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ABSTRACT

Low-surface-brightness galaxies (LSBGs) — defined as systems that are fainter than the surface-brightness limits of past wide-
area surveys — form the overwhelming majority of galaxies in the dwarf regime (M, < 10° M). Using NewHorizon,
a high-resolution cosmological simulation, we study the origin of LSBGs and explain why LSBGs at similar stellar mass
show the large observed spread in surface brightness. NewHorizon galaxies populate a well-defined locus in the surface
brightness—stellar mass plane, with a spread of ~3 mag arcsec™2, in agreement with deep Sloan Digital Sky Survey (SDSS)
Stripe 82 data. Galaxies with fainter surface brightnesses today are born in regions of higher dark matter density. This
results in faster gas accretion and more intense star formation at early epochs. The stronger resultant supernova feedback
flattens gas profiles at a faster rate, which, in turn, creates shallower stellar profiles (i.e. more diffuse systems) more
rapidly. As star formation declines towards late epochs (z < 1), the larger tidal perturbations and ram pressure experienced
by these systems (due to their denser local environments) accelerate the divergence in surface brightness, by increasing
their effective radii and reducing star formation, respectively. A small minority of dwarfs depart from the main locus
towards high surface brightnesses, making them detectable in past wide surveys (e.g. standard-depth SDSS images). These
systems have anomalously high star formation rates, triggered by recent fly-by or merger-driven starbursts. We note that
objects considered extreme or anomalous at the depth of current data sets, e.g. ‘ultra-diffuse galaxies’, actually dominate
the predicted dwarf population and will be routinely visible in future surveys like the Legacy Survey of Space and Time
(LSST).
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2017; Aihara et al. 2019). Confrontation of these surveys with

1 INTRODUCTION simulations in cosmological volumes (e.g. Dubois et al. 2014b;

Our statistical understanding of galaxy evolution is fundamentally
driven by objects that are brighter than the surface-brightness limits
of wide-area surveys. Rapid progress has been made over the last
few decades in advancing our comprehension of how galaxies form
and evolve over time. The observed multiwavelength properties of
galaxies have been mapped in detail, via large surveys from both
ground- and space-based instruments (e.g. Beckwith et al. 2006;
Bianchi, Shiao & Thilker 2017; Blanton et al. 2017; Nayyeri et al.

* E-mail: r.jackson9 @herts.ac.uk

Vogelsberger et al. 2014b; Schaye et al. 2015; Kaviraj et al. 2017)
has enabled us to interpret these data and understand the physics of
galaxy evolution.

The current consensus from the recent literature is that galaxies
form hierarchically, within a Lambda cold dark matter (DM) frame-
work (e.g. Cole et al. 2000; Bullock, Kravtsov & Weinberg 2001;
Hatton et al. 2003; Bower et al. 2006; Pipino et al. 2009), with models
based on this paradigm broadly reproducing the observed statistical
properties of galaxies in contemporary surveys (e.g. Blanton et al.
2017; Aihara et al. 2019). However, notwithstanding the successes
of this standard model, our comprehension of galaxy evolution is
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largely restricted to relatively bright galaxies, which have eftective
surface brightnesses' greater than the surface-brightness limits of
past wide surveys. For example, in surveys like the Sloan Digital
Sky Survey (SDSS; Abazajian et al. 2009), which has provided much
of the discovery space in the nearby Universe, galaxy completeness
decreases rapidly at (@), > 23 mag arcsec™> (e.g. Cross & Driver
2002; Blanton et al. 2005; Driver et al. 2005), where (i), is the
effective surface brightness in the » band, dropping to ~10 per cent
for (()e, ~ 24 mag arcsec 2 (e.g. Kniazev et al. 2004).

Thus, while our understanding of the evolution of bright galaxies
has progressed significantly, it is worth considering the significance
of ‘low-surface-brightness’ galaxies (LSBGs), defined here as those
that fall below the nominal surface-brightness limits of past wide-
area surveys and which are therefore undetectable in these data sets.
Both theory (Kulier et al. 2019; Martin et al. 2019) and observational
work using small, deep surveys (e.g. McGaugh, Schombert & Bothun
1995; Bothun, Impey & McGaugh 1997; Dalcanton et al. 1997)
indicate that most galaxies are, in fact, fainter than the surface-
brightness limits of past wide-area surveys. These LSBGs are a
heterogeneous population, ranging from massive, diffuse discs to
all dwarf galaxies at cosmological distances. Current cosmological
simulations indicate that these LSBGs dominate the galaxy number
density, comprising more than 85 per cent of objects down to M, ~
107 Mg, (Martin et al. 2019) and form a large, natural, empirically
unexplored extension of the population of bright galaxies on which
our understanding of galaxy evolution is currently predicated.

The absence of these objects from past data sets has two important
consequences. First, our empirical picture of galaxy formation is
heavily biased. Secondly, since our models are statistically calibrated
only to the subset of bright galaxies, our understanding of the physics
of galaxy evolution remains potentially highly incomplete. It is
therefore not surprising that many well-known tensions between
theory and observation are in the low-surface-brightness regime, e.g.
the apparent excess of dwarfs in simulations, i.e. the substructure
problem (Moore et al. 1999; Bullock & Boylan-Kolchin 2017),
the core—cusp problem (de Blok 2010), and the ‘too-big-to-fail’
problem (Boylan-Kolchin, Bullock & Kaplinghat 2011). A complete
understanding of galaxy evolution therefore demands a detailed
comprehension of how LSBGs evolve over cosmic time.

LSBGs have seen an explosion of interest in the recent observa-
tional literature, driven by individual or small deep pointings (e.g.
Kaviraj 2014a, b; Mihos et al. 2015; Martinez-Delgado et al. 2016;
Merritt et al. 2016; Leisman et al. 2017; Roman & Trujillo 2017b;
Greco et al. 2018; Kaviraj, Martin & Silk 2019; Martin et al. 2020)
and/or careful reprocessing of relatively shallow surveys to push
fainter than their nominal detection limits (e.g. Trujillo et al. 2017;
Sedgwick et al. 2019). While these efforts have started to give us
a glimpse of the LSBG regime, the galaxy samples that underpin
these studies are not representative of the general population of
LSBGs. In particular, the statistical properties of LSBGs in groups
(e.g. Merritt et al. 2016; Smith Castelli, Faifer & Escudero 2016;
Romdn & Trujillo 2017a, b; Jiang et al. 2019) and the field (e.g.
Martinez-Delgado et al. ; Leisman et al. 2017; Papastergis, Adams &
Romanowsky 2017) remain particularly poorly understood, largely
due to the lack of surveys that are both deep and wide. However,
the successful detection of LSBGs in sparser environments indicates
that they are not a cluster phenomenon and are, in fact, a ubiquitous
population that inhabits all regions of the observable Universe.

IThe effective surface brightness is defined here as the mean surface
brightness within the effective radius.
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A burgeoning theoretical literature has explored the mechanisms
that form LSBGs. For example, high halo spin (e.g. Amorisco &
Loeb 2016), bursty supernova (SN) feedback, which leads to the
formation of cored DM haloes (e.g. Di Cintio et al. 2017; Chan et al.
2018; Martin et al. 2019), mergers (Wright et al. 2020), and formation
from high-angular momentum gas (Di Cintio et al. 2019; Liao et al.
2019; Tremmel et al. 2019) have all been suggested as channels for
creating LSBGs and ‘ultra-diffuse galaxies’ (UDGs), which represent
the extreme end of the LSBG population at the depth of current data
sets. However, it has also been shown that environmental processes
like tidal perturbations, the alignment of infalling baryons at early
times, and galaxy collisions are likely required to fully reproduce
the variety and demographics of the LSBG/UDG populations seen
in the observations (e.g. Baushev 2018; Carleton et al. 2019; Liao
et al. 2019; Martin et al. 2019; Tremmel et al. 2019; Cardona-
Barrero et al. 2020; Jackson et al. 2020). It is worth noting that
LSBGs (including the more extreme UDG population) are predicted
to form in all environments including the field (e.g. Di Cintio et al.
2017; Chan et al. 2018; Jiang et al. 2019; Liao et al. 2019; Wright
et al. 2020), consistent with the findings of recent observational
work.

A statistical comparison between observation and theory in the
LSBG regime requires a hydrodynamical simulation in a cosmolog-
ical volume. The hydrodynamics are essential for 2D predictions
for baryons (which determines the surface brightness of the mock
galaxies), while a cosmological volume is required for making
statistical predictions for the properties of the LSBGs as a whole,
across the full spectrum of cosmological environments (field, groups,
etc.). In recent work, Martin et al. (2019) have performed a compre-
hensive study of the formation of relatively massive LSBGs, using
the Horizon-AGN (H-AGN) cosmological simulation (Kaviraj et al.
2017). They showed that, in the stellar mass range M, > 10° Mg,
the formation of LSBGs and their eventual divergence from their
high-surface-brightness counterparts are triggered by a period of
more intense star formation activity in the early (z > 2) Universe.
This leads to more intense SN feedback, which moves gas from the
central regions towards the outskirts, flattening their gas profiles, but
typically does not remove gas completely from the system. These
shallower gas profiles then lead to shallower stellar profiles that are
more susceptible to tidal processes and ram-pressure stripping. Over
time, these processes ‘heat’ the stellar and gas content of the LSBGs,
increasing their effective radii further, and quench the galaxies, both
of which lead to their low surface brightnesses at the present day.

While Martin et al. (2019) have offered key insights into the
formation of relatively massive LSBGs, the range of stellar masses
that can be probed by H-AGN (and other simulations with similar box
sizes such as EAGLE (Schaye et al. 2015) and Illustris (Vogelsberger
etal. 2014a) is limited by both its stellar mass resolution (M, ~ 1083
M) and spatial resolution (~1 kpc). The formation of lower mass
dwarf LSBGs, which is the regime in which most observational
LSBG studies are focused, requires a cosmological simulation with
much better mass and spatial resolution ideally in the tens of parsecs.
Recall that the scale height of the Milky Way is ~300 pc (e.g.
Kent, Dame & Fazio 1991; Lopez-Corredoira et al. 2002; McMillan
2011), so much higher spatial resolution is needed to properly resolve
dwarfs.

In this study, we use the NewHorizon cosmological hydrody-
namical simulation, which has stellar mass and maximum spatial
resolutions of 10* M, and 40 pc, respectively, to study the origin
of low-mass LSBGs, drilling down deep into the dwarf regime.
NewHorizon offers better mass and spatial resolution than any
other simulation with a comparable volume, making it ideally suited
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for this exercise. Our aims are twofold. First, we study the surface
brightness versus stellar mass plane, for galaxies down to stellar
masses of M, ~ 10%° M, and compare the position of the main locus
of galaxies to existing observational data. Secondly, we study how
different processes [e.g. feedback from SNe and active galactic nuclei
(AGNs), ram pressure, tidal perturbations, and galaxy mergers] drive
the origin of dwarf LSBGs and produce the large observed spread in
galaxy surface brightness at a fixed stellar mass.

This paper is structured as follows: In Section 2, we briefly describe
the NewHorizon simulation. In Section 3, we study the properties
of galaxies in the surface brightness versus stellar mass plane in
the nearby Universe. In Section 4, we study how different processes
contribute to the position of galaxies in the surface brightness versus
stellar mass plane at low redshift. In Section 5, we explore why a
minority of galaxies depart strongly from the main locus of objects
that hosts the majority of galaxies in this plane. We summarize our
findings in Section 6.

2 SIMULATION

We use the NewHorizon cosmological, hydrodynamical simula-
tion (Dubois et al. 2020),> which is a high-resolution zoom of a
region within the H-AGN simulation (Dubois et al. 2014b; Kaviraj
et al. 2017). The simulation has been run down to z = 0.25.
NewHorizon employs the adaptive mesh refinement code RAMSES
(Teyssier 2002). Initial conditions are taken from H-AGN, which
utilizes a grid that spans a 142 comoving Mpc volume, using 10243
uniformly distributed cubic cells with a constant mass resolution,
using MPGrafic. For NewHorizon, this grid is resampled at
higher resolution (using 4096 uniformly distributed cubic cells),
with the same cosmology [2,, = 0.272, @, = 0.0455, 2, = 0.728,
Hy=704km s~ Mpc™!, and n, = 0.967 (Komatsu et al. 2011)].

The high-resolution zoom has a volume of ~(16 Mpc)?, taken
from an average density region of H-AGN. It has a DM resolution
of 10° Mg, (compared to 8 x 107 Mg, for H-AGN), a stellar mass
resolution of 10* My (compared to 2 x 10° My in H-AGN), and
a maximum spatial resolution of 34 pc (compared to 1 kpc in H-
AGN). This makes NewHorizon the simulation with the highest
spatial and stellar mass resolution in a cosmological volume and an
ideal tool with which to study the dwarf galaxy population. Note
that, given that the zoom region used to create NewHorizon has
an average density, this simulation does not contain high-density
environments like clusters.

2.1 Star formation and stellar feedback

Gas cools via the initial mixture of hydrogen and helium, which
is progressively enriched by metals produced by stellar evolution
(Sutherland & Dopita 1993; Rosen & Bregman 1995). We assume
photoionized equilibrium, with an ambient UV background after
the Universe is re-ionized at z = 10 (Haardt & Madau 1996). Star
formation occurs in gas with a hydrogen number density greater than
ny >10 H cm™ and a temperature lower than 2 x 10* K, following
a Schmidt—Kennicutt relation (Schmidt 1959; Kennicutt 1998). The
efficiency depends on the local turbulent Mach number and virial
parameter o = 2Ey/|E,|, where Ej is the turbulent energy of the gas
and E, is the gas gravitational binding energy (Kimm et al. 2017).
A probability of forming a star particle of mass M, s = 10* Mg, is
drawn at each time-step according to the Schmidt—Kennicutt law.

Znew.horizon-simulation.org
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Each star particle represents a coeval collection of stars with
different masses. 31 per cent of the stellar mass of this star particle
(corresponding to stars more massive than 6 Mg) is assumed to
explode as Type I SNe, 5 Myr after its birth. The fraction is calculated
using a Chabrier initial mass function, with upper and lower mass
limits of 150 and 0.1 Mg, respectively (Chabrier 2005).

SN feedback is modelled in the form of both energy and momen-
tum, ensuring that the final radial momentum is accurately captured
during the snowplough phase of the expansion (Kimm & Cen 2014).
Each SN has an initial energy of 10! erg and a progenitor mass of
10 Mg. In addition, pre-heating of the ambient gas by ultraviolet
radiation from young OB stars is taken into account, by augmenting
the final radial momentum from SNe following Geen et al. (2015).

2.2 Supermassive black holes and black hole feedback

Supermassive black holes (SMBHs) are considered to be sink
particles, which accrete gas and impart feedback to their local
surroundings, according to some fraction of the rest-mass energy
of the accreted material. SMBHs form in regions with gas density
larger than the threshold of star formation, with a seed mass of 10*
M. New SMBHs are not allowed to form at a distance less than
50 kpc from other existing BHs. A dynamical gas drag force is
applied to the SMBHs (Ostriker 1999) and two SMBHs are allowed
to merge if the distance between them is smaller than 4 times the cell
size, and if the kinetic energy of the binary is less than its binding
energy.

BHs accrete at the Bondi—-Hoyle—Lyttleton accretion rate, with
its value capped at Eddington (Hoyle & Lyttleton 1939; Bondi &
Hoyle 1944). They release energy back into the gas, both via a jet
‘radio’ mode and a thermal quasar mode, for accretion rates below
and above 1 per cent of the Eddington rate, respectively (Dubois
et al. 2012). SMBH spins are evolved self-consistently through gas
accretion in the quasar mode and coalescence of BH binaries (Dubois,
Volonteri & Silk 2014a). This modifies the radiative efficiencies
of the accretion flow, following the models of thin Shakura and
Sunyaev accretion discs, and the corresponding Eddington accretion
rate, mass—energy conversion, and bolometric luminosity of the
quasar mode (Shakura & Sunyaev 1973). The quasar mode imparts
a constant 15 per cent of the bolometric luminosity as thermal
energy back into the surrounding gas, while the radio mode has
a spin-dependent variable efficiency and a spin-up/down rate that
follows results from simulations of magnetically choked accretion
discs (McKinney, Tchekhovskoy & Blandford 2012).

2.3 Selection of galaxies and construction of merger trees

DM haloes are identified using the AdaptaHOP algorithm (Aubert,
Pichon & Colombi 2004; Tweed et al. 2009), which efficiently
removes subhaloes from main structures and counts the fractional
number of low-resolution DM particles within the DM virial radius.
Galaxies are identified in a similar fashion using the HOP structure
finder applied directly on star particles (Eisenstein & Hut 1998).
The difference with AdaptaHOP lies in the fact that HOP does not
remove substructures from the main structure, since this would result
in star-forming clumps being removed from galaxies. We produce
merger trees for each galaxy in the final snapshot (z = 0.25), with
an average time-step of ~15 Myr, which allows us to track the main
branch progenitors of each galaxy with high temporal resolution.
Given that NewHorizon is a high-resolution zoom of H-AGN,
we also need to consider the DM purity of galaxies. It is possible
for higher mass DM particles to enter the high-resolution region of
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NewHorizon from the surrounding lower resolution regions and,
given the large mass difference, interact in unusual ways with the
galaxies that they encounter. The vast majority of galaxies affected
by low DM purity exist at the outer edge of the NewHorizon
sphere. In the analysis that follows, we only consider galaxies with
DM haloes that are more than 99 per cent pure. We note that our
results remain unchanged if we use the sample that is 100 per cent
pure. We proceed with the 99 per cent pure sample because it puts
our analysis on a firmer statistical footing.

2.4 Local environment

In some of our analysis below, we explore details of the environment
of galaxies in the cosmic web (e.g. their distances to nodes and
filaments), using the persistence-based filament-tracing algorithm
DisPerSE (Sousbie 2011), which uses the density field computed
via a Delaunay tessellation (Schaap & van de Weygaert 2000) of the
DM halo distribution. We choose a persistence of 40. DisPerSE
identifies ridges in the density field as special lines that connect topo-
logically robust pairs of nodes. These ridges compose the filament
network of the cosmic web, and the set of all segments defining
these ridges is referred to as the ‘skeleton’ (Pogosyan et al. 2009).
The distance to the nearest filament and node is computed for each
DM halo to form a filament catalogue. We refer readers to Sousbie
(2011) and Sousbie, Pichon & Kawahara (2011) for more details of
the DisPersSE algorithm and to Dubois et al. (2014b) and Laigle
et al. (2018) for an implementation of this algorithm on H-AGN.

2.5 Calculation of surface brightness

We obtain the intrinsic (i.e. unattenuated) surface brightness for
each galaxy using the intensity-weighted central second moment
of the stellar particle distribution (e.g. Bernstein & Jarvis 2002). We
calculate the surface brightness in multiple orientations (xy, xz, and
yz) and use the mean value in our study. The procedure for calculating
the surface brightness of individual galaxies is as follows.

We first obtain the intrinsic -band magnitudes for each star particle
that makes up the galaxy. To do this, we obtain the full spectral
energy distribution from a grid of Bruzual & Charlot (2003, BC03
hereafter) simple stellar population (SSP) models corresponding to
the closest age and metallicity of each star particle. We redshift
each BCO3 template to the redshift of the galaxy and convolve the
redshifted BCO3 templates with the response curve for the SDSS
r-band filter. We then weight by the particle mass to obtain the
luminosity contribution of each star particle, and obtain the apparent
r-band magnitude by converting the flux to a magnitude and adding
the distance modulus and zero-point.

We then obtain the second moment ellipse as follows. We first
construct the covariance matrix of the intensity-weighted central
second moment for the star particles as follows:

Ix? Ixy}

Ixy IyZ (1)

cov[I(x, y)] = [
where [ is the flux of each star particle and x and y are the projected
positions from the barycentre in arcseconds. We obtain major (o =
VA1 /ZT) and major (B = /A2/ 2 1) axes of the ellipse from the
covariance matrix, where A; and X, are its eigenvalues and X/ is the
total flux, and find the scaling factor, R, which scales the ellipse so
that it contains half the total flux of the object. Finally, we calculate
the mean surface brightness within the effective radius, (@)e, = m
— 2.5logo(2) + 2.5log;0(A), where A = R?a 7 and m is the r-band
apparent magnitude of the object.

Origin of dwarf LSBGs 4265
3 THE SURFACE BRIGHTNESS VERSUS
STELLAR MASS PLANE IN THE NEARBY
UNIVERSE

Fig. 1 shows the intrinsic surface brightness versus stellar mass plane
for galaxies in NewHor1izon at z = 0.25. The majority of galaxies
populate a locus in this plane, with a large spread of ~3 mag arcsec™2.
A small minority of galaxies scatter off this locus towards high
surface brightnesses. In order to understand the origin of galaxies
that reside in different parts of the surface brightness versus stellar
mass plane at z = 0.25, we split our galaxies into three mass bins.
The ‘low’, ‘intermediate’, and ‘high’ mass bins cover the mass ranges
10%° Mg > M, > 1073 Mg, 10”° Mg > M, > 103> Mg, and 1083
Mg > M, > 10%3 Mo, respectively.

We define the limits of the main locus of objects by eye as the
area where galaxies are closely clustered together. This is indicated
by the dotted lines in Fig. 1. Within each mass bin, we then split
the galaxy population into three zones. We use a straight line that
bisects the region between the two dotted lines in each mass bin to
define the ‘lower’ and ‘upper’ zones, with galaxies brighter than
the upper dotted line classified as ‘off-locus’. Note that surface
brightness increases towards the upper end of Fig. 1. Thus, the upper
locus galaxies represent the population that is brighter in surface
brightness at z = 0.25, while the lower locus galaxies represent their
fainter counterparts. These zones and mass bins are indicated using
the different colours in Fig. 1, where colour designates the mass bin
and the shade represents the position of the galaxy (lower, upper or
off) on the locus. Due to the small number of galaxies, and since this
regime was comprehensively explored in Martin et al. (2019), we do
not study objects at the highest stellar masses (M, > 10°° Mg). We
also do not study galaxies that have M, < 10%3 M, because their pro-
genitors are not massive enough to be well resolved at early epochs.

The inset in Fig. 1 shows the intrinsic surface brightness versus
effective radius for the NewHor i zon galaxy population. The dashed
lines indicate the typical values that are used to identify UDGs
(e.g. Koda et al. 2015; van Dokkum et al. 2015b; Conselice 2018;
Laporte, Agnello & Navarro 2019), which form the faint end of
the LSBG population that is detectable at the surface-brightness
limits of past/current data sets. These systems are sometimes con-
sidered to be potentially extreme or anomalous, due to their low
surface brightnesses and extended nature. A variety of formation
mechanisms have been proposed for their formation, such as the
puffing up of ‘normal’ dwarfs due to internal feedback processes (e.g.
Amorisco & Loeb 2016; Di Cintio et al. 2017) and the possibility
that UDGs (particularly those in clusters) may be ‘failed” galaxies
with anomalously low star formation efficiencies (e.g. Koda et al.
2015; van Dokkum et al. 2015a).

However, the inset in Fig. 1 indicates that a large number of dwarf
galaxies in NewHorizon, particularly in the low and intermediate
mass bins, have surface brightnesses and effective radii that make
them consistent with the definition of UDGs in the observational
literature. UDGs are therefore a normal component of the dwarf
galaxy population at low surface brightnesses. Note that since
NewHorizon does not contain any clusters, a clear prediction is
that UDGs should exist in large numbers in groups and the field
and should be routinely detectable in new and future deep surveys
such as the Hyper Suprime-Cam Subaru Strategic Program (HSC-
SSP; Aihara et al. 2019) and the Legacy Survey of Space and Time
(LSST) on the Vera C. Rubin Observatory (Robertson et al. 2019).
In Fig. 2, we present mock images of typical galaxies that occupy
different regions of the locus, created using the SKIRT9 code (Baes
& Camps 2015), which employs full radiative transfer based on the
stars and gas within a galaxy.

MNRAS 502, 4262-4276 (2021)
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Figure 1. Intrinsic effective surface brightness versus stellar mass for galaxies in the NewHorizon simulation. The bulk of the galaxy population resides on a
well-defined locus with a large spread of ~3 dex, with a minority (~10-20 per cent, depending on the stellar mass range in question) departing strongly from
the main locus towards higher surface brightness. The dotted lines indicate the limits of the main locus, defined by eye. The coloured points indicate different
zones of the locus (described in Section 3) that we consider for our analysis. The inset shows the effective radius versus intrinsic effective surface brightness
for the NewHorizon galaxies. The dashed lines in the inset indicate the typical boundaries that demarcate UDGs in the literature (Regr > 1.5 kpc and (p)er >
24.5). While UDGs are sometimes considered extreme or anomalous at the depth of current data sets, they actually dominate the predicted dwarf population,

and will be routinely visible in future surveys like LSST.

While we study the galaxy population in terms of intrinsic surface
brightness for our analysis in Sections 4 and 5, we use the attenuated
surface brightness for our comparison to observations below. In
Fig. 3, we compare the predicted surface brightness versus stellar
mass plane in NewHorizon to that from recent work that uses
the SDSS Stripe 82, which is ~2 mag deeper than standard-depth
SDSS imaging (Sedgwick et al. 2019). Sedgwick et al. use a novel
technique that allows them to identify LSBGs that do not appear
in the pipeline-constructed galaxy catalogue in the IAC Stripe 82
Legacy Project (Fliri & Trujillo 2016) because they are too faint. They
achieve this by identifying a sample of galaxies using core-collapse
SNe (CCSNe). Using custom settings in SEXTRACTOR (Bertin &
Arnouts 1996), they then extract the host galaxies of these CCSNe,
many of which are not detected by the original SDSS Stripe 82
pipeline or by the IAC Stripe 82 legacy survey. The resultant sample
is free of incompleteness in surface brightness in the stellar mass
range M, > 10% Mg, with a host being identified for all 707 CCSNe
candidates at z < 0.2. Of this sub-sample, 251 are spectroscopically
confirmed CCSNe, with the remainder classified from the shape of
their light curves (see Sako et al. 2018). This sample is well suited to
a comparison with NewHor1i zon, both due to its high completeness
at low surface brightness and also because we can relatively easily
model the selection function and apply it to our simulated data set.

Since the detectability of the Sedgwick et al. (2019) galaxies
depends on them hosting CCSNe, and therefore hosting star forma-
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tion activity, we restrict our comparison to a subset of star-forming
NewHorizon galaxies. The associated selection probability is
correlated with the star formation rate (SFR), because the SFR
determines the rate of CCSNe. We create a matching sample to
the one from Sedgwick et al. (2019) by drawing galaxies with a
weight proportional to the normalized probability distribution in
SFR. For the comparison in the M,—(u). plane, we calculate the
surface brightness of each NewHorizon galaxy as described in
Section 2.5. We additionally implement dust attenuation via a screen
model using the SUNSET code (see Kaviraj et al. 2017). Fig. 3 shows
that the predicted surface brightness versus stellar mass plane in
NewHorizon corresponds well to that in the observations in the
stellar mass range where the Sedgwick et al. galaxies are complete
(recall that the simulation is not calibrated to produce galaxy surface
brightnesses). The flattening seen in the observations is due to high
levels of incompleteness at M, < 108. The good overlap between
the NewHorizon galaxies and the Sedgwick et al. data suggests
that, while the prescriptions used to describe baryonic processes in
NewHorizon (e.g. SN feedback) are largely tuned to higher mass
galaxies, they offer a reasonable representation of these processes
also in the low-mass regime.

Finally, it is worth noting that the surface-brightness limits of many
past benchmark wide-area surveys lead to high levels of incomplete-
ness in the low-mass regime. The dotted lines in Fig. 3 indicate
the galaxy completeness limits for standard-depth SDSS imaging
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Figure 2. Mock gri images of dwarf galaxies in the NewHorizon simulation, created using the SKIRT9 code. Each column shows a typical galaxy in
one of the zones on the main locus of objects — a lower and upper locus galaxy and two off-locus systems produced via tidal perturbations and mergers,
respectively (see Section 5 for an exploration of how off-locus galaxies form). The top and bottom rows show edge-on and face-on projections for each galaxy,
respectively. Galaxies in NewHorizon tend to become more compact as they move towards higher surface brightness (i.e. as we move from lower to off-locus

systems).
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Figure 3. Surface brightness (including dust attenuation) versus stellar mass
in the NewHorizon simulation. Grey points indicate the entire galaxy
population of NewHorizon, open yellow points indicate galaxies from
Sedgwick et al. (2019), and black points are NewHorizon galaxies that
are selected to match the 2D M,—z distribution of Sedgwick et al. (2019).
The predicted surface brightness versus stellar mass plane in NewHorizon
corresponds well to that in the observations, in the stellar mass range where
the Sedgwick et al. galaxies are complete (recall that the simulation is not
calibrated to produce galaxy surface brightnesses). The red dotted lines
indicate the 70 per cent and 10 per cent completeness limits from the SDSS
(see e.g. table 1 in Blanton et al. 2005). The detectability of galaxies in
benchmark wide-area surveys like the SDSS decreases rapidly in the dwarf
galaxy regime. For example, at M, < 108 M, the overwhelming majority of
galaxies in the Universe lie below the surface brightness thresholds of surveys
like the SDSS, with only those galaxies that depart strongly from the locus
likely to be detectable in these data sets.

in the local Universe (Blanton et al. 2005). Note that no evolution
correction is applied to modify these completeness limits for z = 0.25
(the redshift of the NewHor1zon galaxies). At an effective surface
brightness of 24 mag arcsec™2 the galaxy completeness in SDSS is
only ~10 per cent. Indeed, the NewHorizon locus indicates that at
M, < 10® My, the overwhelming majority of galaxies in the nearby
Universe are undetectable in surveys like the standard-depth SDSS,
with only those objects that depart strongly from the locus towards
very high surface brightnesses likely to be present in such data sets at
all. As we show in Section 5, these off-locus systems host anomalous
levels of star formation triggered by a recent interaction, making
them highly unrepresentative of the general galaxy population in
these mass regimes. Therefore, caution needs to be exercised about
drawing conclusions about galaxy evolution in general using low-
mass galaxies that are detected in shallow, wide-area surveys on
which our understanding of the extragalactic Universe is currently
predicated. It is worth noting that future deep-wide surveys like the
HSC-SSP and LSST (which have limiting surface brightnesses of
~31.5 mag arcsec™ in their deepest layers), should offer 100 per
cent completeness for galaxies at least down to M, ~ 10" Mg, in
the nearby Universe, providing a revolutionary increase in discovery
space over past wide surveys like the SDSS.

4 GALAXY EVOLUTION AS A FUNCTION OF
SURFACE BRIGHTNESS: THE IMPACT OF
DIFFERENT PROCESSES

The analysis that follows studies the impact of different processes
on the progenitors of galaxies in the different zones described in
Fig. 1, in order to explore how this main locus of objects forms over
cosmic time. Recall that we split the locus into ‘low’, ‘intermediate’,
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Figure 4. Evolution of the median stellar mass with look-back time. The
shaded regions show the associated uncertainties. The top, middle, and bottom
panels represent the low (10%° Mg > M, > 107> M), intermediate (107~
My > M, > 1085 Mg), and high (1035 Mg > M, > 10°° Mg) mass
bins, respectively. The colour coding indicates the upper, lower, and off-locus
galaxy populations. Recall that lower locus galaxies represent the population
that is fainter in surface brightness at z = 0.25, while the upper locus galaxies
represent their brighter counterparts. Regardless of the mass bin in question,
lower locus galaxies form their stars at earlier epochs than their upper locus
counterparts. However, this stellar assembly bias takes place later at higher
stellar masses.

and ‘high’ mass bins that cover the mass ranges 10> Mg > M, >
1073 Mg, 1073 Mg > M, > 10%° Mg, and 1083 Mg > M, > 10°°
Mg, respectively. Each mass bin is then split into upper, lower, and
off-locus zones. The upper and lower zones are defined by the
brighter and fainter halves of the locus, respectively, and off-locus
objects are those that scatter to higher surface brightnesses beyond
the upper locus. In all the plots that follow, the colour coding of
the median lines and error regions corresponds to the colours of the
zones in Fig. 1. Given the small number of off-locus galaxies in any
mass bin, we do not show error regions for this population for clarity.
In this section, we focus on galaxies that reside on the main locus.
We study the formation of off-locus galaxies in Section 5.

We begin by exploring, in Figs 4-6, the evolution of the median
stellar mass, effective radius, and surface brightness of galaxies in
different zones within the locus across cosmic time. At a given
stellar mass, galaxies in the lower locus show a stellar assembly bias
relative to those in the upper locus, in the sense that their stellar mass
assembly takes place at earlier epochs, as shown in Fig. 4. The median
effective radius of galaxies (Fig. 5) in the lower locus increases faster
than their upper locus counterparts at all epochs, including the epoch
where the stellar assembly bias is most pronounced. It is worth
noting that starbursts typically add new stars to the central regions
of galaxies and thus act to reduce the effective radius, opposite to
the trend seen in Fig. 5. This suggests that, in the early Universe,
the processes that drive the stellar assembly bias are also responsible
for the differential evolution in median effective radius between the
upper and lower locus galaxies.

Fig. 6 shows the evolution of surface brightness for galaxies in dif-
ferent zones of the locus. The eventual divergence in surface bright-
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Figure 5. Evolution of the median effective radius of galaxies with look-
back time. The shaded regions show the associated uncertainties. The top,
middle, and bottom panels represent the low (10> Mg > M, > 107> Mg),
intermediate (107> Mg > M, > 108° M), and high (1035 Mg > M, > 10
Mg ) mass bins, respectively. The colour coding indicates the upper, lower,
and off-locus galaxy populations. Recall that lower locus galaxies represent
the population that is fainter in surface brightness at z = 0.25, while the
upper locus galaxies represent their brighter counterparts. In all mass bins,
lower locus galaxies increase their effective radii faster than their upper locus
counterparts.

ness between the upper and lower locus populations (in all mass bins)
is delayed compared to that in the stellar mass and effective radius,
because the increase in radius is initially compensated for by the more
rapid build-up of stellar mass. It is worth noting that the point at which
the divergence in surface brightness takes place shows a dependence
on stellar mass, with the divergence taking place later at higher stellar
masses. This suggests that the depth of the potential well provides
a stabilizing influence against the processes that drive the surface
brightness divergence between upper and lower locus galaxies.

Both these points imply that the width of the locus, i.e. the surface
brightness separation between the upper and lower locus galaxies,
is likely to be driven by the assembly history of galaxies, with
those forming their stellar mass earlier residing at fainter surface
brightnesses at the present epoch. Therefore, in order to explain
the position of galaxies in the locus, we need to understand the
processes responsible for the divergence in stellar mass and effective
radius of the upper and lower locus populations. These processes can
be either internal or external. Internal mechanisms include feedback
from either SN or AGN (or both). External processes include tidal
perturbations (including mergers) and ram pressure. In the sections
below, we consider how each of these processes affects galaxies, in
order to identify the principal processes that determine the position
of galaxies in the locus at z = 0.25.

4.1 Differential SN feedback at early epochs - initiating the
divergence in surface brightness

Given the coincidence of stellar assembly bias and the differential
increase in the median effective radius of the upper and lower locus
populations, we begin by considering the role of SN feedback in the
surface brightness evolution of galaxies. Previous theoretical work
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Figure 6. Evolution of the median surface brightness with look-back time.
The shaded regions show the associated uncertainties. The top, middle, and
bottom panels represent the low (1093 Mo > M, > 107 Mp ), intermediate
(107 Mg > M, > 1035 Mg), and high (1035 Mg > M, > 10°° M)
mass bins, respectively. The colour coding indicates the upper, lower, and
off-locus galaxy populations. Recall that lower locus galaxies represent
the population that is fainter in surface brightness at z = 0.25, while the
upper locus galaxies represent their brighter counterparts. In all mass bins,
lower locus galaxies exhibit similar surface brightnesses to their upper locus
counterparts at early epochs because their earlier star formation counteracts
their larger effective radii. The surface brightnesses eventually diverge, with
the divergence occurring later at higher stellar masses.

has shown that, particularly at low stellar masses, where gravitational
potential wells are shallow, SN feedback is capable of driving gas
outflows (e.g. Dubois & Teyssier 2008; Di Cintio et al. 2017; Chan
et al. 2018) that make the density profiles of the gas, and the stars
that form from it, shallower (e.g. Martin et al. 2019). The shallower
stellar profiles naturally lead to more diffuse systems that have lower
surface brightness.

In order to calculate SN feedback, we define the total mechanical
and thermal energy released by stellar processes between two time-
steps, tp and 71, by summing the energy released by each star particle
in a galaxy within this interval:

Esy =Y moi(E@): — E(zo)), 2

where mg; is the mass of an individual star particle and E(z); is
the cumulative mechanical and thermal energy released by that star
particle, as a result of Type II SN, between the time of its formation
and a redshift z.

In Fig. 7, we show the evolution of the SN feedback energy for
galaxies in different zones of the locus. We find that galaxies that
end up with fainter surface brightnesses (i.e. those in the lower locus)
show higher levels of SN feedback at earlier times, regardless of the
mass bin being considered. This correlates with the stellar assembly
bias seen in Fig. 4. Note also that the stellar assembly bias occurs
earlier at lower stellar masses, which is mirrored in the SN feedback
being more pronounced at earlier epochs in lower mass bins.

We proceed by exploring how this difference in SN feedback
drives the evolution in the stellar mass, effective radius, and surface
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Figure 7. Evolution of the median SN feedback as a function of look-
back time. The shaded regions show the associated uncertainties. The top,
middle, and bottom panels represent the low (10%° Mg > M, > 107> M),
intermediate (107‘5 Mg > M, > 108 Mpg), and high (108'5 Mo > M, > 1099
M) mass bins, respectively. The colour coding indicates the upper, lower,
and off-locus galaxy populations. Recall that lower locus galaxies represent
the population that is fainter in surface brightness at z = 0.25, while the
upper locus galaxies represent their brighter counterparts. In all mass bins,
lower locus galaxies show higher levels of SN feedback (i.e. higher SFRs)
at earlier times, with the epoch of peak divergence occurring later at higher
stellar masses. This drives the stellar assembly bias seen in all mass bins in
Fig. 4.

brightness of galaxies shown in Figs 4-6. Recall that the stellar
effective radii of upper and lower locus galaxies begin diverging
in the early Universe (Fig. 5), around the epochs when there is a
divergence in the SN feedback energy. This suggests that the SN
feedback is likely to be impacting the gas reservoir in such a way as
to drive the increase in the median effective radius.

For example, Martin et al. (2019) have shown that in the massive
(M, > 10° M) galaxy regime, SN feedback acts to rapidly make
the gas distribution shallower, by moving material from the central
regions of the galaxy towards the outskirts (see also Governato et al.
2007). If the gas is not completely removed, new stars forming from
this gas make the stellar distribution progressively shallower over
time. In this mass regime at least, earlier SN feedback is central to
the formation of galaxies that exhibit lower surface brightnesses at
the present day.

We now consider whether a similar process operates in the dwarf
galaxy regime. While galaxies in all mass bins show similar be-
haviour, we first demonstrate the impact of SN feedback graphically,
by showing the evolution of the stacked stellar density profiles in the
high mass bin. Fig. 8 shows how the stacked stellar density profiles
of all stars and that of young stars (ages <100 Myr), which trace
the star-forming gas, evolve across the epoch of divergence in SN
feedback energy.

The more rapid star formation in lower locus galaxies at early
epochs causes both the normalization and the slope of the stacked
young-star density profiles to decrease faster than in their upper locus
counterparts, as star-forming gas is displaced from the centre towards
the outskirts at a faster rate. As the systems evolve, progressive
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Figure 8. Evolution of the stacked stellar density profiles of galaxies in the high mass bin as a function of look-back time, as indicated in the panels. The
solid lines indicate all stars, while the dotted lines indicate young (ages <100 Myr) stars only (which trace the star-forming gas). Dark and light green curves
indicate lower and upper locus galaxies, respectively. As SN feedback moves material away from the centres of galaxies, the density profiles of new stars
become progressively flatter, which, in turn, gradually flattens the overall stellar density profiles of galaxies. The higher SN feedback experienced by lower locus
galaxies (see Fig. 7) at earlier times means that their slopes become flatter faster, as shown in the transition from the left-hand to right-hand panels above.
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Figure 9. Evolution of the ratio between the slope of the stellar density
profiles of young and all stars, for R < 0.5Rcf. The slope is calculated by
fitting a straight line to the inner 0.5R.f of the density profile. A value less
than 1 indicates that the density profile of the young stars is flatter (i.e.
shallower) than that of all stars. In lower locus galaxies, these ratios exhibit
smaller values from early look-back times; i.e. young stars have much flatter
profiles compared to the overall stellar distribution, compared to upper locus
galaxies. Since young stars will progressively flatten the entire stellar density
distribution, this means that lower locus galaxies become more diffuse at
a faster rate, as seen in the faster evolution of the effective radius in these
galaxies (Fig. 5).

generations of young stars with flatter profiles will then drive a
flattening of the overall stellar profiles. To quantify this, we fit a
straight line to the inner 0.5R. of each density profile (where the
profile is roughly linear) and calculate the ratio in the slopes of
the density profiles between the young stars and the total stellar
population. As shown in Fig. 9, the ratio of the slopes between young
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and all stars is smaller in lower locus galaxies for most of cosmic
time (regardless of the mass bin being considered). This indicates
that the density profiles of the young stars flatten faster in lower
locus galaxies than in their upper locus counterparts. This, in turn,
flattens their total stellar profiles faster, which is reflected in lower
locus galaxies growing their effective radii more rapidly than their
upper locus counterparts (Fig. 5).

While initially the enhanced star formation in lower locus galaxies
counteracts their larger effective radii and keeps their surface bright-
nesses similar to their upper locus counterparts, as star formation
activity decreases in the lower locus (Fig. 7), the two populations
diverge rapidly in surface brightness (Fig. 6). While this trend is the
same in all mass bins, the divergence in the level of star formation
occurs later at higher masses (Fig. 7), and so the divergence in
surface brightness also takes place at later epochs. Lower locus
galaxies can be thought of as somewhat rarer events (in the peak
background split sense, e.g. Schmidt, Jeong & Desjacques 2013) that
start to form stars ‘too early’ for the depth of their potential wells
to counteract the energy release of the first round of SNe in these
galaxies.

While the role of SN feedback in initiating the surface brightness
divergence is clear, we conclude this section by considering whether
another internal process, AGN feedback, may contribute to this
process. In Fig. 10 (main panel), we show the location of galaxies that
have central SMBHs (red points), compared to galaxies that do not
(grey points). In the inset, we show the occupation fraction of central
BHs in galaxies (defined as a galaxy having at least one BH within
1R.sr) as a function of stellar mass. In the low-mass regime, which is
our mass range of interest, only a small fraction of galaxies actually
host BHs (the BH occupation fractions are around 10 per cent for
M, ~ 108 Mp). It is worth noting that BHs that do exist in dwarf
galaxies exhibit very little growth (e.g. Dubois et al. 2020; Volonteri
et al. 2020). Finally, galaxies with BHs do not occupy a preferential
position in the locus. Taken together, this indicates that only a small
minority of dwarf galaxies in NewHorizon have central BHs, and
that those that do, do not occupy a preferential location in the locus
and show very little growth (and therefore little potential for AGN
feedback). Thus, AGN feedback does not play a role in determining
the position of galaxies in the locus.
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Figure 10. Main panel: Surface brightness versus stellar mass for all galaxies
(grey) and galaxies hosting an SMBH (red). Inset: The occupation fraction
of BHs in galaxies as a function of stellar mass. A small minority of dwarf
galaxies in NewHor i zon have central BHs, and those that do, do not occupy
a preferential position in the locus.

Table 1. Ratio of the median DM density within 15Ry;; (first row) and the
median gas inflow rate (second row) between lower and upper locus galaxies
in different mass bins with associated standard errors.

Lower: upper locus ratio Low mass Int. mass High mass
DM density 1.224+0.16 158+0.22 1.57+0.28
Gas inflow rate 1.554+0.05 1484+0.06 1.63+0.08

4.1.1 A cosmological trigger for the stellar assembly bias: higher
local DM density driving higher gas accretion rates

In the previous section, we showed that galaxies that lower locus
galaxies (i.e. those that end up with lower surface brightnesses at late
epochs) are those that experience an earlier phase of more intense
star formation. While this earlier stellar assembly is ultimately
responsible for driving the initial divergence in surface brightness,
we now explore the factors that are responsible for causing this bias in
the first place. A faster stellar assembly implies a greater availability
of gas. Thus, we explore the local environmental densities around
lower and upper locus galaxies, at the epochs where the SN feedback
energy diverges, since denser local environments will likely induce
larger inflows of gas that can trigger stronger star formation.

In Table 1, we show the local DM density, on scales of 15R,;
around each galaxy’s halo, just before the epoch at which the
SN feedback divergence takes places (look-back times of ~11.9,
~11.5, and ~11 Gyr for the low, intermediate, and high mass bins,
respectively). In all mass bins, lower locus galaxies reside in regions
of higher average DM density. The local DM densities in the lower
locus galaxies are elevated by 22, 58, and 57 per cent in the low,
intermediate, and high mass bins, respectively. The gas inflow rates
into this 15Ry;, region are, in turn, elevated by 55, 48, and 63 per cent,
respectively. Note that these trends remain unchanged if we calculate
local DM density on different spatial scales around the galaxies (e.g.
10Ry;i;, 20Ry;,, etc.).

Lower locus galaxies are therefore born in regions of higher
DM density, which enables them to access gas at a faster rate at
earlier epochs. This faster gas accretion rate then drives the faster
stellar assembly in the lower locus systems, leading to increased SN
feedback and a faster increase in their effective radii. It is worth
noting that the idea that the density of the local environment in
which dwarf galaxies form may imprint itself on their star formation
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histories has been previously postulated for galaxies in the Local
Group (e.g. Gallart et al. 2015). Our work shows that this is a general
property of dwarf galaxies and not a specific feature of dwarfs in the
Local Group.

Finally, it is worth exploring whether the higher DM densities
experienced by lower locus galaxies are due to them residing
in special locations in the cosmic web or whether lower locus
galaxies are simply sampling higher values of the local DM density
distribution. We use the skeleton, described in Section 2.4, to check
whether the locations of lower locus galaxies vary systematically
from their upper locus counterparts. However, we find that both
populations show similar distances to both the nearest nodes and
filaments, indicating that, on average, the positions of upper and
lower locus galaxies in the cosmic web are very similar. Note that,
since our sample only includes galaxies that survived accretion on to
more massive galaxies down to z = 0.25, it may be potentially
biased towards objects that are born relatively further from the
densest regions of the skeleton, since such systems will have a lower
probability of merging with a larger galaxy (e.g. Borzyszkowski et al.
2017; Musso et al. 2018).

Our analysis has shown that the differences between the upper and
locus galaxies are driven by the fact that their progenitors sample
different parts of the local DM density distribution in the Universe
at early epochs. The stellar assembly bias that drives the divergence
in galaxy surface brightness at fixed stellar mass, and therefore the
width of the main locus at z = 0.25 (Fig. 1), essentially has a purely
cosmological trigger.

4.2 Tidal perturbations and ram pressure: external processes
that influence dwarf galaxy evolution at late epochs

At late epochs, the level of star formation in lower locus galaxies
subsides and SN feedback activity in these systems falls below the
levels seen in their upper locus counterparts (Fig. 7). Nevertheless,
the effective radii of lower locus systems keep growing faster than
in their upper locus counterparts (Fig. 5). The continued divergence
in surface brightness between the two populations at late epochs
(Fig. 6) is thus driven both by lower locus galaxies forming stars at a
slower rate and growing their effective radii more rapidly than their
upper locus counterparts. Most importantly, since the star formation
activity in the lower locus galaxies is now less intense, the evolution
in their radii must be driven by external processes and not by internal
mechanisms like SN feedback.

The two key external processes that can influence galaxy evolution
are tidal perturbations (including mergers) and ram pressure. Strong
tidal perturbations from events like close fly-bys and mergers can
trigger star formation. Sustained tidal perturbations over a long
period of time can heat stars and gas, puffing up galaxies and reducing
their SFR (Martin et al. 2019). Sustained ram pressure typically acts
to strip the internal gas reservoir of the galaxy as it transits through
a dense medium, reducing its SFR (e.g. Hester 2006).

Following Choi et al. (2018) and Martin et al. (2019) we define a
dimensionless ‘perturbation index’ (PI) that quantifies the cumula-
tive, ambient tidal field around a galaxy as follows:

_ M; R\’
w3 ) (5) ®

1

where My, is the stellar mass of the galaxy in question and R is its
effective radius, M; is the stellar mass of the i-th perturbing galaxy,
and D; is the distance from the i-th perturbing galaxy. We consider
all perturbing galaxies within 3 Mpc of the object in question.
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Figure 11. Evolution of the median PI with look-back time. The shaded
regions show the associated uncertainties. The top, middle, and bottom panels
represent the low (10%° Mg > M, > 1073 Mg), intermediate (107 Mg
> M, > 108 Mgp), and high (1035 Mg > M, > 10°° Mg) mass bins,
respectively. The colour coding indicates the upper, lower, and off-locus
galaxy populations. Recall that lower locus galaxies represent the population
that is fainter in surface brightness at z = 0.25, while the upper locus
galaxies represent their brighter counterparts. Upper and lower locus galaxies
exhibit similar PI evolution at early epochs, with the PI experienced by lower
locus galaxies increasing at late epochs. Off-locus objects show large, recent
increases in PI, which indicates that their change in surface brightness is
influenced by a recent interaction.

Fig. 11 shows the evolution of the median PI with look-back time.
We find that in all mass bins, galaxies that reside in different zones of
the locus experience very similar tidal perturbations at high redshift.
Therefore, perturbations caused by the ambient tidal field do not
contribute to the early divergence in surface brightness. However, in
the low and intermediate mass bins, lower locus galaxies show higher
values of PI at late epochs (likely driven by the fact that these galaxies
are born and remain in regions of higher density) that contribute to
the divergence in their effective radii and surface brightnesses at
late epochs. Interestingly, the trend is reversed in the high mass bin,
indicating that the surface brightness divergence in this regime is
driven primarily by the higher levels of star formation in the upper
locus population.

Note that, while the PI includes mergers (i.e. events where the
two galaxies eventually coalesce), it is worth looking separately at
the merger history of galaxies, since plotting the median PI will
dampen the effect of individual events, like mergers, which could
cause a strong, transient change in this parameter. While mergers
will increase the stellar mass of the system and can drive an increase
in its radius, the smooth change in both stellar mass (Fig. 4) and
effective radius (Fig. 5) suggests that mergers, which are stochastic
and rare events (e.g. Darg et al. 2010; Uzeirbegovic, Geach & Kaviraj
2020), are unlikely to be driving this evolution. We confirm this in
Fig. 12 by exploring the cumulative merger histories of galaxies, for
significant merging events that have mass ratios less than 10:1 (which
is the mass ratio range where mergers typically produce measurable
size and morphological change, e.g. Martin et al. 2018). This figure
shows the average number of mergers experienced by a galaxy since
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the beginning of the simulation, with mass ratios less than or equal
to the value shown on the x-axis. For example, a lower locus galaxy
in the low mass bin (left-hand panel) undergoes, on average, ~0.6
mergers with mass ratios greater than 1:10 at z > 0.25, while a lower
locus galaxy in the intermediate mass bin undergoes, on average,
~0.95 mergers in the same time period.

We find that the cumulative merger histories of galaxies in the
lower locus do not show a strong preference towards higher merger
fractions over cosmic time in any mass bin. In addition, the number
of mergers experienced by galaxies (in all zones of the locus) are
indeed too small to explain the smooth change observed in stellar
mass and effective radius. This indicates that individual mergers do
not influence the eventual position of a galaxy on the locus.

Next, we consider ram pressure, which is capable of removing
gas from galaxies and reducing their SFRs, particularly in high-
density environments (e.g. Gunn & Gott 1972). While NewHorizon
does not include the richest environments like galaxy clusters, ram
pressure can still play a significant role in the evolution of low-mass
galaxies, which are typically much more susceptible to gas stripping
due to their shallow gravitational potential wells (e.g. Vollmer et al.
2001; Martin et al. 2019). We measure the ram pressure exerted on a
galaxy by the local medium as follows:

Pom = ,OIGMU;]; (4)

where v, is the velocity of the galaxy relative to the bulk velocity
of the surrounding medium and pjgyv is the mean gas density of the
surrounding medium within 10 times the maximum extent of the
stellar distribution of the galaxy.

Fig. 13 shows the evolution of the median ram pressure with look-
back time. In a similar vein to the PI, the ram pressure experienced
by upper and lower locus galaxies is similar at large look-back times
and therefore does not contribute to the surface brightness divergence
at early epochs. However, the median ram pressure experienced by
lower locus galaxies at late epochs is elevated compared to that
in their upper locus counterparts (although the difference is less
pronounced than what is found for the PI). This is again likely
to be driven by the fact that lower locus galaxies are born and
remain in regions of higher density. The higher ram pressure at
late epochs likely assists in the faster depletion of gas in lower locus
galaxies, reducing their star formation activity (which is reflected
in the decrease in the SN feedback energy seen in Fig. 7). This, in
turn, helps drive the divergence in surface brightness between the
two populations at late epochs.

5 OFF-LOCUS GALAXIES: TRANSIENT,
TIDALLY INDUCED STARBURSTS

We complete our study by exploring the formation mechanisms of
galaxies that depart strongly from the locus towards higher surface
brightnesses. As shown in Fig. 1, a minority of galaxies reside ‘off-
locus’, with the fraction of off-locus objects being 22, 12, and 10 per
cent in the low, intermediate, and high mass bins, respectively (see
Table 2). In particular, as noted in Section 3, galaxies that scatter
off the main locus make up the majority of low-mass galaxies that
are visible in past wide-area surveys like the SDSS. It is therefore
important to understand how these systems form and their connection
to the majority of the galaxy population that resides on the locus itself.

Fig. 6 suggests that the off-locus population diverges in surface
brightness at late look-back times, with the divergence being most
pronounced in the low-mass population. The epoch of divergence
coincides with an increase in both the PI (Fig. 11) and the SN
feedback energy, i.e. a starburst (Fig. 7). We first check whether
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AR Table 2. The fraction of off-locus galaxies (first row) and the mechanisms
05 Low mass —— Upper that produce off-locus systems (other rows) in different mass bins. For
' off example, in the intermediate mass bin, 12 per cent of galaxies are found
off-locus. Of these, 48 per cent are fly-by induced while 26 per cent are
induced by major mergers (mass ratios < 4:1) and the rest are triggered by
"TT 0.0 f"’"""‘* Vet M sy N4 Lal minor mergers (mass ratios > 4:1).
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2 10 -~ Off Off-locus fraction 22 percent 12 percent 10 per cent
= Fly-by induced 92 per cent 48 per cent 38 per cent
'O Major-merger induced 4 percent 26 percent 12 per cent
= Minor-merger induced 4 percent 26 percent 50 per cent
§
e 1.5t High mass :b‘;‘g::
1.0 -~ Off This indicates that the off-locus galaxies depart from the main
W locus due to recent, tidally induced starbursts that are essentially
0.5 \ "“ﬁ stochastic in nature. The epoch at which the population diverges
0.0 WWMMW . in surface brightness (see Fig. 6) indicates that the star formation
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Figure 13. Evolution of the median ram pressure with look-back time. The
shaded regions show the associated uncertainties. The top, middle, and bottom
panels represent the low (10%° Mg > M, > 107 M), intermediate (107
Mg > M, > 10335 Mg), and high (108° Mg > M, > 10°3 Mg) mass
bins, respectively. The colour coding indicates the upper, lower, and off-locus
galaxy populations. Recall that lower locus galaxies represent the population
that is fainter in surface brightness at z = 0.25, while the upper locus galaxies
represent their brighter counterparts. In all mass bins, galaxies in different
zones of the locus experience similar values of ram pressure over cosmic
time.

the gas inflow rates in the off-locus galaxies show an increase around
the time they begin to diverge from the population that resides in the
locus, possibly due to abruptly entering a high-density environment.
However, we find that the average gas inflow rates prior to the
starburst are not anomalous and an analysis of the skeleton indicates
that the off-locus galaxies do not abruptly enter high-density regions
of the cosmic web.

episodes in these systems are around 1-4 Gyr old (dependent on
the mass bin). Note that this recent starburst episode is not special.
While galaxies are likely to have had multiple starburst episodes in
their lifetimes, the new stars produced in those episodes have since
aged and faded away. The off-locus population is essentially tracing
the most recent starburst episode whose signature remains visible in
the r-band filter.

Since the increase in PI could either be driven by fly-bys, i.e.
purely tidal events where there is a rapid change in PI without a
merger, or by major (mass ratios < 4:1) or minor (mass ratios > 4:1)
mergers, it is instructive to consider which mechanism triggers the
starburst that produces off-locus galaxies in different zones of the
locus. For each off-locus galaxy, we consider their merger histories
in conjunction with the evolution of their PI values and compare this
to their surface brightness evolution. Fig. 14 shows examples of two
cases. The right-hand column shows a system that is driven off-locus
(due to the rapid brightening of the surface brightness; see top panel)
by an increase in PI that coincides with a recent merger with a mass
ratio of 4:1. The look-back time of the merger is indicated by the red
dotted line. The left-hand column shows a case where the surface
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Figure 14. Top row: Evolution of surface brightness with look-back time for
two off-locus galaxies in the high mass bin. Bottom row: The corresponding
evolution of the PI with look-back time. Vertical dotted red lines indicate the
times at which merger events take place. While the galaxy in the right-hand
column exhibits a rapid increase in surface brightness that is coincident with
a merger with a mass ratio of 4:1, the increase in surface brightness of the
galaxy in the left-hand column does not correspond to a merger event and is
therefore driven by a fly-by.

brightness is driven by a fly-by because the change in the PI does not
correspond with a recent merger.

We visually inspect these plots for every off-locus galaxy, in order
to ascertain the principal driver of the starburst that moves them off
the locus. Table 2 summarizes the drivers of the starbursts in the
off-locus objects. The impact of fly-bys is greatest in the low-mass
regime, where 92 per cent of the off-locus systems are fly-by induced.
Fly-bys remain important in all mass regimes, producing 48 and 38
per cent of off-locus systems in the intermediate and high mass bins,
respectively. However, mergers become more important at higher
stellar masses, accounting for 62 per cent of off-locus objects in
the high mass bin. The progressively higher minor-merger-induced
off-locus fraction at higher stellar masses is due to the shape of the
galaxy mass function. Since there are fewer galaxies at high stellar
masses (e.g. Bell et al. 2003), equal-mass mergers between massive
galaxies become rarer in this mass regime.

Our analysis indicates that the recent starbursts that produce off-
locus systems are largely induced by tidal perturbations that trigger
the existing gas reservoirs in these galaxies, rather than being due to
enhanced gas accretion from the cosmic web. As galaxies increase
in stellar mass and their gravitational potential wells become deeper,
a larger perturbation, via a merger rather than simply a fly-by, is
required to trigger this starburst.

It is important to note that off-locus galaxies are clearly atypical
of the general galaxy population because they have anomalously
high levels of star formation. As has been noted before in Section 3,
in the M, < 10° Mg regime, off-locus galaxies overwhelmingly
dominate the observed galaxy population in past wide-area surveys
like the (standard-depth) SDSS (see dotted red lines in Fig. 3).
Therefore, conclusions about the general galaxy population cannot
be drawn using the subset of off-locus objects because they are
likely to be highly unrepresentative of the overall galaxy populations
in these mass regimes.
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6 SUMMARY

Our statistical comprehension of galaxy evolution is driven by objects
that are brighter than the surface-brightness limits of wide-area
surveys. Given the depth of past wide surveys, our understanding of
how the observable Universe evolves has been predicated largely on
bright galaxies. For example, while past benchmark surveys like the
SDSS become highly incomplete at effective surface brightnesses of
around 24 mag arcsec 2, LSBGs that are fainter than these thresholds
overwhelmingly dominate the galaxy number density (e.g. Martin
et al. 2019). Understanding the evolution of the LSBG population
is therefore key to a complete comprehension of galaxy evolution.
Here, we have used the high-resolution NewHor i zon cosmological
simulation to probe the origin and evolution of the LSBG population
in the low-mass regime, where most recent observational studies are
focused. In particular, we have explored why, at a given stellar mass,
LSBGs span the large observed range in surface brightness.

The NewHorizon galaxy population occupies a well-defined
locus in the surface brightness versus stellar mass plane, with a large
spread of ~3 mag arcsec™>. A minority of galaxies depart strongly
from this locus towards higher surface brightnesses. The fraction of
these off-locus systems is ~20 per cent in the low mass bin (10%°
Mgy < M, < 1073 Mg) and drops to ~10 per cent at higher stellar
masses (108> Mgy < M, < 10°° Mg). The predicted position of
NewHorizon galaxies in the surface brightness versus stellar mass
plane is in good agreement with observations from the relatively
deep SDSS Stripe 82 survey. This agreement suggests that, while
prescriptions used in NewHorizon to describe baryonic physics
(e.g. SN feedback) are largely tuned to higher mass galaxies, they
also offer a good representation of these processes in the low-mass
regime.

A large number of LSBGs in NewHorizon, particularly galaxies
that exist in the upper locus in the low and intermediate mass
bins, have surface brightnesses and effective radii that make them
consistent with the definition of UDGs in the current observational
literature. These dwarfs form naturally in the standard model, through
a combination of SN feedback, tidal perturbations, and ram pressure
as described in Section 4, and are therefore a normal component
of the dwarf galaxy population (albeit one that is not readily
detectable using past and current data sets). Since NewHorizon
does not contain very high density environments (i.e. clusters),
a clear prediction is that UDGs form ubiquitously in low-density
environments like groups and the field and will be routinely visible
in new and future deep-wide surveys like the HSC-SSP and LSST.

To understand the processes that determine the eventual surface
brightness of dwarf galaxies at late epochs, we have split the locus
into three zones — the lower (fainter) and upper (brighter) halves and
the population of off-locus galaxies that scatter towards very high
surface brightnesses beyond the upper locus. We have then studied,
in detail, the formation histories of galaxies in these different zones,
in order to identify the processes that create the large observed spread
in surface brightnesses in the dwart galaxy population.

Regardless of the mass regime being considered, galaxies in the
lower locus, i.e. those that end up with fainter surface brightnesses
at late epochs, are born in denser regions of the Universe, which
results in faster gas accretion and more intense star formation at
high redshift. The more intense star formation in these systems leads
to stronger SN feedback. This flattens gas profiles at a faster rate,
which, in turn, creates shallower stellar profiles more rapidly. As star
formation subsides in the lower locus, their late epoch evolution is
dominated by external processes like tidal perturbations and ram
pressure. Since lower locus galaxies are born in higher density
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environments, they remain in relatively denser environments over
their lifetimes. The higher tidal perturbations they experience as a
result continue to increase their effective radii at a faster rate than
their upper locus counterparts. In a similar vein, the higher ram
pressure they experience acts to accelerate gas depletion and reduces
their SFRs more quickly than on the upper locus. The lower locus
systems thus diverge strongly from their upper locus counterparts at
late epochs, both due to the fact that they are now more diffuse and
because they have less star formation.

Finally, we have studied the processes that drive the formation
of off-locus galaxies that deviate strongly from the main locus as
they experience a recent, rapid increase in surface brightness. This
increase is not driven by an uptick in the gas inflow rate but coincides
with an increase in the PI and a coincident rise in the star formation
activity. This indicates that an interaction triggers a starburst that
moves the galaxy away from the main locus. In low-mass systems
(M, < 10" My), this starburst is triggered primarily by purely
tidal events (i.e. fly-bys), while at high stellar masses (M, > 1083
Mp) it is primarily induced by mergers. It is worth noting that this
off-locus population makes up the bulk of the observable low-mass
systems (M, < 1083 Mg) in past benchmark wide-area surveys like
the SDSS. However, since these systems are clearly anomalous in
terms of their star formation activity, conclusions about the general
galaxy population cannot be drawn using these galaxies.

Together with the study presented in Martin et al. (2019), the
analysis in this paper offers a theoretical counterpart to new and
future deep-wide surveys like the HSC-SSP and LSST. As noted
earlier, these surveys will offer galaxy completeness down to at least
M, ~ 107 M in the nearby Universe, providing a revolutionary
increase in discovery space. In future papers, we will compare
our theoretical studies to data from such surveys to explore LSBG
formation and constrain the physics of galaxy evolution, in detail, in
the low-surface-brightness regime.
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