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A B S T R A C T 

We study a sample of nearby ( z ∼ 0 . 2) low-luminosity dwarf (10 

7 M � < M � < 10 

8 M �) galaxies that have extreme (0.1–3 M �
yr −1 ) star formation rates (SFRs) for this mass regime, making them plausible analogues of dwarfs at z ∼ 5 . 5. We compare the 
properties of these analogues to control samples of ‘normal’ dwarfs, which reside on the star formation main sequence (SFMS) 
at z ∼ 0 . 2 and are matched in their stellar mass and redshift distributions to the analogue population. The analogue and normal 
populations do not sho w dif ferences, either in their half-light radii or the projected distances to nodes, filaments, and massive 
galaxies. This suggests that the comparatively extreme SFRs in the analogues are not driven by them being anomalously compact 
or because they reside in specific environments that might provide a larger gas supply. Ho we ver, the fractions of interacting 

galaxies and those that have early-type morphology are significantly ele v ated (by factors of ∼5.6 and ∼9, respectively) in the 
analogues compared to the normal population. Extrapolation of the redshift evolution of the SFMS into our mass range of interest 
appears to underestimate the SFRs of observed dwarfs at z ∼ 5 . 5. Since current SFMS measurements remain dominated by low- 
and intermediate-redshift data (especially at low stellar masses), our study suggests that this underestimation may be driven by 

interactions (which are more frequent at earlier epochs) boosting the SFRs in the high-redshift dwarf population. Our results are 
consistent with a picture where higher gas availability, augmented by interactions, drives much of the stellar mass assembly of 
dwarf galaxies in the early Universe. 

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

warf galaxies are fundamental to our understanding of galaxy
volution. Not only do dwarfs dominate the galaxy number density at
ll epochs (e.g. Kaviraj et al. 2017 ; Wright et al. 2017 ; Weaver et al.
023 ), their shallow potential wells make them sensitive laboratories
or studying many of the processes that shape the evolution of
alaxies o v er cosmic time, such as baryonic feedback (e.g. Manzano-
ing, Canalizo & Sales 2019 ; Martin et al. 2019 ; Koudmani,
ijacki & Smith 2022 ; Romano et al. 2023 , 2024 ), stellar mass build-
p (e.g. Flores-Freitas et al. 2024 ), mergers and interactions with
eighbours (e.g. Martin et al. 2021 ; Jackson et al. 2021a , b ; Watkins
t al. 2023 ), and the formation of small-scale structure such as planes
f satellites around massive galaxies (e.g. Re v az & Jablonka 2018 ;
zeirbe go vic et al. 2024 ; Madhani et al. 2025 ). Notwithstanding

heir significance, much of what is known about the dwarf regime is
nderpinned by studies in our local neighbourhood, e.g. in the Local
roup (e.g. Tolstoy, Hill & Tosi 2009 ) or from surv e ys of dwarf

atellites around nearby massive galaxies (e.g. Hunter et al. 2012 ;
adden et al. 2013 ; Duc et al. 2015 ; Geha et al. 2017 ; Venhola et al.

018 ; Mao et al. 2021 ; Poulain et al. 2021 ; Trujillo et al. 2021 ). This is
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riven by the relative faintness of the dwarf population, which makes
t difficult to assemble complete unbiased statistical samples outside
he nearby Universe using past surv e ys like the SDSS (e.g. Alam et al.
015 ), which are wide but relatively shallow (Kaviraj et al. 2025 ). 
Ho we ver, ne w surveys are poised to revolutionize our understand-

ng of dwarf–galaxy evolution, both in the nearby Universe and at
igh redshift. Surv e ys such as the Dark Energy Surv e y (DES; De y
t al. 2019 ) and the Hyper Suprime-Cam Subaru Strategic Program
HSC-SSP; Aihara et al. 2018b ) have recently enabled the detection
nd detailed study of dwarfs in low-density environments outside the
ocal neighbourhood (e.g. Tanoglidis et al. 2021 ; Lazar et al. 2024a ,
 ; Thuruthipilly et al. 2024 ; Kaviraj et al. 2025 ). The forthcoming
e gac y Surv e y of Space and Time (Iv ezi ́c et al. 2019 ) will driv e
nother leap in the scope of such work, by increasing the footprints
here deep optical imaging is available to roughly half the sky.

n a similar vein, the advent of the JWST (Gardner 2023 ) is offering
o v el insights into galaxy evolution in the early Universe, with recent
ork successfully probing star formation activity and metallicity in
igh-redshift dwarf galaxies (e.g. Nakajima et al. 2023 ; Boyett et al.
024 ; Clarke et al. 2024 ; Curti et al. 2024 ; Duan et al. 2024 ; Harshan
t al. 2024 ), down to stellar masses of M � ∼ 10 7 M � at z ∼ 5 –6.
evertheless, studying large statistical samples of dwarfs down to

hese stellar masses at high redshift remains challenging, even with
he exquisite abilities of the JWST . 
© 2025 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Several studies in the past literature have explored the evolution 
f high-redshift dwarf galaxies by studying nearby ‘analogues’ i.e. 
alaxies at low redshift that have similar properties [stellar masses, 
tar formation rates (SFRs), etc.] to their counterparts in the early 
niverse (e.g. Cardamone et al. 2009 ; Lofthouse, Houghton & 

aviraj 2017 ; Yang et al. 2017 ; Bian, K e wley & Dopita 2018 ; Izotov
t al. 2021 ; Nakajima et al. 2022 ; Shi v aei et al. 2022 ). While low-
edshift galaxies cannot fully mimic the conditions in which their 
igh-redshift counterparts reside, studying nearby analogues offers 
n opportunity to study aspects of these galaxies in greater detail 
han might be possible at high redshift. 

F or e xample, giv en that the y reside in the nearby Univ erse,
igher signal-to-noise observations are possible of analogues, which 
ay enable more accurate estimations of physical parameters like 

tellar mass, SFR, and local environment. Since they reside in 
he nearby Universe, analogues have larger angular sizes, which 
ids in the study of structure and morphology. This is particu- 
arly true of low-surface-brightness features like tidal tails that 
ignpost recent interactions (e.g. Kaviraj 2014 ) but which, given 
he prohibitively large cosmological dimming, 1 are challenging 
o study outside the nearby Universe (e.g. Martin et al. 2022 ).
inally, the low redshift of analogues also makes it feasible 

o study these systems in the rest-frame optical using existing 
ata sets. 
Past dwarf analogue studies have offered interesting insights into 

he processes that may be important in driving stellar assembly in 
warfs at high redshift. For example, Cardamone et al. ( 2009 ) have
tudied a population of ‘green pea’ galaxies, which are compact 
ow-metallicity systems with extreme SFRs, making them plausible 
nalogues of relatively luminous dwarfs (10 8 . 5 M � < M � < 10 10 

 �) at high redshift. A conclusion of this work, using images
rom the Hubble Space Telescope ( HST ), is that the green peas
ho w e vidence for star-forming clumps and low-surface-brightness 
eatures that suggest the presence of recent mergers and interactions. 
ther studies, which have probed green peas using integral field 

pectroscopy (e.g. Lofthouse et al. 2017 ) and H I imaging (e.g.
urkayastha et al. 2022 ), have shown that at least some of these
ystems indeed show strong evidence of interactions (see also Le 
este et al. 2024 ). The importance of interactions in driving star

ormation in such systems appears to extend to dwarf analogues that 
ave lower stellar masses (Dutta et al. 2024 ), often called ‘blueberry’
alaxies (Yang et al. 2017 ). Taken together, these studies hint at
alaxy interactions playing a key role in the stellar mass build-up of
warfs in the early Universe. 
The purpose of this work is to perform a homogeneous statistical

tudy of nearby ( z ∼ 0 . 2) dwarfs in the stellar mass range 10 7 M �
 M � < 10 8 M �, which hav e e xtreme SFRs (0.1–3 M � yr −1 ) for

his mass regime, making them plausible analogues of dwarfs at 
igh redshift ( z ∼ 5 . 5). Our choice of z ∼ 5 . 5 is driven by the fact
hat our analogue selection is based on extrapolations of the local star
ormation main sequence (SFMS) out to high redshift, complemented 
y JWST data of real dwarfs in the early Universe. Currently available
FMS e xtrapolations e xtend out to z ∼ 5 . 5 at which JWST data are
lso available, making this epoch a natural one at which to base
ur study. We combine (1) size measurements, (2) estimates of the 
rojected distances to nodes, filaments, and massive galaxies, and (3) 
orphological information derived from visual inspection of deep 
 Cosmological dimming in terms of magnitudes scales with redshift as 10 ×
og (1 + z). The cosmological dimming out to e.g. z ∼ 6 is therefore around 
.5 mag arcsec −2 . 
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SC and HST images to explore the processes that drive the extreme
FRs in the analogue population. 
The plan for this paper is as follows. In Section 2 , we describe

he COSMOS2020 catalogue (Weaver et al. 2022 ) that underpins 
ur study, the selection of our analogue population, and a sample of
normal’ dwarfs that have typical SFRs at z ∼ 0 . 2. In the analysis
hat follows, we compare these two populations to gain insights into
he drivers of the star formation activity in the analogues. In Section 3
e compare the environments (Section 3.1 ), sizes (Section 3.2 ), and
orphologies (Section 3.3 ) of the two populations and speculate 

n the factors that drive the extreme SFRs in our analogues. We
ummarize our findings in Section 4 . 

 DATA  

.1 Physical parameters 

ur study is based on physical parameters (photometric redshifts, 
tellar masses, and SFRs) available from the Classic version of 
he publicly available COSMOS2020 catalogue. COSMOS2020 
ffers a value-added catalogue of sources in the 2 deg 2 COSMOS
eld, calculated using deep multiwavelength UV to mid-infrared 
hotometry, in 40 broad and medium-band filters from the following 
nstruments: GALEX (Zamojski et al. 2007 ), Me gaCam/CFHT (Sa w-
cki et al. 2019 ), ACS/ HST (Leauthaud et al. 2007 ), Subaru/Hyper
uprime-Cam (Aihara et al. 2019 ), Subaru/Suprime-Cam (Taniguchi 
t al. 2007 , 2015 ), VIRCAM/VISTA (McCracken et al. 2012 ), and
RAC/ Spitzer (Ashby et al. 2013 , 2015 , 2018 ; Steinhardt et al. 2014 ).
 particular strength of this data set is the use of optical ( gri zy ) data

or object detection, from the ‘Ultra-deep’ layer of the HSC-SSP 

Aihara et al. 2019 ), which has a point source depth of r ∼ 28 mag.
s a comparison, the detection limit of HSC-SSP Ultra-deep is ∼5
ag fainter than standard-depth imaging from the SDSS and ∼10 
ag fainter than the magnitude limit ( r ∼ 18 mag) of the SDSS

pectroscopic main galaxy sample. 
Flux es are e xtracted within circular apertures after the surv e y

mages are homogenized to a common point spread function. 
he SEXTRACTOR and IRACLEAN codes are used to process the 
V/optical and infrared photometry , respectively . Physical param- 

ters are then calculated by applying the LEPHARE spectral energy 
istribution (SED)-fitting algorithm (Arnouts et al. 2002 ; Ilbert et al.
006 ) to this UV–mid-infrared photometry. The template library, 
escribed in Ilbert et al. ( 2009 ), includes templates from all galaxy
orphological types (Polletta et al. 2007 ), blue star-forming galaxy 
odels from Bruzual & Charlot ( 2003 ), exponentially declining 

tar formation histories to impro v e the photometric redshifts of
uiescent galaxies (Onodera et al. 2012 ) and templates that account
or active galactic nucleus (e.g. Salvato et al. 2009 , 2011 ). Extinction
s included as a free parameter, with a flat prior in the reddening
 E B −V < 0.5). The attenuation curves considered in the SED fitting
re taken from Calzetti et al. ( 2000 ), Prevot et al. ( 1984 ), and two
ariants of the Calzetti law, which include the bump at 2175 Å
Fitzpatrick & Massa 1986 ) with two different amplitudes. Emission 
ines are added using the relation between the UV luminosity and
O II ] emission-line flux, following Ilbert et al. ( 2009 ). The accuracies
f the resultant photometric redshifts are better than 1 and 4 per cent
or bright ( i < 22 . 5 mag) and faint (25 mag < i < 27 mag) galaxies,
espectively. We direct readers to Weaver et al. ( 2022 ) for more details
f the construction of the catalogue. 
To construct an initial sample of dwarfs, we select objects that

re (1) classified as galaxies by LEPHARE ( type = 0 in the
OSMOS2020 catalogue), (2) classified as ‘extended’ (i.e. galaxies) 
MNRAS 540, 594–602 (2025) 
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Figure 1. The SFMS for galaxies at z < 0 . 3 in the COSMOS2020 catalogue. 
The median redshift of this population is z ∼ 0 . 2. The heatmap shows all 
COSMOS2020 galaxies that reside at z < 0 . 3, the thick dotted red line shows 
the ridgeline of the SFMS at z ∼ 0 . 2, and the thick dotted yellow line shows 
the ridgeline of the SFMS at z ∼ 0 . 2 plus the z ∼ 5 . 5 offset calculated using 
P23 (see the text in Section 2.2 for details). Other SFMS measurements 
at z ∼ 0 . 2 from the literature (Whitaker et al. 2012 ; Behroozi, Wechsler & 

Conroy 2013 ; Salim et al. 2016 ), which agree well with the COSMOS2020 
z ∼ 0 . 2 ridgeline, are shown using the thin solid lines. The average scatter 
in these SFMS measurements is shown using the red error bar. The blue and 
green circles show z ∼ 5 . 5 analogues and the population of normal dwarfs, 
respectively (see Section 2.2 for how these populations are defined). SFR 

uncertainties are shown for individual galaxies. The purple triangles indicate 
SFR measurements of galaxies that have stellar masses in the range 10 7 M �
< M � < 10 8 M � and redshifts in the range 4 . 5 < z < 6 from Curti et al. 
( 2024 ). 
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section. 

2 We note that a potential reason for this discrepancy could be that the JADES 
surv e y (Eisenstein et al. 2023 ), which underpins the Curti et al. ( 2024 ), may 
preferentially detect dwarfs with very high SFRs. This is not possible to 
confirm without a deeper surv e y that is capable of observing more quiescent 
galaxies. Ho we ver, it is worth noting that the spread ( ∼1 dex) in the observed 
SFRs of high-redshift dwarfs does not decrease in our mass range of interest 
compared to slightly more massive galaxies. Furthermore, the fraction of 
galaxies for which spectroscopic redshifts can be successfully measured 
remains stable out to z ∼ 6 (e.g. Bunker et al. 2024 ). Together this suggests 
that JADES is unlikely to be significantly skewed towards the objects with 
highest SFRs at z ∼ 6 
y the HSC pipeline in the HSC g, r , i, and z filters, (3) have stellar
asses in the range 10 7 M � < M � < 10 8 M � and redshifts in the

ange z < 0 . 3, (4) have u band as well as near- and mid-infrared
hotometry (since a wide wavelength baseline aids the accuracy
f the parameter estimation, see e.g. Ilbert et al. 2006 ), and (5)
ie outside masked regions such as bright star masks and image
dges ( flag combined = 0 in the COSMOS2020 catalogue).
his produces a sample of ∼6400 dwarf galaxies with a median

edshift of z ∼ 0 . 2. As described below, we use this sample to select
oth a population of high-redshift dwarf analogues and a sample of
normal’ dwarfs in the nearby Universe to which the analogues can
e compared, in order to investigate the processes that drive their
xtreme SFRs. 

.2 Selection of candidate samples of high-redshift analogues 
nd normal dwarfs 

e use the dwarf galaxy sample described abo v e to select two
opulations. The first is a sample of dwarfs that have, compared
o dwarf galaxies at low redshift, extreme SFRs that make them
lausible analogues of the dwarf population at high redshift ( z ∼
 . 5). The second is a sample of ‘normal’ dwarfs that have typical
FR properties in the nearby Universe. These are defined as systems

hat lie between the 45th and 55th percentile values of the SFR
istribution at a given stellar mass i.e. they straddle the evolving
edian value of the SFR distribution as a function of stellar mass in

he nearby Universe (e.g. at M � ∼ 10 7 M � the log of the median SFR
s around −2). In Section 3 , we compare the analogues to control
amples, constructed from the normal population, which are matched
o the analogues in stellar mass and redshift, in order to explore the
ource of the extreme SFRs in our analogues. 

The identification of analogues ideally requires statistical samples
f SFR measurements of dwarf galaxies at high redshift in our mass
ange of interest (10 7 M � < M � < 10 8 M �). With the advent of
WST , small samples of galaxies in this mass range have become
vailable at high redshift (e.g. Curti et al. 2024 ). To select our
nalogues, we use both measurements of the SFMS at z ∼ 5 . 5 and
easured dwarf SFRs at high redshift. As noted before, our choice of

sing z ∼ 5 . 5 as our definition of the high-redshift Universe results
rom the fact that currently available measurements of the SFMS
xtend out to this epoch and JWST data are also available at these 
edshifts. 

Figure. 1 shows SFR versus stellar mass for galaxies at z < 0 . 3
n the COSMOS2020 catalogue. Recall that the median redshift of
his population is z ∼ 0 . 2. The heatmap shows all COSMOS2020
alaxies that reside at z < 0 . 3, while the thick dotted red line shows
 running median that we use to define the ridgeline of the SFMS at
 ∼ 0 . 2. Other SFMS measurements at z ∼ 0 . 2 from the literature
see legend), which agree well with the COSMOS2020 ridgeline,
re shown using the solid lines. To select our analogue population
e proceed as follows. Popesso et al. ( 2023 , P23 hereafter) have
easured the evolution of the SFMS out to high redshift and

emonstrate that the offset between the local SFMS and those at
rogressively higher redshifts does not depend strongly on stellar
ass at M � < 10 9 . 5 M �. Therefore, we first calculate the P23 SFMS

ffset, measured at 10 8 . 8 M �, between the local SFMS and that at
 ∼ 5 . 5 (the highest redshift out to which P23 offsets are available).
e then add this offset (which is around 1 dex) to the COSMOS2020

idgeline at z ∼ 0 . 2 to estimate the extrapolated position of the SFMS
t z ∼ 5 . 5 in our mass range of interest. This is shown using the
hick dotted yellow line in Fig. 1 . The purple triangles indicate SFR

easurements of observed galaxies that have stellar masses in the
NRAS 540, 594–602 (2025) 
ange 10 7 M � < M � < 10 8 M � and redshifts in the range 4 . 5 < z < 6
rom Curti et al. ( 2024 ). 

The measured SFRs of high-redshift dwarfs lie almost e xclusiv ely
bove the thick dotted yellow line, as opposed to straddling its
osition in the SFR versus stellar mass plane. This suggests that the
xtrapolation of the P23 SFMS – which is underpinned by relatively
assive galaxies at low and intermediate redshift – into our mass

ange of interest may underestimate the SFRs of dwarfs at high
edshift (as has been noted already in previous work, e.g. Curti et al.
024 ). 2 We return to this point later during our study of the factors
hat drive the extreme SFRs in the analogue population. Given this
omparison, we select an initial sample of analogue candidates as
alaxies that, at a given stellar mass, have SFRs equal to or greater
han the locus traced by the thick dotted yellow line. The final sample
f analogues is selected after visually inspecting the HSC and HST
mages of each galaxy to remo v e cases where more than one source
ay be contributing to the HSC photometry, as described in the next
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Figure 2. HST F 814 W images of a random sample of our dwarf galaxies. The first ro w sho ws examples of galaxies classified as ETGs, while the bottom ro w 

shows LTGs. The panels with a green border show examples of systems that are flagged as interacting. The ETG in column 3 shows an internal asymmetry, 
while the ETG in column 4 shows a tidal feature to the north east of the galaxy. The LTG in column 4 similarly shows a tidal feature to the east of the galaxy. 
Each image has a size of 3 arcsec on a side. At the median redshift of our dwarf sample ( z ∼ 0 . 2), this corresponds to a physical size of around 10 kpc. 
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Finally, our population of normal dwarfs, which is selected to lie 
round the ridgeline of the z ∼ 0 . 2 SFMS, as described abo v e, is
hown using the green circles along with their error bars. As with
he analogues, we select an initial sample of normal candidates, 
rom which we then select a final sample after the visual inspection
escribed in the next section. 

.3 Visual inspection of HSC and HST images – remo v al of 
lended sources and morphological classification 

e visually inspect both the HSC gri colour composite and HST 

 814 W ( I -band) images (Koekemoer et al. 2007 ; Massey et al. 2010 )
f each analogue and normal galaxy. The HSC and HST images have
 σ point-source depths of 27.8 and 28 mag and angular resolutions
f ∼0.6 (Aihara et al. 2018a ) and ∼0.05 arcsec (Koekemoer et al.
007 ), respectively. The visual inspection, performed by one expert 
lassifier (SK), has two purposes. First, as noted abo v e, we use
he higher resolution HST images to identify cases where the HSC
hotometry may have contributions from two separate sources – we 
nd eight objects matching this description. 3 In such cases, the HSC
entroid lies between the two HST objects that have been blended in
he HSC photometry. Appendix A shows an example of such systems, 
hich we remo v e from our analysis. Our final samples of analogue

nd normal dwarfs contain 116 and 590 galaxies, respectively. The 
lue and green circles in Fig. 1 show the final analogue and normal
opulations that underpin our study, with individual SFR error bars 
lso shown for each galaxy. 

The second purpose of the visual inspection is to perform morpho- 
ogical classification of our dwarf galaxies using their HST images. 
isual inspection offers the most accurate route to the classification 
f galaxy morphologies and the identification of interacting systems 
 The fraction of such blended sources is similar ( ∼6 per cent) in the analogue 
nd normal populations. 

2

W  

m  
e.g. Kaviraj 2014 ), against which automated methods that use 
uantitative parameters are often calibrated (e.g. Lazar et al. 2024a ).
e classify our galaxies into two broad morphological classes: early- 

ype galaxies (ETGs) and late-type galaxies (LTGs), following the 
raditional definitions of these morphological types. ETGs exhibit 
entral light concentrations that are surrounded by smooth light 
istributions, while galaxies that do not exhibit these characteristics 
re classified as LTGs. We also flag interacting systems that show
vidence of an ongoing or recent interaction e.g. tidal features, 
nternal asymmetries, or tidal bridges due to an ongoing merger 
ith another galaxy. 
Note that none of the eight objects that were remo v ed from our

nalysis because the HSC photometry may ha ve contrib utions from
wo separate sources show any evidence of tidal features or tidal
ridges between the two objects, suggesting that they are interacting. 
he removal of these objects therefore has no impact on the fraction
f interacting galaxies in our sample. Finally, we note that our
nteracting galaxies are, by construction, those that are already in 
he process of interacting i.e. they are not ‘close pairs’, which are not
ossible to identify without spectroscopic redshifts. 
Figure. 2 shows HST images of a random sample of our dwarf

alaxies. The first row shows examples of galaxies classified as 
TGs, while the bottom row shows LTGs. The panels with a green
order show examples of systems that are flagged as interacting. The
TG in column 3 shows an internal asymmetry, while the ETG in
olumn 4 shows a tidal feature to the north east of the galaxy. The
TG in column 4 similarly shows a tidal feature to the east of the
alaxy. Each image has a size of 3 arcsec on a side. At the median
edshift of our dwarf sample ( z ∼ 0 . 2), this corresponds to a physical
ize of around 10 kpc. 

.4 Estimation of environmental parameters 

e measure the distances of our dwarfs from nodes, filaments, and
assive ( M � > 10 10 M �) galaxies using the DisPerSE (Sousbie
MNRAS 540, 594–602 (2025) 
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Figure 3. Distributions of projected distances from the nearest filaments 
(top), nodes (middle), and massive ( M � > 10 10 M �) galaxies (bottom) for 
the analogue (red) and normal (black) populations. NMG = nearest massive 
galaxy. Median values and their uncertainties are shown using the dashed and 
dotted lines, respectively. These are calculated using bootstrapping, where 
the distribution is resampled with replacement 1000 times. The median for 
each resampled distribution is calculated and the standard deviation of the 
resultant distribution of 1000 median values is used as the error on the median 
of the original distribution. 

3

N  

F  

t  

l  
011 ) structure-finding algorithm. Our methodology follows Lazar
t al. ( 2023 ) and Bichang’a et al. ( 2024 ), who have performed a
imilar density analysis using the COSMOS2020 catalogue. Dis-
erSE creates a density map using Delaunay tessellations, calcu-

ated using the positions of galaxies (Schaap & van de Weygaert
000 ). Stationary i.e. critical points in the density map (minima,
axima, and saddles) correspond to voids, nodes, and the centres of
laments in the cosmic web, respectiv ely. Se gments are then used

o connect the saddle points with the local maxima, forming a set
f ridges that describes the network of filaments that define the
osmic web. The properties of the filament network thus created are
etermined by a ‘persistence’ parameter, which sets a threshold value
or defining pairs of critical points within the density map. Only
ritical pairs with Poisson probabilities abo v e N σ from the mean
re retained. We use a persistence value of 2 in our study, which
emo v es ridges close to the noise level, where structures could be 
purious. 

We use massive ( M � > 10 10 M �) galaxies to construct our
ensity maps, as they have the smallest redshift errors ( δz ∼ 0 . 008
t z ∼ 0 . 2) and dominate the local gravitational potential wells. The
ccuracy of the COSMOS2020 redshifts enables us to employ well-
efined and relatively narrow ( δz ∼ 0 . 02) redshift slices to build
ur density maps. When constructing each density map, individual
alaxies are weighted by the area under their redshift probability
ensity function that is contained within the slice in question. This
nsures that the photometric redshifts of massive galaxies, albeit very
ccurate in COSMOS2020, are propagated through the construction
f the density maps. 

 C O M PA R I S O N  O F  T H E  PROPERTIES  O F  

NA L O G U E  A N D  N O R M A L  DWARFS  

e proceed by comparing the properties of the analogue and normal
opulations – local environment, galaxy sizes, the morphological
ix, and the presence of interactions. In all cases, we compare

he analogue population to a control sample drawn from the nor-
al dwarfs, which has an identical number of galaxies and is
atched to the analogues in its distributions of stellar mass and

edshift. 

.1 Distances from nodes, filaments, and massi v e galaxies 

e begin, in Fig. 3 , by comparing the distributions of projected
istances from the nearest filaments, nodes, and massive ( M � >

0 10 M �) galaxies for the analogue and normal populations. Median
alues and their uncertainties are shown using the dashed and
otted lines, respectively. Compared to the normal population, the
nalogues reside slightly further away from filaments and nodes
ut, given the errors on the medians, show no difference in the
edian distance to the nearest massive galaxies. KS tests for

he two populations yield p -values of 0.32, 0.06, and 0.52 for
he projected distances to filaments, nodes, and massive galaxies,
espectively. Recall that the null hypothesis in the KS test, i.e.
hat the two samples are drawn from the same distribution, is
ypically rejected if the p -value is lower than 0.05. While the
edian values indicate that the environments of the analogue and

ormal dwarfs are slightly different, the KS tests suggest that these
if ferences are relati v ely small (e xcept possibly for the distances
o nodes, where the p -value is close to 5 per cent). These minor
ifferences suggest that the large discrepancy in the SFRs between the
nalogue and normal populations is not driven by differences in local
nvironment. 
NRAS 540, 594–602 (2025) 
.2 Galaxy size 

ext, we consider the sizes of the analogue and normal populations.
igure. 4 compares the distributions of half-light radii, calculated in

he I band (Leauthaud et al. 2007 ), of these two samples. The half-
ight radius is calculated using the curve of growth of the flux and
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Figure 4. Distributions of half-light radii of the analogue (red) and normal 
(black) populations. Median values and their uncertainties (calculated using 
bootstrapping) are shown using the dashed and dotted lines, respectively. The 
inset shows the half-light radius plotted against the SFR. The heatmap shows 
all dwarfs that have stellar masses in the range 10 7 M � < M � < 10 8 M � and 
redshifts in the range z < 0 . 3. A random 10 per cent of galaxies are shown 
o v erplotted using the black dots. 

Table 1. The fractions of galaxies that are interacting (second row) and those 
that have early-type morphology (third row) in the analogue (second column) 
and normal (third column) populations. Note that any galaxy that does not 
have early-type morphology is classed as having late-type morphology. The 
ratio between the analogue and normal fractions is shown in the last column. 
The uncertainties are calculated following Cameron ( 2011 ). 

Analogue Normal Ratio (Ana./Norm.) 

Interacting fraction 0 . 36 ± 0 . 05 0 . 04 ± 0 . 02 9 
ETG fraction 0 . 28 ± 0 . 03 0 . 05 ± 0 . 02 5.6 
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efined as the radius that contains half of the light from the galaxy.
he median values are indistinguishable within the uncertainties and 
 KS test yields a p -value of 0.1, suggesting that the distributions are
imilar. The inset, which shows the half-light radii plotted against the 
FRs of all dwarf galaxies in our mass range of interest, indicates

hat galaxy size generally does not show a correlation with SFR,
n agreement with results in the literature at higher stellar masses
e.g. Whitaker et al. 2017 ; Lin et al. 2020 ). The lack of a correlation
etween SFR and size across the general dwarf population explains 
hy the sizes of the analogues and normal samples are similar even

hough they have very different SFRs. In summary, the differences in 
he SFRs between the analogue and normal populations are unlikely 
o be driven by the analogues having different sizes (e.g. due to being

ore compact). 

.3 Morphology and the presence of interactions 

able 1 summarizes the fractions of galaxies classified as ETG and 
nteracting in the analogue and normal populations. The uncertainties 
n the fractions are estimated following Cameron ( 2011 ) who 
alculates accurate Bayesian binomial confidence intervals using 
he quantiles of the beta distribution. These are more accurate than 
impler techniques, like using the normal approximation, which 
ends to misrepresent the statistical uncertainty under the sampling 
onditions typically encountered in astronomical surv e ys. Both the 
nteracting and ETG fractions are significantly ele v ated (by se veral
actors) in the analogues, compared to their normal counterparts. 
Given that interactions create and consolidate dispersion- 
ominated components in galaxies (e.g. Martin et al. 2018 ), one
xpects a galaxy population with a higher incidence of interactions 
o also show an elevated ETG fraction, as appears to be the case
ere. While the larger interaction fractions in the analogues may be
ome what surprising gi ven the similarities in galaxy environments, it
s worth noting that dwarfs have shallow potential wells, which make
hem more susceptible to being morphologically affected by tidal per- 
urbations from nearby objects, so that higher density environments 
ay not be needed for generating the interaction signatures probed 

ere (e.g. Jackson et al. 2021b ). It is interesting to note that the median
FR of interacting galaxies is ele v ated by ∼29 per cent compared to

hose of non-interacting galaxies. In a similar vein the median SFR
f galaxies flagged as ETGs is ele v ated by ∼55 per cent compared
o those that are LTGs. Taken together, the higher interacting and
TG fractions and the ele v ations in the SFR in the interacting and
TG populations suggest that interactions play a significant role in 
riving the extreme SFRs seen in the analogue population. 

.4 What dri v es the extreme SFRs in the analogue population? 

he analysis abo v e indicates that the vastly different SFRs of the
nalogue and normal populations is unlikely to be driven either by a
ifference in local environment or galaxy size. However, the analogue 
nd normal dwarfs do show significantly different interacting and 
TG fractions, suggesting that interactions may play a role in the
FR divergence observed between these two populations. 
In this context, recall that an extrapolation of the redshift evolution

f the P23 SFMS measurements (which are largely based on 
elati vely massi ve galaxies at low and intermediate redshift) into
ur mass range of interest appears to underestimate the measured 
FRs of dwarfs at z ∼ 5 . 5. In a similar vein, Liu et al. ( 2019 ) have
stimated molecular gas fractions ( μmolgas ≡ M molgas /M � ) and gas 
epletion time-scales ( τmolgas ≡ M molgas / SFR ) in relatively massive 
alaxies ( M � > 10 9 . 2 M �) out to z ∼ 6. A caveat here is that their fits
o the redshift evolution of μmolgas and τmolgas , particularly at lower 
tellar masses, rely mainly on data in the nearby Universe. Since
molgas /τmolgas yields the specific SFR (sSFR), these results offer a 
ay of gauging the expected evolution of star formation activity due

o the changes in the gas conditions between the local Universe and
igh redshift. 
Liu et al. ( 2019 ) show that this redshift evolution in the star

ormation activity is stellar-mass-dependent. Figure. 5 shows the 
atio of the sSFR (i.e. μmolgas /τmolgas ) for galaxies on the SFMS
etween z ∼ 5 . 5 and z ∼ 0 . 2, as a function of stellar mass from Liu
t al. ( 2019 ). While this study does not extend past M � ∼ 10 9 . 2 M �,
he log of the sSFR ratio decreases almost linearly with the log of
he stellar mass. Extrapolation of this behaviour into our mass range
f interest is shown using the dotted line. At M � ∼ 10 7 M � and
 � ∼ 10 8 M � the sSFR ratios are ∼4 and ∼8, respecti vely. Gi ven

hat the observed SFRs of dwarfs in our mass range of interest are
t least a factor of 14 (1.16 dex) higher at z ∼ 5 . 5 than at z ∼ 0 . 2,
 simple extrapolation of the gas conditions out to high redshift and
o wn to lo w stellar mass also appears to underpredict the evolution
n the star formation activity. 

Given the significantly elevated interacting and ETG fractions 
ound in the analogue population, we speculate that the underesti- 
ates described abo v e may be driven, at least partly, by interaction-

riven enhancement of star formation in high-redshift dwarf galaxies. 
he star-formation and gas-mass calibrations in the current literature, 
articularly at low stellar masses, remain dominated by galaxies at 
ow redshift, where interactions are less frequent (e.g. Conselice et al.
MNRAS 540, 594–602 (2025) 
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M

Figure 5. The ratio of the sSFR between z ∼ 5 . 5 and z ∼ 0 . 2 as a function 
of stellar mass, from Liu et al. ( 2019 ). While this study does not extend past 
M � ∼ 10 9 . 2 M �, the log of the sSFR ratio decreases almost linearly with the 
log of the stellar mass. Extrapolation of this behaviour into our mass range 
of interest is shown using the dotted line. 
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014 ). Ho we ver, it is well established that interactions enhance star
ormation in dwarf galaxies (e.g. Martin et al. 2022 ; Lazar et al.
024a ) in which interactions typically boost star formation across
he entire body of the galaxy (Lazar et al. 2024b ). For this reason,
xtrapolating the star formation and gas properties of nearby dwarfs
ut to high redshift may underestimate the star formation activity in
he high-redshift dwarf population. We suggest therefore that while
as availability is higher in the early Universe, the stellar assembly in
igh-redshift dwarfs is catalysed by interactions. Indeed the shallow
otential wells of dwarfs may make the impact of interactions greater
n these objects than in the massiv e-galaxy re gime, where interactions
ay not play as significant a role in galaxy assembly at high redshift

e.g. Duncan et al. 2019 ; Romano et al. 2021 ; Dalmasso et al. 2024 ).
Finally, our conclusions about the role of interactions is driven by

he fact that this is where the analogue and normal populations differ
he most, while other properties (e.g. galaxy size and environment)
eem to be similar. Ho we ver, a potential caveat is that our study
ecessarily uses extrapolations of low-redshift data that may not
ccurately represent the conditions in the high-redshift Universe,
hich is worth bearing in mind when considering our conclusions. 

 SUMMARY  

e have studied a sample of nearby ( z ∼ 0 . 2) low-luminosity dwarf
10 7 M � < M � < 10 8 M �) galaxies with extreme SFRs, which
ake them plausible analogues of dwarfs at z ∼ 5 . 5. We have first

onstructed control samples, which are drawn from a population
f ‘normal’ dwarfs with typical SFRs at z ∼ 0 . 2, and are matched
n their stellar mass and redshift distributions to the analogue
opulation. We have then compared the properties of the analogues to
he normal dwarfs (via the control samples) to explore the processes
nd factors that are likely to drive the extreme SFRs in the analogues.
ur main conclusions are as follows: 

(i) The analogue and normal populations do not show strong dif-
erences in their distances to nodes, filaments, and massive galaxies,
uggesting that the analogue SFRs are not the result of residing in a
pecific environment that may provide a larger gas supply. 

(ii) The analogue and normal populations also do not show
ifferences in their distributions of half-light radii, indicating that
he extreme SFRs in the analogues are not driven by a difference in
ize (e.g. due to the analogues being anomalously compact). 
NRAS 540, 594–602 (2025) 
(iii) Ho we ver, the fraction of interacting galaxies and those that are
TGs is significantly ele v ated (by se veral factors) in the analogues
ompared to the normal galaxies, suggesting that interactions play
n important role in driving the extreme SFRs. 

(iv) Extrapolation of the redshift evolution of the SFMS into our
ass range of interest underestimates the SFRs of observed dwarfs

t z ∼ 5 . 5. Since current SFMS measurements remain dominated
y data at low and intermediate redshift, we suggest that this
nderestimation could be driven by interactions, which are more
requent at earlier epochs, boosting the SFRs in the high-redshift
warf population. 
(v) Our results suggest that, while gas availability is higher in the

arly Universe, the stellar mass assembly of high-redshift dwarfs is
atalysed by interactions. 
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vezi ́c Ž. et al., 2019, ApJ , 873, 111 
zotov Y. I. , Guse v a N. G., Fricke K. J., Henkel C., Schaerer D., Thuan T. X.,

2021, A&A , 646, A138 
ackson R. A. et al., 2021a, MNRAS , 502, 1785 
ackson R. A. et al., 2021b, MNRAS , 502, 4262 
aviraj S. , 2014, MNRAS , 440, 2944 
aviraj S. et al., 2017, MNRAS , 467, 4739 
aviraj S. , Lazar I., Watkins A. E., Laigle C., Martin G., Jackson R. A., 2025,

MNRAS , 538, 153 
oekemoer A. M. et al., 2007, ApJS , 172, 196 
oudmani S. , Sijacki D., Smith M. C., 2022, MNRAS , 516, 2112 
azar I. , Kaviraj S., Martin G., Laigle C., Watkins A., Jackson R. A., 2023,

MNRAS , 520, 2109 
azar I. , Kaviraj S., Watkins A. E., Martin G., Bichang’a B., Jackson R. A.,

2024a, MNRAS , 529, 499 
azar I. , Kaviraj S., Watkins A. E., Martin G., Bichang’a B., Jackson R. A.,

2024b, MNRAS , 533, 3771 
e Reste A. et al., 2024, MNRAS , 528, 757 
eauthaud A. et al., 2007, ApJS , 172, 219 
in L. et al., 2020, ApJ , 899, 93 
iu D. et al., 2019, ApJ , 887, 235 
ofthouse E. K. , Houghton R. C. W., Kaviraj S., 2017, MNRAS , 471, 2311 
adden S. C. et al., 2013, PASP , 125, 600 
adhani J. P. et al., 2025, preprint ( arXiv:2504.18515 ) 
anzano-King C. M. , Canalizo G., Sales L. V., 2019, ApJ , 884, 54 
ao Y .-Y . , Geha M., Wechsler R. H., Weiner B., Tollerud E. J., Nadler E. O.,

Kalli v ayalil N., 2021, ApJ , 907, 85 
artin G. , Kaviraj S., Devriendt J. E. G., Dubois Y., Pichon C., 2018,

MNRAS , 480, 2266 
artin G. et al., 2019, MNRAS , 485, 796 
artin G. et al., 2021, MNRAS , 500, 4937 
artin G. et al., 2022, MNRAS , 513, 1459 
assey R. , Stoughton C., Leauthaud A., Rhodes J., Koekemoer A., Ellis R.,

Shaghoulian E., 2010, MNRAS , 401, 371 
cCracken H. J. et al., 2012, A&A , 544, A156 
akajima K. et al., 2022, ApJS , 262, 3 
akajima K. , Ouchi M., Isobe Y ., Harikane Y ., Zhang Y ., Ono Y ., Umeda H.,

Oguri M., 2023, ApJS , 269, 33 
nodera M. et al., 2012, ApJ , 755, 26 
olletta M. et al., 2007, ApJ , 663, 81 
opesso P. et al., 2023, MNRAS , 519, 1526 
oulain M. et al., 2021, MNRAS , 506, 5494 
revot M. L. , Lequeux J., Maurice E., Prevot L., Rocca-Volmerange B., 1984,

A&A, 132, 389 
urkayastha S. , Kanekar N., Chengalur J. N., Malhotra S., Rhoads J., Ghosh

T., 2022, ApJ , 933, L11 
e v az Y. , Jablonka P., 2018, A&A , 616, A96 
omano M. et al., 2021, A&A , 653, A111 
omano M. et al., 2023, A&A , 677, A44 
omano M. et al., 2024, A&A , 683, L9 
alim S. et al., 2016, ApJS , 227, 2 
alvato M. et al., 2009, ApJ , 690, 1250 
alvato M. et al., 2011, ApJ , 742, 61 
awicki M. et al., 2019, MNRAS , 489, 5202 
chaap W. E. , van de Weygaert R., 2000, A&A , 363, L29 
hi v aei I. et al., 2022, ApJ , 928, 68 
ousbie T. , 2011, MNRAS , 414, 350 
teinhardt C. L. et al., 2014, ApJ , 791, L25 
aniguchi Y. et al., 2007, ApJS , 172, 9 
aniguchi Y. et al., 2015, PASJ , 67, 104 
anoglidis D. et al., 2021, ApJS , 252, 18 
huruthipilly H. , Junais, Pollo A., Sureshkumar U., Grespan M., Sawant P.,

Malek K., Zadrozny A., 2024, A&A , 682, A4 
olstoy E. , Hill V., Tosi M., 2009, ARA&A , 47, 371 
rujillo I. et al., 2021, A&A , 654, A40 
zeirbe go vic E. et al., 2024, MNRAS , 535, 3775 
enhola A. et al., 2018, A&A , 620, A165 
atkins A. E. , Salo H., Kaviraj S., Collins C. A., Knapen J. H., Venhola A.,

Rom ́an J., 2023, MNRAS , 521, 2012 
eaver J. R. et al., 2022, ApJS , 258, 11 
eaver J. R. et al., 2023, A&A , 677, A184 
hitaker K. E. , van Dokkum P. G., Brammer G., Franx M., 2012, ApJ , 754,

L29 
hitaker K. E. et al., 2017, ApJ , 838, 19 
right A. H. et al., 2017, MNRAS , 470, 283 

ang H. , Malhotra S., Rhoads J. E., Wang J., 2017, ApJ , 847, 38 
amojski M. A. et al., 2007, ApJS , 172, 468 

PPENDI X  A :  I DENTI FI CATI ON  O F  BLENDED  

O U R C E S  IN  HSC  I MAG ES  V I A  VISUAL  

NSPECTION  

s noted in Section 2.3 , we use the higher resolution HST images
o identify cases where the HSC photometry may have contributions 
rom two separate sources. Figure. A1 shows an example of a galaxy
here a single source is seen both in the HSC and HST images (top

ow) and an example of a system where the HSC centroid (shown
sing the red cross) lies between two objects in the HST image. These
bjects are blended in the HSC image. The colours of the pixels in the
SC image on either side of the blended object are slightly different,

ndicating that the HSC object is indeed likely to be a blend of two
eparate objects (as indicated by the HST image at this location). We
emo v e objects similar to this one from our analysis. 
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Figure A1. Top row: an example of a galaxy where a single source is seen both in the HST (left) and HSC (right) images. The HSC centroid is shown using 
a red cross. Bottom row: an example of a system where the HSC centroid lies between two objects in the HST image. These objects are blended in the HSC 

image. The colour of the pixels in the HSC image on either side of the (blended) object are slightly different, indicating that the HSC object is indeed likely to 
be a blend of two separate objects. 
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