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ABSTRACT

Dwarf galaxies dominate the galaxy number density, making them critical to our understanding of galaxy evolution. However,
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 surveys have relatively high star formation rates, which boost their luminosity, making them
detectable in shallow surveys, 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 (108 My < M, < 10°> Mg) in the COSMOS field
which, at these redshifts, is a relatively low-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.
regions of very 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.
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1 INTRODUCTION

Dwarf galaxies dominate the galaxy number density in all envi-
ronments and at all epochs (e.g. Wright et al. 2017; Martin et al.
2019), making them central to a complete understanding of galaxy
evolution. Much of our current knowledge of this regime comes
from dwarf studies in our local neighbourhood, such as in the Local
Group (e.g. Tolstoy, Hill & Tosi 2009) and around nearby massive
galaxies (e.g. Mao et al. 2021; Poulain et al. 2021). However, as
we show in Section 3, typical dwarfs are not bright enough to be
detectable, outside the very local Universe, in past wide-area surveys
like the SDSS (Alam et al. 2015), which offer large footprints but are
comparatively shallow. The subset of dwarfs that do appear in such
data sets have relatively high star formation rates (SFRs), usually
driven by interactions (e.g. fig. 1 in Jackson et al. 2021a). While
these high SFRs boost their luminosity, making them detectable in
shallow surveys, it also makes these galaxies biased and potentially
unrepresentative of the dwarf population as a whole.

This bias could manifest itself in multiple ways. For example,
the fraction of red or quenched dwarfs could be underestimated
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in shallow surveys, because redder galaxies, which are fainter at a
given stellar mass, will preferentially move out of the selection at
progressively higher redshifts. Recent work using the SDSS has
suggested that, below a stellar mass of 10° Mg, the quenched
fraction in nearby (z < 0.055) dwarfs in low-density environments
which reside at significant distances (>1.5 Mpc) from the nearest
massive galaxy may be close to zero (e.g. Geha et al. 2012), a result
which shows some tension with simulations (e.g. Sharma et al. 2022;
Feldmann et al. 2023; Herzog, Benitez-Llambay & Fumagalli 2023).
It is worth considering whether at least some of this result could be
driven by the inability of the SDSS to detect quenched dwarfs outside
the very local Universe because they are too faint.

In this context, it is interesting to note that when an analysis
of SDSS dwarfs is performed at much lower redshift, which reduces
but does not completely eliminate the bias, the red/quenched fraction
appears to be higher. For instance, Barazza et al. (2006) have shown
that SDSS dwarfs with stellar masses less than ~ 1033 Mg at
z < 0.02 exhibit a pronounced red sequence. Since red galaxies
are typically dominated by systems that are quenched (e.g. Kaviraj
et al. 2007), the quenched fraction in dwarfs suggested by this
study is significantly higher than zero. Note, however, that these
dwarfs are not selected to be at large distances from massive
galaxies, which could partly explain the discrepancy with Geha et al.
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(2012). Nevertheless, the conclusions of Barazza et al. (2006) appear
consistent with Tanoglidis et al. (2021), Thuruthipilly et al. (2024),
and Lazar et al. (2024a, b), who have studied nearby low-surface-
brightness and dwarf galaxies using surveys that are significantly
deeper than the SDSS and also find significant populations of red
dwarfs in low-density environments out to moderate redshift.

The identification of interesting sub-populations may also be
affected by the biased nature of the dwarfs in shallow surveys. For
example, identifying dwarfs which host active galactic nuclei (AGN),
using common techniques that attempt to separate AGN from star-
forming systems — e.g. the emission-line ‘BPT’ method (Baldwin,
Phillips & Terlevich 1981; Veilleux & Osterbrock 1987) — may be
complicated by the fact that dwarfs detected by shallow surveys are
typically star forming. The contribution of star formation to diagnos-
tic features like emission lines may swamp the contribution due to the
AGN. This is particularly true when single fibre spectroscopy which
covers a significant fraction of the galaxy is utilized, resulting in
spuriously low AGN fractions (e.g. Mezcua & Dominguez Sanchez
2024, see also Davis et al. 2022; Bichang’a et al. 2024). In summary,
the results of past dwarf-galaxy studies that are underpinned by data
from shallow surveys need to be interpreted in the context of these
biases. Furthermore, accurate statistical estimates of key properties
like red and quenched fractions in the dwarf regime benefit greatly
from surveys that are both deep and wide.

Overall, the issues described above have two important con-
sequences for our understanding of galaxy evolution. First, our
observational picture of how galaxies form and evolve over cosmic
time is overwhelmingly dominated by bright (i.e. massive) galaxies.
Secondly, our theoretical models are largely calibrated to reproduce
the properties of massive galaxies (only). Our current understanding
of the physics of galaxy evolution is therefore likely to be incomplete.
In this context, it is worth noting that, given their shallower potential
wells, the impact of many key processes, such as baryonic feedback
and tidal perturbations, is likely to be stronger in dwarfs than in
massive galaxies. This makes dwarfs more sensitive laboratories for
studying such processes (e.g. Williamson et al. 2016; Martin et al.
2019, 2021; Jackson et al. 2021b; Watkins et al. 2023; Uzeirbegovic
et al. 2024), in order to gain a better understanding of how they shape
galaxy evolution.

Some recent surveys, such as MATLAS (Duc et al. 2015),
SAGA (Geha et al. 2017), LIGHTS (Trujillo et al. 2021), and
the Fornax Deep Survey (Venhola et al. 2018), reach the depths
required to assemble mass-complete samples of relatively luminous
nearby dwarfs. In these surveys, dwarfs are identified based on
their proximity to massive systems. However, as we show below,
proximity to massive galaxies is potentially the most significant
factor in making dwarf galaxies red. In addition, redder dwarfs tend
to exhibit higher fractions of systems with early-type morphology
(e.g. Lazar et al. 2024a). Thus, while these surveys are able to probe
more complete samples of dwarfs, the dwarf population may be, by
construction, skewed towards relatively high-density environments
in which dwarfs show biases in terms of colour and morphology.

A systematic study of dwarfs in low-density environments requires
surveys that are deep, wide and not centred either on massive galaxies
or known regions of high density. The advent of several such surveys
— such as the Hyper Suprime-Cam Subaru Strategic Program (HSC-
SSP, Aihara et al. 2018), the forthcoming Legacy Survey of Space
and Time (LSST) via the Rubin Observatory (e.g. Ivezi¢ et al.
2019; Watkins et al. 2024), and Euclid (Laureijs et al. 2011) — is
poised to revolutionize our understanding of galaxy evolution (e.g.
Kaviraj 2020), by offering large unbiased samples of dwarfs outside
the very local Universe. Together with deep-wide surveys in other
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wavelengths, such as those using the Roman telescope in the infrared
(e.g. Spergel et al. 2015) and the SKA 1in the radio (e.g. Braun et al.
2015), this new generation of data sets will enable us to explore, for
the first time, aspects of galaxy evolution in the dwarf regime that
we were previously restricted to studying only in massive galaxies.

Here, we use deep-wide data in the COSMOS field to perform a
statistical study of star formation and quenching in ~7000 dwarf (108
Mgy < M, < 10°3 My,) galaxies in the nearby (z < 0.25) Universe.
Our study provides both an unbiased exploration of dwarfs outside
the local neighbourhood and a demonstration of the novel analyses
that can be performed using the new and forthcoming surveys that
will dominate the astronomical landscape in the next decades.

This paper is organized as follows. In Section 2, we outline the
data sets that underpin this study. In Section 3, we explore why deep-
wide surveys are necessary for such an analysis in the first place.
We study the detectability and completeness of dwarf populations as
a function of stellar mass and redshift and quantify the differences
between dwarfs that appear in deep-wide surveys and those that are
detectable in shallow data sets like the SDSS. In Sections 4 and 5,
we calculate the fraction of dwarfs that reside on the optical red
sequence, consider how the star formation main sequence (SFMS)
extends into the dwarf regime, and estimate the fraction of dwarfs
that are quenched. In Section 6, we study the distances of red and
blue dwarfs from nodes, filaments, and massive galaxies in order to
explore the processes that drive the quenching of star formation in
nearby dwarf galaxies. We also compare our results to the findings
of recent theoretical work. We summarize our findings in Section 7.

2 DATA

2.1 Physical parameters and visual inspection to remove
spurious sources

We use physical parameters (photometric redshifts, stellar masses,
rest-frame colours, and SFRs) from the Classic version of the COS-
MOS2020 catalogue (Weaver et al. 2022), a high-precision value-
added catalogue of sources in the 2 deg® region of the COSMOS
field and a successor to the benchmark COSMOS2015 data set
(Laigle et al. 2016) which was created using similar techniques.
The physical properties in COSMOS2020 are calculated using deep,
multi-wavelength ultraviolet (UV) to mid-infrared photometry in 40
broad- and medium-band filters from several instruments: GALEX
(Zamojski et al. 2007), MegaCam/CFHT (Sawicki et al. 2019),
ACS/HST (Leauthaud et al. 2007), Subaru/Hyper Suprime-Cam
(Aihara et al. 2019), Subaru/Suprime-Cam (Taniguchi et al. 2007,
2015), VIRCAM/VISTA (McCracken et al. 2012), and IRAC/Spitzer
(Ashby et al. 2013; Steinhardt et al. 2014; Ashby et al. 2015, 2018).
A particular novelty is the incorporation of optical (i,z) data from
the Ultra-deep layer of the HSC-SSP, which has a point source depth
of ~28 mag (Aihara et al. 2019), for object detection. The detection
limit of HSC-SSP Ultra-deep is ~5 mag fainter than standard depth
SDSS imaging and ~10 mag fainter than the magnitude limit of
the SDSS spectroscopic main galaxy sample (MGS). As we explore
in Section 3, this facilitates the identification of unbiased samples
of dwarfs that are likely to be complete down to a stellar mass
of M,~ 10® Mg and out to at least z ~ 0.3. It is worth noting
that SDSS photometry is typically not deep enough to extract
reliable photometric redshifts, particularly for faint objects like
dwarf galaxies. Most scientific analyses that use the SDSS data
set, including past dwarf-galaxy studies, employ the MGS, which
is restricted to galaxies with 7 < 17.77 (Strauss et al. 2002), ~5 mag
brighter 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.

The survey images are homogenized to a common point spread
function, and fluxes are extracted within circular apertures, using the
SEXTRACTOR and IRACLEAN codes for UV/optical and infrared
photometry respectively. Physical parameters are calculated using
the LEPHARE spectral energy distribution (SED) fitting algorithm
(Arnouts et al. 2002; Tlbert et al. 2006).! Photometric redshifts have
typical accuracies better than 1 and 4 per cent for bright (i < 22.5
mag) and faint (25 < i < 27 mag) galaxies, respectively, making this
catalogue well suited for our purposes.

To construct our sample, we first select objects that are classified
as galaxies by LEPHARE (‘type’ = 0 in the COSMOS2020 catalogue)
and are also classified as ‘extended’ (i.e. galaxies) in the HSC griz
filters. We then restrict our study to galaxies which have stellar masses
in the range 108 Mgy < M, < 10°° Mg, redshifts in the range z <
0.25, lie within the HSC-SSP footprint and outside masked regions
and have both u-band and mid-infrared photometry (since a wide
wavelength baseline aids the accuracy of the parameter estimation;
e.g. Ilbert et al. 2006). This produces an initial sample of ~7000
low-mass galaxies.

Asnoted in Davis et al. (2022), a small fraction of objects identified
as low-mass galaxies in such catalogues are actually regions within
nearby massive galaxies that have been shredded by the deblender.
Therefore, we visually inspect the HSC image of each low-mass
object in the initial sample described above, in order to identify and
remove 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
the SED fitting. Briefly, the template library spans all galaxy morphological
types (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).
Extinction is included as a free parameter, with a flat prior in the reddening
(Ep—v < 0.5). Emission lines are added using the relationship between the
UV luminosity and [O 11] emission-line flux, following Ilbert et al. (2009).
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the findings of Davis et al. (2022), these account for ~0.8 per cent
of objects. We remove these objects from our final sample.

It is worth noting here that large, unbiased spectroscopic samples
of dwarfs outside the very local Universe (particularly in low-density
environments) will be difficult to assemble in the near term, given
the limits of current and forthcoming instrumentation. Photometric
studies, such as this one, are therefore likely to form the basis of
statistical studies of dwarf galaxies, outside the local neighbourhood,
for the foreseeable future.

2.2 DisPerSE: measurement of local density and the location of
galaxies in the cosmic web

We use DisPerSE (Sousbie 2011), a structure-finding algorithm, to
measure the local density and the locations of galaxies within the
cosmic web, such as their distances to the nearest nodes and filaments.
DisPerSE uses Delaunay tessellations to measure the density field,
calculated using the positions of galaxies (Schaap & van de Weygaert
2000). It then uses segments to connect topological saddle points
with the local maxima in the density map, forming a set of ridges
that constitute a ‘skeleton’, which describes the network of filaments
that define the cosmic web. Stationary points in the density map —i.e.
minima, maxima, and saddles — correspond to the locations of voids,
nodes and the centres of filaments respectively. We refer readers to
Sousbie (2011) for further details of the algorithm.

The properties of the skeleton are determined by a ‘persistence’
parameter, which sets a threshold value for defining pairs of critical
points within the density map. A persistence of N results in a
skeleton where all critical pairs with Poisson probabilities below No
from the mean are removed. We follow the methodology of Laigle
et al. (2018), who have implemented DisPerSE on redshift slices of
similar widths as in our analysis, constructed from the COSMOS2015
(Laigle et al. 2016) catalogue. The same methodology has also
recently been used to perform a similar density analysis using the
COSMOS2020 catalogue by Lazar et al. (2023) and Bichang’a et al.
(2024).

The thickness of the slices is driven by the redshift uncertainties
of the galaxy sample. Laigle et al. (2018) have shown, using the
Horizon-AGN cosmological simulation (Dubois et al. 2014; Kaviraj
et al. 2017), that data sets like COSMOS2015 which offer high pho-
tometric redshift precision (and, by extension, COSMOS2020 which
provides similar precision) can recover the broad 3D properties of the
cosmic 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,
which removes ridges close to the noise level, where structures could
be spurious. To correctly estimate the topology of galaxies close to
the field boundary, a surface of ‘guard’ particles is added outside the
boundary coordinates, with new particles added by interpolating the
calculated density at the boundary itself. Additionally, we exclude
galaxies which lie within 0.1° of the boundary from our analysis in
order to completely avoid any edge effects.

The accuracy of the COSMOS2020 redshifts enables us to employ
well-defined and relatively narrow redshift slices to build our density
maps. We only use massive (M, > 10'° M) galaxies to build
these maps, as they have the smallest redshift errors and will
dominate the local gravitational potential wells. When constructing
each density map, individual galaxies are weighted by the area
under their redshift probability density function that is contained
within the slice in question. This takes into account the fact that the
photometric redshifts of massive galaxies, although very accurate
in COSMO0S2020, do have associated errors. Fig. 2 indicates the
line-of-sight (LOS) comoving distance errors that correspond to the
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Figure 2. The median 1o redshift uncertainty of massive (M, > 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, > 1010 M, are
used to construct density maps, as they have the most accurate redshifts and
will dominate the local gravitational potential well. We restrict the density
analysis, in Section 6, to the grey shaded region, which exhibits 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.

median 1o redshift uncertainties of massive galaxies, as a function
of redshift. For our sample, the 1o redshift uncertainty reaches a
broad minimum in the redshift range 0.2 < z < 0.25, corresponding
to physical distance errors between ~50 and 53 Mpc. In addition,
the number of massive galaxies at z < 0.2 is not large enough to
construct density maps. Thus, in Section 6, we restrict the analysis
of environmental properties to the redshift range 0.2 < z < 0.25.

Since we are interested in the role of environment in influencing the
evolution of dwarfs, it is instructive to consider the types of large-
scale structures that are likely to exist within our COSMOS2020
footprint. We note first that the COSMOS field is not centred on a
known region of high density. In the redshift range that we probe for
the environmental analysis, the COSMOS2020 footprint corresponds
to a linear transverse size of ~26 Mpc. To explore the types of
structures that might be present in a field of this size, we consider the
NewHorizon cosmological simulation (Dubois et al. 2021), which
has a similar (albeit slightly smaller) size to the COSM0S2020 field
at these redshifts. The largest dark matter halo in NewHorizon has
a mass of ~ 10'3 Mg, similar to that of a relatively large group.’
Thus, the large-scale structure within the COSMOS2020 field at these
redshifts is likely to contain relatively low-density environments,
comprising groups of galaxies and systems in the field.

3 THE NEED FOR DEEP-WIDE SURVEYS:
DETECTABILITY AND COMPLETENESS IN
THE DWARF REGIME

We first consider why deep-wide surveys are important for per-
forming unbiased statistical studies of dwarfs outside the very local
Universe. We begin, in Fig. 3, by illustrating this point visually. We

2In comparison, a small cluster like Fornax has a virial mass of ~ 7 x 1013
M (Drinkwater, Gregg & Colless 2001), while larger clusters like Virgo and
Coma have virial masses of ~ 10! Mg (e.g. Fouqué et al. 2001; Gavazzi
et al. 2009).
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HSC U/D DECalLS SDSS

Figure 3. Images from surveys of varying depths, of several dwarfs which
have stellar masses and redshifts close to the median values in our sample
(~ 1033 Mg and z~ 0.19, respectively). The top three rows show 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 survey (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
enough to have an SDSS spectrum and therefore they do not appear in the
MGS.
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show optical images of several dwarfs, which have stellar masses
and redshifts close to the median values of our sample (~ 1033 Mg
and z ~ 0.19) in three surveys of varying depths.’ The top three
rows show 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 panel), which are ~4 mag deeper than
standard-depth SDSS imaging, they are less reliably detected in the
DECaLS survey (middle panel; Dey et al. 2019), which is ~2 mag
deeper than the SDSS and close to the noise, especially for the red
galaxies, in the SDSS itself (right panel). It is worth noting here that
none of these objects are bright enough to have an SDSS spectrum
and therefore they do not appear in the MGS at all.

We study this point more precisely by quantifying the complete-
ness of dwarf galaxy populations in these different surveys, as a
function of stellar mass and redshift. At a given redshift, a population
of galaxies with a given stellar mass can be considered complete, and
therefore unbiased, if any galaxy with that stellar mass is detectable
in the survey in question. We can estimate the redshift out to which
galaxies of a given stellar mass are complete by considering an object
which is likely to have the faintest magnitude at that stellar mass. If
this faintest ‘limiting case’ is brighter than the detection limit of the
survey in question, then all galaxies with that stellar mass will, in
principle, also be detectable.

Here, we define this faintest limiting case to be a purely old ‘simple
stellar population’ (SSP), that forms in an instantaneous burst at
z = 2. Since virtually no real galaxy at low redshift is composed
of a purely old stellar population, this (hypothetical) object allows
us to explore the completeness of different surveys. We consider
SSPs with two metallicities, 0.05 and 0.5 Z,, constructed using the
Bruzual & Charlot (2003) stellar models. The broad conclusions are
not strongly sensitive to the chosen metallicity, as we show below.
The local stellar mass—metallicity relation (e.g. Gallazzi et al. 2005)
indicates that the stellar metallicity of dwarfs at the median stellar
mass of our sample is ~0.2 Zg. The chosen metallicities therefore
bracket the metallicities of nearby dwarf galaxies in our stellar mass
range of interest.

In the top panel of Fig. 4, we use these SSPs to estimate the
redshifts at which galaxy populations of different stellar masses are
complete in different surveys. We perform this exercise in two ways,
first considering just the total magnitude and second considering the
effective surface brightness (the conclusions are similar, regardless
of the method used). For the latter, we combine the total magnitude
with the 95th percentile value of the effective radius distribution of
the dwarfs in our study, in order to calculate a limiting value for the
effective surface brightness. We then estimate the redshift at which
either the magnitude or surface brightness of our faintest limiting
case equals the magnitude or surface brightness limit of the surveys
in question, as a function of stellar mass.

The curves show these redshifts for the following surveys: 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 survey, the solid and dashed
lines indicate the detection thresholds calculated using our 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. The conclusions derived from

3The images are created using the cutout tool created by Yao-Yuan Mao,
which can be found at this address: https://yymao.github.io/decals-image-
list-tool/.
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Figure 4. Top: Redshifts at which galaxy populations of different stellar
masses are complete in various surveys: 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
survey, the solid and dashed lines indicate detection thresholds calculated
using purely-old SSPs with metallicities of 0.05 and 0.5 Zg, 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 overplotted 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.

total magnitudes and effective surface brightnesses are similar
because, at our redshifts of interest, the sizes of dwarfs are small
(see Appendix A). We note that these completeness curves are likely
to be pessimistic because, as Fig. 5 indicates, very few nearby dwarfs
are actually consistent with purely old stellar populations. In other
words, it is likely that our dwarf populations are complete out to
higher redshifts than those indicated by these curves.

In the context of these completeness thresholds, galaxy popula-
tions are complete (and unbiased) in the part of the redshift—stellar
mass parameter space which is below the curve in question. Note
that this does not mean that no galaxies above the curves will exist
in a particular survey. Rather, galaxy populations that are above and

MNRAS 538, 153-164 (2025)
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Figure 5. Left: Rest-frame (g — i) colours of the COSMOS2020 galaxies, shown as a heatmap, with those in the MATLAS survey 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
overplotted are red fractions in dwarfs in the MATLAS survey and in the core of Virgo from the NGVS survey.

further away from these curves will be progressively more biased
towards bluer galaxies (and against redder objects). For example, at
z ~ 0.15, our purely old limiting case, even at 10’ My, is brighter
than the detection limit of the HSC-SSP Ultra-deep survey, indicating
that the dwarf population should be complete in this survey down
to this mass limit at this redshift. Similarly, at z ~ 0.3 the galaxy
population is likely to be complete down to 107> Mg. The galaxy
population that underpins our study is indicated using the grey
rectangle. Comparison of this grey region to the black and blue
lines indicates that this population is complete within our mass and
redshift ranges of interest, indicating therefore that our results will
not be biased by subsets of dwarfs (e.g. redder galaxies) moving out
of the selection.

The situation for the SDSS spectroscopic MGS (red solid and
dashed lines), which is the basis for many past dwarf studies, is very
different. Only at the uppermost end of the dwarf mass range, and
at very low redshift (z < 0.02), are galaxy populations likely to be
complete in the SDSS. In other words, typical galaxies with M, <
10°> M, are unlikely to appear in the SDSS spectroscopic sample
outside the very local Universe. As noted above, dwarfs outside our
local neighbourhood will generally appear in shallow surveys like
the SDSS only if they have high SFRs, which boosts their luminosity
and makes them detectable in such shallow datasets. However, as
we show in the bottom panel of this figure, these high SFRs also
make these dwarfs blue and potentially unrepresentative of the dwarf
population as a whole.

The bottom panel of this figure shows the consequence of the
incompleteness described above. The rest-frame (g —i) colour
versus stellar mass of galaxies in COSMOS2020 at z < 0.25 is shown
using the heatmap. The blue contours indicate the locations of SDSS
spectroscopic objects, from the MPA-JHU catalogue (Kauffmann
et al. 2003; Brinchmann et al. 2004), that exist within this footprint
and in this redshift range. A random sample of SDSS spectroscopic
objects are shown overplotted using open blue circles. The general
trend indicates that, while massive galaxies appear in the SDSS
MGS regardless of colour, galaxies become increasingly blue with
decreasing stellar mass. At the lower end of the dwarf galaxy mass
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range (e.g. M, < 10° M) the SDSS-detected systems only exhibit
blue rest-frame colours. As we show in Section 4 below, this bias
likely translates into a spuriously low fraction of red (or quenched)
dwarfs in such shallow surveys.

4 RED FRACTIONS IN DWARF GALAXIES

We begin our analysis of the properties of our dwarfs by considering
their rest-frame colours, which are a powerful diagnostic of the recent
star formation history of galaxies (e.g. Strateva et al. 2001; Pandey
et 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
study this colour because it facilitates comparison with populations of
dwarfs in local high-density regions, from Virgo and around nearby
massive galaxies, which also have photometry in these filters. In the
dwarf regime in the nearby Universe, the rest-frame (g — i) colour is
bimodal in the colour—stellar mass plane around (g — i) ~ 0.7, with
well-defined red and blue peaks (Lazar et al. 2024a). Overlaid are
rest-frame (g — i) colours of SSPs which form at look-back times of
2,4, and 10 Gyr [taken from the Bruzual & Charlot (2003) population
synthesis models]. Since galaxies show a relationship between stellar
mass and metallicity, we use SSPs which have the median metallicity
at a given stellar mass, taken from the mass—metallicity relation in
Gallazzi et al. (2005). While real galaxies do not have star formation
histories that correspond exactly to SSPs, these SSP-based colours
serve as a useful guide to understanding the broad features of the star
formation histories of galaxies in this colour—mass diagram.

Dwarfs in the blue peak lie blueward of the 2 Gyr SSP, suggesting
that these galaxies are likely to have had some star formation within
the last 2 Gyr. In the same vein, the red dwarfs are unlikely to
have had significant star formation in the last 2 Gyr. Indeed, most
dwarfs in the red peak lie blueward of the 4 and 10 Gyr SSPs,
indicating that very few dwarfs are consistent with having purely
old stellar populations and a ‘monolithic’ formation scenario. While
the COSMOS footprint is likely to be dominated by low density
environments at the redshifts probed by this study, it is instructive to
compare the rest-frame colours of our dwarfs to those in relatively
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high-density environments. The green and pink symbols show dwarfs
in the MATLAS (Duc et al. 2015; Poulain et al. 2021) and NGVS
(Ferrarese et al. 2012) surveys. The former samples environments
around massive galaxies like the Milky Way, while the latter is a
survey of galaxies in the Virgo cluster. Here, we specifically consider
dwarfs in the core of Virgo from Sanchez-Janssen et al. (2019), which
are likely to be characteristic of the highest-density regions in the
nearby Universe.

In the right-hand panel of this figure, we summarize the red
fractions in the dwarf regime [i.e. the fraction of galaxies that lie
redward 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
slowly with redshift to below 30 per cent by z ~ 0.25. Recall, from
the discussion in Section 3, that the dwarf population in this study
is complete at these redshifts. Thus, this evolution is not due to red
dwarfs falling out of the selection at progressively higher redshift
but rather due to the real evolution in the star-formation properties of
dwarfs across this period of cosmic time. The red fractions calculated
using the SDSS MGS are underestimated by around a factor of 3 at
z < 0.05 and a factor of 8 at z ~ 0.08.

Our red fractions are consistent with the value (~35 per cent)
derived by Lazar et al. (2024a) at z < 0.08 using HSC data. It is
also consistent with other recent work which has studied nearby
low-surface-brightness galaxies (which are dominated by dwarfs)
using relatively deep data from the Dark Energy Survey (DES; e.g.
Tanoglidis et al. 2021; Thuruthipilly et al. 2024). The red fractions
from these studies, using the same (g — i) colour as we use here,
are around 30 per cent. Note, however, that the HSC data in this
study are ~3 mag deeper than DES, which likely explains the small
discrepancy in these red fractions. In summary, our results agree well
with the findings of other work which uses relatively deep data sets.

The red fraction is elevated around nearby massive galaxies in
the MATLAS survey and in the core of Virgo by factors of ~1.6
and ~1.8, respectively, compared to the value in low-density envi-
ronments. This is expected, since additional processes in relatively
dense environments, such as tidal interactions (Moore et al. 1998;
Martin et al. 2019; Jackson et al. 2021a) and ram pressure stripping
(e.g. Balogh, Navarro & Morris 2000; Hester 2006), will increase the
removal of gas in dwarfs, reducing star formation activity even further
and increasing the probability of dwarfs becoming red. However,
the significant red fractions in dwarfs in low-density environments
suggest that, in an appreciable fraction of dwarfs, the quenching of
star formation does not rely on environmental factors but is likely
to be triggered by internal processes like baryonic (stellar or AGN)
feedback. We return to this point and explore it in more detail in
Section 6 below.

5 THE STAR FORMATION MAIN SEQUENCE:
QUENCHED FRACTIONS AS A FUNCTION OF
REDSHIFT AND STELLAR MASS

We proceed by exploring the star formation properties of our nearby
dwarf galaxies. The top panel of Fig. 6 shows SFR versus stellar
mass for our galaxy sample. The heatmap shows the COSMOS2020
galaxy population. The main well-defined ridgeline, where the SFR
increases with stellar mass, is sometimes referred to as the SEFMS. The
lower end of the SFMS, defined to be ~0.5 dex below the ridgeline,
is shown using the dotted line. To assess its veracity, we compare
the COSMOS2020 ridgeline to other SFMS in the literature, derived
using spectro-photometric data from the SDSS (e.g. Salim et al.
2016), multi-wavelength photometric data based on medium-band
photometry (Whitaker et al. 2012) and the median of multiple SFMS
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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 overplotted 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 overplotted 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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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'" My,) 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.

measurements at z ~ 0.2 (Behroozi, Wechsler & Conroy 2013). The
full width at half-maximum (FWHM) of the SFMS in each of these
observational studies is indicated in the upper left-hand corner of the
panel. The SFMS in our galaxies at relatively high stellar masses
(M, > 108> My,) agrees well with other SFMS. Given the improved
detectability of dwarfs in the deep data used here, it appears that the
SEMS continues uninterrupted with the same slope into the dwarf
regime.

The SFMS allows us to consider the recent star formation history
in terms of the quenched fraction of galaxies, defined here as the
fraction of galaxies which reside below the lower end of the SFMS
(shown using the dotted black line in the top panel). In the middle
and bottom panels of Fig. 6, we show the quenched fractions, both as
a function of redshift for various stellar mass ranges (middle panel)
and as a function of stellar mass for various redshift ranges (bottom
panel). The red fraction in the dwarf regime, from Fig. 5, is shown,
for comparison, using the dashed orange line. Not surprisingly, the
red and quenched fractions show a close correspondence, which
indicates that the red fraction in the rest-frame (g — i) colour could
be used as a proxy for the quenched fraction. This is likely to be
useful, for example, in cases where a large wavelength baseline may
not be available, making it more difficult to estimate SFRs from SED
fitting. ~50 per cent of dwarfs are quenched at z < 0.05, with the
quenched fraction gradually falling to ~30 per cent by z ~ 0.25.

6 WHAT QUENCHES DWARF GALAXIES?

Our analysis above already offers some clues about the processes
that quench dwarf galaxies. Fig. 5 indicates that the red fractions, in
nearby dwarfs that reside in low-density environments, are ~30—40
per cent across our redshift range of interest. While the corresponding
value in high-density environments like the core of Virgo is larger,
the significant red fraction in low-density environments suggests
that inhabiting a region where the ambient density is high is not a
prerequisite for the quenching of star formation in dwarf galaxies.
The probability of a dwarf being red may therefore correlate more
closely with finer details of environment (e.g. proximity to a specific
type of structure within the cosmic web) or be driven by internal
processes, like baryonic feedback from stars and AGN.
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In this section, we probe the environments of our dwarfs in more
detail, using the density maps described in Section 2.2, to quantify
the relative role of internal and external processes in quenching star
formation in these systems. Recall from the discussion in Section 2
that, for this exercise, we consider the galaxy population in the
redshift range 0.2 < z < 0.25, where the redshift errors of massive
(M, > 10'° M) galaxies, which are used to construct the density
maps, reach a broad minimum, making our density maps most
accurate. In addition, the number of massive galaxies is not large
enough to construct density maps at z < 0.2. Fig. 7 shows two density
maps covering the redshift range 0.2 < z < 0.25, where regions of
higher density are shown in lighter colours. The solid black lines
show the skeleton, i.e. the locations of the filaments. The open grey
circles show the positions of the massive galaxies which are used to
construct the density maps, while random samples of red and blue
dwarfs are shown using the filled red and blue circles, respectively.

In Fig. 8, we summarize the differences between red and blue
dwarfs in terms of their local density (upper-left plot) and different
aspects of the cosmic web. In the upper-right, lower-left, and lower-
right plots we consider the projected distances of red and blue dwarfs
from the nearest filament, node, and massive galaxy, respectively.
The top panel in each plot shows the fraction of red dwarfs, while
the bottom panel shows the distributions of the red and blue dwarf
populations. The inset in the upper left plot shows the density
percentiles that correspond to the highest densities. The grey shaded
region in the lower-right plot indicates the virial radii of dark matter
haloes that host massive (M, > 10'°© M) galaxies in the local
Universe, taken from the Horizon-AGN simulation.*

In Table 1, we present the median values and FWHMs of these
distributions for the red and blue dwarfs. Fig. 8 and Table 1 confirm
what is apparent from visual inspection of the density maps in Fig.
7, i.e. that red dwarfs have a larger tendency of inhabiting regions
of higher density and reside closer to nodes, filaments, and massive
galaxies. The distributions of the red dwarfs consistently show lower

4Horizon-AGN is a cosmological hydrodynamical simulation which offers
a 100 2~ comoving Mpc? 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 x 107 M, a gas mass resolution of ~ 107 Mg, and a stellar
mass resolution of 4 x 10% Mg, (Dubois et al. 2014; Kaviraj et al. 2017).
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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'° 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
massive galaxy (row 4). Columns 2—4 present median values for the red and blue dwarfs and the ratio of these medians (blue/red). Columns 57 present the same
for the FWHMSs 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 (deg2) 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

FWHMs, i.e. they are more homogeneous in these properties as
a population than blue dwarfs. ~50 per cent of red dwarfs reside
within projected distances that are less than the virial radii of massive
galaxies (grey region in the lower-right plot within Fig. 8). There is no
difference in either the average or the median density of the nearest
filaments for red and blue dwarfs (not shown for brevity). The blue
population virtually disappears at the very highest densities (> 3
deg=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
density percentiles in the galaxy population that we study here does

environmental quenching become strong enough to turn virtually all
dwarfs red.

The differences in the median properties between red and
blue dwarfs (quantified using the ratio of the medians) is largest
for the distance to the nearest massive galaxy. Proximity to
a massive galaxy may therefore be the most important fac-
tor that influences whether a dwarf galaxy becomes red (a
similar result has been reported at higher redshift by Guo et
al. 2017). The quenching of star formation due to the pres-
ence of a nearby massive galaxy is likely to be driven by
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the large tidal perturbations that dwarfs will encounter when
they are within the virial radius of their massive neighbours
(e.g. Jackson et al. 2021a), which appears to be consistent
with the large fraction (~50 per cent) of red dwarfs hav-
ing projected distances less than the virial radii of massive
galaxies.

It is worth noting that the red fraction in dwarfs that reside at
significant projected distances (e.g. ~ 1 Mpc) from massive galaxies
does not fall to zero (see the bottom right panel of Fig. 8). Itis difficult
to draw conclusions at even larger projected distances, given the large
uncertainties that are driven by the number count errors. Noting that
the 3D distances will be larger than their projected counterparts, our
results appear inconsistent with a picture — as suggested by recent
work based on the SDSS — in which dwarfs that reside at large
distances from massive galaxies are never quenched.

Notwithstanding the broad differences in the locations of red
dwarfs compared to their blue counterparts, it is worth noting
that many red dwarfs actually exist in regions of low density. For
example, around half of the red dwarf population resides at projected
distances greater than the virial radii of massive galaxies. And around
15 (20) percent of red dwarfs reside both outside the virial radii
of massive galaxies and in regions which represent the lower 50
(70) percent in density percentile. Comparison to the Horizon-
AGN simulation suggests that dark matter haloes at such density
percentiles have masses less than 10" (10'?) M, respectively, i.e.
these regions have very low ambient galaxy density.

A large fraction of red dwarfs must therefore be quenched by
processes that are unrelated to environment (as also noted by some
recent studies e.g. Guo et al. 2021). These are likely to be internal pro-
cesses, such as stellar and AGN feedback (e.g. Volonteri et al. 2016;
Kaviraj, Martin & Silk 2019; Koudmani, Henden & Sijacki 2021),
although the data at hand do not allow us to put detailed constraints
on which internal mechanisms may dominate the quenching process.
It does, however, highlight the need to improve our understanding of
the impact, in dwarfs, of internal processes such as AGN feedback.
While well-established as a potentially key driver of massive-galaxy
evolution (e.g. Kaviraj et al. 2011; Beckmann et al. 2017; Kakkad
etal. 2022), the role of AGN is only beginning to be understood in the
dwarf regime (e.g. Silk 2017; Koudmani, Sijacki & Smith 2022). In
summary, while local environment, particularly proximity to massive
galaxies, appears to increase the probability of a dwarf being red, a
large fraction of the quenching in the dwarf population as a whole is
likely to take place via internal processes that are unrelated to local
environment.

We complete our study by comparing our findings to recent
theoretical work. While quenched fractions in dwarfs from past
shallow surveys may show some tension with those predicted by
simulations, our findings are in good qualitative agreement with
current theoretical models. It is worth noting first that precise
comparisons are difficult because the definition of a quenched galaxy
tends to vary between different studies. Nevertheless, the quenched
fractions in dwarf galaxies in our stellar mass range of interest, which
reside in low-density environments in the NewHorizon simulation
(Dubois et al. 2021), are between 20 and 50 per cent (Rhee et al.
2024). The results from the FIREbox simulation (Feldmann et al.
2023) are similar, with around 50 per cent of dwarfs with stellar
masses around 103 Mg classified as quenched. Both simulations
predict quenched fractions that are consistent with those that we
have derived here.

Interestingly, current simulations (e.g. Herzog et al. 2023; Pereira-
Wilson et al. 2023) suggest that the quenched fraction in dwarfs that

MNRAS 538, 153164 (2025)

reside in low-density environments may be controlled largely by
the ratio of halo and stellar mass, an internal characteristic which
will influence the impact of processes like baryonic feedback, in
qualitative agreement with our findings. In particular, quenched
dwarfs in our stellar mass range of interest are predicted to be
preferentially clustered around massive systems (e.g. Herzog et al.
2023), which is strongly aligned with the results of our study.

7 SUMMARY

Dwarf galaxies dominate the galaxy number density, making them
fundamental to a complete understanding of galaxy evolution. How-
ever, while they have been studied in our local neighbourhood (e.g. in
the Local Group or around nearby massive galaxies), typical dwarfs
are not bright enough to be detectable outside the very local Universe
in past large surveys like the SDSS, which offer large footprints
but are relatively shallow. The subset of dwarfs that is detected in
such surveys have high SFRs which boost their luminosities, making
them detectable in shallow images. However, this also makes them
anomalously blue, a bias that likely affects the derivation of properties
like red or quenched fractions and the identification of interesting
sub-populations, such as galaxies that may host AGNs.

The advent of a new generation of surveys, that are both deep and
wide, offers the possibility to construct, for the first time, unbiased
statistical samples of dwarfs outside the local neighbourhood. These
populations can be used to probe aspects of galaxy evolution in
the dwarf regime that we were previously restricted to studying in
massive galaxies only. Here, we have explored the properties of
~7000 dwarf (108 My < M, < 10° M) galaxies in the nearby
Universe (z < 0.25). The dwarf population in our study is complete
down to M.~ 108 Mg, out to at least z ~ 0.3. The galaxies that
underpin this work are therefore unbiased across the stellar mass
and redshift ranges explored here. At our redshifts of interest, the
COSMOS field is not centred on high-density structures and is likely
to be a low-density region containing galaxies in groups and the field.
Our main conclusions can be summarized as follows:

(1) At low redshift (z ~ 0.05), around 40 per cent of the dwarf
population in low-density environments is red, with the red fraction
decreasing with redshift to below 30 per cent by z ~ 0.25. In
comparison, the red fraction in the core of Virgo and around
nearby massive galaxies (both of which are relatively high-density
environments) are factors of 1.6 and 1.3 higher, respectively. The
corresponding red fractions calculated using the SDSS MGS are
underestimated by around factors of 3and 8 at z < 0.05and z ~ 0.08,
respectively.

(i) The SFMS appears to continue uninterrupted, in terms of its
slope, into the dwarf regime, down to at least M,~ 10% M.

(iii) Around 50 per cent of dwarfs at z ~ 0.05 are quenched, i.e.
lie below the SFMS, with the quenched fraction falling gradually
to around 30 per cent by z ~ 0.25. The red and quenched fractions
track each other closely, suggesting that the red fraction may be a
useful proxy for the quenched fraction in the dwarf regime at low
redshift.

(iv) Red dwarfs typically reside closer to nodes, filaments, and
massive galaxies. However, 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.

(v) Notwithstanding these broad locational trends, many red
dwarfs exist in regions of low density. For example, the red fraction
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does not fall to zero even when dwarfs are at significant (~ 1 Mpc)
projected distances from massive galaxies. Around half of the red
dwarfs reside at projected distances greater than the virial radii of
massive galaxies. Furthermore, around 15 (20) percent of the red
dwarf population resides both outside the virial radii of massive
galaxies and in regions which represent the lower 50 (70) per cent
in density percentile (i.e. in regions of very low ambient density). A
large fraction of red dwarfs are therefore quenched by mechanisms
that are unrelated to environment, which are likely to be internal
processes such as stellar and AGN feedback.

In the coming years, new and forthcoming surveys like Euclid
and LSST will provide unprecedented volumes of deep-wide multi-
wavelength photometric data, of similar quality to what has been
employed by this study. These data sets will enable the detailed
exploration of stellar assembly, black-hole growth and morphological
transformation in the dwarf galaxy regime, to the same precision as
has hitherto been possible in massive galaxies. Such studies will drive
important advances in our current understanding of galaxy evolution
over a significant fraction of cosmic time.
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APPENDIX A: EFFECTIVE RADII OF DWARF
GALAXIES IN THIS STUDY

Fig. A1 shows the distribution of effective radii of the nearby dwarf
galaxies in our study. The median seeing of the HSC images is ~0.6
arcsec. The median half-light radius is ~0.78 arcsec (show using the
blue dashed line), while the value used to determine the completeness
threshold in Section 3 is shown using the red dashed line. At the
redshifts sampled here, the dwarf galaxies are relatively small which
drives the similarities in the completeness curves derived using total
magnitudes and effective surface brightnesses in Section 3.
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Figure A1l. Effective radii of our dwarf galaxies. The blue dashed line shows
the median value, while the 95th percentile value, used to determine the
completeness curves in Section 3, is shown using a dashed red line. At our
redshifts of interest, the dwarf galaxies studied here are small which drives
the similarities in the completeness curves derived using total magnitudes and
effective surface brightnesses in Section 3.
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