to massive galaxies is potentially the most significant
actor in making dwarf galaxies red. In addition, redder dwarfs tend
o exhibit higher fractions of systems with early-type morphology
e.g. Lazar et al. 2024a ). Thus, while these surv e ys are able to probe
ore complete samples of dwarfs, the dwarf population may be, by

onstruction, ske wed to wards relati vely high-density environments
n which dwarfs show biases in terms of colour and morphology. 

A systematic study of dwarfs in low-density environments requires
urv e ys that are deep, wide and not centred either on massive galaxies
r known regions of high density. The advent of several such surveys
such as the Hyper Suprime-Cam Subaru Strategic Program (HSC-
SP, Aihara et al. 2018 ), the forthcoming Le gac y Surv e y of Space
nd Time (LSST) via the Rubin Observatory (e.g. Ivezi ́c et al.
019 ; Watkins et al. 2024 ), and Euclid (Laureijs et al. 2011 ) – is
oised to revolutionize our understanding of galaxy evolution (e.g.
aviraj 2020 ), by offering large unbiased samples of dwarfs outside

he very local Universe. Together with deep-wide surveys in other
NRAS 538, 153–164 (2025) 
avelengths, such as those using the Roman telescope in the infrared
e.g. Spergel et al. 2015 ) and the SKA in the radio (e.g. Braun et al.
015 ), this new generation of data sets will enable us to explore, for
he first time, aspects of galaxy evolution in the dwarf regime that
e were previously restricted to studying only in massive galaxies. 
Here, we use deep-wide data in the COSMOS field to perform a

tatistical study of star formation and quenching in ∼7000 dwarf (10 8 

 � < M � < 10 9 . 5 M �) galaxies in the nearby ( z < 0 . 25) Universe.
ur study provides both an unbiased exploration of dwarfs outside

he local neighbourhood and a demonstration of the no v el analyses
hat can be performed using the new and forthcoming surv e ys that
ill dominate the astronomical landscape in the next decades. 
This paper is organized as follows. In Section 2 , we outline the

ata sets that underpin this study. In Section 3 , we explore why deep-
ide surv e ys are necessary for such an analysis in the first place.
e study the detectability and completeness of dwarf populations as

 function of stellar mass and redshift and quantify the differences
etween dwarfs that appear in deep-wide surv e ys and those that are
etectable in shallow data sets like the SDSS. In Sections 4 and 5 ,
e calculate the fraction of dwarfs that reside on the optical red

equence, consider how the star formation main sequence (SFMS)
xtends into the dwarf regime, and estimate the fraction of dwarfs
hat are quenched. In Section 6 , we study the distances of red and
lue dwarfs from nodes, filaments, and massive galaxies in order to
xplore the processes that drive the quenching of star formation in
earby dwarf galaxies. We also compare our results to the findings
f recent theoretical work. We summarize our findings in Section 7 . 

 DATA  

.1 Physical parameters and visual inspection to remo v e 
purious sources 

e use physical parameters (photometric redshifts, stellar masses,
est-frame colours, and SFRs) from the Classic version of the COS-

OS2020 catalogue (Weaver et al. 2022 ), a high-precision value-
dded catalogue of sources in the 2 de g 2 re gion of the COSMOS
eld and a successor to the benchmark COSMOS2015 data set
Laigle et al. 2016 ) which was created using similar techniques.
he physical properties in COSMOS2020 are calculated using deep,
ulti-wa velength ultra violet (UV) to mid-infrared photometry in 40

road- and medium-band filters from several instruments: GALEX
Zamojski et al. 2007 ), Me gaCam/CFHT (Sa wicki et al. 2019 ),
CS/HST (Leauthaud et al. 2007 ), Subaru/Hyper Suprime-Cam

Aihara et al. 2019 ), Subaru/Suprime-Cam (Taniguchi et al. 2007 ,
015 ), VIRCAM/VISTA (McCracken et al. 2012 ), and IRAC/Spitzer
Ashby et al. 2013 ; Steinhardt et al. 2014 ; Ashby et al. 2015 , 2018 ).

A particular no v elty is the incorporation of optical ( i , z ) data from
he Ultra-deep layer of the HSC-SSP, which has a point source depth
f ∼28 mag (Aihara et al. 2019 ), for object detection. The detection
imit of HSC-SSP Ultra-deep is ∼5 mag fainter than standard depth
DSS imaging and ∼10 mag fainter than the magnitude limit of

he SDSS spectroscopic main galaxy sample (MGS). As we explore
n Section 3 , this facilitates the identification of unbiased samples
f dwarfs that are likely to be complete down to a stellar mass
f M � ∼ 10 8 M � and out to at least z ∼ 0 . 3. It is worth noting
hat SDSS photometry is typically not deep enough to extract
eliable photometric redshifts, particularly for faint objects like
warf galaxies. Most scientific analyses that use the SDSS data
et, including past dwarf-galaxy studies, employ the MGS, which
s restricted to galaxies with r < 17 . 77 (Strauss et al. 2002 ), ∼5 mag
righter than the nominal depth of standard SDSS imaging. 
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Figure 1. Examples of four objects which are classified as low-mass galaxies 
but which are actually regions of massive galaxies that have been shredded 
by the deblender. The position of the HSC object is shown using a red cross. 
Around 0.8 per cent of objects classified as dwarfs in the COSMOS2020 
catalogue fit this description and have been removed from our analysis. 
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The surv e y images are homogenized to a common point spread
unction, and fluxes are extracted within circular apertures, using the 
EXTRACTOR and IRACLEAN codes for UV/optical and infrared 
hotometry respectively. Physical parameters are calculated using 
he LEPHARE spectral energy distribution (SED) fitting algorithm 

Arnouts et al. 2002 ; Ilbert et al. 2006 ). 1 Photometric redshifts have
ypical accuracies better than 1 and 4 per cent for bright ( i < 22 . 5

ag) and faint (25 < i < 27 mag) galaxies, respectively, making this
atalogue well suited for our purposes. 

To construct our sample, we first select objects that are classified 
s galaxies by LEPHARE (‘type’ = 0 in the COSMOS2020 catalogue) 
nd are also classified as ‘extended’ (i.e. galaxies) in the HSC griz 

lters. We then restrict our study to galaxies which have stellar masses
n the range 10 8 M � < M � < 10 9 . 5 M �, redshifts in the range z <
 . 25, lie within the HSC-SSP footprint and outside masked regions
nd have both u -band and mid-infrared photometry (since a wide 
avelength baseline aids the accuracy of the parameter estimation; 

.g. Ilbert et al. 2006 ). This produces an initial sample of ∼7000
ow-mass galaxies. 

As noted in Davis et al. ( 2022 ), a small fraction of objects identified
s low-mass galaxies in such catalogues are actually regions within 
earby massive galaxies that have been shredded by the deblender. 
herefore, we visually inspect the HSC image of each low-mass 
bject in the initial sample described abo v e, in order to identify and
emo v e such spurious sources (see Fig. 1 for examples). In line with
 We direct readers to section 5.1 in Weaver et al. ( 2022 ) for a description of 
he SED fitting. Briefly, the template library spans all galaxy morphological 
ypes (Polletta et al. 2007 ), blue star-forming models from Bruzual & Charlot 
 2003 ) and templates that account for AGN (e.g. Salvato et al. 2009 , 2011 ). 
xtinction is included as a free parameter, with a flat prior in the reddening 
 E B−V < 0.5). Emission lines are added using the relationship between the 
V luminosity and [O II ] emission-line flux, following Ilbert et al. ( 2009 ). 
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he findings of Davis et al. ( 2022 ), these account for ∼0.8 per cent
f objects. We remo v e these objects from our final sample. 
It is worth noting here that large, unbiased spectroscopic samples 

f dwarfs outside the very local Universe (particularly in low-density 
nvironments) will be difficult to assemble in the near term, given
he limits of current and forthcoming instrumentation. Photometric 
tudies, such as this one, are therefore likely to form the basis of
tatistical studies of dwarf galaxies, outside the local neighbourhood, 
or the foreseeable future. 

.2 DisPerSE: measurement of local density and the location of 
alaxies in the cosmic web 

e use DisPerSE (Sousbie 2011 ), a structure-finding algorithm, to 
easure the local density and the locations of galaxies within the

osmic web, such as their distances to the nearest nodes and filaments. 
isPerSE uses Delaunay tessellations to measure the density field, 

alculated using the positions of galaxies (Schaap & van de Weygaert 
000 ). It then uses segments to connect topological saddle points
ith the local maxima in the density map, forming a set of ridges

hat constitute a ‘skeleton’, which describes the network of filaments 
hat define the cosmic web. Stationary points in the density map – i.e.

inima, maxima, and saddles – correspond to the locations of voids, 
odes and the centres of filaments respectively. We refer readers to
ousbie ( 2011 ) for further details of the algorithm. 
The properties of the skeleton are determined by a ‘persistence’ 

arameter, which sets a threshold value for defining pairs of critical
oints within the density map. A persistence of N results in a
keleton where all critical pairs with Poisson probabilities below N σ

rom the mean are remo v ed. We follow the methodology of Laigle
t al. ( 2018 ), who have implemented DisPerSE on redshift slices of
imilar widths as in our analysis, constructed from the COSMOS2015
Laigle et al. 2016 ) catalogue. The same methodology has also
ecently been used to perform a similar density analysis using the
OSMOS2020 catalogue by Lazar et al. ( 2023 ) and Bichang’a et al.
 2024 ). 

The thickness of the slices is driven by the redshift uncertainties
f the galaxy sample. Laigle et al. ( 2018 ) have shown, using the
orizon-AGN cosmological simulation (Dubois et al. 2014 ; Kaviraj 

t al. 2017 ), that data sets like COSMOS2015 which offer high pho-
ometric redshift precision (and, by extension, COSMOS2020 which 
rovides similar precision) can recover the broad 3D properties of the
osmic web from 2D projected density maps. Following Laigle et al.
 2018 ) and Lazar et al. ( 2023 ), we use a persistence of 2 in this study,
hich remo v es ridges close to the noise lev el, where structures could
e spurious. To correctly estimate the topology of galaxies close to
he field boundary, a surface of ‘guard’ particles is added outside the
oundary coordinates, with new particles added by interpolating the 
alculated density at the boundary itself. Additionally, we exclude 
alaxies which lie within 0.1 ◦ of the boundary from our analysis in
rder to completely a v oid any edge effects. 
The accuracy of the COSMOS2020 redshifts enables us to employ 

ell-defined and relatively narrow redshift slices to build our density 
aps. We only use massive ( M � > 10 10 M �) galaxies to build

hese maps, as they have the smallest redshift errors and will
ominate the local gravitational potential wells. When constructing 
ach density map, individual galaxies are weighted by the area 
nder their redshift probability density function that is contained 
ithin the slice in question. This takes into account the fact that the
hotometric redshifts of massiv e galaxies, although v ery accurate 
n COSMOS2020, do have associated errors. Fig. 2 indicates the 
ine-of-sight (LOS) comoving distance errors that correspond to the 
MNRAS 538, 153–164 (2025) 



156 S. Kaviraj et al. 

M

Figure 2. The median 1 σ redshift uncertainty of massive ( M � > 10 10 M �) 
galaxies converted to an LOS comoving distance error in Mpc, as a function 
of redshift. Note that, although we show this figure out to z = 0 . 29, the 
redshift limit of our study is z = 0 . 25. Only galaxies with M � > 10 10 M � are 
used to construct density maps, as the y hav e the most accurate redshifts and 
will dominate the local gravitational potential well. We restrict the density 
analysis, in Section 6 , to the grey shaded re gion, which e xhibits a broad 
minimum in the median redshift error and the corresponding LOS distance 
uncertainty. The uncertainties in the LOS distances in this region are around 
3 per cent. 
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Figure 3. Images from surv e ys of varying depths, of several dwarfs which 
have stellar masses and redshifts close to the median values in our sample 
( ∼ 10 8 . 5 M � and z ∼ 0.19, respectively). The top three ro ws sho w examples 
of red dwarfs [rest frame ( g − i) > 0.7], while the bottom three rows show 

examples of blue dwarfs [rest frame ( g − i) < 0.7]. While the dwarfs are 
well detected in the HSC-SSP Ultra-deep images (left), which are around 
four mag deeper than standard-depth SDSS imaging, they are less reliably 
detected in the DECaLS surv e y (middle), which is two mag deeper than 
the SDSS and often close to the noise (especially for the red galaxies) 
in the SDSS itself (right). Note that none of these objects are bright 
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edian 1 σ redshift uncertainties of massive galaxies, as a function
f redshift. For our sample, the 1 σ redshift uncertainty reaches a
road minimum in the redshift range 0 . 2 < z < 0 . 25, corresponding
o physical distance errors between ∼50 and 53 Mpc. In addition,
he number of massive galaxies at z < 0 . 2 is not large enough to
onstruct density maps. Thus, in Section 6 , we restrict the analysis
f environmental properties to the redshift range 0 . 2 < z < 0 . 25. 
Since we are interested in the role of environment in influencing the

volution of dwarfs, it is instructive to consider the types of large-
cale structures that are likely to exist within our COSMOS2020
ootprint. We note first that the COSMOS field is not centred on a
nown region of high density. In the redshift range that we probe for
he environmental analysis, the COSMOS2020 footprint corresponds
o a linear transverse size of ∼26 Mpc. To explore the types of
tructures that might be present in a field of this size, we consider the
ewHorizon cosmological simulation (Dubois et al. 2021 ), which
as a similar (albeit slightly smaller) size to the COSMOS2020 field
t these redshifts. The largest dark matter halo in NewHorizon has
 mass of ∼ 10 13 M �, similar to that of a relatively large group. 2 

hus, the large-scale structure within the COSMOS2020 field at these
edshifts is likely to contain relati vely lo w-density environments,
omprising groups of galaxies and systems in the field. 

 T H E  N EED  F O R  DEEP-WIDE  SURV EYS:  
E TEC TA BILITY  A N D  COMPLETENESS  IN  

H E  DWA R F  R E G I M E  

e first consider why deep-wide surv e ys are important for per-
orming unbiased statistical studies of dwarfs outside the very local
niv erse. We be gin, in Fig. 3 , by illustrating this point visually. We
NRAS 538, 153–164 (2025) 

 In comparison, a small cluster like Fornax has a virial mass of ∼ 7 × 10 13 

 � (Drinkwater, Gregg & Colless 2001 ), while larger clusters like Virgo and 
oma have virial masses of ∼ 10 15 M � (e.g. Fouqu ́e et al. 2001 ; Gavazzi 
t al. 2009 ). 

enough to have an SDSS spectrum and therefore they do not appear in the 
MGS. 
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Figure 4. Top: Redshifts at which galaxy populations of different stellar 
masses are complete in various surv e ys: the HSC-SSP Ultra-Deep (black and 
blue) and Wide (green and yellow) layers, the new DESI Bright Galaxy 
Sample (orange Hahn et al. 2023 ) and the SDSS MGS (red). For each 
surv e y, the solid and dashed lines indicate detection thresholds calculated 
using purely-old SSPs with metallicities of 0.05 and 0.5 Z �, respectively. 
Curves calculated using magnitudes and surface brightnesses are indicated 
using ‘mag’ and ‘SB’, respectively. Galaxy populations are complete in the 
part of the parameter space which is below the curve in question. The galaxy 
population that underpins our study is indicated using the grey rectangle. 
Bottom: The rest-frame ( g − i) colour of the COSMOS2020 galaxies, shown 
as a heatmap, with the location of SDSS spectroscopic objects within the 
COSMOS2020 footprint shown using blue contours. A random sample of 
these galaxies is o v erplotted using the blue open circles. While massive 
galaxies appear in the SDSS spectroscopic sample regardless of whether they 
are red or blue, galaxies become progressively bluer with decreasing stellar 
mass, as red objects preferentially fall out of the selection because they are 
fainter at a given stellar mass. 
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how optical images of several dwarfs, which have stellar masses 
nd redshifts close to the median values of our sample ( ∼ 10 8 . 5 M �
nd z ∼ 0 . 19) in three surv e ys of varying depths. 3 The top three
o ws sho w examples of red dwarfs [rest frame ( g − i) > 0.7], while
he bottom three ro ws sho w examples of blue dwarfs [rest frame
 g − i) < 0.7]. While the dwarfs are well detected in the HSC-
SP Ultra-deep images (left panel), which are ∼4 mag deeper than 
tandard-depth SDSS imaging, they are less reliably detected in the 
ECaLS surv e y (middle panel; De y et al. 2019 ), which is ∼2 mag
eeper than the SDSS and close to the noise, especially for the red
alaxies, in the SDSS itself (right panel). It is worth noting here that
one of these objects are bright enough to have an SDSS spectrum
nd therefore they do not appear in the MGS at all. 

We study this point more precisely by quantifying the complete- 
ess of dwarf galaxy populations in these different surv e ys, as a
unction of stellar mass and redshift. At a given redshift, a population
f galaxies with a given stellar mass can be considered complete, and
herefore unbiased, if any galaxy with that stellar mass is detectable 
n the surv e y in question. We can estimate the redshift out to which
alaxies of a given stellar mass are complete by considering an object
hich is likely to have the faintest magnitude at that stellar mass. If

his faintest ‘limiting case’ is brighter than the detection limit of the
urv e y in question, then all galaxies with that stellar mass will, in
rinciple, also be detectable. 
Here, we define this faintest limiting case to be a purely old ‘simple

tellar population’ (SSP), that forms in an instantaneous burst at 
 = 2. Since virtually no real galaxy at low redshift is composed
f a purely old stellar population, this (hypothetical) object allows 
s to explore the completeness of different surv e ys. We consider
SPs with two metallicities, 0.05 and 0.5 Z �, constructed using the
ruzual & Charlot ( 2003 ) stellar models. The broad conclusions are
ot strongly sensitive to the chosen metallicity, as we sho w belo w.
he local stellar mass–metallicity relation (e.g. Gallazzi et al. 2005 ) 

ndicates that the stellar metallicity of dwarfs at the median stellar
ass of our sample is ∼0.2 Z �. The chosen metallicities therefore

racket the metallicities of nearby dwarf galaxies in our stellar mass
ange of interest. 

In the top panel of Fig. 4 , we use these SSPs to estimate the
edshifts at which galaxy populations of different stellar masses are 
omplete in different surv e ys. We perform this e x ercise in two ways,
rst considering just the total magnitude and second considering the 
f fecti ve surface brightness (the conclusions are similar, regardless 
f the method used). For the latter, we combine the total magnitude
ith the 95th percentile value of the effective radius distribution of

he dwarfs in our study, in order to calculate a limiting value for the
f fecti ve surface brightness. We then estimate the redshift at which
ither the magnitude or surface brightness of our faintest limiting 
ase equals the magnitude or surface brightness limit of the surv e ys
n question, as a function of stellar mass. 

The curves show these redshifts for the following surv e ys: the
SC-SSP Ultra-Deep (black and blue) and Wide (green and yellow) 

ayers, the new DESI Bright Galaxy Sample (orange; Hahn et al. 
023 ) and the SDSS MGS (red). F or each surv e y, the solid and dashed
ines indicate the detection thresholds calculated using our purely 
ld SSPs with metallicities of 0.05 and 0.5 Z �, respectiv ely. Curv es
alculated using magnitudes and surface brightnesses are indicated 
sing ‘mag’ and ‘SB’, respectively. The conclusions derived from 
 The images are created using the cutout tool created by Yao-Yuan Mao, 
hich can be found at this address: https:// yymao.github.io/ decals-image- 

ist-tool /. 

t  
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i  
otal magnitudes and ef fecti ve surface brightnesses are similar 
ecause, at our redshifts of interest, the sizes of dwarfs are small
see Appendix A ). We note that these completeness curves are likely
o be pessimistic because, as Fig. 5 indicates, very few nearby dwarfs
re actually consistent with purely old stellar populations. In other 
ords, it is likely that our dwarf populations are complete out to
igher redshifts than those indicated by these curves. 
In the context of these completeness thresholds, galaxy popula- 

ions are complete (and unbiased) in the part of the redshift–stellar
ass parameter space which is below the curve in question. Note

hat this does not mean that no galaxies abo v e the curves will exist
n a particular surv e y. Rather, galaxy populations that are abo v e and
MNRAS 538, 153–164 (2025) 
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M

Figure 5. Left: Rest-frame ( g − i) colours of the COSMOS2020 galaxies, shown as a heatmap, with those in the MATLAS surv e y and in the core of Virgo 
shown using pink and green symbols, respectively. The thick dashed lines show SSPs which form at various look-back times (10, 4, and 2 Gyr). Each SSP has 
the median metallicity, at a given stellar mass, from the mass-metallicity relation in Gallazzi et al. ( 2005 ). The variation in the rest-frame colour is driven by the 
variation in the median metallicity with stellar mass. The dotted horizontal line shows the demarcation between red and blue galaxies at rest frame ( g − i) = 0 . 7, 
following Lazar et al. ( 2024a ), which is based on the fact that the 2D distribution of dwarf galaxies in the colour–stellar mass plane is bimodal around this value. 
The dotted vertical line indicates the upper stellar mass limit for our definition of dwarf galaxies. The inset shows the distribution of rest-frame ( g − i) colours 
for the dwarf population only. Right: The evolution of the red fraction [i.e. the fraction of galaxies with ( g − i) > 0 . 7] for the COSMOS2020 dwarfs. Shown 
o v erplotted are red fractions in dwarfs in the MATLAS surv e y and in the core of Virgo from the NGVS surv e y. 
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urther away from these curves will be progressively more biased
owards bluer galaxies (and against redder objects). For example, at
 ∼ 0 . 15, our purely old limiting case, even at 10 7 M �, is brighter
han the detection limit of the HSC-SSP Ultra-deep surv e y, indicating
hat the dwarf population should be complete in this surv e y down
o this mass limit at this redshift. Similarly, at z ∼ 0 . 3 the galaxy
opulation is likely to be complete down to 10 7 . 5 M �. The galaxy
opulation that underpins our study is indicated using the grey
ectangle. Comparison of this grey region to the black and blue
ines indicates that this population is complete within our mass and
edshift ranges of interest, indicating therefore that our results will
ot be biased by subsets of dwarfs (e.g. redder galaxies) moving out
f the selection. 
The situation for the SDSS spectroscopic MGS (red solid and

ashed lines), which is the basis for many past dwarf studies, is very
ifferent. Only at the uppermost end of the dwarf mass range, and
t very low redshift ( z < 0 . 02), are galaxy populations likely to be
omplete in the SDSS. In other words, typical galaxies with M ∗ <

0 9 . 5 M � are unlikely to appear in the SDSS spectroscopic sample
utside the very local Universe. As noted abo v e, dwarfs outside our
ocal neighbourhood will generally appear in shallow surv e ys like
he SDSS only if the y hav e high SFRs, which boosts their luminosity
nd makes them detectable in such shallow datasets. However, as
e show in the bottom panel of this figure, these high SFRs also
ake these dwarfs blue and potentially unrepresentative of the dwarf

opulation as a whole. 
The bottom panel of this figure shows the consequence of the

ncompleteness described abo v e. The rest-frame ( g − i) colour
ersus stellar mass of galaxies in COSMOS2020 at z < 0 . 25 is shown
sing the heatmap. The blue contours indicate the locations of SDSS
pectroscopic objects, from the MPA-JHU catalogue (Kauffmann
t al. 2003 ; Brinchmann et al. 2004 ), that exist within this footprint
nd in this redshift range. A random sample of SDSS spectroscopic
bjects are shown o v erplotted using open blue circles. The general
rend indicates that, while massive galaxies appear in the SDSS

GS reg ardless of colour, g alaxies become increasingly blue with
ecreasing stellar mass. At the lower end of the dwarf galaxy mass
NRAS 538, 153–164 (2025) 
ange (e.g. M � < 10 9 M �) the SDSS-detected systems only exhibit
lue rest-frame colours. As we show in Section 4 below, this bias
ikely translates into a spuriously low fraction of red (or quenched)
warfs in such shallow surv e ys. 

 R E D  F R AC T I O N S  IN  DWA R F  G A L A X I E S  

e begin our analysis of the properties of our dwarfs by considering
heir rest-frame colours, which are a powerful diagnostic of the recent
tar formation history of galaxies (e.g. Strate v a et al. 2001 ; P ande y
t al. 2024 ). In the left-hand panel of Fig. 5 , we show the rest-frame
 g − i) colour of the COSMOS2020 population as a heatmap. We
tudy this colour because it facilitates comparison with populations of
warfs in local high-density regions, from Virgo and around nearby
assive galaxies, which also have photometry in these filters. In the

warf regime in the nearby Universe, the rest-frame ( g − i) colour is
imodal in the colour–stellar mass plane around ( g − i) ∼ 0 . 7, with
ell-defined red and blue peaks (Lazar et al. 2024a ). Overlaid are

est-frame ( g − i) colours of SSPs which form at look-back times of
, 4, and 10 Gyr [taken from the Bruzual & Charlot ( 2003 ) population
ynthesis models]. Since galaxies show a relationship between stellar
ass and metallicity, we use SSPs which have the median metallicity

t a given stellar mass, taken from the mass–metallicity relation in
allazzi et al. ( 2005 ). While real galaxies do not have star formation
istories that correspond exactly to SSPs, these SSP-based colours
erve as a useful guide to understanding the broad features of the star
ormation histories of galaxies in this colour–mass diagram. 

Dwarfs in the blue peak lie blueward of the 2 Gyr SSP, suggesting
hat these galaxies are likely to have had some star formation within
he last 2 Gyr. In the same vein, the red dwarfs are unlikely to
ave had significant star formation in the last 2 Gyr. Indeed, most
warfs in the red peak lie blueward of the 4 and 10 Gyr SSPs,
ndicating that very few dwarfs are consistent with having purely
ld stellar populations and a ‘monolithic’ formation scenario. While
he COSMOS footprint is likely to be dominated by low density
nvironments at the redshifts probed by this study, it is instructive to
ompare the rest-frame colours of our dwarfs to those in relatively
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Figure 6. Top: SFR versus stellar mass, in the nearby Universe ( z < 0 . 25) for 
the COSMOS2020 galaxy population (shown using the heatmap). The main 
well-defined locus, where the SFR increases with stellar mass, is sometimes 
referred to as the SFMS. The bottom of the SFMS, which is ∼0.5 dex 
below the main locus, is shown using the dotted line. SFMS measurements 
from the literature at low redshift, derived both using photometric and 
spectroscopic observations are shown o v erplotted and correspond well to their 
COSMOS2020 counterpart at relatively high stellar masses. The FWHMs of 
these main sequences are indicated in the upper left-hand corner. Middle: 
The quenched fraction (i.e. the fraction of galaxies that lie below the dotted 
line in the top panel), as a function of redshift, for different stellar mass 
ranges (see legend). The red fraction in dwarfs, from the right-hand panel 
in Fig. 5 , is shown o v erplotted using the dashed orange line. Bottom: The 
quenched fraction as a function of stellar mass for different redshift ranges (see 
legend). 
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igh-density environments. The green and pink symbols show dwarfs 
n the MATLAS (Duc et al. 2015 ; Poulain et al. 2021 ) and NGVS
Ferrarese et al. 2012 ) surv e ys. The former samples environments
round massive galaxies like the Milky Way, while the latter is a
urv e y of galaxies in the Virgo cluster. Here, we specifically consider
warfs in the core of Virgo from S ́anchez-Janssen et al. ( 2019 ), which
re likely to be characteristic of the highest-density regions in the 
earby Universe. 
In the right-hand panel of this figure, we summarize the red 

ractions in the dwarf regime [i.e. the fraction of galaxies that lie
edward of rest frame ( g − i) = 0 . 7]. At low redshift ( z ∼ 0 . 05),
40 per cent of our dwarfs are red, with the red fraction falling

lowly with redshift to below 30 per cent by z ∼ 0 . 25. Recall, from
he discussion in Section 3 , that the dwarf population in this study
s complete at these redshifts. Thus, this evolution is not due to red
w arfs f alling out of the selection at progressively higher redshift
ut rather due to the real evolution in the star-formation properties of
warfs across this period of cosmic time. The red fractions calculated 
sing the SDSS MGS are underestimated by around a factor of 3 at
 < 0 . 05 and a factor of 8 at z ∼ 0 . 08. 

Our red fractions are consistent with the value ( ∼35 per cent)
erived by Lazar et al. ( 2024a ) at z < 0 . 08 using HSC data. It is
lso consistent with other recent work which has studied nearby 
ow-surface-brightness galaxies (which are dominated by dwarfs) 
sing relatively deep data from the Dark Energy Surv e y (DES; e.g.
anoglidis et al. 2021 ; Thuruthipilly et al. 2024 ). The red fractions
rom these studies, using the same ( g − i) colour as we use here,
re around 30 per cent. Note, ho we ver, that the HSC data in this
tudy are ∼3 mag deeper than DES, which likely explains the small
iscrepancy in these red fractions. In summary, our results agree well 
ith the findings of other work which uses relatively deep data sets.
The red fraction is ele v ated around nearby massive galaxies in

he MATLAS surv e y and in the core of Virgo by factors of ∼1.6
nd ∼1.8, respectively, compared to the value in low-density envi- 
onments. This is expected, since additional processes in relatively 
ense environments, such as tidal interactions (Moore et al. 1998 ; 
artin et al. 2019 ; Jackson et al. 2021a ) and ram pressure stripping

e.g. Balogh, Navarro & Morris 2000 ; Hester 2006 ), will increase the
emoval of gas in dwarfs, reducing star formation acti vity e ven further
nd increasing the probability of dwarfs becoming red. Ho we ver, 
he significant red fractions in dwarfs in low-density environments 
uggest that, in an appreciable fraction of dwarfs, the quenching of
tar formation does not rely on environmental factors but is likely 
o be triggered by internal processes like baryonic (stellar or AGN) 
eedback. We return to this point and explore it in more detail in
ection 6 below. 

 T H E  STAR  F O R M AT I O N  MAIN  SEQU ENCE:  
U E N C H E D  F R AC T I O N S  A S  A  F U N C T I O N  O F  

EDSHIFT  A N D  STELLAR  MASS  

e proceed by exploring the star formation properties of our nearby 
warf galaxies. The top panel of Fig. 6 shows SFR versus stellar
ass for our galaxy sample. The heatmap shows the COSMOS2020 

alaxy population. The main well-defined ridgeline, where the SFR 

ncreases with stellar mass, is sometimes referred to as the SFMS. The
ower end of the SFMS, defined to be ∼0.5 dex below the ridgeline,
s shown using the dotted line. To assess its veracity, we compare
he COSMOS2020 ridgeline to other SFMS in the literature, derived 
sing spectro-photometric data from the SDSS (e.g. Salim et al. 
016 ), multi-wavelength photometric data based on medium-band 
hotometry (Whitaker et al. 2012 ) and the median of multiple SFMS
MNRAS 538, 153–164 (2025) 
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Figure 7. Density maps in the COSMOS field at 0 . 2 < z < 0 . 25 (created using DisPerSE), that are used for the density analysis in Section 6 . The colours 
indicate the local density (see legend), while the solid black lines show the locations of the filaments. The open grey circles show the positions of massive ( M � 

> 10 10 M �) galaxies which are used for constructing the maps, as described in Section 2.2 . Red and blue dwarfs are shown using the filled red and blue circles, 
respectively. The transverse size of the footprints are ∼25.7 (27.5) Mpc at z = 0 . 21 (0 . 23), respectively. 
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4 Horizon-AGN is a cosmological hydrodynamical simulation which offers 
a 100 h −1 comoving Mpc 3 volume, with a spatial resolution (which is set 
by the gravitational softening) of 1 kpc in proper units, a dark matter mass 
resolution of 8 × 10 7 M �, a gas mass resolution of ∼ 10 7 M �, and a stellar 
mass resolution of 4 × 10 6 M � (Dubois et al. 2014 ; Kaviraj et al. 2017 ). 
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easurements at z ∼ 0 . 2 (Behroozi, Wechsler & Conroy 2013 ). The
ull width at half-maximum (FWHM) of the SFMS in each of these
bservational studies is indicated in the upper left-hand corner of the
anel. The SFMS in our galaxies at relatively high stellar masses
 M � > 10 8 . 5 M �) agrees well with other SFMS. Given the impro v ed
etectability of dwarfs in the deep data used here, it appears that the
FMS continues uninterrupted with the same slope into the dwarf
egime. 

The SFMS allows us to consider the recent star formation history
n terms of the quenched fraction of galaxies, defined here as the
raction of galaxies which reside below the lower end of the SFMS
shown using the dotted black line in the top panel). In the middle
nd bottom panels of Fig. 6 , we show the quenched fractions, both as
 function of redshift for various stellar mass ranges (middle panel)
nd as a function of stellar mass for various redshift ranges (bottom
anel). The red fraction in the dwarf regime, from Fig. 5 , is shown,
or comparison, using the dashed orange line. Not surprisingly, the
ed and quenched fractions show a close correspondence, which
ndicates that the red fraction in the rest-frame ( g − i) colour could
e used as a proxy for the quenched fraction. This is likely to be
seful, for example, in cases where a large wavelength baseline may
ot be available, making it more difficult to estimate SFRs from SED
tting. ∼50 per cent of dwarfs are quenched at z < 0 . 05, with the
uenched fraction gradually falling to ∼30 per cent by z ∼ 0 . 25. 

 W H AT  QU E N C H E S  DWA R F  GALAXIES?  

ur analysis abo v e already offers some clues about the processes
hat quench dwarf galaxies. Fig. 5 indicates that the red fractions, in
earby dwarfs that reside in low-density environments, are ∼30–40
er cent across our redshift range of interest. While the corresponding
alue in high-density environments like the core of Virgo is larger,
he significant red fraction in low-density environments suggests
hat inhabiting a region where the ambient density is high is not a
rerequisite for the quenching of star formation in dwarf galaxies.
he probability of a dwarf being red may therefore correlate more
losely with finer details of environment (e.g. proximity to a specific
ype of structure within the cosmic web) or be driven by internal
rocesses, like baryonic feedback from stars and AGN. 
NRAS 538, 153–164 (2025) 
In this section, we probe the environments of our dwarfs in more
etail, using the density maps described in Section 2.2 , to quantify
he relative role of internal and external processes in quenching star
ormation in these systems. Recall from the discussion in Section 2
hat, for this e x ercise, we consider the galaxy population in the
edshift range 0 . 2 < z < 0 . 25, where the redshift errors of massive
 M � > 10 10 M �) galaxies, which are used to construct the density
aps, reach a broad minimum, making our density maps most

ccurate. In addition, the number of massive galaxies is not large
nough to construct density maps at z < 0 . 2. Fig. 7 shows two density
aps co v ering the redshift range 0 . 2 < z < 0 . 25, where regions of

igher density are shown in lighter colours. The solid black lines
how the skeleton, i.e. the locations of the filaments. The open grey
ircles show the positions of the massive galaxies which are used to
onstruct the density maps, while random samples of red and blue
warfs are shown using the filled red and blue circles, respectively. 
In Fig. 8 , we summarize the differences between red and blue

warfs in terms of their local density (upper-left plot) and different
spects of the cosmic web. In the upper -right, lower -left, and lower -
ight plots we consider the projected distances of red and blue dwarfs
rom the nearest filament, node, and massive galaxy , respectively .
he top panel in each plot shows the fraction of red dwarfs, while

he bottom panel shows the distributions of the red and blue dwarf
opulations. The inset in the upper left plot shows the density
ercentiles that correspond to the highest densities. The grey shaded
egion in the lower-right plot indicates the virial radii of dark matter
aloes that host massive ( M ∗ > 10 10 M �) galaxies in the local
niverse, taken from the Horizon-AGN simulation. 4 

In Table 1 , we present the median values and FWHMs of these
istributions for the red and blue dwarfs. Fig. 8 and Table 1 confirm
hat is apparent from visual inspection of the density maps in Fig.
 , i.e. that red dwarfs have a larger tendency of inhabiting regions
f higher density and reside closer to nodes, filaments, and massive
alaxies. The distributions of the red dwarfs consistently show lower
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Figure 8. Properties of red and blue dwarfs as a function of environmental parameters. In each plot, the top panel shows the fraction of red dwarfs (red solid 
line) and the associated errors (orange regions), as a function of the environmental parameter of interest. The red fractions are only calculated when neither the 
number of red dwarfs nor the number of blue dwarfs is equal to zero. The bottom panel shows the distributions of red and blue dwarfs in the same environment 
parameter. We study the log density values (top-left) and the projected distances from the nearest filament (top right), the nearest node (bottom left), and the 
nearest massive galaxy (NMG; bottom right) for red and blue dwarfs. The inset in the top-left plot shows the density percentiles that correspond to the highest 
densities, where virtually all dwarfs become red. The shaded region in the bottom-right plot shows the range of values that corresponds to the virial radii of dark 
matter haloes of massive ( M � > 10 10 M �) galaxies from the Horizon-AGN simulation. 

Table 1. Comparison of red and blue dwarfs, in terms of their local density (row 1) and projected distances to the nearest filament (row 2), node (row 3), and 
massi ve galaxy (ro w 4). Columns 2–4 present median v alues for the red and blue dwarfs and the ratio of these medians (blue/red). Columns 5–7 present the same 
for the FWHMs of the distributions for the red and blue dwarfs. Red dwarfs typically inhabit regions of higher density and reside closer to nodes, filaments, and 
massive galaxies. Their distributions also consistently show lower FWHMs, i.e. they are more homogeneous in these properties as a population than the blue 
dwarfs. 

Red med. Blue med. Med. ratio (blue/red) Red FWHM Blue FWHM FWHM ratio (blue/red) 

Log density (deg −2 ) 1.83 1.62 0.88 0.90 1.05 1.17 
Proj. dist. to nearest filament (kpc) 420 682 1.63 415 876 2.11 
Proj. dist. to nearest node (kpc) 1611 2639 1.64 2515 4207 1.67 
Proj. dist. to nearest massive galaxy (kpc) 248 568 2.29 386 974 2.52 
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WHMs, i.e. they are more homogeneous in these properties as 
 population than blue dwarfs. ∼50 per cent of red dwarfs reside
ithin projected distances that are less than the virial radii of massive
alaxies (gre y re gion in the lower-right plot within Fig. 8 ). There is no
ifference in either the average or the median density of the nearest
laments for red and blue dwarfs (not shown for brevity). The blue
opulation virtually disappears at the very highest densities ( > 3 
eg −2 ), which correspond to the top 1 percentile in density values
see inset in the upper-left plot). This suggests that only at the highest
ensity percentiles in the galaxy population that we study here does 
nvironmental quenching become strong enough to turn virtually all 
warfs red. 
The differences in the median properties between red and 

lue dwarfs (quantified using the ratio of the medians) is largest
or the distance to the nearest massive galaxy. Proximity to 
 massive galaxy may therefore be the most important fac- 
or that influences whether a dwarf galaxy becomes red (a 
imilar result has been reported at higher redshift by Guo et
l. 2017 ). The quenching of star formation due to the pres-
nce of a nearby massive galaxy is likely to be driven by
MNRAS 538, 153–164 (2025) 
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he large tidal perturbations that dwarfs will encounter when
hey are within the virial radius of their massive neighbours
e.g. Jackson et al. 2021a ), which appears to be consistent
ith the large fraction ( ∼50 per cent) of red dwarfs hav-

ng projected distances less than the virial radii of massive
alaxies. 

It is worth noting that the red fraction in dwarfs that reside at
ignificant projected distances (e.g. ∼ 1 Mpc) from massive galaxies
oes not fall to zero (see the bottom right panel of Fig. 8 ). It is difficult
o draw conclusions at even larger projected distances, given the large
ncertainties that are driven by the number count errors. Noting that
he 3D distances will be larger than their projected counterparts, our
esults appear inconsistent with a picture – as suggested by recent
ork based on the SDSS – in which dwarfs that reside at large
istances from massive galaxies are never quenched. 
Notwithstanding the broad differences in the locations of red

warfs compared to their blue counterparts, it is worth noting
hat many red dwarfs actually exist in regions of low density. For
xample, around half of the red dwarf population resides at projected
istances greater than the virial radii of massive galaxies. And around
5 (20) per cent of red dwarfs reside both outside the virial radii
f massive galaxies and in regions which represent the lower 50
70) per cent in density percentile. Comparison to the Horizon-
GN simulation suggests that dark matter haloes at such density
ercentiles have masses less than 10 11 . 6 (10 12 ) M �, respectively, i.e.
hese regions have very low ambient galaxy density. 

A large fraction of red dwarfs must therefore be quenched by
rocesses that are unrelated to environment (as also noted by some
ecent studies e.g. Guo et al. 2021 ). These are likely to be internal pro-
esses, such as stellar and AGN feedback (e.g. Volonteri et al. 2016 ;
aviraj, Martin & Silk 2019 ; Koudmani, Henden & Sijacki 2021 ),

lthough the data at hand do not allow us to put detailed constraints
n which internal mechanisms may dominate the quenching process.
t does, ho we ver, highlight the need to impro v e our understanding of
he impact, in dwarfs, of internal processes such as AGN feedback.

hile well-established as a potentially ke y driv er of massiv e-galaxy
v olution (e.g. Ka viraj et al. 2011 ; Beckmann et al. 2017 ; Kakkad
t al. 2022 ), the role of AGN is only beginning to be understood in the
warf regime (e.g. Silk 2017 ; Koudmani, Sijacki & Smith 2022 ). In
ummary, while local environment, particularly proximity to massive
alaxies, appears to increase the probability of a dwarf being red, a
arge fraction of the quenching in the dwarf population as a whole is
ik ely to tak e place via internal processes that are unrelated to local
nvironment. 

We complete our study by comparing our findings to recent
heoretical work. While quenched fractions in dwarfs from past
hallow surv e ys may show some tension with those predicted by
imulations, our findings are in good qualitative agreement with
urrent theoretical models. It is worth noting first that precise
omparisons are difficult because the definition of a quenched galaxy
ends to vary between different studies. Nevertheless, the quenched
ractions in dwarf galaxies in our stellar mass range of interest, which
eside in low-density environments in the NewHorizon simulation
Dubois et al. 2021 ), are between 20 and 50 per cent (Rhee et al.
024 ). The results from the FIREbox simulation (Feldmann et al.
023 ) are similar, with around 50 per cent of dwarfs with stellar
asses around 10 8 M � classified as quenched. Both simulations

redict quenched fractions that are consistent with those that we
av e deriv ed here. 
Interestingly, current simulations (e.g. Herzog et al. 2023 ; Pereira-
ilson et al. 2023 ) suggest that the quenched fraction in dwarfs that
NRAS 538, 153–164 (2025) 
eside in low-density environments may be controlled largely by
he ratio of halo and stellar mass, an internal characteristic which
ill influence the impact of processes like baryonic feedback, in
ualitative agreement with our findings. In particular, quenched
warfs in our stellar mass range of interest are predicted to be
referentially clustered around massive systems (e.g. Herzog et al.
023 ), which is strongly aligned with the results of our study. 

 SUMMARY  

warf galaxies dominate the galaxy number density, making them
undamental to a complete understanding of galaxy e volution. Ho w-
v er, while the y hav e been studied in our local neighbourhood (e.g. in
he Local Group or around nearby massive galaxies), typical dwarfs
re not bright enough to be detectable outside the very local Universe
n past large surv e ys like the SDSS, which offer large footprints
ut are relatively shallow. The subset of dwarfs that is detected in
uch surv e ys hav e high SFRs which boost their luminosities, making
hem detectable in shallo w images. Ho we ver, this also makes them
nomalously blue, a bias that likely affects the derivation of properties
ike red or quenched fractions and the identification of interesting
ub-populations, such as galaxies that may host AGNs. 

The advent of a new generation of surveys, that are both deep and
ide, offers the possibility to construct, for the first time, unbiased

tatistical samples of dwarfs outside the local neighbourhood. These
opulations can be used to probe aspects of galaxy evolution in
he dwarf regime that we were previously restricted to studying in

assive galaxies only. Here, we have explored the properties of
7000 dwarf (10 8 M � < M � < 10 9 . 5 M �) galaxies in the nearby
niverse ( z < 0 . 25). The dwarf population in our study is complete
own to M ∗∼ 10 8 M �, out to at least z ∼ 0 . 3. The galaxies that
nderpin this work are therefore unbiased across the stellar mass
nd redshift ranges explored here. At our redshifts of interest, the
OSMOS field is not centred on high-density structures and is likely

o be a low-density region containing galaxies in groups and the field.
ur main conclusions can be summarized as follows: 

(i) At low redshift ( z ∼ 0 . 05), around 40 per cent of the dwarf
opulation in low-density environments is red, with the red fraction
ecreasing with redshift to below 30 per cent by z ∼ 0 . 25. In
omparison, the red fraction in the core of Virgo and around
earby massive galaxies (both of which are relatively high-density
nvironments) are factors of 1.6 and 1.3 higher, respectively. The
orresponding red fractions calculated using the SDSS MGS are
nderestimated by around factors of 3 and 8 at z < 0 . 05 and z ∼ 0 . 08,
espectively. 

(ii) The SFMS appears to continue uninterrupted, in terms of its
lope, into the dwarf regime, down to at least M � ∼ 10 8 M �. 

(iii) Around 50 per cent of dwarfs at z ∼ 0 . 05 are quenched, i.e.
ie below the SFMS, with the quenched fraction falling gradually
o around 30 per cent by z ∼ 0 . 25. The red and quenched fractions
rack each other closely, suggesting that the red fraction may be a
seful proxy for the quenched fraction in the dwarf regime at low
edshift. 

(iv) Red dwarfs typically reside closer to nodes, filaments, and
assi ve galaxies. Ho we ver, proximity to a massive galaxy appears

o be more important in determining whether a dwarf is red, rather
han simply its distance from nodes and filaments or the mean density
f its local environment. 
(v) Notwithstanding these broad locational trends, many red

warfs exist in regions of low density. For example, the red fraction
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oes not fall to zero even when dwarfs are at significant ( ∼ 1 Mpc)
rojected distances from massive galaxies. Around half of the red 
warfs reside at projected distances greater than the virial radii of
assive galaxies. Furthermore, around 15 (20) per cent of the red 

warf population resides both outside the virial radii of massive 
alaxies and in regions which represent the lower 50 (70) per cent
n density percentile (i.e. in regions of very low ambient density). A
arge fraction of red dwarfs are therefore quenched by mechanisms 
hat are unrelated to environment, which are likely to be internal 
rocesses such as stellar and AGN feedback. 

In the coming years, new and forthcoming surv e ys like Euclid
nd LSST will provide unprecedented volumes of deep-wide multi- 
avelength photometric data, of similar quality to what has been 

mployed by this study. These data sets will enable the detailed 
xploration of stellar assembly, black-hole growth and morphological 
ransformation in the dwarf galaxy regime, to the same precision as
as hitherto been possible in massive galaxies. Such studies will drive 
mportant advances in our current understanding of galaxy evolution 
 v er a significant fraction of cosmic time. 

C K N OW L E D G E M E N T S  

e thank the anonymous referee for man y constructiv e comments 
hat enabled us to impro v e the original v ersion of the paper. SK, IL,
nd AEW acknowledge support from the Science and Technology 
acilities Council (grant numbers ST/Y001257/1, ST/S00615X/1, 
nd ST/X001318/1). SK also acknowledges a Senior Research 
ellowship from Worcester College Oxford. IL acknowledges a PhD 

tudentship funded by the Centre for Astrophysics Research at the 
ni versity of Hertfordshire. CL ackno wledges support from the Pro-
ramme National Cosmology and Galaxies (PNCG) of CNRS/INSU 

ith INP and IN2P3, co-funded by CEA and CNES. 
The cutouts in Fig. 3 were created using the cutout tool constructed

y Yao-Yuan Mao which can be found at this address: https://yymao. 
ithub.io/decals- image- list- tool /. We are grateful to Yao-Yuan Mao 
or releasing this as public software. 

The Hyper Suprime-Cam (HSC) collaboration includes the astro- 
omical communities of Japan and Taiwan, and Princeton University. 
he HSC instrumentation and software were developed by the 
ational Astronomical Observatory of Japan (NAOJ), the Kavli 

nstitute for the Physics and Mathematics of the Universe (Kavli 
PMU), the University of Tokyo, the High Energy Accelerator 
esearch Organization (KEK), the Academia Sinica Institute for 
stronomy and Astrophysics in Taiwan (ASIAA), and Princeton 
niversity. Funding was contributed by the FIRST program from 

he Japanese Cabinet Office, the Ministry of Education, Culture, 
ports, Science and Technology (MEXT), the Japan Society for 

he Promotion of Science (JSPS), Japan Science and Technology 
gency (JST), the Toray Science Foundation, NAOJ, Kavli IPMU, 
EK, ASIAA, and Princeton University. This paper makes use of 

oftware developed for Vera C. Rubin Observatory. We thank the 
ubin Observatory for making their code available as free software 
t http://pipelines.lsst.io/. 

This paper is based on data collected at the Subaru Telescope 
nd retrieved from the HSC data archive system, which is operated 
y the Subaru Telescope and Astronomy Data Center (ADC) at 
AOJ. Data analysis was in part carried out with the cooperation 
f Center for Computational Astrophysics (CfCA), NAOJ. We 
re honoured and grateful for the opportunity of observing the 
niverse from Maunakea, which has the cultural, historical and 
atural significance in Hawaii. This paper used data that is based on
bservations collected at the European Southern Observatory under 
SO programme ID 179.A-2005 and on data products produced by 
ALET and the Cambridge Astronomy Surv e y Unit on behalf of the
ltraVISTA consortium. 
For the purpose of open access, the authors have applied a Creative

ommons Attribution (CC BY) licence to any Author Accepted 
anuscript version arising from this submission. 

ATA  AVAI LABI LI TY  

he data used in this study are taken from Weaver et al. ( 2022 ). The
ensity maps were created using the DisPerSE algorithm which is 
escribed in Sousbie ( 2011 ). 

EFERENCES  

ihara H. et al., 2018, PASJ , 70, S8 
ihara H. et al., 2019, PASJ , 71, 114 
lam S. et al., 2015, ApJS , 219, 12 
rnouts S. et al., 2002, MNRAS , 329, 355 
shby M. L. N. et al., 2013, ApJ , 769, 80 
shby M. L. N. et al., 2015, ApJS , 218, 33 
shby M. L. N. et al., 2018, ApJS , 237, 39 
aldwin J. A. , Phillips M. M., Terlevich R., 1981, PASP , 93, 5 
alogh M. L. , Navarro J. F., Morris S. L., 2000, ApJ , 540, 113 
arazza F. D. et al., 2006, ApJ , 643, 162 
eckmann R. S. et al., 2017, MNRAS , 472, 949 
ehroozi P. S. , Wechsler R. H., Conroy C., 2013, ApJ , 770, 57 
ichang’a B. , Kaviraj S., Lazar I., Jackson R. A., Das S., Smith D. J. B.,

Watkins A. E., Martin G., 2024, MNRAS , 532, 613 
raun R. , Bourke T. L., Green J. A., Keane E., Wagg J., 2015, Proc.

Sci., Advancing Astrophysics with the Square Kilometre Array. SISSA, 
Trieste, PoS#174 

rinchmann J. , Charlot S., White S. D. M., Tremonti C., Kauffmann G.,
Heckman T., Brinkmann J., 2004, MNRAS , 351, 1151 

ruzual G. , Charlot S., 2003, MNRAS , 344, 1000 
avis F. et al., 2022, MNRAS , 511, 4109 
ey A. et al., 2019, AJ , 157, 168 
rinkwater M. J. , Gregg M. D., Colless M., 2001, ApJ , 548, L139 
ubois Y. et al., 2014, MNRAS , 444, 1453 
ubois Y. et al., 2021, A&A , 651, A109 
uc P.-A. et al., 2015, MNRAS , 446, 120 
eldmann R. et al., 2023, MNRAS , 522, 3831 
errarese L. et al., 2012, ApJS , 200, 4 
ouqu ́e P. , Solanes J. M., Sanchis T., Balkowski C., 2001, A&A , 375, 770 
allazzi A. , Charlot S., Brinchmann J., White S. D. M., Tremonti C. A., 2005,

MNRAS , 362, 41 
avazzi R. , Adami C., Durret F., Cuillandre J. C., Ilbert O., Mazure A., Pell ́o

R., Ulmer M. P., 2009, A&A , 498, L33 
eha M. et al., 2017, ApJ , 847, 4 
eha M. , Blanton M. R., Yan R., Tinker J. L., 2012, ApJ , 757, 85 
uo et al., 2017, ApJ , 841, L22 
uo et al., 2021, ApJ , 914, 7 
ahn C. et al., 2023, AJ , 165, 253 
erzog G. , Ben ́ıtez-Llambay A., Fumagalli M., 2023, MNRAS , 518, 6305 
ester J. A. , 2006, ApJ , 647, 910 

lbert O. et al., 2006, A&A , 457, 841 
lbert O. et al., 2009, ApJ , 690, 1236 
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PPENDI X  A :  EFFECTIVE  R A D I I  O F  DWA R F  

A L A X I E S  IN  T H I S  STUDY  

ig. A1 shows the distribution of ef fecti ve radii of the nearby dwarf
alaxies in our study. The median seeing of the HSC images is ∼0.6
rcsec. The median half-light radius is ∼0.78 arcsec (show using the
lue dashed line), while the value used to determine the completeness
hreshold in Section 3 is shown using the red dashed line. At the
edshifts sampled here, the dwarf galaxies are relatively small which
rives the similarities in the completeness curves derived using total
agnitudes and ef fecti ve surface brightnesses in Section 3 . 

igure A1. Ef fecti ve radii of our dwarf galaxies. The blue dashed line shows
he median value, while the 95th percentile value, used to determine the
ompleteness curves in Section 3 , is shown using a dashed red line. At our
edshifts of interest, the dwarf galaxies studied here are small which drives
he similarities in the completeness curves derived using total magnitudes and
f fecti ve surface brightnesses in Section 3 . 
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