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A B S T R A C T 

We study the formation of ultradiffuse galaxies (UDGs) using the cosmological hydrodynamical simulation TNG50 of the 
Illustris-TNG suite. We define UDGs as dwarf galaxies in the stellar mass range 7 . 5 ≤ log(M � / M �) ≤ 9 that are in the 5 per cent 
most extended tail of the simulated mass–size relation. This results in a sample of UDGs with half-mass radii r h � � 2 kpc and 

surface brightness between 24 . 5 and 28 mag arcsec −2 , similar to definitions of UDGs in observations. The large cosmological 
volume in TNG50 allows for a comparison of UDGs properties in different environments, from the field to galaxy clusters 
with virial mass M 200 ∼ 2 × 10 

14 M �. All UDGs in our sample have dwarf-mass haloes ( M 200 ∼ 10 

11 M �) and show the same 
environmental trends as normal dwarfs: field UDGs are star-forming and blue while satellite UDGs are typically quiescent and 

red. The TNG50 simulation predicts UDGs that populate preferentially higher spin haloes and more massive haloes at fixed 

M � compared to non-UDG dwarfs. This applies also to most satellite UDGs, which are actually ‘born’ UDGs in the field and 

infall into groups and clusters without significant changes to their size. We find, ho we ver, a small subset of satellite UDGs 
( � 10 per cent ) with present-day stellar size a factor ≥1.5 larger than at infall, confirming that tidal effects, particularly in the 
lower mass dwarfs, are also a viable formation mechanism for some of these dwarfs, although sub-dominant in this simulation. 

Key w ords: galaxies: dw arf – galaxies: formation – galaxies: groups: general – galaxies: haloes. 
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 I N T RO D U C T I O N  

ltradiffuse galaxies (UDGs) are an extreme case of low-surface 
rightness galaxies (Sandage & Binggeli 1984 ; Impey, Bothun & 

alin 1988 ; Dalcanton et al. 1997 ; de Blok & McGaugh 1997 ;
cConnachie et al. 2008 ; Conselice 2018 ) with luminosities in the

egime of dwarfs L = [ ∼ 10 7 –10 9 ] L � and extended half-light radii
 e ≥ 1 . 5 kpc . UDGs were first detected in large numbers in the Coma 
luster (van Dokkum et al. 2015a ), followed by several pioneering 
orks mining for these dim dwarfs in galaxy groups and clusters

e.g. Koda et al. 2015 ; Mihos et al. 2015 ; van Dokkum et al. 2015a , b ;
an der Burg, Muzzin & Hoekstra 2016 ; Yagi et al. 2016 ; Mancera
i ̃ na et al. 2019a ; Lim et al. 2020 ; La Marca et al. 2022 ; Venhola
t al. 2022 ). 

These studies confirmed that up to thousands of UDGs can be 
ound in single individual clusters and that the abundance of UDGs 
cales close to linearly with host halo mass (van der Burg et al.
016 ; Mancera Pi ̃ na et al. 2018 ; Lee et al. 2020b ). UDGs are
herefore a numerous population in high-density environments and 
ontribute significantly to well-studied statistics such as the satellite 
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uminosity function or galaxy clustering. They are also a fundamental 
omponent of our understanding of dwarf galaxy formation, as some 
f their observed properties, such as size, globular cluster (GC) 
ontent, or inferred dynamical mass, remain difficult to reconcile 
ith theoretical models (Sales, Wetzel & Fattahi 2022 ). 
One of the most striking aspects of early UDG studies was the

isco v ery of a large number of associated GCs (Peng & Lim 2016 ;
an Dokkum et al. 2016 , 2017 ), which together with their survi v al in
igh density environments moti v ated the idea that the y liv e in o v erly
assive dark matter haloes, being more comparable to Milky-Way 

ike objects than to dwarfs. Follow up studies have shown that this is
ot necessarily the case for all UDGs, some of which could include a
e w or e ven no GCs at all (Beasley et al. 2016 ; Amorisco et al. 2018 ;
im et al. 2018 ; Saifollahi et al. 2021 , 2022 ), as well as a wide range
f dynamical mass estimates (Beasley et al. 2016 ; Toloba et al. 2018 ;
anieli et al. 2019 ; van Dokkum et al. 2019b ; Doppel et al. 2021 ;
annon et al. 2022 ). 
The combination of current results on GC content and kinematic 
ass estimates suggests that a large fraction of the UDGs inhabit

w arf-mass haloes lik e regular dw arfs, instead of being comparable
o L � objects as originally thought (see brief re vie w in Trujillo 2021 ).
urrently, the dark matter content of UDGs remains an interesting 

opic of debate, with some cases of extreme mass-to-light ratios 
Toloba et al., in preparation) or the o v erabundance of GCs in some
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DGs being particularly intriguing aspects of their formation (see
rujillo-Gomez, Kruijssen & Reina-Campos 2022 , Carleton et al.
021 and Danieli et al. 2022 for possible mechanisms to explain
igh GC numbers). 
Several theoretical models were crafted to explain the formation

f UDGs with large stellar sizes, which can be roughly divided
nto three main categories: internal processes, externally driven
rocesses, or a combination of both. Internal processes include high
ngular momentum (Amorisco & Loeb 2016 ; Rong et al. 2017 ) or
ursty and prolonged star formation with their associated breathing-
ode stellar outflows (Di Cintio et al. 2017 ; Chan et al. 2018 )

s main drivers of the extended sizes in UDGs. Environmentally
riven mechanisms include the expansion of otherwise normal dwarf
alaxies due to different processes such as tidal heating (Jiang,
ekel & Freundlich 2019a ), tidal stripping (Carleton et al. 2019 ;
acci ̀o et al. 2021 ), non-adiabatic expansion of the stars due to gas

emoval (Safarzadeh & Scannapieco 2017 ), mergers (Wright et al.
021 ), or stellar dimming after star formation truncation induced by
luster environment (Tremmel et al. 2020 ). 

The third class of UDG-formation models invoke the need for
 combination of internal and external processes. For instance, in
imulations presented in Jiang et al. ( 2019a ) and Sales et al. ( 2020 ),
he UDG population in group and cluster-like objects consists of
he infall of extended dwarfs already ‘born’ UDGs in the field plus
he addition of newly formed UDGs due to tidal stripping of more

assive galaxies (Sales et al. 2020 ) or tidal heating of normal dwarfs
Jiang et al. 2019a ), with the inclusion of both mechanisms necessary
o reproduce the observed number of UDGs in groups and clusters.
nother example of a mixed origin is presented in Jackson et al.

 2021 ), where low-surface brightness galaxies (some of which would
ualify as UDGs) are formed by a combination of early assembly due
o high-density regions followed by stripping and tidal perturbations
riven by the environment at late times. 
While all UDG formation mechanisms discussed abo v e may play

 role in shaping these galaxies to some degree, the identification
f a main driver for UDG formation is still elusive and, most
mportantly, the predictions from these theoretical models can be
utually contradictory. For instance, early analytical models predict

hat UDGs form in haloes with high-spin (Amorisco & Loeb 2016 ;
ong et al. 2017 ), ho we ver se veral simulations teams find no
articular bias in the halo spin of UDGs versus no-UDGs dwarfs
Jiang et al. 2019a ; Tremmel et al. 2020 ; Wright et al. 2021 ). The
ormation time for UDGs is also poorly constrained in theoretical
odels, with some results from cosmological simulations suggesting

arly assembly (Jackson et al. 2021 ; Wright et al. 2021 ) but semi-
nalytical models fa v ouring instead late formation times (Rong et al.
017 ), partially confirmed later by Kong et al. ( 2022 ) for the case of
as-rich UDGs in the field. 

With the important caveat in mind that different definitions have
een applied in the past to identify UDGs in observations and simu-
ations, and that this can have a significant effect on the conclusions
rawn (Van Nest et al. 2022 ), the lack of consensus coming from
ifferent simulations is most likely also tracking differences in the
aryonic treatment and feedback model adopted in each numerical
xperiment, which has been shown to impact considerably the
tructural properties of galaxies in simulations (Sales et al. 2010 ;
cannapieco et al. 2012 ). 
A promising avenue to help break degeneracies between predic-

ions from different models is to compare populations of UDGs
ormed across different environments. For instance, UDG formation
odels that are purely environmentally driven would expect a
uch smaller population of UDGs in the field. Encouragingly,
NRAS 522, 1033–1048 (2023) 
bserv ational ef forts have already rendered large samples of field
DGs candidates, defined as galaxies in low density environments

hat satisfy similar surface densities and radius cuts as the traditional
DGs in clusters (e.g. Mart ́ınez-Delgado et al. 2016 ; Leisman et al.
017 ; Rom ́an & Trujillo 2017b ; Jones et al. 2018 ; Rom ́an et al. 2019 ;
ones et al. 2021 ; Marleau et al. 2021 ). 

In the o v erwhelming majority, field UDGs are blue and star
orming, in contrast with group and cluster UDGs, which are red
nd quiescent (van der Burg et al. 2016 ; Mancera Pi ̃ na et al. 2019a ;
adowaki et al. 2021 ; Prole et al. 2021 ; Zaritsky et al. 2022 ). Note

hat a handful of identified field-UDGs are also found to be red and
uiescent (e.g. Mart ́ınez-Delgado et al. 2016 ; Papastergis, Adams &
omanowsky 2017 ; Rom ́an et al. 2019 ), which may be naturally
xplained through backsplash orbits (Benavides et al. 2021 ). Is
here a link between gas-rich UDGs in the field and their quiescent
ounterparts found today in group and cluster environments? 

Kinematically, the (admittedly scarce) available data from a
ample of H I -rich field UDGs suggests very low inner dark matter
ensity (Jones et al. 2018 ; Mancera Pi ̃ na et al. 2019b , 2022a ), which
isfa v ours the existence of very massive dark matter haloes in these
warfs, in agreement with dwarf-mass halo estimates in several
uiescent UDGs. We caution though that these results should be
arefully interpreted, as the sample with resolved rotation curves is
mall and caveats on the inclination determination and possible miss-
lignments might apply (Oman et al. 2016 ; Read et al. 2016 ; Gault
t al. 2021 ; Sell w ood & Sanders 2022 ). Most importantly, while we
now little about the kinematics of the field UDGs, we know even less
bout their GC content gi ven the dif ficulties in identifying GC-like
bjects in lumpy star-forming discs. This lack of common ground to
ompare observations of UDGs in the field and in clusters makes it
ery challenging to trace a possible evolutionary link between star-
orming UDGs and quiescent UDGs in groups and clusters using
bservational samples. 
Numerical simulations, with their ability to trace objects across

ime, are an ideal tool to tackle such questions and provide important
uidance to future observ ations. Ho we ver, because of numerical
esolution demands, UDG studies in cosmological simulations have
een limited in the past mostly to zoom-in field dwarfs or zoom-
ns of groups and clusters (e.g. Di Cintio et al. 2017 ; Chan et al.
018 ; Cardona-Barrero et al. 2020 ), but not to both environments
imultaneously. A fe w ef forts have combined environments by
tudying different simulations using the same feedback prescription
e.g. Wright et al. 2021 and Tremmel et al. 2020 , or Jiang et al.
019a ), but often at different numerical resolutions or still limiting
he numbers of objects in one or the other environment. 

Our work builds on those lines by using the high-resolution
osmological TNG50 numerical simulation (Nelson et al. 2019a ;
illepich et al. 2019 ), which uniformly samples a ∼50 Mpc side
ox to study the formation of UDG galaxies. We present one of the
rst studies that include UDGs in a wide range of environments, from
eld dwarfs to clusters with virial mass ∼10 14 M � representing fairly

ntermediate structures such as filaments and backsplash regions. The
elatively large volume simulated in TNG50 also allows for a uniform
ampling of halo formation histories for dwarf UDGs in the field,
ithout biases introduced in selecting individual haloes in zoom-in

uns. Most importantly, our sample contains galaxies formed under a
nified baryonic treatment, equal numerical resolution independent
f the environment, and a unified selection criteria, simplifying the
nterpretation of our results and possible comparison to current and
uture observations. 

The paper is organized as follows: In Section 2 we briefly describe
he simulation and discuss the selection of UDGs applied in our
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Figure 1. Relation between stellar mass and stellar size (defined as 
the half-mass radius, r h � ) for all simulated galaxies in the mass range 
log (M � / M �) = [7 . 5 , 9 . 0] in the TNG50 simulation (grey dots). The median 
relation is highlighted with the thick solid black line. UDGs are defined 
as the most extended 5 per cent of the sample at each stellar mass, and 
highlighted in red circles or blue stars for satellites or centrals, respectively. 
For comparison, we define the population of normal dwarfs to be all simulated 
galaxies with sizes between the 5th and 95th percentile (yellow region). Thin 
violet dashed lines indicate lines of constant surface brightness assuming a 
mass-to-light ratio equal to unity and encompass all our UDG sample. Several 
observational data are shown in black edged symbols, where we transform 

2D sizes R eff to 3D assuming r h � = 4 / 3 R eff (Hernquist 1990 ). Observational 
data are represented with green smooth symbols: diamonds indicate star- 
forming UDGs in low-density environments (Rong et al. 2020b ); circle is the 
relatively isolated DGSAT I (Mart ́ın-Navarro et al. 2019 ); pentagon is UDG 

S82-DG-1, an isolated quiescent UDG (Rom ́an et al. 2019 ), triangles (up and 
inverts) correspond to gas-rich isolated UDGs (Leisman et al. 2017 ; Mancera 
Pi ̃ na et al. 2020 ); crosses are UDGs in the Virgo cluster (Lim et al. 2020 ), 
and x-symbols for the Coma cluster (van Dokkum et al. 2015a ). Our UDG 

definition agrees well with observational samples. 
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ample. In Section 3 we analyse the halo and stellar properties of
DGs comparing different environments. We study in detail the 

volution of satellite UDGs in Section 4 and determine the role 
f tidal effects on defining their extended sizes. We discuss and 
ummarize our results in 6 . 

 SIMULATION S  A N D  M E T H O D  

e use the TNG50 cosmological hydrodynamical simulation (Nel- 
on et al. 2019a ; Pillepich et al. 2019 ), which is the highest resolution
ox available within the IllustrisTNG project (Marinacci et al. 2018 ; 
aiman et al. 2018 ; Nelson et al. 2018 ; Springel et al. 2018 ; Pillepich

t al. 2018a , b ; Weinberger et al. 2018 ; Nelson et al. 2019a ). TNG50
ollo ws the e v olution of a ∼52 3 Mpc v olume set up initially with a
otal of 2 × 2160 3 of gas elements and dark matter particles. The
imulation is run using the AREPO code (Springel 2010 ) to evolve
rom redshift z = 127 to the present-day and assumes a set of
osmological parameters consistent with the Planck Collaboration 
III ( 2016 ) measurements ( �m = �dm 

+ �b = 0.3089, �b = 

.0486, cosmological constant �� 

= 0.6911, Hubble constant 
 0 = 100 h km s −1 Mpc −1 , h = 0.6774, σ 8 = 0.8159, and spectral 

ndex n s = 0.9667). The typical mass resolution achieved in TNG50- 
, the highest resolution run available for this box, and the one
nalysed here, is m bar = 8 . 5 × 10 4 M � and m drk = 4 . 5 × 10 5 M �,
ith typical gravitational softening εz= 0 

DM,� = 0 . 29 kpc. The average 
ime between snapshot outputs is ∼ 0 . 14 Gyr. 

The baryonic treatment included in TNG50 is largely based on 
he previous Illustris project (Vogelsberger et al. 2013 , 2014 ) with
ome modifications to the stellar and AGN feedback prescriptions 
escribed mostly in Pillepich et al. ( 2018a ) and Weinberger et al.
 2017 ), respectively . Briefly , gas is allowed to cool up to a temper-
ture T = 10 4 K following the cooling and heating rates computed
rom local density, redshift, and metallicity. Gas abo v e a density
 = 0.13 cm 

−3 is modelled via an equation of state to describe a
ual-phase gas (Springel & Hernquist 2003 ). 
Star formation may occur for gas cells abo v e a giv en density

hreshold for star formation set at n H � 0.1 cm 

−3 . Stellar particles are
orn assuming a Chabrier initial mass function (Chabrier 2003 ) and 
heir posterior stellar e volution follo wing the prescription described 
n Pillepich et al. ( 2018a ). The simulation includes a modelling for
omentum input due to stellar feedback as well as metal deposition 

rom evolved stars into the interstellar medium. Black hole feedback 
s also implemented via energy input for both high and low accretion
ates, although its modelling is not thought to play a major role in
he dwarf mass range analysed in our sample. 

The identification of the haloes and subhaloes is done through 
riends-of-Friends (Davis et al. 1985 , FoF) and SUBFIND (Springel 
t al. 2001 ; Dolag et al. 2009 ). The evolution of objects through
ime is followed using the SubLink merger trees (Rodriguez-Gomez 
t al. 2015 ). Virial mass, radius, and circular velocity ( M 200 , r 200 

nd V 200 , respectively) are measured using the radius within which 
he average density is 200 times the critical density of the Universe.
he TNG50 box includes a wide range of environments, with the 
ost massive halo having M 200 ≈ 2 × 10 14 M � follo wed by a fe w

ozen group-like environment haloes with 12 . 5 < log ( M 200 / M �) <
4) and thousands of galaxy- and dwarf-mass objects in the field. 
We will use the term central to refer to galaxies that are sitting at the

entre of the potential wells of a given FoF group, and satellite to refer
o anything associated with an FoF group that is not a central. Broadly,
e will assume that central galaxies reside in the field, while satellites 
ight belong to a galaxy-, group-, or cluster- environment according 

o the virial mass of their host FoF halo. Infall times for satellites,
 inf are defined as the last snapshot where the progenitor is identified
s a central galaxy. Properties related to galaxies, such as stellar
r gas mass, angular momentum, colours, and star formation rates 
re computed using all particles within the ‘galaxy radius’, defined 
ere to be twice the half-mass radius of the stars r h ,� , a common
ssumption in previous works from the Illustris and Illustris-TNG 

rojects. 

.1 Sample of UDGs 

e focus on the regime of dwarf galaxies with stellar masses M � =
0 7 . 5 –10 9 M �, which in TNG50 means that the lowest mass dwarfs
n our sample are resolved with ∼570 stellar particles. In addition,
e impose a minimum dark matter mass M DM 

≥ 5 × 10 7 M � and 
tellar half-mass radius r h � ≥ 0 . 3 kpc (or ef fecti ve radius) to remove 
purious contamination from baryonic clumps and other numerical 
rtefacts. Fig. 1 shows the stellar mass–size relation for dwarfs in
NG50 that fulfil these selection criteria. Throughout this article, we 
ill use the word ‘size’ to characterize the stellar ef fecti ve radius of
alaxies. 
MNRAS 522, 1033–1048 (2023) 
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M

Figure 2. Illustration of some of our simulated UDGs and their location 
within the TNG50 box. The blue stars represent central UDGs (galaxies 
from the field) and red circles show satellite UDGs (galaxies in groups). The 
zoom-in panels show the stellar component of two UDG examples, one in 
the field (bottom left-hand corner) and a satellite of a M 200 ∼ 10 13 M � host 
(top right-hand corner). The yellow circles indicate the virial radius of some 
galaxy- and group-size haloes in this region of the box. 
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In this work, we identify UDGs as dwarf galaxies with extended
izes that are abo v e the 95th percentile of the sample at a given stellar
ass, and refer as ‘normal dwarfs’ to all galaxies within 5th–95th

ercentiles in the mass–size relation, indicated by the yellow shaded
rea in Fig. 1 . UDGs are highlighted with blue stars or red circles
ccording to whether they are field or satellite objects, respectively.
o guide the eye, we include two constant surface brightness lines
orresponding roughly to � = 24.5 and � = 28 mag arcsec −2 

measured within the ef fecti ve radius and assuming mass-to-light
atio of 1), which describe well typical luminosities of UDGs in the
igh and low mass end, respectively. 
With our definition, simulated UDGs are in the ballpark of UDGs

rom observational surv e ys in different environments, highlighted
ith green symbols in Fig. 1 . We show UDGs in Virgo (Lim et al.
020 ) and Coma (van Dokkum et al. 2015a ) clusters, along with low-
ensity regions UDGs (Mart ́ın-Navarro et al. 2019 ; Rom ́an et al.
019 ; Rong et al. 2020b ). While simulations nicely reproduce the
ange of sizes observed in the high-mass end studied here, low-mass
DGs in simulations are not as extended as some of the UDGs
bserved in the Coma cluster (van Dokkum et al. 2015a ). Our final
ample of simulated UDGs in the M � = 10 7 . 5 –10 9 M � mass range
omprises 176 field objects and 260 satellites. An example of their
istribution with respect to other simulated structures in the box is
hown in Fig. 2 . Note that our definition aligns more closely with
DGs being outliers of the mass–size scaling relation, in a similar

ashion as used in the Lim et al. ( 2020 ) study of the Virgo cluster, and
oes not assume a fixed radius or surface brightness cut as preferred
n other studies (e.g. van Dokkum et al. 2015a ). Our decision is

ostly driven by the mass-dependent behaviour of size in the mass
ange analysed shown in Fig. 1 . As such, our interpretation of UDGs
ill al w ays be as extreme objects compared to the formation of the
ajority of dwarfs at the same mass, or ‘normal dwarfs’, which
NRAS 522, 1033–1048 (2023) 
epresent the 90 per cent of the population. We emphasize that in our
efinition UDGs can never dominate or become a significant fraction
f the dwarf population, but are instead defined as the most extended
utliers (see for instance Tremmel et al. 2020 ; Jackson et al. 2021 ;
right et al. 2021 , for a different approach). 

 F O R M AT I O N  O F  U D G S  IN  DI FFERENT  

NVI RO NMENTS  

e analyse in what follows the main properties of our identified
DGs in relation to non-UDG dwarfs formed in the simulations. We

ocus on quantities that have been proposed in the past as associated to
he formation of UDGs: halo mass, spin, mergers, and star-formation
ndicators. 

.1 Halo mass 

ig. 3 shows the stellar mass–halo mass relation for simulated dwarfs
n TNG50. UDGs are highlighted in blue stars or red circles for field
left-hand panel) or satellite (right-hand panel) objects, respectively.
ote that in the case of satellites, their virial mass at the present
ay is ill defined and we therefore use their last recorded virial
ass before they joined another FoF group and lost their central

tatus. All central dwarfs (non-UDG) are also included in grey
ymbols as a comparison. For reference, we include predictions from
revious abundance matching models (Guo et al. 2010 ; Behroozi,
echsler & Conroy 2013 ; Moster, Naab & White 2013 ), these

eing extrapolations below M � ∼ 10 8 M �, as well as results from
bservational studies by Read et al. ( 2017 ) and Mancera Pi ̃ na et al.
 2022b ). 

The first main prediction of our study is that all UDGs in our
ample populate dwarf-mass haloes that span the virial mass range
 200 = 10 10 –10 11 . 2 M �. Note that some seemingly field UDGs in

he left-hand panel (highlighted by black squares) may have virial
asses below this range and are clear outliers in the stellar mass–halo
ass relation. These objects, which were introduced in Benavides

t al. ( 2021 ) in detail, are backsplash objects that are in the field
oday but were satellites of more massive systems in the past. As
uch, their present-day halo mass is significantly reduced from what
t was before the interaction as a result of tidal stripping, placing
hese UDGs outside the main galaxy locus of the simulation. We have
hecked that the virial mass of these objects before the backsplash
nteraction was in the virial mass range quoted abo v e for the UDG
opulation. 
Fig. 3 also suggests that at a fixed stellar mass, UDGs populate
ore massive haloes than non-UDG objects, a trend that seems

tronger in more luminous UDGs and in the field, although still true
or satellites. The thick dashed black and blue or red lines indicates
he median of the normal population, and UDGs, for centrals and
atellites, respectively. The scatter upwards in halo mass at fixed
tellar mass, in combination with the tight relation between halo mass
nd globular cluster content (Harris, Harris & Hudson 2015 ; Harris,
lakeslee & Harris 2017 ), is interesting and might help explain
ifferences in the globular cluster content of UDGs compared to
ormal dwarfs of similar luminosity (see e.g. Trujillo-Gomez et al.
022 ). 
Additionally, we have checked that the average dark matter density

rofiles of field UDGs and non-UDGs are in good agreement with
ach other, suggesting no significant differences in the concentration
arameter of their dark matter haloes. This is in principle in
ontradiction with results in Kong et al. ( 2022 ), which we explain
s a result of very different selection criteria: these authors select
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Figure 3. Relation between stellar mass and halo mass for the dwarf population in TNG50. As before, blue stars and red circles indicate central (left-hand 
panel) and satellite (right-hand panel) UDGs, respectiv ely. F or satellite UDGs, we plot their halo mass the last time they were classified as centrals. As reference, 
grey symbols indicate the population of central normal dwarfs in both panels as well as abundance matching relations from Guo et al. ( 2010 ); Behroozi et al. 
( 2013 ); Moster et al. ( 2013 ), these being extrapolations below M � ∼ 10 8 M �. Most UDGs follow a similar stellar–halo mass relation as normal dwarfs, with a 
bias towards larger halo mass at fixed M � , which can be seen by the median relations shown in thick long-dashed lines for normal dwarfs (black) and central 
(blue) or satellite (red) UDGs in left-hand and right-hand panel, respectively. Note that several outliers appear for this relation, which are related to backsplash 
objects. We highlight the population of central backsplash quenched UDGs presented in Benavides et al. ( 2021 ) with black squares on the left-hand panel. All 
simulated UDGs have halo masses in the dwarf range, M 200 ≤ 10 11 . 2 M �. For reference, we show observational data of dwarf galaxies from Mancera Pi ̃ na 
et al. ( 2022b ) as green crosses, for a compilation of dwarf galaxies presented in Read et al. ( 2017 ) as green diamonds and for the SPARC dwarf sample (Posti, 
Fraternali & Marasco 2019 ) with green triangles. 

h  

v
r  

i
t
f

3

O
p
p  

U
s

λ

w  

A  

w
m
t
s  

e

0  

m

t  

w  

(  

d  

s  

a  

a  

l  

fi
t
o  

e
 

h  

w  

a  

g
d  

t  

h  

1 and assuming disc size (for an exponential profile half-mass radius is 
equi v alent to 1.7 times the scale length) as a proxy for galaxy size irrespective 
of morphology. 
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aloes as potential hosts of UDG galaxies (in the dark matter only
ersion of TNG50) by identifying those that reproduce the observed 
otation velocity of six field UDGs while we select our sample purely
n terms of structural properties of the stellar components. We defer 
he study on the predicted kinematical properties of our sample to 
uture upcoming work (Doppel et al., in preparation). 

.2 Halo spin 

ne of the first analytical models for the formation of UDGs 
ostulated that they inhabit dwarf-mass haloes with a high spin 
arameter (Amorisco & Loeb 2016 ). We show in Fig. 4 that simulated
DGs in TNG50 indeed are characterized by a higher than average 

pin λ, defined as: 

= λ′ = 

J √ 

2 M 200 V 200 r 200 

, (1) 

here J is the angular momentum within r 200 (Bullock et al. 2001 ).
s before, grey symbols show the distribution of all central dwarfs
hile field UDGs are highlighted as blue stars (backsplash UDGs 
arked with black squares). The solid lines show median spin and 

he 25th–75th percentiles of different populations as a function of 
tellar mass while the vertical side panel shows the λ histograms of
ach sample. 

The median spin of the UDG sample (blue solid line) is λ ≈
.06, independent of stellar mass, which is systematically abo v e the
edian of the whole field population λ ≈ 0.035 (black solid). Notice 
hat the value of the central population as a whole is in agreement
ith the average spin of dark matter haloes expected in � CDM

Macci ̀o et al. 2007 ). Satellite UDGs at the present day have their
ark matter spin affected by tidal disruption, so we measure their
pin at the time of infall and sho w indi vidual results in red symbols
nd the median trend with a red solid line. Satellite UDGs also show
n excess of angular momentum, with a median λ ≈ 0.05, which is
ower than the field UDGs but still biased high with respect to the
eld dwarf population. These results confirm in simulations some of 

he previous analytical and semi-analytical models for the formation 
f UDGs based on high-spin haloes (Amorisco & Loeb 2016 ; Rong
t al. 2017 ). 

Interestingly, the main panel of Fig. 4 shows that not all high-spin
aloes host UDGs, as suggested by the presence of grey symbols
ith high λ parameters. This means that while the spin is playing
 major role, it is not the only defining quantity in forming dwarf
alaxies with large radii. Indeed, in idealized analytical models of 
isc formation 1 (Mo, Mao & White 1998 ; Somerville et al. 2018 ),
he scale length of a disc R d that settles into a surrounding dark matter
alo scales linearly with the halo spin parameter but depends on two
MNRAS 522, 1033–1048 (2023) 
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Figure 4. Halo spin for dwarf galaxies at a given stellar mass. Normal 
field dwarfs are shown in grey, while blue stars and red circles highlight 
central UDGs and satellite UDGs, respectively, with central backsplash UDGs 
indicated by black squares. For satellite UDGs we measure halo spin at infall 
since environmental effects may have influenced its present-day value. The 
median spin at fixed M � of the normal dwarf population is indicated by 
the solid black curve and with error bars indicating 25th–75th percentiles, 
the average value for all mass bins is λdwarf = 0 . 035 + 0 . 017 

−0 . 012 . Thick blue and 
red lines show the median and 25th–75th percentiles for the central and 
satellite UDG population. UDGs occupy preferentially higher spin haloes. 
The median and rms dispersion for the UDGs are λcen = 0 . 059 + 0 . 012 

−0 . 015 and 

λsat = 0 . 047 + 0 . 014 
−0 . 009 , for the centrals and satellites population, respectively. The 

different halo spins in normal versus UDG population may be better shown 
in the histograms on the right, with dashed lines indicating the medians of 
the normal (black), central (blue), and satellites (red) UDGs. 
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Figure 5. Fraction of specific angular momentum retained by the stellar 
component of the galaxy, j d = J d / J h (with J d and J h the angular momentum 

of the stars in the galaxy and the halo, respectively), as a function of the 
stellar mass fraction m d = M d / M h (with M d and M h the mass in the stellar 
component of the galaxy and the halo, respectively), following the formalism 

presented in the Mo et al. ( 1998 ) model. Only central galaxies are shown, 
grey for normal dwarfs and blue stars for simulated central UDGs (without 
including the population that was stripped and highlighted with black squares 
in Fig. 3 ). Medians for each population are indicated by the dashed black 
and solid blue lines for non-UDGs and central UDGs, respectively, and show 

that UDGs retain ∼2 times more specific angular momentum from the halo 
at a fixed m d compared to non-UDGs. The black continuous line indicates 
the j d = m d relation, while the magenta line shows the fitting polynomial 
approximation proposed in Sales et al. ( 2009 ) for the OWLS simulations. 
The vertical green region indicates the limit for the universal baryon fraction 
f bar = �bar /�m 

= 0 . 17 . The histograms for the central UDGs population are 
included in both axes. 
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ther fundamental factors: halo virial radius and the ratio j d / m d : 

 d = 

1 √ 

2 

(
j d 

m d 

)
λr 200 , (2) 

here j d = J d / J 200 is the fraction of the angular momentum in
he disc compared to the virial angular momentum and m d =
 d / M 200 is the fraction of the mass in the disc compared to that

f the halo. This formula assumes an isothermal halo and infinitely
hin disc, but additional factors might be added to introduce more
omplexity, such as a different dark matter profile or the possibility
f baryonic contraction (Mo et al. 1998 ). Equation ( 2 ) provides a
seful framework for understanding the results in Figs 3 and 4 .
he most extended galaxies (or UDGs) will form preferentially in
ore massive haloes at a given M � (larger r 200 ) and haloes with

igher spins λ. What values of j d and m d do simulated UDGs 
ave? 
In simpler terms, the ratio j d / m d in equation ( 2 ) measures the

raction of the specific angular momentum that a galaxy manages to
apture from the dark matter halo. While ideally baryons and dark
atter may share similar specific angular momentum at the time of

ecoupling from the general expansion of the Universe, when most
f the angular momentum is imprinted (Doroshkevich 1970 ; White
984 ; Porciani, Dekel & Hoffman 2002a , b ), we know that only a
mall fraction of the baryons are locked up as stars in galaxies in
rder to explain results from abundance matching or the zero-point
f the Tully–Fisher relation (e.g. Dutton & van den Bosch 2012 ).
NRAS 522, 1033–1048 (2023) 
o w ef ficient is that small fraction of the baryons to bring most of the
ngular momentum of the halo (which seems necessary to reproduce
he observed galaxy sizes) is controlled by baryonic feedback and
alactic outflows (e.g. Sales et al. 2010 ; Brook et al. 2011 , 2012 ;

¨ bler et al. 2014 ). 
We can use this formalism to gain intuition on galaxy half-
ass radius predicted by the simulation, irrespective of the specific
orphology and using the full galaxy mass and angular momentum

e.g. see for instance Sales et al. 2009 ). We also restrict the analysis
o the central population, which is less affected by tidal stripping and
he environment. We show in Fig. 5 the relation between m d and j d for
he specific feedback and baryonic treatment in TNG50. The ‘disc’
e.g. galaxy) mass and angular momentum has been calculated using
ll stellar particles within twice the half-mass radius of the stars. 

The full dwarf population (grey symbols) is located at quite small
alues of m d ∼ 10 −3 –10 −2 (or ∼ 0 . 5 per cent –5 per cent of all
vailable baryons in the halo), as expected by the inefficiency of star
ormation in low mass systems. Simulated dwarfs show an increasing
raction of angular momentum j d in the disc with larger m d values,
hich is in a way expected, as incorporating a larger fraction of the
aryons presents the opportunity to capture and lock into the galaxy
ore of the total angular momentum of the halo. 
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Figure 6. Median evolution o v er time for the sizes (upper panel) and the 
dimensionless halo spin parameter (lower panel) for field UDGs (blue) and 
normal dwarf galaxies (green). We divide each sample on those with (dark 
blue and dark green) and without (light blue and light green) major mergers 
(with mass ratio μ� ≥ 0.2). While UDGs are more extended and have higher 
spin parameters than the non-UDG sample, the presence or not of major 
mergers does not play a significant role on the median trends, suggesting that 
mergers are not directly related to the formation of field UDGs in TNG50. 
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The median j d at a given m d computed from all central dwarfs
s shown by the dashed black line and follows closely the relation
resented in Sales et al. ( 2009 ) based on the OWLS simulations
Schaye et al. 2010 ). The good agreement between these very 
ifferent sets of simulations is reassuring: while changes in the 
aryonic treatment used may significantly alter the properties of 
ndividual galaxies, the behaviour of different simulations in the m d –
 d plane is more robust to changes in the baryonic physics prescription
Sales et al. 2010 ). 

Most importantly, Fig. 5 shows that central UDGs in TNG50 (blue 
tars) are also outliers in the m d –j d plane, having captured at a fixed
 d a larger fraction ( ∼3 ×) of the angular momentum of the halo

median shown as solid blue curve). (Backsplash UDGs have been 
emo v ed from the sample given their modified halo mass and spins
ue to previous interactions). The relation between halo spin and j d 
s shown in Appendix A (Fig. A1 ). We conclude that UDGs form as
 combination of large halo masses (although still in the dwarf-mass
egime), high spins, and a higher angular momentum retention in the 
aryons compared to the halo given their stellar content. 

.3 Mergers 

he connection of mergers to halo spin or angular momentum of the
emnant galaxy is complex. But in some cases, when the event is gas-
ich and properly aligned, it might help build up galaxies or haloes
ith high angular momentum content (Hopkins et al. 2009 ; Sotillo 

t al., in preparation). Merger events could in principle be a channel
o deliver high angular momentum gas to the inner regions of haloes
o support the formation of extended and low surface brightness 
alaxies. Do they play a role in the formation of UDGs in our TNG50
ample? For simplicity of interpretation, we focus the analysis of 
ergers on the central UDG population since satellites have their 

ate time evolution impacted by their host environment, including 
he suppression of mergers (see for instance Benavides, Sales & 

badi 2020 ). 
We find no obvious difference in the o v erall merger history of the

entral UDGs compared to the non-UDG dwarfs, in agreement with 
esults in Wright et al. ( 2021 ). As shown in Fig. B1 in the Appendix B ,
here is a slight tendency for UDGs to have their last major merger
defined as a stellar mass ratio between involved galaxies μ� ≥ 0.2) 
t later times than the non-UDG sample. Ho we ver, the signal is
ather weak. Moreo v er, we also find a fraction of our field UDGs
 ∼ 65 per cent ) that has never experienced a major merger at all,
ignalling that mergers are not fundamental to the formation of UDGs 
n our simulation. 

Fig. 6 shows the median evolution of stellar size (upper panel) 
nd halo spin (bottom) for the UDGs with mergers (blue solid
urve) and without major mergers (light blue dashed line). For 
ompleteness, we also divide the normal dwarf sample into with 
nd without major mergers (dark solid green and light dashed green 
urv es, respectiv ely). Note that the presence or not of major mergers
ake no difference in the o v erall non-UDG or UDG populations.
e find that UDGs both with and without mergers have an excess of

pin compared to the non-UDG sample, reinforcing the link between 
DG formation and high-spin haloes and highlighting that mergers 

re not necessary to explain the extended sizes in field UDGs. 
Comparing the timing for the last major merger (see Fig. B1

n Appendix B ) with the time where the spin-up of UDG haloes
appen, around t ∼ 4–6 Gyr, a casual link between both events seems
nsupported, casting doubts on the last major merger as culprit of
he high λ. In fact, this is in agreement with the idea that mergers
nly temporarily increase the spins of haloes, with any excess spin
isappearing once the particles with the largest angular momentum 

o v e outside of the virialized region (D’Onghia & Navarro 2007 ).
or instance, UDGs in the ROMULUS25 simulation, where early 
ergers are believed to play a role, also show an instantaneous spin

ncrease but no excess spin in the sample at z = 0. This is different
rom our results, where UDGs have a large λ parameter at z = 0
uggesting that the formation scenario for our sample is different 
han that in Wright et al. ( 2021 ). 

.4 Star formation, colour, and stellar age 

ike other galaxies, UDGs in observations show a clear bimodality 
n their stellar populations when comparing different environments: 
hey are red, quiescent, and old in high-density regions (van der
urg et al. 2016 ; Ferr ́e-Mateu et al. 2018 ; Lee et al. 2020b ) while

hey are star-forming, blue and gas-bearing in the field (e.g. He et al.
019 ; Rong et al. 2020b ; Jackson et al. 2021 ; Kadowaki et al. 2021 ).
eproducing these trends is important for any theoretical model of 
DG formation, a benchmark that is attainable in our sample thanks

o the large volume of the TNG50 simulation. 
Fig. 7 shows the colour (top), star-formation (middle), and average 

tellar age (bottom) for our simulated UDGs in the field (blue stars,
eft-hand column) and satellites (red circles, right-hand column). 
on-UDG dwarfs in this mass range are shown, as before, in grey.
or comparison, data from observations is added, when available, 
nd highlighted in green symbols (Barbosa et al. 2020 ; Lee, Hodges-
luck & Gallo 2020a ; Lee et al. 2020b ; Rong et al. 2020b ). Addi-

ionally, we have checked that field UDGs have rich gas reservoirs,
ith M gas ∼ 7 . 5 × 10 8 M � on average within twice the half-mass 

adius of the stars, in agreement with observations of gas-rich UDGs
n the field (Leisman et al. 2017 ; Spekkens & Karunakaran 2018 ).
n average, field UDGs (non-backsplash) have larger gas fractions 
MNRAS 522, 1033–1048 (2023) 
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Figure 7. Stellar population properties of simulated UDGs in different environments as a function of stellar mass. From top to bottom: g –r colour, star formation 
rate, and median stellar ages. Galaxies with zero SFR are artificially placed at log(SFR) = −5 for plotting purposes. Central UDGs (left-hand column) are bluer 
(top), typically star-forming and with relatively young stellar ages (backsplash UDGs highlighted on black squares) while satellites are red, quiescent, and older, 
with typical median stellar ages < t � > ∼10 Gyr. The dashed black line in the stellar age for the satellites panel corresponds to the median of infall times of 
t inf ∼ 7 . 5 Gyr ago. Histograms along both axes show the distributions of central and satellite UDGs in each quantity. When possible, we compare with available 
observations as quoted in each panel (green symbols). Simulated UDGs in all environments follow the trends found in observations. 
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han non-UDG centrals ( M gas / M � 2 and 0.66, respectively). We find
 good agreement between theoretical predictions and the properties
f observed UDGs in different environments, providing support for
he realism of the properties predicted for UDGs in TNG50. 

While the majority of UDGs follow the general expectations
escribed abo v e, there are a handful of objects that behave differently.
NRAS 522, 1033–1048 (2023) 
n the field population, there is a subsample of red, old, and quiescent
DGs, which were shown to be backsplash objects in previous work

Benavides et al. 2021 ). Interestingly, while only about 5 per cent of
eld UDGs show these characteristics, the fraction increases as we
onsider lower stellar masses, representing about 25 per cent of field
DGs for dwarfs with M � ∼ 10 7 . 5 M � (see Benavides et al. 2021 , for
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 detailed discussion). On the other hand, there is a small number of
atellite UDGs that populate the blue cloud, show non-negligible star 
ormation and younger ages (5.21 ± 1.11 Gyr). We have checked that 
hese correspond to objects with recent infall times ( � 2 Gyr ago)
nd, encouragingly, these kind of objects seem to also be present in
bservational samples judging by, for example, intermediate colour 
DGs in Coma (Lee et al. 2020b ) or colour-gradients with cluster-

entric distance and o v erall environment (Kadowaki et al. 2021 ). 

.5 Morphology 

he intrinsic morphology and shapes of UDGs may place important 
onstraints on their formation mechanism (Burkert 2017 ). Following 
ales et al. ( 2012 ), we quantify morphology by means of κ rot , a ratio

hat compares the energy in rotational support to the total kinetic 
nergy of the stellar particles in a galaxy. More specifically, 

rot = 

K rot 

K 

= 

1 

K 

∑ 1 

2 
m 

(
j z 

R 

)2 

, (3) 

here j z is the z-component of the angular momentum of each stellar
article so that the direction of the total angular momentum of the
alaxy is on the z-axis, m is their mass, R is their cylindrical radii, and
he sum is o v er stars within the galaxy radius. Large values for κ rot ≥
.7 are associated with rotationally supported systems, or discs, while 
ispersion-dominated objects with κ rot ≤ 0.35 are more associated 
ith traditional bulges. Intermediate values appear with galaxies that 
av e coe xisting bulge and disc components, or dynamically hotter 
iscs supported partially by dispersion. 
Fig. 8 (left-hand panel) shows the distribution of κ rot as a function 

f stellar mass for our sample. We find a wide range of intrinsic
orphologies and rotational support, in agreement with other simu- 

ation results (Cardona-Barrero et al. 2020 ). This is interesting since 
he formation mechanism proposed for the UDGs in the NIHAO 

imulations are dominated by powerful outflows and not necessarily 
orrelated with halo spin (Di Cintio et al. 2017 ). Morphologies 
ight have some constraining power to distinguish fundamentally 

ifferent formation scenarios (internal versus external for example), 
ut might not be strict enough to pinpoint exactly which of the
nternal processes is dominant. 

Two interesting points arise from the morphologies predicted for 
DGs in TNG50. First, rotational support is common in the more 
assive UDGs ( M � ≥ 10 8 . 5 M �) where one might expect to see 

iscy morphologies, but they are mostly dispersion-dominated in the 
ow mass end of our sample, a feature that also holds for non-UDG
warfs in TNG50 (see green and orange shading in Fig. 8 ). Secondly,
here are no marked differences in the morphology of central and 
atellite UDGs, suggesting that environmental transformations for 
he satellites act more quickly on star-formation indicators than on 

orphology, in agreement with previous results in observations and 
imulations (Rom ́an & Trujillo 2017b ; Joshi et al. 2021 ; Kadowaki
t al. 2021 ). 

Similar trends are spotted when looking at the projected shapes 
f simulated UDGs (right-hand panel Fig. 8 ), a good alternative to
orphology for observational samples. 2D shapes are measured for 

andom projections by using the normalized inertia tensor with all 
tellar particles within twice the half-mass radius. The specific radius 
sed to measure shapes should not in principle impact the results too
uch, as ellipticity has been shown to be relatively independent of

urface brightness in low surface brightness samples (Kado-Fong 
t al. 2021 ). 

Overall, our sample displays a wide distribution of axis ratios, with 
 q > = < b / a > ∼0.78 ± 0.17 and typical values between q ∼ 0.4
nd q = 1. This compares well with, for example, measurements of
DGs in low-density environments by Rom ́an & Trujillo ( 2017b ),
hich report < q > ∼0.67 ± 0.13, compared to the value for our

entral UDGs < q > ∼0.73 ± 0.18, and very similar to the value
 b / a > = 0.72 reported by Mancera Pi ̃ na et al. ( 2019a ). 
At a fixed stellar mass, central or satellite UDGs display similar

hapes, in agreement with our conclusions on morphology. Note that 
he model predicts a noticeable shift from large q ∼ 0.9 values in the
ow mass end of our sample to a much more uniform distribution of
 = [0.4–1] at the high mass end, corresponding to the shift from
ispersion-dominated objects in fainter UDGs to rotation-dominated 
iscy galaxies for the most massive UDGs. 
Results from observations also suggest a relatively flat distribution 

f axis ratios (Koda et al. 2015 ; Rong et al. 2020a ; Kado-Fong et al.
021 ), which are interpreted in fa v our of oblate intrinsic shapes for
bserved UDGs (ho we ver see Burkert 2017 , for a different view).
ur results, in particular for M � ≥ 10 8 M � agree with that picture. 
It is puzzling, ho we ver, that UDGs in our sample show an

xcess of halo spin independent of galaxy mass, but the shapes and
orphologies do show a strong dependence with M � . A combination 

f feedback strength and the particular ISM model in TNG50 are
he likely culprits for this kinematic transition from discy dwarfs 
o dispersion-dominated in the low mass end, which has also been
ighlighted in other codes and for non-UDG galaxies (Wheeler et al.
017 ; Carlsten et al. 2021 ). It would be interesting to explore whether
his mass (or luminosity) dependence on UDG shapes is supported 
y observations or whether this is a direct result of the particular
aryonic modeling implemented in this simulation. 

 A BU N DA N C E  A N D  S T RU C T U R A L  

VO L U T I O N  O F  SATELLITE  U D G S  

n important validation of theoretical models for the formation of 
DGs comes from reproducing the observed scaling between the 
umber of UDGs ( N UDGs ) and the host halo mass. Fig. 9 shows in
reen symbols observational results from several studies that suggest 
 close-to-linear relation between N UDGs and M 200 in the regime 
alaxies, groups, and low-mass clusters spanned by the TNG50 
ox. Our simulated UDGs in TNG50 seem to reproduce such a
caling, with slight variations depending on whether satellite UDGs 
re counted as part of a FoF group (red circles) or within the virial
adius (black crosses). 

We note that while reproducing the abundance of UDGs per host
alo mass seen in observations is a necessary validation of our
ample, a rigorous comparison between theory and observations 
s well as across observational samples is not feasible, since the
election criteria of UDGs, radial extent of the surv e y and systematic
iases may vary across different studies, all factors that impact the
umber of reported UDGs (Mancera Pi ̃ na et al. 2018 ; Van Nest et al.
022 ). Instead, the rough agreement on the normalization and slope of
ig. 9 between simulations and observations indicates that satellite 
DGs in TNG50 might be forming with a reasonable frequency, 
roviding a good testbed for studying the role of environment and,
n particular, tides in our sample. 

We start by quantifying the degree of tidal disruption experienced 
y satellite UDGs. Fig. 10 shows the fraction of bound stellar ( f � ,
op) and dark matter ( f DM 

, bottom) mass retained for our sample
f satellite UDGs (red symbols). Bound fractions are computed by 
ividing the present-day stellar or dark-matter mass by the maximum 
MNRAS 522, 1033–1048 (2023) 
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Figure 8. Left-hand panel: Morphology (as measured by κ rot , Sales et al. 2012 ) as a function of stellar mass. Large k rot values are indicative of rotational support 
and therefore of disc-dominated morphologies, while low values are representative of spheroidal objects. More massive simulated UDGs tend to be discy while 
low mass counterparts are more dispersion dominated, with little difference between the central (blue stars) and satellite (red circles) populations. The median 
and 25th–75th percentiles of non-UDG dwarfs are shown by the solid lines and shaded areas, which show similar trends to the UDG samples. Right-hand panel: 
another indicator of morphology, quantifying shapes by the projected axis ratio q = b / a measured at r = 2 r h , � . Simulated UDGs show a relatively flat axis ratio 
distribution, in agreement with observations, with a tail extending to lower q values on the more massive end due to the presence of more discy morphologies. 

Figure 9. Number of UDGs as a function of the virial mass of their host 
system for the population of satellite UDGs (red circles for all satellites, black 
crosses for those within r 200 of the host). Several number of observational 
data are included in smooth green symbols (van der Burg et al. 2016 ; Yagi 
et al. 2016 ; Lee et al. 2017 ; Rom ́an & Trujillo 2017a , b ; Shi et al. 2017 ; van 
der Burg et al. 2017 ; Venhola et al. 2017 ; Mancera Pi ̃ na et al. 2018 ; Lee et al. 
2020b ). The grey line indicates the best-fitting power-law relation for the 
simulated UDGs in the host systems with M 200 > 10 13 M � (with slope n = 

0.97 ± 0.07) which agrees well with observational results of a quasi-linear 
scaling of UDG abundance with host halo mass. 

Figure 10. Bound mass fraction for stars (top) and dark matter (bottom) 
as a function of the stellar size of simulated UDGs. In both cases, the 
bound fraction is defined as the value at z = 0 compared to their maximum 

value recorded o v er time, which in the case of the dark matter typically 
corresponds to infall time. The blue stars and red circles indicate central 
and satellite UDGs, the black squares highlight the same population of 
backsplash quenched UDGs from previous figures. Note that satellites UDGs 
have undergone significant stripping, retaining typically ≈ 20 per cent of 
their maximum dark matter mass and ≈ 90 per cent of the stellar mass, 
values independent of size. There are, however, several outliers where tidal 
stripping has been more pronounced, removing ≥ 50 per cent of the stars. 
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Figure 11. Relationship between the stellar sizes of the satellite UDGs at 
z = 0 versus at infall time, colour-codded by t inf . The median infall value 
at a given present-day size is shown by the thick red line with the shaded 
region outlining the 25th–75th percentiles. UDGs do not significantly change 
their sizes after infall, with the average expansion value ∼ 16 per cent for the 
entire sample. For comparison, we also include the median and percentiles 
for non-UDGs satellites, shown in black. While the o v erall UDG population 
is already extended at infall, we do note some outliers, especially in the 
low mass end, where present-day sizes can be a factor ≥1.5 that of infall, 
confirming that environmental effects play a role for the formation of some 
UDGs in our sample. The black open triangles highlight the two examples 
shown in Fig. 12 . 
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ass in either component for each galaxy: 

 X = 

M 

z= 0 
X 

M 

max 
X 

. (4) 

ith this definition, the maximum dark matter mass coincides, in 
eneral, with the snapshot prior to infall. 
The bottom panel of Fig. 10 indicates that tides have substantially 

ffected the dark matter content of satellite UDGs, which retain 
20 per cent (median) of their peak dark matter content, with some 

xtreme candidates having lost ≥ 97 per cent of their dark matter 
ass. For comparison, we show also the central UDG population in 

lue which, with the exception of backsplash objects (highlighted in 
lack squares), shows no dark matter depletion, as expected. 
Due to the more centrally concentrated stellar component, tidal 

isruption is appreciably lower in stellar mass for satellite UDGs 
upper panel of Fig. 10 ), showing a ∼ 90 per cent (median) bound 
tellar mass at present-day compared to ∼ 99 per cent in central 
on-backsplash central UDGs. This means that, in our sample, tidal 
eatures in observed UDGs are predicted to be uncommon, which is
n good agreement with current observational constraints (Marleau 
t al. 2021 ). In individual cases, however, tides might affect more
everely the stellar mass, with some of the most extreme satellite 
DGs ( � 5 per cent ) retaining only ∼ 50 per cent or less of their
eak stellar mass. 

Cases of satellite UDGs with significant stellar mass-loss are rare 
n TNG50 (for instance, only ∼ 5 per cent of the sample shows f � <
0 per cent ), but it demonstrates that some surviving satellite UDGs 
re e xperiencing sev ere tidal disruption, in agreement with some 
arly evidence for tidal streams in a few observed UDGs (Toloba 
t al. 2018 ; Montes et al. 2020 ). An important caveat to consider is
hat numerical resolution effects might be accelerating the total tidal 
isruption of satellites in cosmological simulations (van den Bosch 
t al. 2018 ; Errani et al. 2022 ), resulting on artificial disruption of
he most extremely tidally affected UDGs. As such, these numbers 
hould be considered as upper limits, especially towards the tail of
ow bound mass fractions. 

Tidal effects have been deemed fully (e.g. Safarzadeh & Scanna- 
ieco 2017 ; Carleton et al. 2019 ) or partially (e.g. Jiang et al. 2019b ;
ales et al. 2020 ; Tremmel et al. 2020 ) responsible for the formation
f UDGs in several theoretical models, implying that without the 
ffect of tides, present-day (satellite) UDGs would be normal dwarfs 
alaxies. We explore this in Fig. 11 , which shows for our individual
atellite UDGs (coloured symbols) a comparison of their stellar half- 
ass radius at infall ( y -axis) versus at z = 0 ( x -axis). The bottom

anel also shows the fractional change as a function of the final size
t z = 0. 

The o v erwhelming majority of satellite UDGs fall near the 1:1
ine in Fig. 11 , suggesting little r h , � evolution due to environmental
ffects. The median in our UDG sample is shown with the black solid
ine and shaded areas indicate 25th–75th percentiles. For comparison, 
e also show the median relation between infall and present-day 

tellar size for non-UDG satellites (grey dotted line). While UDGs 
o experience a slightly larger size growth, it is only a modest change: 
atellite UDGs experience a 10 per cent (median) size increase since 
nfall, which is even smaller for the most extended dwarfs and for
hose with late infall times (colour coding). Satellite UDGs were, in 
eneral, already extended in the field prior to infall. 
Notwithstanding, tides do play a significant role in at least some 

f our satellite UDGs: about 10 per cent of our sample show a stellar
alf-mass radius increase larger than 50 per cent and would probably 
ot been classified as UDGs without this size evolution within the 
ost environment. These tend to be (although not e xclusiv ely) lower
ass dwarfs and earlier infalls. Within this group with significant 
ize increase, we have identified two kinds of behaviour: (1) rapid
tellar expansion associated with infall and quenching and (2) a more
ecular expansion lasting from infall until today; with approximately 
he sample dividing half-half between these categories. 

For illustration, Fig. 12 shows one example of each kind, with
 secular stellar radius growth on the left-hand column and a rapid
xpansion case on the right. Note that for the ‘secular expansion’
ase on the left, quenching occurs at the first pericentre (third row)
hile r h , � continues to increase with a slow pace until the present
ay. This galaxy shows almost no tidal stripping and suggests that
he slow size increase could be a combination of tidal heating and an
geing stellar population in the central regions, although this would 
arrant a more detailed study of its o wn gi v en the comple xities of
isentangling these two intertwined mechanisms. 
An o v erall numerical resolution effect is unlikely to be responsible

or the secular size evolution seen in the example of the left-hand
anel of Fig. 12 : non-UDG galaxies of the same mass/size are
n average consistent with no-change in r h , � , suggesting that the
esolution in the simulation is able to properly handle sizes for similar
bjects. As a reference, the final half-mass radius increase of this
articular UDG candidate shown in the left-hand panel of Fig. 12
s r z 0 h,� = 1 . 5 r z inf 

h,� which is significantly abo v e the median 1 . 1 r z inf 
h,� of

he whole satellite UDG sample. About 5 per cent of the satellite
DGs show a ≥ 50 per cent size increase with similarly slow time 

volution, being largely subdominant in the whole satellite UDG 

opulation. 
On the other hand, the right-hand column of Fig. 12 illustrates

he opposite example: a satellite UDG where the size undergoes a
rapid expansion’ event. The increase in stellar size (second row) 
ccurs at the first pericentre around the host group, coincidental in
MNRAS 522, 1033–1048 (2023) 
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Figure 12. Examples for the evolution of two UDGs with significant size growth after infall ( r z 0 h � ≥ 1 . 5 r z inf 
h � ), highlighted with open triangles in Fig. 11 . From 

the top to bottom: (i) cluster-centric distance in the green continuous line while the black line indicates the growth of the virial radius of the host halo, and the 
green dash line indicates the change from central (0) to satellite (1) along the time, (ii) evolution of the stellar half-mass radius, (iii) star-formation rate, (iv) 
stellar mass of the galaxy (inside of 2 r h � ) and ( v) halo dark matter content. The left-hand column shows an example where the stellar half-mass radius follows 
a more secular (slow) growth while the right-hand column displays an example where the stellar size doubles quickly after the first pericentre passage. Of the 
minority of UDGs with significant size change after infall, we find ∼half with slo w e volution and the other half with rapid evolution akin to these examples in 
the left-hand and right-hand columns, respectively. 
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ime with the removal of gas and quenching of this galaxy. Such
bjects (about ∼ 5 per cent of the satellite UDGs) are consistent
ith being normal dwarfs ‘puffed up’ by impulsive tidal effects such

s non-adiabatic removal of gas (Safarzadeh & Scannapieco 2017 )
r tidal heating (Jiang et al. 2019a ), both mechanisms proposed by
revious theoretical models of UDG formation. 
This particular galaxy depicted on the right-hand column of Fig. 12

as also experienced substantial tidal disruption in both, stellar and
ark matter components (bound fractions f � = 0.58 and f DM 

=
.09, respectively), but the time-locality of the size increase and its
onjunction with the pericentre suggest that the slower tidal stripping
f the collision-less components did not drive the net size increase
n these kind of objects. 

The predicted satellite UDG population is therefore composed
f two types of objects, those born UDG in the field and later
ccreted into the host haloes and a minority ( ∼ 10 per cent )
here tidal effects cause an appreciable expansion of the stellar
istribution. Tidal stripping affects substantially the dark matter and
tellar content of all satellite UDGs, having lost ∼ 80 per cent and

10 per cent on av erage, respectiv ely, of their peak mass. Our
esults suggest a scenario where the extended sizes of UDGs are set
n their majority due to internal processes before infall, but external
nvironmentally driven mechanisms play a non-negligible role in
ransforming some normal dwarfs into UDGs. These results agree
ell with previous works that proposed a combination of internal

nd externally dri ven ef fects to explain the satellite UDG population
Jiang et al. 2019a ; Sales et al. 2020 ), as far as we highlight that
nly about 10 per cent of satellite UDGs owe their extended sizes
NRAS 522, 1033–1048 (2023) 
o the influence of environment. More specifically, ∼ 10 per cent
xperience a size increase larger than 50 per cent their infall value,
hile the median for the whole satellite UDGs population is only an

ncrease ∼ 16 per cent and were therefore already extended before
nfall onto their respective hosts. 

 DI SCUSSI ON  

ome of the results presented in this work may be at odds with
ndings reported previously using different numerical simulations.
or instance, high halo spins are not needed in formation mechanisms
ssociated with powerful outflows (Di Cintio et al. 2017 ; Chan
t al. 2018 ), while other teams have reported no biases in the
pin distribution of UDGs and non-UDG objects (e.g. Jiang et al.
019a ; Wright et al. 2021 ). These differences are not unexpected,
s the properties and morphologies of simulated galaxies have been
hown to depend strongly on the particular feedback prescription
mplemented (Sales et al. 2010 ; Scannapieco et al. 2012 ). For the
NG50 baryonic physics treatment, high halo spin seem to play a
ajor role on setting galaxy sizes, at least in the regime of dwarf

alaxies explored here. A constructive path forward to compare
ifferent theoretical models is to identify a set of predictions that
ight be used in the near future to validate this particular UDG

ormation path proposed here. We briefly discuss three of them here:
inematics, number of UDGs, and tidal features. 
We start with considerations on the kinematics of UDGs, a topic

hat we defer for a detailed study in forthcoming work (Doppel et al.,
n preparation). Observational studies have found a wide range of

art/stad1053_f12.eps


UDGs in different environments 1045 

d  

G
P  

a  

w  

t
f  

W  

g  

m

i
s
r
K  

e
d
e
m
c
e
c
i
t  

t
t
o

i
m
t
d  

i  

U  

d  

c
(  

h  

∼
A

o
m  

V  

t
i  

i
f  

s  

a
p
d
o
(
m

s
w  

n  

t
a
i  

O
s  

a  

t  

b  

b

6

W
s
1  

t  

e
m  

r  

w  

r  

m  

m  

w
c  

i
 

U  

p  

T  

c
a  

(  

t
a
u
(  

v  

o
r

U  

W
m  

M  

i  

l
h
U  

v
i  

(  

i

a
U  

m  

i
i  

s  

o  

f
t

 

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/1/1033/7110988 by guest on 19 February 2024
ark matter content in UDGs (Toloba et al. 2018 ; Doppel et al. 2021 ;
annon et al. 2022 ) with many suggesting dwarf-size haloes (e.g. 
apastergis et al. 2017 ; Jones et al. 2018 ), which would be in rough
greement with our results. There are, ho we ver, indi vidual objects
ith peculiar kinematics that are difficult to reconcile with most of

he formation scenarios for UDGs, such as the case of dark-matter 
ree galaxies like DF2 and DF4 (van Dokkum et al. 2018 , 2019a ;

asserman et al. 2018 ; Danieli et al. 2019 ), or the suggestion from
as-rich field UDGs to have a much lower than expected dark matter
ass (Mancera Pi ̃ na et al. 2019b , 2022a ). 
The formation scenario proposed here, together with the baryonic 

mplementation in TNG50 resulting in no dark matter core formation, 
uggest that such dark-matter poor objects will be difficult to 
eproduce in our sample or even completely absent (in fact, see 
ong et al. 2022 , for a quantitative discussion). However, it is still
arly times in the observational studies of UDG kinematics and the 
ivision between trends for the general UDG population versus the 
xistence of outliers or rare galaxies is currently unclear. In addition, 
isalignment between gas and stars may complicate the inclination 

orrections for the rotation curves of gar-rich field UDGs (Gault 
t al. 2021 ). Once more observational data becomes available to 
onstrain the dynamical masses of field and satellite UDGs, the 
nternal kinematics of these galaxies will represent a solid validation 
ool for theoretical models. Note that the power of studies such as
he one presented here in TNG50 relies on reproducing population 
rends, and not individual objects, which might require specific initial 
r boundary conditions to reproduce specific traits. 
The abundance of UDGs as a function of environment, in particular 

n the field, is a promising avenue to constrain UDG formation 
odels. The abundance of satellite UDGs is also important, but 

heir interpretation is complicated by membership assignment and 
istance to the host considerations, among others. In the field, for
nstance, Jones et al. ( 2018 ) measured the abundance of H I -bearing
DGs in the ALF ALF A surv e y and determined a cosmic number
ensity of (1.5 ± 0.6) × 10 −3 Mpc −3 , a value found to be too small
ompared to predictions from semi-analytical models in Rong et al. 
 2017 ) where large spins were directly linked to UDG formation. We
ave checked that the abundance of central UDGs in our sample is
1.41 × 10 −3 Mpc −3 , in reasonable agreement with estimates from 

LF ALF A. 
While a more careful comparison to observational determinations 

f UDG cosmic abundance is warranted, in particular bearing in 
ind the effects of different definitions (Mancera Pi ̃ na et al. 2018 ;
an Nest et al. 2022 ), there seems to be no direct evidence indicating

hat the formation frequency of central (gas-rich) UDGs in TNG50 
s too large, despite its link to large spin values. As we highlighted
n Section 3.2 , haloes with large λ in TNG50 will preferentially 
orm extended galaxies that might qualify as UDGs, but not all high-
pin haloes host a central UDG in our simulations, with halo mass
nd fraction of angular momentum retained also playing a role. The 
redicted frequency of formation of field UDGs might be completely 
ifferent in models where mergers or outflows are involved, making 
bservational studies aimed at constraining the abundance of field 
and satellite) UDGs a promising tool to help constrain theoretical 
odels. 
Lastly, we argue here that determining the frequency of tidal 

treams associated to UDGs is of extreme importance. In our model, 
hile tides are responsible for the transformation of a low fraction of
ormal dwarfs into UDGs, the large majority of UDGs in TNG50 owe
heir extended sizes to internal halo properties. We therefore expect 
 relatively low incidence of stellar streams around observed UDGs 
n high-density environments and not at all for UDGs in the field.
bservations of UDGs in low and intermediate-density environments 
eem to agree with this picture (Marleau et al. 2021 ), but more studies
re needed. This may become one of the most important predictions
o be confirmed in the near future, as more observational campaigns
ecome increasingly capable of surv e ying the e xtremely low-surface
rightness Universe. 

 SUMMARY  

e use the TNG50 hydrodynamical cosmological simulation to 
tudy the formation of UDGs in the stellar mass range M � = 10 7 . 5 –
0 9 M �. The large volume simulated in TNG50 allows for one of
he first self-consistent studies of the formation of UDGs in different
nvironments, spanning from the field to galaxy clusters with virial 
ass M 200 ∼ 10 14 M �. We define UDGs as outliers in the mass–size

elation, selecting at a given stellar mass, the 5 per cent of objects
ith the most extended stellar half-mass radii r h , � . Such a selection

etrieves a group of low surface brightness galaxies ( � ∼ [24.5–28]
ag arcsec −2 measured within the ef fecti ve radius and assuming
ass-to-light ratio 1 and r h , � ≥ 2 kpc) that are in good agreement
ith common selection criteria of UDGs in observations. Our sample 

onsists of 176 central (or field) UDGs and 260 satellite UDGs
nhabiting host haloes with virial masses M 200 ∼ 10 12 –10 14.3 M �. 

The main result in this paper is that the large majority of
DGs (both, centrals and satellites) form in TNG50 due to internal
rocesses, in particular, due to dark matter haloes with a high spin.
he median halo spin for the central UDG sample is <λ > = 0.059
ompared to <λ > = 0.035 for the non-UDG sample. Satellites 
lso show an excess spin when measured at the time of infall
 <λ > = 0.047). This result is in agreement with one of the first
heoretical explanations for the extended sizes of UDGs using semi- 
nalytical models (Amorisco & Loeb 2016 ), being now confirmed 
sing hydrodynamical simulations. For example, Amorisco & Loeb 
 2016 ) predict that satellite UDGs should have typical median
alues λ ∼ [0 . 040 , 0 . 063], which agrees well with the median in
ur simulated sample of central and satellite UDGs, λ ∼ 0.06, 0.04, 
espectively. 

Our UDG sample inhabits dwarf-mass haloes like other non- 
DGs in the same stellar mass range, with M 200 = [10 10 − 10 11 ] M �.
ithin this range, simulated UDGs are biased-high in M 200 , having 
asses ∼ 40 per cent –70 per cent higher than non-UDG at a fixed
 � . A third factor seems to be determining the large stellar sizes

n simulated (central) UDGs. In addition to living in haloes with
arge spins, their stellar components manage to capture ∼3 times 
igher specific angular momentum fraction from the halo than non- 
DG dw arfs. These three f actors (high spin, biased-high mass or
irial radius and large angular momentum retention) are common 
ngredients in analytical disc formation models, such as Mo et al.
 1998 ), and seem to explain well the formation of UDGs as dwarfs
n the extreme tail-end of extended stellar sizes. 

In good agreement with observations, simulated UDGs in TNG50 
re blue, young, and star-forming in stark contrast with satellite 
DGs being red, old, and quiescent. There are exceptions to these
ain features: red and quiescent UDGs can be found in the field

n significant numbers due to backsplash orbits (analysed in detail 
n Benavides et al. 2021 ) and a small fraction of blue star-forming
atellite UDGs might result from recent infall times in the outskirts
f groups and clusters. Environmental effects act quickly to stop star
ormation in satellite UDGs, with quiescent satellite UDGs having 
ypical median stellar ages t �, age ∼ 10 Gyr. 

We find that the extended sizes of most satellite UDGs are not
he result of tidal evolution in the groups and clusters but instead
MNRAS 522, 1033–1048 (2023) 
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ere already in place before infall. For instance, only 10 per cent
f satellite UDGs show a ≥ 50 per cent increase in r h , � compared
o infall. Most satellite UDGs were therefore already UDGs in the
eld before accretion, and the environment is responsible for their
uiescence and ageing of their stellar population, but does not play a
ominant role in setting their extended sizes. A small but significant
raction of satellite UDGs form due to external or environmentally
riven processes. 
For the ∼ 10 per cent of UDGs showing a ≥ 50 per cent increase

n size since infall, we find that tidal effects such as sudden gas
emoval and tidal heating at pericentre passages are responsible
or triggering the size increase, which can be rapid (about half of
he cases) or secular (for the remaining half). A combination of
nternal (dominant) and external factors seem necessary to explain
he population of satellite UDGs in TNG50, in agreement with
revious theoretical results (Jiang et al. 2019a ; Sales et al. 2020 ).
idal effects are important for the mass content of satellite UDGs,
hich lose on average ∼ 80 per cent of their peak dark matter mass

nd ∼ 10 per cent of their stars. 
We argue in Section 5 that internal kinematics, abundance of UDGs

s a function of environment, and the presence of (or lack of) tidal
treams around UDGs are among the most promising paths to further
onstrain the formation of UDGs in theoretical models. 
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e find that the sample of simulated UDGs has systematically higher
alo spin values than the population of normal dwarf galaxies (see
ig. 4 ). On the other hand, we show that the central UDGs retain
 fraction of the angular momentum of the halo ( j d ) with respect to
ormal dwarfs, for a fixed stellar mass fraction ( m d ) (see Fig. 5 ).
herefore, in Fig. A1 we present the relationship between these two
ariables, where it can be observed that the central UDGs present
ystematically higher values at a fixed halo angular momentum 
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igure A1. Halo spin parameter as a function of the fraction of specific
ngular momentum. Only central galaxies are shown, grey for normal dwarfs
nd blue stars for simulated central UDGs (without including the population of
acksplash UDGs). Medians for each population are indicated by the dashed
lack and solid blue lines for normal dwarfs and central UDGs, respectively.

PPENDIX  B:  M E R G E R S  IN  U D G S  

e find no significant differences in the merger histories of central
DGs and non-UDG central dwarfs. For instance, Fig. B1 shows
NRAS 522, 1033–1048 (2023) 
he time for the last major merger for each sample, where major
ergers have been defined as events with stellar mass ratios ≥0.2,

ollowing the definition adopted in Wright et al. ( 2021 ). While
here is a slight preference for UDGs to have later major merger
vents than non-UDG dwarfs, we have checked that the time of
ast major merger does not correspond to individual increases
n halo spin or stellar sizes in our UDG sample. Note that the
esults do not change significantly if a different mass ratio cut is
ssumed (for instance, μ� > 0.25 following Rodriguez-Gomez et al.
015 ). 

igure B1. Distribution of the time of the last major merger ( μ� > 0.2) for
he case of UDGs (blue) and normal dwarfs galaxies (black). 
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