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ABSTRACT

We investigate the formation and properties of low surface brightness galaxies (LS-
BGs) with M, > 10%°Mg in the EAGLE hydrodynamical cosmological simulation.
Galaxy surface brightness depends on a combination of stellar mass surface density
and mass-to-light ratio (M/L), such that low surface brightness is strongly correlated
with both galaxy angular momentum (low surface density) and low specific star for-
mation rate (high M/L). This drives most of the other observed correlations between
surface brightness and galaxy properties, such as the fact that most LSBGs have low
metallicity. We find that LSBGs are more isolated than high surface brightness galax-
ies (HSBGs), in agreement with observations, but that this trend is driven entirely by
the fact that LSBGs are unlikely to be close-in satellites. The majority of LSBGs are
consistent with a formation scenario in which the galaxies with the highest angular
momentum are those that formed most of their stars recently from a gas reservoir co-
rotating with a high-spin dark matter halo. However, the most extended LSBG disks
in EAGLE, which are comparable in size to observed giant LSBGs, are built up via
mergers. These galaxies are found to inhabit dark matter halos with a higher spin in
their inner regions (< 0.17300.), even when excluding the effects of baryonic physics by
considering matching halos from a dark matter only simulation with identical initial
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1 INTRODUCTION

Low surface brightness galaxies (LSBGs) are galaxies whose
disks are at least one magnitude fainter than the typical
sky brightness (Impey & Bothun 1997). The exact surface
brightness value delimiting this category of objects varies
throughout the observational literature, but a common def-
inition is galaxies having a central disk surface brightness
fainter than 22 to 23 mag/asec? in the B-band (Impey et al.
2001). These galaxies are challenging to observe due to their
faintness, but surveys of their population in the local Uni-
verse suggest that they constitute most of the total num-
ber density of low-mass galaxies (Dalcanton et al. 1997a),
and ~ 10% of the cosmic baryon budget (Minchin et al.
2004). At higher masses, so-called ‘giant’ LSBGs like Ma-
lin 1 (Bothun et al. 1987) and UGC1382 (Hagen et al. 2016)
have the largest known disks in the Universe, whose extreme
sizes potentially challenge our understanding of galaxy as-
sembly (Galaz et al. 2015; Boissier et al. 2016). Thus LSBGs
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are an important but still poorly understood component of
the overall galaxy population.

A number of authors have found that the properties
of LSBGs are statistically different from those of high sur-
face brightness galaxies (HSBGs), likely indicating a differ-
ent formation or evolution scenario for LSBGs. LSBGs have
been found to live in low-density environments and to have
a deficit of nearby neighbors (Bothun et al. 1993; Mo et al.
1994; Rosenbaum & Bomans 2004; Rosenbaum et al. 2009;
Galaz et al. 2011; Du et al. 2015), implying that isolation
may be necessary for either LSBG formation or survival.
LSBGs have also been measured to have low star formation
rates (van der Hulst et al. 1993; van den Hoek et al. 2000)
and low metallicities (McGaugh 1994; de Blok & van der
Hulst 1998; Burkholder et al. 2001). Some works find that
the star formation rates of LSBGs are not unusual relative to
their stellar mass (Galaz et al. 2011, and references therein),
but that their richness in Hi implies low star-formation ef-
ficiency (Wyder et al. 2009; Leisman et al. 2017). Addition-
ally, LSBGs have been reported to be highly dark matter
dominated (de Blok et al. 1996; Pickering et al. 1997; Lelli
et al. 2010), which is thought to prevent bar formation that
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could destroy their diffuse disks (Mayer & Wadsley 2004; see
however Galaz et al. 2006).

Complicating the theoretical interpretation of these ob-
servations is the possibility that there are distinct sub-
populations of LSBGs. So-called ‘ultra-diffuse galaxies’
(UDGsS) have luminosities and stellar masses typical of dwarf
galaxies, but effective radii reg 2 1.5 kpe (van Dokkum et al.
2015a; Roman & Trujillo 2017b). Unlike more massive LS-
BGs, observed UDGs tend to be red, dispersion-dominated,
and located within clusters (Sandage & Binggeli 1984; van
Dokkum et al. 2015a,b; Koda et al. 2015; Munoz et al. 2015;
Mihos et al. 2015; van Dokkum et al. 2019). However, this
is at least partly due to selection effects, as UDG searches
have typically focused on cluster regions. UDGs have also
been discovered in less dense environments (Merritt et al.
2016; van der Burg et al. 2017; Papastergis et al. 2017),
where they are more likely to be blue (Leisman et al. 2017;
Zaritsky et al. 2019; Prole et al. 2019), and where some have
suggested they may be even more numerous than in clusters
(Roméan & Trujillo 2017a,b).

Giant LSBGs are also known to have peculiar features
relative to their smaller counterparts. Specifically, they have
bright nuclei that resemble galaxies of ordinary size, sur-
rounded by an extremely extended faint disk (Barth 2007;
Hagen et al. 2016).

Several different theoretical formation scenarios for low
surface brightness galaxies exist in the literature. For UDGs,
hydrodynamical zoom-in simulations have suggested that
they have very bursty star formation histories, which lead to
episodes of strong feedback that expel their gas and cause
expansion of their stellar orbits (Di Cintio et al. 2017; Chan
et al. 2018). Another proposed UDG formation channel is
the expansion of dwarf galaxies with cored dark matter ha-
los via tidal stripping and heating (Carleton et al. 2019).

One idea that has been put forth to explain both UDGs
and higher-mass LSBGs is that these galaxies constitute the
tail of the spin distribution of the galaxy population, forming
in the most high-spin dark matter halos of a given mass
(Dalcanton et al. 1997b; Jimenez et al. 1998; Amorisco &
Loeb 2016; Rong et al. 2017). However, for giant LSBGs, this
would require extreme halo spins possibly inconsistent with
ACDM predictions (Boissier et al. 2016; Zhu et al. 2018).
For these galaxies, it has been suggested that they build up
their large outer disks via tidal disruption and accretion of
small, gas-rich satellites (Penarrubia et al. 2006; Hagen et al.
2016). Other proposed scenarios for giant LSBG formation
include evolution from ring galaxies (Mapelli et al. 2008),
formation in rare dark matter peaks within voids (Hoffman
et al. 1992), and evolution from HSBGs via disk instabilities
(Noguchi 2001).

One newly-opened avenue to exploring the formation
and evolution of LSBGs is to utilize large-scale hydrody-
namical cosmological simulations. Historically, limitations in
computational power restricted the possibility of simulating
large samples of well-resolved galaxies in their cosmological
environment. However, recent years have seen the develop-
ment of large simulations that produce statistically signifi-
cant samples of galaxies with realistic properties, including
EAGLE (Schaye et al. 2015; Crain et al. 2015), Horizon-
AGN (Dubois et al. 2014; Kaviraj et al. 2017), Illustris (Vo-
gelsberger et al. 2014; Genel et al. 2014), and IlustrisTNG
(Pillepich et al. 2018).

Martin et al. (2019) studied LSBGs in the Horizon-
AGN simulation, focusing on galaxies in the stellar mass
range 10° — 10'°My. They found that ultra-diffuse galax-
ies (UDGs), defined to have r-band effective surface bright-
ness (ue) > 24.5 mag/asec?, and ‘classical’ LSBGs, with
23 < {ue) < 24.5 mag/asec®, are generally distinct in
their properties. UDGs in Horizon-AGN have stellar masses
M. < 10°Mg, tend to be very gas-poor, and are typically
found in dense environments such as clusters. Dynamical
heating via numerous tidal interactions appears to play an
essential role in their formation. ‘Classical’ LSBGs have
properties and evolutionary histories more similar to those
of HSBGs, although they formed most of their stars earlier
and have lower present-day star formation.

Focusing on high masses, Zhu et al. (2018) examined the
formation of a massive LSBG comparable in size to Malin
1 within the IlustrisTNG simulation. The galaxy consists
of a central spheroidal component formed before z = 0.3
surrounded by a > 100 kpc disk of gas and more recently
formed stars. Its rotation curve is also similar to what is
observed for Malin 1. The authors find that the object was
formed by a merger between the galaxy’s main progenitor
and two other massive galaxies, leading to stimulated accre-
tion of gas from the progenitor’s hot halo.

In this paper, we investigate the surface brightnesses of
galaxies in the EAGLE cosmological hydrodynamical simu-
lation, with the intent of understanding the differences be-
tween LSBGs and HSBGs. We study galaxies with M, >
10%°*Mg, meaning that our focus is on ‘classical’ and giant
LSBGs rather than UDGs. In §2, we provide a brief overview
of the EAGLE simulation and describe how we compute the
surface brightnesses of EAGLE galaxies, as well as other
relevant galaxy parameters. In §3, we present and discuss
our results, showing the correlations between galaxy surface
brightness and other galaxy properties, as well as the evo-
lutionary factors that cause a galaxy to have high or low
surface brightness. Finally, in §4, we summarize our conclu-
sions.

Throughout this paper we assume the Planck cosmology
(Planck Collaboration et al. 2014) adopted in the EAGLE
simulation, where h = 0.6777, Qa = 0.693, ,, = 0.307, and
Qp = 0.048.

2 METHODS
2.1 EAGLE simulation overview

EAGLE (Schaye et al. 2015; Crain et al. 2015; McAlpine
et al. 2016) is a suite of cosmological hydrodynamical simu-
lations, run using a modified version of the N-body smooth
particle hydrodynamics (SPH) code GADGET-3 (Springel
2005). These modifications, described in Schaller et al.
(2015a), are based on the conservative pressure-entropy for-
mulation of SPH from Hopkins (2013), and include changes
to the handling of the viscosity (Cullen & Dehnen 2010), the
conduction (Price 2008), the smoothing kernel (Dehnen &
Aly 2012), and the time-stepping (Durier & Dalla Vecchia
2012).

The EAGLE suite includes a number of simulation
boxes with different sizes, resolutions, and subgrid physics
prescriptions. In this analysis we use the reference EA-
GLE simulation Ref-LO100N1504, which has box size 100
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comoving Mpc per side and contains 1504% particles each of
dark matter and baryons. The dark matter particle mass is
9.70 x 10°M¢, and the initial gas (baryon) particle mass is
1.81x10°Mg. The Plummer-equivalent gravitational soften-
ing length is 2.66 comoving kpc (ckpc) until z = 2.8 and 0.70
proper kpc (pkpc) afterward. The subgrid physics includes
prescriptions for radiative cooling, photoionization heating,
star formation, stellar mass loss, stellar feedback, supermas-
sive black hole accretion and mergers, and AGN feedback.
These prescriptions and the effects of varying them are de-
scribed in Schaye et al. (2015) and Crain et al. (2015).

Radiative cooling and photoionization heating is imple-
mented using the model of Wiersma et al. (2009a). Cool-
ing and heating rates are computed for 11 elements us-
ing CLOUDY (Ferland et al. 1998), assuming that the gas
is optically thin, in ionization equilibrium, and exposed to
the cosmic microwave background and a Haardt & Madau
(2001) UV and X-ray background that is imposed instanta-
neously at z = 11.5. Extra energy is injected at this redshift
and at z = 3.5 to model H1 and Hell reionization respec-
tively.

Star formation is implemented as described in Schaye &
Dalla Vecchia (2008). Gas particles that reach a metallicity-
dependent density threshold (Schaye 2004) become ‘star-
forming’ and are stochastically converted into stars at a
rate that reproduces the Kennicutt-Schmidt law (Kennicutt
1998). Star particles are modeled as simple stellar popula-
tions with a Chabrier (2003) initial mass function. The pre-
scriptions for stellar evolution and mass loss from Wiersma
et al. (2009b) are assumed. The stochastic feedback pre-
scription of Dalla Vecchia & Schaye (2012) is used to model
stellar feedback. The strength of the feedback is calibrated
largely by adjusting the fraction of the energy lost from stars
that is assumed to heat the nearby gas.

Halos that reach a mass of 10'°Mg /h are seeded with
black holes of subgrid mass 10°Mg /h at their centers by
converting the most bound gas particle into a “black hole”
seed particle (Springel et al. 2005). The black holes accrete
gas according to the prescriptions given in Rosas-Guevara
et al. (2016), and can merge with one another. Stochastic
AGN feedback is implemented with an energy injection rate
proportional to the black hole accretion rate. Adjustment
of the fraction of lost energy assumed to heat the gas does
not significantly affect the masses of galaxies due to self-
regulation (Booth & Schaye 2010), and is instead calibrated
to match the observed stellar mass-black hole mass relation.

Stellar feedback in the EAGLE reference simulation was
calibrated to approximately reproduce the local galaxy stel-
lar mass function (GSMF). Additionally, feedback models
that resulted in overly compact galaxy sizes at z = 0 despite
reproducing the GSMF were rejected (Crain et al. 2015).
The observed galaxy size distributions used for comparison
were derived from the SDSS (Shen et al. 2003) and GAMA
(Baldry et al. 2012) surveys. We note that these surveys do
not extend to very low surface brightness; their galaxy size
distributions are derived assuming that the HSBG surface
brightness distribution extends continuously to low surface
brightness. Given the paucity of data in the LSBG regime, it
is possible that this an incorrect assumption, and that there
exist statistically distinct populations of LSBGs that are
unobserved. EAGLE does produce LSBGs (as we will show
in §3), but given that its galaxy size distribution depends
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on these calibrations, these LSBGs and the mechanisms by
which they are produced are potentially only a subset of the
low surface brightness Universe.

With only the subgrid physics calibrations described
above, EAGLE is able to reproduce a variety of properties of
the observed galaxy population. These include, among oth-
ers, the z = 0 Tully-Fisher relation (Schaye et al. 2015), the
evolution of the galaxy mass function (Furlong et al. 2015)
and galaxy sizes (Furlong et al. 2017), optical galaxy colors
and their evolution (Trayford et al. 2015, 2016), the SFR-
M, relation (Furlong et al. 2015), and the evolution of the
star formation rate function (Katsianis et al. 2017). Galaxy
and halo catalogs as well as particle data from EAGLE have
been made publicly available (McAlpine et al. 2016).

2.2 Simulated galaxy sample

Galaxies in EAGLE are identified through a series of steps.
First, halos are identified in the dark matter particle dis-
tribution using a friends-of-friends (FoF) algorithm with a
linking length of b = 0.2 times the mean interparticle sepa-
ration (Davis et al. 1985). Other particle types (gas, stars,
and black holes) are assigned to the FoF halo of the near-
est dark matter particle. The SUBFIND (Springel et al. 2001;
Dolag et al. 2009) algorithm is then run over all the particles
of any type within each FoF halo, in order to identify local
overdensities (“subhalos”). Each subhalo is assigned only the
particles gravitationally bound to it, with no overlap in par-
ticles between subhalos. The subhalo that contains the most
bound particle in a FoF halo is considered to be the “central”
subhalo, while any other subhalos are “satellites”. The stellar
and gas particles bound to a subhalo are what we consider to
be an individual galaxy. Galaxy catalogs are created in this
manner for a series of 29 simulation snapshots from z = 20
to z = 0.

Our initial sample of simulated galaxies consists of all
the galaxies in the Ref-LO100N1504 run of EAGLE at z =0
with total bound stellar mass M. > 10°°Mg. This leads
to a sample of 7314 galaxies, which includes both central
and satellite galaxies. We compute the surface brightnesses
of these galaxies using the distribution of their bound star
particles, as described in §2.3.

We additionally use the galaxy merger trees from the
EAGLE catalog to investigate the evolution of galaxies with
different z = 0 surface brightnesses. The merger trees were
created from the simulation snapshots using a modified ver-
sion (Qu et al. 2017) of the D-TREES algorithm (Jiang et al.
2014), which assigns each subhalo a descendant in the subse-
quent snapshot that contains the majority of some number of
the subhalo’s most bound particles. A subhalo has only one
descendant but may have multiple progenitors. Each subhalo
with at least one progenitor has a single “main progenitor”,
defined as the one with the largest mass summed across
all earlier snapshots, as suggested by De Lucia & Blaizot
(2007) to avoid swapping of the main progenitor during ma-
jor mergers. In some cases, no descendant of a subhalo can
be identified in the next snapshot, but one can be found in
a later snapshot; because of this, descendants are identified
up to 5 snapshots later.
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2.3 Galaxy surface brightness calculation

In this subsection we describe how we obtain the surface
brightness profiles and mean surface brightnesses of the
galaxies in our sample. Physical distances are used in all
calculations. The center of each galaxy is assumed to be at
the location of its most bound particle.

Dust-free luminosities have been computed for the stel-
lar particles of EAGLE galaxies in the SDSS ugriz bands
as described in Trayford et al. (2015). Each star particle is
assumed to be a simple stellar population with a Chabrier
(2003) initial mass function and the SPH-smoothed metal-
licity of its parent gas particle. Its spectral energy distribu-
tion is then computed using the Bruzual & Charlot (2003)
GALAXEV models. Here we compute the B band luminosity
of each star particle from its u and g band luminosities using
the transformation from Lupton (2005)":

B =u—0.8116(u — g) + 0.1313. (1)

We compute the projected surface brightness using all the
gravitationally bound star particles within 500 kpc of the
galaxy’s center (although only the most massive galaxies
contain stellar particles this distant).

The aim of this paper is not to attempt a detailed sta-
tistical comparison with LSBG observations, but rather to
investigate the properties and evolution of the population
of objects that potentially could, depending on orientation,
be observed as LSBGs if they existed in our Universe. Thus
we compute the surface brightness for all the galaxies in our
sample in the face-on orientation, with the minor axis of the
galaxy oriented along the line of sight.

We first locate the 3D half-mass radius of the galaxy
using all the bound star particles. We then compute the
mass distribution tensor (i.e. the moment of inertia tensor)
within three times this radius. The eigenvector of this tensor
corresponding to the smallest eigenvalue is taken to be line-
of-sight direction over which the luminosity is projected to
compute the surface brightness profile.

We calculate the surface brightness profile in ellipti-
cal annuli, assuming a single axis ratio at all distances
from the center derived from the remaining two eigenval-
ues/eigenvectors of the mass distribution tensor. We com-
pute the local surface brightness in bins of 50 particles
each. The surface brightness is converted from L@/pc2 to
mag/asec’ as if all galaxies were located at z = 0.08, the
redshift of Malin 1 (Impey & Bothun 1989).

We take a simple definition of the “total” surface bright-
ness of the galaxy: the mean surface brightness within a fixed
B-band isophote of 28 mag/asec®. This has the advantage
of not requiring fitting a parametric model (such as a Ser-
sic bulge and exponential disk), which we have found does
not always accurately describe the light profiles of galaxies
in the simulation. Additionally, the 28 mag/asec2 isophote
will be large for galaxies with faint disks even if they have
bright nuclei (provided that the disk itself is not fainter than
28 mag/ asecg)7 whereas this is not necessarily the case for
the half-light radius, whose position may be determined by
the central bulge. However, because in EAGLE any stellar
particles gravitationally bound to a galaxy are considered to
be part of it, our surface brightness profiles include stellar

1 www.sdss3.org/dr10/algorithms/sdssUBVRITransform.php

halos and, for the most massive central galaxies, what is re-
ferred to as “intracluster light” (ICL). This faint component
is generally not considered to be part of a galaxy for the pur-
pose of computing the surface brightness, but it is difficult to
identify a physically-motivated boundary between the ICL
and the galaxy (see Caiias et al. 2019 for a recent attempt
in cosmological hydrodynamical simulations). In EAGLE,
stellar halos/ICL are built up through galaxy mergers (see
§3.1), which also influence the evolution of galaxies in other
ways; we therefore treat galaxies with and without signifi-
cant mass growth from mergers separately when presenting
our results.

To obtain an estimate of the 28 mag/as¢302 isophote
that avoids local fluctuations in the surface brightness, we
smooth the surface brightness profiles computed from the
particles. This is done using a locally weighted linear re-
gression (LOWESS; Cleveland 1979) of the nearest 10% of
points, weighted by a tri-cube weight function:

wi = (1 - i), @)

where |d;| is the distance from each point in the subset to
the location at which the smoothed curve is being computed,
normalized so that the value lies between 0 and 1. We then
take the smallest elliptical annulus at which 28 mag/asec? is
achieved as the isophote within which we take the average
surface brightness. In the remainder of this paper, we will
refer to the circularized radius of this isophote as Rasp, and
the mean surface brightness within it as (up). 124 galaxies
in our initial sample do not reach a surface brightness of 28
mag/asec’; we remove these galaxies from the sample.

We compute jackknife errors on (g), and remove those
galaxies for which they are larger than 0.5 mag/asec®. Gen-
erally this occurs for galaxies whose surface brightness pro-
files are nearly flat in the range of surface brightnesses
around 28 mag/asec?, preventing the determination of a
unique Rosp. This criterion further eliminates 90 of the
galaxies in our sample.

Finally, some galaxies are highly asymmetric and will be
poorly described by our assumption of elliptical isophotes.
As noted previously, we take the center of each galaxy to
be the location of its most bound particle, which generally
corresponds to the peak of the stellar density distribution,
whereas the geometric center of the stellar distribution is its
center of mass. We thus compute (ug) around the galaxy
center using first the star particles in the hemisphere di-
rected towards the center of mass, and then for the opposite
hemisphere. If the difference between these two values of
(pp) is larger than 1 mag/asec?, we remove the galaxy from
the sample. This removes 113 galaxies, leaving us with a
final sample of 6987 galaxies.

As noted above, the ugriz magnitudes are computed for
each stellar particle without accounting for dust obscuration.
To estimate the effect of dust on the surface brightnesses of
the galaxies in our sample, we used the radiative transfer
code SKIRT (Baes et al. 2003, 2011; Camps & Baes 2015)
as described in Appendix A. Overall, we find that including
dust would not significantly affect our results, and we neglect
it for the remainder of this paper.

We would like to separate the effect of the mass-to-light
ratio on the surface brightness of galaxies from that of differ-
ences in their stellar mass surface density. For comparison,
we compute the surface density in the form of a “fixed M/L
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surface brightness profile”, using the masses of the stellar
particles and assuming they have a fixed mass-to-light ratio
of 3Mg/Le in the B band. (This is a typical M/Lg for a
passive galaxy in our sample.) We designate the radius of
the 28 mag/asec® isophote identified using fixed M/Lp as
Rasm and the mean “surface brightness” within it as (m).

2.4 Additional galaxy and dark matter halo
properties

We examine the correlation between galaxy surface bright-
ness and a number of properties of the galaxy and its host
dark matter halo. Many of these are precomputed values
taken from the EAGLE catalog (McAlpine et al. 2016), but
we describe the computation of several others here.

2.4.1 Galazy kinematic morphology

Following Thob et al. (2019) and Trayford et al. (2019),
who analyzed the kinematic morphology of EAGLE galaxies,
we compute the orbital circularity parameter (Abadi et al.
2003) of each stellar particle:

€ = jz,i/jcirc(Ei), (3)

where j.; is the specific angular momentum of the particle
projected along the direction of total galaxy angular mo-
mentum, and jeiro(F;) is the specific angular momentum of
a particle on a circular orbit with the same binding energy
E;. The latter is estimated as the maximum value of j, ; for
particles with F < E;.

As a measure of the overall galaxy kinematic morphol-
ogy, we take the median value of ¢;, which we denote &..
Unlike Thob et al. (2019), we use the values of all the stel-
lar particles bound to the subhalo rather than only those
within 30 kpc, but our values are generally in agreement
with theirs. They recommend €, = 0.3 as a division between
disk- and bulge-dominated galaxies, based on the division
between passive and star-forming galaxies found in Correa
et al. (2017).

Thob et al. (2019) used EAGLE to examine the correla-
tion between commonly-used measures of galaxy kinematic
morphology in simulations, such as the fraction of counter-
rotating stars and the ratio of the rotational and dispersion
velocities, V/o. They found that these different parameters
exhibit tight correlations with one another, with Spearman
correlation coefficient p ~ 0.98. Thus our particular choice
of & as a kinematic indicator should not affect our results.

We additionally compute smoothed profiles of €. as a
function of projected radius, using a weighted local linear
fit of the nearest 10% of points (similarly as for the sur-
face brightness profiles in §2.3). This is done for our sample
of galaxies at z = 0 as well as their main progenitors at
z = 0.5, in order to examine the evolution of the kinematic
distribution of the stellar particles as a function of radius.

2.4.2 FEx-situ stellar mass fraction

To quantify the impact of mergers on the galaxies in our
sample, we estimate the fraction of each galaxy’s stellar mass
formed outside of the galaxy — the ex-situ stellar mass frac-
tion.
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Galaxies merging into a more massive galaxy are often
stripped of their outer stars prior to the simulation snap-
shot at which the merger event is recorded. These stripped
stars join the more massive galaxy prior to the merger, and
thus are not recorded as part of the mass merging into the
galaxy during the merger event. As a result, the mass of a
merging satellite at the time of a merger can be a significant
underestimate of the contribution of ex-situ stars.

We instead estimate the ex-situ mass fraction as fol-
lows. For each stellar particle in EAGLE, the time at which
it formed from its parent gas particle is recorded. These
timesteps have much finer spacing than the spacing of the
snapshots used in our galaxy merger trees. For each stellar
particle within a galaxy at z = 0, if in the snapshot immedi-
ately after its formation it is bound to the main progenitor
of the z = 0 galaxy, we consider it to be part of the in-situ
stellar mass. Otherwise, it contributes to the ex-situ mass
fraction.

This method still somewhat underestimates the fraction
of ex-situ stellar mass, because stars that form in a galaxy
less than one snapshot (< 1.35 Gyr) before it merges into a
more massive galaxy will be counted as in-situ mass. How-
ever, we find that this estimate of ex-situ mass is still larger
than using the masses of non-main progenitors at the time
of a merger.

2.4.8 Matched dark matter only halos

We would like to investigate whether the properties of dark
matter halos influence the surface brightness of the galax-
ies that form within them. However, galaxies are also able
to alter the properties of their host dark matter halos (e.g.,
Schaller et al. 2015b), leading to difficulty separating cause
from effect when examining correlations between galaxy
and halo properties. For this reason, we use halos from the
matching dark matter only (DMO) run of the EAGLE sim-
ulation.

The DMO simulation has identical box size, resolu-
tion, and initial conditions as the reference EAGLE run.
It contains (1504)% particles of dark matter, each with mass
1.15 x 10"Mg. Each particle in the reference and DMO runs
is tagged with a unique ID based on its initial conditions,
such that the equivalent particles can be identified in both
simulations. To find corresponding dark matter subhalos be-
tween the two simulations, we use the method described in
Schaller et al. (2015b), which considers two subhalos to be
“equivalent” if over half of the 50 most bound particles of
each one are also bound to the other.

Because dark matter halos that become satellites are
subject to stripping, which substantially alters their prop-
erties, and because some halo properties (e.g. Maoo; see list
below) are ill-defined for satellite subhalos, we examine only
the properties of central galaxies/subhalos relative to their
surrounding FoF halo. Of the galaxies in our sample, 4098
are hosted by central subhalos in the reference simulation,
and 3826 (93.4%) of these are successfully matched to cen-
tral subhalos in the DMO EAGLE run.

The dark matter halo properties we examine include:

® Mspoc, the FoF halo mass within 7990, the radius at
which the mean internal density is equal to 200 times the
critical density of the Universe.
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Figure 1. The distribution of radii and surface brightnesses for
our sample of galaxies. The shading of each bin is proportional
to the log-number of galaxies in the bin. Bins with fewer than 3
galaxies are plotted with a separate point for each galaxy. Top left:
The circularized 28 mag/ase(32 isophotal radius in the B band,
Raogp, as a function of galaxy stellar mass. Top right: Rogp as a
function of the galaxy magnitude in the B band, M. Bottom left:
The mean surface brightness within Rogp, (up), versus galaxy
stellar mass. The error bar on the bottom right shows the median
size of the error on (up), which is £0.099 mag/asec?. (The me-
dian error on log(Rasp /kpc) is £0.012, which is smaller than the
size of a plotted bin.) The red dashed line denotes (ug) = 25.6
mag/asec27 which would be the value for a pure exponential disk
with central surface brightness 23 mag/asec?. Bottom right: (1)
as a function of Mp. An upturn in (up) is visible for Mp < —22,
or M. > 10''Mg. This is due to the buildup of stellar halos
with (up) < 28 mag/asec? around high-mass galaxies; see §3.1
for explanation.

® Viax/V200c, where Vmax is the central subhalo maxi-

mum circular velocity, and Vagoe = 1/GMaooc/T200c. This

quantity serves as a proxy for the halo concentration (Prada

et al. 2012).
e the halo spin parameter of Bullock et al. (2001):
J
A= —2 4
V2MrV “

where J is the total angular momentum and M is the total
mass within some radius 7, and V = \/GM/r. We compute
the spin parameter within ro00. as well as 0.1r200c, in or-
der to represent the spin of the entire and the “inner” halo,
respectively.

3 RESULTS
3.1 Distribution of galaxy surface brightnesses

In Figure 1, we present the distribution of 28 mag/a5602
isophotal radii and mean surface brightnesses for our z = 0
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Figure 2. Top panel: The horizontal axis shows Ragy,, the cir-
cularized radius of the 28 mag/asec? B-band isophote that each
galaxy would have if M/Lp = 3Mg /L. On the vertical axis is
the ratio of Ragp to Ragm; the true value of M /L g for most galax-
ies is such that Ragp/Ra2sm = 1. The color coding corresponds
to the specific star formation rate (sSFR) of each galaxy, showing
that galaxies with higher sSFR have larger Rogp at fixed Ragy,, as
expected from their lower mass-to-light ratios and consequently
larger luminosities. Bottom panel: (im), the mean surface bright-
ness if all galaxies had M/Lp = 3M@ /Lg, versus the true mean
surface brightness, (up). There is a correlation between surface
brightness and surface mass density, but with a substantial scat-
ter. The colors again represent sSFR. Although a higher sSFR
increases Ragp, there is a strong trend for galaxies with high
sSFR to also be brighter within this radius at fixed mass surface
density. The dashed blue line demarcates (ug) = 25.6 mag/asec?,
as in Figure 1. It can be seen that LSBGs selected in the B band
comprise galaxies with very low mean surface density as well as
those with typical surface densities but very low star formation
rates.

galaxy sample. The top row presents Rogp, the circularized
(projected) radius of the elliptical isophote corresponding
to 28 mag/asec? in the B band. The left column shows this
value as a function of total galaxy stellar mass (M. ), and the
right column as a function of the total galaxy B-band mag-
nitude (Mp). Note that both the stellar mass and galaxy
luminosity in Figure 1, as well as throughout this section,
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Figure 3. The relation between galaxy stellar mass and mean stellar mass surface density (expressed as (im)) for bins of different ex-situ
stellar mass fraction (fex—situ): the fraction of each galaxy’s stellar mass formed outside of its main progenitor branch. fex_gitu is higher
for galaxies that have gained more of their stellar mass from mergers. The dashed black line shows the median M, — (pm) relation for
Sex—situ < 0.1, and is repeated in each panel to facilitate comparison. Mergers tighten the relation between M, and (u,,) and lower the
median surface density at fixed M. The latter effect is more pronounced towards higher M. . This is a result of the buildup of the diffuse
stellar halo/intracluster light component surrounding the galaxy, which lowers the mean surface density, as explained in §3.1. The color
coding shows the median orbital circularity parameter, €., a measure of how kinematically rotation-dominated the galaxy is (Eqn. 3).
For galaxies with few mergers (fox—situ < 0.1), (um) is essentially a function of M, and ¢&.. For galaxies containing an increasing fraction
of stellar mass from mergers, the kinematic morphologies become more uniformly dispersion-dominated (& & 0).

are the total mass/luminosity of all the star particles bound
to the galaxy’s subhalo. This is in contrast to most other
papers using the EAGLE simulation, which measure these
quantities within a 3D aperture of 30 pkpc (e.g. Schaye et al.
2015), but in doing so exclude any contribution from ex-
tended parts of the galaxy.

We see that Resp has a strong positive correlation with
galaxy B-band luminosity, whereas the relationship between
Rssp and M, is less tight, particularly at lower masses. This
is due to the scatter in galaxy mass-to-light ratio in the B
band at fixed stellar mass.

In the bottom panels, we show the correlation of (up)
with M. and Mpg. Although (up) corresponds to the mean
surface brightness rather than the central surface brightness
of the galaxy disk, for the purpose of comparison we place
a dashed red line at 25.6 mag/asec’, which would be the
value of (up) for an exponential surface brightness profile
with central surface brightness 23 mag/asec®. We will at
times use this as an approximate division between low and
high surface brightness galaxies.

Rosp typically encloses = 95% of the total galaxy light,
and as a result, (up) is largely determined by the size of
Rosp at fixed M, or Mp. Low surface brightness galaxies
are those that are more extended in their light profiles at
fixed luminosity.

It can be seen that there are significantly more LS-
BGs at low masses and faint magnitudes. This is not sur-
prising given that most low surface brightness galaxies in
observations are faint, low-mass galaxies (e.g. Dalcanton
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et al. 1997a). There is, however, a noticeable upturn towards
fainter (up) at the highest masses (> 10'*Mg,). This results
from the fact that the stars considered to belong to a galaxy
in EAGLE are all those which are gravitationally bound to
it. This includes their stellar halos and, for the most mas-
sive galaxies, a significant fraction of the diffuse “intracluster
light” component. We will discuss this in detail later in this
subsection.

The surface brightness of galaxies is, naturally, influ-
enced by their mass-to-light ratio. In the top panel of Figure
2, we compare Rgp to Rasm computed for galaxies using a
fixed mass-to-light ratio of 3Mg /L. The color coding indi-
cates the specific star formation rate (sSFR) of each galaxy.
There is a clear trend such that galaxies with more star for-
mation have larger 28 mag/asec? isophotes than would be
expected from their stellar mass surface density profiles with
the approximate M /L of a passive galaxy. This is due to the
fact that sSFR is tightly correlated with the mass-to-light
ratio in the B band, a blue band that is sensitive to the
presence of young stars.

We further see the influence of the sSFR in the bot-
tom panel of Figure 2, which shows (up) versus (um). At
fixed stellar mass surface density, a higher sSFR correlates
strongly with a brighter galaxy, despite the fact that it also
correlates with a larger Rasp. It is clear from the lower panel
that, for the majority of galaxies, the B-band surface bright-
ness is essentially determined by a combination of galaxy
surface density and sSFR. A dashed line is again drawn at
25.6 mag/asec?; galaxies lying above this line include both
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Figure 4. Median p, (stellar mass surface density divided by 3My /L) profiles in projected radius R. Different lines in each panel are
profiles for galaxies that have gained different fractions of their z = 0 stellar mass from mergers: red solid lines represent fex_situ < 0.1,
blue dashed lines 0.1 < fex—situ < 0.3, and magenta dotted lines fox—_situ > 0.3. Panels show bins of galaxy stellar mass. In each mass bin,
the subsets of galaxies with different fox_sity have been selected to have the same distribution in €, such that the differences between
them are not the result of different mean kinematic morphology. It can be seen that mergers cause a diffuse stellar halo to develop in the
outer parts of galaxies in all mass bins. The surface density at which the profiles diverge is larger at higher masses.

galaxies with very low surface densities and galaxies with
more typical surface densities but very low sSFR.

In EAGLE, the star formation rates of galaxies have
been found to vary on both long and short timescales.
Matthee & Schaye (2019) found that the long-timescale vari-
ation of the star formation rate relates to the concentration
of the galaxy’s host dark matter halo, which correlates with
the cosmic time at which the galaxy forms the majority of its
stars (Matthee et al. 2017). However, the authors also noted
that there was significant short-timescale variation in the
SFR of galaxies. Given the correlation between sSFR and
surface brightness seen in Figure 2, the surface brightnesses
of galaxies likely also exhibit some short-timescale variation.

Having seen the correlation between (ugp) and (um),
we now turn back to the influence of stellar halos/ICL. In
Figure 3, we plot the galaxy stellar mass versus (um), in
bins of different ex-situ stellar mass fraction. Galaxies with
Sfex—situ < 0.1 have had little influence from mergers. From
left to right and top to bottom, galaxies with an increas-
ing stellar mass contribution from mergers are shown. The
color coding shows the median orbital circularity parame-
ter, €, a measure of how kinematically rotation-dominated
the galaxy is (see Eqn. 3 and §2.4.1). For galaxies with little
contribution from mergers, the stellar mass surface density
at fixed M, is largely a function of the kinematic morphol-
ogy, with more disk-dominated galaxies being less dense. As

fex—situ increases, a larger fraction of galaxies are dispersion-
dominated, and the correlation between (i) and kinematic
morphology gradually disappears. At fixed stellar mass, the
distribution of (pm) becomes tighter, and its mean value be-
comes larger (lower density). The latter effect is increasingly
pronounced for larger stellar masses.

Figure 4 reveals the reason for some of these trends
with ex-situ mass fraction. Here we plot the median pm (R)
profiles for galaxies in different stellar mass bins and with
different ex-situ stellar mass fractions. In each mass bin,
we subsample the galaxies with different fex_situ such that
they have the same distribution in €&; thus the differences
in their stellar mass density profiles are not simply the re-
sult of different mean kinematic morphology. At small radii,
the pm profiles of galaxies with different ex-situ mass frac-
tions are similar. However, at all masses, galaxies that have
experienced more mergers have more extended low-density
(faint) outer parts. This faint component corresponds to the
stellar halo, or, for the most massive galaxies, the “intr-
acluster light”. Because the fraction of mass contained in
this component is largely determined by fex—situ, the stellar
halo dominates the mass surface density profile beginning
at higher surface densities with increasing stellar mass, as
can be seen by comparing the panels of Figure 4. As a re-
sult, the value of Ras., is increased more for higher-mass
galaxies, and the mean surface density within Ras,, is cor-
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Figure 5. Median surface brightness profiles for galaxies with little mass gain from mergers (fex—situ < 0.1), in different stellar mass
(M) bins. The red curves are the median profiles for galaxies with (up) < 25.6 mag/asec? (approximately, “high surface brightness
galaxies”), and the blue ones are the profiles of those with (up) > 25.6 mag/asec? (“low surface brightness galaxies”). The thickness of
the curves represents the one-sigma errors on the median. LSBGs in all mass bins have a faint outer disk component with a shallow

surface brightness profile.

respondingly decreased. This is responsible for the trend in
Figure 3 whereby mergers increase the mean value of (fm,)
more for galaxies with higher stellar masses. It is similarly
responsible for the upturn in (up) seen at high masses in
Figure 1. We note that the magnitude of this effect is sen-
sitive to the particular choice of isophote within which the
mean surface brightness is measured, as this determines the
galaxy mass at which the stellar halo begins to influence the
location of the isophote.

In Figure 3 and Figure 4, galaxy mergers are shown to
have two typical effects: they cause galaxies to become more
kinematically spheroid-dominated, and they build up a dif-
fuse stellar halo in the outskirts of the galaxy. Nevertheless,
a minority of rotation-dominated galaxies (& > 0.3) are vis-
ible even in the panels with high ex-situ mass fractions in
Figure 3. We will demonstrate in §3.5 that in a minority of
cases, mergers can in fact increase the spin of galaxies as well
as contribute to a faint outer disk rather than a spheroidal
halo. However, we will first focus on the formation of LSBGs
with low ex-situ mass fractions, as it is clear from Figure 1
that the majority of LSBGs are low-mass galaxies, which
tend to have relatively quiescent merger histories (Figure
3).

MNRAS 000, 1-24 (2019)

3.2 Surface brightnesses of galaxies with low
ex-situ mass fractions

We now investigate the surface brightnesses of galaxies that
have undergone a predominantly secular evolution in re-
cent times. We focus specifically on galaxies with an ex-situ
stellar mass fraction less than 0.1. This subsample contains
galaxies with stellar masses M, < 10'7Mg, and comprises

~ 60% of galaxies with these masses.

While mergers clearly alter the properties of the galaxy
population, the magnitude of the effect depends on how
much stellar mass they contribute, as can be seen from
the sequence of panels in Figure 3. Although the follow-
ing three subsections focus on a subsample of galaxies with
very little influence from mergers, our qualitative conclu-
sions would be unchanged if we instead considered the all
galaxies with fex—situ < 0.2, which includes 81% of all galax-
ies with M, < 10'%75M), although the scatter in the corre-
lations we identify would be larger. We therefore note that
the LSBG properties and formation scenario identified in the
following subsections likely apply to the considerable ma-
jority of low-mass LSBGs, which also dominate the overall
LSBG population for M, > 10%5Mg,.

In Figure 5, we show the median surface brightness
profiles of galaxies with fex—situ < 0.1 split into different
bins of stellar mass. Each bin is further split into HSBGs
((uB) < 25.6) and LSBGs ({(up) > 25.6). Note that the
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Figure 6. For galaxies with fox—_situ < 0.1, the correlation of
various galaxy properties with Mp and (up) in the left column,
and with M, and (pm) in the right column. The color coding is
as follows. Top row: The median orbital circularity parameter,
€., a measure of the kinematic morphology of each galaxy. The
right-hand panel is the same as the top left-hand panel of Figure
3. The tight relation between kinematic morphology and stellar
mass surface density at fixed stellar mass produces a similarly
tight relation between Mp, (up), and €&. Second row: Specific
star formation rate (sSFR). Lower surface density correlates with
higher sSFR (right panel). However, surface brightness in the B
band is positively correlated with a high sSFR (see Figure 2),
so there is little correlation between sSFR and (up) (left panel).
The increase in (up) at low luminosity is a selection effect due
to the fact that we select galaxies with a fixed M, cut, so the
least luminous galaxies are those with low sSFR (high M/Lpg).
Third row: The initial-mass-weighted mean stellar age of each
galaxy. Trends are similar to those with sSFR. Bottom row: The
stellar metallicity (metal mass fraction) of each galaxy, Z.. There
is a tight relation between (um,) and stellar metallicity at fixed
M, seen in the right panel. This correlation persists, albeit with
more scatter, between Z, and (up) at fixed Mp, such that lower
surface brightness galaxies are more metal-poor.
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Figure 7. For galaxies with fex_gity < 0.1, the normalized dis-
tribution of log-distance to the nearest neighbor galaxy, for LS-
BGs ({uB) > 25.6 mag/asec?; blue dashed line) and HSBGs
({#B) < 25.6 mag/asec?; red solid line). “Neighbors” are defined
to be any galaxy with M, > 10°Mg. LSBGs tend to be farther
from their nearest neighbor than HSBGs.

number of HSBGs and LSBGs varies depending on the bin.
For the lowest mass galaxies, with 10%% < M, /Mg < 107,
the median surface brightness profile of LSBGs is shallower
at all radii than that of HSBGs. At higher masses, the central
regions of the LSBGs have similar profile slopes as HSBGs,
indicating the presence of a nucleus. In EAGLE, it has been
found that central spheroids can grow within galaxies even
in the absence of mergers, due to the secular transformation
of disks into spheroids (Trayford et al. 2019). Nevertheless,
in all mass bins there is a clear faint disk component present
in the LSBG subsample.

We now examine the correlations between galaxy sur-
face brightness, galaxy surface density, and various galaxy
properties. Given that surface brightness is largely a func-
tion of surface density and star formation rate (Figure 2), we
expect many of the galaxy properties correlated with galaxy
surface density to also correlate with surface brightness.

In Figure 6, we show in the left column of panels the
galaxy B-band magnitude Mg versus (ug). In the right col-
umn we show the galaxy stellar mass M, versus (m). In
the top row, the colors show the median orbital circularity
parameter, €., as in Figure 3. The correlation between &,
and surface density also extends to surface brightness, such
that low surface brightness galaxies are more rotation dom-
inated. This agrees with observations of “classical” LSBGs,
which have disky morphologies, unlike UDGs, which tend to
be dispersion dominated.

In the second row of panels in Figure 6, the color
coding represents the specific star formation rate. In the
right panel, we see that galaxies with lower surface densi-
ties have higher sSFR at fixed stellar mass. This is unsur-
prising given the tight correlation between surface density
and kinematic morphology, as rotation-dominated galaxies
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Figure 8. Like Figure 6, but now color-coded by properties re-
lated to the spatial distribution of galaxies. Top row: fsat, the
fraction of galaxies in each bin that are satellites. Only bins
containing > 5 galaxies are shown. Galaxies with lower surface
brightness are less likely to be satellites. Second row: The distance
to the nearest neighbor galaxy (dnn), for central galaxies only.
Here “neighbors” are defined as any galaxy with M. > 109Mg.
Note that many centrals have no satellites above this mass cut —
i.e., their nearest neighbor is a central. No significant trend ex-
ists between surface brightness and dyn for centrals. Third row:
dnN for galaxies in our sample that are satellites. Satellites with
lower surface brightnesses tend to be farther from their nearest
neighbor. Bottom row: For satellites, the cosmic time at which
the galaxy became a satellite, tinan . Satellites with lower surface
brightnesses fell into their hosts more recently.

in EAGLE are known to have higher star formation rates
(Correa et al. 2017). However, since a higher sSFR also in-
creases the brightness of the galaxy, the same trend does
not persist in the left panel of the second row, where sSFR
is shown as a function of surface brightness and magnitude.
For the least luminous galaxies (Mp > —18), the sSFR is
uniformly low, but this is a selection effect due to the fact
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that our sample is based on a fixed stellar mass cut, so the
least luminous galaxies are those with the lowest star for-
mation rates. For more luminous galaxies, there is clearly a
large scatter in the sSFR of galaxies at fixed (up) and Mp.

For Mp < —18, we find that galaxies with (ug) < 25.6
(HSBGs) have a median sSFR of 4.3 x 107! yr~* while
those with (ug) > 25.6 (LSBGs) have a median value of
5.9 x 107 yr=!. Although LSBGs have been recorded in
some papers as having low star formation rates (van der
Hulst et al. 1993; van den Hoek et al. 2000), others find
that their sSFRs are not significantly different from those of
HSBGs (Galaz et al. 2011; Du et al. 2019), which is similar
to what we find in EAGLE.

The third row of Figure 6 shows the mean stellar pop-
ulation age of each galaxy, computed as the mean age of
the star particles weighted by their initial (i.e. prior to mass
loss) particle mass. In the right panel, the trend is simi-
lar to that seen for sSFR, such that star-forming galaxies
are also younger. Since the subsample of galaxies shown in
this figure is experiencing a predominantly secular evolution,
galaxies that are younger tend to have higher sSSFR because
they undergo their peak of star formation later in cosmic
time (Matthee & Schaye 2019). However, in the left panel
we again see a lack of correlation between surface brightness
and mean stellar age. We find a median stellar age of 7.31
Gyr for galaxies with (up) < 25.6 and 7.25 Gyr for those
with (up) > 25.6 — a negligible difference.

The bottom panels of Figure 6 show the correlation of
(uB) and {um) with stellar metallicity (total metal mass
fraction) of each galaxy. The mass-metallicity relation (e.g.
Tremonti et al. 2004) is visible on average, but at fixed stel-
lar mass, there is a significant trend between metallicity and
mean stellar mass surface density. A correlation between
metallicity and local stellar density within galaxies has been
noted previously in EAGLE (Trayford & Schaye 2019) as
well as in observations of real galaxies (Moran et al. 2012;
Sanchez et al. 2013). This correlation translates to a some-
what weaker trend with surface brightness in which lower
surface brightness galaxies are more metal-poor, in agree-
ment with observations of LSBGs (McGaugh 1994; de Blok
& van der Hulst 1998; Burkholder et al. 2001).

We now examine the spatial distribution of galaxies as
a function of surface brightness. In Figure 7, we show the
distribution of nearest-neighbor distances for galaxies split
into LSBGs and HSBGs. Here “neighbors” are defined as any
galaxy with M, > 10°Mg, but we see qualitatively similar
trends if we use a lower stellar mass limit, or define “neigh-
bors” as galaxies with stellar masses above some fraction
of the mass of the galaxy being considered. LSBGs are less
likely than HSBGs to be at close distances to their nearest
neighbor, consistent with observations of LSBGs (Bothun
et al. 1993; Rosenbaum & Bomans 2004; Galaz et al. 2011).

We further examine this difference in Figure 8, which
is the same as Figure 6 but with color coding representing
spatial properties of galaxies. The top row of panels show
the fraction of galaxies that are satellites in bins containing
at least five galaxies each. Recall that in EAGLE, every FoF
halo has a central galaxy that contains the most bound par-
ticle, and all other galaxies are “satellites”. We see that for
both surface density and surface brightness, low /faint values
correlate with a lower fraction of objects that are satellites.
It is worth noting that the increase in satellite fraction for
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low-luminosity galaxies is again the effect of selecting a sam-
ple based on a stellar mass cut, as high M/Lp galaxies tend
to be quenched satellites.

In the second and third rows, we show the distance to
the nearest neighbor for galaxies split into centrals (second
row) and satellites (third row). For central galaxies, there is
no significant correlation between the distance to the nearest
neighbor and the surface density or surface brightness at
fixed stellar mass or magnitude. (We note that many centrals
in fact have zero satellites with M, > 10°Mg, but we see
the same lack of correlation if using a lower mass limit for
“neighbors”.)

However, for satellite galaxies, shown in the third row,
there is a clear correlation between surface brightness and
distance to the nearest neighbor, such that galaxies with
lower surface brightness are farther from their nearest neigh-
bor. Furthermore, in the bottom row of Figure 8, we show
for satellite galaxies the time at which they became a satel-
lite (estimated as the cosmic time of the last snapshot dur-
ing which they were not a satellite). Low surface brightness
satellites are those that fell into their host recently, whereas
high surface brightness satellites have been satellites for a
long time.

The combination of factors above suggests that LSBGs
and HSBGs in EAGLE do not form (as central galaxies)
in substantially different environments, but rather that en-
counters with other massive galaxies tend to disrupt LSBGs.
This is why LSBGs are less likely to be satellites, and when
they are satellites, they are not close-in satellites that fell
into their host halo long ago.

3.3 Dark matter halo properties of LSBGs with
low ex-situ mass fractions

Having seen in §3.2 that LSBGs and HSBGs form in simi-
lar environments, we now present the correlation of galaxy
surface brightness with various host dark matter halo prop-
erties. While the properties of dark matter halos are thought
to determine many of the properties of the galaxies that form
within them, baryonic physics can change the distribution
of dark matter, especially on galactic scales, making it chal-
lenging to disentangle the influence of halos on galaxies from
that of galaxies on halos. As described in §2.4.3, we avoid
this problem by examining the properties of “matched” dark
matter halos from a dark matter only (DMO) run of EAGLE
with identical initial conditions to the Ref-L0100N1504 ref-
erence run. Thus the dark matter halo properties presented
here have been run. Thus the dark matter halo properties
presented here have been unaffected by baryonic physics.
For the reasons given in §2.4.3, as well as the fact that LS-
BGs seem to be destroyed by satellite stripping processes,
we present galaxy-halo correlations only for central galax-
ies/subhalos.

While EAGLE produces, on average, realistic galaxy ro-
tation curves (Schaller et al. 2015b), it has been noted that
the scatter in the rotation curves for low-mass galaxies is less
than what is found in observations (Oman et al. 2015). LS-
BGs in particular are typically observed to have very slowly
rising rotation curves (Swaters et al. 2000; Lelli et al. 2016).
Factors that have been put forth as possibly contributing to
this discrepancy include the lack of halo core formation in
EAGLE and similar simulations (Katz et al. 2017; Santos-

Santos et al. 2018; see however Benitez-Llambay et al. 2019),
as well as misestimation of some observed dwarf galaxy ro-
tation curves due to non-circular gas motions (Oman et al.
2019). The fact that the source of this disagreement has not
been found highlights our incomplete understanding of the
relationship between low-mass galaxies and their dark mat-
ter halos. We therefore caution that it is not certain that
EAGLE forms such galaxies in the correct dark matter ha-
los.

In Figure 9, we present the correlation of several halo
properties with the stellar mass of the central galaxy. These
centrals are split into LSBGs and HSBGs using a cut of
(uB) = 25.6 mag/asec?. Additionally, the same correlations
are shown for “low density” and “high density” galaxies, us-
ing the same threshold in (um). The curves are computed
using a boxcar smoothing of +0.1 dex in M,. While the re-
sults presented in this figure use the matched DMO halo
properties, we note that similar results are found using the
host halo properties from the reference simulation.

In the top left panel, we show the ratio of the halo mass,
Mospoc, to the stellar mass, M.,. It can be seen that LSBGs
and HSBGs of the same stellar mass form in dark matter
halos of similar masses. In the lower left panel, we show the
ratio Vimax/V200¢, a proxy for the halo concentration (Prada
et al. 2012). LSBGs appear to inhabit slightly more con-
centrated halos than HSBGs, but interestingly, this trend
seems to be reversed (at M. < 10'°Mg) or non-existent
(at M. > 10'°Mg) for galaxies split by their mean surface
density rather than their mean surface brightness. This is
likely due to the fact that halo concentration, which corre-
lates strongly with the assembly time of the halo (Wechsler
et al. 2002), has also been found to correlate with the mean
stellar age of the central galaxy in EAGLE (Matthee et al.
2017) and its star formation rate (Matthee & Schaye 2019).
We have seen that galaxies with faint mean surface bright-
ness tend to have older ages and lower sSFRs relative to
galaxies with low surface mass density (Figure 3 and Figure
6). Since the central galaxies of halos with larger concentra-
tions are older, we would expect LSBGs to reside in halos
with higher concentration than galaxies selected based on
low stellar mass surface density.

The top right panel of Figure 9 shows the spin param-
eter, A\, of the dark matter halo within 7290, as a function
of central galaxy stellar mass. Here there is a noticeable di-
vision between LSBGs and HSBGs, such that the former
are hosted by halos with larger spins. The same is true for
galaxies with low and high stellar mass surface density. How-
ever, we note that while the difference in the median halo
spin between the two populations is statistically significant,
it is much smaller than the scatter in the halo spin within
the two groups. We will comment more on the evolutionary
implications of this in the discussion subsection below.

Finally, in the bottom right panel of Figure 9 we show
the ratio of total baryonic mass in the central subhalo — in-
cluding stars and both hot and cold gas — to the halo mass,
Moo0.. LSBGs have higher baryonic masses than HSBGs,
and given that it is clear from the top left panel that they
do not have substantially higher halo masses at fixed stellar
mass, this implies that they have higher gas masses. This is
true despite the fact that LSBGs do not have significantly
higher specific star formation rates than HSBGs (Figure 5),
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meaning that much of their excess gas mass is in the form
of non-star-forming gas.

3.4 The formation of low-mass LSBGs

Based on the correlations between surface brightness and
galaxy and halo properties presented above, a coherent pic-
ture emerges of the formation of low surface brightness
galaxies with little mass contribution from mergers, which
are the dominant type of LSBG at stellar masses between
10%% and 10'%°Mg.

First, it is clear from Figure 3 and Figure 6 that LS-
BGs at low stellar masses are to a significant extent the
high angular momentum tail of the galaxy distribution. In
blue optical bands such as the B band, there is some scat-
ter in the surface brightness at fixed galaxy kinematic mor-
phology that results from scatter in the mass-to-light ratio,
which is highly correlated with the specific star formation
rate of the galaxy and the mean age of its stellar popula-
tion. Galaxies that are more rotation-dominated generally
have higher sSFRs, but this increases their surface bright-
ness, and thus galaxies selected to have low surface bright-
ness have some scatter in their kinematic morphology, and
a significant amount in their SSFR and mean stellar age.

The formation of spheroid- and disk-dominated galax-
ies in EAGLE has already been examined by a number of
authors. Zavala et al. (2016) found that most stars in disk-
dominated galaxies are formed after the turnaround time of
the galaxy’s assembling host dark matter halo. These stars
are formed from a gas reservoir whose angular momentum
is set by the spin of the host halo at late times, resulting in
a correlation between the spin of the stellar component and
that of the host halo. Conversely, the majority of stars in
spheroidal galaxies are formed prior to turnaround, and the
final angular momentum of the galaxy is mostly correlated
with that of the inner regions of the dark matter halo, rather
than the entire halo. Zavala et al. (2016) attribute the latter
to mergers subsequent to turnaround, which lead to a loss
of angular momentum for both the stellar component and
inner halo.

Clauwens et al. (2018) also examined the formation of
the spheroid and disk components of galaxies in EAGLE,
finding a “three-phase” evolution set by a galaxy’s growth
progression through different stellar masses. In contrast to
Zavala et al. (2016), Clauwens et al. (2018) find that for
M. < 10'°Mg, galaxies grow as kinematic spheroids via
a combination of in-situ star formation and “tiny” mergers
of mass ratio less than 1:10. Higher-mass galaxies begin to
develop disks around their spheroidal component through
in-situ star formation, and at the highest masses (M. >
10'%5Mg), enhancement of the dispersion-dominated com-
ponent recommences, but only via mergers. This agrees with
our Figure 3, where it can be seen that spheroid-dominated
galaxies with low ex-situ mass fractions are nearly absent
for M, > 10'Mg.

Our results are consistent with the evolutionary sce-
narios described above. The galaxies with the lowest sur-
face mass density are those that are the most disk domi-
nated. These galaxies are young, having formed their stars
more recently on average (Figure 6), and they inhabit ha-
los with higher spins (Figure 9), in agreement with Zavala
et al. (2016). However, low surface brightness is anticorre-
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Figure 9. The mean value of various dark matter halo proper-
ties as a function of central galaxy stellar mass. All halo prop-
erties are taken from the dark matter only variant of the EA-
GLE simulation, and are thus unaffected by baryonic physics (see
§2.4.3 for details). The blue and red bands represent the error
around the mean for LSBGs ({ug) > 25.6 mag/asec?) and HS-
BGs ((up) < 25.6 mag/asec?), respectively. Additionally, each
panel shows, as dashed lines with the same color coding, the
mean value for galaxies with low stellar mass surface density
({pm) > 25.6 mag/asec?) and high stellar mass surface density
({ppm) < 25.6 mag/asec?). Top left: The mean ratio of dark mat-
ter halo mass (Magoc) to central galaxy stellar mass. LSBGs and
HSBGs have essentially the same stellar-halo mass relation. Bot-
tom left: The mean value of Vinax/V200c, a proxy for the halo
concentration. LSBGs have slightly more concentrated halos than
HSBGs; however, the halo concentration of low density galaxies is
slightly lower than that of high density galaxies. This is because
concentration correlates with galaxy age (see text). Top right:
The mean halo spin parameter. LSBGs inhabit higher spin ha-
los than HSBGs. Bottom right: The ratio of total baryonic mass
(hot gas, cold gas, and stars) in the central subhalo to halo mass
Masppe. LSBGs have a higher baryon fraction and are more gas
rich than HSBGs.

lated with young stellar population ages and high star for-
mation rates (Figure 2 and Figure 6), so there is no remain-
ing correlation between galaxy surface brightness and stellar
population age. Nevertheless, galaxies with the highest an-
gular momentum are still those in the highest-spin halos,
and thus a significant correlation remains between host halo
spin and galaxy surface brightness.

In addition to the properties presented in Figure 9, we
also computed the correlation of the surface brightness with
the spin of the “inner halo”, defined as the particles within
0.17200c. While we did find a correlation, it was lower than
that between the surface brightness and the spin of the en-
tire halo. This is in agreement with the conclusions of Zavala
et al. (2016), which imply that low-mass galaxies with few
mergers should have angular momentum that is better cor-
related with the large-scale spin of the halo.

Our conclusions agree partially with the recent work of
Di Cintio et al. (2019), who studied a sample of 12 galax-
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Figure 10. Like Figure 3, but showing the stellar mass M, versus (up), with color coding representing the local value of the orbital
circularity, ¢, at Rogp. €x(Ragp) typically correlates well with € of the entire galaxy: the local value at Rogp is & 0.5 for disk-dominated
galaxies. It is notable that some galaxies with high ex-situ stellar mass fractions have significant kinematic rotation even at Ragp, in

their faint outer parts.

ies with 10°° < M./Mg < 10'°, including both LSBGs
and HSBGs, in the NIHAO suite of hydrodynamical zoom-
in simulations (Wang et al. 2015). The authors found that
LSBGs form in halos with higher spins, and lack a significant
correlation with any other halo parameters. However, they
also found that this is primarily the result of galaxy mergers,
with higher spin galaxies and halos having had more aligned
rather than misaligned mergers. Here we find that galaxies
that have had very little merger activity have a significant
range of kinematic morphologies and surface brightnesses.

3.5 The effect of mergers on surface brightness

In the previous subsection, we described how low surface
brightness galaxies can form through (nearly) secular evo-
lution, via growth of their stellar disks at late times from
a reservoir of gas co-rotating with a high-spin host halo.
However, the highest-mass galaxies in EAGLE, with stel-
lar masses comparable to the estimated value for Malin 1
(=~ 10"'Mg; Boissier et al. 2016), have all undergone signif-
icant mass growth from mergers (Figure 3).

From Figure 3 and Figure 4, it is clear that mergers
typically make galaxies more kinematically dispersion dom-
inated, and also build up a faint outer stellar halo. However,
in Figure 3 it is also possible to see a few massive galaxies
with significant mass growth from mergers that nevertheless
have & > 0.3, implying they are disk-like.

The mass of galaxies is dominated by their inner re-
gions, so a high median orbital circularity for the whole
galaxy does not necessarily imply that these massive galaxies
are kinematically disk-like in their faint outer regions, which
may consist of a dispersion-dominated stellar halo. We ex-
amine this in Figure 10, which is very similar to Figure 3,

but shows (up) rather than (u,) as a function of stellar
mass, and the color coding indicates the local €. at Rasp
for each galaxy, computed from the smoothed curve of €, as
a function of projected radius. For the full galaxy sample,
€+ (R2sp) correlates strongly with €, such that & = 0.3 cor-
responds to € (Rasp) =~ 0.5. We therefore use this value of
€ (R2sp) as an approximate division between galaxies that
have a significant disk component at Ragp and those that
are spheroid-dominated. We see in the lower panels of Figure
10 that some galaxies with substantial mass from mergers
are indeed rotation-dominated even in their outskirts.
Unlike Figure 3, Figure 10 shows (u ), and thus the cor-
relation with kinematic morphology is weaker due to scatter
in M/L resulting from different values of the star formation
rate. Additionally, we see that for massive galaxies, which
have high ex-situ mass fractions, there is little difference be-
tween the trends in (ug) in Figure 10 and those in (f,) in
Figure 3. This is because high-mass galaxies tend to have
uniformly low sSFR and therefore little scatter in M/L val-
ues. There remains some correlation between sSFR and €.
even for massive galaxies with high ex-situ fractions, but
overall the sSFR induces significantly less scatter in (ug)
than at low mass. For the remainder of this subsection, we
will focus on the role of mergers in creating large, low-density
disks, and ignore the scatter in (up) due to variable M /L.
To select the most extended galaxies whose faint outer
regions are disk-like rather than a dispersion-dominated stel-
lar halo, we select all the galaxies that have € (R2sp) > 0.5
and examine the ones with largest Ragp. On visual inspec-
tion, the largest such galaxy turns out not to be a disk galaxy
but a ring galaxy. (Ring galaxies in EAGLE were studied in
Elagali et al. 2018.) We thus exclude it from consideration.
For the four next largest galaxies, we show mock face-on
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Figure 11. Synthetic B-band face-on images (including dust)
of the four galaxies possessing an outer disk (& (Ragp) > 0.5)
having the largest values of Rogp in our sample. Images were
created using the radiative transfer code SKIRT (see Appendix
A), and are 200 pkpc per side with pixel size 0.94 pkpc and
logarithmic flux scaling. Top Left: GalaxyID 15548147, M, =
1.2 x 101" Mg, Raogp = 62.2 kpe, (ug) = 26.1 mag/asec?. Top
Right: GalaxyID 16643441, M, = 8.1 x 1010M@, Rogp = 56.1
kpe, (up) = 25.7 mag/asec?. Bottom Left: GalaxyID 17668706,
M, = 4.2 x 10'°Mg, Rogp = 55.5 kpc, (up) = 26.4 mag/asec?.
Bottom Right: GalaxyID 16169302, M, = 5.6 x 1010M¢, Rogp =
53.3 kpc, {(up) = 25.7 mag/asec?.

B-band images in Figure 11. These images were created us-
ing the Monte Carlo radiative transfer code SKIRT (Baes
et al. 2003, 2011; Camps & Baes 2015), as described in Ap-
pendix A. Note that while we neglect the effects of dust when
computing surface brightnesses in this paper, these images
include a model for dust extinction. Spiral structure can be
seen surrounding the nucleus of each galaxy in Figure 11,
consistent with the morphology inferred from €. (Ra2sg).

The largest disk galaxy in our sample has Rasp = 62
kpc. For comparison, Raosp of Malin 1 is & 80 kpc (Boissier
et al. 2016), while Ragp of UGC1382 is approximately equal
to that of our largest galaxy (Hagen et al. 2016). Thus the
largest galaxies in our sample have sizes comparable to those
of observed giant LSBGs.

The ex-situ stellar mass fractions of the four galax-
ies in Figure 11 are 0.57, 0.19, 0.27, and 0.33, in order
of decreasing Rasp, meaning that all four of these galax-
ies have experienced a significant mass contribution from
mergers. In fact, the largest 17 disk galaxies in our sam-
ple have fex—situ > 0.1. However, the largest galaxy with
Sfex—situ < 0.1 has Raogp = 48 kpc, so the gap between the
sizes of the largest disk galaxies that had a mostly secu-
lar evolution and those with substantial mergers is not very
large. This may be due to statistics: the box size of EAGLE
is not sufficient to host large numbers of massive galaxies
with many mergers, so it is unlikely to contain the most
unusually large galaxies that can be found in our Universe.
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Thus, despite the general tendency of mergers to make
galaxies less disk-dominated, some galaxies with significant
mass growth from mergers have large extended disks. To
examine in more detail the range of possible outcomes of
recent mergers, we show in Figure 12 the kinematic evolu-
tion of galaxies with different stellar mass contribution from
mergers between z = 0.5 and z = 0. For different bins of
€& (Rasp) at z = 0, we show €, as a function of radius for the
z = 0 galaxies and their z = 0.5 main progenitors. Galaxies
with lower stellar masses at z = 0 than z = 0.5 have been
excluded from the figure as they are generally undergoing
stripping as satellites, and this process is likely to affect
their kinematic morphology in a unique way. We have also
seen in the previous two subsections that LSBGs are un-
likely to survive being stripped. We therefore exclude this
subset of galaxies from our sample in the remainder of this
subsection.

It is apparent in Figure 12 that galaxies with little con-
tribution from mergers have their relative ordering in kine-
matic morphology largely fixed by z = 0.5. Their evolu-
tion in & (R) varies with galaxy stellar mass. Galaxies with
M., < 10°® at z = 0 have not changed their kinematic pro-
files significantly since z = 0.5, whereas for higher M., the
buildup of rotationally-supported disks can be seen, consis-
tent with the evolutionary picture presented in Clauwens
et al. (2018). Specifically, galaxies become more kinemati-
cally disk dominated in their outer parts near Rasp.

Looking at the panels in Figure 12 that represent galax-
ies with a higher merger contribution between z = 0.5 and
z = 0, we see that the correlation between kinematic mor-
phology at these two redshifts becomes weaker as merg-
ers become more important, especially for the lowest-mass
galaxies. We note that galaxies are not evenly distributed in
number between the different €, (R2sp) bins, as galaxies with
large mass contributions from mergers are predominantly
dispersion-dominated at z = 0 (Figure 10). The majority of
such galaxies follow the trend shown by the red lines in the
bottom panels of Figure 12, decreasing in €. with time over
their full radial extent, and especially at large radii. How-
ever, for the highest bin of € (R2sp) at z = 0, shown in ma-
genta, galaxies are more rotation-dominated in their outer
parts at z = 0 than at z = 0.5, despite undergoing substan-
tial mergers. This suggests that mergers might in some cases
extend the disks of galaxies rather than destroying them.

To explore this idea further, we select galaxies with a
significant contribution to their stellar mass from mergers
between z = 0.5 and z = 0, such that at least 25% of their
z = 0 stellar mass was found within other subhalos after
z = 0.5 but before z = 0 (i.e. AMex—situ/M+(z = 0) > 0.25).
We then compute the two-dimensional distribution of their
stellar particles in projected radius R and orbital circularity
€., to see how the particles are distributed physically and
kinematically. We do this for three different subsets of the
z = 0 stellar particles: those that were already in the main
progenitor galaxy at z = 0.5, those that were accreted from
other galaxies between z = 0.5 and z = 0, and those that
formed within the main progenitor between z = 0.5 and z =
0. We also show the original distribution of the star particles
in the z = 0.5 main progenitor galaxy for comparison.

We compute the aforementioned distributions for galax-
ies that have extended disks (& (R2sp) > 0.5) and those
that do not (& (Rasp) < 0.2), as well as four different z =0
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Figure 12. The evolution of € (R) (e« as a function of projected radius) between z = 0.5 and z = 0 for galaxies with different properties.
The columns split galaxies into bins of z = 0 stellar mass. The rows show bins in AMex /My, the increase in ex-situ stellar mass between
z = 0.5 and z = 0, expressed as a fraction of the total stellar mass at z = 0. Galaxies that have lower stellar mass at z = 0 than
z = 0.5 (generally due to stripping while satellites) are excluded from the bins. A limited range of galaxy stellar masses are shown
(M, < 10'%"Mg) in order to select masses at which galaxies exist with a variety of AMex/M.. In each panel, galaxies are binned into
four different ranges of € (Rasp) at 2 =0: 0 — 0.2 (red), 0.2 — 0.4 (green), 0.4 — 0.6 (blue) and 0.6 — 0.8 (magenta). Note that different
bins of M, and AMex /M, contain significantly different distributions of €;(R2sp). Dashed lines represent the median € (R) for each bin
as a function of R/Rsgp at z = 0. Using the same z = 0 physical Ragp to scale the radius at z = 0.5, the median €& (R) curve for the
main progenitors of the galaxies in each bin is plotted versus R/Ragp as solid lines. For galaxies with little contribution from mergers,
the relative ordering of € (Ragp) is effectively fixed before z = 0.5, whereas for galaxies with a significant merger contribution, there
is far more change in the kinematic morphology, with some galaxies becoming more dispersion-dominated but others becoming more

rotation-dominated in their outer regions.

stellar mass bins between 10°°Mg and 10'*-5My. We then
obtain the mean fraction of the total z = 0 M, contained
in each (R/Ra2sg,€«) bin. The particle distributions for the
rotation-dominated and dispersion-dominated galaxies are
shown in Figure 13 and Figure 14, respectively.

Since the color coding shows the stellar mass in each bin
as a fraction of the total z = 0 stellar mass of the galaxy, we
see that for both dispersion- and rotation-dominated galax-
ies, the fraction of stellar mass from star formation between
z = 0.5 and z = 0 (bottom row) is higher at lower stel-
lar masses, decreasing from 33% in the lowest mass bin to
< 11% in the highest. At fixed stellar mass, however, there
is only a small difference between disk and spheroidal galax-
ies in the fraction of mass gained from star formation. The
largest difference occurs in the highest-mass bin, where disk
galaxies obtain an average of 11.0% of their z = 0 mass
from star formation, while for spheroids the fraction is 7.1%.
However, the distributions of this value are substantially
overlapping: the one-sigma scatter is 6.2% for disk galaxies
and 4.1% for spheroids. The difference between spheroid and
disk galaxies decreases towards lower masses, such that in

the lowest mass bin, the two types of galaxies experience an
equal amount of star formation on average.

More significantly different is how the recently-formed
stars are distributed in projected radius and orbital circular-
ity. For spheroidal galaxies, the stars form overwhelmingly
in the inner regions of the galaxy (R/R2sp < 0.3), whereas
for disk galaxies there is a tail of stars on very cold orbits
that extends to 2 Rasp visible at the top of the bottom
panels in Figure 13.

We split the stars formed in the galaxy into different
subgroups depending on whether their parent gas particles
entered the main progenitor via mergers or accretion, as
well as the redshift at which they became part of the main
progenitor. However, we found that the source of the gas
does not significantly affect the distribution of the resulting
stars in R and €., nor does the redshift at which the gas
became bound.

In the third row of panels in Figure 13 and Figure 14, we
see the distribution of star particles that entered the galaxy
via mergers between z = 0.5 and z = 0. (The fraction of stel-
lar mass from mergers has been chosen to be the same for
both disk and spheroidal galaxies.) Again, the distribution
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Figure 13. Mean star particle distribution in projected radius R and orbital circularity parameter e, for galaxies with & (Rasp) > 0.5
at z = 0 that gained > 25% of their z = 0 stellar mass from ex-situ stars since z = 0.5. Different columns show different bins of z = 0
stellar mass. The rows show the distributions of different subsets of stars. All panels show the projected radius scaled by Rogp at z = 0,
with color coding indicating the stellar mass in each bin as a fraction of the z = 0 stellar mass of the galaxy. Top row: The distribution
of the stars in the main progenitor galaxy at z = 0.5. Second row: The same stellar particles as in the top row, but now their distribution
in the descendant galaxy at z = 0. Compared to z = 0.5, the distribution of stellar particles becomes more kinematically disk-dominated.
Third row: The ex-situ stars accreted from other galaxies between z = 0.5 and z = 0. These stars contribute significantly to the outer
disk of the galaxy. Bottom row: The stars that formed between z = 0.5 and z = 0 in the main progenitor. Star formation also contributes

to the outer disk, especially for lower-mass galaxies.

of these stars is highly different for the selected disk and
spheroidal galaxies. For the spheroidal galaxies at z = 0,
the ex-situ stars are kinematically hot regardless of radius.
They predominantly come to inhabit the inner regions of
the galaxy, but also form a long tail to R2sp and beyond.
By comparing the radial distribution of these stars to those
in the panels above (second row), which show the z = 0 dis-
tribution of stars that were already present in the galaxy at
z = 0.5, we see that the ex-situ stars at large R are building
up the stellar halo, especially in the lower-mass bins. This
is consistent with the surface density profiles presented in
Figure 4.

Conversely, for the galaxies that are kinematically disk-
dominated at z = 0, the distribution of ex-situ stars that
extends to large R has high orbital circularity, although not
quite as high as the stars formed since z = 0.5. Nevertheless,
the mass in stars gained directly from mergers is comparable
to or larger than the mass in stars formed since z = 0.5 for
all the galaxy mass bins presented, implying that ex-situ
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stars are a large contribution to the highly extended disk
seen in our largest LSBGs.

Finally, we examine the top two rows of Figure 13 and
Figure 14, showing the distribution at z = 0.5 and z = 0 of
the star particles that have been bound to the galaxies since
z = 0.5. Because we choose the galaxies presented in the two
figures solely based on their z = 0 value of & (Rasg), the
z = 0.5 progenitors of the disk-dominated galaxies are al-
ready somewhat more kinematically cold in their outer parts
than the progenitors of the spheroidal galaxies (top row).
However, the evolution of these star particles increases this
difference. For the z = 0 spheroidal galaxies, the z = 0.5 pro-
genitors initially have a cold rotating component in all mass
bins, visible in the top row of panels in Figure 14. However,
by z = 0, this cold component has essentially disappeared,
as seen in the second row of panels. This is the “typical” ef-
fect of mergers: to make galaxies more spheroid-dominated.
This can be also be inferred from the distribution of mor-
phologies as a function of fex_situ in Figure 3 and Figure 10.
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Figure 14. The same as Figure 13, but now for galaxies with & (Ragp) < 0.2 (dispersion-dominated) at z = 0 in addition to
AMex—situ/Mx«(z = 0) > 0.25. A number of differences in the star particle distribution are visible in comparison to Figure 13. The
stars present in the main progenitor at z = 0.5 become more kinematically spheroid-dominated by z = 0. Stars acquired via mergers
contribute to a kinematically hot stellar halo in the outer parts of the galaxy rather than a disk, while newly-formed stars do not

contribute to the outer parts of the galaxy at all.

However, for the z = 0 disk galaxies in Figure 13, the cold
component is enhanced in all mass bins.

Thus we can conclude that while mergers do typically
transform galaxies into spheroids, there is a subset of merg-
ers that instead builds up a rotationally-supported, extended
disk, perhaps leading to the formation of a giant LSBG.

3.6 Comparison to prior work on kinematic
evolution due to mergers in EAGLE

The effect of mergers on the kinematics of galaxies in EA-
GLE has already been studied in Lagos et al. (2018). The
authors found that different types of mergers impact the spe-
cific angular momentum of galaxies differently. Dry mergers
were found to significantly decrease the specific angular mo-
mentum of galaxies, whereas wet mergers on average slightly
increased it. Moreover, particular types of wet mergers were
found to be more likely to spin up the galaxy; these include
minor (as opposed to major) mergers, mergers in which the
satellite galaxy’s spin is aligned with that of the central, and
mergers in which the merging satellite has a large orbital an-
gular momentum.

In Lagos et al. (2018), “wet” mergers were defined based
on the neutral gas fraction, which we do not compute in
this paper, thus precluding a direct comparison. We do note
that Lagos et al. (2018) find a larger increase in stellar mass
surface density ~ 1 Gyr after wet mergers than dry ones.
This may be consistent with the difference in stellar mass
gain from star formation between our kinematic disk and
spheroid galaxy samples with M, > 10'*°M. However, at
lower stellar masses, there is little difference between the
mass in stars formed since z = 0.5 in disk and spheroid
galaxies. Thus, the influence of wet versus dry mergers is
unlikely to fully explain the different angular momentum
evolution seen in Figures 13 and 14.

Throughout our paper, we consider any star particles
that were once bound to a subhalo other than the main pro-
genitor to be “ex-situ” particles. Lagos et al. (2018), however,
define mergers as only those events in which the mass ratio of
the two galaxies is at least 1:10, and any smaller mergers are
considered “accretion”. They also find that accretion tends
to increase the angular momentum of galaxies. To check if
this affects our results, we broke down the ex-situ contribu-
tion to the galaxies in our sample based on the fraction of
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Figure 15. For all central galaxies with fex_situ > 0.3, the galaxy
stellar mass (M) versus the spin (A) of the dark matter halo in
the dark matter only EAGLE simulation that corresponds to the
galaxy’s host halo (see §2.4.3 for details). The top panel shows the
spin parameter of the entire halo (within r200.) while the lower
panel shows the spin only of the inner halo (within 0.1rz0c¢).
Color coding in both panels indicates the local orbital circularity,
€x, at Raogp. The orbital circularity correlates with the total halo
spin, and even more so with the inner halo spin.

ex-situ mass from individual galaxies (i.e., a merger with a
more massive galaxy results in more ex-situ stars from that
galaxy). We do not find strong differences in the distribution
of stellar masses contributed by single objects between the
disk and spheroidal subsamples. Therefore, differing mass
contributions from accretion, minor, and major mergers are
also unlikely to be the main reason for the buildup of disks
subsequent to mergers in our sample.

Additionally, Lagos et al. (2018) find an increase in the
angular momentum of the outer regions of galaxies (to ~ 30
kpc) following wet minor mergers with large orbital angular
momentum. However, they find that this difference comes
from the formation of new stars with high angular momen-
tum at large radii, but not from ex-situ stars gained during
the merger. Thus our results appear to depart somewhat
from those of Lagos et al. (2018), as we find that both newly-
formed stars and ex-situ stars from mergers can contribute
to the formation of a large rotationally supported disk.

It is possible that our results differ simply because we
are selecting a very unusual subsample of galaxies, whereas
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Lagos et al. (2018) consider all galaxies that experience
mergers. Galaxies with a large fraction of ex-situ stars that
also have disky kinematic morphologies are rare, as can be
seen in Figure 3 and Figure 10.

One relevant correlation is presented in Figure 15, which
plots galaxy stellar mass versus dark matter halo spin pa-
rameter, color-coded by €. (Rasg), for central galaxies with
fex—situ > 0.3. In the upper panel, the spin parameter of the
halo is computed within 7200, while in the lower one it is
computed within 0.1r00.. As in Figure 9, the halo proper-
ties are those of galaxies’ matched host halos in the dark
matter only (DMO) run of EAGLE, so they are unaffected
by the baryonic physics present in the reference simulation.
In the top panel of Figure 15, we see that there exists a cor-
relation between large-scale halo spin and galaxy kinematic
morphology. In fact, this correlation is stronger than the
one seen for galaxies with low fex_situ in Figure 9. However,
looking at the lower panel, the correlation with the spin of
the inner halo is even stronger, such that nearly all galax-
ies with €, (Rasp) > 0.5 have matched DMO halos with the
highest inner spin parameters. This is consistent with the re-
sults of Zavala et al. (2016), since galaxies that have gained
a significant fraction of their mass from mergers are those
that formed most of their stars before their halo turnaround
time, and according to Zavala et al. (2016) their angular mo-
mentum should correlate better with that of the inner dark
matter halo.

Given that the DMO halo spins result entirely from the
dark matter initial conditions (which determine the accre-
tion to the halo and mergers with other halos over time), the
strong correlation between the galaxy angular momentum
and the inner halo spin suggests that processes unrelated to
baryonic physics are the primary drivers of the angular mo-
mentum evolution of galaxies that undergo many mergers.
This might also indicate that galaxies that grow their disks
from mergers live in unusual large-scale environments. How-
ever, we find further exploration of this topic to be beyond
the scope of this work.

4 CONCLUSIONS

We examined the formation and evolution of low surface
brightness galaxies (LSBGs) and how they differ from high
surface brightness galaxies (HSBGs) within the (100 cMpc)?
reference run of the EAGLE suite of hydrodynamical cosmo-
logical simulations. We computed synthetic B-band surface
brightness profiles for galaxies with M. > 10°°Mg using
the EAGLE catalog dust-free ugriz luminosities (Trayford
et al. 2015) of all the star particles bound to each subhalo.
We took all galaxies to be in the face-on orientation in order
to maximize the number of objects that could potentially be
observed as LSBGs if they existed in our Universe.

In order to be able to identify nucleated LSBGs, which
are bright in their central regions, we parametrize the “ef-
fective” surface brightness via the 28 mag/asec’® B-band
isophote, R2sp, and the mean B-band surface brightness
within it, (up). For the majority of low-mass galaxies (M. <
10'9%), (up) separates galaxies into classical LSBG and
HSBG subgroups, whose surface brightness profiles can be
seen in Figure 5. For this subpopulation, the median sur-
face brightness of galaxies becomes brighter with increasing
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stellar mass, as expected. However, galaxies that have had
a large mass contribution from mergers (which includes es-
sentially all galaxies with M, > 10") build up a faint stellar
halo which increases the size of the 28 mag/ asec? isophote
and thus decreases the mean surface brightness within it
(Figure 4). Because of this and the fact that undergoing
mergers can significantly alter the evolution of a galaxy, we
investigate separately the formation of LSBGs through sec-
ular evolution (which is the case for most low-mass LSBGs)
and the growth of LSBG disks via mergers (which produces
a small number of giant LSBGs). Our main conclusions are
as follows:

e Surface brightness in the B band is determined by a
combination of the mean surface density of the galaxy, which
is related to its physical evolution, and its specific star for-
mation rate, which determines its mass-to-light ratio and
can vary on short timescales (Matthee & Schaye 2019). This
is shown in Figure 2. The correlation between higher sSFR
and higher surface brightness introduces scatter into the
correlations between surface brightness and galaxy physi-
cal properties that are tightly correlated with stellar mass
surface density (Figure 6).

For galaxies that experience predominantly secular growth,
which includes the majority of galaxies with M. <
10'°Me:

e The mean stellar mass surface density is almost entirely
determined by the kinematic morphology and the stellar
mass of the galaxy. This can be seen in Figure 3 and Figure
6. This leads to LSBGs generally being highly kinematically
disk dominated.

e LSBGs are on average farther from their nearest neigh-
bor galaxy than HSBGs, in agreement with observations.
However, we find that this trend is driven entirely by the fact
that LSBGs are unlikely to be close-in satellite galaxies (Fig-
ure 7). This implies that LSBGs do not form in unusually
isolated environments, but rather that they are destroyed
by close encounters with massive galaxies.

e LSBGs that are the central galaxy in their host dark
matter halo inhabit halos with similar masses and concen-
trations as those of central HSBGs, although LSBGs tend to
have a higher baryon fraction (including both hot and cold
gas; Figure 8).

e L.SBGs whose evolution was not strongly influenced by
mergers appear to form by a combination of the evolution-
ary processes presented in Zavala et al. (2016) and Clauwens
et al. (2018). In this picture of secular galaxy evolution,
spheroids form at early times, and disks form around them
later from a reservoir of gas that co-rotates with the host
dark matter halo. Thus galaxies with high angular momen-
tum tend to be those that formed most of their stars re-
cently, as well as those with higher dark matter halo spins.
The correlation between surface brightness and sSFR means
that selecting LSBGs selects against young galaxies (Figure
6); however, the correlation between low surface brightness
and high dark matter halo spin remains (Figure 8).

Regarding the influence of mergers on galaxy surface bright-
ness profiles and morphologies:

e Mergers generally make galaxies more spheroidal, as
can be seen from the fact that nearly all galaxies with large

ex-situ fractions are kinematically dispersion-dominated
(Figure 3). However, a small subset of galaxies with large
ex-situ fractions are kinematically disk-dominated in their
faint outer regions (Figure 10). This subset represents some
of the largest LSBGs in our sample, such as those shown in
Figure 11.

e The ex-situ stars gained from mergers generally build
up a faint dispersion-dominated stellar halo component that
extends to large radii, as can be seen in the third row of
Figure 14. However, in a minority of cases, the stars from
mergers can instead build up extended disks, as seen in Fig-
ure 13. Merger-related growth is perhaps necessary for the
formation of the largest “giant” LSBGs seen in the Universe.

e For galaxies with a high ex-situ stellar mass fraction,
the kinematic morphology of their faint outer regions cor-
relates strongly with the spin of the inner part (< 0.17200¢)
of their matched dark matter halo from the dark matter
only EAGLE run (Figure 15). Given that the dark matter
only simulation is unaffected by baryonic physics, this im-
plies that galaxies that grow their disks via mergers may be
located in an unusual dark matter environment.

It is possible that we have not identified every mech-
anism by which low surface brightness galaxies are able to
form. However, our results suggest that LSBGs at both low
and high masses can form as a result of statistical variation
in the processes that also form HSBGs, namely the secular
growth of galaxies from gas within their host halo at varying
cosmic times, and the buildup of the diffuse outer regions of
galaxies due to mergers.
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APPENDIX A: IMPACT OF DUST ON
SURFACE BRIGHTNESS

All B-band surface brightnesses presented in the main body
of this paper were computed using dust-free luminosities for
the EAGLE stellar particles. In this appendix, we estimate
the effect of dust on these surface brightness values using
images produced with the Monte Carlo radiative transfer
code SKIRT (Baes et al. 2003, 2011; Camps & Baes 2015).

Only a full radiative transfer analysis can properly take into
account the relative distribution of stars and dust in each
galaxy when estimating the dust obscuration.

We use the 60 pkpc per side u and g band images cre-
ated for the EAGLE catalog for galaxies with M, > 10°°Mg,
and also supplement these with newly created images for
galaxies with lower masses and Rasp > 30 pkpc. The full
details of the SKIRT modeling used for both the EAGLE
catalog and our new images can be found in Trayford et al.
(2017). Here we provide a brief summary.

The inputs to SKIRT for each galaxy are the spatial
distribution of emitted stellar light and the dust distribu-
tion. The former is computed similarly as in Trayford et al.
(2015). Each stellar particle older than 100 Myr is assumed
to be described by a simple stellar population, for which the
initial particle mass, stellar age, and SPH smoothed metal-
licity are used to compute a GALAXEV Bruzual & Char-
lot (2003) spectral energy distribution (SED), assuming a
Chabrier (2003) initial mass function. The mass resolution
of EAGLE is such that young stellar populations are poorly
sampled. Thus, star-forming gas particles and stellar par-
ticles younger than 100 Myr are “re-sampled”: their associ-
ated stellar mass is subdivided into stellar populations with
mass distribution based on the observed mass function of
Milky Way molecular clouds (Heyer et al. 2001), and each
subpopulation is stochastically assigned a formation time
based on the star formation rate of the parent gas particle.
Subpopulations older than 10 Myr are assigned GALAXEV
SEDs. Stellar populations younger than 10 Myr are assigned
MAPPINGS-IIT (Groves et al. 2008) SEDs, which include a
prescription for dust absorption within (unresolved) stellar
birth clouds based on Jonsson et al. (2010). Spatial smooth-
ing is then applied to the star particles to produce a contin-
uous spatial luminosity distribution for the galaxy.

The dust spatial distribution is computed assuming that
dust traces the distribution of cold, metal-rich gas. The dust-
to-metal ratio is taken to be constant:

Pdust

fdust Zpgas 037 (Al)
where pgas is the density of gas that is either star forming
or has T' < 8000 K, and Z is its metallicity. This value of
faust was chosen such that applying it to the population of
EAGLE galaxies reproduces FIR observations (Camps et al.
2016). The dust model of Zubko et al. (2004) is assumed,
and the dust optical depth is computed over an adaptively
defined (AMR) grid.

Using these inputs, SKIRT produces a mock IFU im-
age of each galaxy, assuming a given galaxy orientation and
distance from the detector. We utilize the v and g band im-
ages originally made by Trayford et al. (2017), which are
60 pkpc on a side with resolution (pixel size) of 0.23 kpc,
and were created for all galaxies with M, > 10'°My. We
convert these images to the B band using the same equation
from Lupton (2005) as in the body of the paper (Eqn. 1).
We have also produced the following additional images in
the B-band:

e images of galaxies with 10°° < M., /Mg < 10'°, with
size 90 pkpc per side in order to encompass Rasp for all
galaxies at these masses;

e images with size 300 pkpc per side, for those galaxies
with M, > 10'°Mg and Ragp = 30 pkpe.
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Because radiative transfer is computationally expen-
sive, we used a resolution for these images lower than that
of the EAGLE catalog images, with pixel size 0.94 pkpc. To
further decrease the processing time, we only created new
images for those galaxies with a substantial amount of dust,
as other galaxies are expected to be minimally affected by
dust extinction. We use the dust resolution criterion defined
by Camps et al. (2018): Nauss > 250 in the EAGLE cata-
log, where Naust is the number of “dust particles”, defined
as the larger of the number of star forming gas particles and
the number of cold gas particles. Camps et al. (2018) deter-
mined that galaxies following this criterion generally have
well-resolved spatial dust distributions that can be used by
SKIRT. Thus the results shown in this appendix are only
for those galaxies that contain significant amounts of dust.

In the body of the paper, we measure the surface bright-
nesses of all galaxies in the face-on orientation, based on the
eigenvectors of the moment-of-inertia tensor. We similarly
choose SKIRT images that are oriented “face-on”; however,
EAGLE catalog “face-on” SKIRT images are oriented with
the angular momentum of the galaxy’s stellar component
towards the line of sight. We thus recompute our dust-free
particle-based surface brightness values with the galaxies
oriented based on their angular momentum vector. For disk
galaxies, the minor axis and the direction of the spin vec-
tor are generally well aligned, but some elliptical galaxies are
prolate and rotate about their major axis (Thob et al. 2019).
While the latter galaxies are also old and not expected to
contain a significant amount of dust, we nevertheless note
that for a small minority of galaxies presented in this ap-
pendix, the impact of dust may be overestimated relative to
what it would be for the galaxy orientation presented in the
body of the paper.

From the mock IFU image created by SKIRT, we can
measure Rosp and (up). Measuring these parameters from
a mock image is inherently somewhat different than doing
so using discrete stellar particles. We adopt a method that
is intended to be similar to the manner in which we obtain
these parameters from the particle data. We assume that
the isophotes of the galaxy are ellipses that have equal ori-
entation and axis ratio throughout the image, as we do for
the particles. These are obtained by finding the direction of
maximum variance in the image, and taking the square root
of the ratio of this variance to the variance in the perpen-
dicular direction. We then compute the mean local surface
brightness in elliptical annuli with this orientation and axis
ratio and find the one that has a value of 28 mag/asec?,
taking that smallest such annulus if there is more than one.
This determines R2sp. We then simply compute the mean
surface brightness within Rosp to obtain (ug).

By nature, (ugp) is highly dependent on Rasp for a
galaxy of fixed total luminosity. The finite spatial resolu-
tion of SKIRT images imposes some “smoothing” on the sur-
face brightness profiles derived from them, as does the ker-
nel smoothing of individual particles represented by Monte
Carlo sampling. This means that, while one would expect
Rssp to be the same or smaller when computed with dust
extinction than without, this is sometimes not the case, and
Rosp measured from the SKIRT image can be somewhat
larger than that measured from the non-extincted star par-
ticles.

We are able to quantify the effect of differing SKIRT
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Figure Al. (up), the dust-free surface brightness within the
28 mag/asec? B-band isophote computed from the EAGLE stel-
lar particles, versus (up skirT), the equivalently-defined surface
brightness measured from the SKIRT images including dust ex-
tinction. The only galaxies shown from our sample are those that
contain sufficient dust to accurately resolve its distribution (see
text for criteria). The red dashed line marks the line of equality.
Color coding represents the ratio of the 28 mag/asec? B-band
isophotal radius measured from the SKIRT image to that mea-
sured from the star particles.

image resolutions by using a subsample of galaxies with
Rosp =~ 30 pkpc whose radii we measure in both the origi-
nal EAGLE images (with resolution 0.23 pkpc) and in the
larger 300 pkpc B-band images we have created that have a
resolution of 0.94 pkpc. We find that Regp measured from
the latter images is on average 4% larger than that measured
from the former, and (ug) is correspondingly 0.08 mag/asec?
larger. Additionally, the one sigma scatter between the val-
ues of Rosp and (up) measured at the two resolutions is 4%
and £0.08 mag/asec?, respectively. Given that the size of the
uncertainty on (up) measured from the star particles is 0.1
mag/asec? (§3.1), the difference in resolution between the
two subsets of SKIRT images used in this appendix should
not have a significant effect our conclusions.

4415 of 6987 galaxies in our sample contain sufficient
dust that we measure their Rasp and (up) in dust-extincted
SKIRT images. In Figure Al, we show (up) as measured
from the dust-free EAGLE particles versus (up,skirr) mea-
sured from the SKIRT image including dust extinction. The
color coding shows the ratio of Rasp measured from the
SKIRT image (R2sp,skirT) to that measured from the EA-
GLE particles. (upskirr) is on average 0.22 mag/asec?
fainter than (up) from the particles. However, we see that
there is a trend such that bright galaxies are more strongly
affected by dust extinction than faint ones. The effect is nev-
ertheless not strong enough to greatly change the relative
ordering of galaxies by surface brightness. There are a small
number of visible outliers for which (up) from SKIRT is
much fainter than that from the particles. Visual inspection
of the SKIRT images reveals that these galaxies generally
have large amounts of dust extinction (visible as dust lanes)
in their bright nuclear regions. This decreases the mean sur-
face brightness within Rasp.
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Figure A2. Similar to Figure A1, but now showing (1B SKIRT)
measured within the same size radial aperture (Ragp) as was used
to measure (up) from the EAGLE star particles. The shading of
each bin represents the log-number of points within; bins with
only one point are represented by the individual point. We note
that the stochasticity inherent to Monte Carlo radiative transfer
means that the surface brightness derived from SKIRT will some-
times be slightly brighter than that derived from the EAGLE
particles for galaxies whose dust extinction is close to zero.

We can also see in Figure A1l that there is a correla-
tion between the difference between (up skirr) — (us) and
Rasp,skirT/Rasp. For the majority of galaxies, the value of
Rosp measured from the SKIRT images and the star particle
distribution is similar. Extinction in the outer parts of the
galaxy can cause Rasp to be smaller in the SKIRT images,
making the galaxy appear more compact and its (4B,SKIRT)
brighter. However, cases in which R2sp in the SKIRT images
is larger than that measured from the particles are likely the
result of the finite resolution and shot noise in the SKIRT
images.

To ensure that our estimate of the dust extinction is not
highly biased by these effects, we also compute (uB,skirT)
within the same Rasp used to measure (ug) from the par-
ticles. This is shown in Figure A2. The distribution of
(uB,skirT) in this figure is similar to that in Figure Al,
implying that the majority of the effect seen there is due to
dust extinction within Rogp rather than the measured value
of the latter. The galaxies in Figure A2 are on average 0.18
mag/ asec? fainter with dust extinction than without; how-
ever, this value decreases from 0.51 mag/asec® for galaxies
with (dust-free) 23.5 < (up) < 24 to 0.05 mag/asec’ for
galaxies with 26 < (up) < 26.5.

We repeat that the galaxies shown in Figures Al and
A2 are only those that contain a substantial amount of dust.
In particular, all galaxies shown in these figures have non-
zero star formation rates, whereas many of the galaxies in
our sample do not (Figure 2); this is due to the assumptions
made about the dust distribution following that of the star-
forming/cold gas. Dust thus has the effect of slightly low-
ering the influence of SFR on the surface brightness (seen
in Figure 2). However, the difference is significantly smaller
than that caused by the SFR itself: the brightest galaxies

are made fainter by ~ 0.5 mag/asec?, whereas their SFR. in-
creases their brightness relative to a passive galaxy by ~ 1.5
mag/asec?.

The Spearman correlation coefficient between (up) and
(uB,skirr) for galaxies with substantial dust is 0.93 with
separately measured R2gp and 0.96 within the same Rasp.
If we assume galaxies without substantial dust have (ug)
equal to (up,skirr) (which we find to be approximately
true for those dust-free galaxies that have EAGLE u and
g SKIRT images), these correlation coefficients remain un-
changed. Overall, the effect of dust on the surface brightness
is small for the majority of galaxies and does not significantly
affect the relative ordering of galaxies in terms of their sur-
face brightness. This is partly because we take all galaxies
to be face-on, which is the orientation that minimizes the
dust extinction. We thus assume that it is justified to ignore
the effect of dust in the body of this paper.
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