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ABSTRACT

Giant low surface brightness (GLSB) galaxies, such as Malin 1 and UGC 1382, contain the largest stellar discs known. GLSB
galaxies also often contain large masses of neutral hydrogen (H ). However, these extreme galaxies’ origin and properties remain
poorly understood. Using the cosmological simulation IlustrisTNG 100, we identify and select a sample of ~200 galaxies with
extended (R > 50 kpc) and well-defined H1 discs, ~6 per cent of the total galaxies in the same stellar mass range (10.2
< log (M,/Mg) < 11.6). This GLSB sample is heterogeneous, with mixed galaxy morphologies ranging from the most disc-
dominated systems to massive ellipticals. These simulated GLSB galaxies are located in massive haloes (Vipax > 150 km s™!)
and their properties, such as total H1 content, stellar disc parameters, star formation rate, and rotation curves, agree with observed
GLSB galaxies. We construct a paired control sample to contrast with the GLSB galaxies. The GLSB galaxies tend to have large
galaxy spin parameters (40 per cent larger) and larger ex sifu stellar mass fractions than the paired control. We find evidence that
aligned mergers promote the formation of extended discs and that isolated environments help the survival of those discs across

cosmic time.

Key words: (cosmology:) dark matter — methods: numerical — galaxies: evolution.

1 INTRODUCTION

Freeman (1970) reported a constant central surface brightness (i)
in spiral galaxies, as well as in the disc components of SOs, with
only a small spread in his sample. A constant py would suggest
some common origin or regulatory processes in the galaxy discs.
However, the apparent narrow distribution of (o can be an artifact
of selection biases in the limiting surface brightness due to sky
brightness and instruments, as first noted by Arp (1966), and later
demonstrated by Disney (1976) and Disney & Phillipps (1983). Discs
with 1o substantially dimmer than the canonical value of 21.6 B-mag
arcsec 2 (Freeman 1970) could be missed by the surveys. But discs
with o much brighter than 21.6 appear to be truly absent (e.g.
Bosma & Freeman 1993; Fathi 2010), while the discs with o much
dimmer than 21.6 have been discovered and are represented by a
population of low surface brightness (LSB) galaxies.

Malin 1, a large galaxy characterized by its extended stellar disc, is
one of the prime examples of an LSB galaxy. Before Malin 1, some
SO/lenticular galaxies were found to be peculiar with faint outer
stellar discs and large masses of neutral hydrogen (e.g. Gallagher
1979; Hawarden et al. 1981; Romanishin, Strom & Strom 1983;
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Gottesman & Hawarden 1986). But Malin 1 is definitive proof of
the missing population of galaxies postulated by Disney (1976) and
Disney & Phillipps (1983). In the two discovery papers (Bothun et al.
1987; Impey & Bothun 1989), it was unclear what morphological
type Malin 1 belongs to. Decades later, we know that Malin 1 is a
massive galaxy containing a stellar disc five times larger than that of
the Milky Way (Boissier et al. 2016), and its ‘normal’ bulge was not
revealed until Barth (2007).

LSB galaxies are not exclusively low-mass dwarf galaxies, as
they span the same range of physical parameters as the galaxies that
define the conventional Hubble sequence (Schombert et al. 1992;
McGaugh, Bothun & Schombert 1995; Honey et al. 2018). Among
the LSB galaxies, the ‘crouching giants’ (Disney & Phillipps 1987)
like Malin 1 are genuinely rare. These giant low surface brightness
(GLSB) galaxies will be the focus of this work.

GLSB galaxies are critical, as these objects connect with other
fields in galactic astronomy. A surprising fact about GLSB galaxies
is their enormous neutral hydrogen mass (O’Neil et al. 2004; Mishra
et al. 2017), which puts them among the most massive H1 systems.
These discs provide a rare opportunity to directly measure the mass
distribution in the outer region of the haloes (Lelli, Fraternali &
Sancisi 2010). GLSB galaxies are also important in the context of
star formation in the low-density environment (e.g. O’Neil, Oey &
Bothun 2007; Rahman et al. 2007; Thilker et al. 2007; Das, Boone &
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Figure 1. A summary of GLSB galaxy discoveries since 1985. Some authors
are listed next to the discovery year, while the full list can be found in the
main text. The total number of GLSB galaxies is 58 prior to 2004. Saburova
et al. (2023) adds 37 new candidates, bringing the total number of GLSB
galaxies up to 107 as of 2023.

Viallefond 2010), and may contain clues on how supermassive black
hole coevolve with the host galaxies (Schombert 1998; Das et al.
2007, 2009; Mishra et al. 2015).

Fig. 1 summarizes a total of 107 GLSB galaxies from the literature
as of year 2023 (Kent 1985; Bothun et al. 1987; Davies, Phillipps &
Disney 1988; Bothun et al. 1990; McGaugh & Bothun 1994;
Sprayberry et al. 1995; Schombert 1998; Kniazev et al. 2004; O’Neil
et al. 2004; Hagen et al. 2016; Saburova et al. 2023). We have not
found further follow-up work on most candidates in O’Neil et al.
(2004). Special pipelines for searching for GLSB galaxies in these
deep surveys might be necessary, as Kniazev et al. (2004) pointed
out. Nevertheless, it is fair to state that a small sample size limits our
current understanding of GLSB galaxies. The most recent addition
of observed GLSB galaxies by Saburova et al. (2023) is based on
visual inspecting deep Subaru Hyper Suprime-Cam data. We note
that different definitions of GLSB galaxies are adopted by various
authors.

While scarce, the extraordinary nature of GLSB galaxies has
motivated substantial interest in their origin. Many mechanisms have
been proposed over the years to explain the formation of GLSB
galaxies, including:

(1) GLSB galaxies are extreme late-type galaxies, consuming gas
to form stars at a slower rate than in normal galaxies (Bothun et al.
1987);

(i) GLSB galaxies formed from rare (30) density peak within
low-density environments (Hoffman, Silk & Wyse 1992);

(iii) They form in high spin dark matter haloes (Dalcanton,
Spergel & Summers 1997);

(iv) Disc instabilities causing the material to migrate outwards
(Noguchi 2001);

(v) Accretion of satellite galaxies (Pefiarrubia, McConnachie &
Babul 2006);

(vi) A result of head-on collisions as in Mapelli et al. (2008);
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(vii) GLSB galaxies form in massive and rarefied dark matter
haloes, hence shallower gravitational potential wells than normal
galaxies (Kasparova et al. 2014).

While these formation scenarios are not mutually exclusive, it is
unclear, which may play a dominant role. A pressing issue with
GLSB galaxies is their potential incompatibility with the current
hierarchical growth of galaxies in ACDM, characterized by frequent
mergers (e.g. Fakhouri, Ma & Boylan-Kolchin 2010; Rodriguez-
Gomez et al. 2015). Therefore, taken at face value, the un-evolved,
dynamically fragile disc structure that survived many Gyrs without
being disturbed could be difficult to reconcile with our current
understanding of galaxies.

In the context of numerical simulations of galaxies, there are
several important reasons to focus on rare galaxy populations such
as GLSB galaxies. First, the sub-grid models of star/BH formation
and feedback employed in the modern numerical simulations are
calibrated against ‘normal’ galaxies. Therefore, GLSB galaxies serve
as one critical subject to cross-validate these models. Examples of
such cross-validations include jellyfish galaxies (Yun et al. 2019) and
ultra-diffuse galaxies (Benavides et al. 2021). Secondly, the previous
modellings of GLSB galaxies involve idealized set-ups of galaxy
orbits and disc properties, which may not arise naturally within a
fully cosmological context. Lastly, and perhaps most importantly, it
is time to address a commonly held belief that mergers of GLSB
galaxies with other galaxies pose severe challenges to the current
framework of galaxy formation and evolution within ACDM (e.g.
Boissier et al. 2016; Hagen et al. 2016; Saburova et al. 2021).

The rarity of GLSB galaxies implies that, to simulate these
galaxies, a large cosmological box is required. The size of the
cosmological box is merely necessary, not sufficient. Before the
current generation of hydrodynamic simulations (see a recent review
by Vogelsberger et al. 2020), previous efforts suffered from well-
known overcooling problems and excessive angular momentum
transfer, and failed to reproduce stellar discs as in late-type galaxies
(e.g. Scannapieco et al. 2012). Recently, several studies (Di Cintio
et al. 2019; Martin et al. 2019; Kulier et al. 2020; Pérez-Montafio
et al. 2022) have been carried out to understand LSB galaxies in
numerical simulations. In particular, using the large cosmological
EAGLE simulation (Schaye et al. 2015), Kulier et al. (2020) find
that a subset of mergers produce the most extensive LSB galaxies
with stellar discs comparable in size to observed GLSB galaxies.

In previous work, Zhu et al. (2018) identified a galaxy with
extended gas and stellar discs similar to Malin 1 in the Illustris
TNG 100 simulation. The origin of the cold gas is from gas stripped
from a pair of in-falling galaxies on to a more massive central.
Much of the cold gas mass is also gained due to the cooling of the
existing hot halo gas behind elongated cold gas streams resulting
from the interactions between the galaxy pair. Mixing cold and hot
gas accelerates the cooling process, producing a 10''My, cold gas
disc with a spatial extent of over 200 kpc. The gas disc is rotationally
supported, with a circular velocity higher than 400 kms~!.

Is the galaxy in Zhu et al. (2018) just one exceptional object? Or
is there a population of galaxies sharing similar properties in the
simulation? This work explores the TNG100 data set looking for
galaxies with similar properties regarding extended HI and stellar
discs. The paper is organized as follows. We detail the methods
of identifying and characterizing GLSB galaxies in Section 2 and
present the main results in Section 3, concentrating on the galaxy
properties. We then discuss the implications of our results, focusing
on the formation history of GLSB galaxies in TNG100, compared
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with the known formation scenarios in Section 4. Finally, a short list
of the conclusions is summarized in Section 5.

2 METHODS

2.1 IustrisTNG 100 simulation

The IlustrisTNG project (Pillepich et al. 2018b; Springel et al. 2018;
Nelsonetal. 2018; Naiman et al. 2018; Marinacci et al. 2018) consists
of a series of cosmological MHD simulations using the AREPO code
(Springel 2010; Weinberger, Springel & Pakmor 2020). In addition
to gravity and magnetohydrodynamics, gas cooling, star formation
and feedback, black hole (BH) growth and AGN feedback are all
included as the essential ingredients. The IllustrisTNG simulations
build upon the original Illustris project (Vogelsberger et al. 2014a, b;
Genel et al. 2014; Sijacki et al. 2015) through a number of physical
and numerical improvements (Weinberger et al. 2017; Pillepich et al.
2018a). In particular, the radio mode of AGN feedback has been
replaced by a kinetic outflow launched from the BH particles, instead
of the original radio bubbles (Sijacki et al. 2007, 2015; Vogelsberger
et al. 2013). This particular modification is crucial to rectify the low
gas fraction in the massive halos as reported by Genel et al. (2014).

We use the TNG100 simulation with a box of side length 75h~!
Mpc in this work. The baryonic mass resolution is 1.4 x 10° M, with
a physical gravitational softening length for star and BH particles
of 0.7 kpc at z = 0 and an adaptive softening for gas cells with
a minimum of 0.185 co-moving kpc. We use galaxies from the
SUBFIND catalogue, which already contains basic properties such
as the total mass of each component: star, gas, BH, and dark matter,
as well as photometries for star particles. A galaxy in our study
is defined as a subhalo identified by the SUBFIND group finder
(Springel et al. 2001; Dolag et al. 2009).

Additional important galaxy properties, if not contained in the
SUBFIND catalogues, are provided by supplementary catalogues.
In particular, halo spins are calculated with the same procedure
as in Zjupa & Springel (2017). Galaxy merger histories are de-
rived using the same method in Rodriguez-Gomez et al. (2015).
For galaxy morphology, we adopt the kinematic decomposition in
Marinacci, Pakmor & Springel (2014) and Genel et al. (2015), with
a parameter fle=o7)" that denotes the mass fraction of disc stars.
For more technical details, we refer to these papers. Additionally,
we calculate the rotation curves based on their mass distributions as
v2 . = GM;(r)/r, where M;(r) denotes the radial cumulative mass

rot,i
of each component.

2.2 GLSB and control samples selection

The GLSB candidate list is constructed as below. The extent of
the H1 distribution should be large, and we enforce Ryy; > 50 kpc,
where Ry is measured where the surface mass density drops below
1 Mg, pc~2, following the same definition as in e.g. Broeils & Rhee
(1997) and Wang et al. (2016). Due to the H 1 size—mass relation (e.g.
Wang et al. 2016), this naturally implies a large total H1 mass. Based
on the measured H I mass—size relation, the above choice translates
into a total H1mass above 10'° M, consistent with the measurement
of GLSB galaxies by Pickering et al. (1997) and O’Neil et al. (2004).
These candidates are then verified based on their surface photometry.

"Here, € is defined for every star particle by € = J,/J(E), with J, the specific
angular moment around the symmetry axis and J(E) the maximum specific
angular momentum possible given the specific binding energy E.

GLSB galaxies in TNG100 3993

Neither the H1 properties nor the surface photometries are given in
the main catalogue; therefore, we adopt a straightforward approach
to these quantities.

2.2.1 Neutral hydrogen mass

The interstellar medium (ISM) in [lustrisTNG is treated using the
Springel & Hernquist (2003) model. Feedback from supernovae is
absorbed into an effective equation of state for the star-forming
gas, with the kinetic effects of supernovae modelled with a galactic
outflow. Therefore, the neutral hydrogen mass comes from both the
star-forming and non-star-forming gas. We estimate the neutral gas
fraction for each gas cell using two methods outlined in Marinacci
et al. (2017). We briefly summarize the approach here.

The amount of neutral atomic hydrogen contained in each Voronoi
cell is estimated according to

Muri = (1 = finoli) freuw,i Xi M, 1

with X; the hydrogen mass fraction and M; the total mass of the cell
i. The neutral gas fraction fpeu; and the molecular hydrogen mass
fraction fi,01; are not directly found in the snapshots but need some
special attention. In particular, for non-star-forming gas cells, we
use the freur; based on the gas cooling functions. For star-forming
gas cells, all the cold gas is assumed to be neutral, therefore tied to
the cold mass fraction x according to the definition in Springel &
Hernquist (2003):
up, —u

x = (@)

s
Up — Ue

where u;, u., and u are the specific thermal energy of the hot phase,
the cold phase, and the gas cell.

For cold gas, the mass in the molecular form needs to be subtracted
from the total to get the neutral atomic hydrogen. Using a fitting
formula by Leroy et al. (2008), the molecular fraction is given by

(P/Po)*
(P/Po)* + 1’

where P is the cold gas pressure (total pressure in the cell multiplied
by x), Py = 1.7 x 10* Kcm™3, and a power-law index o of 0.8. We
also have compared H 1 mass with the method by Bird et al. (2014),
as used in Vogelsberger et al. (2014b), and found these two methods
give overall consistent results with modest differences found mainly
in the low-mass end. In Bird et al. (2014), a different estimate of
molecular fraction based on ny (Altay et al. 2011) is adopted. On
average, the method in Bird et al. (2014) leads to 12 per cent larger
H1 mass at Mgy = 10° M, than that in Marinacci et al. (2017). At
My = 10"M,, the differences are ~5 per cent. We note that major
uncertainties remain in the estimation of molecular gas masses from
cosmological simulations (Diemer et al. 2018; Stevens et al. 2021),
and the method by Leroy et al. (2008) would produce un-physical
results when applied based on a cell-by-cell basis. Fortunately, the
impact to Rpy; would be minimal as the cold gas is mostly atomic
anyway.

From visual inspection, some galaxies show strongly warped fea-
tures (Semczuk et al. 2020), which renders any H 1 disc indiscernible.
Therefore, we remove the objects from our candidate list if they do
not contain a clear cold gas disc distribution. We compare the gas
distribution with the derived Ry value and remove those showing
apparent differences. For instance, some galaxies undergoing close
mergers can attain Rppy > 50 kpc, but they will not be considered
GLSB candidates. Some galaxies may contain giant ‘holes’ (due to
AGN kinetic feedback, see Nelson et al. 2021) in their HI images,

fmol,i = (3)

MNRAS 523, 3991-4014 (2023)
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Figure 2. (a) Examples of galaxies excluded from the GLSB candidate
sample due to the lack of a clear-defined H1 disc. For these galaxies,
the calculated Ryy; values generally are inconsistent with the overall H1
gas distributions. (b) Two-dimensional colour table that maps the gas
surface density and temperature into the brightness and colour hue for the
corresponding pixels.

and they are removed as well. Fig. 2 shows four galaxies in such
categories. This additional requirement reduces the total number of
candidates from 302 to 203.

2.2.2 Mock galaxy images and surface photometry fitting

The IustrisTNG simulations output all the information necessary to
conduct surface photometry studies. We create mock galaxy images
with the procedure outlined in Torrey et al. (2015). The luminosity
of each stellar particle follows the single stellar population (SSP)
model of Bruzual & Charlot (2003). The radiation from each stellar
particle is smoothed over its 24 nearest neighbours. Besides adaptive
smoothing, no dust attenuation is applied, nor is any sky background
added. Then the U-, B-, and K-band light is mapped into blue, green,
and red channels.

With the mock images of each galaxy, we then apply a procedure
to calculate the extended disc scale length. We restrict the fitting
range to be brighter than 30 mag arcsec 2, which is still deeper than
most current and future surveys (Abraham & van Dokkum 2014).
Fainter structures are thought to be contributed by minor mergers in
the form of stellar streams (e.g. Johnston et al. 2008).

Photometric fittings for LSB galaxies differ significantly between
different studies in the literature. For instance, Beijersbergen, de
Blok & van der Hulst (1999) and Kniazev et al. (2004) find that the
two-disc model describes some GLSB galaxies quite well. Saburova
et al. (2018) used a ‘bulge + disc’ decomposition for UGC 1922.
In Saburova et al. (2023), the authors fit a single exponential disc
for the component between 25.1 and 27.6 mag arcsec™ in g band to
derive the disc properties. Hagen et al. (2016) uses a more complex
three-component model for UGC 1382. In this work, we will use a
two-component model following

<r>1/n
—] -1
Te

as the default (‘Sérsic + disc’). The impact of adopting alternative
models are studied in Appendix A.

Surface photometry X(r) is constructed using circular apertures
without adding any additional sky background or noise. Major
uncertainties come from the choice of an SSP and the coarse sampling
of young star particles in the otherwise underlying smooth stellar

X(r) = Il.exp {—b,,

} +Ioulexp(_r/rd)a (4)
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distribution. Therefore, the above procedure represents the most
favourable condition to find the extended stellar discs among the
entire simulated galaxy sample.

2.2.3 A paired control sample

Galaxies are intrinsically complex systems characterized by multiple
attributes such as their stellar mass, gas mass, dark matter distribu-
tion, angular momentum, and assembly histories. The primary drivers
for galaxy properties are the masses of individual mass components,
such as stellar mass. Following Patton et al. (2016), we create a
control sample, consisting of those galaxies sharing similar dark
matter, stellar and fotal gas masses with the GLSB candidates, in
order to study the differences between the two samples.

To this end, we construct a neighbour list of galaxies in the
parameter space of {log (Mam), log (Mar), log (M)} using the ?
norm as a distance metric. From the neighbour list output by SCIKIT-
LEARN, we then search for the nearest neighbour of each GLSB
candidate. We further require that the paired control sample only
consists of unique members, i.e. containing no repeated entries. This
additional requirement occasionally forces us to adopt the second
or the third nearest neighbour for a few GLSB candidates. We end
up with a control sample with the same number of galaxies (‘paired
control’) as the GLSB candidates.

Additionally, we constructed a sample of TNG100 galaxies with
their stellar mass within the range of the GLSB galaxies, with 10.2 <
log (M,/Mg) < 11.6. This leads to a sample of 3086 galaxies, which
will be termed ‘all galaxies’. The GLSB sample and its control
sample are removed from the list. This sample is not controlled
by any other galaxy properties, which represents ‘normal” TNG100
galaxies. It is beneficial for us to gain insights into any special feature
present in the GLSB and the paired control samples.

Also, we do not impose any constraints on whether or not the
galaxy is the primary subhalo of any FOF group. Hence, satellites
are included both in our GLSB and control samples. It is useful
to note that the fraction of ‘central’ in the three samples are 0.85
(GLSB), 0.94 (paired control), and 0.79 (all galaxies), respectively.
The requirement of pairs leads to a more selective sample for the
paired control, such that the fraction of satellites is the least among
the three.

3 RESULTS

3.1 Extended gas discs

The total number of GLSB candidates we identified at z = 0 is 203.
Fig. 3 displays the face-on gas distribution of 16 GLSB galaxies. In
each panel, the cold H 1 gas is shown in blue while the tenuous hot halo
gasisinred. The size of the H1disc, Rfy1,is marked with a solid circle
for each galaxy. The side length for each panel in Fig. 3 is 250 kpc.
Both the visual impression and the Ry are consistent with our goal
of finding GLSB candidates hosting extended H 1 gas. The atomic gas
is also mostly confined in a disc plane. For the galaxies shown here,
there are noticeable asymmetries in the gas distribution outside their
Ry 1- Those one-arm-shaped gas streams, as in SUBFIND 52622 and
506823 are telling features of the accretion origin of the cold gas.
Fig. 4 compares the H1 properties of the GLSB and the control
sample with the observed LSB galaxies with HI measurements
from Matthews, van Driel & Monnier-Ragaigne (2001) and the HIX
sample from Lutz et al. (2018). The size—mass relation derived by
Wang et al. (2016) is shown in the solid thick line, using 500 nearby

¥20Z Arenigad 61 U0 1sanb AQ G261 L/L66E/E/ETS/I0IME/SEIUL/WOO"dNO"ojWapede//:SAnY WOy papeojumoq


art/stad1655_f2.eps

R, =68

subfind: 4 subfind: 52622

R, =59

subfind: 496056

subfind: 490533 [ subfind: 492223 W subfind: 493183

GLSB galaxies in TNG100

R, =8Z

subfind: 96503

3995

R, =68

subfind: 76093 subfind: 88665

subfind: 496244 R subfind: 503432 l subfind: 506823 j subfind: 510458

Figure 3. Face-on view of extended cold HI discs in GLSB candidates selected from TNG100. Only 16 out of 203 candidates are displayed here. The side
length for each panel is 250 kpc. The size of H1 disc is marked and specified for each galaxy. The same colour table is adopted here as in Fig. 2.
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Figure 4 H1 size-mass relation for the GLSB and paired control samples
compared with observations. We include GLSB galaxies such as Malin 1 and
Malin 2 reported by Matthews et al. (2001), the HIX sample by Lutz et al.
(2018), together with the size—mass relation derived by Wang et al. (2016),
where the shaded grey region corresponds to the 3¢ uncertainties (0.18 dex).
Some notable individual galaxies in Wang et al. (2016) are also included as
well.

galaxies spanning across five orders of magnitudes in HT mass. We
include the individual objects considered in Wang et al. (2016) as
well, with NGC 765 (Portas et al. 2010), J0836-43 (Donley et al.
2006), MW (Kalberla & Kerp 2009), and M31 (Chemin, Carignan &
Foster 2009).

The overall HI properties of both GLSB and the paired control
sample agree with observations. The simulated galaxies follow the
same relation given by Wang et al. (2016). The scatter is also confined
within 3o uncertainties (0.18 dex) from Wang et al. (2016), shown
in the shaded grey region in Fig. 4. Not surprisingly, all the GLSB
candidates are larger than 50 kpc in Rpy, while the ones in the paired
control sample are considerably smaller in Rpyy.

In Fig. 4, there is some overlap between the GLSB and the paired
control sample. This is a consequence of requiring that the overall
cold gas distribution in GLSB galaxies is in a well-defined disc.
Galaxies with ongoing merger events are excluded from GLSB from
visual inspection. Some of those HI rich galaxies end up in the
paired control. Nevertheless, it is interesting to note that the largest

Table 1. Comparison of molecular fraction fme = My, /(Mu, + M) of
different galaxy samples.

GLSB
(per Paired control All galaxies
Value name cent) (per cent) (per cent)
16th percentile 0.08 0.0 0.0
Median 0.3 0.5 0.8
84th percentile 0.9 1.8 52
Mean 0.4 1.1 24

H1 masses are all found in the GLSB sample. The total HI mass in
the GLSB sample spans from 2 x 10' M, to ~10'! Mg,. In contrast,
the H1 mass in the control sample extends below 10' M.

Table 1 summarizes the molecular fraction for the GLSB, paired
control, and ‘all galaxies’ samples. The molecular fraction based on
the mid-plane pressure is known to be an underestimate (Diemer et al.
2018). Nevertheless, it is helpful to study the differences in molecular
fractions. The median/average value is about half for the GLSB
sample than the paired control. The distribution of the molecular
fraction is also narrower for GLSB than the other. Given the larger
H1 mass in the GLSB sample, it appears that the density of HI is
actually lower than the paired control.

Previously, O’Neil & Schinnerer (2004) and Cao et al. (2017) have
reported lower molecular fractions in GLSB galaxies than their high
surface brightness (HSB) counterparts. Interestingly, the attempts to
detect CO in Malin 1 have been largely unsuccessful since Braine,
Herpin & Radford (2000). Galaz et al. (2022) put an upper limit
of 13 percent on the molecular fraction for Malin 1. With a more
sophisticated treatment of molecular hydrogen formation than this
work, Diemer et al. (2019) reported that the molecular fraction of
the Malin 1 analogue in Zhu et al. (2018) is between 3 per cent and
10 per cent, which is consistent with Galaz et al. (2022).

3.2 Extended stellar discs

Fig. 5 compares the galaxy size using rpg for three samples from
TNG100, with r3 the 28 mag arcsec™? isophote in B band. ryg is
adopted by Kulier et al. (2020) and Saburova et al. (2023) to quantify
the size of GLSB galaxies.

On average, the GLSB sample contains the largest galaxies
indicated by r,g, with a median value of ~57 kpc. The paired control
sample has a median r,3 of 40 kpc. In contrast, the median r,g for
‘all galaxies’ is 23 kpc. This much smaller r»g for ‘all galaxies’ can
be attributed to the mass function. Both the GLSB and paired control
sample contain a higher fraction of massive galaxies than the ‘all
galaxies’ sample.
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Figure 5. Distributions of rpg or the GLSB, paired control, and ‘all galaxies’
samples. The solid lines show the cumulative fractions. Overall, GLSB
galaxies have the largest size, followed by the paired control and ‘all galaxies’
samples.

Are the GLSB galaxies larger due to an extended disc component?
To see this, Fig. 6 shows the mock images of face-on and edge-on
views of the same galaxies in the GLSB sample. These galaxies are
selected from a sorted SUBFIND ID list, containing the first and the
last eight entries. Visual impressions for the full GLSB sample are
included in Appendix C.

Each galaxy is rotated according to the axis perpendicular to its HT
disc. The side length of each image is also 250 kpc. In the top half,
the limiting surface brightness in U, B, and K bands are set at 25, 25,
and 22 mag arcsec 2. In the blue band, the same 25 mag arcsec™? is
used for the operational definition of galaxy size, r,s.

In the lower half of Fig. 6, the limiting surface brightness of
the same galaxies is extended down to three more magnitudes,
mimicking the view from current deep imaging observations (e.g.
Galazetal. 2015; Saburova et al. 2023). However, the limiting surface
brightness is still much brighter than the typical values for the stellar
halo (e.g. Johnston et al. 2008; Cooper et al. 2010). The faint blue
structure in the outer region in the upper half turns into extended
structures at a much larger scale. The deep images reveal not only
the faint spheroidals, but also faint but large discs, which would
otherwise appear as sporadic blue dots in the shallow images. Itis also
evident that the disc is more preferentially associated with blue light.

Even with only the 16 galaxies shown here, it is clear that our
GLSB sample is a heterogeneous population of different colours and
different morphological types. In the shallow images, one can readily
identify early-type galaxies, disc galaxies with red colours (Tacchella
et al. 2019), and disc galaxies with blue colours. In the deep images,
one can then find stellar discs within large early-type galaxies, e.g.
SUBFIND 4 and SUBFIND 41587. On the other hand, one can also
find extended stellar discs with little spheroidal components, such
as SUBFIND 496056 and SUBFIND 496244. Recall the side length
of each panel is 250 kpc. Therefore, the extent of the stellar discs is
remarkable, which is intimately related to the large r,g of the GLSB
sample shown in Fig. 5.

In the process of making the images, all the GLSB candidates
are rotated in the coordinates defined by their H1 disc. The edge-on
view of the galaxies here also shows that the stellar discs are more or
less in the same plane as the gas disc, which suggests that these two
components are closely connected. In the literature, B-band images
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are widely used to define galaxy morphologies. Working in B band re-
duces the impact of older stellar populations (Buta 2013). We can also
see that the blue light in deep images of Fig. 6 is preferentially located
in the disc structure. We will further examine this connection later.

Fig. 7 shows the azimuthally averaged radial profile for the same
16 GLSB candidates. For each galaxy, the scale length r; and po(B),
the extrapolated B-band central surface brightness at r = 0, and o,
the root mean square error (RMSE) of the surface photometry fitting
of the outer disc is listed as well.

The derived disc parameters for our GLSB sample are consistent
with the observed GLSB galaxies. All of the galaxies here have
up(r =0) > 23 mag arcsec 2. In addition, the size of the outer disc,
r4, is all larger than 10 kpc. If we adopt the definition of GLSB in
Saburova et al. (2023), all galaxies in this figure can be classified as
GLSB. The quality of the fitting varies for different galaxies. The
fitting errors for some galaxies, such as SUBFIND 52622, 88665,
and 503432, are small. Galaxies with large RMSE exhibit some
downward break in their surface photometry at large galactic radii,
e.g. SUBFIND 76093, 493183, and 506823. A broken-exponential
profile (Erwin 2015) could offer better fits for these galaxies.

We apply the same photometric fitting procedure to the GLSB
and the paired control samples. For some galaxies in GLSB sample,
and for many objects in the paired control sample, it appears that
a single component is dominant in the entire range. In these cases,
the outer disc component is barely present at best, and a single
Sérsic component could suffice. Therefore, we require the outer disc
component to be at least 2 mag brighter than the inner Sérsic profile
at rpg. This additional requirement allows us only to include galaxies
with reliable measurements of outer discs. The total number of
galaxies passing this cutis 99 and 171 for the two samples considered.

Fig. 8 compares the distribution of the stellar disc parameters
from our above fitting procedure with previous measurements in
the literature (van der Kruit 1987; de Jong & van der Kruit 1994;
McGaugh & Bothun 1994; Sprayberry et al. 1995). We further use
the definition of GLSB discs according to Sprayberry et al. (1995),

up(0) 4+ Slogry > 27.0, 5)

where wgp(0) = wpg(r = 0). The units for wg(0) and ryq are
mag arcsec 2 and kpc, respectively.

The outer disc of the GLSB galaxy sample falls into the same
parameter space occupied by known GLSB galaxies (McGaugh &
Bothun 1994; Sprayberry et al. 1995), as well as the gap between
Malin 2 and the two extended discs, UGC 1382 (Hagen et al.
2016) and Malin 1. Only four galaxies in our GLSB sample are
slightly on the left of the division according to equation (5). For the
paired control sample, ~ 55 per cent (55) of galaxies in the paired
control sample are consistent with GLSB discs, while the rest are
not. Recently, Saburova et al. (2023) have compared the disc scale-
length distributions in both the HSC field and the Eagle simulations
and concluded that giant discs represent the large-sized end of the
volume density distribution of normal-sized spirals. The distribution
of the disc parameters for the paired control sample in Fig. 8 is
consistent with this assessment.

The total number of large discs contributed by the two samples
is thus 167 and 55, respectively. The latter number indicates that
our selection criteria could be too strict such that some galaxies in
the paired control sample could be safely deemed as GLSB instead.
Nevertheless, most of the extended discs in Fig. 8 are contributed
by the GLSB sample. Moreover, the majority of the GLSB sample
indeed hosts extended discs. Therefore, we will use the same 203
galaxies in the GLSB and the paired control sample without further
refinement for our following analysis.
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Figure 6. Mock images for 16 GLSB candidates (both face-on and edge-on view) in normal and deep imaging modes. The top panel adopts limiting surface
brightness in U, B, and K bands at 25, 25, and 22 mag arcsec ™2, while the lower panel shows the same 16 galaxies but with three magnitudes deeper.

3.3 Main galaxy properties

Next, we study the main galaxy properties for our GLSB and control
sample. We start with the total dark matter and total stellar mass in
the top panel of Fig. 9. Both the samples follow the general trend
of all TNG100 galaxies shown in the parameter space here. GLSB
galaxies are mostly massive systems with total dark matter mass
above 10'2 Mg, and stellar mass above 10'© M. Hence, these are
not in the regime of dwarf galaxies.

The centre panel compares the gas fraction, fys = Mgas/(Mges +
M.,), between the two samples. As the control sample is constructed
by finding the closest neighbour measured in {log (Mpwm), log (Mgys),
log (M,)} space, the overall agreement between the two distributions

in the centre panel shows that even only considering baryonic
components, the two populations are close in the sense of their gas
fractions. As a result, it is beneficial for us to focus on the differences
in other galaxy properties instead of worrying about the impact of
the major galaxy properties such as fg,s.

The lower panel of Fig. 9 displays the distribution of maximum
rotational velocity Vy.x and fe - o7, where f; - o7 is the fraction of
stars with € > 0.7. For every star particle, € is the ratio between
the specific angular momentum along the symmetry axis J, and
the maximum specific angular momentum possible at the specific
binding energy E. V. is @ measure of the total mass distribution,
while the latter is a good indicator of galaxy morphological type.
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Figure 7. GLSB galaxy B-band surface photometry and fitting results. The total light follows a sum of an inner bulge and an outer exponential disc, as shown

in the dotted and dashed red lines. The outer discs are extended (r4 > 10 kpc) with low central surface brightness ©p(0) > 23 mag arcsec™ .

The entire TNG100 population is also shown here in the form of a
heat map. We can find a general trend that f, . 7 peaks at Viyax =
200 km s~!, and drops toward both higher and lower V.

The drop of f, - g7 with Vya > 200 km s™! reflects the overall
transition from late-type galaxies to early-type galaxies as a function
of the total mass. The minimum and maximum of V,,,, for the GLSB
sample are 150 and 500 km s~', respectively. This mass span shows
that the GLSB galaxies consist of both the most disc-dominated and
the more massive early-type galaxies in TNG100. As a result, this
figure confirms our earlier impression from the mock galaxy images
that GLSB galaxies are a heterogeneous population with distinct
galaxy morphologies.

The lack of any GLSB with Vj;,,x < 150km s~ !isaresult of a strict
cutin Ry = 50 kpc. Some galaxies with smaller H1 disc could also
be classified as GLSB galaxies if their outer disc parameters satisfy
equation (5) according to Sprayberry et al. (1995). Therefore our
sample, as shown in Fig. 8 is incomplete if we only consider the
definition of GLSB galaxies based on the HI disc. As a result, the
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2

total number of GLSB galaxies in our sample should be interpreted
as a lower limit.

We can probably gain a rough idea of how many GLSB galaxies
could be missing due to our approach. In Pérez-Montaiio et al.
(2022), the mean effective r-band surface brightness is adopted as the
defining property for LSB galaxies. Using the catalogue by Pérez-
Montaiio et al. (2022), we find that 92 out of 203 GLSB galaxies are
also identified as LSB galaxies for their effective surface brightness.
By comparison, only 37 in the paired control sample are recognized
as LSB galaxies in both definitions. The effective » band wu(r) is
21.74 & 1.08 for GLSB galaxies and 21.03 % 1.15 mag arcsec 2 for
the control. We note our method is able to identify the majority of
GLSB galaxies.

3.4 Colour-magnitude diagram and star formation

It is now well-known that GLSB galaxies often contain HSB inner
components. The inner disc of Malin 1 was reported by Barth (2007).

20z A1eniged 61 uo 1senb AQ GiyZ61 /L B6E/E/ETS/RIOIHE/SEIUW W0 dNO"0IWepED.)/:SdY WOy papeojumoq


art/stad1655_f7.eps

GLSB galaxies in TNG100 3999

Sersic+disk

20} X%

N
N
1

pg (0) [mag arcsec 2]
N
~
I
>
>

paired control
GLSB
Sprayberry+ 1995
McGaugh& Bothun 1994

de Jong & van der Kruit 1994
van der Kruit 1987

Kent 1985

26

oOD>XprHe e

Romanishin+ 1983

T—T

|
oH
v

0.0

0.5
log(ry ! ) [kpc]

1.0 1.5 2.0

Figure 8. Distribution of the outer disc parameters from the photometric fitting in the B band. Previous measurements from the literature are also summarized
here for comparison. According to the definition used in equation (5) (Sprayberry et al. 1995), the dashed line is adopted to separate GLSB from their HSB
counterparts. The observed GLSB galaxies include those from McGaugh & Bothun (1994), Sprayberry et al. (1995) to UGC 1382 (Hagen et al. 2016), all to the
right of the dashed line. For the GLSB sample, 167 galaxies out of 171 which can be reasonably fitted by the ‘Sérsic + disc’ profile (see Section 3.2 for details)
are indeed GLSB discs. For the paired control sample, 55 objects out of 99 also show extended outer discs according to the photometric fitting, while the rest

are consistent with an HSB disc.

UGC 1382 was classified as a normal early-type galaxy before its
faint stellar disc was discovered (Hagen et al. 2016). More recently,
Saburova et al. (2018) have presented a study of a ‘Malin 1’ cousin,
UGC 1922. This galaxy contains a prominent bulge and an extended
disc, similar to other known GLSB galaxies. Diffuse UV emission
has been detected in some GLSB galaxies (e.g. O’Neil et al. 2007;
Boissier et al. 2008, 2016; Hagen et al. 2016), which is a sign of
current star formation activity. Nevertheless, a full picture of the
overall location of GLSB galaxies in the galaxy colour—-magnitude
diagram is still lacking.

In the upper panel of Fig. 10, we show the GLSB and paired
control samples in u — r colour versus r-band magnitudes. Using
the relation by Baldry et al. (2004) and Smethurst et al. (2015), we
also plot the position of the green valley. Those above the green
valley comprise the so-called red sequence and those below the
blue cloud. As demonstrated by Nelson et al. (2018), one of the
major improvements of TNG over the original Illustris model is
more realistic galaxy colour bimodality.

The bottom panel of Fig. 10 summarizes the u — r colour for
GLSB, control, and ‘all galaxies’ samples. The differences between
GLSB and the rest of the TNG100 galaxies are readily seen. The
colour bimodality separates ‘all galaxies’ into two well-defined
peaks. For GLSB galaxies, the peak for blue galaxies is absent,
reflecting that few galaxies with u — r < 1.5 exist. And the colour
distribution is closer to a single peak distribution around the red
sequence with a tail into blue galaxies. The paired control shows

a similar distribution in galaxy colour as GLSB galaxies, but with
slightly more blue galaxies. The peak for GLSB galaxies is slightly
bluer than the paired control. We caution that Fig. 10 only shows u —
r colour for the entire galaxy, while there is a substantial colour
gradient within each galaxy. As shown in Fig. 6, blue stars are
preferentially found in the outer discs.

Many GLSB galaxies around the green valley are in transition
between the blue and red galaxies, often still with ongoing star
formation activities. Fig. 11 shows the distribution of star formation
rate (SFR) and the total B-band luminosity. We also include the
measurements from O’Neil et al. (2007) and Saburova et al. (2021)
for comparison. Galaxies from O’Neil et al. (2007) are consistent
with the majority of TNG100 galaxies (small dark dots), following
a tight relation resembling the main sequence. Overall, galaxies
included in O’Neil et al. (2007) are less massive than the ones in
Saburovaetal. (2021), primarily consisting of known GLSB galaxies.
The upper part of the GLSB and control samples are consistent with
the seven GLSB galaxies in Saburova et al. (2021), while a good
fraction of the GLSB sample is characterized by SFR <1 Mg yr~!.

Both the GLSB and paired control samples deviate from an overall
galaxy main sequence. Fig. 11 is also consistent with Fig. 10, that
most of the two samples consist of galaxies in the green valley
and the red sequence. We find no systematic differences between
the two samples regarding their locations in the SFR—-Mjp despite
their differences in the total H1 mass. This can be explained by the
fact that those gas cells with a density higher than the star formation
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the blue cloud. Bottom panel: u — r colour for the GLSB, paired control
and ‘all galaxies’ at z = 0. Both the raw counts (in histograms) and the
kernel density estimates (in smooth curves) are displayed here. The GLSB
and paired control sample contain few blue galaxies.

threshold only contribute to star formation. Although GLSB galaxies
generally contain more HI mass than the paired control, as long as
the gas remains diffuse below this threshold, no significantly higher
level of star formation activity is present.

3.5 Mass distribution

Owing to their extended H1 distribution, GLSB galaxies provide
a rare opportunity to measure the mass distributions up to large
galactic radii. By re-analysing the HI maps of Malin 1 and NGC
7589 by Pickering et al. (1997), Lelli et al. (2010) derived new
rotation curves for these two galaxies. Both galaxies show flat
rotations curves above 200kms~!. In contrast to the previous
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conclusion by Pickering et al. (1997), they find both galaxies
contain steeply rising rotation curves in the inner region, which
implies similarities between the inner GLSB component and normal
galaxies.

In a photometric and spectroscopic study of Malin 2, Kasparova
et al. (2014) performed the mass modelling for each component
and found the dark matter halo to be best described with a large
core radius of 27 kpc in a pseudo-isothermal profile. The inferred
central dark matter density of Malin 2 (0.003 Mg, pc™?) is almost a
factor of 10 less than that of the Milky Way (e.g. see Read 2014).
Kasparova et al. (2014) further argue that differences between GLSB
galaxies and normal galaxies can be caused by the different dark
matter halo properties. In particular, a massive and rarefied dark
matter distribution with large-scale radius largely defines the scale
of the giant disc. The total mass of Malin 2 is quite large, as shown
in its rotation curve (see fig. 7 in Kasparova et al. 2014), which
approaches 300 kms~! at radii ~100 kpc.

Mishra et al. (2017) presented the rotation curves of four GLSB
galaxies derived from GMRT H1 observations. The flat part of the
rotation curve of the four galaxies ranges from 225 to 432 kms™'.
Measurements for yet another three GLSB galaxies can be found
in a recent study by Saburova et al. (2021). For NGC 7589, UGC
1382, and UGC 6614, the rotational curves are overall flat with
Vit & 200km s~!. To date, all the nine known GLSB galaxies
are consistent with massive galaxies as indicated by their large H1
rotational velocities.

InFig. 12, we plot the rotation curves, in the form of enclosed mass
V2, = GM.,/r, as a function of radius r for each component: stars,
dark matter, and gas. For the total mass distribution shown in the last
panel, the solid curve shows a median value of 240 km s~!, while the
shaded region corresponds to the 16th and 84th percentiles, at 190 and
300kms~!, respectively. This panel shows flat rotation curves with
our GLSB sample, fully consistent with the nine measured GLSB
galaxies we listed above. It is interesting to note that the rotation
curves for the control sample do not deviate significantly from the

GLSB galaxies in TNG100 4001

GLSB sample, which implies that the total mass distributions are
similar.

The top two panels of Fig. 12 compare the mass distributions of
stars and dark matter. Due to both the stellar and the dark matter
components, the rotation curves are consistent between the GLSB
and paired control samples. For the inner 20 kpc, the distribution
of dark matter is virtually the same between the two. Finally, it
is only in the gas distribution that we find differences in the mass
distribution, as shown in the last panel. At r = 80 kpc, the GLSB
sample contains larger gas masses, indicated by Vioy gas ~ 60 km s™!.
For comparison, at the same distance, the control sample has a
30 per cent lower median Vg, gas, at ~ 40 km s~!. The differences
in Vi, gas become smaller at larger r, which indicates it is caused by
different H1 distributions of the two samples.

Unlike LSB dwarf galaxies, GLSB galaxies usually exhibit steep-
rising rotation curves (Lelli et al. 2010; Saburova et al. 2021).
Fig. 13 compares individual rotation curves with the observed GLSB
galaxies. We include the long-slit spectroscopic observations from
Saburovaetal. (2018; UGC 1922), Saburova et al. (2019; UGC 1378),
and Saburova et al. (2021; Malinl, Malin2, UGC1382, UGC6614,
NGC7589). Since these measurements are optical, they offer much
higher spatial resolution than currently available H1 data, therefore
being able to probe the central region. Our GLSB sample shows
similar behaviour in terms of the rising of rotation curves in the inner
2 kpc as the observed ones.

3.6 Galaxy spin parameter

One of the most important properties of dark matter haloes is the halo
spin, which is a fundamental concept to understand the formation of
galaxy discs (Fall & Efstathiou 1980; Mo, Mao & White 1998).
Galactic angular momentum originated from tidal torques acting
on the dark matter haloes in the early Universe (Peebles 1969). The
global spin parameter A is found to follow a lognormal distribution in
N-body dark matter haloes (e.g. Barnes & Efstathiou 1987; Bullock
et al. 2001). For cosmological hydrodynamic simulations, Zjupa &
Springel (2017) find that while the baryonic process radically
changes the baryonic angular momentum, the dark matter component
remains largely unaffected.

We compare the dimensionless spin parameter A derived from the
total matter content of the galaxy for the GLSB and control sample,
according to

1/2
_ Jw Eg
Mo GMS){z

and refer to A as halo spin. This follows the definition by Peebles
(1969), with Mo, Jiot, Eior the total mass, angular momentum, and
total energy of a particular galaxy. The details of the methods of
its computation with the TNG simulation remains the same as in
Zjupa & Springel (2017).

The distributions of A at z = 0 are shown in the top left-hand
panel of Fig. 14, both in the histograms and as a smoothed kernel
density estimation. The paired control sample closely follows the
overall lognormal distribution, broadly consistent with ‘all galaxies’
in the same mass range. On the other hand, the GLSB sample has a
distinctly larger spin parameter.

The median values for A are 0.038 and 0.043 for ‘all galaxies’
and paired control. A two-sided KS test reports a p-value of 0.002,
indicating notable differences in the control sample. On the other
hand, the median value of X is 0.060 for the GLSB sample. KS
tests between GLSB and either of the other two samples can fully
reject the hypothesis that the two samples are drawn from the same

(6)
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Figure 12. Rotation curves due to each mass component: dark matter, gas, and stars. The last panel is based on the total mass distribution. The GLSB galaxies
and the paired control sample show little differences in their dark matter, stellar, and overall total mass distributions.

distribution, with a p-value <« 1. While A is ~ 40 per cent larger
than the control sample, the lognormal nature of the distribution
implies substantially more galaxies reside in the long tail of high-spin
haloes.

We note that the above finding, which links the halo spin with
galaxy surface brightness, is consistent with two recent studies,
Kulier et al. (2020) and Pérez-Montafio et al. (2022), despite the
differences in the definition of LSB. In particular, the galaxy mass
ranges considered in these two works are substantially more extended
than our GLSB sample. A strong correlation between halo spin and
galaxy size (which is closely related to galaxy surface brightness)
was also recently reported by Rodriguez-Gomez et al. (2022) for a
large sample of TNG100 galaxies.

The other three panels in Fig. 14 are the distributions of A at
earlier redshifts, obtained from the main progenitors (obtained from
merger trees, see Section 3.7) of our z = 0 galaxy samples, whereby

MNRAS 523, 3991-4014 (2023)

we include only progenitors with mass >10'® M. For the GLSB
sample, the median value increases from 0.033 at z = 3, to 0.040 at
z =2, t0 0.055 at z = 1, to 0.060 at redshift zero. In contrast, for
the paired control sample, its median value of A has increased from
0.033 at z = 3, t0 0.036 at z = 2, t0 0.039 at z = 1, to 0.043 at
z = 0. It is evident that the differences in the spin parameter have
emerged via a continuous and prolonged process. Interestingly, at z =
2 the differences in A seem to converge between the samples, which
is in good agreement with what it was found by Pérez-Montafio
et al. (2022) where the authors found that the evolution of the spin

2The mass cut at 10'°Mg, for A is intended for secure measurements with
enough particles. With this condition imposed, a very tiny fraction (0 for
GLSB, 1 for paired control, and 14 for ‘all galaxies’) of galaxies is without A
measurements at some earlier redshifts.
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Figure 13. Rotation curves of individual galaxies from the GLSB sample,
compared with recent observations (Saburova et al. 2018, 2019, 2021). Based
on long-slit optical spectroscopy, these GLSB galaxies show steeply rising
curves in their inner part, which is consistent with our data.

p(log(A))

T T T
= all galaxies ;=3
=== paired control
| === GLSB

p(log(A))

.O -1.5 -1.0 -05 -20 -15 —1.0 -0.5
log(A) log())

Figure 14. The distribution of halo dimensionless spin parameter A for
the GLSB sample, paired control sample, and ‘all galaxies’ in TNG100
at different redshifts. While the control sample closely follows the overall
lognormal distribution, GLSB galaxies tend to reside in haloes with higher
spin parameters. Going back in redshift, the difference starts to emerge since
z=2.

parameter between LSB and HSB galaxies exhibit a clear bifurcation
at similar redshift.

3.7 Merger history

Merger trees provide a unique perspective on the formation histories
of simulated galaxies. With the merger trees constructed using the
method in Rodriguez-Gomez et al. (2015, 2016), we first created
animations of each GLSB galaxy based on its gas distribution in
each snapshot and visually inspected each animation. One of the
common features which caught our attention is that the extended
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Figure 15. The distribution of the total number of major mergers since z = 1.
The solid lines show the cumulative number of the underlying histograms. The
distributions are asymmetric, with the peak at 0 or 1 and a long tail towards
larger numbers of major mergers. Between the GLSB and paired control
samples, we cannot rule out they are drawn from the same distributions.

HT gas at z = 0 can be visibly attributed to a galaxy merger or an
accretion.

With the nomenclatures in Rodriguez-Gomez et al. (2015), we
consider mergers to be major mergers, defined by a mass ratio p >
1/4. The mass ratio is based on the stellar masses of the two merging
galaxies at the time when the secondary reached its maximum stellar
mass. Fig. 15 compares the total number of major mergers since z =
1 for the GLSB and paired control samples. The rest of the TNG100
‘all galaxies’ are included as well.

The total number of major mergers follows a highly asymmetric
distribution with its peak at 0 (‘all galaxies’) or 1 (‘GLSB’ and ‘paired
control’). According to the two-sample KS test, while we can reject
the hypothesis that the total number of major mergers of the GLSB
or control samples are drawn from the same distribution as the rest of
the TNG100 galaxies, the same statement cannot be made between
GLSB and paired control samples.

A notable fraction of galaxies in Fig. 15 registered no major
mergers since z = 1. On the other hand, a significant number
of galaxies had >2 major mergers. We also confirm that those
extended discs without any major mergers are indeed long-lived
galaxies based on the animations. Therefore GLSB galaxies, with-
out being disturbed for a long time on a cosmological time-
scale, e.g. since z = 1, do exist in ACDM, at least in the TNG
simulations.

Fig. 16 further shows the details of the redshift of the last major
merger. Overall, we find a broad distribution of redshift. For GLSB
galaxies, a peak between z = 0.2 and 0.4 can be seen in the kernel
density estimate. Translating redshift to look-back time, the GLSB
sample contains many galaxies with major mergers completed 2—
4 Gyr ago. For comparison, a peak at z = 0.1 can be identified for
the paired control sample. The raw histogram of the latter has a
pronounced peak at z = 0, indicating that some galaxies have just
recently completed the merger process.

Fig. 17 compares the amount of stellar mass that was formed ex
situ, in terms of the ex sifu mass fraction f(exsitu). Here, ex situ stars
are those formed outside the main galaxy but accreted subsequently
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Figure 17. Stellar ex situ mass fraction for GLSB, paired control, and ‘all
galaxies’. The two control samples are in good agreement in the fraction of
ex situ stars. On the other hand, the GLSB curve favours larger f(exsitu),
which is statistically different from the other two distributions.

(Rodriguez-Gomez et al. 2016). In contrast, the in situ stars are those
formed out of the condensed gas in the main galaxy. Visually, the
ex situ mass fraction of the paired control sample agrees perfectly
with ‘all galaxies’ in TNG100. On the other hand, GLSB galaxies
consistently show a larger f(exsitu). This impression is further
verified with a two-sample KS test. The difference in f(exsitu) is
mostly driven by the number of mergers as shown in the previous
figure. In Pérez-Montaiio et al. (2022), with a different operational
definition of LSB galaxies, the authors also find that LSB galaxies
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Figure 18. Tilt angle between the angular momentum of the gas and stars
within 125 kpc from the galaxy centres. The GLSB sample shows a preference
of 6 < 10 deg over the paired control and ‘all galaxies’ samples. Polar or
counter-rotating gas configurations in the GLSB sample are rare. The dashed
line indicates the cumulative distribution of purely random orientations
between gas and stellar angular momenta. KS tests show that the GLSB
sample statistically differs from the control sample.

had their last major merger more recently than HSB galaxies, with a
major contribution of ex situ build-up.

Another feature of galaxy mergers is the orbital configuration
of the two merging galaxies. Analysing the TNG100 simulation,
Zeng, Wang & Gao (2021) find that major mergers with a spiral-
in orbit leads to the formation of massive discs. Instead of the
orbit parameters before the merger, we show the alignment of the
angular momentum of gas and stellar component at z = 0, which
is operationally more feasible for observations than the initial orbit
configuration.

Fig. 18 compares the result of the tilt angle between the gas and
stellar components for the GLSB and paired control samples. We also
computed the result expected from a random orientation, assuming
no correlation between the two angular momentum vectors, as shown
in the dashed curve. One can see that the angular momenta of gas
and stars in GLSB are so strongly aligned that ~ 80 per cent of the
sample shows a tilt angle <10 deg and > 90 per cent with angle <20
deg. For comparison, while the paired control sample also shows a
preference for small tilt angles, one can still find >45 deg or even
counter-rotating configurations. In addition, the difference between
the paired control and ‘all galaxies’ is minimal according to KS
test. This figure indicates that while the TNG100 galaxies show
some preferences towards the alignment of the two components, H1
components are more aligned with the stellar angular momentum for
the GLSB sample.

3.8 Environment

The final galaxy property we examine before we move on to the
discussion is the environment. Both mass and environment are
recognized as drivers for galaxy evolution (Dressler 1980; Peng et al.
2010). Modern simulations such as Illustris are able to reproduce the

¥20Z Arenigad 61 U0 1sanb AQ G261 L/L66E/E/ETS/I0IME/SEIUL/WOO"dNO"ojWapede//:SAnY WOy papeojumoq


art/stad1655_f16.eps
art/stad1655_f17.eps
art/stad1655_f18.eps

07 I I I | 1 | |
— GLSB
0.6} === paired control H
= all galaxies
05} a

P(T501)

Figure 19. Distance to the fifth neighbour rs, for the GLSB and two control
samples. We only include massive galaxies with M, < —19.5 in the distance
calculation. Both the GLSB and the paired control samples show single-
peaked distributions, while the ‘all galaxies’ sample contains a second peak
of galaxies with sy, < 1 Mpc.

observed rapid quenching process in massive galaxies in high-density
environments (Vogelsberger et al. 2014a).

Bothun et al. (1993) reported a deficit of nearby neighbours for
LSB discs on small scales below 2 Mpc, based on ~340 galaxies from
the CfA redshift survey. Their interpretation is that the lack of tidal
interactions prevents the low-density gas discs from rapidly evolving.
Rosenbaum & Bomans (2004) found significant differences in
galaxy densities around LSB and their HSB counterparts. This
conclusion is drawn from the neighbour counting analysis of 16 123
SDSS galaxies. The fifth nearest neighbour distribution also shows
differences between 2 and 5 Mpc for the two galaxy populations.

For GLSB galaxies specifically, Knezek (1993) investigated the
environment for a flux-limited sample of galaxies in UGC with
My > 10"Mg, and D,s > 25 kpc. While the GLSB galaxies trace
the overall large-scale distribution of normal galaxies, a lack of
nearby (within 1 Mpc) bright L* neighbours was found. Reshetnikov,
Moiseev & Sotnikova (2010) examined the nearby galaxy distribu-
tion for Malin 1, and found it in a relatively low-density region with
a bright neighbour at a projected distance of 350 kpc. Junais et al.
(2020) report that Malin 1 lies about 10 Mpc from the edge of its
closest filament. Hagen et al. (2016) studied the local environment
for UGC 1382 and concluded that it is located in a poor galaxy
group, with only one bright neighbour within 500 kpc. Recently,
Pérez-Montafio & Cervantes Sodi (2019) have also reported that the
fraction of isolated central LSB galaxies is higher than that for HSB
ones, and the density of their local environment is lower.

We also use nearest neighbours as a proxy for the environment. To
this end, we calculate the distance to the fifth nearest neighbouring
galaxies by only including those brighter than M, = —19.5 following
Vogelsberger et al. (2014a). Fig. 19 shows the distribution of rsy, for
three samples.

At face value, Fig. 19 is in contrast to what is found by Bothun
et al. (1993) and Rosenbaum & Bomans (2004). Namely, the paired
control sample favours slightly more isolated environments than
GLSB candidates. Both samples have few objects with rsy, < 1
Mpc. The peak is at 2 and 1.5 Mpc for the GSLB and paired control

GLSB galaxies in TNG100 4005

samples. At >3 Mpc, the apparent differences disappear for the rs,
distribution.

This puzzle is resolved by noting that the construction of the
control sample is quite different between this work and those in
Bothun et al. (1993) and Rosenbaum & Bomans (2004). In particular,
we control stellar, DM, and gas mass masses such that the control
and the GLSB galaxies are paired. In doing so, galaxies in galaxy
clusters are unlikely to be selected to be part of the control in the first
place. This effect can be seen in the distribution for ‘all galaxies’ in
the figure. In the absence of matching all three components, a peak
at ~0.5 Mpc is present. And the differences between the GLSB and
‘all galaxies’ samples can be seen up to 6 Mpc. Interestingly, there
is also a deficit of GLSB galaxies with rsy, > 3 Mpc.

As we use the total gas while constructing the paired sample, and
the cold HI gas in GLSB galaxies is substantially more massive
than the control, we essentially demand the control sample contain
more mass in hot halo gas. As a result, we see some compensation
effect here: the control sample would be slightly more isolated to
retain more halo gas. The deficit of GLSB galaxies in the dense
environment is broadly consistent with Malin 1, UGC 1382, and
those studied in Knezek (1993).

4 DISCUSSION

4.1 Observational outlooks

Even today, surprising new features are being reported for Malin 1
(Junais et al. 2020; Saha et al. 2021). Our understanding of GLSB
galaxies will undoubtedly be advanced in the coming decade. In
particular, facilities like BlueMUSE (Richard et al. 2019) and Vera
C. Rubin Observatory will play a pivotal role in this process.

Ongoing and future H1 surveys (e.g. Yahya et al. 2015; Koribalski
et al. 2020) will expand the volume of discovery compared to the
previous generation of survey, such as HIPASS (Barnes et al. 2001)
and ALFALFA Giovanelli et al. (2005). These surveys will be highly
beneficial for GLSB discoveries as well. Additionally, they will test
the connection between extended H1 discs and the formation of
GLSB discs we have explored in this work.

Saburova et al. (2023) predict that 13 000 GLSB galaxies exist
within z < 0.1 in the full sky. The volume fraction of our sample is
about twice their estimate. It is reasonable to expect a large number
of GLSB galaxies await to be discovered in the coming era of Vera
C. Rubin and SKA observatories. Thus, GLSB galaxies will be at
the front of the unexplored low-surface brightness Universe.

4.2 Formation scenarios

In the previous section, we present our analysis of the basic properties
of GLSB candidates. We find that our GLSB sample shows good
agreement in terms of the HI mass, the parameters of the stellar
disc, galaxy colour, and SFR with the observed GLSB galaxies.
When comparing them with the paired control sample, we noticed
significant differences in the halo spin, merger history, and angle
between gas disc and the stellar components. However, we did not
find significant differences in the dark matter mass distributions, nor
their environments on ~Mpc scales. Since we have discussed each
topic along the way in the text above, we focus on the formation
scenarios here.

Bothun et al. (1987) and Impey & Bothun (1989) suggested the
formation of Malin 1 as an un-evolved (or slowly evolving) disc at low
redshift. This view is consistent with the large amount of available
cold gas detected in Malin 1. In particular, given the relative isolated
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environment of Malin 1, the gas disc could be long lived since z ~
2 with a sustained low level of star formation due to the low surface
density of the gas disc. Of course, this picture appears to be difficult
to fit in hierarchical formation of galaxies, since discs can be fragile
to frequent galaxy mergers and flybys (see, however, Sotillo-Ramos
et al. 2023).

Looking at Fig. 15, there are certainly a few galaxies in our sample
that can be described with the above picture. The relatively isolated
environments of LSB galaxies also prevent them from any major
mergers since z = 1, leading to the survival of a large gas disc
already present. Nevertheless, the majority of the sample does not fit
into this picture.

Hoffman et al. (1992) presented a formation scenario that GLSB
galaxies consist of normal bulges but un-evolved extended discs as a
result of the large-scale environment. Specifically, galaxies formed in
rare 3¢ density peaks in the void show similar inner structure as those
formed in 1o peaks within more clustered regions. For those galaxies
formed in the void, their mass distribution in the outer regions is
significantly more extended but the gas cooling time is much longer
when compared to the dynamical time. The long cooling time (on the
scale of Hubble time) thus prohibits efficient star formation within
the extended gas disc over cosmic time.

The difficulty of this formation scenario to explain the entire GLSB
population is highlighted in Fig. 19 where both the control and GLSB
samples are located in a more isolated environment than the ‘average’
TNG100 galaxies. Moreover, we find our GLSB galaxies are rarely
in the voids. Therefore, the large-scale environment alone is not the
sole cause of GLSB formation.

Noguchi (2001) proposed a theory of forming extended stellar
discs as a result of radial redistribution of matter due to bars formed
in the HSB discs. In the numerical experiments, galaxy bulge and disc
as well as the dark matter halo are followed as collisionless particles.
In the model of moderate bulge fraction, a stellar bar forms within
the stellar disc. In the later stages, it is observed that the initial disc is
better characterized with a sum of two exponential discs. The outer
disc shows a considerably larger disc scale length (a factor of two)
and lower central surface brightness. The whole process is essentially
internal and purely galactic, therefore having little dependence on
the large-scale structure. Our GLSB sample contains both early-
type and late-type galaxies, and we directly observe the build-up
of gas discs from galaxy mergers. On the other hand, the spatial
resolution of TNG100 could be too coarse to resolve this proposed
process. TNG50, with a much higher resolution, can be used to
explore further and test this formation mechanism (Zhao et al. 2020;
Frankel et al. 2022). On the other hand, the formation scenario of the
disc mass redistribution due to bars does not offer an immediate
explanation for the large HI mass usually observed in GLSB
galaxies.

Mapelli et al. (2008) presented a study of major mergers of two
disc galaxies with small impact parameters using hydrodynamic
simulations. The virial mass of the host and intruder are 4.9 x 10!!
and 3.2 x 10'"My, respectively. The host galaxy consists of a dark
matter halo, a stellar bulge, and a disc as well as an exponential
gas disc while the intruder is devoid of any baryons. Unlike pre-
vious numerical studies only involving collision-less dynamics, the
inclusion of gas dynamics enables the authors to follow gas cooling
and star formation in the merging process. As the adopted set-up
was initially designed for Cartwheel-like galaxies, these simulations
produce large stellar and gas ring 100-200 Myr after the close
encounter with clear ‘spokes’ connecting the ring and the central
stellar disc. Afterward, the stellar ring and the spokes slowly faded
away, becoming indistinguishable from a giant disc structure. The
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cold gas also settles into an extended but low surface density disc,
akin to the observed GLSB galaxies.

The inconsistencies with the head-on collision theory and our
results are readily seen in Figs 16 and 18. In particular, the timing for
the last major merger is also significantly different. The time for the
last major merger is registered at 2—4 Gyr ago. Additionally, we see
a preferential in-spiral orbit, which results in a well-aligned gas disc
with the stellar component. Therefore, we conclude that the recent
(<1 Gyr) head-on collision is not the main mechanism to form GLSB
galaxies in TNG..

Dalcanton et al. (1997) presented a general picture of disc
formation within the frame of hierarchical structure formation. With
the assumptions that the gas angular momentum distribution follows
the same distribution of dark matter as a result of large scale tidal
torques, and little angular momentum transportation occurs during
the cooling and collapse of gas, the luminosity and the scale length
of the disc is then directly determined by the halo spin parameter
and total halo mass. Massive GLSB galaxies would naturally form
in massive haloes with large X.

Another scenario regarding of the formation of extended stellar
discs such as in M31 is discussed in Pefiarrubia et al. (2006). Satellite
galaxies on prograde co-planar orbits are disrupted as they fall into
the potential of MW/M31 size host galaxies. The debris form an
extended exponential disc structure with a disc scale length as large
as 30 kpc over the range of 30 and 200 kpc from the host. This
mechanism works more efficiently for more massive dwarf galaxies
due to stronger dynamical friction. The disc scale length is also
strongly correlated with the initial stellar distribution within the dwarf
galaxy. The more concentrated the initial stellar components are, the
more compact the resultant debris discs.

We believe the mechanisms presented in Dalcanton et al. (1997),
Pefiarrubia et al. (2006), and an isolated environment could explain
the GLSB sample in TNG100. Specifically, the distinct difference
in the halo spin parameters between the GLSB and paired control
samples is consistent with the predictions made by Dalcanton et al.
(1997).

For the model in Pefiarrubia et al. (2006), only stellar and dark
matter components are followed in a static host potential, the more
complex dynamics with gas and star formation are not considered.
Based on the properties of UGC 1382, Hagen et al. (2016) have
concluded that the extended gas disc in UGC 1382 is consistent with
this formation scenario such that the total cold gas (2 x 10'° M)
can be what is left over of one or a few disrupted dwarf galaxies.

The TNG simulations follow the gas dynamics, as well as gas
cooling and star formation simultaneously. GLSB galaxies actually
are among the most HI massive galaxies in the entire sample,
suggesting some additional channel of cold gas supply. The reason
is that any external galaxy alone is not able to provide the entire H1
gas. In Zhu et al. (2018), using the thermal histories tracked by tracer
particles (Genel et al. 2013), the authors find that a substantial fraction
of the hot halo gas participated in the cooling process. The cooling
occurred at the interface between the incoming cold gas delivered
by the merger and the existing halo gas. This cooling process is
distinct from classical cold accretion (Keres$ et al. 2005) or normal
cooling from shocked heated gas. The detail of this ‘stimulated
cooling’ is beyond the scope of this study, and we reserve it for future
work.

4.3 Comparison with other numerical studies

The formation of discs as a result of major mergers has been well
studied over the years (e.g. Springel & Hernquist 2005; Athanassoula
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et al. 2016; Peschken, Athanassoula & Rodionov 2017; Sparre &
Springel 2017; Peschken, Lokas & Athanassoula 2020). However,
the connection between mergers and the formation of GLSB galaxies
has not been fully unveiled. There are a few recent numerical studies
on the formation of LSB galaxies in a cosmological context that we
can compare with.

Di Cintio et al. (2019) investigated LSB galaxy formation in the
NIHAO simulation suite, with the stellar mass in the range between
10°3 and 10'° M. They found that coplanar co-rotating mergers and
aligned accretion of gas are able to reproduce galaxies with large H1
reservoirs, extended effective radii and slowly rising rotation curves.
On the other hand, perpendicular or misaligned merger/accretion
events lead to galaxies with higher surface brightness. Our GLSB
sample contains galaxies that are significantly more massive than
Di Cintio et al. (2019), and more diverse in terms of galaxy
morphology. Nevertheless, we note a similarity in terms of the
formation mechanism of the extended stellar disc.

Kulier et al. (2020) analysed the EAGLE simulation to study the
properties of LSB galaxies. The EAGLE simulation has a comparable
volume to TNG100. LSB galaxies are found to be in more isolated
environments, and in higher spin haloes. For a few galaxies, with
extended stellar discs comparable to the observed GLSB galaxies,
they are formed through mergers. While EAGLE uses SPH as
its hydro solver and a completely different prescription for star
formation and feedback, and AGN feedback (this is also true for
NIHAO), we again find a very similar formation mechanism to form
GLSB galaxies. While neutral gas was not considered in Kulier
et al. (2020), there appears a trend of a deficiency of galaxies with
My > 10'°Mg by comparing the H1mass functions in Crain et al.
(2017) and Diemer et al. (2019).

4.4 Caveats and uncertainties

By constructing a paired control sample, we are able to select those
galaxies with stellar, total gas and DM mass close to the GLSB
sample. By doing so, the samples are found to be located in a more
isolated environment compared to the rest of TNG100 galaxies. And
we are able to identify the differences in halo formation histories and
halo spin parameters for GLSB galaxies. However, a more satisfying
approach would be to select a control sample sharing similar ‘initial
conditions’ with the GLSB galaxies. One way to achieve this is
to apply the method in Stopyra et al. (2021), which introduces
modifications to the formation history and the environment to the
initial conditions in a controlled manner. Such future research may
help us to establish some definitive causal relation between major
mergers and GLSB galaxies.

One of the uncertainties is inherited from the star formation
model of Springel & Hernquist (2003), which prevents us from
directly contrasting the modeled star formation history with the
recent observations of Young, Kuzio de Naray & Wang (2015,
2020). As much of the star formation is happening in the low-density
environment for GLSB galaxies, a more explicit model that resolves
the multiphase structure of the ISM such as FIRE-2 (Hopkins et al.
2018) and SMUGGLE (Marinacci et al. 2019; Kannan et al. 2020b,
a) would be more suitable. The candidates in our GLSB sample
from this study will be a good starting point to set up zoom-in re-
simulations.

In our analysis, we have not applied any radiative transfer
modelling in the post-processing, which would affect the B-band
luminosities. Kulier et al. (2020) presented a detailed comparison
between the galaxy photometries without dust extinction (our ap-
proach is similar) with the results using a Monte Carlo radiative
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transfer code. The mean B-band surface brightness is ~0.22 mag
arcsec? dimmer with radiative transfer than that obtained with
star particles alone. Moreover, galaxies with lower mean surface
brightness are less affected than those with higher surface brightness.
Therefore, the addition of radiative transfer is unlikely to alter
our results drastically, in particular, considering that the surface
photometry is performed with face-on projection. Nevertheless,
post-processing with multiband radiative transfer (e.g. Li et al.
2020) could be beneficial to study the dust emission (Rahman
et al. 2007) as well as the molecular hydrogen in GLSB galax-
ies (Gerritsen & de Blok 1999; Das et al. 2010; Galaz et al.
2022).

We build our GSLB samples with extended H1 discs. Given that
most observed GLSB galaxies are indeed massive HI reservoirs
(Bothun et al. 1987; O’Neil et al. 2004; Hagen et al. 2016; Saburova
et al. 2023), it is a reasonable choice to start with the H1 component.
Nevertheless, we could miss a population of gas-poor GLSB galaxies.
This caveat can be addressed by using only stars, by combining
radiative transfer with a flexible multicomponent fitting.

In this study, we do not discuss the central BH in our sample nor
compare the Mj,—o relation with the observed one (Subramanian
et al. 2016). In Pérez-Montaifio et al. (2022), we find that the high
angular momentum of the configuration prevents the material to fall
to the central regions and feed the black holes, showing also lower
accretion rates. This leads to less massive BHs in LSB galaxies when
compared with HSBs at fixed stellar mass.

We did compare the GLSB sample with the galaxies sharing the
same ID in the original Illustris simulation. We could not associate
any of the galaxies with extended H1 discs anymore. Also, we
confirm that the original simulation lacks a population of galaxies
with extended H1 discs in general. For the same galaxy in Zhu et al.
(2018), it is a massive red elliptical. Considering one of the major
advancement in TNG is an improved treatment of BH outflow, GLSB
galaxies turn out to be a very sensitive test of the AGN feedback
model.

Based on our comparisons of mass distributions in the GLSB and
the control samples, we have not considered the formation channel
discussed in Kasparova et al. (2014). The essence dark matter in TNG
is collisionless, with its dynamics following the potential of both
dark matter and the baryons. The adopted feedback processes, from
supernovae or AGN outflow, are not likely to modify the distribution
of dark matter significantly for this mass range. Therefore, the large-
scale radius in Malin 2 found by Kasparova et al. (2014) and Saburova
et al. (2021) is outside the model and parameter space covered by
TNG.

5 CONCLUSIONS

Using the cosmological hydrodynamics simulation Illustris TNG100,
we study the properties of GLSB galaxies and compare them with
observed ones. We start with a sample of large H1 discs, perform
surface photometry fitting and quantifying the properties of the outer
stellar disc. We then construct a paired control sample, which shares
similar total dark matter, gas, and stellar mass, to contrast with the
GLSB sample. Below are some of the most important findings from
our study:

(i) We successfully identify a population of galaxies with (1)
extended and regular H1 distributions (Rpyy > 50 kpc) and (2)
confirm most of them have faint and large stellar discs, which share
similar properties to the observed GLSB galaxies.
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(ii) The GLSB sample is a heterogeneous sample with different
galaxy morphologies ranging from the most disc-dominated systems
to massive ellipticals. On average, the GLSB galaxies are found in
haloes with Vi > 150kms™!, consisting of ~ 6 per cent of total
galaxies in the same stellar mass range. They are found in the red
sequence and cross the green valley in the galaxy colour—-magnitude
diagram.

(iii) The TNG100 GLSB sample is in very good agreement in
terms of total H Imass, SFR, and galaxy rotation curves with observed
GLSB galaxies. Moreover, the parameters of the simulated stellar
discs are found in the current gap between extreme galaxies such as
Malin 1/UGC 1382 and the rest of the known GLSB galaxies.

(iv) We have not identified differences in the dark matter mass
distribution between the GLSB and the control samples.

(v) We detect significant differences in molecular factions, halo
spin parameters, merger histories, and their ex sifu stellar mass
fraction between the GLSB and the control samples. The spin
parameter X is ~ 40 per cent larger for GLSB galaxies than for the
paired control. All the GLSB galaxies have consistently larger ex
situ mass fractions than the paired control or ‘all galaxies’. We also
find the preferential alignment of cold gas angular momentum with
the stellar angular momentum in the GLSB sample such that the tilt
angle is usually less than 10 deg.

(vi) The distance to the fifth nearest neighbour shows that GLSB
galaxies are mostly located in somewhat isolated environments.
However, the paired control sample follows a similar s, distribution.
Therefore, the isolation alone does not guarantee that an extended
disc will/can form.

(vii) We find that aligned galaxy mergers with a combination
of relatively isolated environments could explain the formation of
the extended discs in our sample. A few of the GLSB candidates
experienced no major merger since z = 1, which contributes to the
longevity of the disc structure.

Since GLSB galaxies are not in the calibration processes of tuning
the parameters of TNG simulations, the results presented in this study
can be regarded as genuine predictions by the model. Nevertheless,
much remains to be learned about these intriguing objects. Our work
is only a first step in this endeavour. So far, cosmological numerical
simulations seem to have no problem reproducing them.
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6 DATA AVAILABILITY

The data from the IllustrisTNG simulations used in this work are
publicly available at the website https://www.tng-project.org (Nelson
etal. 2019). The SUBFIND IDs for the candidate GLSB galaxies and
the paired control sample will be publicly available.
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APPENDIX A: COMPARISON OF
‘SERSIC + DISC’ AND ‘TWO-DISC’ FITTINGS

In Section 2.2.2, the central part of the galaxy is modelled with a
Sérsic profile while the outer part with a disc profile. In this section,
we fit the face-on projected images in B band using a sum of two
exponential profiles as

E(r) = Inexp (=7 /rain) + Lowexp (=7 /Faou) - (A1)

which involves two discs with scale-length ry;, and rqq,. We then
compare the outer disc parameters derived from these two models
to assess the impacts of the underlying assumption of the galaxy
components.
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Figure Al. Distribution of root mean square error (RMSE) with to the ‘two-
disc’ (upper) and ‘Sérsic + disc’ (bottom) fittings to the GLSB and paired
control samples.
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Figure A2. The same as Fig. 8, but with disc parameters derived using a
‘two-disc’ (upper) and a single exponential profile (bottom).

Fig. A1 shows the distribution of RMSE of the surface photometry
fittings of the entire GLSB and paired control samples, which yields
a reasonably good description of the face-on B-band profiles. With
the ‘Sérsic + disc’ model, the median and the average of RMSE
are 0.28 and 0.30 mag arcsec™> for GLSB and 0.23 and 0.27 for the
paired control. With ‘two-disc,” the median and the average are 0.28
and 0.30 for GLSB, 0.23 and 0.26 for the paired control sample. The
‘Sérsic + disc’ slightly better fits the paired control galaxies than the
‘two-disc” model. For the GLSB sample, the two models give the
same quality of fittings regarding RMSE.

The top panel of Fig. A2 then compares the disc parameters derived
from the ‘two-disc’ model with observations, which is very close to
what is obtained in Fig. 8. The majority of the GLSB sample can be
characterized with GLSB discs. For the paired control sample, the
disc parameters span a much wider range, covering both the low-
and high-surface brightness regimes.
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We also fit a single exponential disc in the range of 25-28
mag arcsec 2. This particular choice is inspired by the recent study
by Saburova et al. (2023). The bottom panel of Fig. A2 displays the
parameters of the outer disc from this exercise. Some of the faintest
and the most extended discs from the ‘Sérsic + disc’ or ‘two-disc’
models are no longer present. The distribution of the disc parameters
is more concentrated around the observed GLSB galaxies, with a
gap to fill to reach UGC 1382 and Malin 1. Still, most galaxies in
the GLSB sample are consistent with the definition of GLSB discs.
For comparison, the paired control sample spans both the low- and
high-surface brightness discs.

We believe the difference seen between ‘two-disc’ and ‘one-disc’
models is due to the contribution of any non-disc component to the
faint discs. The ‘two-disc’ or ‘Sérsic + disc’ model subtracts the
contribution from the inner galaxy quite well.

APPENDIX B: IMPACTS OF DIFFERENT
PAIRED CONTROL SAMPLE CONSTRUCTIONS

Having a paired control sample is beneficial to remove the biases
due to galaxy mass functions. We rely on a paired control sample
using the nearest neighbour in [log (M), log Mpwm, log Myy]. This is
motivated by the observed rotation curves for GLSB galaxies (e.g.
Lelli et al. 2010; Saburova et al. 2021). Given the total mass budget
in each component, such a choice allows us to study the internal mass
distribution.

This section further explores the impacts of using different control
parameters on the results. We construct two separate paired controls,
one with stellar mass only log (M,) and one with log (Mpy).
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Figure B1. The same as Fig. 5, but with the paired control sample constructed
using different criteria. The ‘paired with DM’ only considers the dark matter
mass, while the ‘paired with stars’ only takes the total stellar mass M, in
to account. The distributions of r,g in the three different paired controls are
overall consistent with each other.
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Figure B2. The distributions of halo spin parameters A for the GLSB and
three paired control samples.
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Figure B3. The distributions of ex situ stellar fractions for the GLSB and
three paired control samples.

Fig. B1 compares the distribution of r,3, a proxy for galaxy
size, between different samples. Despite being constructed with
different parameters, three paired controls show consistent galaxy
size distributions. The median values are 40, 43, and 37 kpc,
respectively.
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Figure B4. The distribution of rsg, for the GLSB and paired control samples.
Unlike Figs B3 or B2, significant differences are present between the ‘paired
control with DM’ and ‘paired control” samples with a peak occurring at rsg,
< 1 Mpc. On the other hand, the ‘paired control with stars’ agrees with the
‘paired control’ sample.
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Fig. B2 shows the spin parameters for each sample at z = 0.
Similarly in Fig. B3, the distribution of ex situ mass fractions are
consistent between three paired controls.

Fig. B4 shows considerable differences in the environment. In
particular, ‘paired control with DM’ peaks at 0.5 Mpc while ‘paired
control with stars’ at ~2 Mpc. This could be caused by the scatter in
the Mpy — Mx* relations, with different mass removal rates for DM
and stars. Stars are less susceptible than DM to galactic tides. As we
do not find GLSB galaxies in the dense environment, the differences
we see in Fig. B4 should have minimum impact on our conclusions.

APPENDIX C: FULL GLSB CANDIDATE
SAMPLE

Figs C1 and C2 show all 203 TNG100 galaxies in our final GLSB
sample. The limiting surface brightness in U, B, and K are 28, 28,
and 25 mag arcsec 2, the same as in Fig. 6.
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Figure C1. Atlas of the TNG100 GLSB sample used in our study.
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Figure C2. Continued. Atlas of the TNG100 GLSB sample used in our study.
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