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A B S T R A C T 

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 I ). Ho we v er, these e xtreme galaxies’ origin and properties remain 

poorly understood. Using the cosmological simulation IllustrisTNG 100, we identify and select a sample of ∼200 galaxies with 

extended ( R H I > 50 kpc) and well-defined H I discs, ∼6 per cent of the total galaxies in the same stellar mass range (10.2 

< log ( M ∗/M �) < 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 ( V max > 150 km s −1 ) 
and their properties, such as total H I 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 situ 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 survi v al of those discs across 
cosmic time. 

Key words: (cosmology:) dark matter – methods: numerical – galaxies: evolution. 
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 I N T RO D U C T I O N  

reeman ( 1970 ) reported a constant central surface brightness ( μ0 )
n spiral galaxies, as well as in the disc components of S0s, with
nly a small spread in his sample. A constant μ0 would suggest
ome common origin or regulatory processes in the galaxy discs. 
o we ver, the apparent narro w distribution of μ0 can be an artifact
f selection biases in the limiting surface brightness due to sky
rightness and instruments, as first noted by Arp ( 1966 ), and later
emonstrated by Disney ( 1976 ) and Disney & Phillipps ( 1983 ). Discs
ith μ0 substantially dimmer than the canonical value of 21.6 B -mag 

rcsec −2 (Freeman 1970 ) could be missed by the surv e ys. But discs
ith μ0 much brighter than 21.6 appear to be truly absent (e.g. 
osma & Freeman 1993 ; Fathi 2010 ), while the discs with μ0 much
immer than 21.6 have been disco v ered and are represented by a
opulation of low surface brightness (LSB) galaxies . 
Malin 1, a large galaxy characterized by its extended stellar disc, is

ne of the prime examples of an LSB galaxy. Before Malin 1, some
0/lenticular galaxies were found to be peculiar with faint outer 
tellar discs and large masses of neutral hydrogen (e.g. Gallagher 
979 ; Hawarden et al. 1981 ; Romanishin, Strom & Strom 1983 ;
 E-mail: zhuqirong1874@gmail.com 
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ottesman & Hawarden 1986 ). But Malin 1 is definitive proof of
he missing population of galaxies postulated by Disney ( 1976 ) and
isney & Phillipps ( 1983 ). In the two disco v ery papers (Bothun et al.
987 ; Impey & Bothun 1989 ), it was unclear what morphological
ype Malin 1 belongs to. Decades later, we know that Malin 1 is a

assive galaxy containing a stellar disc five times larger than that of
he Milky Way (Boissier et al. 2016 ), and its ‘normal’ bulge was not
evealed until Barth ( 2007 ). 

LSB galaxies are not e xclusiv ely low-mass dwarf galaxies, as
hey span the same range of physical parameters as the galaxies that
efine the conventional Hubble sequence (Schombert et al. 1992 ; 
cGaugh, Bothun & Schombert 1995 ; Honey et al. 2018 ). Among

he LSB galaxies, the ‘crouching giants’ (Disney & Phillipps 1987 )
ike 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 
elds in galactic astronomy. A surprising fact about GLSB galaxies 

s their enormous neutral hydrogen mass (O’Neil et al. 2004 ; Mishra
t al. 2017 ), which puts them among the most massive H I systems.
hese discs provide a rare opportunity to directly measure the mass
istribution in the outer region of the haloes (Lelli, Fraternali &
ancisi 2010 ). GLSB galaxies are also important in the context of
tar formation in the low-density environment (e.g. O’Neil, Oey & 

othun 2007 ; Rahman et al. 2007 ; Thilker et al. 2007 ; Das, Boone &
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Figure 1. A summary of GLSB galaxy disco v eries 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. 
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iallefond 2010 ), and may contain clues on ho w supermassi ve black
ole coevolve with the host galaxies (Schombert 1998 ; Das et al.
007 , 2009 ; Mishra et al. 2015 ). 
Fig. 1 summarizes a total of 107 GLSB galaxies from the literature

s of year 2023 (Kent 1985 ; Bothun et al. 1987 ; Davies, Phillipps &
isney 1988 ; Bothun et al. 1990 ; McGaugh & Bothun 1994 ;
prayberry et al. 1995 ; Schombert 1998 ; Kniazev et al. 2004 ; O’Neil
t al. 2004 ; Hagen et al. 2016 ; Saburova et al. 2023 ). We have not
ound further follow-up work on most candidates in O’Neil et al.
 2004 ). Special pipelines for searching for GLSB galaxies in these
eep surv e ys might be necessary, as Kniazev et al. ( 2004 ) pointed
ut. Nevertheless, it is fair to state that a small sample size limits our
urrent understanding of GLSB galaxies. The most recent addition
f observed GLSB galaxies by Saburova et al. ( 2023 ) is based on
isual inspecting deep Subaru Hyper Suprime-Cam data. We note
hat different definitions of GLSB galaxies are adopted by various
uthors. 

While scarce, the extraordinary nature of GLSB galaxies has
oti v ated substantial interest in their origin. Many mechanisms have

een proposed o v er the years to explain the formation of GLSB
alaxies, including: 

(i) GLSB galaxies are extreme late-type galaxies, consuming gas
o form stars at a slower rate than in normal galaxies (Bothun et al.
987 ); 
(ii) GLSB galaxies formed from rare (3 σ ) density peak within

ow-density environments (Hoffman, Silk & Wyse 1992 ); 
(iii) They form in high spin dark matter haloes (Dalcanton,

pergel & Summers 1997 ); 
(iv) Disc instabilities causing the material to migrate outwards

Noguchi 2001 ); 
(v) Accretion of satellite galaxies (Pe ̃ narrubia, McConnachie &

abul 2006 ); 
(vi) A result of head-on collisions as in Mapelli et al. ( 2008 ); 
NRAS 523, 3991–4014 (2023) 
(vii) GLSB galaxies form in massive and rarefied dark matter
aloes, hence shallower gravitational potential wells than normal
alaxies (Kasparova et al. 2014 ). 

While these formation scenarios are not mutually e xclusiv e, it is
nclear, which may play a dominant role. A pressing issue with
LSB galaxies is their potential incompatibility with the current
ierarchical growth of galaxies in � CDM, characterized by frequent
ergers (e.g. Fakhouri, Ma & Boylan-Kolchin 2010 ; Rodriguez-
omez et al. 2015 ). Therefore, taken at face value, the un-evolved,
ynamically fragile disc structure that surviv ed man y Gyrs without
eing disturbed could be difficult to reconcile with our current
nderstanding of galaxies. 
In the context of numerical simulations of galaxies, there are

everal important reasons to focus on rare galaxy populations such
s GLSB galaxies. First, the sub-grid models of star/BH formation
nd feedback employed in the modern numerical simulations are
alibrated against ‘normal’ galaxies. Therefore, GLSB galaxies serve
s one critical subject to cross-validate these models. Examples of
uch cross-validations include jellyfish galaxies (Yun et al. 2019 ) and
ltra-diffuse galaxies (Benavides et al. 2021 ). Secondly, the previous
odellings of GLSB galaxies involve idealized set-ups of galaxy

rbits and disc properties, which may not arise naturally within a
ully cosmological context. Lastly, and perhaps most importantly, it
s time to address a commonly held belief that mergers of GLSB
alaxies with other galaxies pose severe challenges to the current
ramework of galaxy formation and evolution within � CDM (e.g.
oissier et al. 2016 ; Hagen et al. 2016 ; Saburova et al. 2021 ). 
The rarity of GLSB galaxies implies that, to simulate these

alaxies, a large cosmological box is required. The size of the
osmological box is merely necessary, not sufficient. Before the
urrent generation of hydrodynamic simulations (see a recent re vie w
y Vogelsberger et al. 2020 ), previous efforts suffered from well-
nown o v ercooling problems and e xcessiv e angular momentum
ransfer, and failed to reproduce stellar discs as in late-type galaxies
e.g. Scannapieco et al. 2012 ). Recently, several studies (Di Cintio
t al. 2019 ; Martin et al. 2019 ; Kulier et al. 2020 ; P ́erez-Monta ̃ no
t al. 2022 ) have been carried out to understand LSB galaxies in
umerical simulations. In particular, using the large cosmological
AGLE simulation (Schaye et al. 2015 ), Kulier et al. ( 2020 ) find

hat a subset of mergers produce the most e xtensiv e LSB galaxies
ith stellar discs comparable in size to observed GLSB galaxies. 
In previous work, Zhu et al. ( 2018 ) identified a galaxy with

xtended gas and stellar discs similar to Malin 1 in the Illustris
NG 100 simulation. The origin of the cold gas is from gas stripped

rom a pair of in-falling galaxies on to a more massive central.
uch of the cold gas mass is also gained due to the cooling of the

xisting hot halo gas behind elongated cold gas streams resulting
rom the interactions between the galaxy pair. Mixing cold and hot
as accelerates the cooling process, producing a 10 11 M � cold gas
isc with a spatial extent of over 200 kpc. The gas disc is rotationally
upported, with a circular velocity higher than 400 km s −1 . 

Is the galaxy in Zhu et al. ( 2018 ) just one exceptional object? Or
s there a population of galaxies sharing similar properties in the
imulation? This work explores the TNG100 data set looking for
alaxies with similar properties re garding e xtended H I and stellar
iscs. The paper is organized as follows. We detail the methods
f identifying and characterizing GLSB galaxies in Section 2 and
resent the main results in Section 3 , concentrating on the galaxy
roperties. We then discuss the implications of our results, focusing
n the formation history of GLSB galaxies in TNG100, compared
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ith the known formation scenarios in Section 4 . Finally, a short list
f the conclusions is summarized in Section 5 . 

 M E T H O D S  

.1 IllustrisTNG 100 simulation 

he IllustrisTNG project (Pillepich et al. 2018b ; Springel et al. 2018 ;
elson et al. 2018 ; Naiman et al. 2018 ; Marinacci et al. 2018 ) consists
f a series of cosmological MHD simulations using the AREPO code 
Springel 2010 ; Weinberger, Springel & Pakmor 2020 ). In addition 
o gravity and magnetoh ydrodynamics, g as cooling, star formation 
nd feedback, black hole (BH) growth and AGN feedback are all 
ncluded as the essential ingredients. The IllustrisTNG simulations 
uild upon the original Illustris project (Vogelsberger et al. 2014a , b ;
enel et al. 2014 ; Sijacki et al. 2015 ) through a number of physical

nd numerical impro v ements (Weinberger et al. 2017 ; Pillepich et al.
018a ). In particular, the radio mode of AGN feedback has been
eplaced by a kinetic outflow launched from the BH particles, instead 
f the original radio bubbles (Sijacki et al. 2007 , 2015 ; Vogelsberger
t al. 2013 ). This particular modification is crucial to rectify the low
as fraction in the massive halos as reported by Genel et al. ( 2014 ). 

We use the TNG100 simulation with a box of side length 75 h −1 

pc in this work. The baryonic mass resolution is 1.4 × 10 6 M � with
 physical gravitational softening length for star and BH particles 
f 0.7 kpc at z = 0 and an adaptive softening for gas cells with
 minimum of 0.185 co-moving kpc. We use galaxies from the 
UBFIND catalogue, which already contains basic properties such 
s the total mass of each component: star, gas, BH, and dark matter,
s well as photometries for star particles. A galaxy in our study
s 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 
UBFIND catalogues, are provided by supplementary catalogues. 
n particular, halo spins are calculated with the same procedure 
s in Zjupa & Springel ( 2017 ). Galaxy merger histories are de-
ived using the same method in Rodriguez-Gomez et al. ( 2015 ).
or galaxy morphology, we adopt the kinematic decomposition in 
arinacci, Pakmor & Springel ( 2014 ) and Genel et al. ( 2015 ), with

 parameter f ( ε> 0.7 ) 1 that denotes the mass fraction of disc stars.
or more technical details, we refer to these papers. Additionally, 
e calculate the rotation curves based on their mass distributions as
 

2 
rot ,i = GM i ( r ) /r , where M i ( r ) denotes the radial cumulative mass
f each component. 

.2 GLSB and control samples selection 

he GLSB candidate list is constructed as below. The extent of
he H I distribution should be large, and we enforce R H I > 50 kpc,
here R H I is measured where the surface mass density drops below 

 M � pc −2 , following the same definition as in e.g. Broeils & Rhee 
 1997 ) and Wang et al. ( 2016 ). Due to the H I size–mass relation (e.g.

ang et al. 2016 ), this naturally implies a large total H I mass. Based
n the measured H I mass–size relation, the abo v e choice translates
nto a total H I mass abo v e 10 10 M �, consistent with the measurement
f GLSB galaxies by Pickering et al. ( 1997 ) and O’Neil et al. ( 2004 ).
hese candidates are then verified based on their surface photometry. 
 Here, ε is defined for every star particle by ε ≡ J z / J ( E ), with J z the specific 
ngular moment around the symmetry axis and J ( E ) the maximum specific 
ngular momentum possible given the specific binding energy E. 

d  

a
m  

G
A  
either the H I properties nor the surface photometries are given in
he main catalogue; therefore, we adopt a straightforward approach 
o these quantities. 

.2.1 Neutral hydro g en mass 

he interstellar medium (ISM) in IllustrisTNG is treated using the 
pringel & Hernquist ( 2003 ) model. Feedback from supernovae is
bsorbed into an ef fecti ve equation of state for the star-forming
as, with the kinetic ef fects of supernov ae modelled with a galactic
utflow. Therefore, the neutral hydrogen mass comes from both the 
tar -forming and non-star -forming g as. We estimate the neutral g as
raction for each gas cell using two methods outlined in Marinacci
t al. ( 2017 ). We briefly summarize the approach here. 

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

 HI , i = (1 − f mol ,i ) f neutr ,i X i M i , (1) 

ith X i the hydrogen mass fraction and M i the total mass of the cell
 . The neutral gas fraction f neutr, i and the molecular hydrogen mass
raction f mol, i are not directly found in the snapshots but need some
pecial attention. In particular, for non-star-forming gas cells, we 
se the f neutr, i based on the gas cooling functions. For star-forming
as cells, all the cold gas is assumed to be neutral, therefore tied to
he cold mass fraction x according to the definition in Springel &
ernquist ( 2003 ): 

 = 

u h − u 

u h − u c 

, (2) 

here u h , u c , and u are the specific thermal energy of the hot phase,
he cold phase, and the gas cell. 

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

 mol ,i = 

( P /P 0 ) α

( P /P 0 ) α + 1 
, (3) 

here P is the cold gas pressure (total pressure in the cell multiplied
y x ), P 0 = 1.7 × 10 4 K cm 

−3 , and a power-law index α of 0.8. We
lso have compared H I mass with the method by Bird et al. ( 2014 ),
s used in Vogelsberger et al. ( 2014b ), and found these two methods
iv e o v erall consistent results with modest differences found mainly
n the low-mass end. In Bird et al. ( 2014 ), a different estimate of
olecular fraction based on n H (Altay et al. 2011 ) is adopted. On

verage, the method in Bird et al. ( 2014 ) leads to 12 per cent larger
 I mass at M H I = 10 9 M � than that in Marinacci et al. ( 2017 ). At
 H I = 10 10 M �, the differences are ∼5 per cent. We note that major

ncertainties remain in the estimation of molecular gas masses from 

osmological simulations (Diemer et al. 2018 ; Stevens et al. 2021 ),
nd the method by Leroy et al. ( 2008 ) would produce un-physical
esults when applied based on a cell-by-cell basis. Fortunately, the 
mpact to R H I would be minimal as the cold gas is mostly atomic
nyway. 

From visual inspection, some galaxies show strongly warped fea- 
ures (Semczuk et al. 2020 ), which renders any H I disc indiscernible.
herefore, we remo v e the objects from our candidate list if the y do
ot contain a clear cold gas disc distribution. We compare the gas
istribution with the derived R H I value and remo v e those showing
pparent differences. For instance, some galaxies undergoing close 
ergers can attain R H I > 50 kpc, but they will not be considered
LSB candidates. Some galaxies may contain giant ‘holes’ (due to 
GN kinetic feedback, see Nelson et al. 2021 ) in their H I images,
MNRAS 523, 3991–4014 (2023) 



3994 Q. Zhu et al. 

M

(a) (b)

Figure 2. (a) Examples of galaxies excluded from the GLSB candidate 
sample due to the lack of a clear-defined H I disc. For these galaxies, 
the calculated R H I values generally are inconsistent with the o v erall H I 

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

.2.2 Mock galaxy ima g es and surface photometry fitting 

he IllustrisTNG simulations output all the information necessary to
onduct surface photometry studies. We create mock galaxy images
ith the procedure outlined in Torrey et al. ( 2015 ). The luminosity
f each stellar particle follows the single stellar population (SSP)
odel of Bruzual & Charlot ( 2003 ). The radiation from each stellar

article is smoothed o v er its 24 nearest neighbours. Besides adaptive
moothing, no dust attenuation is applied, nor is any sky background
dded. Then the U- , B- , and K -band light is mapped into blue, green,
nd red channels. 

With the mock images of each galaxy, we then apply a procedure
o calculate the extended disc scale length. We restrict the fitting
ange to be brighter than 30 mag arcsec −2 , which is still deeper than
ost current and future surv e ys (Abraham & van Dokkum 2014 ).
ainter structures are thought to be contributed by minor mergers in

he form of stellar streams (e.g. Johnston et al. 2008 ). 
Photometric fittings for LSB galaxies differ significantly between

ifferent studies in the literature. For instance, Beijersbergen, de
lok & van der Hulst ( 1999 ) and Kniazev et al. ( 2004 ) find that the

wo-disc model describes some GLSB galaxies quite well. Saburova
t al. ( 2018 ) used a ‘bulge + disc’ decomposition for UGC 1922.
n Saburova et al. ( 2023 ), the authors fit a single exponential disc
or the component between 25.1 and 27.6 mag arcsec −2 in g band to
erive the disc properties. Hagen et al. ( 2016 ) uses a more complex
hree-component model for UGC 1382. In this work, we will use a
wo-component model following 

( r) = I e exp 

{ 

−b n 

[ (
r 

r e 

)1 /n 

− 1 

] } 

+ I out exp ( −r/r d ) , (4) 

s the default (‘S ́ersic + disc’). The impact of adopting alternative
odels are studied in Appendix A . 
Surface photometry �( r ) is constructed using circular apertures

ithout adding any additional sky background or noise. Major
ncertainties come from the choice of an SSP and the coarse sampling
f young star particles in the otherwise underlying smooth stellar
NRAS 523, 3991–4014 (2023) 
istribution. Therefore, the abo v e procedure represents the most
a v ourable condition to find the extended stellar discs among the
ntire simulated galaxy sample. 

.2.3 A paired control sample 

alaxies are intrinsically complex systems characterized by multiple
ttributes such as their stellar mass, gas mass, dark matter distribu-
ion, angular momentum, and assembly histories. The primary drivers
or galaxy properties are the masses of individual mass components,
uch as stellar mass. F ollowing P atton et al. ( 2016 ), we create a
ontrol sample, consisting of those galaxies sharing similar dark
atter, stellar and total gas masses with the GLSB candidates, in

rder to study the differences between the two samples. 
To this end, we construct a neighbour list of galaxies in the

arameter space of { log ( M dm 

), log ( M star ), log ( M gas ) } using the l 2 

orm as a distance metric. From the neighbour list output by SCIKIT-
EARN , we then search for the nearest neighbour of each GLSB
andidate. We further require that the paired control sample only
onsists of unique members, i.e. containing no repeated entries. This
dditional requirement occasionally forces us to adopt the second
r the third nearest neighbour for a few GLSB candidates. We end
p with a control sample with the same number of galaxies (‘paired
ontrol’) as the GLSB candidates. 

Additionally, we constructed a sample of TNG100 galaxies with
heir stellar mass within the range of the GLSB galaxies, with 10.2 <
og ( M ∗/M �) < 11.6. This leads to a sample of 3086 galaxies, which
ill be termed ‘all galaxies’. The GLSB sample and its control

ample are remo v ed from the list. This sample is not controlled
y any other galaxy properties, which represents ‘normal’ TNG100
alaxies. It is beneficial for us to gain insights into any special feature
resent in the GLSB and the paired control samples. 
Also, we do not impose any constraints on whether or not the

alaxy is the primary subhalo of any FOF group. Hence, satellites
re included both in our GLSB and control samples. It is useful
o note that the fraction of ‘central’ in the three samples are 0.85
GLSB), 0.94 (paired control), and 0.79 (all galaxies), respectively.
he requirement of pairs leads to a more selective sample for the
aired control, such that the fraction of satellites is the least among
he three. 

 RESULTS  

.1 Extended gas discs 

he total number of GLSB candidates we identified at z = 0 is 203.
ig. 3 displays the face-on gas distribution of 16 GLSB galaxies. In
ach panel, the cold H I gas is shown in blue while the tenuous hot halo
as is in red. The size of the H I disc, R H I , is marked with a solid circle
or each galaxy. The side length for each panel in Fig. 3 is 250 kpc.
oth the visual impression and the R H I are consistent with our goal
f finding GLSB candidates hosting extended H I gas. The atomic gas
s also mostly confined in a disc plane. For the galaxies shown here,
here are noticeable asymmetries in the gas distribution outside their
 H I . Those one-arm-shaped gas streams, as in SUBFIND 52622 and
06823 are telling features of the accretion origin of the cold gas. 
Fig. 4 compares the H I properties of the GLSB and the control

ample with the observed LSB galaxies with H I measurements
rom Matthe ws, v an Driel & Monnier-Ragaigne ( 2001 ) and the HIX
ample from Lutz et al. ( 2018 ). The size–mass relation derived by
ang et al. ( 2016 ) is shown in the solid thick line, using 500 nearby
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Figure 3. Face-on view of extended cold H I 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 H I disc is marked and specified for each galaxy. The same colour table is adopted here as in Fig. 2 . 

Figure 4 H I 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 σ uncertainties (0.18 dex). 
Some notable individual galaxies in Wang et al. ( 2016 ) are also included as 
well. 
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Table 1. Comparison of molecular fraction f mol = M H 2 / ( M H 2 + M H I ) of 
different galaxy samples. 

Value name 

GLSB 

(per 
cent) 

Paired control 
(per cent) 

All galaxies 
(per cent) 

16th percentile 0 .08 0.0 0.0 
Median 0 .3 0.5 0.8 
84th percentile 0 .9 1.8 5.2 
Mean 0 .4 1.1 2.4 
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alaxies spanning across five orders of magnitudes in H I mass. We
nclude the individual objects considered in Wang et al. ( 2016 ) as
ell, with NGC 765 (Portas et al. 2010 ), J0836-43 (Donley et al.
006 ), MW (Kalberla & Kerp 2009 ), and M31 (Chemin, Carignan &
oster 2009 ). 
The o v erall H I properties of both GLSB and the paired control

ample agree with observations. The simulated galaxies follow the 
ame relation given by Wang et al. ( 2016 ). The scatter is also confined
ithin 3 σ uncertainties (0.18 dex) from Wang et al. ( 2016 ), shown

n the shaded grey region in Fig. 4 . Not surprisingly, all the GLSB
andidates are larger than 50 kpc in R H I , while the ones in the paired
ontrol sample are considerably smaller in R H I . 

In Fig. 4 , there is some o v erlap between the GLSB and the paired
ontrol sample. This is a consequence of requiring that the o v erall
old gas distribution in GLSB galaxies is in a well-defined disc. 
alaxies with ongoing merger events are excluded from GLSB from 

isual inspection. Some of those H I rich galaxies end up in the
aired control. Nevertheless, it is interesting to note that the largest 
 I masses are all found in the GLSB sample. The total H I mass in
he GLSB sample spans from 2 × 10 10 M � to ∼10 11 M �. In contrast,
he H I mass in the control sample extends below 10 10 M �. 

Table 1 summarizes the molecular fraction for the GLSB, paired 
ontrol, and ‘all galaxies’ samples. The molecular fraction based on 
he mid-plane pressure is known to be an underestimate (Diemer et al.
018 ). Nevertheless, it is helpful to study the differences in molecular
ractions. The median/average value is about half for the GLSB 

ample than the paired control. The distribution of the molecular 
raction is also narrower for GLSB than the other. Given the larger
 I mass in the GLSB sample, it appears that the density of H I is

ctually lower than the paired control. 
Previously, O’Neil & Schinnerer ( 2004 ) and Cao et al. ( 2017 ) have

eported lower molecular fractions in GLSB galaxies than their high 
urface brightness (HSB) counterparts. Interestingly, the attempts to 
etect CO in Malin 1 have been largely unsuccessful since Braine,
erpin & Radford ( 2000 ). Galaz et al. ( 2022 ) put an upper limit
f 13 per cent on the molecular fraction for Malin 1. With a more
ophisticated treatment of molecular hydrogen formation than this 
ork, Diemer et al. ( 2019 ) reported that the molecular fraction of

he Malin 1 analogue in Zhu et al. ( 2018 ) is between 3 per cent and
0 per cent, which is consistent with Galaz et al. ( 2022 ). 

.2 Extended stellar discs 

ig. 5 compares the galaxy size using r 28 for three samples from
NG100, with r 28 the 28 mag arcsec −2 isophote in B band. r 28 is
dopted by Kulier et al. ( 2020 ) and Saburova et al. ( 2023 ) to quantify
he size of GLSB galaxies. 

On average, the GLSB sample contains the largest galaxies 
ndicated by r 28 , with a median value of ∼57 kpc. The paired control
ample has a median r 28 of 40 kpc. In contrast, the median r 28 for
all galaxies’ is 23 kpc. This much smaller r 28 for ‘all galaxies’ can
e attributed to the mass function. Both the GLSB and paired control
ample contain a higher fraction of massive galaxies than the ‘all
alaxies’ sample. 
MNRAS 523, 3991–4014 (2023) 
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Figure 5. Distributions of r 28 or the GLSB, paired control, and ‘all galaxies’ 
samples. The solid lines show the cumulativ e fractions. Ov erall, GLSB 

galaxies have the largest size, followed by the paired control and ‘all galaxies’ 
samples. 
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Are the GLSB galaxies larger due to an extended disc component?
o see this, Fig. 6 shows the mock images of face-on and edge-on
iews of the same galaxies in the GLSB sample. These galaxies are
elected from a sorted SUBFIND ID list, containing the first and the
ast eight entries. Visual impressions for the full GLSB sample are
ncluded in Appendix C . 

Each galaxy is rotated according to the axis perpendicular to its H I

isc. The side length of each image is also 250 kpc. In the top half,
he limiting surface brightness in U , B , and K bands are set at 25, 25,
nd 22 mag arcsec −2 . In the blue band, the same 25 mag arcsec −2 is
sed for the operational definition of galaxy size, r 25 . 
In the lower half of Fig. 6 , the limiting surface brightness of

he same galaxies is extended down to three more magnitudes,
imicking the view from current deep imaging observations (e.g.
alaz et al. 2015 ; Saburova et al. 2023 ). Ho we ver, the limiting surface
rightness is still much brighter than the typical values for the stellar
alo (e.g. Johnston et al. 2008 ; Cooper et al. 2010 ). The faint blue
tructure in the outer region in the upper half turns into extended
tructures at a much larger scale. The deep images reveal not only
he faint spheroidals, but also faint but large discs, which would
therwise appear as sporadic blue dots in the shallow images. It is also
vident that the disc is more preferentially associated with blue light.

Even with only the 16 galaxies shown here, it is clear that our
LSB sample is a heterogeneous population of different colours and
ifferent morphological types. In the shallow images, one can readily
dentify early-type galaxies, disc galaxies with red colours (Tacchella
t al. 2019 ), and disc galaxies with blue colours. In the deep images,
ne can then find stellar discs within large early-type galaxies, e.g.
UBFIND 4 and SUBFIND 41587. On the other hand, one can also
nd extended stellar discs with little spheroidal components, such
s SUBFIND 496056 and SUBFIND 496244. Recall the side length
f each panel is 250 kpc. Therefore, the extent of the stellar discs is
emarkable, which is intimately related to the large r 28 of the GLSB
ample shown in Fig. 5 . 

In the process of making the images, all the GLSB candidates
re rotated in the coordinates defined by their H I disc. The edge-on
iew of the galaxies here also shows that the stellar discs are more or
ess in the same plane as the gas disc, which suggests that these two
omponents are closely connected. In the literature, B -band images
NRAS 523, 3991–4014 (2023) 
re widely used to define galaxy morphologies. Working in B band re-
uces the impact of older stellar populations (Buta 2013 ). We can also
ee that the blue light in deep images of Fig. 6 is preferentially located
n the disc structure. We will further examine this connection later. 

Fig. 7 shows the azimuthally averaged radial profile for the same
6 GLSB candidates. For each galaxy, the scale length r d and μ0 ( B ),
he extrapolated B -band central surface brightness at r = 0, and σ ,
he root mean square error (RMSE) of the surface photometry fitting
f the outer disc is listed as well. 
The derived disc parameters for our GLSB sample are consistent

ith the observed GLSB galaxies. All of the galaxies here have
B ( r = 0) > 23 mag arcsec −2 . In addition, the size of the outer disc,
 d , is all larger than 10 kpc. If we adopt the definition of GLSB in
aburova et al. ( 2023 ), all galaxies in this figure can be classified as
LSB. The quality of the fitting varies for different galaxies. The
tting errors for some galaxies, such as SUBFIND 52622, 88665,
nd 503432, are small. Galaxies with large RMSE exhibit some
ownward break in their surface photometry at large galactic radii,
.g. SUBFIND 76093, 493183, and 506823. A broken-exponential
rofile (Erwin 2015 ) could offer better fits for these galaxies. 
We apply the same photometric fitting procedure to the GLSB

nd the paired control samples. For some galaxies in GLSB sample,
nd for many objects in the paired control sample, it appears that
 single component is dominant in the entire range. In these cases,
he outer disc component is barely present at best, and a single
 ́ersic component could suffice. Therefore, we require the outer disc
omponent to be at least 2 mag brighter than the inner S ́ersic profile
t r 28 . This additional requirement allows us only to include galaxies
ith reliable measurements of outer discs. The total number of
alaxies passing this cut is 99 and 171 for the two samples considered.

Fig. 8 compares the distribution of the stellar disc parameters
rom our abo v e fitting procedure with previous measurements in
he literature (van der Kruit 1987 ; de Jong & van der Kruit 1994 ;

cGaugh & Bothun 1994 ; Sprayberry et al. 1995 ). We further use
he definition of GLSB discs according to Sprayberry et al. ( 1995 ), 

B (0) + 5 log r d > 27 . 0 , (5) 

here μB (0) = μB ( r = 0). The units for μB (0) and r d are
ag arcsec −2 and kpc, respectively. 
The outer disc of the GLSB galaxy sample falls into the same

arameter space occupied by known GLSB galaxies (McGaugh &
othun 1994 ; Sprayberry et al. 1995 ), as well as the gap between
alin 2 and the two extended discs, UGC 1382 (Hagen et al.

016 ) and Malin 1. Only four galaxies in our GLSB sample are
lightly on the left of the division according to equation ( 5 ). For the
aired control sample, ∼ 55 per cent (55) of galaxies in the paired
ontrol sample are consistent with GLSB discs, while the rest are
ot. Recently, Saburova et al. ( 2023 ) have compared the disc scale-
ength distributions in both the HSC field and the Eagle simulations
nd concluded that giant discs represent the large-sized end of the
 olume density distrib ution of normal-sized spirals. The distrib ution
f the disc parameters for the paired control sample in Fig. 8 is
onsistent with this assessment. 

The total number of large discs contributed by the two samples
s thus 167 and 55, respectively. The latter number indicates that
ur selection criteria could be too strict such that some galaxies in
he paired control sample could be safely deemed as GLSB instead.
evertheless, most of the extended discs in Fig. 8 are contributed
y the GLSB sample. Moreo v er, the majority of the GLSB sample
ndeed hosts extended discs. Therefore, we will use the same 203
alaxies in the GLSB and the paired control sample without further
efinement 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. 
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.3 Main galaxy properties 

ext, we study the main galaxy properties for our GLSB and control
ample. We start with the total dark matter and total stellar mass in
he top panel of Fig. 9 . Both the samples follow the general trend
f all TNG100 galaxies shown in the parameter space here. GLSB
alaxies are mostly massive systems with total dark matter mass 
bo v e 10 12 M � and stellar mass abo v e 10 10 M �. Hence, these are
ot in the regime of dwarf galaxies. 
The centre panel compares the gas fraction, f gas = M gas /( M gas +
 ∗), between the two samples. As the control sample is constructed

y finding the closest neighbour measured in { log ( M DM 

), log ( M gas ),
og ( M ∗) } space, the o v erall agreement between the two distributions
n the centre panel shows that even only considering baryonic 
omponents, the two populations are close in the sense of their gas
ractions. As a result, it is beneficial for us to focus on the differences
n other galaxy properties instead of worrying about the impact of
he major galaxy properties such as f gas . 

The lower panel of Fig. 9 displays the distribution of maximum
otational velocity V max and f ε > 0.7 , where f ε > 0.7 is the fraction of
tars with ε > 0.7. F or ev ery star particle, ε is the ratio between
he specific angular momentum along the symmetry axis J z and 
he maximum specific angular momentum possible at the specific 
inding energy E . V max is a measure of the total mass distribution,
hile the latter is a good indicator of galaxy morphological type.
MNRAS 523, 3991–4014 (2023) 
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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 ( r d > 10 kpc) with low central surface brightness μB (0) > 23 mag arcsec −2 . 
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he entire TNG100 population is also shown here in the form of a
eat map. We can find a general trend that f ε > 0.7 peaks at V max =
00 km s −1 , and drops toward both higher and lower V max . 
The drop of f ε > 0.7 with V max ≥ 200 km s −1 reflects the o v erall

ransition from late-type galaxies to early-type galaxies as a function
f the total mass. The minimum and maximum of V max for the GLSB
ample are 150 and 500 km s −1 , respectively. This mass span shows
hat the GLSB galaxies consist of both the most disc-dominated and
he more massive early-type galaxies in TNG100. As a result, this
gure confirms our earlier impression from the mock galaxy images

hat GLSB galaxies are a heterogeneous population with distinct
alaxy morphologies. 

The lack of any GLSB with V max < 150 km s −1 is a result of a strict
ut in R H I = 50 kpc. Some galaxies with smaller H I disc could also
e classified as GLSB galaxies if their outer disc parameters satisfy
quation ( 5 ) according to Sprayberry et al. ( 1995 ). Therefore our
ample, as shown in Fig. 8 is incomplete if we only consider the
efinition of GLSB galaxies based on the H I disc. As a result, the
NRAS 523, 3991–4014 (2023) 

c  
otal number of GLSB galaxies in our sample should be interpreted
s a lower limit . 

We can probably gain a rough idea of how many GLSB galaxies
ould be missing due to our approach. In P ́erez-Monta ̃ no et al.
 2022 ), the mean ef fecti ve r -band surface brightness is adopted as the
efining property for LSB galaxies. Using the catalogue by P ́erez-
onta ̃ no et al. ( 2022 ), we find that 92 out of 203 GLSB galaxies are

lso identified as LSB galaxies for their ef fecti ve surface brightness.
y comparison, only 37 in the paired control sample are recognized
s LSB galaxies in both definitions. The ef fecti ve r band μ( r ) is
1.74 ± 1.08 for GLSB galaxies and 21.03 ± 1.15 mag arcsec −2 for
he control. We note our method is able to identify the majority of
LSB galaxies. 

.4 Colour–magnitude diagram and star formation 

t is now well-known that GLSB galaxies often contain HSB inner
omponents. The inner disc of Malin 1 was reported by Barth ( 2007 ).
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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 ‘S ́ersic + 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. 
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GC 1382 was classified as a normal early-type galaxy before its
aint stellar disc was disco v ered (Hagen et al. 2016 ). More recently,
aburova et al. ( 2018 ) have presented a study of a ‘Malin 1’ cousin,
GC 1922. This galaxy contains a prominent bulge and an extended 
isc, similar to other known GLSB galaxies. Diffuse UV emission 
as been detected in some GLSB galaxies (e.g. O’Neil et al. 2007 ;
oissier et al. 2008 , 2016 ; Hagen et al. 2016 ), which is a sign of
urrent star formation acti vity. Ne vertheless, a full picture of the
 v erall location of GLSB galaxies in the galaxy colour–magnitude 
iagram is still lacking. 
In the upper panel of Fig. 10 , we show the GLSB and paired

ontrol samples in u − r colour versus r -band magnitudes. Using 
he relation by Baldry et al. ( 2004 ) and Smethurst et al. ( 2015 ), we
lso plot the position of the green valley. Those above the green
alley comprise the so-called red sequence and those below the 
lue cloud. As demonstrated by Nelson et al. ( 2018 ), one of the
ajor impro v ements of TNG o v er the original Illustris model is
ore realistic galaxy colour bimodality. 
The bottom panel of Fig. 10 summarizes the u − r colour for

LSB, control, and ‘all galaxies’ samples. The differences between 
LSB and the rest of the TNG100 galaxies are readily seen. The

olour bimodality separates ‘all galaxies’ into two well-defined 
eaks. For GLSB galaxies, the peak for blue galaxies is absent, 
eflecting that few galaxies with u − r < 1.5 exist. And the colour
istribution is closer to a single peak distribution around the red 
equence with a tail into blue galaxies. The paired control shows
 similar distribution in galaxy colour as GLSB galaxies, but with
lightly more blue galaxies. The peak for GLSB galaxies is slightly
luer than the paired control. We caution that Fig. 10 only shows u −
 colour for the entire galaxy, while there is a substantial colour
radient within each galaxy. As shown in Fig. 6 , blue stars are
referentially found in the outer discs. 
Many GLSB galaxies around the green valley are in transition 

etween the blue and red galaxies, often still with ongoing star
ormation activities. Fig. 11 shows the distribution of star formation 
ate (SFR) and the total B -band luminosity. We also include the
easurements from O’Neil et al. ( 2007 ) and Saburova et al. ( 2021 )

or comparison. Galaxies from O’Neil et al. ( 2007 ) are consistent
ith the majority of TNG100 galaxies (small dark dots), following 
 tight relation resembling the main sequence. Overall, galaxies 
ncluded in O’Neil et al. ( 2007 ) are less massive than the ones in
aburova et al. ( 2021 ), primarily consisting of known GLSB galaxies.
he upper part of the GLSB and control samples are consistent with

he seven GLSB galaxies in Saburova et al. ( 2021 ), while a good
raction of the GLSB sample is characterized by SFR < 1 M � yr −1 . 

Both the GLSB and paired control samples deviate from an o v erall
alaxy main sequence. Fig. 11 is also consistent with Fig. 10 , that
ost of the two samples consist of galaxies in the green valley

nd the red sequence. We find no systematic differences between 
he two samples regarding their locations in the SFR–M B despite 
heir differences in the total H I mass. This can be explained by the
act that those gas cells with a density higher than the star formation
MNRAS 523, 3991–4014 (2023) 
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Figure 9. Top panel: Galaxy dark matter and stellar mass for GLSB, paired 
control, and ‘all galaxies’ samples. Middle panel: Distribution of gas fraction 
f gas = M gas /( M gas + M ∗). Bottom panel: Disc mass fraction f ε > 0.7 as a 
function of maximum rotational velocity V max . The dark hexagons show 

the o v erall distribution of TNG100 with the intensity corresponding to the 
number of galaxies in each hexagon. 

Figure 10. Upper panel: Galaxy u − r colour and total r -band magnitude 
M r relations for GLSB, paired control, and the rest of TNG100 galaxies. The 
observational definition of the green valley is adopted to separate the galaxies 
into three populations accordingly. GLSB and the control samples span the 
parameter space of red sequence and green valley, but with few galaxies in 
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. 
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hreshold only contribute to star formation. Although GLSB galaxies
enerally contain more H I mass than the paired control, as long as
he gas remains dif fuse belo w this threshold, no significantly higher
evel of star formation activity is present. 

.5 Mass distribution 

wing to their extended H I distribution, GLSB galaxies provide
 rare opportunity to measure the mass distributions up to large
alactic radii. By re-analysing the H I maps of Malin 1 and NGC
589 by Pickering et al. ( 1997 ), Lelli et al. ( 2010 ) derived new
otation curves for these two galaxies. Both galaxies show flat
otations curv es abo v e 200 km s −1 . In contrast to the previous
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Figure 11. A comparison of total SFR versus the total B -band magnitudes 
for the GLSB and paired control samples. The rest of the TNG100 sample is 
shown in the small dark symbols. Observational measurements from O’Neil 
et al. ( 2007 ) and Saburova et al. ( 2021 ) are shown in large coloured symbols. 
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onclusion by Pickering et al. ( 1997 ), they find both galaxies
ontain steeply rising rotation curves in the inner region, which 
mplies similarities between the inner GLSB component and normal 
alaxies. 

In a photometric and spectroscopic study of Malin 2, Kasparova 
t al. ( 2014 ) performed the mass modelling for each component
nd found the dark matter halo to be best described with a large
ore radius of 27 kpc in a pseudo-isothermal profile. The inferred 
entral dark matter density of Malin 2 (0.003 M � pc −3 ) is almost a
actor of 10 less than that of the Milky Way (e.g. see Read 2014 ).
asparova et al. ( 2014 ) further argue that differences between GLSB
alaxies and normal galaxies can be caused by the different dark 
atter halo properties. In particular, a massive and rarefied dark 
atter distribution with large-scale radius largely defines the scale 

f the giant disc. The total mass of Malin 2 is quite large, as shown
n its rotation curve (see fig. 7 in Kasparova et al. 2014 ), which
pproaches 300 km s −1 at radii ∼100 kpc. 

Mishra et al. ( 2017 ) presented the rotation curves of four GLSB
alaxies derived from GMRT H I observations. The flat part of the
otation curve of the four galaxies ranges from 225 to 432 km s −1 .

easurements for yet another three GLSB galaxies can be found 
n a recent study by Saburova et al. ( 2021 ). For NGC 7589, UGC
382, and UGC 6614, the rotational curv es are o v erall flat with
 rot � 200 km s −1 . To date, all the nine known GLSB galaxies
re consistent with massive galaxies as indicated by their large H I

otational velocities. 
In Fig. 12 , we plot the rotation curves, in the form of enclosed mass

 

2 
rot = GM en /r , as a function of radius r for each component: stars,
ark matter, and gas. For the total mass distribution shown in the last
anel, the solid curve shows a median value of 240 km s −1 , while the
haded region corresponds to the 16th and 84th percentiles, at 190 and 
00 km s −1 , respectively. This panel shows flat rotation curves with
ur GLSB sample, fully consistent with the nine measured GLSB 

alaxies we listed abo v e. It is interesting to note that the rotation
urves for the control sample do not deviate significantly from the 
LSB sample, which implies that the total mass distributions are 
imilar. 

The top two panels of Fig. 12 compare the mass distributions of
tars and dark matter. Due to both the stellar and the dark matter
omponents, the rotation curves are consistent between the GLSB 

nd paired control samples. For the inner 20 kpc, the distribution
f dark matter is virtually the same between the two. Finally, it
s only in the gas distribution that we find differences in the mass
istribution, as shown in the last panel. At r = 80 kpc, the GLSB
ample contains larger gas masses, indicated by V rot, gas ∼ 60 km s −1 . 
or comparison, at the same distance, the control sample has a
0 per cent lower median V rot, gas , at ∼ 40 km s −1 . The differences
n V rot, gas become smaller at larger r , which indicates it is caused by
ifferent H I distributions of the two samples. 
Unlik e LSB dw arf g alaxies, GLSB g alaxies usually exhibit steep-

ising rotation curves (Lelli et al. 2010 ; Saburova et al. 2021 ).
ig. 13 compares individual rotation curves with the observed GLSB 

alaxies. We include the long-slit spectroscopic observations from 

aburova et al. ( 2018 ; UGC 1922), Saburova et al. ( 2019 ; UGC 1378),
nd Saburova et al. ( 2021 ; Malin1, Malin2, UGC1382, UGC6614,
GC7589). Since these measurements are optical, they offer much 
igher spatial resolution than currently available H I data, therefore 
eing able to probe the central region. Our GLSB sample shows
imilar behaviour in terms of the rising of rotation curves in the inner
 kpc as the observed ones. 

.6 Galaxy spin parameter 

ne of the most important properties of dark matter haloes is the halo
pin, which is a fundamental concept to understand the formation of
alaxy discs (Fall & Efstathiou 1980 ; Mo, Mao & White 1998 ).
alactic angular momentum originated from tidal torques acting 
n the dark matter haloes in the early Universe (Peebles 1969 ). The
lobal spin parameter λ is found to follow a lognormal distribution in
-body dark matter haloes (e.g. Barnes & Efstathiou 1987 ; Bullock

t al. 2001 ). For cosmological hydrodynamic simulations, Zjupa & 

pringel ( 2017 ) find that while the baryonic process radically
hanges the baryonic angular momentum, the dark matter component 
emains largely unaffected. 

We compare the dimensionless spin parameter λ derived from the 
otal matter content of the galaxy for the GLSB and control sample,
ccording to 

= 

J tot 

M tot 

E 

1 / 2 
tot 

GM 

3 / 2 
tot 

(6) 

nd refer to λ as halo spin. This follows the definition by Peebles
 1969 ), with M tot , J tot , E tot the total mass, angular momentum, and
otal energy of a particular galaxy. The details of the methods of
ts computation with the TNG simulation remains the same as in
jupa & Springel ( 2017 ). 
The distributions of λ at z = 0 are shown in the top left-hand

anel of Fig. 14 , both in the histograms and as a smoothed kernel
ensity estimation. The paired control sample closely follows the 
 v erall lognormal distribution, broadly consistent with ‘all galaxies’ 
n the same mass range. On the other hand, the GLSB sample has a
istinctly larger spin parameter. 
The median values for λ are 0.038 and 0.043 for ‘all galaxies’

nd paired control. A two-sided KS test reports a p -value of 0.002,
ndicating notable differences in the control sample. On the other 
and, the median value of λ is 0.060 for the GLSB sample. KS
ests between GLSB and either of the other two samples can fully
eject the hypothesis that the two samples are drawn from the same
MNRAS 523, 3991–4014 (2023) 
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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 o v erall total mass distributions. 
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istribution, with a p -value � 1. While λ is ∼ 40 per cent larger
han the control sample, the lognormal nature of the distribution
mplies substantially more galaxies reside in the long tail of high-spin
aloes. 
We note that the abo v e finding, which links the halo spin with

alaxy surface brightness, is consistent with two recent studies,
ulier et al. ( 2020 ) and P ́erez-Monta ̃ no et al. ( 2022 ), despite the
ifferences in the definition of LSB. In particular, the galaxy mass
anges considered in these tw o w orks are substantially more extended
han our GLSB sample. A strong correlation between halo spin and
alaxy size (which is closely related to galaxy surface brightness)
as also recently reported by Rodriguez-Gomez et al. ( 2022 ) for a

arge sample of TNG100 galaxies. 
The other three panels in Fig. 14 are the distributions of λ at

arlier redshifts, obtained from the main progenitors (obtained from
erger trees, see Section 3.7 ) of our z = 0 galaxy samples, whereby
NRAS 523, 3991–4014 (2023) 
e include only progenitors with mass > 10 10 M �. 2 For the GLSB
ample, the median value increases from 0.033 at z = 3, to 0.040 at
 = 2, to 0.055 at z = 1, to 0.060 at redshift zero. In contrast, for
he paired control sample, its median value of λ has increased from
.033 at z = 3, to 0.036 at z = 2, to 0.039 at z = 1, to 0.043 at
 = 0. It is evident that the differences in the spin parameter have
merged via a continuous and prolonged process. Interestingly, at z =
 the differences in λ seem to converge between the samples, which
s in good agreement with what it was found by P ́erez-Monta ̃ no
t al. ( 2022 ) where the authors found that the evolution of the spin
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Figure 13. Rotation curves of individual galaxies from the GLSB sample, 
compared with recent observ ations (Saburov a 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. 

Figure 14. The distribution of halo dimensionless spin parameter λ for 
the GLSB sample, paired control sample, and ‘all galaxies’ in TNG100 
at different redshifts. While the control sample closely follows the o v erall 
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. 
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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. 
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arameter between LSB and HSB galaxies exhibit a clear bifurcation 
t similar redshift. 

.7 Merger history 

erger trees provide a unique perspective on the formation histories 
f simulated galaxies. With the merger trees constructed using the 
ethod in Rodriguez-Gomez et al. ( 2015 , 2016 ), we first created

nimations of each GLSB galaxy based on its gas distribution in 
ach snapshot and visually inspected each animation. One of the 
ommon features which caught our attention is that the extended 
 I gas at z = 0 can be visibly attributed to a galaxy merger or an
ccretion. 

With the nomenclatures in Rodriguez-Gomez et al. ( 2015 ), we
onsider mergers to be major mergers, defined by a mass ratio μ >

/4. The mass ratio is based on the stellar masses of the two merging
alaxies at the time when the secondary reached its maximum stellar
ass. Fig. 15 compares the total number of major mergers since z =
 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 
istribution with its peak at 0 (‘all galaxies’) or 1 (‘GLSB’ and ‘paired
ontrol’). According to the two-sample KS test, while we can reject
he hypothesis that the total number of major mergers of the GLSB
r control samples are drawn from the same distribution as the rest of
he TNG100 galaxies, the same statement cannot be made between 
LSB and paired control samples. 
A notable fraction of galaxies in Fig. 15 registered no major
ergers since z = 1. On the other hand, a significant number

f galaxies had ≥2 major mergers. We also confirm that those
xtended discs without any major mergers are indeed long-lived 
alaxies based on the animations. Therefore GLSB galaxies, with- 
ut being disturbed for a long time on a cosmological time-
cale, e.g. since z = 1, do exist in � CDM, at least in the TNG
imulations. 

Fig. 16 further shows the details of the redshift of the last major
erger. Overall, we find a broad distribution of redshift. For GLSB

alaxies, a peak between z = 0.2 and 0.4 can be seen in the kernel
ensity estimate. Translating redshift to look-back time, the GLSB 

ample contains many galaxies with major mergers completed 2–
 Gyr ago. For comparison, a peak at z = 0.1 can be identified for
he paired control sample. The raw histogram of the latter has a
ronounced peak at z = 0, indicating that some galaxies have just
ecently completed the merger process. 

Fig. 17 compares the amount of stellar mass that was formed ex
itu , in terms of the ex situ mass fraction f ( exsitu ). Here, ex situ stars
re those formed outside the main galaxy but accreted subsequently 
MNRAS 523, 3991–4014 (2023) 
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Figure 16. The redshift distribution of the last major merger for GLSB and 
control samples. The smooth curves are kernel density estimations, while the 
histograms are raw counts. For the GLSB sample, we find a peak between 
redshift 0.2 and 0.4 for the last major merger. For the paired control, there is 
a pronounced peak at z ∼ 0, indicating a very recent/ongoing merger. 

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 fa v ours larger f ( exsitu ), 
which is statistically different from the other two distributions. 
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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 θ < 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. 
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Rodriguez-Gomez et al. 2016 ). In contrast, the in situ stars are those
ormed out of the condensed gas in the main galaxy . Visually , the
x situ mass fraction of the paired control sample agrees perfectly
ith ‘all galaxies’ in TNG100. On the other hand, GLSB galaxies

onsistently show a larger f ( exsitu ). This impression is further
erified with a two-sample KS test. The difference in f ( exsitu ) is
ostly driven by the number of mergers as shown in the previous
gure. In P ́erez-Monta ̃ no et al. ( 2022 ), with a different operational
efinition of LSB galaxies, the authors also find that LSB galaxies
NRAS 523, 3991–4014 (2023) 
ad their last major merger more recently than HSB galaxies, with a
ajor contribution of ex situ build-up. 
Another feature of galaxy mergers is the orbital configuration

f the two merging galaxies. Analysing the TNG100 simulation,
eng, Wang & Gao ( 2021 ) find that major mergers with a spiral-

n orbit leads to the formation of massive discs. Instead of the
rbit parameters before the merger, we show the alignment of the
ngular momentum of gas and stellar component at z = 0, which
s operationally more feasible for observations than the initial orbit
onfiguration. 

Fig. 18 compares the result of the tilt angle between the gas and
tellar components for the GLSB and paired control samples. We also
omputed the result expected from a random orientation, assuming
o correlation between the two angular momentum vectors, as shown
n the dashed curve. One can see that the angular momenta of gas
nd stars in GLSB are so strongly aligned that ∼ 80 per cent of the
ample shows a tilt angle ≤10 deg and > 90 per cent with angle ≤20
e g. F or comparison, while the paired control sample also shows a
reference for small tilt angles, one can still find ≥45 deg or even
ounter-rotating configurations. In addition, the difference between
he paired control and ‘all galaxies’ is minimal according to KS
est. This figure indicates that while the TNG100 galaxies show
ome preferences towards the alignment of the two components, H I

omponents are more aligned with the stellar angular momentum for
he GLSB sample. 

.8 Environment 

he final galaxy property we examine before we move on to the
iscussion is the environment. Both mass and environment are
ecognized as drivers for galaxy evolution (Dressler 1980 ; Peng et al.
010 ). Modern simulations such as Illustris are able to reproduce the
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Figure 19. Distance to the fifth neighbour r 5th for the GLSB and two control 
samples. We only include massive galaxies with M r < −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 r 5th < 1 Mpc. 
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bserved rapid quenching process in massive galaxies in high-density 
nvironments (Vogelsberger et al. 2014a ). 

Bothun et al. ( 1993 ) reported a deficit of nearby neighbours for
SB discs on small scales below 2 Mpc, based on ∼340 galaxies from

he CfA redshift surv e y. Their interpretation is that the lack of tidal
nteractions prevents the low-density gas discs from rapidly evolving. 
osenbaum & Bomans ( 2004 ) found significant differences in 
alaxy densities around LSB and their HSB counterparts. This 
onclusion is drawn from the neighbour counting analysis of 16 123 
DSS galaxies. The fifth nearest neighbour distribution also shows 
ifferences between 2 and 5 Mpc for the two galaxy populations. 
For GLSB galaxies specifically, Knezek ( 1993 ) investigated the 

nvironment for a flux-limited sample of galaxies in UGC with 
 H I > 10 10 M � and D 25 > 25 kpc. While the GLSB galaxies trace

he o v erall large-scale distribution of normal galaxies, a lack of
earby (within 1 Mpc) bright L 

∗ neighbours was found. Reshetnikov, 
oisee v & Sotnikov a ( 2010 ) examined the nearby galaxy distribu-

ion for Malin 1, and found it in a relatively low-density region with
 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
losest filament. Hagen et al. ( 2016 ) studied the local environment
or UGC 1382 and concluded that it is located in a poor galaxy
roup, with only one bright neighbour within 500 kpc. Recently, 
 ́erez-Monta ̃ no & Cervantes Sodi ( 2019 ) have also reported that the
raction of isolated central LSB galaxies is higher than that for HSB
nes, and the density of their local environment is lower. 
We also use nearest neighbours as a proxy for the environment. To

his end, we calculate the distance to the fifth nearest neighbouring 
alaxies by only including those brighter than M r = −19.5 following 
ogelsberger et al. ( 2014a ). Fig. 19 shows the distribution of r 5th for

hree samples. 
At face value, Fig. 19 is in contrast to what is found by Bothun

t al. ( 1993 ) and Rosenbaum & Bomans ( 2004 ). Namely, the paired
ontrol sample fa v ours slightly more isolated environments than 
LSB candidates. Both samples have few objects with r 5th < 1 
pc. The peak is at 2 and 1.5 Mpc for the GSLB and paired control
amples. At > 3 Mpc, the apparent differences disappear for the r 5th 

istribution. 
This puzzle is resolved by noting that the construction of the

ontrol sample is quite different between this work and those in
othun et al. ( 1993 ) and Rosenbaum & Bomans ( 2004 ). In particular,
e control stellar, DM, and gas mass masses such that the control

nd the GLSB galaxies are paired. In doing so, galaxies in galaxy
lusters are unlikely to be selected to be part of the control in the first
lace. This effect can be seen in the distribution for ‘all galaxies’ in
he figure. In the absence of matching all three components, a peak
t ∼0.5 Mpc is present. And the differences between the GLSB and
all galaxies’ samples can be seen up to 6 Mpc. Interestingly, there
s also a deficit of GLSB galaxies with r 5th > 3 Mpc. 

As we use the total gas while constructing the paired sample, and
he cold H I gas in GLSB galaxies is substantially more massive
han the control, we essentially demand the control sample contain 

ore mass in hot halo gas. As a result, we see some compensation
ffect here: the control sample would be slightly more isolated to
etain more halo gas. The deficit of GLSB galaxies in the dense
nvironment is broadly consistent with Malin 1, UGC 1382, and 
hose studied in Knezek ( 1993 ). 

 DI SCUSSI ON  

.1 Obser v ational outlooks 

ven today, surprising new features are being reported for Malin 1
Junais et al. 2020 ; Saha et al. 2021 ). Our understanding of GLSB
alaxies will undoubtedly be advanced in the coming decade. In 
articular, f acilities lik e BlueMUSE (Richard et al. 2019 ) and Vera
. Rubin Observatory will play a pivotal role in this process. 
Ongoing and future H I surv e ys (e.g. Yahya et al. 2015 ; Koribalski

t al. 2020 ) will expand the volume of discovery compared to the
revious generation of surv e y, such as HIPASS (Barnes et al. 2001 )
nd ALF ALF A Giovanelli et al. ( 2005 ). These surv e ys will be highly
eneficial for GLSB disco v eries as well. Additionally, the y will test
he connection between extended H I discs and the formation of
LSB discs we have explored in this work. 
Saburova et al. ( 2023 ) predict that 13 000 GLSB galaxies exist

ithin z < 0.1 in the full sky. The volume fraction of our sample is
bout twice their estimate. It is reasonable to expect a large number
f GLSB galaxies await to be discovered in the coming era of Vera
. Rubin and SKA observatories. Thus, GLSB galaxies will be at

he front of the unexplored low-surface brightness Universe. 

.2 Formation scenarios 

n the previous section, we present our analysis of the basic properties
f GLSB candidates. We find that our GLSB sample shows good
greement in terms of the H I mass, the parameters of the stellar
isc, galaxy colour, and SFR with the observed GLSB galaxies. 
hen comparing them with the paired control sample, we noticed 

ignificant differences in the halo spin, merger history, and angle 
etween gas disc and the stellar components. Ho we ver, we did not
nd significant differences in the dark matter mass distributions, nor 

heir environments on ∼Mpc scales. Since we have discussed each 
opic along the way in the text above, we focus on the formation
cenarios here. 

Bothun et al. ( 1987 ) and Impey & Bothun ( 1989 ) suggested the
ormation of Malin 1 as an un-evolved (or slowly evolving) disc at low
edshift. This view is consistent with the large amount of available
old gas detected in Malin 1. In particular, given the relative isolated
MNRAS 523, 3991–4014 (2023) 
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nvironment of Malin 1, the gas disc could be long lived since z ∼
 with a sustained lo w le vel of star formation due to the low surface
ensity of the gas disc. Of course, this picture appears to be difficult
o fit in hierarchical formation of galaxies, since discs can be fragile
o frequent galaxy mergers and flybys (see, ho we ver, Sotillo-Ramos
t al. 2023 ). 

Looking at Fig. 15 , there are certainly a few galaxies in our sample
hat can be described with the abo v e picture. The relativ ely isolated
nvironments of LSB galaxies also prevent them from any major
ergers since z = 1, leading to the survi v al of a large gas disc

lready present. Nevertheless, the majority of the sample does not fit
nto this picture. 

Hoffman et al. ( 1992 ) presented a formation scenario that GLSB
alaxies consist of normal bulges but un-evolved extended discs as a
esult of the large-scale environment. Specifically, galaxies formed in
are 3 σ density peaks in the void show similar inner structure as those
ormed in 1 σ peaks within more clustered re gions. F or those galaxies
ormed in the void, their mass distribution in the outer regions is
ignificantly more extended but the gas cooling time is much longer
hen compared to the dynamical time. The long cooling time (on the

cale of Hubble time) thus prohibits efficient star formation within
he extended gas disc over cosmic time. 

The difficulty of this formation scenario to explain the entire GLSB
opulation is highlighted in Fig. 19 where both the control and GLSB
amples are located in a more isolated environment than the ‘average’
NG100 galaxies. Moreo v er, we find our GLSB galaxies are rarely

n the voids. Therefore, the large-scale environment alone is not the
ole cause of GLSB formation. 

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

Mapelli et al. ( 2008 ) presented a study of major mergers of two
isc galaxies with small impact parameters using hydrodynamic
imulations. The virial mass of the host and intruder are 4.9 × 10 11 

nd 3.2 × 10 11 M �, respectively. The host galaxy consists of a dark
atter halo, a stellar bulge, and a disc as well as an exponential

as disc while the intruder is devoid of any baryons. Unlike pre-
ious numerical studies only involving collision-less dynamics, the
nclusion of gas dynamics enables the authors to follow gas cooling
nd star formation in the merging process. As the adopted set-up
as initially designed for Cartwheel-like galaxies, these simulations
roduce large stellar and gas ring 100–200 Myr after the close
ncounter with clear ‘spokes’ connecting the ring and the central
tellar disc. Afterward, the stellar ring and the spokes slowly faded
way, becoming indistinguishable from a giant disc structure. The
NRAS 523, 3991–4014 (2023) 
old gas also settles into an extended but low surface density disc,
kin to the observed GLSB galaxies. 

The inconsistencies with the head-on collision theory and our
esults are readily seen in Figs 16 and 18 . In particular, the timing for
he last major merger is also significantly different. The time for the
ast major merger is registered at 2–4 Gyr ago. Additionally, we see
 preferential in-spiral orbit, which results in a well-aligned gas disc
ith the stellar component. Therefore, we conclude that the recent

 < 1 Gyr) head-on collision is not the main mechanism to form GLSB
alaxies in TNG.. 

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

Another scenario regarding of the formation of extended stellar
iscs such as in M31 is discussed in Pe ̃ narrubia et al. ( 2006 ). Satellite
alaxies on prograde co-planar orbits are disrupted as they fall into
he potential of MW/M31 size host galaxies. The debris form an
 xtended e xponential disc structure with a disc scale length as large
s 30 kpc o v er the range of 30 and 200 kpc from the host. This
echanism works more efficiently for more massive dwarf galaxies

ue to stronger dynamical friction. The disc scale length is also
trongly correlated with the initial stellar distribution within the dwarf
alaxy. The more concentrated the initial stellar components are, the
ore compact the resultant debris discs. 
We believe the mechanisms presented in Dalcanton et al. ( 1997 ),

e ̃ narrubia et al. ( 2006 ), and an isolated environment could explain
he GLSB sample in TNG100. Specifically, the distinct difference
n the halo spin parameters between the GLSB and paired control
amples is consistent with the predictions made by Dalcanton et al.
 1997 ). 

For the model in Pe ̃ narrubia et al. ( 2006 ), only stellar and dark
atter components are followed in a static host potential, the more

omplex dynamics with gas and star formation are not considered.
ased on the properties of UGC 1382, Hagen et al. ( 2016 ) have
oncluded that the extended gas disc in UGC 1382 is consistent with
his formation scenario such that the total cold gas (2 × 10 10 M �)
an be what is left o v er of one or a few disrupted dwarf galaxies. 

The TNG simulations follow the gas dynamics, as well as gas
ooling and star formation simultaneously. GLSB galaxies actually
re among the most H I massive galaxies in the entire sample,
uggesting some additional channel of cold gas supply. The reason
s that any external galaxy alone is not able to provide the entire H I

as. In Zhu et al. ( 2018 ), using the thermal histories tracked by tracer
articles (Genel et al. 2013 ), the authors find that a substantial fraction
f the hot halo gas participated in the cooling process. The cooling
ccurred at the interface between the incoming cold gas delivered
y the merger and the existing halo gas. This cooling process is
istinct from classical cold accretion (Kere ̌s et al. 2005 ) or normal
ooling from shocked heated gas. The detail of this ‘stimulated
ooling’ is beyond the scope of this study, and we reserve it for future
ork. 

.3 Comparison with other numerical studies 

he formation of discs as a result of major mergers has been well
tudied o v er the years (e.g. Springel & Hernquist 2005 ; Athanassoula
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t al. 2016 ; Peschken, Athanassoula & Rodionov 2017 ; Sparre &
pringel 2017 ; Peschken, Łokas & Athanassoula 2020 ). Ho we ver,

he connection between mergers and the formation of GLSB galaxies 
as not been fully unveiled. There are a few recent numerical studies
n the formation of LSB galaxies in a cosmological context that we
an compare with. 

Di Cintio et al. ( 2019 ) investigated LSB galaxy formation in the
IHAO simulation suite, with the stellar mass in the range between 
0 9.5 and 10 10 M �. They found that coplanar co-rotating mergers and
ligned accretion of gas are able to reproduce galaxies with large H I

eservoirs, extended ef fecti ve radii and slowly rising rotation curves. 
n the other hand, perpendicular or misaligned merger/accretion 

vents lead to galaxies with higher surface brightness. Our GLSB 

ample contains galaxies that are significantly more massive than 
i Cintio et al. ( 2019 ), and more diverse in terms of galaxy
orphology. Nevertheless, we note a similarity in terms of the 

ormation mechanism of the extended stellar disc. 
Kulier et al. ( 2020 ) analysed the EAGLE simulation to study the

roperties of LSB galaxies. The EAGLE simulation has a comparable 
olume to TNG100. LSB galaxies are found to be in more isolated
nvironments, and in higher spin haloes. For a few galaxies, with 
xtended stellar discs comparable to the observed GLSB galaxies, 
hey are formed through mergers. While EAGLE uses SPH as 
ts hydro solver and a completely different prescription for star 
ormation and feedback, and AGN feedback (this is also true for
IHAO), we again find a very similar formation mechanism to form
LSB galaxies. While neutral gas was not considered in Kulier 

t al. ( 2020 ), there appears a trend of a deficiency of galaxies with
 H I > 10 10 M � by comparing the H I mass functions in Crain et al.

 2017 ) and Diemer et al. ( 2019 ). 

.4 Caveats and uncertainties 

y constructing a paired control sample, we are able to select those
alaxies with stellar, total gas and DM mass close to the GLSB
ample. By doing so, the samples are found to be located in a more
solated environment compared to the rest of TNG100 galaxies. And 
e are able to identify the differences in halo formation histories and
alo spin parameters for GLSB galaxies. Ho we ver, a more satisfying
pproach would be to select a control sample sharing similar ‘initial 
onditions’ with the GLSB galaxies. One way to achieve this is
o apply the method in Stopyra et al. ( 2021 ), which introduces
odifications to the formation history and the environment to the 

nitial conditions in a controlled manner. Such future research may 
elp us to establish some definitive causal relation between major 
ergers and GLSB galaxies. 
One of the uncertainties is inherited from the star formation 
odel of Springel & Hernquist ( 2003 ), which prevents us from

irectly contrasting the modeled star formation history with the 
ecent observations of Young, Kuzio de Naray & Wang ( 2015 ,
020 ). As much of the star formation is happening in the low-density
nvironment for GLSB galaxies, a more explicit model that resolves 
he multiphase structure of the ISM such as FIRE-2 (Hopkins et al.
018 ) and SMUGGLE (Marinacci et al. 2019 ; Kannan et al. 2020b ,
 ) would be more suitable. The candidates in our GLSB sample
rom this study will be a good starting point to set up zoom-in re-
imulations. 

In our analysis, we have not applied an y radiativ e transfer
odelling in the post-processing, which would affect the B-band 

uminosities. Kulier et al. ( 2020 ) presented a detailed comparison 
etween the galaxy photometries without dust extinction (our ap- 
roach is similar) with the results using a Monte Carlo radiative 
ransfer code. The mean B -band surface brightness is ∼0.22 mag
rcsec −2 dimmer with radiative transfer than that obtained with 
tar particles alone. Moreo v er, galaxies with lower mean surface
rightness are less affected than those with higher surface brightness. 
herefore, the addition of radiative transfer is unlikely to alter 
ur results drastically, in particular, considering that the surface 
hotometry is performed with face-on projection. Nevertheless, 
ost-processing with multiband radiative transfer (e.g. Li et al. 
020 ) could be beneficial to study the dust emission (Rahman
t al. 2007 ) as well as the molecular hydrogen in GLSB galax-
es (Gerritsen & de Blok 1999 ; Das et al. 2010 ; Galaz et al.
022 ). 
We build our GSLB samples with extended H I discs. Given that
ost observed GLSB galaxies are indeed massive H I reservoirs 

Bothun et al. 1987 ; O’Neil et al. 2004 ; Hagen et al. 2016 ; Saburova
t al. 2023 ), it is a reasonable choice to start with the H I component.
evertheless, we could miss a population of gas-poor GLSB galaxies. 
his caveat can be addressed by using only stars, by combining

adiative transfer with a flexible multicomponent fitting. 
In this study, we do not discuss the central BH in our sample nor

ompare the M bh –σ relation with the observed one (Subramanian 
t al. 2016 ). In P ́erez-Monta ̃ no et al. ( 2022 ), we find that the high
ngular momentum of the configuration prevents the material to fall 
o the central regions and feed the black holes, showing also lower
ccretion rates. This leads to less massive BHs in LSB galaxies when
ompared with HSBs at fixed stellar mass. 

We did compare the GLSB sample with the galaxies sharing the
ame ID in the original Illustris simulation. We could not associate
ny of the galaxies with extended H I discs anymore. Also, we
onfirm that the original simulation lacks a population of galaxies 
ith extended H I discs in general. For the same galaxy in Zhu et al.

 2018 ), it is a massive red elliptical. Considering one of the major
dvancement in TNG is an impro v ed treatment of BH outflow, GLSB
alaxies turn out to be a v ery sensitiv e test of the AGN feedback
odel. 
Based on our comparisons of mass distributions in the GLSB and

he control samples, we have not considered the formation channel 
iscussed in Kasparova et al. ( 2014 ). The essence dark matter in TNG
s collisionless, with its dynamics following the potential of both 
ark matter and the baryons. The adopted feedback processes, from 

upernovae or AGN outflow, are not likely to modify the distribution
f dark matter significantly for this mass range. Therefore, the large-
cale radius in Malin 2 found by Kasparova et al. ( 2014 ) and Saburova
t al. ( 2021 ) is outside the model and parameter space co v ered by
NG. 

 C O N C L U S I O N S  

sing the cosmological hydrodynamics simulation Illustris TNG100, 
e study the properties of GLSB galaxies and compare them with
bserved ones. We start with a sample of large H I discs, perform
urface photometry fitting and quantifying the properties of the outer 
tellar disc. We then construct a paired control sample, which shares
imilar total dark matter, gas, and stellar mass, to contrast with the
LSB sample. Below are some of the most important findings from
ur study: 

(i) We successfully identify a population of galaxies with (1) 
 xtended and re gular H I distributions ( R H I > 50 kpc) and (2)
onfirm most of them have faint and large stellar discs, which share
imilar properties to the observed GLSB galaxies. 
MNRAS 523, 3991–4014 (2023) 
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(ii) The GLSB sample is a heterogeneous sample with different
alaxy morphologies ranging from the most disc-dominated systems
o massive ellipticals. On average, the GLSB galaxies are found in
aloes with V max > 150 km s −1 , consisting of ∼ 6 per cent of total
alaxies in the same stellar mass range. They are found in the red
equence and cross the green valley in the galaxy colour–magnitude
iagram. 
(iii) The TNG100 GLSB sample is in very good agreement in

erms of total H I mass, SFR, and galaxy rotation curves with observed
LSB galaxies. Moreo v er, the parameters of the simulated stellar
iscs are found in the current gap between extreme galaxies such as
alin 1/UGC 1382 and the rest of the known GLSB galaxies. 
(iv) We have not identified differences in the dark matter mass

istribution between the GLSB and the control samples. 
(v) We detect significant differences in molecular factions, halo

pin parameters, merger histories, and their ex situ stellar mass
raction between the GLSB and the control samples. The spin
arameter λ is ∼ 40 per cent larger for GLSB galaxies than for the
aired control. All the GLSB galaxies have consistently larger ex
itu mass fractions than the paired control or ‘all galaxies’. We also
nd the preferential alignment of cold gas angular momentum with

he stellar angular momentum in the GLSB sample such that the tilt
ngle is usually less than 10 deg. 

(vi) The distance to the fifth nearest neighbour shows that GLSB
alaxies are mostly located in somewhat isolated environments.
o we ver, the paired control sample follows a similar r 5th distribution.
herefore, the isolation alone does not guarantee that an extended
isc will/can form. 
(vii) We find that aligned galaxy mergers with a combination

f relatively isolated environments could explain the formation of
he extended discs in our sample. A few of the GLSB candidates
xperienced no major merger since z = 1, which contributes to the
ongevity of the disc structure. 

Since GLSB galaxies are not in the calibration processes of tuning
he parameters of TNG simulations, the results presented in this study
an be regarded as genuine predictions by the model. Nevertheless,
uch remains to be learned about these intriguing objects. Our work

s only a first step in this endea v our. So far, cosmological numerical
imulations seem to have no problem reproducing them. 
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PPENDIX  A :  C O M PA R I S O N  O F  

S  ́ERSIC  + D ISC ’  A N D  ‘TWO -DISC’  FITTINGS  

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

xponential profiles as 

( r) = I in exp 
(−r/r d , in 

) + I out exp 
(−r/r d , out 

)
, (A1) 

hich involves two discs with scale-length r d,in and r d,out . We then
ompare the outer disc parameters derived from these two models
o assess the impacts of the underlying assumption of the galaxy
omponents. 
NRAS 523, 3991–4014 (2023) 

igure A1. Distribution of root mean square error (RMSE) with to the ‘two- 
isc’ (upper) and ‘S ́ersic + disc’ (bottom) fittings to the GLSB and paired 
ontrol samples. 

Figure A2. The same as Fig. 8 , but with disc parameters derived using a 
‘two-disc’ (upper) and a single exponential profile (bottom). 
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Fig. A1 shows the distribution of RMSE of the surface photometry
ttings of the entire GLSB and paired control samples, which yields
 reasonably good description of the face-on B -band profiles. With
he ‘S ́ersic + disc’ model, the median and the average of RMSE
re 0.28 and 0.30 mag arcsec −2 for GLSB and 0.23 and 0.27 for the
aired control. With ‘two-disc,’ the median and the average are 0.28
nd 0.30 for GLSB, 0.23 and 0.26 for the paired control sample. The
S ́ersic + disc’ slightly better fits the paired control galaxies than the
two-disc’ model. For the GLSB sample, the two models give the
ame quality of fittings regarding RMSE. 

The top panel of Fig. A2 then compares the disc parameters derived
rom the ‘two-disc’ model with observations, which is very close to
hat is obtained in Fig. 8 . The majority of the GLSB sample can be

haracterized with GLSB discs. For the paired control sample, the
isc parameters span a much wider range, co v ering both the low-
nd high-surface brightness regimes. 
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Figure B2. The distributions of halo spin parameters λ for the GLSB and 
three paired control samples. 
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We also fit a single exponential disc in the range of 25–28
ag arcsec −2 . This particular choice is inspired by the recent study 

y Saburova et al. ( 2023 ). The bottom panel of Fig. A2 displays the
arameters of the outer disc from this e x ercise. Some of the faintest
nd the most extended discs from the ‘S ́ersic + disc’ or ‘two-disc’
odels are no longer present. The distribution of the disc parameters 

s more concentrated around the observed GLSB galaxies, with a 
ap to fill to reach UGC 1382 and Malin 1. Still, most galaxies in
he GLSB sample are consistent with the definition of GLSB discs.
or comparison, the paired control sample spans both the low- and 
igh-surface brightness discs. 
We believe the difference seen between ‘two-disc’ and ‘one-disc’ 
odels is due to the contribution of any non-disc component to the

aint discs. The ‘two-disc’ or ‘S ́ersic + disc’ model subtracts the
ontribution from the inner galaxy quite well. 

PPEN D IX  B:  IMPACTS  O F  DIFFERENT  

A IR ED  C O N T RO L  SAMPLE  C O N S T RU C T I O N S  

aving a paired control sample is beneficial to remo v e the biases
ue to galaxy mass functions. We rely on a paired control sample
sing the nearest neighbour in [log ( M ∗), log M DM 

, log M gas ]. This is
oti v ated by the observed rotation curves for GLSB galaxies (e.g.
elli et al. 2010 ; Saburova et al. 2021 ). Given the total mass budget

n each component, such a choice allows us to study the internal mass
istribution. 
This section further explores the impacts of using different control 

arameters on the results. We construct two separate paired controls, 
ne with stellar mass only log ( M ∗) and one with log ( M DM 

). 
igure B1. The same as Fig. 5 , but with the paired control sample constructed 
sing different criteria. The ‘paired with DM’ only considers the dark matter 
ass, while the ‘paired with stars’ only takes the total stellar mass M ∗ in 

o account. The distributions of r 28 in the three different paired controls are 
 v erall consistent with each other. 

Figure B3. The distributions of ex situ stellar fractions for the GLSB and 
three paired control samples. 
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Fig. B1 compares the distribution of r 28 , a proxy for galaxy
ize, between different samples. Despite being constructed with 
ifferent parameters, three paired controls show consistent galaxy 
ize distributions. The median values are 40, 43, and 37 kpc,
espectively. 
MNRAS 523, 3991–4014 (2023) 
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igure B4. The distribution of r 5th for the GLSB and paired control samples.
nlike Figs B3 or B2 , significant differences are present between the ‘paired

ontrol with DM’ and ‘paired control’ samples with a peak occurring at r 5th 

 1 Mpc. On the other hand, the ‘paired control with stars’ agrees with the
paired control’ sample. 
NRAS 523, 3991–4014 (2023) 
Fig. B2 shows the spin parameters for each sample at z = 0.
imilarly in Fig. B3 , the distribution of ex situ mass fractions are
onsistent between three paired controls. 

Fig. B4 shows considerable differences in the environment. In
articular, ‘paired control with DM’ peaks at 0.5 Mpc while ‘paired
ontrol with stars’ at ∼2 Mpc. This could be caused by the scatter in
he M DM 

− M ∗ relations, with different mass removal rates for DM
nd stars. Stars are less susceptible than DM to galactic tides. As we
o not find GLSB galaxies in the dense environment, the differences
e see in Fig. B4 should have minimum impact on our conclusions.

PPENDI X  C :  FULL  GLSB  C A N D I DAT E  

AMPLE  

igs C1 and C2 show all 203 TNG100 galaxies in our final GLSB
ample. The limiting surface brightness in U, B, and K are 28, 28,
nd 25 mag arcsec −2 , the same as in Fig. 6 . 
m
/m

nras/article/523/3/3991/7192445 by guest on 19 February 2024
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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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